CHAPTER 4: CHEMICAL SYNTHESIS, PHYSICAL
CHARACTERIZATION, LINEAR AND NON-LINEAR ABSORPTION
MEASUREMENTS OF GRAPHENE OXIDE

4.1  Introduction

Graphene oxide (GO) was first produced by chenugalation of graphite. Large scale
assembly is necessary for the widespread applicatdb the material. Several
approaches have been developed to provide a stegghyy of GO in large areas and
guantities, amenable for mass applications. Theentiinterest in GO has pushed some
of the early approaches to large yields, controfjeaivth and large areas and made it
possible to go from micrometre-sized GO sheets éar-mass production of layer-

controlled samples.

4.2 Preparation and Synthesis Methods of Graphenexie

Chemical oxidation of graphite. The first, well-known method employed for the
synthesis of graphene oxide came in 1859 whensBrithemist, B. C. Brodie was
exploring the structure of graphite by investiggtithe reactivity of graphite flake [1].
Chemical oxidation of graphite is an establishedho@ using concentrated acids
(sulphuric acid, nitric acid, and phosphoric a@dyl highly oxidizing agents (potassium
permanganate and potassium perchlorate). Potasdilorate; KCIQ was added to a
slurry of graphite in fuming nitric acid (HN{[1]. Nitric acid is a common oxidizing
agent and is known to react strongly with aromatidbon surfaces, including carbon
nanotubes [2, 3]. The reaction results in the fdiwnaof various oxide-containing
species including carboxyls, lactones, and keto@agdations by HNQ@ result in the
liberation of gaseous NQand/or NO,, as demonstrated in Brodie’s observation of
yellow vapours [4]. Likewise, potassium chlorateistrong oxidizing agent commonly
used in blasting caps or other explosive materk&HO;3 typically is an in situ source

of dioxygen, which acts as the reactive species These were among the strongest
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oxidation conditions known at the time, and condita be some of the strongest used

on a preparative scale.

The resulting material composed of carbon, hydrpgerd oxygen, resulting in an
increase in the overall mass of the graphite fl&&eccessive oxidative treatments
resulted in a further increase in the oxygen cdntelaching a limit after four reactions.

The material was dispersible in pure or basic wétgt not in acidic media.

Staudenmaier's method. Staudenmaier improved Brodie’s KGHuming HNG;

preparation by adding the chlorate in multiple adits over the course of the reaction
with the addition of concentrated sulphuric acidrtorease the acidity of the mixture
rather than in a single addition [5]. The slightioge in the procedure resulted in an

overall extent of oxidation; performed more praaiicin a single reaction vessel [5].

Hummers’ method. Hummers and @eman developed an alternate oxidation method
by reacting graphite with a mixture of potassiumrnpenganate (KMng) and
concentrated sulphuric acid {860,), achieving similar levels of oxidation [6]. The
Hummers’ method uses a combination of potassiumm@eganate and sulphuric acid.
Though permanganate is a commonly used oxidant,atiwe species is, in fact,

diamanganese heptoxide, as shown in the followlvegrical reaction scheme:

KMnO4 + H,SOy — K™ MnOs+ H30™ + 3HSQY

Mn03+ + MnO; — MnyO;

Diamanganese heptoxide is formed from the reaafgmotassium permanganate with
sulphuric acid. The bimetallic heptoxide is far maeactive than its monometallic
tetraoxide counterpart, and is known to detonatenwheated to temperatures greater

than 55°C or when placed in contact with organic compoUiigs].
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The original version of the preparation of GO isaéed as follows: GO was prepared
by stirring powdered graphite flake and sodiumatérinto 2.3 litres of sulphuric acid.
The ingredients were mixed in a jar that had bemsled to 0°C in an ice-bath as a
safety measure. While maintaining vigorous agitgtipotassium permanganate was
added to the suspension. The rate of addition wasraled carefully to prevent the
temperature of the suspension from exceedin§C20 The ice-bath was then removed
and the temperature of the suspension brought to 38, where it was maintained for
30 minutes. As the reaction progressed, the mixgnadually thickened with a
diminishing in effervescence. At the end of 20 n@sy the mixture became pasty with
evolution of only a small amount of gas. The pags brownish grey in colour. At the
end of 30 minutes, 4.6 litres of water was slowlyed into the paste, causing violent
effervescence and an increase in temperature C98he diluted suspension, now
brown in colour, was maintained at this temperatard5 minutes. The suspension was
then further diluted to approximately 14 litres lwivarm water and treated with 3%
hydrogen peroxide to reduce the residual permangaamad manganese dioxide to
colourless soluble manganese sulphate. Upon treatméth the peroxide, the
suspension turned bright yellow. The suspension filtésed, resulting in a yellow-
brown filter cake. The filtering was conducted vehihe suspension was still warm to
avoid precipitation of the slightly soluble saltratllitic acid formed as a side reaction.
After washing the yellowish-brown filter cake thrémes with a total of 14 litres of
warm water, the graphitic oxide residue was disgzeren 32 litres of water to
approximately 0.5% solids. The remaining salt inmps were removed by treating
with resinous anion and cation exchangers. The fdrgn of graphitic oxide was
obtained by centrifugation followed by dehydratatr0°C over phosphorus pentoxide

in vacuo.
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Though others have developed slightly modified waisi the three methods above
comprise the primary routes for forming GO. Impothg it has since been

demonstrated that the products of these reactioow strong variance, depending not
only on the particular oxidants used, but also lba graphite source and reaction

conditions.

Table 4.1 shows a summary of the three main GOhsgid methods described above

and some comparisons.

Table 4.1: Summary of the conventional synthesis methods of GO

Synthesis method Procedures Highlights

Brodie’s method Potassium chlorate; KGlIQVery strong oxidation
was added to a slurry of | conditions.

graphite in fuming nitric
acid (HNG), a common
oxidizing agent that reacts
strongly with aromatic
carbon surfaces. Various
oxide-containing species
are formed. The resulting
product consists of carbor,
hydrogen and oxygen,
dispersible in pure water.

Staudenmaier’'s method Chlorate in multiple Increase in acidity and
aliquots and concentrated| hence an overall extent of
sulphuric acid are added ipoxidation in a single

the preparation of KCIO3-| reaction.

fuming HNO3 in Brodie’s

method.

Hummers’ method Graphite was reacted witfDiamanganese heptoxide, a
a mixture of KMnQ and | very reactive and
concentrated HNO,. detonating oxidizing

species is formed from the
reaction of KMnQ and
H,SOy.
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4.3 Modified Hummers’ Method
The text below describes some common methods othesizing GO using

simplified/improved/modified Hummers’ method.

Modified solution-phase processing.Natural flake-like graphite was used as the
starting material. The oxidation of graphite wagried out by Hummers' method.
The delamination of graphite oxide in water was fqrened by a gentle shaking

treatment instead of the conventional ultrasoroceto exfoliate the GO sheets [9].

Oxidation of graphite via bath sonication.The chemical oxidation of graphite flakes
using concentrated 80, P,.Os, and KS,0gis replaced with a bath sonication process
[10]. The sonication period strongly affects theesof the monolayer GO obtained. The
graphite flakes are mixed with concentratesgs6, (12 ml) and kept at 8€C for 4.5
hours. The solution is cooled to room temperatung then put into the water-bathed
sonication for 1 to 6 hours in concentrateg58,, where the process helps to break the
graphite into smaller and thinner flakes. The sofutis then diluted with 0.5 | of
deionized (DI) water and left overnight. The prebzed graphite powders were
obtained after filtration with porous filters (20@n pore size). The product is dried in a
dry box with gentle baking (78C). To exfoliate the graphite flakes into GO shée,
preoxidized graphite powders are put into concésdrabSO, (120 ml), added KMn©
(15 mg), following by stirring at room temperatdog 2 hours. The solution is diluted
with DI water (250 ml) and stirred for 2 hours, ahén an additional 0.7 | of DI water
is added. Shortly, 20 ml of )@, (30%) is added into the mixture. After setting
overnight, upper portions of the solution are aube (unreacted graphite powders
precipitated in the bottom of solution) and themtdéuged (at 10,000 rpm). The
obtained powders are then dissolved in a 1:10 HGltisn and then centrifuged to

remove unwanted metal ions. The powders are thesoldied in DI water and then
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centrifuged to remove the acid. The yield of GOettdor the whole process is about

4.3 wt %.

Microwave assisted heating method Microwave-assisted heating is able to expand
the graphite into a thinner layer structure [11j.this method, a small amount of
expandable graphite is sealed in a glass vial,q@vgth ultrahigh purity nitrogen for 2
hours, and then heated in a microwave oven fortless 2 s. The high polarizabilty of
graphene layers causes them to heat rapidly underowave irradiation. The
intercalated species gasify rapidly, and thus fewemnt defects are generated by
oxidation from intercalated compounds and robusihgorbed oxygen compared to
conventional thermal expansion [12-14]. The graplekpands to~200 times its
original volume and is separated into flakes whtgekness is 100 times less than that
of the starting material but whose lateral dimens® effectively unchanged. Using
such a pre-expanded few layer graphite as a gjaniaterial, GO is prepared using
Hummers method. Because of the pre-expansion @pdegh viscosity saturated
solutions are produced using only 0.5% (w/w) of noncave expanded graphite, in
contrast to conventional methods [13, 15] whet® times more graphite is required
[13, 15]. The product after oxidation is centrifdgand washed with DI water
extensively until the pH stabilizes &6.5. No ultrasonication is used [14]. During the
water wash, a significant viscosity change is obedr indicating that exfoliation
continues in this process. The addition of saltthe resulting solution induces
aggregation of the membranes, suggesting thatategharge- stabilized. Only < 1% of

unexfoliated graphite is observed.

“Improved” synthesis. In this method, the oxidation procedures, wherenCyland a
9:1 mixture of concentrated ,HOy/H3PQO, are used to prepared GO [16]. The GO
prepared in this way has fewer defects in the balsale as compared to GO prepared

by the conventional Hummers’ method. This improvedthod provides a greater
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amount of hydrophilic oxidized graphite materiaheTGO has a more regular structure
with a greater amount of basal plane frameworkimethand shows an equivalent level
of conductivity. This improved method has a simmietocol, higher yield, no toxic gas
evolution during preparation, and equivalent comiditg upon reduction and is suitable

for preparation material on a large scale.

Purification by HNO 3. Graphite oxide is synthesized by Hummers’ meth®disual,
except for replacing the purification process witk-determined concentration of nitric
acid, HNQG [17]. The modification enhances the oxidation odphite and removes

trace impurities of other metal ions.
Modified chemical exfoliation method.Three modifications are made in this method:

(1) using graphite with a large lateral size asdtagting material to prepare large-area

graphite oxide

(2) applying mild oxidation and sonication to avtie overcracking of graphite during

oxidation and exfoliation

(3) using a two-step centrifugation to successivelyove thick multilayer flakes and
small flakes [18]. Using this method, the largdstet can reach 400Q0n? in area.
Moreover, the area of GO sheets is strongly caredlto the CO content of graphite
oxide, and that this can be controlled, to a certaitent, by simply changing the

oxidation conditions.
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4.4 Proposed Method for Graphene Oxide Synthesis

In order to achieve commercial value, the synthgsiscess of GO needs to be

simplistic and cost effective. Chemical synthedigmphite stands out to be the most
popular method employed. It is also an establishethod using concentrated acids and
highly oxidizing agents. The only setback is tllis method requires several steps and

temperature controls for the preparation of GO.

Most of the GO reported previously possessed sanedl and lateral dimensions (side to
side), which is approximately 10@m? and a few nanometres to a few micrometers
respectively, [19-23]. It is difficult to producarbe area GO due to the unavoidable
tearing of GO sheets during the extreme oxidationddion and exfoliation process
using ultrasonication. Large area GO has been teh§24] with area < 2000m? and
lateral dimension of 2@m x 40um. Zhouet. al. [9] and Suet. al. [10] reported the
synthesis of ultra-large GO sheets by modifying thedation and exfoliation of
Hummer’'s method. Zhaet. al. [18] also reported an efficient method to prodlazge
area GO with an area of 70@fh? and a lateral dimension of up to 106. However
the yield of GO obtained was about 10%, which is/\tew. Luo et. al. [11] reported
the formation of GO with high yield, reaching almhd$0%. But the size of the GO
produced was merely 20Q0n®. Furthermore the method involved a long and tesliou

oxidation process.

Marcono et. al. [16] reported the synthesis of GO using an imptbWHummer’s
method. This method introduced a relatively simptalation process, with temperature
controlled at 50°C, which was rather low compared with previouslypared
temperature of 95C. However the washing process was time consunmudgtedious.
Moreover the emphasis of the method was not onumind large area GO but rather
more on controlling the level of oxidation and degrof ordering in GO. The

conversion rate of graphite to GO was not 100%.
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Current popular methods of producing GO using ckamoxidation like Hummers’
method [25], Staudeumaier’s method [5] and Brodmeé&thod [1] involved tedious and
long experimental time. Here, the experimental tanes not refer to the time required
to oxidize the graphite flakes but rather the tispent by a researcher working on the
experiment during the oxidation process. In thigkyahe long hours of mixing the
reactants and cooling or heating the reactants bage reduced from 3-5 hours to less
than 5 minutes. Graphite oxidation was achievedplinby adding graphite and
potassium permanganate (KMg)into concentrated acids (containing

sulfuric acid, with or without phosphoric acid) wndconstant stirring. The whole
process was carried out without any temperaturetraipnneither increasing nor
decreasing the temperature. The mixture was statesom temperature for up to 3

days to achieve a high degree of oxidation.

Oxidation of graphite was carried out by mixingS@,:HsPO, (320:80 mL), graphite
flakes, and KMnQ@ (18 g) using a magnetic stirrer. After addingth# materials slowly,
the one-pot mixture was left for stirring for 3 datp allow the oxidation of graphite.
The colour of the mixture changed from dark putpliseen to dark brown. Later,Eh
solution was added to stop the oxidation procass,te color of the mixture changed
to bright yellow, indicating a high oxidation levef graphite. The graphite oxide
formed was washed three times with 1 M of HCI agsesolution and repeatedly with
deionized water until a pH of 4-5 was achieved. Washing process was carried out
using simple decantation of supernatant via a ifegation technique with a
centrifugation force of 10,009. During the washing process with deionized wates,
graphite oxide experienced exfoliation, which resdiiin the thickening of the graphene

solution, forming a GO gel.
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Figure 4.1 shows the process of synthesizing Ggushe proposed improved

Hummers’ method.
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Figure 4.1: Process of the proposed GO synthesis method.

4.5 Morphological Characterization

The GO was characterized usingtaermo Scientific Evolution 300 spectrophotometer
and Renishaw inVia Raman Microscope for Raman spectroscopy of dropcast GO on
glass substrate at 514nm excitation. Atomic forgerescopy (AFM) was performed
using Agilent 5500 (Agilent Technologies, Inc, Santa Clara, CA), and a tapping mode
was employed to determine the thickness of GO. G© spin-coated at 1500 rpm for 1
minute on a freshly cleaved mica substrate. All iieasurements were carried out at

room temperature.

A typical tapping mode AFM image and the correspogdheight cross-section profile
of the GO sheets spin-coated on a mica substratehawn in Figure 4.2. The GO size
ranges from 0.1 to 1,0m. Based on the AFM height profile analysis, thiekhess of

single layer GO is approximately 1.2 nm. This re@iktonsistent with the thickness of
the characteristic single layer GO reported [1&][Zhe height scale in Figure 4.2 (b)

has its nominal zero position at a finite heigtdttis approximately 5 nm. It should be
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taken as indicating a maximum local thickness gfrapimately 7 nm, except where a

significant wrinkling and folding is occurring.
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Figure 4.2: (a) Tapping mode atomic force microscopy imagsiogle-layer graphene
oxide; (b) corresponding height cross-sectionafileravith an average thickness of 1.2

nm.

Figure 4.3 shows the Raman spectrum of GO. Thetrspecexhibits three main
characteristics peaks: tH2 peak arising from the doubly resonant disordeuosdi
mode (~1353 cfM) due to the stretching @-C bond; theG peak, a doubly degenerate

phonon mode due to the first order scattering ef&ly phonon ofsp® C atoms [27] at
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the Brillouin zone centre (~1605 & and the P overtone peak (~2715 ¢th[28-31].
The GO sample shows a promin@npeak, indicative of significant structural disorde
due to theD-incorporation. It is related to the size of theplanesp® domains [32].The
increase of th® peak intensity indicates forming mose’ domains. Additionally, the
D band, is Raman-active at the graphitic edge [2838). For small graphene sheets
with limited sizes, th® band is expected to develop dramatically. Theivaantensity
ratio of both peaksl{/lc) is a measure of disorder degree and is inverz@yortional

to the average size of tiep? clusters [32] [34]. Our results show a value @&80for
Ip/lg, similar tothat of [35]. The B band at ~2715 cih which originates from a two
phonon double resonance Raman process and is tindicaf crystalline graphitic
materials, are highly sensitive to the number apbene layers, and has been utilised to
distinguish the single-layer from few-layer grapdg28-31]. In this work, it is not
possible to determine the number of layer in the Gi@ce the GO solution was drop
dried on a silica substrate to prepare a thin fihkence the Raman spectra is the
resultant signal of several stacked GO sheets, eaeltonsisting of a few layers. The
steep decrease in intensity and broadening of Ehpeak for GO are mainly attributed
to the steric effects of oxygen moieties on thelstd layers as well as to the partial

amorphization and reduction g domains. [28, 36].
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Figure 4.3: Raman spectrum of GO coated on a silica substrate.
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Figure 4.4 shows the FESEM image of the GO. Soreeiqus work reported that the
size of GO reduces with higher degree of oxidat8 38]. By using the proposed
simplified Hummer’s method here, GO with a largedal dimension is produced with
a higher degree of oxidation. This could be attebto the graphite raw material used
for previous works is much smaller size as comp#rdte graphite flakes used in this
work. Also, the graphite may have over-oxidizedemigigh temperature (95°C) as
shown in some other works. As for the work here,dptimum oxidation time is 3 days
with the GO produced having the largest dimensfopossible mechanism for the
formation of large-area GO is the complete oxidatbgraphite but not overly
oxidized, as it could lead to tearing of the GOeth&he complete oxidation condition
resulted in graphite oxide to be exfoliated easillarge pieces. Another factor that may
lead to the formation of large GO is that the resst were carried out at room
temperature. It has been reported that high terhperduring the oxidation process

reduces the size of the GO produced [37].

Figure 4.4: FESEM image of graphene oxide after 3 days ofatiod.
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The XRD pattern of the GO is shown in Figure 4Bhe spectrum shows a distinct
diffraction peak at 89 corresponds to a layer to layer of distarttegacing) of about
1 nm, using Bragg’'s Law of X-ray Diffraction. Thvalue is very close with the results
measured from AFM, indicating the presence of oxry@enctionalities at the carbon
basal plane via chemical oxidation reaction, whieltilitates the hydration and

exfoliation of GO sheets.
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Figure 4.5: X-ray diffraction spectrum of graphene oxide.

The characteristic FTIR spectrum of the GO is depign Figure 4.6. It is seen with
oxygen-containing groups in which the main absorptiand at 3360 cthis assigned
to the O-H group stretching vibrations. This shdivat the as-prepared GO here has
strong hydrophilicity. The absorption peaks at 140", 1640 cni and 790 cni are
due to the C = O stretching of carboxylic or cajgdanoiety functional groups at the
edges of the GO sheet. The two absorption peatsatt 1200 ci and 1040 cil are
assigned to the C— O stretching vibrations of ey alkoxy groups respectively. The

1420 cm* peak is also the stretching vibration of C — @arboxylic acid.
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Figure 4.6: FTIR spectrum of GO. The presence of oxygen-cairtgi functional
groups shows the complete oxidation of graphite.

Figure 4.7 shows the TGA analysis for GO. The first0% mass loss occurs at room
temperature up to ~ 100 °C, which could be atrauto the evaporation of water
molecules [23, 39]. It then significantly decreafesn 100 °C to 200 °C (~ 30.44%).

The GO slowly further decomposes up to 900 °C. miagr mass reduction at ~ 200 °C
was caused by pyrolysis of the oxygen-containingctional groups, generating CO,

CO, and HO vapours [40].
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Figure 4.7: TGA plot for GO. The GO has a high thermal st&pilip to 206C.
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4.6 Nonlinear Absorption Measurements of Graphene fide Saturable
Absorber

SA devices can be characterized easily, in favbat the key parameters such as
saturation intensity, non-saturable absorption, ulattbn depth etc. can be controlled.
Graphene based materials are becoming more andimpaogtant in generating pulsed
sources and therefore it is desirable to knowhal key parameters to determine their
role in generating pulses and also to provide coited parameters for certain laser
design. In the work here, a wide dynamic range exmntal setup is constructed to
measure the non-linear absorption of the GO absoBe using a simple two-level
absorber model, the key parameters of a SA ardlyeadhilable from the measured

data. A fitting procedure using the absorber masiaked.

Before the nonlinear optical characterization isegldhe linear absorption measurement

of the GO absorber is first done, as discusseldridllowing Section 4. 6.1

4.6.1 Linear Optical Characterization

Linear optical absorption of the GO absorber isestigated by usindgPerkin-Elmer
1050 UV-VIS-NIR spectrophotometer. Figure 4.8 shows the UV-Visible-NIR absorption
spectrum of GO in water. The spectra are plottethénwavelength range from 200 to
1800 nm for water. An absorption band was obseated28 nm of excitation, with
absorbance intensity of briefly 2.29. This ressilin close proximity to that of graphite
oxide as reported in [41]. The strong absorptiomdbia due to the — 7* transitions of
aromaticC = C bonds. The plot below 200 nm can be ignored, duiuttuations in
baseline measurement, which is the deionized wAtesmall ‘shoulder’ is observed at
~300 nm, possibly contributed by the— z* transitions ofC = O bonds. Based on the
AFM height profile analysis in Section 4.4 (Figute2(b)), the thickness of the GO
sample is around 1.2 nm. The result is consistétht tve thickness of the characteristic

single-layer GO reported.
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Figure 4.8: UV-Visible-NIR absorbance spectra of GO in water.

4.6.2 Nonlinear Absorption Measurements

A SA can be characterised by three major parameters

(i) modulation depthgo

(i) saturation fluencefsa

(iii) non-saturable los$ns

Pump-and-probe measurement is usually used tondieeerthese absorber parameters
[6]. The modulation deptla, is defined as the maximum possible change of alptic
absorptionAa (or saturable absorption) over the linear absonptif the absorbery,.

It may also be expressed AT/T or AR/R, with T andR being the device transmission
and reflectivity respectively, depending on whethtee absorber is working in
transmission or reflection mode. Non-saturable giigm, ons is the part of the absorber
loss that is present even if the absorber is fedijurated at relatively high intensity. A
largeans Will decrease the modulation depth of the devineesthe linear absorptiat,

is the sum ofAa andans Most often,ans needs to be minimized for optimised mode-
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locking performance. The saturation intendity is defined as the optical intensity
(power per unit area) it takes to reduce the abworpf the SA by half its saturable

absorption.

A nonlinear absorption experiment, also known asvgrodependent transmission
experiment, is a measurement where the absorptidraimsmission of a SA device is
recorded at different input pump power levels. Poenp is normally in the form of
short optical pulses to increase the sensitivitythif measurement. The decrease of
measured SA absorption at higher intensity refléotsstrength of nonlinear absorption
of the absorber. In most cases, a two-level modeSA without considering the

recovery time can be used to describe the nonlipefaaviour of a SA:

The equation depicts an ideal fast SA where therghisn responds instantaneously to
the incident optical intensity. The meanings of sigmbols are the same as described in
the above paragraph. Figure 4.9 schematically tilitss the fitting of nonlinear

absorption data using the two-level fast absorbmiteh

Alin &
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jsat
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Putnp peak intensity

Figure 4.9: Fitting of nonlinear absorption using two-levesfabsorber model.
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The modulation depth in such a case can also ressgd as

Apart from the above mentioned parameters, othepesties that are important for a
SA absorber device include the wavelength range wdech it absorbs light and its

damage power threshold.

It is generally expected that the nonlinear absonpdf the SA device depends on the
duration of the incident pulse. Particularly, whéime pulse duration becomes
significantly larger than the absorption recovenye, a higher pulse energy is needed to
saturate the absorption. It is important that then®nlinear response is characterized
with the pulse duration and wavelength similarite tonditions when the SA operates
in a laser. The correct absorber parameters canhbeused in a laser simulation to

estimate the steady state output pulse charaatsrist

In this work, an experimental setup for measurlmgrionlinear response of the GO has

been developed. The setup consists of three meiioss:

(i) Pulsed laser source

The pulsed laser source used here is a home-madée sivall carbon nanotube
(SWCNT) mode-locked fibre laser having a pulse tonaof ~9 ns, operating at 15.0
MHz, tunable from 1535 nm to 1565 nm. The source dapectral bandwidth at 1558
nm, achieved by filtering the output of the modekied fibre laser using a 3 nm band-

pass filter.

(i) Amplifier
The output pulse from the SWCNT mode-locked laseamplified in a home-made

erbium-doped fibre amplifier (EDFA).
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(iif) Measurement unit

The output from the EDFA is divided into two usiad.O dB optical coupler. The 90%

power port is used to pump GO assembly while tH& power port monitors the input

power.

The three sections of the setup above are showigure 4.10.
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Figure 4.10: A schematic illustration for the experimental getéor nonlinear

absorption measurements.

The GO, in the form of film, is ‘sandwiched’ in beten two fibre ferrules fixed in a

fibre adapter of physical contact (FC/PC).

A schematic of the assembly is shown in Figure 4.11

30 film sample

[

N

Fibre adapter (FC/PC)

Figure 4.11: GO SA device assembly.
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Figure 4.12: Transmission of the GO SA device as a functioawarage pump power.

Figure 4.12 shows the measured transmission ascéida of average pump power. At
a relatively low input power level, the transmissis nearly independent of pump
power. When the incident average power is raiseeDt8 mW, corresponding to a peak
power density of ~6.7 kW/chmthe transmission increases by ~10% due to alisorpt
saturation. Further increase in transmission iscatable; it is only limited by the

maximum available pump intensity. The non-saturabgertion loss is about 59.4%.

This is tolerable for a relatively large single maktrip gain coefficient [42].

At a pump wavelength of 1558 nm, the total numbgaump photons per chper pulse,

n, at 0.5 mW is

n= 0.5 mW =2.96 x 16* cm?

15 MHz x EphOtOI’l X Aoff

The estimated effective mode ar@ay, is 8.825 x 10 cnf, deduced from the ~106n

mode diameter of a single mode fibre.
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To estimate the non-saturable insertion loss du¢héocoupling between the fibre
adapters, a reference fibre adapters assemblyneitBO film in it is used in place of

the GO film assembly. The transmission of the enfiptg adapters is ~85%.

The average number of layers participating in thgogption process can be estimated

from
t=1(1-0)"..... (4.3)

wherea; is the universal absorption of any graphitic matsy which is approximately
2.3% [43]. 7, is the transmission of the empty fibre adapterss the maximum

measured transmission aNds the number of layers of the GO.
The total number of photons absorbed by the GOlfilyers per crper pulse is
(85 — 40.6) % n = 1.34 x 16*cm™.

Solving forN, it can be estimated that there are ~32 layef3@fthat participate in the
absorption. The average number of photons absqréelhyer per chper pulse is ~4.2

x 10'° cm?.
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Figure 4.13:Normalized absorption as a function of pump pednsity.

Figure 4.13 shows the fitting curve of the two-lesaturable absorber model. The
fitting has revealed a saturable absorption of 5%band a saturation intensity of ~7.3
kW/cn?. This corresponds to a ~10% modulation in transimis as shown in Figure
4.12 previously. Ideally, the absorption at lowuhpntensity should be small with a
large modulation depth, i.e. power-dependent changeansmission AT). Repeated

measurements at high fluence show no significargradation of the GO film,

indicating good thermal stability of the SA matériehe relatively large non-saturable
absorption of 84.5% is due to the non-saturatedrabsce of the film and the linear
divergence loss at the fibre mode coupler, duédéofitm thickness. The non-saturable

loss can be optimized by reducing the thicknedb®GO film.
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