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Abstract

This thesis is devoted to the development of graphene saturable absorber mirrors for
ultrafast applications in the mid-infrared. It covers from the fabrication of the graphene
saturable absorber mirrors via graphene transfer process to the implementation of the
saturable absorbers in different types of laser cavities and characterisations of their
performances. The pump-probe technigue is employed to obtain the recovery times of
single- and double-layer graphene on different optical substrates. To understand the
underlying physics of graphene’s saturable absorption properties, measurements of
its fast and slow relaxation times are important, especially in the mid-infrared range
where there is a smaller choice of effective saturable absorbers for such wavelength
range.
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Chapter 1: Introduction

1.1 Motivation

The mid-infrared which spans from 2-20 ym is interesting because many molecules
have absorption lines at this window, which is very useful for spectroscopic
applications. In addition, water has strong absorption near 2 um allows lasers at such
wavelength to be used in non-invasive diagnostics in biological tissues for medical
applications. In metrology, lasers above 2 um can be used to predict weather and
climate based on water vapour concentration in the atmosphere. The Earth’'s
atmosphere which has a transparent window in the mid-infrared, requires lasers
operating in such range for environmental sensing [1]. Thus, there are many strong
incentives to develop lasers in the mid-infrared.

Mode-locking is a technique to generate pulse laser. A passive element known as
saturable absorber is required to generate mode-locked pulses. Graphene, due to its
zero bandgap can absorb at any wavelength, making it an excellent choice of
saturable absorber. Graphene can be transferred onto different types of substrate
mirrors such as silver mirror, sapphire mirror and even dispersion compensating
mirror, known as chirped mirror. This thesis explores the possibility of such graphene-
based saturable absorbers by characterising their performances as saturable
absorbers for wavelength above 2 uym.

1.2 Current State-of-the-Art Saturable Absorbers

Current commercial pulse lasers are generally mode-locked by semiconductor
saturable absorbers (SESAM). SESAM allows good control of saturable absorption
parameters but its complex fabrication, bulky structure and narrow operating
wavelength range spurred the development of other types of saturable absorbers.

Attracted to its simpler and cheaper fabrication, carbon nanotubes (CNTSs) are widely
used as saturable absorber especially within the fibre laser community as it is much
easier to integrate CNT into the laser cavity than a SESAM.

However, compared to CNT, graphene has many more attractive features. SESAM
and CNT have limited operation beyond 2 ym, whereas graphene has a wideband
operation extending from the ultraviolet to far-infrared region and hence, a good choice
for mode-locking in the mid-infrared.

Graphene is usually transferred onto an optical substrate such as mirror to be used as
saturable absorber. Thus, the operating bandwidth of graphene is often limited by the
bandwidth of the optical substrate. Mode-locking using graphene on highly reflective
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mirrors at 2 um has been demonstrated [2-4]. Graphene on special type of mirrors
such as gold mirror that could support mode-locking at 2.4 ym has also been reported

[5].

Besides saturable absorber, the dispersion in a laser cavity plays an important role in
mode-locking. One method to compensate dispersion in a cavity is the use of
dispersive dielectric mirrors or otherwise known as chirped mirrors.

Mode-locking using a chirped mirror as a dispersion compensator and a graphene
saturable absorber has been demonstrated [6]. But so far, a graphene-based chirped
mirror has yet to be reported. By transferring graphene which act as a saturable
absorber onto a chirped mirror, a graphene-based chirped mirror is created. This multi-
functional optical device could potentially open up many new possibilities leading to
the realisation of compact ultrafast laser.

1.3 Research Objectives

The aim of this work is to develop cutting-edge laser technology for ultrafast
application in the mid-infrared range. Thus far, graphene is the most promising
candidate as a saturable absorber for passive mode-locking due to its fast recovery
time. Although there is an abundant literature on graphene saturable absorber, very
few are focused on mid-infrared applications, particularly the recovery times of
graphene on different types of mirrors, pumped-and-probed at wavelength above 2
um. By studying the recovery times of graphene, we hope to gain a better
understanding on the physics of graphene unique saturable absorption properties.

The objectives of this work are:

1. Obtain relevant knowledge about laser physics and material physics through
literature research.

2. Develop efficient fabrication of graphene saturable absorber mirrors by
optimising various parameters in graphene transfer process.

3. Characterise the graphene saturable absorber mirrors using Raman
spectroscopy to analyse the quality of the transferred graphene.

4. Measurement of the recovery times of the graphene saturable absorber mirrors
using pump-probe technique.

5. Explore the possibility to combine the function of graphene as a saturable
absorber and the function of a chirped mirror as a dispersion compensator to
create an all-in-one multi-functional optical device.

6. Assess the mode-locking ability of the saturable absorbers in different types of
laser cavities.



1.4 Thesis Overview

This thesis aims to provide a comprehensive understanding on graphene saturable
absorber mirrors from their fabrication to their implementation in mode-locked lasers.

This thesis begins with Chapter 1, which gives an overview of the thesis and followed
by Chapter 2 to introduce the main concepts on pulse lasers especially in the mid-
infrared region and the role of saturable absorbers in passive mode-locking. Properties
that made graphene to stand out as a saturable absorber will also be discussed.

Chapter 3 emphasises on the work that was conducted in the clean room facility to
fabricate and characterise the graphene saturable absorber mirrors. The
characterisation using Raman spectroscopy is discussed in this chapter whereas
characterisation of the recovery times of the saturable absorber is elaborated in the
next chapter.

Chapter 4 describes the experimental setup of the pump-probe technique to measure
the recovery times of the graphene saturable absorber mirrors and the different types
of laser cavities for mode-locking using the graphene saturable absorber mirrors.

The recovery times of the graphene saturable absorber mirrors and performance of
the mode-locked lasers will be presented and compared with other available saturable
absorbers in Chapter 5.

The final chapter, Chapter 6 provides a brief summary of this thesis and suggestions
of some possible future work.






Chapter 2: Theoretical Background

2.1 Principles of Solid-State Laser

“Laser” is an acronym for “Light Amplification by Stimulated Emission”. Stimulated
emission has the same direction, polarisation, phase and spectral characteristics as
the stimulating radiation field, which contribute to the high degree of coherence of laser
emission compared to any other light sources.

A typical laser consists of a gain or amplifying medium and a resonant cavity, as
illustrated in Figure 1.

Highly reflective mirror I I I I I I Partially reflective mirror

Pump source

Figure 1 Main components of a typical laser system.

The intensity of light is amplified each time it passes through the gain medium. The
role of the cavity is to maintain these multiple trips of light through the gain medium.
To satisfy lasing condition, the gain must exceed the cavity loss and the phase shift
must be an integer times 21, after each round trip under steady-state condition.

Depending on the type of gain medium used, the laser is a solid-state laser when the
gain medium is solid such as Cr:Al,05 (ruby), Cr:ZnS and many other crystals.
Pumping is usually supplied by a diode laser, gas discharge lamp, or another laser at
shorter wavelength to provide the energy required to transfer electrons from a lower
energy level to a higher one in the gain medium, creating a so-called population
inversion, whereby the number of atoms in the higher energy level, N, is larger than
the number of atoms in the lower energy level, N; (N, > N; ). This is not possible in a
2-level system since excited atoms return immediately to the lower energy state,
hence it is always N, < N, in a 2-level system. Population inversion is only achieved
in 3-,4- or more-level systems. From Figure 2, in 3-and 4-level schemes, the number
of atoms at the upper level of the laser transition is always larger than the number of
atoms in the lower level of the laser transition, provided that the lifetime (1) of the upper
level is large in comparison to the relaxation time of the fast decay. The laser emission



wavelength is determined by the laser transition from the upper state to the lower state
(Figure 2) [7, 8]. Different media will emit different wavelengths, for example, ruby laser
has emission near 700 nm [9]and Cr: ZnS has emission near 2.35 ym.

N, N; Ny
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2-level scheme 3-level scheme 4-level scheme

Figure 2. Two-, three- and four- level laser schemes.

The main disadvantage of the 3-level system is that laser transition occurs between
the higher energy state and the ground state, requiring high pump threshold to create
population inversion. This drawback is avoided in a 4-level system since the laser
transition does not involve the ground state directly. Nevertheless, the first ever laser
demonstrated is the ruby laser, a 3-level laser. For high peak power applications, 3-
level system is a better choice since it experiences lesser non-radiative loss. However,
for the purpose of this work, the pump threshold, emission wavelength and the large
bandwidth provided by vibronic crystals are more critical than the output power hence,
Cr:ZnS, a 4-level laser with emission peak at around 2.35 pm [10] was used.

Cr:ZnS as Gain Medium

Before the invention of transition metal-doped zinc chalcogenides, there are not many
broadband lasers in the mid-infrared range operating at room temperature. Majority of
vibronic materials exhibit quenching in the mid-infrared at room temperature.
Moreover, conventional semiconductor lasers at this wavelength would require
cryogenic cooling and not as broadband as vibronic materials. The use of Cr2*-doped
chalcogenides crystals opened the possibility of having a broadband tunable laser
emitting at wavelengths above 2 ym that is diode-pumpable and operating at room
temperature. Furthermore, they have exceptionally broad emission bands which
implies that ultrashort pulse generation such as mode-locking is possible. Cr: ZnS and
Cr: ZnSe particularly stand out from this group of material due to their remarkably high
fluorescence quantum yield at 300 K, has high gain cross-section and does not suffer
from parasitic laser processes such as excited state absorption or upconversion [10].
The latter is a crucial factor because many promising broadband materials suffer from
this upper state transition and thus reduce the number of available good laser material.



Although both Cr:ZnS and Cr: ZnSe share similar spectroscopic properties, Cr:ZnS
has a lower thermal lensing parameter (dn/dT, where n is the refractive index and T
is the temperature) of 46-10® 1/K compared to 70-10° 1/K in Cr: ZnSe [10]. Combined
with its higher thermal conductivity (27 W/mK) and higher shock parameter (7.1
W/mY2), Cr: ZnS has better power handling capability and hence, attractive for high
power applications [11-13].

2.2 Principles of Mode-Locking

Typical mechanisms to generate laser pulses are Q-switching and mode-locking. The
former generates pulses in the range of nanoseconds whereas smaller pulses down
to femtoseconds are possible in the latter case. For ultrafast application such as
pump-probe spectroscopy, which is a part of this work, a femtosecond mode-locked
laser is required.

Light oscillating between the mirrors in a laser forms longitudinal waves and in
principle, can support a multiple number of modes within the gain medium’s
bandwidth. If these modes oscillate independently with random phase relationship, the
output is a random sequence of light pulses. However, when these modes are
synchronized to oscillate in a fixed phase manner, such that these modes interfere
constructively and periodically, a train of well-defined pulses is produced. The laser is
said to be mode-locked when this is achieved [14].
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Figure 3. Signals of a mode-locked laser in frequency and time domain. (a) The mode
amplitudes have a Gaussian distribution with gain bandwidth, Av. (b) Zero phase difference
between each mode. (c) Sharp intense peak called mode-locked pulse with full width half
maximum (fwhm), t,,.



The pulse repeats itself for every cavity round-trip time. Since the pulses propagate
back and forth between the two mirrors separated at length L, the repetition rate (ti) of

these pulses can be written as:
1 ¢ 1)

where t, is the cavity round-trip time. From equation (1), the cavity length influences
the repetition rate, and consequently influences the pulse energy (E,,) of the laser since
the pulse energy is dependent on the repetition rate by this relation:

E = Foy 2
P1/t,

where P, is the average power. The pulse energy is the energy of an optical pulse
and can also be defined as the integral of peak power P, over time.

E (3)
14

%_t
p

where t, is the full width half maximum (shown in Figure 3) and is approximately
related to the gain bandwidth Av , t, and number of modes N as follow:

zt_rzi (4)
PN Av

The transform limit is reached when the smallest pulse is obtained for a fixed
bandwidth. t,Av is also known as the time bandwidth product. This product is typically
used to confirm a mode-locked pulse. Equation (4) also shows that to obtain narrower
pulse width, larger bandwidth is required. Hence, vibronic materials which exhibit
broadband emission are often used to generate mode-locked pulses with narrow pulse
width. Equation (4) is a rough approximation, thus, for a Gaussian pulse, equation (4)
would be [15]:
044 5)

tp = E
Occasionally, when the pulse is approaching the transform limit or in other word, less
chirped, for instance in the case of a soliton mode-locked laser, a hyperbolic-secant is
a better representation of the pulse shape and equation (4) is modified to [15]:

0315 (6)

t
p Av

The difference in pulse shape affects the calculation of peak power as well. If the pulse
shape is known, a numerical factor f, is introduced into equation (3) as such:



E (7)
B = fpt_:

For a Gaussian-shaped pulse, f, = 0.94 and f,, = 0.88 for hyperbolic secant pulse [16].

2.2.1 Active versus Passive Mode-Locking

To achieve mode-locking, a modulation mechanism is required to control the relative
phases of the mode spectrum such that a fixed-phase relationship among the modes
is established. This can be achieved by active or passive means.

In active mode-locking, the modulation is induced by an external mechanical
mechanism such as acousto-optic or electro-optic modulator. The modulator controls
the intracavity loss periodically such that the modulation frequency matches the cavity
round-trip time. The first successful mode-locked laser was demonstrated via active
mode-locking using an internal acoustic loss modulator [17]. On top of that, the first
demonstration of mode-locking in Cr: ZnSe laser with pulse width of 4.4 ps operating
near 2.5 ym was realised by active means, using an acousto-optic modulator [18].
Actively mode-locked lasers offer high degree of stability and reproducibility. However,
the typical output pulses of such system have pulse widths limited to the order of
picosecond. Narrower pulse widths would be challenging because as the pulse gets
narrower, the pulse-shortening effect of the modulator is offset by other pulse-
broadening effects such as chromatic dispersion.

On the other hand, in passive mode-locking the modulation is induced internally using
saturable absorbers, without the need of any additional electronics. Saturable
absorber varies the resonator loss depending on the intensity of light passing through
it. More intensive light is able to saturate the saturable absorber which temporarily
reduces the loss whereas weaker light is unable to saturate the saturable absorber
and hence, experiences a greater loss. Finally, this will lead to suppression of low
intensity light and intensification of high intensity peak radiation in the cavity. Due to
the rapid recovery time of saturable absorber, the modulation of loss happens very
fast. Combined with the fact that it is not limited by the speed of electronics like in
active mode-locking, shorter pulse widths down to sub-5 fs [19, 20] is possible using
passive mode-locking. Passive mode-locking in Cr: ZnS laser above 2 um with pulse
widths of 69 fs [21] using Kerr-lens technique and 130 fs using SESAM [22] have also
been reported. Moreover, the simplistic design of passive mode-locking enables
production of smaller, more compact and low-cost pulse laser system.

2.2.2 Saturable Absorbers

The intensity-dependence absorption of a saturable absorber can be described using
electron density of state occupying the energy levels of the valence band E,, and the
conduction band E, of the saturable absorber. When the saturable absorber is inserted
into the cavity, light with fluctuating intensities will pass through the saturable absorber.
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If the intensity of the incident light is low, majority of the photons will be absorbed to
excite the electrons from the valence band to the conduction band, since the electron
density of states in the conduction band is less occupied. The incident photons will
experience very high loss. On the other hand, in the case of high intensity of light, less
photons will be absorbed because the electron density of states in the conduction band
is occupied by excited electrons. The electrons are excited at a rate much higher than
the rate of recombination to the valence band. Hence, the absorption is said to be
saturated. At this point, incident photons will not be absorbed and experience a
reduced loss. The saturable absorption mechanism is illustrated in Figure 4.

F==—=—=—====na
1
1

Saturable !

1 Vacant
i Absorber ! k.
1 1 0 O
: 1 0%o0 I I I Soo
Low intensity i __ Photons £

— » High loss

High intensity

Figure 4. Two possible scenarios when light passes through the saturable absorber. When

the intensity of the incident light is low, the light experiences a high loss whereas when the

intensity of the light is high, the light experiences a much lower loss. Figure is regenerated
from [23].

The high loss experienced by light of low intensity and low loss experienced by light
of high intensity enable lower intensity components of the pulse such as continuous
wave background radiation, pulse wings and pedestals to be suppressed out, whereas
the high intensity fluctuations are enhanced. Consequently, after a few cavity round
trips, the light fluctuations begin to oscillate as pulses.

2.2.2.1 Recovery time

The recovery time of the saturable absorber is the time taken for the saturable
absorber to return from its excited state to its initial state, via various possible
relaxation processes. Depending on the pulse duration of the laser, a saturable
absorber is considered a fast saturable absorber when the recovery time is shorter
than the pulse duration whereas a slow saturable absorber is one with recovery time
longer than the pulse duration. The recovery time of a saturable absorber is an
important parameter that influences the operation regime of passive mode-locking.
There are 3 fundamental types of passive mode-locking namely: fast saturable
absorber mode-locking, slow saturable absorber mode-locking and soliton mode-
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locking. The evolution of the gain and loss in time of these 3 types are illustrated in
Figure 5.

Loss :. LoSS | [ oss
Gain 1,".( Gain
Pulse __;" U - Pulse |

(a) (b)

Figure 5. The three fundamental types of mode-locking: (a) slow saturable absorber mode-
locking with dynamic gain saturation, (b) fast saturable absorber mode-locking, (c) mode-
locking with slow saturable absorber without dynamic gain. Image regenerated from [24].

From Figure 5, the short net gain window in (a) and (b) leads to the formation of an
ultrashort pulse. The dynamic gain condition in (a) is not observed in solid-sate lasers
but only in dye, semiconductor and colour-centre lasers. Hence, for some time, it was
believed that a fast saturable absorber is required for passive mode-locking in solid-
state lasers, such as the case in (b) where the gain is saturated to a constant level.
However, mode-locking using slow saturable absorbers in Ti:sapphire (case (c)) was
demonstrated [25], revealing that mode-locking in solid-state laser is possible with a
slow saturable absorber. The explanation for the formation of pulse is less intuitive in
the case of (c) since the net gain window persist after the pulse is formed. In the
picosecond regime, the pulse is stabilised as the pulse is constantly pushed back in
time by the absorber, merging with any noises that is caused by the remaining the net
gain. In the femtosecond regime, the pulse shaping mechanism is guided by soliton
effect using the interplay of dispersion and self-phase modulation [26]. Soliton pulse
shaping is also applicable to fast saturable absorber, which can lead to pulses two
times shorter than pulses without soliton formation [27].

The recovery time of saturable absorber which typically occurs in the timescales of
femtoseconds, cannot be measured directly by conventional detectors. The pump-
probe experiment is a useful technique to measure the recovery time of a saturable
absorber indirectly. The pump beam induces photoexcitation in the saturable absorber
and after a time delay, the changes that occurred are detected by the probe beam. By
tuning the time delay between the pump and probe beams, the changes in intensity of
the pump beam can be measured. It is possible to obtain the recovery time from the
relationship of the change in intensity as a function of time delay using a bi-exponential
model:

t=to  t=tg (8)
y(t)=y,+Ae ™t +Be ™
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where y, and t, are offsets of the intensity (y) and time delay (t) respectively. A and B
are the amplitudes while 7; and 7, are the recovery times of the fast and slow
component respectively.

The time resolution of the measurement is dependent on the pulse duration of the
pump and probe pulses. In the femtosecond pulse regime, two recovery times will be
observed. The modulation depth of the fast component stabilises femtosecond lasers
[28] and governs the steady state pulse duration of mode-locking. The slow
component does not infer that the pulse duration will be longer, in fact as discussed
earlier, pulse duration shorter than the recovery time is possible and the slow
component actually helps to self-start mode-locking. In the picosecond regime, the
recovery time only has one component with the fast component usually not observed
[24].

2.2.2.2 Types of Saturable Absorbers

One of the earliest demonstration of passive mode-locking used dye laser. The
saturable absorber and the active medium were mixed to form a composite medium
dye laser generating 0.5 -1 ps pulses [29]. However, that method was superseded by
other mode-locking technology since the handling and maintaining of dye solution are
not straightforward. In particular, artificial mode-locking such as additive pulse mode-
locking (APM) and Kerr lens mode-locking (KLM) were developed. Due to limitations
in cavity design for artificial saturable absorbers, semiconductor saturable absorber
mirror (SESAM) was instead commercially used to start and sustain passive mode-
locking. Meanwhile, with the recent development in nanotechnology, a new group of
carbon allotropes namely carbon nanotube (CNT) and graphene were successfully
engineered and exhibit superior saturable absorber properties, which could potentially
replace SESAM.

SESAM

Semiconductor saturable absorber mirror (SESAM) is made of two main parts: the
semiconductor quantum well and the Bragg mirror. Depending on the choice of
semiconductor used, a range of emission wavelength from 400 nm up to 2.5 uym could
be tailored to specific needs. Typically, for emission in the mid-infrared, GalnAsSb-
based materials are used [24]. The Bragg mirror is made of material that has a high
bandgap to ensure that no absorption occurs at the mirror. SESAM is a slow saturable
absorber with recovery time in the range of picoseconds, which exhibit gain and loss
similar to Figure 5(c) [28]. The recovery time, absorption wavelength, saturation
intensity and fluence can be controlled by manipulating the design and growth
parameters of SESAM. This will require complex, expensive and time-consuming
fabrication processes such as molecular beam epitaxy (MBE), metal organic phase
vapor epitaxy and metal organic chemical vapour deposition. In addition to complying
to stringent fabrication processes, high energy heavy-ion implantation is often
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employed to induce defects in SESAM to reduce the recovery time [30]. Although the
design of SESAM allows flexibility in terms of saturable absorption parameters, this
usually required complex fabrication. Hence, there is a need to explore other possible
materials as saturable absorber such as CNT and graphene.

CNT

Carbon nanotube (CNT) is a 1D carbon nanostructure and often visualised as a rolled
up sheet of graphene, with nanoscale diameter and micrometer in length. Compared
to SESAM, CNT possesses more advantages. Firstly, CNT has a faster recovery time
than SESAM, with recovery time less than 1 ps was reported by [31] and able to
support generation of very short pulse, down to 66 fs [32]. Secondly, the fabrication
process of CNT saturable absorber is much simpler using combination of wet
chemistry, organic solvents and appropriate host polymers to grow the CNT and spin-
coat the nanostructure onto desired optical devices [33]. Thirdly, CNT offers flexibility
in terms of wavelength operation and modulation depth. By varying the diameter and
chirality of CNT saturable absorber, the operating wavelength and bandwidth can be
tuned [34] and by varying the thickness of the CNT layer, the modulation depth of the
saturable absorber can be scaled [35]. However, the tunability of the absorption band
by having a wide distribution in tube diameters leads to additional loss due to some
tubes which are off-resonance at that particular wavelength [36]. However, CNT
exhibits saturable absorption from the visible wavelength up to 2.1 ym [37]. There is
still a gap to be fulfilled for saturable absorber beyond that wavelength.

Graphene

Ever since the first demonstration of mode-locking using monolayer graphene [38],
graphene has been widely used for passive mode-locking [6, 38, 39]. Previous
saturable absorbers such as SESAM and CNT has limited bandwidth operation,
whereas graphene exhibits saturable absorption properties from 0.8 um [40] to 3.0 um
[41]. Coupled with its ability to be easily adapted to technology previously designed
for CNT [42], graphene is the preferred saturable absorber for mode-locking in the
mid-infrared region. Since graphene is the major focus of this thesis, the properties of
graphene as a saturable absorber will be elaborated in detail in a dedicated section
(refer Section 2.3).

2.2.3 Dispersion Compensation

Besides saturable absorber, another parameter that is important for mode-locking is
dispersion. The dependency of phase shift ¢ on frequency w is termed dispersion and
occurs when a pulse travels through a medium which has wavelength-dependent
refractive index. Since a mode-locked laser has a broad frequency spectrum, phase
shifts due to dispersion effect will broaden the mode-locked pulse. The frequency-
dependent phase shift can be expressed in a Taylor series around the centre
frequency w, of the pulse [24]:
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The first-order dispersion Z—Z, which is the group delay does not modify the pulse shape

but the second-order (group delay dispersion or GDD) and higher-order phase shifts
tend to affect the temporal shape of the pulse, especially in the femtosecond regime.
In most cases, GDD can be ignored for pulse duration above 10 ps.

The net GDD for a cavity is typically positive or sometimes called normal due to
dispersion in the laser gain medium and other components in the cavity. However, for
soliton pulse formation, a negative GDD is often preferred. There are a number of
ways to control and compensate the cavity’s net dispersion. Examples are the used of
prism pairs and chirped mirrors. Prism pairs technique allow the dispersion to be
controlled by adjusting the relative distance between the two prisms. On the other
hand, chirped mirrors are dielectric mirrors with specially engineered surface layer to
introduce a specific dispersion into the cavity. Chirped mirrors can be designed to
compensate third-order dispersion and often use in combination with prism pairs.

2.3 Graphene as a Saturable Absorber

2.3.1 Properties of Graphene

Graphene is a 2D nanostructure made up of a single layer of carbon, making it the
thinnest known material. Despite being only one atom thick, it is also the strongest
known material [43] due to localized electrons with sp?-bonds between the
hexagonally arranged carbons. Unlike any other material, graphene has no bandgap.
Delocalised electrons near the overlap of the conduction band and valence band at
the six corners of the Brillouin zone, known as the Dirac points [44] leads to graphene’s
unique optical and electronic properties [45]. Any excitation will lead to an electron-
hole pair, providing graphene a wide operational wavelength range extending into mid-
infrared region [39]. Coupled with its high absorption of incident light per layer [46] and
ultrafast carrier dynamics [47], graphene is an attractive choice of saturable absorber
for mode-locking in the mid-infrared. Important parameters of a saturable absorber
that need to be considered when designing a laser are its recovery time and nonlinear
optical properties including modulation depth and saturation fluence.

2.3.1.1 Nonlinear Optical Properties

The maximum change in absorption that can be induced by the incident light is defined
as the modulation depth and pristine single layer graphene has modulation depth of
65.9 % [48]. Experiments have shown that by increasing the number of layers of
graphene, the saturation intensity increases whereas the modulation depth decreases
due to defect-induced non-saturable loss and scattering [48, 49].
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The saturation fluence is defined as the fluence (energy per unit area) required to

reduce the absorption to 1/e of its initial value. In other words, a higher saturation
intensity would require more incident light to reach saturation. Saturation fluence J,;
can be estimated using this relation:

Ein 10
]sat(.um/cmz) = Tt .

where E;,,; is the intracavity pulse energy and A is the beam spot size.

2.3.1.2 Recovery Time

The first attempt to characterise graphene relaxation dynamics using pump-probe
technique found that graphene has a fast relaxation time in the range of 70-120 fs
while the slow relaxation time is in the range of 0.4-1.7 ps [47]. The fast component
depends on carrier thermalization by electron-electron interaction while the slow
component is attributed to the cooling of carrier distribution by electron-phonon
interaction [47]. The fast component was found to have a larger value when the
number of graphene layers increases [48]. These are typical timescales of graphene
saturable absorber reported in near-infrared pump-probe experiments [50] whereas
these timescales in the mid-infrared are not yet widely established.

2.3.2 Fabrication and Characterisation of Graphene

Graphene was first obtained via mechanical exfoliation [51] or also known as the
Scotch tape method. By using a simple Scotch tape, the graphene layers are
repeatedly peeled from a highly ordered graphite crystal until atomic-layer thin of
graphene is achieved and then transferred onto a substrate while preserving the
graphene’s hexagonal honey-comb structure. Although this method is simple and
straightforward, it is difficult to regulate the size, shape and thickness of the graphene,
which is unattractive for commercial exploitation. Other methods have been developed
since then to produce graphene, such as epitaxial growth on silicon carbide, chemical
vapour deposition (CVD) and wet chemical methods. Of all these available methods,
CVD graphene is commonly used for transferring graphene onto other substrates. In
this approach, the graphene is grown on the surface of transition metal such as nickel
and copper as substrates. The surface of the substrate is subjected to temperature up
to 1000 °C before being exposed to a mixture of gases such as hydrogen, argon and
methane. The carbon from the cracked methane diffuses into the metal and this is
followed by rapid cooling to precipitate out graphene on the surface [50]. The CVD
graphene can be transferred easily on to desired substrate by applying a polymer
structural support to keep the structural integrity of the graphene before etching the
underlying metal substrate away.
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Raman Spectroscopy

It is difficult to visually identify monolayer graphene on a Si substrate. Typically, a thin
layer of SiO2 (~100 nm or 300 nm) is added on the surface of the Si substrate to
improve the contrast and visibility of graphene [52]. Another common method to
identify graphene is via Raman spectroscopy [53-55]. Light can be scattered
inelastically whereby the incident photon and scattered photon have different
frequencies. Raman scattering is manifested in this inelastic scattering of light. At
different atomic position within the vibrational mode displacements of the atom, the
polarisability of the atom is different. These characteristic vibrational modes are known
as normal modes and are attributed to chemical and structural properties of materials.
Since every material has its own fingerprint set of normal modes, Raman spectroscopy
can be used to probe materials properties in detail [56]. A small change in geometric
and chemical bonding within the sample will produce a significant change in its Raman
spectrum. For example, graphene, diamond and graphite are carbon-based material
which differs in their arrangements of carbon atoms and the type of bonding between
them. The Raman technigue can distinguish these materials quickly and non-
invasively without much sample preparation. For this experiment, the Raman
technique is sufficient to determine the quality of the transferred graphene and to
determine the number of graphene layers.

A typical Raman spectrum of graphene has 2 principle peaks called G and G’ band.
Occasionally, a third band called the D band is present when defect is present in the
graphene. The D, G and G’ band located at approximately 1350 cm, 1582 cm and
2700 cm* respectively [55] as shown in Figure 6.
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Figure 6. A typical Raman spectrum of monolayer graphene with D, G and G’ band located
at approximately 1350 cm™, 1582 cm™and 2700 cm™ respectively.

The D band (~1350 cm?) [55] otherwise known as the defect or the disorder band,
exists due to the presence of defect. In a defect-free graphene, this band is supressed
whereas if the D band is significant, the graphene has a lot of defects. The level of
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defect or disorder can be quantified by calculating the ratio of the intensity of D band
to intensity of G band (lo/lg) [57].

The G band located at around 1582 cm! [55] is associated with the in-plane vibrational
mode due to the stretching of C-C bond in graphene. Stacking another layer of
graphene on top of a layer of graphene will induce strain effect on the bonding which
will shift the position of the G band. The position shifts towards lower energy as the
number of graphene layer increases. Hence, the position of G band is sometimes used
to determine the number of layer of graphene [57].

The G’ band which occur at approximately 2700 cm! [55] originates from two-phonon
lattice vibrational process and sometimes is denoted as 2D band since it is a second
order overtone of the D band. However, unlike its D band counterpart, G’ band does
not characterise defect, but it represents the number of graphene layers. The shape
of G’ band tends to be broader and blue-shifted as the number of graphene layer
increases [57].

The number of layers of graphene can be estimated by the ratio of peak intensity of G
band to G’ band (lc/lc’) [58]. The intensity of G and G’ band varies as the number of
graphene changes. The intensity of G band increases whereas the intensity of G’ band
decreases and broadens as the graphene number increases.
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Chapter 3: Fabrication and Characterisation
Methods for Graphene Saturable Absorber
Mirrors

In this work, the graphene saturable absorber mirrors are fabricated by transferring
graphene onto different kinds of mirrors: silver, sapphire and chirped mirrors.
Subsequent characterisation using Raman spectroscopy is conducted to analyse the
transferred graphene and followed by pump-probe experiment to measure the
recovery times of the graphene saturable absorber mirrors. These graphene mirrors
will then be integrated into the laser cavity to generate mode-locked pulses.

In this chapter, the focus will be on the material physics of graphene. The graphene
transfer process will be discussed, and the characterisation is limited to Raman
spectroscopy in this chapter. The characterisation of the recovery times will be
elaborated in the next chapter, Chapter 4.

3.1 Graphene Transfer

CVD-grown graphene was chosen for this work because it is available commercially
and its subsequent transfer process is widely studied. The large area synthesis of CVD
graphene allows the graphene sheet to be cut into several small pieces and
transferred onto arbitrary substrates. Since CVD-graphene is grown on a metal
substrate, transfer process is necessary to transfer the graphene from the metal
substrate on to a desired substrate. The most popular transfer method is polymer-
mediated transfer, using polymethyl metacrylate (PMMA) as a temporary support while
the metal substrate is etched away [58]. When the graphene is transferred onto the
substrate, the polymer support is then removed. A direct transfer without polymer
support is also possible and has been reported [59], which follow similar steps as
polymer-mediated transfer, skipping the steps involving PMMA. Although this method
is reported to be quicker and clean from PMMA residue, when tried in our lab, the
ultrathin graphene without any supportive layer was very difficult to be handled as it
was prone to ripping and broke apart easily.

In this work, polymer-mediated transfer was employed to transfer monolayer CVD-
graphene grown on Cu foil on to different substrates: Si wafer, silver mirror, sapphire
mirrors and dielectric mirrors. Different types of PMMA were also tested to determine
the most suitable choice of PMMA and the influence of other parameters such as
etching time and post-transfer baking time were also investigated. The influence of
these parameters is discussed in Appendix. Overall, at least ten transfer attempts were
performed using Si wafer as a dummy substrate, to determine the best transfer
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parameters before attempting to transfer graphene onto a silver mirror, 2 sapphire
mirrors and 2 chirped mirrors. The result of all the transfer attempts on Si wafer are
presented in Appendix Table 3. The summary of attempts to transfer graphene onto
Si wafer, by changing different kind of parameters.Table 3, whereas the result of the
transferred graphene onto the mirrors are presented in Section 3.2. The transfer of
graphene and the subsequent characterisations were performed at NTNU Nanolab
clean room facility.

Step one: Spin-coating of PMMA

The graphene used in this project is a monolayer CVD graphene grown on copper foil
with dimensions of 60 mm x 40 mm bought from Graphenea. The graphene sheet was
carefully cut using a sharp scissor into a square with sides of approximately 1 cm. The
remaining graphene sheet was stored in a vacuum container to minimise the oxidation
of the copper foil.

Monolayer graphene is very thin rendering it prone to damage during the transfer
process. A layer of polymer, Polymethyl metacrylate (PMMA) Al12 (molecular weight
200 000 gmol-1, 12% by volume dissolved in anisole) was spin-coated onto the
graphene film to act as a sacrificial protective layer, before the transfer process.

The small graphene piece was fastened onto a Si wafer using one-sided kapton tape
covering the graphene area as little as possible. This is to ensure that the lightweight
graphene piece will not be flung out during the spinning process and preventing the
PMMA from seeping into the bottom side of the graphene. A drop of PMMA was
deposited onto the exposed graphene and the PMMA was spin-coated at a speed of
6000 rpm, acceleration of 2000 rpms-1 for 2 minutes. This was followed by soft-baking
on a hotplate at 105°C for 10 minutes to evaporate any solvent residue and to harden
the resist. To make the structure more rigid, a frame of blue tape was fixed onto the
PMMA surface so that the structure would not fold over itself, keeping it stretched out.
The blue tape could be easily removed at the end of the transfer process.

Step two: Removal of Residual Graphene

Although graphene is intentionally grown on the top side of the copper substrate but
due to the synthesis process, CVD graphene tend to have residual graphene grown
on the back-side of the copper substrate as well. The back-side graphene is usually
high in defect and was not needed and removed using oxygen plasma cleaner (50%
oxygen flow, 50% power) for 12s. Short cleaning time is preferable to avoid further
curing of the PMMA. Other method of removing the bottom layer graphene has been
suggested such as using nitric acid [60]. However, this method is slightly risky because
prolonged contact with the strong nitric acid may etch through the copper layer,
reaching the top layer graphene.

Step three: Etching of Copper substrate
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The next step is to remove the copper substrate layer. This was done via chemical
etching. The etchant used was 0.1 M ammonium persulfate (APS), prepared by adding
200 ml of deionised water to 6 g of APS powder. PMMA/graphene/Cu film was placed
in the etchant bath with the Cu surface touching the etchant for about 3-4 hours or
until the copper layer disappears. By using a magnetic stirrer to stir the sample at 50
rpm, the etching time could be reduced to 2 hours. APS was chosen because it is
strong enough to etch away the Cu layer but not graphene, leaving a transparent layer
of PMMA/graphene floating on the solution. Although FeCls is typically used to etch
Cu [61, 62] due to its etching efficiency [63], it severely weakens the grain boundaries
between crystallites in CVD-graphene, than compared to APS [64]. HNOs [65] and HCI
[63] are also adept at etching Cu but the H2 gas bubbles formed during these etching
process could cause cracking in the graphene film and etching due to HCI releases
poisonous gas [63]. Residual etching solution on the PMMA/graphene film was
cleaned by transferring the film from a beaker filled with deionised water to another
beaker with deionised water using a clean glass slide. This step was repeated at least
3 times to minimise residual etching solution contaminating the sample.

Step four: Transfer onto Desired Substrate

The graphene was transferred onto the target substrate by scooping up the
PMMA/graphene film using the target substrate. A good transfer not only produce
graphene free from contamination but also continuous without any cracks. Generally,
when PMMA/graphene film is scooped up from the water using the target substrate,
graphene layer does not make full contact with the surface of target substrate due to
water trapped between the graphene layer and the surface of target substrate.
Consequently, when the PMMA support is removed later on, these unattached regions
break and form cracks [66]. To remove the water, after transferring the
PMMA/graphene film on to the target substrate, the sample was left to dry at an
inclined angle in ambient condition overnight. Water surface tension and gravity will
drag the film into contact with the substrate. As the film is not completely smooth (since
the growth of graphene follows the roughness of the surface of the copper substrate),
some water may still be trapped and not completely removed. The sample was soft-
baked on a hotplate to evaporate this trapped water at temperature of 80°C, lower than
the recommended baking temperature of 150°C [66] to avoid further curing of the
PMMA. To compensate for the lower temperature, the baking time was lengthened
from the recommended time of 15 minutes [66] to 1 hour. If the target substrate is a
(silver, sapphire or chirped) mirror, the graphene/mirror was baked for 4 hours instead
of 1 hour since mirror is thicker and has different thermal conductivity compared to Si
wafer. Another way to create smooth contact between the graphene film and substrate
is by increasing the hydrophilicity of the substrate surface, to spread the water more
evenly during transfer [66]. The target substrate surface was treated using oxygen
plasma cleaner (50% oxygen flow, 50% power) for 1 minute. Oxygen plasma treatment
not only made the substrate surface more hydrophilic but also remove contaminants
on the substrate before the transfer.
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Step five: Removal of PMMA

Once the graphene is adhered onto the substrate, the protective layer is no longer
needed. The PMMA coating and the blue frame were removed by placing the sample
in an acetone bath. Thicker and harder PMMA layer is more difficult to be removed
and most of the time cannot be removed completely, leaving some PMMA residues
on the graphene [67]. After immersing the sample in the acetone bath for 4 hours, the
sample was rinsed with isopropanol and left to dry overnight.

Multilayer Graphene Transfer

To obtain double layer graphene on the same substrate, the entire process from step
one to five were repeated. In principle, this process can be repeated multiple times to
get multiple layers of graphene on the same substrate.
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Figure 7. An overview of PMMA-mediated transfer of graphene. The substrate used is Si
wafer.
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3.2 Raman Spectroscopy

The transferred graphene was characterised using Raman spectroscopy to check the
level of defect and the number of layers of graphene. The Raman spectrum of
graphene has 3 significant peaks: D, G and G’ band located at approximately 1350
cm?, 1582 cm™ and 2700 cm respectively [55]. The level of defect or disorder can
be quantified from the ratio of the intensity of D band to the intensity of G band (Io/lc)
[57] with value 0.05-0.3 deemed as acceptable [58]. The number of layers of graphene
can be estimated by the ratio of peak intensity of G band to G’ band (lc/lc’). 1-2 layer
graphene has lc/le' of 0.5-1 respectively [58].

CVD Graphene

The as-bought graphene film was characterised using Raman spectroscopy to check
the level of defect on the top-side and back-side of the film. The Raman spectrum of
the top-side is shown in Figure 8, whereas the spectrum of the back-side is shown in
Appendix (Figure 29). As expected, the back-side graphene has a significant D peak
indicating high defect, whereas this D peak is suppressed on the top-side graphene.
The top-side, which is assumed to be monolayer, has lc/le of 0.581. If the transferred
graphene has a higher lc/le value than 0.581, then the number of graphene layer is
more than one.
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Figure 8. Raman spectrum of the as-bought CVD graphene (top-side) with G and G’ peaks
at 1590 cm™ and 2698 cm™ respectively. The D band is not present.
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Graphene on Silver (Ag) Mirror (GAM)

The graphene on silver mirror is denoted as GAM. The Raman spectrum of
graphene/mirror as shown in Figure 9(a) has sharp G (1585 cm™) and G’ (2678 cm™)
bands confirming that graphene is present, whereas the weak D (1343 cm™) band
indicates the presence of defect. The level of defect, Io/lc = 0.227 is reasonable.
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Figure 9. (a) Raman spectrum and (b) optical microscope image of single-layer graphene on
Ag mirror (GAM).
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Graphene on Two Sapphire Mirrors (GSM1 and GSM2)

Single-layer graphene was transferred onto one of the sapphire mirrors (denoted as
GSM1) and two-layer graphene was transferred onto another sapphire mirror (GSM2).
The defect peak is not obvious in GSM1 but reasonable defect, Io/lc = 0.248 was found
on GSM2. Both has high G peak with GSM2 has lc/le’ close to 1, confirming the
presence of two-layer graphene.
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Figure 10. Raman spectra of (a) single-layer graphene on sapphire mirror 1 (GSM1) and (b)
two-layer graphene on sapphire mirror 2 (GSM2).
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Graphene on Two Chirped Mirrors (GCM1 and GCM2)

Single-layer and two-layer graphene were transferred onto two different chirped
mirrors: chirped mirror 1 (GCM1) and chirped mirror 2 (GCM2). Both the chirped
mirrors were designed for operation from 2.1 ym to 2.8 ym.

From Figure 11 and Figure 12, the intensity of G peak increases as the number of
layer of graphene increases.

For GCM1, the area with single-layer graphene has lc/le= 0.514 and Ipo/lc = 0.184 and
the area with double-layer graphene has lc/le= 0.885 and Io/lc = 0.164.

For GCM2, the defect peak was not observed. The area with single-layer graphene
has lc/le= 0.373 and double-layer graphene has lc/le= 0.769.
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Figure 11. Raman spectra of single-and two-layer graphene on chirped mirror 1 (GCM1).
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Figure 12. Raman spectra of single-and two-layer graphene on chirped mirror 2 (GCM2).

3.3 Discussion

Graphene was successfully transferred onto desired substrate mirrors with
satisfactory defect level. The defect band is more prominent as the number of
graphene layer increases, as shown in Figure 11. This may be attributed by the
collective PMMA residue on the surface of the graphene from each layer of transferred
graphene. Since two-layer graphene requires graphene to be transferred twice onto
the mirror, it would require the use of PMMA twice. This is not efficient because during
the first transfer, PMMA residue may not be removed completely before the addition
of the second graphene onto the first layer graphene. Hence, it would be preferable to
limit the use of PMMA to once only. A solution is this; when the first
PMMA/graphene/Cu film is etched, instead of using the target substrate to scoop the
graphene, a graphene/Cu film is used to scoop the etched graphene creating a stack
of two layers of graphene with only one PMMA layer at the top (PMMA/15t graphene/
2"d graphene/Cu). After the second etching of Cu, the target substrate is used to scoop
the PMMA/15t graphene/2" graphene film to create a stack of PMMA/1st graphene/2"
graphene/substrate. In principle, this can work on n-layers of graphene using PMMA
once only. The transfer of two-layer graphene onto GSM2 was done using this method.
Although two-layer graphene was successfully transferred, the graphene was not
continuous and at some parts, the graphene was folded as shown in Figure 13. It was
challenging to scoop-up the etched graphene using a flexible graphene/Cu film instead
of a rigid substrate, which introduces these foldings. Hence, usually a compromise has
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to be made. A ‘cleaner’ transfer (less PMMA residue) can be achieved but under the
expense of less continuous and uneven transfer.
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Figure 13. Raman microscope image of two-layer graphene on GSM2. The graphene is
folded and not continuous with cracks on the left region of the image.

Another challenge in graphene transfer is the tiny gaps between graphene and the
surface of the target substrate which cause an incomplete contact of graphene to
substrate. Li et.al reported the use of an additional layer of PMMA to overcome this
issue [68]. There are two main factors that caused these gaps. The first factor is the
trapped water hindering full contact of graphene to substrate. This can be resolved by
post-transfer baking to evaporate the trapped water. The second factor is because the
surface of graphene itself is rough, following the surface of its metal substrate after
metal reconstruction during CVD process. The pre-coated PMMA mimics the surface
roughness of the graphene and since PMMA is a hard coating, the graphene does not
relax when the PMMA is washed away. The introduction of a second layer of PMMA
coated on top of the pre-coated PMMA will partially dissolve the pre-coated PMMA
and allow redissolution of PMMA to occur which mechanically relax the underlying
graphene and thus, improving the contact between graphene and the substrate [68].

Other suggested improvement would be to use a different type of PMMA removal that
reduce PMMA residue on graphene. Compared to acetone, 1,2-dichloroethane is a
much more efficient PMMA remover, as reported by [67].

To conclude, the transfer of graphene using PMMA-mediated technique, as described
in Section 3.1, is an adequate method to transfer single- or double-layer graphene
onto any mirror substrates, with satisfactory defect level.
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Chapter 4. Experimental Setup

The recovery times of the graphene saturable absorber mirror were measured using
pump-probe technique with a 2.4 yum femtosecond laser as well as a picosecond laser
to compare the results between these two lasers. The ability of graphene chirped
mirror as saturable absorber was also investigated using two different types of mode-
locking cavities with Cr:ZnS as the gain medium.

4.1 Pump-Probe Experiment

Lazer
source

Chopper

Mirror Mirror
Mirror 90/10 beam O Diaphragm
|_| splitter,
® mirrors on a U

translatmn stage Polariser

[0 Diaphragm
Filter

Lens
1= Lens

Lock-in H

amplifier I_I

Graphene Mirror

Polariser mirror

Figure 14. The pump-probe setup. The pump beam is coloured in red while the probe beam
is coloured in black.
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Figure 14 shows the setup of the pump-probe experiment to measure the recovery
time of the graphene saturable absorber mirrors. The beam from the laser source was
divided into two at the beam splitter with 90% of the beam passed through as the pump
beam and 10% being reflected as the probe beam.

Both the pump and probe beams have a beam size of 30-40 ym when measured using
a beam profiler. Also, the setup was arranged such that both the pump and probe
beam travelled the same length before reaching the sample. Both beams travelled a
distance of 60 cm before reaching the sample.

The pump beam was modulated by an optical chopper to 390 Hz before being focused
onto the sample by a lens with focal length 25 mm.

On the other hand, after passing through the beam splitter, the probe beam would
encounter a right-angled mirror on a translation stage. The stage could be moved to
introduce time delay between the probe and pump beams. The probe beam was
focused onto the sample by a lens with focal length of 10 mm. The probe beam
reflected by the sample was detected by a lock-in amplifier.

A crossed polariser pair was used to filter out any parasitic interference from the pump
component. The modulation frequency set by the chopper helped to distinguish noise
from being amplified by the amplifier. A filter was fixed along the pump beam to avoid
oversaturation on the detector.

By measuring the intensity of the reflected probe beam as a function of time delay, the
recovery time could be determined using a bi-exponential decay model (equation (8)).

The laser source was a mode-locked Cr:ZnS laser, using the one-layer graphene on
sapphire mirror 1 (GS1) as the saturable absorber. The setup of the laser is described
in Section 4.2.2 and illustrated in Figure 19. By introducing a passive ZnS crystal
before the output coupler, the dispersion of the cavity can be varied to deliver either
picosecond or femtosecond pulses to the pump-probe system.

For slow saturable absorbers with recovery time in the range of picosecond such as
SESAM and CNT, pulses with picosecond duration is sufficient. On the other hand,
fast saturable absorber such as graphene require a femtosecond laser source.
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Figure 15. The autocorrelator measurement of the femtosecond mode-locked pulse source
with FWHM (assuming sech shape) of 63.4 fs.
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Figure 16. The autocorrelator measurement of the picosecond mode-locked pulse source
with FWHM (assuming Gauss shape) of 1.6 ps.
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Figure 17. The spectrum of the mode-locked laser source.

In this work, the pump-probe technique was employed to measure the recovery times
of a commercial SESAM and CNT using 1.6 ps mode-locked pulse operating at 2.35
pgm and the recovery times of the graphene saturable absorber mirrors (GAM, GS2,
GCM1 and GCM2) were measured using 64.3 fs mode-locked pulse operating at 2.35

pm.
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4.2 Mode-Locking in Cr:ZnS Laser

Two types of mode-locked setup were used to test the mode-locking ability of the
graphene saturable absorber mirror.

4.2.1 Standard Cr:ZnS Cavity

Pump

Group delay dispersion
compensator

Output coupler

Graphene mirror

Figure 18. The standard Cr:ZnS cavity for mode-locking.

The saturable absorber tested in this standard Cr:ZnS cavity (Figure 18) was GCM1.
The gain was pumped by an erbium-doped fiber laser emitting at 1.61 ym. The cavity
had a normal GDD due to the laser crystal and this was compensated by a pair of
adjustable yttrium aluminium garnet (YAG) crystal.

At the 18% output coupler, the cavity could be connected to an optical spectrum
analyser, autocorrelator and power meter to obtain the wavelength spectrum, pulse
width and output power respectively.

4.2.2 Extended Cr:ZnS Cavity

The mode-locking ability of GCM1 was further investigated in an extended Cr:ZnS
cavity to compare the performances of these two types of mode-locking. The source
of laser in the pump-probe setup was based on this extended Cr:ZnS cavity using
graphene on sapphire mirror (GS1) as the saturable absorber.
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Figure 19. The extended Cr:ZnS cavity for mode-locking.

The setup of this extended cavity was built upon the standard Cr:ZnS cavity by
extending the cavity length using the Herriott-type multi-pass cavity. The output
coupler was replaced by another mirror to connect to the multi-pass cavity.

In the case of mode-locking using GS1, the two highly reflecting mirrors used in the
multi-pass cavity had radius of curvature of 1250 mm and 5000 mm and were
separated at a distance such that there were 6 passes in the multi-pass cavity. This
setup using GS1 as saturable absorber was used as the laser source for the pump-
probe experiment described previously.

In the case of mode-locking using GCM1, the two highly reflecting mirror were
separated at a distance of 1 m with 4 bounces in the multi-pass cavity.

The performances of the graphene saturable absorber mirrors in these two mode-
locking cavities are presented in the following chapter.



Chapter 5. Experimental Results and Discussion

5.1 Relaxation Times

Typically, the relaxation time of a saturable absorber has two components; a fast
component denoted as 7; and a slow component denoted as t,. In the pump-probe
experiment, by varying the time delay and measuring the corresponding intensities, a
graph of intensity against time delay can be plotted and fitted using a bi-exponential
decay model. The values of t; and 7, can be extracted from the bi-exponential fit.

5.1.1 SESAM and CNT

The mid-infrared picosecond laser source was used to pump and probe SESAM and
CNT. At 2 ym, the published recovery times of SESAM is 63 ps for the slow component
and 1.1 ps for the fast component [69]. On the other hand, CNT has approximately ;=
0.25 ps and 7, =1.2 ps [70] at the same wavelength. The 7, of SESAM obtained is 63
ps which is in good agreement with reported value. However, the other components
of SESAM and CNT cannot be accurately resolved since those values are very close
to the pulse width (1.6 ps) of the pulse laser source which sets the temporal resolution
limit of the measurement. Table 1 summarises the measured and reported values of
SESAM and CNT’s recovery times.

Saturable Measured values Reported values References
absorbers
SESAM Ty = - 7, =1.1ps [69]
T, =63 ps T, =63 ps
CNT Ty = - 7, = 0.25 ps [70]
T, = 2.6 pS 7, = 1.2 ps

Table 1. The measured and reported recovery times of SESAM and CNT.
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Figure 20. The relaxation dynamics of SESAM at above 2 um.
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Figure 21. The relaxation dynamic of CNT at above 2 um.
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5.1.2 Graphene on Sapphire Mirrors

Although graphene was transferred onto two different sapphire mirrors, one of them
(GS1) was used to mode-lock the laser source for the pump-probe experiment and
hence, could not be used to measure its relaxation times.

The two-layer graphene saturable absorber mirror on sapphire 2 (GS2) has a fast
component of 0.15 ps and a slow component of 1.06 ps. These values are close to
the average values of graphene average relaxation times (r;=0.168 ps and 7, =1.190
ps) [69] measured at 2 pym.

) Two-layer Graphene on GS2

40 - —=— Experimental data
—— Bi-exponential fit
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&S
o)
)
c
[«b}
IS — .
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Figure 22. The relaxation dynamic of two-layer graphene on sapphire mirror 2 (GS2) at
above 2 um.
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5.1.3 Graphene on Chirped Mirrors

Two layer graphene was transferred onto chirped mirror 1 (GCM1). The graphene has
relaxation times of r; = 0.21 ps and 7, = 1.01 ps.

Two-layer Graphene on GCM1

—=— Experimental data
— Bi-exponential fit

40 -
T=0.21ps

©=1.01 ps

20

Intensity (a.u)

L
L

Time Delay (ps)

Figure 23. The relaxation dynamic of two-layer graphene on GCM1 at above 2 um.

Chirped mirror 2 (GCM2) has one section with one-layer graphene and another section
with two-layer graphene. The one-layer graphene area has t;= 0.15 ps and 7, =1.47
ps and the two-layer graphene has 7,= 0.17 ps and 7, =1.25 ps.

One- and Two-layer Graphene on GCM2

30
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Figure 24. The relaxation dynamics of one- and two-layer graphene on chirped mirror 2
(GCM2) at above 2 um.
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5.1.4 Graphene on Silver Mirror

Single-layer graphene was transferred onto the silver mirror (GAM). It exhibits a fast
component of 0.16 ps and a slow component of 0.92 ps.

Single-layer Graphene on Ag Mirror
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27 =0.16 ps
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20
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Figure 25. The relaxation dynamics of single-layer graphene on Ag mirror (GAM) at above 2
um.

5.1.5 Summary

The recovery times of all the graphene mirrors obtained using the pump-probe
technique at 2.35 ym are summarised in Table 2.

Type of mirror substrate Number of layers of Fast Slow
graphene component, component,
71 (PS) 72 (PS)
Sapphire 2 (GS2) 2 0.15 1.06
Chirped Mirror 1 (GCM1) 2 0.21 1.01
Chirped Mirror 2 (GCM2) 2 0.17 1.25
Chirped Mirror 2 (GCM2) 1 0.15 1.47
Silver Mirror (GAM) 1 0.16 0.92

Table 2. A summary of the fast and slow components of graphene’s recovery time,
measured using pump-probe technique at 2.35 um.

The pump-probe technique employed by [69] using a 2 um femtosecond laser reported
similar recovery times of graphene. The fast component is in the range of 0.091-0.253
ps while the slow component is in the range of 0.996-1.397 ps [69].
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For comparison, at 2 ym, SESAM has ;= 1.1 ps and 7, =63 ps [69] and CNT has
7,= 0.25 ps and 7, = 1.2 ps. In terms of pulse duration, graphene has a better ability
to mode-lock ultrashort pulses. Its fast relaxation time allow graphene to recover from
bleaching much quicker than other saturable absorbers.

As shown in Table 2, the presence of multilayer graphene does not affect the fast
recovery times of the saturable absorber since both single and double layer graphene
on GCM2 have similar recovery times for the fast component. This pattern is
contradictory to the observation by [48], which showed that the relaxation time of
graphene increases as the number of graphene layer increases. But in agreement with
observation by [47], which reported that the slow component t, of graphene’s
relaxation time decreases as the crystal disorder increases. The addition of another
layer of graphene on GCM2 may have induced some disorder.

In addition, regardless of the mirror substrate, the fast component of the relaxation
time of graphene has no considerable dependency on the type of substrates since all
of the graphene mirrors have similar t; values. This imply that graphene can practically
be transferred onto any mirror substrate without jeopardising its relaxation time.

5.2 Mode-Locking in Cr:ZnS Laser

5.2.1 Graphene on Chirped Mirror

Using graphene on chirped mirror 1 (GCML1) as saturable absorber, the mode-locking
in both the standard and extended cavity generate pulses of similar pulse duration of
110 fs (Figure 26) and similar spectral bandwidth of 50 nm (Figure 27).

In the standard cavity regime, the mode-locked laser exhibited repetition rate of 66
MHz with output power of 70 mW and pulse energy of 1.06 nJ.

In the extended cavity regime, the mode-locked laser exhibited a lower repetition rate
of 14.6 MHz and lower output power of 16 mW and pulse energy of 1.1 nJ.

The fluence of the graphene chirped mirror can be estimated by using equation (10).
The beam has a diameter of 120 ym and the output couple has transmission of 18%.
The energy density arriving at the graphene chirped mirror saturable absorber (GCM1)
is estimated to be approximately between 40-50 pyJ/cm?, considering losses in the
cavity and at the output coupler. Hence, the saturation fluence could be estimated
even lower than 40 pJ/cm?.
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Figure 26. Autocorrelator measurement of the pulse duration using GCML1 as saturable
absorber.
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Figure 27. The optical spectra of the mode-locked laser using GCM1 as saturable absorber
in the standard and extended cavities.
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Chapter 6: Conclusion and Future Outlook

Graphene saturable absorber mirrors were successfully fabricated using graphene
transfer method. These saturable absorbers were characterised using Raman
spectroscopy. By calculating the ratio of their peaks, the level of defect can be
guantified easily and also to determine the number of layers of graphene on the
mirrors.

The graphene chirped mirror saturable absorber mirror was integrated into a standard
cavity and an extended cavity of Cr:ZnS and mode-locking was achieved in both
cases. The ability of the graphene on chirped mirror to mode-lock these lasers shows
that the function of a saturable absorber and a dispersion compensator can be
combined into a single optical device.

The recovery times of the graphene saturable absorber mirrors were measured using
pump-probe technique. Comparison to other saturable absorbers such as SESAM and
CNT showed that graphene has a faster relaxation time which is a crucial feature to
generate ultrafast lasers.

There are still many more aspects of graphene saturable absorber to be explored. One
of them is to properly measure the nonlinear optical parameters such as the
modulation depth, saturation intensity and the non-saturable loss of these graphene
mirrors to provide a more comprehensive understanding of graphene as a saturable
absorber.

Another possibility is to fabricate multi-layer graphene saturable absorber mirror to
investigate the influence of the number of layer of graphene on the relaxation
dynamics of graphene. In order to do so, the transfer process has to be further
optimized to reduce defects for higher number of layers.

For short pulse laser operating between 2-3 ym, graphene is by far the best material
for saturable absorber. Its easy fabrication and transfer process, coupled with its many
unique optical and electronics properties create endless possibilities for graphene-
based optical devices.
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Appendix

A.1 Raman spectrum of CVD graphene (bottom layer)

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

Intensity (a.u)

0.1

0.0
1000 1500 2000 2500 3000

Raman shift (cm?)

Figure 29. The Raman spectrum of as-bought graphene (back-side) with D, G and G’ bands
at 1336 cm™, 1580 cm™ and 2670 cm™ respectively. Io/lc = 0.676 and Is/lg' = 0.715.

A.2 Parameters of graphene transfer using Si as substrate

Gra Parameter/Condition @ Observation and discussion
phe changed

ne
1 Type of PMMA: A12 1

Post-baking of PMMA:

Yes = 08

Blue frame: Yes S 06

Cu Etching: overnight £

with magnetic stirrer at & °*

100 rpm = 02

Plasma cleaning of

substrate: No 0

1100 1600 2100 2600 3100

Post-transfer  drying:
overnight

Soft-baking: 1 hour
Acetone bath: 1 hour

Raman shift (cm™)

No strong graphene peaks are observed indicating
that graphene was not successfully transferred.
Since this was my first attempt, | might accidentally
caused major tears and cracks when handling the
graphene. The graphene did not adhere fully onto the
substrate and was suspected to be washed away by
acetone.
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Type of PMMA: A2

Post-baking of
PMMA: No

Blue frame: Yes

Cu Etching: overnight
with magnetic stirrer at
100 rpm

Plasma cleaning of
substrate: No
Post-transfer  drying:

overnight
Soft-baking: 1 hour
Acetone bath: 2 hours

Type of PMMA: A9
Post-baking
PMMA: No

Blue frame: Yes

Cu Etching: overnight
with magnetic stirrer at

of

100 rpm

Plasma cleaning of
substrate: No
Post-transfer  drying:

overnight
Soft-baking: 1 hour
Acetone bath: 2 hours

o ) [

plntegsityéa.u)o
D

N

o

1100

1600

2100 2600
Raman shift (cm™)

3100

Absence of graphene is confirmed due to no
graphene peak observed from the Raman spectrum.
This may be due to the use of PMMA A2 which is too
thin and does not provide sufficient structural
integrity. Also, the PMMA was not cured after spin-
coating which further weakens the function of the
polymer support.
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Graphene G and G’ bands are observed, confirming
the presence of graphene. The defect band, D band
(1350 cm!) was supressed. Note that

the peak on the left side of G band located at 1458
cm is not the defect band.
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Type of PMMA: Al12
Post-baking

PMMA: No

Blue frame: Yes

Cu Etching: overnight
with magnetic stirrer at

of

100 rpm

Plasma cleaning of
substrate: No
Post-transfer  drying:

overnight
Soft-baking: 1 hour
Acetone bath: 2 hours

Type of PMMA: A2
Post-baking
PMMA: Yes

Blue frame: Yes

Cu Etching: overnight
with magnetic stirrer at

of

100 rpm

Plasma cleaning of
substrate: No
Post-transfer  drying:

overnight
Soft-baking: 1 hour
Acetone bath: 2 hours

Optical microscopy image at 10x optical zoom. The
graphene transferred is not continuous and has folds.
Some PMMA residue can also be seen.
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1100

Intensity (a
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Raman shift (cm™)

Graphene D, G and G’ peaks are sharp. The level of
defect, Ip 70 is high. ls/le’ = 0.586.

1300
1400
1500

1600

Less residue of PMMA than Graphene 4. Graphene
is folded.
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S 07
0.6

Intensity (a

©cooo0o0o
B, RN WD Wb

o

1600 2100 2600 3100

Raman shift (cm™)

1100

G and G’ bands are very sharp. The D peak can be
seen but relatively weak. The level of defect, Ip/lc =
0.211. le/le’= 0.605.
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Type of PMMA: A9
Post-baking
PMMA: Yes

Blue frame: Yes

Cu Etching: overnight
with magnetic stirrer at
100 rpm

Plasma cleaning of
substrate: No
Post-transfer
overnight
Soft-baking: 1 hour
Acetone bath: 2 hours

of

drying:

AmvBlueFOX-ML/IGC200wC 26802035

At 100x optical zoom, some PMMA residue can still
be seen. At lower optical zoom, the graphene
coverage is not continuous and appear only at certain
regions.
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Raman shift (cm™)

1600 2600

Graphene peaks are present with the level of defect,
In/lc = 0.442. e/l = 0.875.

It has more graphene coverage than Graphene
1,2,3,4 and 5, although some PMMA residue and
cracks can still be seen.
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Type of PMMA: Al12
Post-baking of
PMMA: Yes

Blue frame: Yes

Cu Etching: overnight
with magnetic stirrer at
100 rpm

Plasma cleaning of
substrate: No
Post-transfer
overnight
Soft-baking: 1 hour
Acetone bath: 2 hours

drying:

Type of PMMA: A12
Post-baking of PMMA:
Yes

Blue frame: Yes

Cu Etching: 2 hours
with magnetic stirrer
at 50 rpm

Plasma cleaning of
substrate: Yes
Post-transfer
overnight
Soft-baking: 2 hours
Acetone  bath: 4
hours

drying:

a.u
© o0 0 oo
oo N o b e

Intensity (a.u)
o O O o
o R N WwBH

1100 1600 2100

Raman shift (cm™ )

2600 3100

G and G’ bands are very sharp, but D band is not
obvious. la/lg, = 0.479.

[P 'S

2300
2400

2500

The coverage of graphene appears continuous and
have less residue of PMMA. Tear can still be seen. It
could be due to vigorous etching condition. Etching
time will be reduced at the next attempt.
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=07
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2
S 04
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1100
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Raman shift (cm™)
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D band is not clearly visible. G and G’ bands are very
sharp. lc/le, = 0.516.
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Type of PMMA: A9
Post-baking of PMMA:
Yes

Blue frame: Yes

Cu Etching: 2 hours
with magnetic stirrer at
50 rpm

Plasma cleaning of
substrate: No
Post-transfer  drying:
overnight

Soft-baking: No
Acetone bath: 4 hours

Very good coverage of graphene and very little
PMMA residue. This could be due to longer soaking
in acetone bath to remove the PMMA. Cracks and
tears are reduced as well due to gentler etching.
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0
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Raman shift (cm™)

Intensity (a.u)

D, G and G’ bands are clearly visible. The level of
defect, Io/lc = 0.753 is high. lc/le= 1.12.
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Distribution of the graphene is very uneven.
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10  Type of PMMA: A9 1
Post-baking of PMMA: 0.9
Yes 0.8

Blue frame: Yes = 07
Cu Etching: 2 hours £ o6
with magnetic stirrer at = 0.5
50 rpm g 04
Plasma cleaning of = 03
substrate: No 02
Post-transfer  drying: 0';
overnight 1100 1600 2100 2600 3100

Soft-baking: Yes

R hift (cm-t
Acetone bath: 4 hours aman shift (cm™ )

D band is present although relatively weak. G and G’
are very sharp. The level of defect, Io/lc = 0.322. lc/le
= 0.410.

100

100

200

Better distribution of graphene compared to
Graphene 9 due to soft-baking. However, there are
stil some small areas not covered and PMMA
residues are very obvious.

Table 3. The summary of attempts to transfer graphene onto Si wafer, by changing different
kind of parameters.

From all the 10 attempts, the use of PMMA A12 as the support layer produced the
best transfer. The transferred graphene using PMMA A12 does not have the defect
band (D band) on its Raman spectrum and the optical microscopy image shows good
graphene coverage and very little PMMA residue. Spin-coating at a speed of 6000
rpm, yield thickness of approximately 100 nm, 1500 nm and 500 nm using PMMA A2,
A9 and A12 respectively [71]. PMMA A12 has the right thickness; being not too thin
that it breaks easily and not too thick that it is difficult to be removed at the end. Also,
PMMA A9 has higher tendency to leave more residue post-removal.

However, regardless of the choice of PMMA, post-baking after spin-coating of PMMA
produced cleaner transfer (Table 3). Post-baking evaporates any residual solvent of
the PMMA on the graphene which may contaminate the transfer.
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During the first few initial attempts of graphene transfer, the copper was left to be
etched overnight using magnetic stirrer at 100 rpm. This etching setup was too
vigorous as the transferred graphene suffered lots of tear and cracks. Subsequent
attempts were conducted using gentler approach. The PMMA/graphene/copper film
was left in the etchant for 2 hours and the magnetic stirring was reduced to 50 rpm.
As a result, this approach produced transfers with significantly less tear and better
graphene coverage.

The influence of soft-baking after transferring graphene onto substrate was tested as
well. Using the same PMMA, soft-baking post-transfer yield graphene with better
substrate coverage and less defect as indicated by its smaller D band on the Raman
spectrum. The purpose of soft-baking is to remove water that is hindering full contact
between graphene and the substrate. Unattached regions will break apart when the
PMMA layer is removed, creating uneven coverage of graphene, as seen on the
optical microscopy image of the graphene transfer without soft-baking. The importance
of this soft-baking step is frequently highlighted and investigated [66] [72].

The contact between graphene and substrate was further improved by increasing the
hydrophilicity of the substrate via oxygen plasma cleaning, which helps to distribute
the water evenly during the transfer process.

During the removal of PMMA in acetone bath, longer period of acetone immersion
reduced PMMA residues. Optical microscopy images of graphene immersed in
acetone for 4 hours show less PMMA residues than the ones immersed in acetone for
2 hours.

Overall, it can be concluded that the best parameter to transfer graphene onto a Si
wafer substrate is to spin-coat PMMA A12 (~ 500 nm) as a supportive layer, followed
by baking on hotplate for 10 minutes at temperature of 105 °C. Additional support using
a frame of blue tape enhanced the structural support making the transfer safer. Long
etching time and vigorous stirring degrades the graphene. 2 hours of etching
accompanied by 50 rpm stirring is sufficient to etch the copper substrate away.
Cleaning the target substrate by oxygen plasma cleaner is recommended before
transferring the graphene onto the substrate. After the transfer, the sample is left to
dry overnight and then soft-baked to remove trapped water. Finally, the PMMA support
layer is removed in an acetone bath for 4 hours.
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