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Summary 

Nonlinear optical phenomena, which normally occur with high intensity laser, 

are of extreme interest in the field of material science as well as in optoelectronics 

and bio-engineering applications. Femtosecond laser spectroscopy, with high peak 

power and unprecedented time resolution, offers a versatile and powerful tool to 

study these nonlinear optical behaviors. In this dissertation, several femtosecond 

laser spectroscopic techniques were employed to investigate the intriguing 

nonlinear optical properties of graphene oxide (GO) sheets and gold nanoparticles 

(Au NPs), including nonlinear absorption, two-photon photoluminescence (TPPL) 

as well as their electronic relaxation dynamics.  

In Au NPs, gold nanorods (Au NRs) and coupled Au NPs are known to display 

intense TPPL compared to others. In Chapter 2, femtosecond two-pulse emission 

modulation (TPEM) and pump-probe measurements were performed to understand 

the excitation mechanism as well as aggregation enhancement mechanism of TPPL 

in Au NRs and coupled Au NPs. The TPEM profiles of Au NRs and coupled Au 

NPs showed much slower decay compared to the autocorrelation profile of laser 

pulses and TPEM result of a standard two-photon absorption organic dye. Their 

TPEM decay time constants match well with the lifetimes of the intermediate states 

measured by pump-probe experiment. These results support that the observed TPPL 

in Au NRs and coupled Au NPs results from two sequential one-photon absorption 

steps involving real intermediate states instead of coherent two-photon absorption. 
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These results also give direct evidence that previously observed aggregation 

enhanced TPPL arises from enhanced two-photon excitation efficiency, which is 

facilitated by two sequential plasma coupling enhanced one-photon absorption 

steps via intermediate states.  

In Chapter 3, the solvent dependent TPPL properties of Au NRs and associated 

excitation dynamics were investigated by transient absorption spectroscopy. TPPL 

intensities of Au NRs in different organic solvents were found to be significantly 

quenched than that of Au NRs in H2O. Ultrafast dynamics of Au NRs in H2O, DMF 

and DEG were measured to understand the corresponding quenching mechanism. 

Different from the excitation decay behavior of Au NRs in H2O, an additional 

transient species was observed for Au NRs in DMF or DEG upon photo-excitation. 

This intermediate state is ascribed to the charge separated species, which serves as a 

direct evidence to support that the observed TPPL quenching in various organic 

solvents is due to electron transfer from electron-donating solvents to the excited 

Au NRs. This charge transfer mechanism was further supported by the observation 

that TPPL intensity of Au NRs in H2O was found to be quenched by nearly 5.0-fold 

in the presence of S
2-

.  

 In Chapter 4, by performing the similar pump-probe and transient absorption 

spectroscopy, we studied the broadband ultrafast carrier relaxation dynamics of 

as-prepared GO and reduced GO. Both as-prepared GO solution and film exhibited 

strong excited state absorption over a broad range of probe wavelengths from 
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visible to infrared, which is ascribed to the localized states induced absorption 

arising from the small sizes of sp
2 
clusters isolated by sp

3 
sites in GO sheets. Due 

to the formation of larger sp
2
 domains during reduction, transient absorption 

spectra of GO switched over from excited-state absorption to saturable absorption 

when GO was converted to totally reduced GO by thermal annealing. Carrier 

relaxation of reduced GO film was found to be significantly faster compared to that 

of GO and quite similar to that of pristine graphene.  

Based on the carrier dynamics results listed above, we further investigated the 

nonlinear optical properties of GO and reduced GO by femtosecond open aperture 

Z-scan measurement in Chapter 5. The as-prepared GO films were found to exhibit 

strong broadband optical limiting behaviors, which were significantly enhanced 

upon partial reduction by using laser irradiation or chemical reduction methods. 

These laser irradiation or chemical reduction induced partial reduction of GO could 

result in a huge enhancement of effective two-photon and three-photon absorption 

coefficient at 400 nm and 800 nm respectively. Highly reduced GO films prepared 

by chemical reduction displayed strong saturable absorption behavior. The optical 

limiting thresholds of these partially reduced GO films are significantly lower than 

those of previously reported -conjugated organic molecules and metal 

nanoparticles.  
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Chapter 1. Introduction 

1.1 Background and Motivation 

Optics is a crucial component of our daily lives. After propagating through 

material objects, light carries their visual information, which helps us to better 

understand this world. Under weak or moderate irradiation, the interactions between 

light and matter, such as refraction, reflection, diffraction, absorption, and scattering, 

are proportional to light intensity without altering the light frequency. This realm is 

named as linear optics, and the optical parameters of materials are constant. Linear 

optics beautifies physics. However, if all optical phenomena were linear, the world 

would be dull and without surprise. 

Fortunately, the invention of the laser in 1960
1
 gave rise to the research of optics 

at high intensities.
 
By the presence of sufficiently intense laser, the optical parameters 

of material will not be constants but become functions of light intensity. These changes 

of optical parameters at high laser intensity result in plenty of new promising 

phenomena, such as second harmonic generation, two-photon absorption (TPA), 

two-photon photoluminescence (TPPL) and so on, which are called nonlinear optics. 

Shortly afterwards, the development of pulsed lasers based on a mode-locking 

technique made it possible to concentrate the energy in a very short duration around 

picosecond (1 ps = 10
-12 

s) and achieve a quite intense peak power up to Gigawatt (1 

GW = 10
9 
W).

 2, 3
 Due to the super-linear fluence dependence in nonlinear optics, this 
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high peak power significantly facilitates the nonlinear coupling of light with matter. In 

recent years, the pulsed lasers initiated nonlinear optics has become a main research 

subject of great common interest in science and technology.   

Several decades of successive progress of ultrafast laser technology led 

femtosecond (1 fs = 10
-15 

s) lasers become commercially available.
4
 Nowadays, 

pulses as short as tens of femtoseconds can be readily generated in a compact 

Ti:sapphire oscillator system.
5
 Moreover, the output peak power of the oscillator can 

be amplified by chirped pulse amplification (CPA) technique
6
 up to Terawatt (1 TW 

= 10
12 

W) in a regenerative Ti:sapphire amplifier system. By utilizing nonlinear 

crystals, optical parametric oscillator (OPO)
7
 and optical parametric amplifier (OPA)

8
 

can even further extend femtosecond laser to a tunable source with wide wavelength 

range from ultraviolet to mid-infrared. These significant advancements make 

femtosecond laser an extremely powerful and versatile tool in many scientific fields 

including physics, chemistry and biology.  

There are two major characteristics of femtosecond laser: high peak power and 

short pulse duration, which are also the decisive factors in nonlinear optics. As we 

mentioned previously, the former feature is related to the enough energy to enable 

occurrences of nonlinear phenomena. The second feature, short pulse duration 

induces an unprecedented time-resolution for the optical spectroscopy, such as 

two-pulse pump-probe technique,
9
 three-pulse photon echo technique

10
 and so on. In 

these techniques, ultrafast carrier dynamics processes happened in materials can be 
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observed directly by inducing one or two subsequently time-delayed probe pulses 

after excitation by pump pulse. These various techniques of time-resolved 

spectroscopy provide the comprehensive information about carrier dynamic behaviors 

such as charge transfer and recombination processes, which are of great importance 

for understanding the mechanisms of nonlinear optical responses.  

In this thesis, we performed several techniques of femtosecond laser 

spectroscopy to investigate some nonlinear optical properties of nanostructures. 

Nanostructures with at least one dimension in the range of approximately 1 to 100 

nanometers (1 nm = 10
-9 

m) have attracted lots of scientific interests in past few 

decades. Through the development in their synthesis and fabrication, various types of 

nanostructures have been prepared with chemical compositions covering from metals, 

semiconductors to carbon and shapes varying from dots, rods to nano-sheets. Owing 

to small sizes, nanostructures display extremely high surface area-to-volume ratio, 

quantum size effect and strong electro-dynamics interactions, which lead to some 

fascinating optical, electronic, magnetic and chemical properties not observed in the 

bulk material.
11, 12 

Nanostructures open a novel research field with plenty of 

opportunities and thus act as the perfect candidates for nonlinear optical applications 

of femtosecond laser spectroscopy. It is noteworthy that the study of nonlinear optical 

properties of nanostructures is also vital for guidance of material developments for the 

potential nonlinear optical applications ranging from biological imaging to 

optoelectronics. 
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In our study, nonlinear absorption (NLA) properties, in particular TPA and TPPL 

of graphene oxide nanostructures and noble metal nanoparticles are systematically 

studied by employing ultrafast spectroscopy with femtosecond laser. Time-resolved 

spectroscopy such as transient absorption and pump-probe techniques are further 

utilized to investigate ultrafast carrier dynamics behaviors in time-domain to 

understand the underlying mechanism within these nonlinear absorption phenomena. 

In the rest of this chapter, a review about our target nanostructures and their nonlinear 

optical properties is given to provide a clear framework of the research conducted in 

this thesis. An introduction of the relevant techniques of ultrafast laser spectroscopy 

are also followed. At the end of this chapter, an outline of this thesis is presented. 

1.2 Nonlinear Absorption and Two-Photon Photoluminescence 

Among a wide variety of nonlinear optical phenomena, nonlinear absorption 

(NLA) and its associated emission process attracted our great interests. NLA refers to 

the absorption change of a material as a function of fluence, such as saturable 

absorption (a reduced absorption) and reverse saturable absorption (increased 

absorption) with increase of excitation fluence. Upon sufficiently high fluence, the 

probability of a material absorbing more than one photons before relaxing to the 

ground state can be greatly enhanced. So, reverse saturable absorption commonly 

results from multiphoton absorption. Göppert Mayer gave the prediction of the 

two-photon absorption (TPA) using second order quantum perturbation theory as 

early as 1931.
13

 However, only untill 1961, Kaiser and Garret experimentally 
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confirmed the TPA induced fluorescence in a CaF2:Eu
2+

 crystal.
14

 TPA induced 

fluorescence is usually called as two-photon photoluminescence (TPPL). These 

studies marked the opening of TPA and TPPL research of bulk and nanostructured 

materials. 

TPPL is one of the most promising phenomena in nonlinear optics and widely 

applied to bio-imaging and bio-sensing. Briefly, TPPL involves the absorption of two 

incident photons during the excitation transition from the ground state S0 to a 

higher-lying excited state S1 (TPA process) and the subsequent radiative 

recombination to ground state by emitting photons. The emission process of TPPL is 

similar to the steady state photoluminescence from one-photon excitation (linear 

absorption). The energy level diagram were shown in Figure 1.1.  

 

Figure 1.1: Schematic diagram of one-photon and two-photon excited 

photoluminescence.  

Traditionally, TPA does not involve a real intermediate state and the absorption is 

proportional to the square of the incident intensity. The optical loss of the incident 

light can be described by the differential equation 
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,                                             1.1 

where   and   are the linear and two-photon absorption coefficients, respectively, 

Is is the saturation intensity. Because the virtual intermediate state, there is rarely 

linear absorption at excitation wavelength in TPA materials, or only impurities may 

produce a small amount of linear absorption. TPA coefficient    is related to the 

third-order susceptibility, as well as a macroscopic parameter characterizing the 

material. Considering the individual molecular properties, TPA cross-section      is 

more often utilized to evaluate the TPA ability for organic dye molecules. The relation 

between   and      is given by 

TPA
N


  ,                                                                 1.2 

in which    is the photon energy of the incident light and N is the number density of 

molecules. 

Compared to one-photon excitation, two-photon excitation wavelength is 

commonly infrared and localized in the biological transparent window, which has 

greater penetration depth. Additionally, due to the nonlinear absorption, TPPL occurs 

only at the focal volume of the excitation beam and there is no absorption in the 

out-of-focus specimen areas. These great merits inspired the research of TPA and 

TPPL in three-dimensional fabrication and imaging in vivo. Among the various types 

of TPA and TPPL materials, noble metal nanoparticles and graphene oxide based two 

dimensional (2D) nanostructured materials have gained eminent attentions. In the 
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sections as below, we will briefly review nonlinear absorption studies on these two 

particular kinds of nanostructured materials. 

1.3 Nonlinear Optical Properties of Noble Metal Nanoparticles 

To achieve a general understanding about nonlinear optical properties of noble 

metal nanoparticles, an introduction on the liner and nonlinear optical properties of 

noble metals and their corresponding electronic dynamics involved are highlighted in 

this section.  

1.3.1 Localized surface plasmon resonance 

E-field

e- cloud
 

Figure 1.2: Schematic illustration of a localized surface plasmon resonance(LSPR).  

The appealing optical properties of noble metals are mainly determined by the 

response of free electron occupying states in the conduction band. When the size of a 

metal particle is smaller than the light wavelength, a collective oscillation of free 

conduction electrons in noble metal can be induced by the presence of an external 

electromagnetic field (Figure 1.2). Owing to the high absorption in metals, this 

collective oscillation of electrons is typically confined at the surface of metal, termed 

as localized surface plasmon. When the frequency of an external field matches the 
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eigenfrequency of surface electrons oscillation against the restoring force of positive 

nuclei, the oscillation strength reaches a maximum, giving rise to a name of localized 

surface plasmon resonance (LSPR). 

LSPR can be easily excited by incident light and lead to strong light extinction 

(scattering and absorption) in noble metal nanoparticles. So extinction spectra can be 

used to characterize the LSPR of noble metal nanoparticles. Based on the optical 

theorem, the extinction cross-section of nanoparticles      can be expressed via the 

relation
15

  

ext abs sca    ,                                                   1.3 

where      and      are the absorption and scattering cross-sections, respectively. 

When the particle is much smaller than the wavelength of incident light, only dipole 

term is assumed in the absorption and scattering calculation. For spherical 

nanoparticles, 

0
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 ,                                                  1.4 

4
2

2

0

( )
6 ( )

m
sca

m

k
 

  
 .                                              1.5 

In the above expressions,    is the wavenumber in vacuum,    and    are the 

permittivities of free space and surrounding medium, respectively.      stands for 

the imaginary part of  , which is the polarizability of a spherical particle given by 

Clausius-Mosotti relation 
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where    is the permittivity of the spherical particle, and V is its volume. Due to 

small value of V, scattering is much weaker compared to absorption for small 

nanoparticles, and thus the absorption cross section is approximately equal to the 

extinction cross section. The nanoparticles involved in the research of this thesis are 

mainly around tens of nanometers, so the measured extinction spectra of their 

assemble solution can be used for the absorption analysis. 

There are two unique merits for LSPR. First, LSPR can greatly enhance the 

electromagnetic fields near the particle’s surface, and this enhancement will rapidly 

fall off with distance from the surface. This strong local field enhancement induced by 

LSPR has been widely utilized to amplify various optical signals such as Raman 

scattering and fluorescence.
16, 17

 Second, the LSPR wavelength can be easily 

monitored by the extinction spectra of metal nanoparticles, which can be tuned from 

ultraviolet to infrared region by controlling particles’ size, shape, the refraction index 

of the surrounding medium as well as the plasmon coupling induced by aggregation 

of nanoparticles. This tunable feature of LSPR wavelength makes noble metal 

nanoparticles attractive in various chemical and biological applications as well as the 

fundamental studies on the light interaction with matter.   

1.3.2 Two-photon photoluminescence 

Photoluminescence (PL) of bulk noble metal films under one-photon excitation 
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was first reported by Mooradian et al in 1969,
18

 with a very low quantum efficiency of 

10
-10

. This emission was ascribed to the direct radiative recombination of electrons in 

conduction band with the holes in d-band created after one-photo excitation, as shown 

in Figure 1.3.  

 

Figure 1.3: Schematic band structure of noble metal showing the excitation and 

recombination transitions. 

Owing to its low quantum efficiency, there have been rare studies about the PL of 

noble metals until the discovery of much higher emission efficiency on the roughened 

noble metals films in 1986 by Boyd et al.
19

 In their study, the weak emission of noble 

metals was found to be enhanced by the localized electron field of surface plasmon 

induced by protrusions on the rough surface. Their spectra reveal new features, such as 

peak positions, correlated with the strong interband transitions at selected X or L 

symmetry points in Brillouin zone, which is also consisted with the later report by 

Apell et al. in 1988.
20

 Here it is noteworthy that the study by Boyd et al. is the first 

report on TPPL of noble metals. 
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 Since the first report on TPPL of noble metals by Boyd et al,
19

 numerous studies 

have been sequentially reported on the TPPL of different metal nanostructures.
21-24

 

Among them, the work by Wang et al. in 2005 is a major milestone on the TPPL of 

noble metals.
24

 In this remarkable work, the application of gold nanorods (Au NRs) as 

the imaging agents was first demonstrated in vivo imaging of single nanorod flowing in 

the mouse ear blood vessel. Soon afterwards, the TPPL imaging capability of Au NRs 

and other nanostructures was highlighted in many investigations, due to their 

bio-compatibility, strong TPPL signal, resistance to photo-bleaching, chemical stability, 

ease of synthesis and the deep penetration ability.
25, 26

 

Since these promising bio-imaging applications of gold nanoparticles, 

mechanisms underlying the TPPL of gold nanoparticles have attracted significant 

interests in noble metal research area. Among them, the emission and excitation 

mechanisms are two important issues that need to be clarified.  

Previously, most studies on the emission of gold were focused on the PL in visible 

range.
22, 27, 28

 These results showed that the TPPL shared similar emission mechanism 

with one-photon photoluminescence (1PPL) and independent on the excitation 

approach. The origin of TPPL from gold nanoparticles is widely believed to be the 

radiative recombination of sp-band electrons with d-band holes through interband 

tranision, as shown in Figure 1.4.
18, 19

 The work by Imura et al. lent strong support to 

this conclusion that the observed two emission peaks (520nm, 630nm) from a single 

nanorod were consistent with the theoretical interband energy bandgap around L (111 
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direction) and X (001 direction) symmetry points of the Brillouiin zone of gold, 

respectively.
28

 These two emission peaks have different incident polarization 

dependences, which was attributed to the crystalline structure and the band structure 

of Au NRs.  

(a)

(b)

(c)

(d)

 

Figure 1.4: Symmetry points and axes in the first Brillouin zone (a) and diagrams of 

band structures near the X and L symmetry points of Au (b). The dashed lines 

indicate the Fermi level. (c) Schematic structure of Au NRs. (d) TPPL spectrum from 

a single Au NR. Reprinted with permission from ref. 28. Copyright 2004 American 

Chemical Society.   

However, the discovery of the infrared emission (> 800 nm) besides the visible 

emission from gold rough films by Beversluis et al. contested this well-known 

interpretation for the origin of overall PL from gold.
21

 In contrast with direct interband 

radiative recombination for the origin of visible emission, they proposed a more 

comprehensive explanation by adding the origin of infrared emission as the near field 

intraband transition coupling to the far field by the radiative decay of localized surface 

plasmons. Subsequently, some related works have emphasized this plasmonic feature 
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of emission from various gold nanostructures, especially Au NRs.
29, 30

 Their results 

indicated that the TPPL spectra resembled their corresponding scattering spectra, and 

the TPPL intensity strongly depended on the orientation of the incident polarization. 

These features are consistent with the properties of surface plasmon, and hence they 

claimed that the origin of PL from gold is plasmonic emission, which is the radiative 

decay of surface plasmons generated after the interconversion of the excited 

electron-hole pairs. These arguments for TPPL were also supported and highlighted in 

the 1PPL studies on gold nanostructures.
31

 Recently, secondary light emission such as 

the resonant electronic Raman scattering from the continuum electron-hole pairs 

created by high electronic temperature was also proposed as an alternate description 

of the origin of TPPL in Au nanoparticles by Huang et al.
32

  

Actually, the plasmonic features of TPPL as the evidences of resonant plasmonic 

emission are not plausible, since similar characteristic would also be observed if the 

emission from the interband radiative recombination is enhanced by the surface 

plasmon. It is difficult to distinguish these two emission mechanism models for TPPL 

in noble metals based on the present experiment results.  

Besides the controversial emission mechanisms proposed, the excitation nature of 

TPPL in noble metal nanoparticles is not conclusive as for now. Many efforts have 

been made to understand the excitation processes of strong TPPL in gold 

nanostructures.
24, 33

 Two possible excitation mechanisms have been proposed to 

account for the observed intense TPPL in Au NPs. One is coherent two-photon 
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absorption process and the other is two sequential one-photon absorption processes. 

The coherent two-photon absorption model, which is commonly used for organic dye 

molecules, involves a typical simultaneous absorption of two photons through a virtual 

intermediate state described in the preceding section. This coherent two-photon 

absorption mechanism was proposed to account for TPPL in noble metal nanoparticles 

and supported by the observation of a cos
4
θ excitation polarization dependence of 

TPPL intensities.
24, 26

 The second model assumes that the two-photon excitation 

process involves two sequential one-photon absorption steps that are mediated by real 

intermediate states. This model was initially proposed based on the observation of the 

cos
2
θ excitation polarization dependence of TPPL in single Au NRs, which is 

contradictory from the previous observations.
33

 This model gained strong support from 

the impressive work by Biagioni et al, who found that TPPL intensities of Au 

nanowires were insensitive to pulse duration for pulse widths of <1 ps.
34, 35

  

In general, both explanations about the emission and excitation mechanisms have 

their own supporting evidences but contradict each other in some way. It is very 

challenging to investigate the true nature of TPPL in noble metal nanoparticles and find 

a clear guidance for the applications of TPPL-based imaging and sensing. Chapter 

2&3 of this thesis present the studies of the excitation nature as well as the solvent 

dependent properties of TPPL in gold nanoparticles, which might give some 

inspirations for truly understanding TPPL nature of noble metal nanoparticles.  
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1.3.3 Excitation dynamics 

Excitation dynamics and its associated time scales can provide comprehensive 

information about the interaction of the excitation light with the conduction electrons 

and lattice of particles, which are also the crucial elements for understanding the 

nonlinear optical mechanism in noble metal nanoparticles. In this subsection, we will 

generally review the excitation dynamics studies of noble metal nanoparticles and 

give a description of the proposed theoretical models. 

Till now, the electron dynamics has been widely studied on various noble metal 

nanoparticles with different size, shapes and compositions by ultrafast laser 

spectroscopy.
36-38

 Transient absorption and pump-probe techniques involving 

femtosecond laser pulses are frequently used to detect the excitation dynamics in 

picosecond timescales. A generic sequence of events following the photo excitation of 

noble metal nanoparticles has been found in most studies and is summarized 

schematically in Figure 1.5.  

As shown in Figure 1.5, upon excitation of a laser pulse, the induced dipolar 

oscillator of the conduction electron (light induced LSPR) leads to the absorptions of 

metal nanoparticles by interband or intraband transitions, creating the excited 

electrons occupied in different levels of conduction band. The density of excited 

states depends on the spectral shape of the laser pulse.
39-42

 This corresponding 

electron distribution is non-thermal and with the coherent phase memory between the 



16 

 

electronic states and electromagnetic field. Soon afterwards, this coherent electron 

distribution will rapidly dephase through electron-surface scattering or radiation 

damping.
36, 43, 44

 This dephasing time relies on the size of nanoparticles and thus, can 

be reflected in the LSPR line width.
45

 The reason can be explained by the different 

functional dependence of the surface electron scattering and radiative damping 

contributions on dimensions of particles. The dephasing times usually are very fast 

and round 10 fs, and thus direct time-resolved measurements of these processes are 

very difficult, and also beyond the scope of this thesis.  

 

Figure 1.5: Sequence of excitation and relaxation dynamics processes and 

approximate time scales of metal nanoparticles. The pump pulse firstly interacts with 

the conduction electrons and creates the non-thermal electron distribution by LSPR 

absorption. Following by dephasing of the plasmon resonance and electron-electron 

(e-e) scattering, the excited electrons transfer their energy to the lattice by 

electron-phonon(e-ph) scattering. At the same time, acoustic vibrations can also be 

launched by sudden expansion of the electron cloud and the lattice with vibration 

period of tens of picoseconds. Finally, the hot electrons in nanoparticles reach thermal 

equilibrium with the surrounding environment by heat dissipation.     

Following the dephasing of plasmon resonance, the excited electrons do not 

directly transfer energy to lattice owing to the small heat capacity of lattice. Instead, 

they equilibrate rapidly to thermalization by creating a hot electron distribution via 

electron-electron (e-e) scattering.
46-51

 These hot electrons can reach electron 
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temperatures up to hundreds of degrees, which were found to be dependent on the 

excitation intensity.
52, 53

 At this point, coherent memory of the way how electrons 

excited would be wiped out by e-e collision. Based on the experimental results, the 

time scale of e-e scattering in noble metals is round hundreds of femtosecond.
39, 50

 

Sequentially, these hot electrons cool down and relax their heat to lattice and 

environment through electron-phonon (e-ph) scattering. This energy exchange 

between electron and lattice can be described by a two-temperature model (thermal 

equilibriums of electron and lattice, respectively).
54

 By e-ph scattering, the hot 

electrons transfer their energy to the phonon in lattice and thus heat the lattice in 

nanoparticles. The time scale of e-ph coupling is generally several picoseconds and 

also relies on the excitation intensity.
48, 55

 Similar to that of e-e scattering, it also 

increases with increase of excitation intensity, which can be easily understood by the 

electronic temperature dependent electron heat capacity. Additionally, the heating of 

the lattice will further induce a rapid thermal expansion of the particles, which launch 

an acoustic vibration related to the sound.
38, 56-58

 

The final step of electron relaxation is heat transfer from particles to the 

dielectric matrix of environment, within in a few hundred picoseconds. There are two 

components for this cooling process: charge transfer across the interface and heat 

dissipation to the surrounding environment. These two processes have quite similar 

time scales, so it is very difficult to separate them in experimental measurement. Most 

previous excitation dynamics studies on the longer time scales (hundreds of 
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picoseconds) were mainly focused on the heat dissipation process.
52, 54-57

 It was found 

that this heat diffusion process was very sensitive to the thermal conductivity of the 

surrounding medium.  

In this thesis, the solvent dependent excitation dynamics results of Au NRs 

presented in Chapter 3 indicated the occurrence of charge transfer processes across 

the interface between Au NRs and the surrounding solvents, and it lent a strong 

support for the observed interesting TPPL variation phenomena of Au NRs in 

different solvents. This study provides a new perspective for understanding the 

excitation dynamics in noble metal nanoparticles.   

1.4 Nonlinear Optical Properties of Graphene Oxides 

Graphene, the basic building block of graphite, is a one-atom-thick 2D sheets of 

sp
2
 carbon atoms that are densely packed in a honeycomb crystal lattice.

59, 60
 Intrinsic 

graphene can act as a semi-metal or zero-gap semiconductor due to its linear energy 

dispersion relation of Dirac electron, which is very attractive for physicists.
59-61

 

Several approaches such as epitaxial growth,
62

 chemical vapor deposition(CVD), 
63

 

physical exfoliation,
64

 solvent assisted exfoliation,
65, 66

 longitudinal ‘‘unzipping’’ of 

carbon nanotubes (CNTs),
67

 and reduction of graphene derivatives, 
68-71

 have been 

reported to prepare graphene. Among all these methods, chemically derived graphene 

oxide (GO) as a precursor offers a potential route towards low cost, large scale 

production of solution processed graphene-based materials.
71

 By various methods of 



19 

 

reduction, GO can be readily transformed into a semiconductor or graphene-like 

semi-metal named reduced GO.
69

 The fabrication processes of GO and reduced GO 

based films are briefly illustrated in Figure 1.6. Facile synthesis and 

solution-processing of GO and reduced GO facilitates not only the fabrication of 

graphene-based nano-electronic devices,
69

 but also the exploration of chemically 

derived GO-based materials as a new type of macromolecule that can be complex with 

many organic and inorganic systems.
72, 73

 

 

Figure 1.6: Schematic processes for fabrication of graphene oxide (GO) and reduced 

GO based films.  

Owing to the unique properties, solution-processability and potential applications 

of GO-based materials, rapid progresses have been made in this field. Nonetheless, 

research toward the graphene based nonlinear optical applications have just begun. 

Many challenges and opportunities still remain. In this section, we will discuss some 
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basics of GO and reduced GO, placing emphasis on their nonlinear absorption 

properties and associated electronic dynamics. 

1.4.1 Structural revolution during reduction of graphene oxide 

Chemically derived GO was firstly reported in 1859 by Brodie et al.
74

 However, 

only in last decade, the structures of GO and reduced GO sheets have been 

extensively identified in details by modern techniques like Raman spectroscopy,
75, 76

 

high resolution transmittance electron microscopy (TEM),
77, 78

 atomic force 

microscopy (AFM),
79, 80

 scanning tunneling microscopy(STM).
81, 82

  Actually, the 

determination of structures in GO is very challenging because of its 

non-stoichiometric chemical composition. In general, GO sheets were prepared by 

oxidative exfoliation of graphite into atomically thin carbon sheets decorated with 

oxygen-containing functional groups.
68, 69, 71, 83

 Compared to an ideal monolayer of 

graphene (thickness is around 0.34 nm), the thickness of a monolayer GO sheet is 

much thicker and approximately 1~1.4 nm, which is due to the presence of the 

functional groups and absorbed molecules.
69, 83, 84

 These functional groups contain 

mainly hydroxyls and epoxies, but with wide variability in type and coverage in basal 

plane. As a consequence, GO sheets consist of ordered small sp
2 

(2-3 nm) clusters 

isolated within a non-uniform coverage of sp
3
 C-O matrix, which is shown in Figure 

1.7a&b. their corresponding schematic band diagrams are also presented in Figure 

1.7c&d.   
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Figure 1.7: Structural models (a&b) and the representative ideal band structures (c&d) 

of GO and reduced GO. 

As well known in carbon material, which contains both sp
2
 and sp

3
 sites, the 

electronic properties are mainly determined by the π state of the sp
2
 states. The σ 

bonds of sp
2
 and sp

3
 sites give rise to σ valence and σ* conduction band states, 

separated by a band gap of order 6 eV.
85

 The strong localized π and π* states of the 

sp
2
 clusters lie within this σ and σ* gap, form the band edges and control the bandgap. 

The bandgap of the carbon mixture mainly depends on the configurations of sp
2
 

domains, such as size, shape and the relative fraction of sp
2
 domains in GO sheets. 

According to the theoretical calculation, the bandgap linearly scales with the sp
2
 

fraction in disordered carbon systems.
86

 These hypotheses are confirmed by the 

experimental study on the PL of GO solution.
87

 These localized states arising from the 

small sp
2
 clusters within the sp

3 
matrix lead to the localization of e-h pairs, which 

facilitate the radiative recombination of small clusters.   

Besides the bandgap opening, the oxygen-containing functional groups make GO 



22 

 

strongly hydrophilic and also give rise to remarkable mechanical strength along with 

molecular-level chemical sensing capability. After controllably and carefully 

removing specific oxygen groups by the different reduction processes, such as 

chemically,
69, 88

 thermally,
65

 electrically
89

 and photo-thermally, 
90-92

 insulating GO can 

be transformed into semiconducting or conducting reduced GO. Although the 

electronic mobility of the reduced GO is less compared to the mechanically cleaved 

graphene due to the defects,
69

 the structure evolution of GO by reduction can tailor the 

bandgap by tuning the ratio of the sp
2
 and sp

3 
fractions, which results in surprising 

optical properties of GO and reduced GO, such as the tunable photoluminescence and 

nonlinear optical properties. 
87, 93

 

In addition, the different types of oxygen-containing functional groups on the 

basal plane and the sheet edge allow GO to interact with a wide range of materials in 

non-covalent, covalent and ionic manner, so the functional hybrids with unique 

properties can be readily synthesized.
72, 73

 The good solubility of GO in wide range of 

solvents enables the use of low-cost solution processing techniques to fabricate various 

potentially useful graphene-based materials.
73

 To date, graphene-based composites 

have been successfully made with inorganic, organic nanostructures and are 

intensively explored in applications such as photovoltaic devices, 
94

 and 

photo-catalysis,
95

 sensing platforms, 
61, 96

 Raman enhancement
97

 and so on. 
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1.4.2 Excitation dynamics  

According to the previous discussion, the oxygen-containing functional groups 

in graphene basal plane have altered the zero bandgap of graphene to a large bandgap 

isolator or semiconductor of GO and reduced GO. The excitation dynamics behavior 

of GO and reduced GO is no longer analogous to graphene but similar to a 

semiconductor.  

The carrier dynamics in semiconductor can be generally described as below. 

When a photon of energy ħ  is absorbed by a semiconductor with an energy bandgap 

Egap < ħ , an electron is promoted from valence band to conduction band with an 

excess energy (ħ  - Eg) and a nonzero momentum wave vector determined by the 

band structure. This process is followed by transferring the excess energy and 

momentum from excited electron to other electrons, holes and crystal lattice via 

various e-e and e-ph interactions. Eventually, the excited electron recombines with a 

hole in the valence band. These relaxation mechanisms and the time scales over 

which they occur, such as radiative recombination (PL) and nonradiative process 

(charge transfer process) inside the system, constitute the whole excitation dynamics 

behavior.  

In the rapid progress of graphene research field, the fundamental studies on the 

excitation dynamics inside graphene play a vital role on understanding the basic 

optoelectronic properties and developing their electronic devices. Ultrafast carrier 
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dynamics of freestanding thin graphite films has been reported by Breusing et al.
98

 By 

utilizing the single wavelength pump-probe technique with a ultrashort 7 fs laser, they 

found that a rapid intraband carrier equilibration with separated electron and hole 

chemical potentials were achieved within a short time scale of 30 fs upon laser 

excitation, and then phonon-mediated intraband carrier cooling occurred on a longer 

time scale of 100 fs. In 2008, Jahan et al.
99

 found that the longer carrier relaxation time 

in epitaxial graphene layers grown in SiC wafers was inversely proportional to the 

degree of crystalline disorder. 

Shortly afterwards, Huang et al.
100

 employed the transient absorption microscopy 

to investigate the charge carrier dynamics of multilayer epitaxial graphene. Similar to 

previous report, they found the bi-exponential decay of the carrier cooling process, 

and the time constants showed a significant dependence on excitation carrier density. 

The fast and slow relaxation times were assigned to the e-ph coupling and the hot 

phonon effect, respectively. Later, ultrafast dynamics of CVD-grown multilayer 

graphene has been investigated by Obraztsov et al.
101

 and Shang et al.
102

, separately. 

They revealed that broadband absorbance change is due to the band filling effect, and 

the ultrafast carrier kinetics could be described as the quasi-particle dynamics, which 

means the low-energy single-particle excitation with renormalized energy due to e-e, 

e-ph scattering and ph-ph interactions.
102

 Besides, when the probe photon energy was 

higher than that of the pump photon, the Auger recombination and impact ionization 

also played a significant role in the dynamics of photo excited carriers in graphene. 
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Very recently, a few research groups have paid special attention to the studies of carrier 

relaxation dynamics of solution processing reduced GO.
103-106

 

As it is known that the optical and electronic properties of reduced GO depend on 

the type of reduction method,
68, 69

 there is a need to understand the ultrafast dynamics 

of GO and how the dynamic changes within the reduction process. On the other hand, 

since graphene and GO are both well-known electron acceptors, the research on their 

carrier dynamics is a good way to understand the charge transfer process between the 

electron donors and acceptors, which would offer some references to improve the 

performance of graphene and GO-based applications on photovoltaics, 

photo-catalysis and so on.
107

 In Chapter 4 of this thesis, the excitation dynamics of 

GO solution, GO film and reduced GO film were comparatively studied to obtain a 

clear understanding of their carrier relaxation processes in GO-based materials.   

1.4.3 Nonlinear absorption 

The linear dispersion and zero bandgap of graphene provide the possibility of 

exceptionally high optical nonlinearity, such as second harmonic generation,
108

 

saturable absorption,
109

 optical nonlinear Kerr effect,
110

 multiphoton absorption,
111

 

high harmonic generation and so on. Saturable absorbers display an decreased 

absorption at high excitation intensity, which are potentially useful for pulse 

compression, mode locking and Q-switching.
 112

 The ultrafast saturable absorption 

properties of graphene has been experimentally and theoretically investigated in fiber 
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laser for mode-locking.
119, 120

 Their results predicted that atomic graphene has very low 

saturation intensity, ultrafast recovery time, tunable modulation depth and wideband 

tuneability, which could be well understood by a model with valence band depletion, 

conduction band filling and ultrafast intraband carrier thermalization within the linear 

dispersion from the uniform sp
2
 bonded atomic hexagonal pattern.

121
  

However, for GO sheet, it contains a mixture of electronically conducting sp
2
 and 

insulating sp
3
 carbon domains, which breaks the linear dispersion relation of graphene 

and make GO sheets a insulator. Fortunately, these small sized sp
2
 fragments of 

several conjugated repeating units induce some discrete energy states, which are 

highly localized within the large σ-σ* gap of the sp
3
 matrix. These localized states 

lend the facility of excitation and recombination in a wide frequency range, which 

might have interesting implications on their nonlinear absorption applications. 

Optical limiting materials display a decreased transmittance at higher input laser 

intensity, which can be utilized to protect eyes and sensitive instruments from laser 

induced damage.
 113-116

 Strong nonlinear absorption such as multiphoton absorption 

and excited state absorption, detailed in the above section is the main contributor for 

high optical limiting performance.
117

 -conjugated organic molecules such as 

porphyrins,
118

 phthalocyanines
118

 and other large aromatic molecules are commonly 

known to exhibit optical limiting activity at femtosecond laser pulses due to strong 

multiphoton absorption or excited state absorption. The isolated sp
2
 clusters in GO 

sheets resemble -conjugated organic molecules with strong nonlinearity, which 
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motivated us to investigate the nonlinear optical properties of GO. So the chapter 5 of 

this thesis presented the work about the nonlinear absorption of GO and reduced GO 

films with femtosecond laser pulses. This investigation of femtosecond nonlinear 

optical properties of GO and GO-based materials is vital for the development of 

graphene-based ultrafast optoelectronic applications in the future. 

1.4.4 Platform for optical applications 

Due to the 2D structure and good solubility, GO can act as an ideal template for 

the synthesis of GO-based hybrids. Depending on the different types of anchored 

nanoparticles, the GO-based or reduced GO-based nanocomposites have been applied 

in a broad range of areas.
73

 Due to tunable LSPR properties, noble metal 

nanoparticles are good candidates anchored on GO sheets, which may inspire 

synergic effects and achieve some interesting optical properties. So in this subsection, 

we will emphasize on the GO-metal based nanocomposites, where GO acts as 

chemically tunable platforms for various applications.   

(a)

(b)

 

Figure 1.8: (a) Direct chemical reduction of the metal precursors in the presence of GO 

or reduced GO suspensions; Reprinted with permission from ref. 122. Copyright 2008 

American Physical Society (b) Simple assemble of noble metal nanocrystals of 
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different shapes on the GO template by electrostatic interactions. Reprinted with 

permission from ref. 97. Copyright 2011 American Physical Society.    

Generally, there are two basic ways for preparing graphene–metal based 

composites. As shown in Figure 1.8, the first approach is the direct chemical 

reduction of the metal precursors in the presence of GO or reduced GO suspensions. 

122
 The other efficient method is the solution mixing. Due to electrostatic interactions, 

noble metal nanocrystals of different shapes can be simply assembled on the GO 

platform.
97

 The extinction spectra of Au nanocrystals became broadened and 

red-shifted from the visible to the near infrared upon the formation of GO-Au 

nanocomposites. Similar to GO, metal nanoparticles are the promising candidates for 

nonlinear optical devices, such as optical limiter or saturable absorber.
123-125

 GO and 

metal nanoparticles accordingly can be expected for win-win cooperation of 

fabricating the broadband nonlinear optical devices.  

1.5 Ultrafast Spectroscopic Techniques 

Time resolved optical spectroscopy and some other techniques with femtosecond 

laser were performed to investigate the ultrafast dynamics and nonlinear optical 

properties of GO and noble metal nanoparticles in this thesis. A brief description of 

these techniques is presented in this section. 

1.5.1 Pump-probe and transient absorption spectroscopy 

Pump-probe technique is the most popular and versatile method used in 

spectroscopic measurement in time domain, which provides the effective information 
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about the electronic dynamics occurred in the measured sample. More importantly, 

pump-probe technique is suitable for most types of samples and the layout can be 

easily modified for some specific purposes. Basically, there are two laser pulses in 

pump-probe technique. As indentified in its name, one is the pump beam, and the 

other one is the probe beam. The pump pulse excites the samples at a given 

wavelength and the probe pulse with a various delay time overlaps spatially with 

pump beam within the sample. The absorption or transmittance of probe pulse is 

monitored at various delay time. By comparison of probe spectra with pump and 

without pump (transient transmittance change: ∆T/T), it is possible to achieve the 

information about the excited molecules or transient species in the systems at a 

specific given delay time. Time resolved information about the kinetics of these 

molecules can be obtained by measuring at various delays at a fixed probe 

wavelength.  

For common pump-probe technique, both pump and probe pulses can be 

identical or different, which should be specifically designed for different purposes. 

But for transient absorption measurement, the probe pulse should be a broadband 

source with a broad range of wavelength. In our experiment, to achieve both the 

transient absorption spectra and single wavelength dynamics, a white light continuum 

generated by 800 nm femtosecond laser was used as the probe beam. The detailed 

layout is described in Figure 1.9a and the spectrum of white light is shown in Figure 

1.9b. In our experimental setup, a Ti:sapphire oscillator seeded regenerative amplifier 
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laser system with output pulse energy of 2 mJ at 800 nm and a repetition rate of 1 kHz 

was used as the source of the pump and probe beams. The 800 nm laser beam was split 

into two portions. One portion acts as the pump beam (for 800 nm excitation) or passes 

through a BBO crystal to generate the 400 nm pump beam by SHG (for 400 nm 

excitation). The other portion of the 800 nm beam was used to generate white light 

continuum in a 1 mm sapphire plate. The white light beam was split into two portions: 

probe and reference. The pump beam was focused onto the sample with a beam size of 

300 µm in diameter and overlapped with the smaller probe beam (100 µm in diameter). 

The probe beam is collected after passing through the sample and its intensity is 

monitored by a photodiode as the detector. Both the detectors of probe and reference 

are connected to the lock-in amplifier to correct the pulse to pulse intensity fluctuations. 

The time delay between the pump and probe pulse was varied by a computer-controlled 

translation stage. The pump beam was modulated by an optical chopper at a frequency 

of 500 Hz. In a single wavelength dynamics scan, a fixed probe wavelength was picked 

and the transmittance change of probe with pump and without pump (∆T/T) was 

monitored as a function of the various delay between the pump and probe beam. The 

transient absorption spectra at fixed time delays were measured by passing the probe 

beam through a monochromator before detector.  

It should be noticed that the pulse duration of the pump and probe pulses must be 

shorter than the timescale of the dynamics measured. The time resolution of this system 

is determined by both the duration of the pump and probe pulses and the step of motion 
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control over the time delay between the pump and probe pulses by a translation stage 

(1fs = 0.15 µm ).  
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Figure 1.9: (a) Experimental setup of pump-probe and transient absorption 

spectroscopy. (b) Spectrum of white light continuum as probe beam measured by 

detector (Silicon Photodiode). The unit is voltage (V). 

1.5.2 Two-pulse emission modulation spectroscopy 

The two-pulse emission modulation experiment was designed based on the 

pump-probe technique. In this technique, the same laser pulses generated from a 

mode-locked Ti:sapphire oscillator seeded regenerative amplifier with an output at 800 

nm and a repetition rate of 1 kHz were employed. The 800 nm laser beam was 

attenuated by neutral density filters before splitting into two portions of approximately 

equal intensities. The two laser beams were focused onto the sample and spatially 

overlapped. One beam was modulated by an optical chopper at a frequency of 500 Hz. 
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The time delay between these two pulse replicas was varied by a computer-controlled 

translation stage. The emission signals were collected by a Photomultiplier tubes 

(PMT) attached to a monochromator. The emission signals are recorded as a function 

of the time delay of the two pulses. The detailed experimental setup is illustrated in 

Figure 1.10.  

 

Figure 1.10: Experimental setup of two-pulse emission modulation spectroscopy. 

1.5.3 Two-photon photoluminescence and lifetime measurement 

Fluorescence lifetime is another important time-resolved spectroscopic 

measurement, which provides the kinetic information of radiative relaxation 

processes. The TPPL spectra and lifetime measurement is similar to the steady state 

(one-photon) PL spectra and lifetime measurement. Based on the different excitation 

mechanisms between two-photon and one-photon excitation, there are only two 

points of differences in the measurement: the excitation source and emission filter 

used. 

The experimental setup is illustrated in Figure 1.11. In our experiment, the 
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emission spectrum of sample excited by the simultaneous absorption of two photons 

was measured. The excitation source was a femtosecond (fs) Ti:sapphire oscillator 

with an output at a central wavelength tunable from 750 to 840 nm with pulse duration 

of 80 fs and a repetition rate of 84.5 MHz. The laser beam was split into two portions. 

The strong portion was focused onto the samples using a lens with a focal length of 30 

mm as excitation. The weak portion was detected by a fast photodiode for offering an 

electronic trigger for lifetime measurement.  

 

Figure 1.11: Experimental setup of two-photon photoluminescence and lifetime 

measurement. 

The emission was collected at the direction perpendicular to the excitation beam to 

minimize the scattering. The emission signal was collected by an optical fiber or 

directly collected into a two port monochromator. A 750 nm short pass filter was 

placed before the monochromator to further minimize the scattering from the 

excitation light. One port of monochromator is attached with a charge coupled device 

(CCD) with thermoelectric cooling (down to -80 ºC) to measure the TPPL spectra. 
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The other port is connected by a photon counting mode PMT following a time 

correlated single photon counting (TCSPC) device. For the fluorescence lifetime, the 

time resolution of this experiment is determined by not only the pulse duration of the 

excitation but also the response of the photon counting detector.   

1.5.4 Open-aperture Z-scan technique  

As of now, many efforts have been devoted to characterize the nonlinear optical 

materials as well as understand the mechanisms of nonlinear optical properties in 

various nanostructures. Z-scan measurement is a simple technique for measuring 

third-order nonlinearities firstly introduced by M.Sheik-Bahae et al. in 1990.
126

 

Because of its simplicity, sensitivity, accuracy, open-aperture Z-scan measurement was 

widely used to characterize multiphoton absorption coefficient of the nonlinear optical 

materials. In this technique, as shown in Figure 1.12a, the transmittance through a 

nonlinear medium was measured as the sample travelling through the focus of a 

Gaussian beam (i.e. z = 0, z is the focal distance). Information on nonlinear optical 

absorption was obtained by collecting all the transmitted energy. The normalized 

energy transmittance can be expressed as 

2
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in which 
2

0
0

2

kw
z   is the diffraction length and w0 is the waist of the Gaussian 

beam. A typical open aperture Z-scan transmittance curve resulted from TPA is 

present in Figure 1.12b. The TPA coefficient β can be determined by fitting the 

experimental data by equation 1.7. 
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Figure 1.12: (a) Experimental setup of the Z-scan measurement. D1 and D2: 

photodiodes. (b) Typical 2PA open aperture Z-scan curve. 

1.6 Thesis Outline 

Having provided a brief introduction of background and motivation of this thesis, 

basic information about the nonlinear optical properties of our studying material as 

well as some ultrafast spectroscopic techniques related to our work, an outline of the 

research conducted in this thesis is given in this section.  

In Chapter 2, we designed and performed two-pulse emission modulation (TPEM) 

and pump-probe measurements to investigate the excitation nature of TPPL in Au NRs 

and coupled Au nanospheres (Au NSs). As mentioned in the above section, the decay 

time of TPEM cross contribution carries obvious evidence to differentiate two 

excitation mechanisms of TPPL: coherent two-photon absorption or two sequential one 

photon absorption steps. So in this study, Three samples: Fluorescein, Au NRs and Au 
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NSs aggregates in aqueous solution were prepared and measured by TPEM technique. 

Fluorescein is a standard two-photon absorption organic dye, which shares the 

coherent two-photon absorption mechanism for their excitation process. The 

comparison of these TPEM results on these three samples may provide useful 

information for revealing their true excitation nature of TPPL. The results are also 

important for exploring the observed aggregation induced enhancement mechanism in 

coupled nanostructures.   

Au NRs studied in Chapter 2 are in aqueous solution, which is also the most 

common condition in previous reports. In Chapter 3, PEG-SH capped Au NRs well 

dispersed in various organic solvents were prepared, and the solvent effects on the 

TPPL properties and ultrafast excitation dynamics of Au NRs were explored by the 

ultrafast time-resolved transient absorption and pump-probe measurements. The TPPL 

intensities of Au NRs in different organic solvents were found to be significantly 

quenched than that of Au NRs in H2O. Their corresponding quenching mechanisms 

were investigated by the excited carrier relaxation behaviors of Au NRs in H2O and 

organic solvents. This study might provide some useful information on fundamental 

understanding the TPPL properties as well as development of various potential 

biological applications of Au NRs based on the environment dependent TPPL 

intensity variation.  

In Chapter 4, the pump-probe and transient absorption spectroscopy 

measurements were utilized to investigate the broadband ultrafast carrier relaxation 
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dynamics of GO and reduced GO. GO is an excellent platform for nanocomposites 

and also has its own fascinating nonlinear optical properties based on the tunable 

bandgap by controlling the degree of reduction. According to the different size 

distributions of sp
2
 domains before and after reduction, GO and reduced GO may 

have different nonlinear optical properties. So in this study, GO solution, GO films, 

as well as reduced GO films via high temperature annealing were prepared to 

investigate their different transient absorption responses over the broad range of probe 

wavelengths. 

In Chapter 5, we further investigate the nonlinear optical properties of GO and 

reduced GO thin films and their optical limiting activity with femtosecond laser pulses 

at 800 and 400 nm. By employing open aperture Z-scan technique, the nonlinear 

absorption coefficients such as two-photon and three-photon absorption coefficients 

of GO films with different thickness on glass substrate were measured. Through 

controlling the exposure time of chemical and laser irradiation reduction, GO film 

were partially reduced at different degree of reduction. These optical limiting 

behaviors of these as-prepared, partially reduced and totally reduced GO films were 

systemically studied. Moreover, GO thin films were also fabricated on flexible plastic 

substrates by using solution processing methods on a large scale, and their nonlinear 

optical properties were also characterized. 

Finally, conclusions and outlook are given in Chapter 6.   
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Chapter 2. Excitation Nature of Two-Photon 

Photoluminescence of Gold Nanorods and 

Coupled Gold Nanoparticles Studied by 

Two-pulse Emission Modulation Spectroscopy 

2.1 Introduction  

Noble metal nanoparticles have attracted lots of scientific interests because of 

their unique optical properties
1-3

 and wide applications in various fields such as 

bio-imaging,
4
 sensing,

5, 6
 and nonlinear optics.

7-9
 In particular, metal nanoparticles 

display localized surface plasmon resonance (LSPR), which arises from collective 

oscillation of conduction band electrons. The LSPR frequency can be tuned by the 

particle size, shape, refractive index and inter-particle plasmon coupling.
10-14

 The 

strong local field induced by plasmon resonance has been widely utilized to amplify 

various optical signals such as Raman scattering and fluorescence.
15-19

 Plasmon 

coupling was known to dramatically enhance local electrical fields within the gap 

region, which result in further enhancement in various linear and nonlinear optical 

signals.
20-24

  

Au nanoparticles are generally known to display low emission quantum efficiency 

(10
-6

) under one-photon excitation.
16, 25

 Au NRs and coupled nanostructures were 

recently observed to display strong two-photon photoluminescence (TPPL).
21-24, 26, 27

 

The observed strong TPPL can be attributed to enhanced local field arising from the 
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longitudinal plasmon resonance of these nanostructures at the wavelength range 

coincident with the excitation wavelength. Many efforts have been made to understand 

the excitation nature of strong TPPL in Au NRs,
26, 28-34

 which is still under active debate. 

Two possible excitation mechanisms have been proposed to account for the observed 

strong TPPL in Au NRs: coherent two-photon absorption process or two sequential 

one-photon absorption processes. The coherent two-photon absorption model, which is 

commonly used for organic molecules, involves simultaneous absorption of two 

photons through a virtual intermediate state. The coherent two-photon absorption 

mechanism was proposed to account for TPPL in Au NRs and supported by the 

observation of a cos
4
θ excitation polarization dependence of TPPL intensities of  u 

NRs.
30-33

 The latter model assumes that the excitation process involves two sequential 

one-photon absorption steps that are mediated by real intermediate states. TPPL in Au 

NRs was believed to arise from recombination of electrons in the sp band with the 

holes in the d band, which were created by two sequential one-photon absorption 

transitions.
 
The first photon induces spsp intraband transition to create a sp electron 

above the Fermi level. The second photon excites an electron from the d band to sp 

band through dsp transition, which creates a hole in the d band. The hole in the d 

band and electron in the sp band can recombine radiatively to yield TPPL directly, or 

nonradiatively to emit particle plasmons that subsequently radiate to give rise to TPPL. 

The two sequential one-photon absorption model was initially proposed based on the 

observation of the cos
2
θ excitation polarization dependence of TPPL in single Au 



47 

 

NRs,
26

 which is contradictory from the previous observation.
30, 32

 This model gained 

strong support from the work by Biagioni et al,
28, 29

 who found that TPPL intensities of 

Au nanowires were insensitive to pulse duration for pulse widths of <1 ps. 

As of now the excitation mechanisms for TPPL in Au NRs are not conclusive and 

need resolution. There are very few reports on the excitation mechanism for TPPL of 

coupled Au nanoparticles. In this work, we have performed femtosecond two-pulse 

emission modulation (TPEM) measurements on fluorescein, Au NRs and coupled Au 

NSs to understand the excitation mechanisms in Au NRs and coupled Au NSs. 

Fluorescein was used as the standard model system for coherent two-photon absorption. 

The decay profile of the cross contribution of TPEM measurements on fluorescein was 

found to closely follow the autocorrelation profile of the laser pulses (pulse duration of 

60 fs). In contrast, the profiles of cross contribution of TPEM measurements on Au 

NRs and coupled Au NSs decay with much slower time constants compared to the 

autocorrelation profile of laser pulses. The decay time constants match well as the 

lifetimes of the intermediate states as measured from femtosecond pump-probe 

measurements. These results give unambiguous evidence that the observed TPPL in Au 

NRs and coupled Au NSs arise from two sequential one-photon absorption steps 

involving real intermediate states.  

2.2 Experimental Section 

Preparation of Au nanospheres: 
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Au nanospheres (Au NSs) with an average diameter of 45 nm are prepared by 

citrate reduction of HAuCl4.
35

 Briefly, 1.5 mg HAuCl4 was dissolved in 15 mL of H2O 

and brought to boiling followed by addition of 0.12 mL of 1% sodium citrate solution. 

In ~30s the boiling solution turns faintly blue (nucleation) and the blue color suddenly 

changes into a brilliant red after ~1 min, indicating formation of spherical Au particles.  

Preparation of Au nanorods: 

Au nanorods (Au NRs) were prepared according to a previously reported 

seed-mediated growth method.
36, 37

 Gold seed solution was first prepared by mixing 5 

mL of 0.1 M CTAB and 0.03 mL of 50 mM HAuCl4. 0.1 mL portion of ice-cold 58 mM 

NaBH4 was then added, which resulted in formation of a brownish-yellow solution. 

This brownish-yellow solution was kept at room temperature for at least 2 hr. 0.2 mL of 

the gold seeds solution was subsequently added into the “growth solution” consisting 

of 100 mL of 0.1 M CTAB, 1.5 mL of 50 mM HAuCl4, 0.224 mL of 50 mM AgNO3 and 

1.5 mL of 0.08 M ascorbic acid. The reaction mixture was left undisturbed overnight. 

The obtained Au NRs were purified by washing with deionized water to remove excess 

CTAB and re-dispersed in 70 mL of deionized water.  

The resulting Au NSs and Au NRs were utilized for various characterizations, 

TPPL and excitation dynamics measurements. 

Instrumentations and characterizations:  

Transmission electron microscopy (TEM) images of nanoparticles were taken 
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from a Philips CM10 TEM microscope (at an accelerating voltage of 100 kV). 

Ultraviolet-visible (UV-Vis) extinction spectra were measured by using a SHIMADZU 

UV-2550 spectrophotometer. The two-photon photoluminescence measurements were 

performed by using a Avesta TiF-100M femtosecond (fs) Ti:sapphire oscillator as the 

excitation source. The output laser pulses have a central wavelength of 800 nm with 

pulse duration of 80 fs and a repetition rate of 84.5 MHz. The laser beam was focused 

onto the samples using a lens with a focal length of 3.0 cm. The emission was collected 

at an angle of 90° to the direction of the excitation beam to minimize the scattering. 

The emission signal was directed into a CCD (Princeton Instruments, Pixis 100B) 

coupled monochromator (Acton, Spectra Pro 2300i) with an optical fiber. A 750 nm 

short pass filter was placed before the spectrometer to minimize the scattering from the 

excitation light. 

Two-pulse emission modulation experiment: 

The two-pulse emission modulation experiment was performed by the laser 

pulses generated from a mode-locked Ti:sapphire oscillator seeded regenerative 

amplifier (Spectra Physics), which gives an output with a pulse energy of 2.0 mJ at 800 

nm and a repetition rate of 1 kHz. The 800 nm laser beam was attenuated by neutral 

density filters before splitting into two portions of approximately equal intensities. The 

two laser beams were focused onto the sample and spatially overlapped. One beam 

was modulated by an optical chopper at a frequency of 500 Hz. The time delay between 

these two pulse replicas was varied by a computer-controlled translation stage 
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(Newport, ESP 300). The TPPL signals in the 500 to 700 nm range were collected by 

a Photomultiplier tubes (Hamamatsu R928) attached to a monochromator (Acton 

SP-2150i, PI). The PL signals are recorded as a function of the time delay of the two 

pulses.  

Pump-probe experiment: 

The pump-probe measurements were performed on Au NRs and coupled Au NSs 

by using the same femtosecond laser system. Briefly, the 800 nm laser beam was split 

into two portions. The larger portion of the beam was used as the pump beam. A 

residual portion of the beam was used to generate white light continuum (WLC) in a 1 

mm sapphire plate. The WLC was split into two beams, one as probe and the other as a 

reference to correct for pulse-to-pulse intensity fluctuations. The signal and reference 

beams were detected by photodiodes that are connected to lock-in amplifiers and the 

computer. The pump beam is focused onto the film with a beam size of 300 m and 

overlaps with the smaller diameter (100 m) probe beam. The delay between the pump 

and probe pulses was varied by a computer-controlled translation stage (Newport, ESP 

300). The pump beam was modulated by an optical chopper at a frequency of 500 Hz. 

The variation transmittance at selected probe wavelength is recorded as a function of 

time delay between pump and probe pulses. 
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2.3 Localized Surface Plasmon Resonance of Coupled Au 

Nanospheres and Au Nanorods 

The as-prepared isolated Au NSs with an average diameter of 45nm have a single 

LSPR band located at 532 nm presented in Figure 2.1. Cysteamine (HS(CH2)2NH2) 

was employed to induce the coupling of Au NSs due to its capability of binding to the 

gold surface through thiol and amine groups.
38

 Addition of cysteamine into Au NSs 

solution resulted in a decrease of the original LSPR band at 532 nm, accompanied by 

the appearance of a new LSPR band at the longer wavelength range (650-1000 nm). 

This new band resembles the longitudinal LSPR mode of Au NRs, suggesting 

formation of anisotropic nano-aggregates. Formation of anisotropic nano-aggregates 

was further confirmed by the TEM images (Figure 2.1 insets), where a significant 

amount of linear nanochains and branched nanostructures were observed.  
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Figure 2.1: UV-Vis extinction spectrum of Au NSs in the presence of different 

amounts of cysteamine to induce the aggregation and plasmon coupling. The insets 

are the TEM images of isolated and coupled Au NSs. 
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Figure 2.2: UV-Vis extinction spectra and TEM images (inset) of Au NRs. 

The as-prepared Au NRs have average width and length of 19 and 74 nm, with an 

aspect ratio of 3.9. As shown in Figure 2.2, the extinction spectrum of Au NRs in 

deionized water exhibited a transverse LSPR band at 509 nm and a longitudinal LSPR 

band at 800nm, which shares the similar longitudinal LSPR and extinction spectra 

profile with coupled Au NSs. 

2.4 Strong Two-Photon Photoluminescence of Coupled Au 

Nanospheres 

TPPL spectra of the isolated and coupled Au NSs were measured by using 

femtosecond laser pulses with a central wavelength at 800 nm, repetition rate of 84.5 

MHz as the excitation source. Under excitation with an incident power of 73 mW, 

TPPL intensity of the coupled Au NSs steadily increased upon gradual addition of 

cysteamine (Figure 2.3). TPPL enhancement of up to 57-fold was obtained when the 

concentration of cysteamine increased to 1.15 µM. The log-log plot of the emission 

intensity at 650 nm of the coupled Au NSs (induced by 1.15 µM of cysteamine) versus 
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excitation power (Figure 2.3 inset) gave a slope of 1.97, confirming that two photons 

were involved in the excitation process of the observed emission. 
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Figure 2.3: TPPL spectra of Au NSs in the presence of different amounts of 

cysteamine to induce the aggregation and plasmon coupling. TPPL spectra were 

measured using fs laser pulses at 800 nm as the excitation source. The inset is the 

power dependence of TPPL intensities of coupled Au NSs at 650 nm. 

Two possible excitation mechanisms could be responsible for the observed 

emission: coherent two-photon absorption process or two sequential one-photon 

absorption processes. Considering the similarity between the extinction spectra of Au 

NRs and coupled Au NSs, the observed TPPL in Au NRs and coupled Au NSs is likely 

to arise from a similar excitation mechanism. The coherent two-photon absorption 

mechanism was mainly supported by the observation of cos
4
θ excitation polarization 

dependence of TPPL intensities of Au NRs.
30, 32

 However, single particle TPPL studies 

on Au NRs by Imura et al. gave a cos
2
θ dependence on the excitation polarization 

instead,
26

 which supported the mechanism of sequential one-photon absorption instead. 

The work by Biagioni et al.
28, 29

 lent strong support for the sequential absorption 

mechanism by the observation that TPPL of Au nanowires were insensitive to pulse 
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duration for pulse widths of <1 ps.  

2.5 Excitation Mechanisms Studied by Two-Pulse Emission 

Modulation and Pump-Probe Techniques  

In order to further clarify the excitation nature of the observed TPPL, we utilized a 

two-pulse emission modulation (TPEM) technique
39

 to investigate the correlation 

effects of two pulses on the observed emission in Au NRs and coupled Au NSs. The 

experimental setup is shown in chapter 1 and the details are described in experimental 

section. In this technique, the emission intensity was recorded as a function of time 

delay (t) between two laser beams of similar intensities with one of the beams being 

chopped at 500 Hz. This technique allows one to clarify the roles and the contributions 

of two non-overlapping pulses with adjustable time delay to the TPPL. The detected 

emission arises from two contributions: (a) both excitation pulses from the chopped 

pulses (referred as auto-contribution), and (b) one excitation pulse from the chopped 

beam and another from the unchopped beam (referred as the cross-contribution). The 

auto-contribution is expected to contribute for all the delay times and independent of 

the time delay between two beams since both excitation pulses come from the same 

beam (the chopped beam). The cross contribution will decay quickly as the time delay 

increases, depending on the excitation nature of the system. If the observed emission 

arises from simultaneous absorption of two photons from the incident radiation filed 

(i.e. coherent two-photon excitation, Figure 2.4, left), both auto-contribution and 

cross-contribution will contribute to the detected emission at short time delay when 
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two pulses temporally overlap, while only the auto-contribution will contributed to the 

detected emission when two pulses are well separated from each other. The cross 

contribution is expected to quickly decay to zero as the temporal overlap between two 

laser pulses vanishes, closely following the autocorrelation profile of the laser pulses. 

On the other hand, if the observed emission arises from two sequential one-photon 

absorption steps, the cross contribution is expected to decay with the lifetime of 

intermediate states. The delay time dependent cross contribution can thus be obtained 

by subtracting the signal levels at very large time delay (auto-contribution only) from 

the signal levels of different time delay between two beams (auto-contribution + 

cross-contribution). This technique can thus be utilized to differentiate two 

mechanisms shown in Figure 2.4 to clarify the excitation nature of Au NRs and 

coupled Au NSs.       

 

Figure 2.4: Schematics of coherent two-photon absorption (2PA) process through a 

virtual state (left) and two sequential one-photon absorption (1PA) steps mediated by 

real intermediate states (right). 

Coherent 2PA Two sequential 

1PA steps

(b)

(a)
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2.5.1 Fluorescein: a standard two-photon absorption organic dye 

 

Figure 2.5: Absorption and fluorescence spectra of fluorescein in water (pH was 

adjusted to 11 by using proper amount of NaOH). 

The above idea was first tested in fluorescein. Fluorescein is a fluorescent dye 

widely used as a standard reference for fluorescence quantum yield and two-photon 

absorption cross section measurements.
40

 As shown in Figure 2.5, its absorption and 

emission maxima in water solution (with pH adjusted to 11) are located at 490 and 

520 nm, respectively. Its emission under excitation at 800 nm femtosecond laser 

pulses arises from coherent two-photon absorption.  

The autocorrelation profile of the laser pulses were measured by using a type-I 

BBO crystal as the doubling crystal, giving a FWHM of 85 fs and the corresponding 

pulse duration of 60 fs. As expected, the TPEM decay profile of fluorescein in water 

solution follows the autocorrelation profiles of the laser pulses closely (Figure 2.6), 

consistent with the coherent two-photon excitation nature of the observed emission 

under excitation of 800 nm femtosecond laser pulses. The subtle difference between 
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the TPEM and autocorrelation profiles is due to slight broadening of the laser pulses 

by the water solvent and quartz cell.  
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Figure 2.6: TPEM measurement of fluorescein. The black curve is pulse 

autocorrelation profile measured by using a BBO doubling crystal. 

2.5.2 Au nanorods  

To our surprise, the TPEM measurement results of Au NRs are quite different 

compared to fluorescein. Here Au NRs with dimension of 19 x 74 nm (aspect ratio of 

3.9) and longitudinal LSPR band at 800 nm were used. The decay profiles of the 

TPEM cross contribution were nearly symmetrical for positive and negative time 

delay between the two laser beams. The emission intensity decreases slowly as the 

time delay between two beams increases, much slower than the auto-correlation 

profile of the laser pulses.  

The significantly longer decay profile of the cross contribution of the TPEM for 

Au NRs suggests that the observed TPPL in Au NRs cannot be explained by the 
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coherent two-photon absorption model and provides a direct evidence that some real 

intermediate states are involved. Exponential fitting of the positive delay portion 

gives a time constant of 4.0  0.2 ps. These Au NRs show a strong plasmon 

extinction band at 800 nm, indicating the existence of intermediate states. 

The lifetime of these intermediate states could be measured by pump-probe 

experiments. We have conducted pump-probe measurements on Au NRs with pump 

wavelength at 800 nm and probe wavelength at 760 nm under pump fluence of 28.3 

µJcm
-2

 (Figure 2.7b). The pump fluence used in the experiment was indicated by the 

vertical dashed line in the inset (Figure 2.7b), confirming that the used pump fluence 

fell in the linear regime of pump fluence dependent pump-probe signals.  

Under this condition, excitation at 800 nm promotes Au NRs to the intermediate 

states by one-photon absorption to allow us to measure the lifetime of intermediate 

states, which was seen to be 3.9  0.1 ps. The consistency between the lifetime of 

intermediate states and the decay time of cross contribution term of the TPEM 

measurement support the fact that the observed emission arises from two sequential 

one-photon absorption processes via some real intermediate states. 
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Figure 2.7: (a) TPEM measurement of Au NRs. (b) Pump-probe measurement result 

on Au NRs (pump= 800 nm, probe=760 nm). The inset of (b) confirms the linear 

dependence of the pump-probe signal on the pump fluence to ensure the used pump 

power (indicated by the vertical dashed line) falling into the linear regime.  

2.5.3 Coupled Au nanospheres 

The TPEM measurements on coupled Au NSs have also been conducted and the 

results are shown in Figure 2.8. The coupled Au NSs were prepared by addition of 

1.15 µM of cysteamine into the Au NSs solution. The cross contribution of the TPEM 

signal of coupled Au NSs decays with a single exponential time constant of 3.1  0.1 
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ps, much slower compared to the autocorrelation profiles of laser pulses. Extinction 

spectra of the coupled Au NSs (Figure 2.3) indicate existence of intermediates states 

that could be excited at 800 nm by one-photon absorption process. Pump-probe 

measurements (pump = 800 nm and probe = 760 nm) on the coupled Au NSs gave a 

lifetime of 2.9 ± 0.1 ps for these coupling induced intermediate states. This behavior 

is very similar to those of Au NRs: decay time constant of the TPEM cross 

contribution is coincident with the lifetime of the intermediate states.  

This result confirms that Au NRs and coupled Au NSs share the same excitation 

mechanism: two sequential one-photon excitation processes via real intermediate 

states. These results suggest that the previous observation of significantly enhanced 

TPPL in coupled metal nanoparticles compared to isolated nanoparticles
21-24

, can be 

ascribed to the formation of a longitudinal LSPR mode at the excitation wavelength 

induced by plasmon coupling between adjacent metal nanoparticles. The newly formed 

longitudinal LSPR mode provides enhanced local fields at the excitation wavelength, 

and thereby facilitates two sequential one-photon absorption steps at 800 nm via real 

intermediate states, resulting in huge enhancement in two-photon excitation efficiency 

and TPPL. 
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Figure 2.8: TPEM (a) and pump-probe (b) measurement results of the coupled Au 

NSs. The black curves in (a) is the pulse autocorrelation profile. The pump-probe 

measurement was performed with pump= 800 nm, probe=760 nm and pump fluence 

(indicated by the vertical dashed line in the inset of (b)) falling in the linear regime of 

pump fluence dependent signals. 

2.6 Conclusion 

Two-pulse emission modulation measurements and pump-probe technique using 

60 fs laser pulses on fluorescein, Au NRs and coupled Au NSs were performed to 
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understand the excitation mechanisms of TPPL in Au NRs and coupled Au NSs. The 

decay profile of the cross contribution of TPEM measurements on fluorescein follows 

the autocorrelation profile of the laser pulses, as expected for a coherent two-photon 

absorption process mediated by a virtual state. In contrast, the profiles of cross 

contribution of TPEM measurements on Au NRs and coupled Au NSs decay with 

much slower time constants compared to the autocorrelation profile of laser pulses. The 

decay time constants (4.0  0.2 ps for Au NRs and 3.1  0.1 ps for coupled Au NSs) 

match well as the lifetimes of the intermediate states (3.9  0.1 ps for Au NRs and 2.9 

± 0.1 ps for coupled Au NSs) as measured by femtosecond pump-probe (pump=800 nm 

and probe=760 nm) measurements. These results support the excitation mechanism that 

the observed TPPL in Au NRs and coupled Au NSs arise from two sequential 

one-photon absorption steps involving real intermediate states. The existence of these 

intermediate states is evident from the extinction spectra of Au NRs and coupled Au 

NSs. These results give direct evidence that formation of LSPR band induced by 

plasmon coupling between adjacent nanoparticles in coupled Au nanostructures can 

significantly enhance the two-photon excitation efficiency by two sequential 

one-photon absorption steps. As the resonance energy and strength of this LSPR band 

could be tuned by the dimension of nanoparticles and interparticle coupling, their 

nonlinear plasmonic properties could be engineered to cater various applications. Our 

studies help to understand the fundamental excitation nature of nonlinear optical 

properties in various Au nanostructures as well as their practical applications in 
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two-photon sensing, imaging, phototherapy and optoelectronics. 
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Chapter 3. Solvent Dependent Two-Photon 

Photoluminescence and Excitation Dynamics of 

Gold Nanorods 

3.1 Introduction 

Noble metal nanoparticles have been known to display unique optical properties 

such as localized surface plasmon resonance (LSPR).
1-3

 The frequency of LSPR can be 

tuned by controlling the particle size, shape, and refractive index of the surrounding 

medium.
4, 5

 Due to plasmon resonance, metal nanoparticles display significantly 

enhanced optical responses such as extremely large extinction coefficients, enhanced 

second harmonic generation (SHG) and two-photon photoluminescence (TPPL).
6-11

 

Metal nanoparticles could also be utilized to enhance the optical responses of nearby 

chromophores, including surface enhanced Raman scattering (SERS)
12, 13

 and metal 

enhanced fluorescence.
14-16

  

Among various metal nanoparticles, Au NRs have been known to display strong 

TPPL owing to the lightening rod effect.
17

 Au NRs have high two-photon absorption 

action cross section (10
4
 GM), about 2 orders of magnitude larger than small organic 

molecules (1-100 GM).
18

 The TPPL intensity of a single Au NR is ~58 times stronger 

than that of a single rhodamine molecule.
19

 Au NRs have also been recently 

demonstrated to effectively generate singlet oxygen generation under two-photon 

excitation.
20, 21

 The longitudinal LSPR band of Au NRs is tunable from 580 to 1000 nm 
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by adjusting the aspect ratio.
3, 22

 The excellent optical properties, good biocompatibility 

and chemical inertness of Au NRs render them to be extensively exploited for 

applications in bio-sensing,
23, 24

 two-photon imaging,
19, 25

 gene and drug delivery,
26, 27

 

photo-thermal and photodynamic therapy.
20, 28

  

Most of the previous studies on Au NRs are focused on aqueous solution as Au 

NRs are typically prepared by using cetyltrimethylammonium bromide (CTAB) as the 

capping and stabilizing agents and can be well dispersed in water.
29, 30

 The optical 

properties of Au NRs in the organic solvents have been rarely studied due to the 

difficulty in dispersing CTAB capped Au NRs into organic solvents.
31

 Dispersion of 

Au NRs into organic solvents could be improved by modifying the surfaces of Au NRs 

with alkanethiol molecules such as PEG-SH.
32

 The PEG layer acts as a steric barrier to 

prevent the aggregation of Au NRs. PEG capped Au NRs can thus disperse well in 

various organic solvent such as DMF and methanol,
33

 providing the opportunity to 

investigate the solvent dependent optical properties of Au NRs.  

In this work, we have prepared PEG-SH modified Au NRs that can be well 

dispersed in various organic solvents to study the solvent effects on the TPPL 

properties and ultrafast dynamics of Au NRs. The TPPL properties of Au NRs were 

investigated in different organic solvents (such as DMF, DEG, CH3OH, C2H5OH, 

CH3CN, DMSO, and THF) and mixture solvents. The TPPL intensity of Au NRs was 

found to be strongly dependent on the solvents. The TPPL intensities of Au NRs in 

these organic solvents are much weaker compared to that in H2O. Ultrafast 
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time-resolved transient absorption and pump-probe measurements have been 

performed on Au NRs in H2O, DMF and DEG to understand the observed TPPL 

quenching mechanisms of Au NRs in these organic solvents. Different from the decay 

behaviors of Au NRs in H2O, an additional transient species was observed in Au NRs 

in DMF or DEG upon photo-excitation. This additional transient species was found to 

appear at the intermediate delay time (tens of picoseconds) and subsequently disappear 

on the nanosecond time scales. This intermediate state is ascribed to the charge 

separated species. The observation of this transient species serves as a direct evidence 

to support that the observed TPPL quenching in organic solvents is due to electron 

transfer from electron-donating solvents to the excited Au NRs. The TPPL properties 

of Au NRs in the presence of different buffer solutions and various different ions have 

also been studied to support the proposed electron transfer quenching mechanism. 

These studies provide useful information on fundamental understanding the TPPL of 

Au NRs and their quenching mechanisms, which will provide guidelines for choosing 

proper conjugated surfactants to improve the TPPL efficiency of Au NRs for their 

biological applications. 

3.2 Experimental Section 

Preparation of PEG-SH capped gold nanorods: 

Gold nanorods (Au NRs) with longitudinal LSPR band centered at 780 nm were 

prepared according to a previously reported seed-mediated growth method.
34, 35

 CTAB 
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aqueous solution (0.1 M, 10 mL) was mixed with HAuCl4 (50 m , 50 μL) and ice-cold 

NaBH4 (10 mM, 0.6 mL) to form a brownish-yellow seed solution. This seed solution 

was kept at room temperature for at least 2 hrs. In the growth solution, CTAB solution 

(0.1 M 10 mL) was mixed with HAuCl4 (50 mM, 0.1 mL), different amounts of AgNO3 

(10 mM, 63 μL),   l (1.0   0.2 mL) and    (0.1  , 80 μL).  fter gentle mixing of 

the solution, the color of the growth solution changed to colorless. After the gold seed 

solution (25 μL) was added into the growth solution, the reaction mixture was then left 

undisturbed overnight. The obtained Au NRs were purified once by washing with 

de-ionized water to remove excess CTAB and re-dispersed in 10 mL deionized water. 

All procedures were conducted at room temperature unless otherwise specified. 

The PEG-SH capped Au NRs were prepared by using a method previously 

reported by Thierry et al.
36

 The aqueous Au NR solution (5 ml) were mixed with 2 ml 

of 2 mM PEG-SH solution and the reaction mixtures were left overnight under 

vigorous stirring. In this process, the original CTAB surfactant molecules on the 

surface of Au NRs were replaced by PEG molecules through formation of strong 

binding between Au and the thiol group of PEG-SH. 

Characterizations and two-photon photoluminescence measurements: 

Transmission electron microscopy (TEM) images of nanoparticles were taken 

from a Philips CM10 TEM microscope (at an accelerating voltage of 100 kV). 

Ultraviolet-visible (UV-Vis) extinction spectra were measured by using a SHIMADZU 
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UV-2550 spectrophotometer. TPPL of Au NRs were measured by using an Avesta 

TiF-100M femtosecond (fs) Ti:sapphire oscillator as the excitation source. The output 

laser pulses have a central wavelength tunable from 750 to 840 nm with pulse duration 

of 80 fs and a repetition rate of 84.5 MHz. The laser beam was focused onto the 

samples using a lens with a focus length of 3.0 cm. The emission was collected at the 

direction perpendicular to the excitation beam to minimize the scattering. The emission 

signal was directed into a CCD (Princeton Instruments, Pixis 100B) coupled 

monochromator (Acton, Spectra Pro 2300i) with an optical fiber. A 750 nm short pass 

filter was placed before the spectrometer to minimize the scattering from the excitation 

light. 

Transient absorption and pump-probe measurements: 

Time-resolved transient absorption and pump-probe measurements were 

performed on Au NRs suspensions by using a Ti:sapphire oscillator seeded 

regenerative amplifier (Spectra Physics Spitfire pro), which gives an output with a 

pulse energy of 2.0 mJ at 800 nm and a repetition rate of 1 kHz. The 800 nm laser beam 

was split into two portions. The larger portion of the beam passed through a BBO 

crystal to generate the 400 nm pump beam by second harmonic generation. A small 

portion of the 800 nm beam was focused onto a 1 mm sapphire plate to generate white 

light continuum. The white light beam was split into two beams, one as the probe and 

the other as the reference to correct the pulse-to-pulse intensity fluctuations. The 

intensities of signal and reference beams were measured by photodiodes that are 
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connected to lock-in amplifiers and the computer. The pump beam was focused onto 

the sample with a beam size of 300 m and overlaps with the smaller-diameter (100 m) 

probe beam. The delay between the pump and probe pulses was varied by a 

computer-controlled translation stage (Newport, ESP 300). The pump beam was 

modulated by an optical chopper at a frequency of 500 Hz. The variation transmittance 

at selected probe wavelength is recorded as a function of time delay between pump 

and probe pulses. All the experiments were performed at room temperature. Au NRs 

in different solvents were contained in a 1 mm path length cuvette. During the 

measurements, the extinction spectra of the sample were checked before and after the 

experiments and only subtle difference was observed, which suggests that the sample 

is stable and there is little photo-damage to the sample during the whole experiments. 

3.3 Two-Photon Photoluminescence Variation of Au Nanorods 

in Different Solvents 

Au NRs were prepared by using a seed-mediated, CTAB-assisted method.
34, 35

 

This method for preparation of Au NRs involves the use of bilayer CTAB as a template. 

The CTAB capping layer could be easily destroyed by organic solvents, which 

consequently causes aggregation and precipitation of Au NRs in organic solvents. 

Thiol groups are considered to have the highest affinity to noble metal surfaces, in 

particular to gold (~200 kJ mol
-1

).
37

 Replacing CTAB with PEG molecules allows Au 

NRs to be well dispersed in various organic solvents such as DMF and methanol.  



72 

 

Their TEM images (Figure 3.1a) clearly show that the prepared PEG capped Au 

NRs are highly mono-disperse with an average aspect ratio ~3.8. Figure 3.1b shows the 

extinction spectra of PEG-SH capped Au NRs in H2O/DMF mixed solvents with 

different volume ratios. The longitudinal LSPR band of these Au NRs is centered at 

780 nm in H2O, which gradually red-shifts from 780 to 809 nm with increasing the 

volume ratio of DMF. The observed red-shift is due to the increasing refractive index of 

the mixed solvents, which is consistent with the previous report that longitudinal LSPR 

band is highly sensitive to the refractive index of the surrounding media.
38, 39

 This 

phenomenon has been widely utilized to develop plasmonic nano-sensors for detection 

of various chemical and biological targets.
40, 41

 

We have further investigated the solvent effect on TPPL properties of PEG capped 

Au NRs by measuring their TPPL spectra in H2O/DMF mixed solvents with different 

volume ratios (Figures 3.1c & d). TPPL spectra were measured by using femtosecond 

laser pulses at 820 nm with average power of 100 mW as the excitation source. The 

TPPL spectra of Au NRs in different solvents were broad without any fine-structure in 

the visible range, which is consistent with the previous report.
20, 42

 The steep edge of 

TPPL spectra at long wavelength is due to the emission enhancement by the 

longitudinal LSPR of Au NRs and the cut-off effect by the emission filter, which has 

extremely low transmittance at the wavelength longer than 750 nm. It is interesting to 

find that the TPPL intensity of Au NRs gradually decreases with the increasing content 

of DMF in H2O/DMF mixed solvents. The TPPL intensity of Au NRs in DMF was 



73 

 

quenched by nearly 91-fold compared to that in H2O.  

300 400 500 600 700
0

2000

4000

6000

8000

10000  10:0

 8:2

 6:4

 5:5

 4.5:5.5

 4:6

 2:8

 0:10

T
P

P
L

(a
.u

.)

Wavelength (nm)

300 400 500 600 700 800 900 1000 1100
0.00

0.05

0.10

0.15

0.20

0.25

0.30

780

785

790

795

800

805

810

L
o
n

g
itu

d
in

a
l L

S
P

R
 (n

m
)

 

0:
102:

8
4:

66:
4

8:
2

10
:0

VH2O:VDMF

 10:0

 8:2

 6:4

 5:5

 4.5:5.5

 4:6

 2:8

 0:10

E
x

ti
n

c
ti

o
n

Wavelength (nm)

(b) H2O:DMF(V/V)

H2O:DMF(V/V)

0.0

0.2

0.4

0.6

0.8

1.0

0:
102:

8
4:

6
6:

4
8:

2
10

:0

I T
P

P
L

(M
S

) /
 I

T
P

P
L

(H
2

O
)

VH2O/VDMF

(a) 

50nm

(c) (d) 

 

Figure 3.1: (a) TEM image of PEG-SH capped Au NRs. (b) Extinction spectra, (c) 

TPPL spectra, and (d) relative TPPL intensities of Au NRs in H2O/DMF mixed 

solvents with different volume ratios. 

Similar TPPL quenching behaviors were also observed in the H2O/DEG mixed 

solvents with different volume ratios (Figure 3.2). The TPPL intensity of PEG capped 

Au NRs in DEG is quenched by ~47 times compared to that in H2O. The TPPL spectra 

of Au NRs in other organic solvents, including CH3OH, CH3CN, DMSO, and THF 

have also been measured (Figure 3.3). The TPPL intensities of Au NRs in these 

solvents were all found to be significantly quenched compared to that in H2O. 
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Figure 3.2: (a) Extinction spectra, (b) TPPL spectra, and (c) relative TPPL intensities 

of Au NRs in H2O/DEG mixed solvent with different volume ratios. 
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Figure 3.3: (a) Extinction and (b) TPPL spectra of Au NRs in various solvents. 
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3.4 Mechanisms and Dynamics of Two-Photon 

Photoluminescence Quenching in Organic Solvents   

Generally there are three different possible mechanisms responsible for 

photoluminescence quenching: aggregation induced quenching, energy transfer, and 

electron transfer. Formation of aggregate of noble metal nanoparticles generally results 

in characteristics of a decrease in the original LSPR band and appearance of new band, 

which can be monitored by measuring their extinction spectra.
21

 Extinction spectra of 

Au NRs in different solvents (Figures 3.1b and 3.2a and 3.3a) do not indicate any 

signature of aggregate formation. Furthermore, as described in Chapter 1, aggregation 

of metal nanoparticles generally results in enhanced TPPL instead of quenched TPPL.
7, 

43
 Aggregation induced quenching thus plays a negligible role in the observed TPPL 

quenching. Energy transfer generally requires spectral overlap between the emission 

spectrum of the donor and absorption spectrum of the acceptor.
44

 In the current studies, 

these solvents are saturated small molecules with absorption in the UV region, which 

has no spectral overlap with the photoluminescence spectra of Au NRs. Energy transfer 

mechanism is not likely to contribute to the observed TPPL quenching. The most likely 

mechanism for the observed quenching is electron transfer between two-photon 

excited Au NRs and the surrounding solvent molecules. The electron transfer 

quenching mechanism has been previously reported to be responsible for fluorescence 

quenching of the organic fluorescent dye molecules such as rhodamine 6G in the 

electron-donating solvents such as dimethylaniline (DMA), DMF and methanol.
45-49

 A 
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similar electron transfer mechanism from electron-donating solvents to two-photon 

excited Au NRs is likely to be responsible for the observed TPPL quenching in various 

organic solvents.  

3.4.1 Excitation dynamics of Au nanorods in H2O, DMF and DEG 

solvents 

To understand and demonstrate the mechanism of the observed TPPL quenching 

of Au NRs in various organic solvents, their excitation dynamics were investigated by 

using ultrafast transient absorption and pump-probe measurements. Transient 

absorption spectra and single wavelength dynamics of Au NRs in different solvents 

and solvent mixtures were measured under excitation at 400 nm with fluence of 15.6  

µJcm
-2

.  

Figures 3.4 a-c shows the transient absorption spectra of Au NRs in H2O, DMF 

and DEG solvents at different delay times. The transient absorption evolution and 

excitation dynamics of Au NRs in H2O display a typical behavior of hot electron 

relaxation.
29, 50-52

 Upon femtosecond laser excitation at 400 nm, its transient spectra 

show a dominant bleaching band located at the longitudinal LSPR band of Au NRs and 

a weak one at the transverse mode, accompanied with transient absorption in the wings 

of the two bands. As delay time increases, both the transient bleaching and transient 

absorption bands decrease in magnitude while the overall spectral profiles remain 

nearly unchanged. These observations are consistent with the previous reports on hot 

electron dynamics in Au NRs.
29, 50

 Upon femtosecond laser excitation, the electrons are 
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promoted to the conduction band, leading to a jump in the electron temperatures. The 

temperature increase will cause a broadening of the LSPR bands, which results in the 

transient bleaching at the center of original LSPR bands and transient absorption at the 

wings of the bands. The system subsequently relaxes through a series of heat exchange 

processes such as electron-electron scattering (on time scale of ~100fs), 

electron-phonon scattering (on time scale of a few ps) and phonon-phonon scattering 

(tens to hundreds of ps).
1, 2

 The time scales of these relaxation processes of Au NRs in 

H2O can be obtained by monitoring their single wavelength dynamics (Figure 3.4d). 

The single wavelength dynamics at probe wavelength of 725 nm displays a fast 

exponential decay with time constant of 4.4 ps, an under-damped oscillation with 

period of 83 ps (frequency of 12 GHz), and a slow exponential decay with time 

constant of 98 ps. The fast (4.4 ps) and slow (98 ps) exponential decay components can 

be ascribed to electron-phonon scattering and phonon-phonon scattering processes, 

respectively, while the under-damped oscillation can be ascribed to the extensional 

mode of the longitudinal LSPR mode. The obtained time constants and oscillation 

period/frequency are consistent with those previously reported.
1, 2, 29, 50

 The 

electron-electron scattering generally occurs on a time scale of ~100 fs, which was not 

well-resolved in our measurements.   
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Figure 3.4: Transient absorption spectra of Au NRs in (a) H2O, (b) DMF, and (c) DEG 

at the different delay times under excitation at 400 nm; (d) Single wavelength dynamics 

of Au NRs in H2O, DMF and DEG probed at 725 nm. 

The transient spectra and single wavelength dynamics of Au NRs in the DMF 

solvent displayed a quite different time-dependent evolution behavior from that in the 

H2O solvents. The transient spectra of Au NRs in DMF at short delay times (0 and 5 ps) 

are similar to those in H2O: transient bleaching of longitudinal and transverse LSPR 

bands and transient absorption at their wings, which decrease in magnitude as the delay 

time increases. However, the transient spectral profiles at longer delay times, such as 

250 ps, are very different from those at short delay times. The initial transient bleaching 

signals (positive T/T) changed its sign and evolved into a transient absorption signal 

(negative T/T) centered at ~725 nm (highlighted by the red circles) at longer time 

delays, which eventually decays on an even longer time scale. This photo-induced 

transient absorption band in the DMF solvent suggested that a new population species 
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formed from the interaction between the excited Au NRs and the DMF solvent, most 

likely a charge transfer complex. As the photo-excitation of electron onto the sp band 

will create a hole in the d band, the holes could be filled by accepting an electron from 

the DMF molecule that possesses a lone pair of electrons. The time trace of the charge 

separation and recombination processes between Au NRs and the DMF molecules can 

be clearly visualized by the single wavelength dynamics at 725 nm (Figure 3.4d). The 

initial positive T/T signal (transient bleaching) decays quickly and changes sign to 

become negative values (transient absorption), which subsequently recover back on an 

even longer time scale. The formation of transient absorption signal (negative T/T) 

can be ascribed to the charge separation process, while its subsequent recovery is due 

to charge-recombination processes.  

Table 3-1: The fitting results of the pump-probe measurement for Au NRs in H2O, 

DMF and DEG at probe wavelength of 725 nm under excitation at 400 nm. 

A1 τ1,ps A2 τ2,ps Ak τk,ps k , 

GHz/ps
A3 τ3,ps A4 τ4,ps

H2O 0.77 4.4 0.19 98 0.04 145 12/83 - - - -

DMF 0.71 4.5 0.18 94 0.11 140 13/77 0.45 29 -0.45 1340

DEG 0.72 4.8 0.15 95 0.13 68 15/67 0.35 46 -0.35 1250
 

So, the overall decay is composed of contribution of electron relaxation processes 

(electron-phonon scattering, phonon-phonon scattering and under-damped oscillation 

of the extensional mode), charge separation and recombination processes. The decay 

profiles were fitted with a sum of exponential decay components and an under-damped 

oscillation to account for the above contributions. The fitting parameters are 

summarized in Table 3-1.  

The fitting function is a sum of four exponential decays and one under-damped 
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oscillation. Ai and i are the normalized amplitude and the corresponding decay time 

constant (i = 1, 2 correspond to the relaxation processes of electron-phonon and 

phonon-phonon scattering, i = 3, 4 correspond to the charge separation and 

recombination processes between Au NRs and the solvent molecules, while i = k 

relates to the under-damped oscillation with damping time of k and oscillation 

frequency of k. The amplitudes of charge separation and recombination are opposite 

as they correspond to appearance and disappearance of transient charge-separated 

species. Based on the fitting results, time constants for the charge separation and 

recombination processes were obtained to be ~29 ps and 1.34 ns, respectively. 

The ultrafast transient absorption and pump-probe measurements have also been 

performed for Au NRs in the DEG solvent (Figures 3.4c and d). The time-dependent 

evolution behavior of Au NRs in DEG is quite similar to that in DMF. An additional 

transient absorption band centered at ~725 nm (highlighted by the red circles) appears 

at intermediate time delays and eventually recovers on an even longer time scale. 

Fitting the single wavelength dynamics at 725 nm (Figure 3.4d) gives the charge 

separation time constant of ~46 ps and a charge recombination time constant of ~1.25 

ns. The slower charge separation time of Au NRs in DEG compared to that in DMF can 

be ascribed to stronger electron donating capability of DMF compared to DEG, 

consistent with the observation of less TPPL quenching of Au NRs in DEG. 
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Figure 3.5: Transient absorption spectra of Au NRs in H2O, H2O/DMF mixture and 

DMF at the delay time of (a) 0 ps and (b) 500 ps; Single wavelength dynamics of Au 

NRs in H2O, H2O/DMF mixture and DMF probed at (c) 765 nm and (d) 740 nm under 

excitation at 800 nm with fluence of 25.4 µJcm
-2

.  

We have also performed ultrafast transient absorption and pump-probe 

measurements on Au NRs in H2O, DMF and DEG solvents under excitation at 800 nm 

with excitation fluence of 25.4 µJcm
-2

 and the data are shown in Figures 3.5 and 3.6, 

respectively. The decay behaviors are similar to those under excitation at 400 nm. For 

Au NRs in the DMF and DEG solvents, an additional transient absorption was 

observed, which appeared at intermediate times and recovered at even longer time 

scales. No such transient absorption component was observed for Au NRs in H2O. 

These results further confirm the charge transfer process from the electron-donating 

solvents to the excited Au NRs.  
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Figure 3.6: (a) Transient absorption spectra of Au NRs in DEG at the different delay 

times. (b) Single wavelength dynamics of Au NRs in DEG probed at 740 nm and 775 

nm under excitation at 800 nm with fluence of 25.4 µJcm
-2

. 

3.4.2 Charge transfer between Au nanorods and organic solvents   

These ultrafast spectroscopic studies suggest that previous observation of 

significantly quenched TPPL of Au NRs in organic solvents compared to H2O can be 

ascribed to the electron transfer between the excited Au NRs and the surrounding 

organic solvent molecules, which are shown in Figure 3.7.  

After two-photon excitation of Au NRs, charge transfer from the solvent 

molecules to excited Au NRs will prevent the radiative recombination of the 

electron-hole pairs. The formed charge separated state subsequently decay back to 

original ground state through nonradiative charge-recombination processes, without 

emission of a photon, resulting in TPPL quenching of Au NRs. It is also interesting to 

note the oscillation associated with the extensional mode of the longitudinal LSPR 

mode was not interrupted by the charge separation process and still persisted in the 

charge-separated state. 
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Figure 3.7: Schematic mechanisms of TPPL quenching behavior in organic solvents 

compared to that in H2O. 

3.5 Ion Effects on Two-Photon Photoluminescence and 

Excitation Dynamics of Au Nanorods in H2O 

The effect of different buffer solution and various ions (cations and anions) on 

TPPL properties of Au NRs in H2O has also been examined. The TPPL intensities of 

Au NRs in three most common buffer solutions only display subtle differences (Figure 

3.8), which ensures high efficiency for their various biological applications. 

 

Figure 3.8: TPPL intensities of Au NRs in different buffer solutions. The 

concentrations of buffer solutions are 10 mM. 
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most cations and anions with concentration of 1x10
-4

 M (Figure 3.9). However, the 

TPPL intensity of Au NRs in H2O was found to be quenched by nearly 5.0-fold in the 

presence of sulfide ions (S
2-

). S
2-

 is known to be electron-rich and can act as a good 

electron donor. Most importantly, it can bind with the surface of Au NRs with high 

affinity. 
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Figure 3.9: TPPL intensities of Au NRs in H2O in the presence of different ions. The 

concentrations of ions are 1x10
-4

 M. 

We have also conducted transient absorption and pump-probe measurements on 

Au NRs in the presence of different concentrations S
2-

. As shown in Figure 3.10, the 

results display similar behavior to those in DMF and DEG: the decay dynamics (400 

nm pump / 725 nm probe) become faster in the presence of S
2- 

compared to that in the 

absence of S
2-

. The T/T signal changes the sign from positive to negative at the 

intermediate times and recovers back to zero at longer delay times, indicating 

formation of intermediate charge-separated species. These results confirm the electron 

transfer to the excited Au NRs is responsible for the TPPL quenching of Au NRs. 
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Figure 3.10: (a) Relative TPPL intensities of Au NRs in H2O with different 

concentrations of Na2S. (b) Transient absorption spectra of Au NRs in H2O with the 

concentrations of Na2S is 10
-1

 M at the different delay times under excitation at 400 nm. 

(c) Single wavelength dynamics of Au NRs in H2O with different concentrations of 

Na2S (0, 5×10
-4

, 10
-2

 and 10
-1

 M) probed at 725 nm. 

3.6 Conclusion 

PEG capped Au NRs well dispersed in various organic solvents have been 
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prepared to study the solvent effects on the TPPL properties and ultrafast dynamics of 

Au NRs. The TPPL intensities of Au NRs in different organic solvents (such as DMF, 

DEG, CH3OH, C2H5OH, CH3CN, DMSO, and THF) and mixture solvents were found 

to be significantly lower than that in H2O. Ultrafast time-resolved transient absorption 

and pump-probe measurements have been performed on Au NRs in DMF and DEG to 

understand the underlying quenching mechanisms. Different from the decay behaviors 

of Au NRs in H2O, an additional transient species was observed in Au NRs in DMF or 

DEG upon photo-excitation. This additional transient species was found to appear on a 

time scale of tens of picoseconds and subsequently disappear on a time scale of 

nanoseconds. This intermediate state is ascribed to the charge separated species. The 

observation of this transient species serves as a direct evidence to support that the 

observed TPPL quenching in organic solvents is due to electron transfer from 

electron-donating solvents to the excited Au NRs. The charge transfer mechanism was 

further supported by the observation that the TPPL intensity of Au NRs in H2O was 

found to be quenched by nearly 5.0-fold in the presence of S
2-

. These studies will help 

to understand the fundamental mechanisms of TPPL of gold nanoparticles and its 

quenching behavior, which provide useful insight on the choice of surface conjugated 

surfactants to improve their TPPL efficiency for various biological applications. 
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Chapter 4. Broadband Ultrafast Carrier Dynamics 

of Graphene Oxide and Reduced Graphene Oxide 

4.1 Introduction 

Graphene is a one-atom-thick two dimensional (2D) sheet of sp
2
 carbon atoms that 

are densely packed in a honeycomb crystal lattice.
1, 2

 It exhibits unusual electrical and 

optical properties due to its unique structure. The charge carriers in graphene behave 

like a 2D gas of mass less Dirac fermions.
1, 3

 The electrons in graphene can cover 

sub-micrometer distances at room temperature without scattering, which makes 

graphene an interesting material for optoelectronics.
3, 4

 In recent years, the research on 

graphene has been sparked by their appeal in technological applications as well as for 

fundamental scientific understanding of the outstanding optical and electronic 

properties.
2
 Several methods such as epitaxial growth,

5
 chemical vapor deposition 

(CVD),
6
 physical exfoliation,

7
 solvent-assisted exfoliation

8, 9
 and reduction of 

graphene oxide (GO) 
10-13

 have been reported to prepare graphene. Among all these 

methods, the use of chemically derived GO as a precursor for the large scale production 

of graphene has paid special attention for solution processed applications owing to the 

high solubility of GO over graphene in various solvents.
13

  

GO is an atomically thin sheet of graphite oxide, first reported in 1859 by 

Brodie.
14

 It can be prepared by oxidative exfoliation of graphite into atomically thin 

carbon sheets decorated with oxygen-containing functional groups.
10, 11, 13, 15

 GO sheets 
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contain a mixture of electronically conducting sp
2
 carbon and insulating sp

3
 carbon 

sites. As-prepared GO usually behaves like insulator with large number of sp
3
 carbon 

sites.
11, 15

 Subsequently, GO can be transformed into semiconductor or graphene-like 

semi-metal by the controlled deoxidation.
11

 Many kinds of reduction methods have 

been reported, such as chemical,
11, 12

 electrical
16

, thermal,
17

 and photo-thermal 

reduction
18-20

. The electronic mobility of the reduced GO is less compared to the 

mechanically cleaved graphene due to the defects present in reduced GO.
11

 As the 

extent of reduction is different at various reduction conditions, the electronic and 

optical properties of the reduced GO depend on the type of reduction process.
11, 12, 15

 

Moreover, GO itself exhibits interesting optoelectronic properties 
21-23

 and has been 

utilized in various applications such as catalysis
24-26

, bio-sensing 
27

, flexible memory 

devices.
28

  

Owing to the unique properties, solution processing ability and potential 

applications of GO and reduced GO,
17

 the investigation of their ultrafast electron 

relaxation dynamics is vital for the realization of graphene-based electronic devices in 

the future.
4
 Ultrafast carrier dynamics of graphite has been reported by Breusing et al.

29
 

Recently, Jahan et al.
5
 found that the carrier relaxation time in epitaxial graphene was 

inversely proportional to the degree of crystalline disorder. Huang et al.
30

 employed the 

transient absorption microscopy to investigate the charge carrier dynamics of 

multilayer epitaxial graphene. Ultrafast dynamics of CVD-grown multilayer graphene 

has been investigated by Obraztsov et al.
31

 and Shang et al,
32

 separately. Very recently, 



92 

 

a few research groups have paid special attention to the studies of carrier relaxation 

dynamics of solution processing reduced GO.
33-36

 So far, most of the above-mentioned 

studies on the ultrafast dynamics of different kinds of graphene and GO related 

materials were performed using degenerate pump-probe measurements in the infrared 

region and less attention has been paid to the broadband (visible-infrared) electron 

relaxation properties using non-degenerate pump-probe measurements to understand 

the probe energy-dependence on the carrier relaxation time.
29, 32, 37

 Moreover, the 

broadband transient absorption spectra of GO and reduced GO have been very rarely 

studied.
 38

  

Herein, broadband ultrafast dynamics of GO in solution, GO and reduced GO 

films were investigated by employing transient absorption and pump-probe 

spectroscopy with 400 nm pump and white light continuum probe. The carrier 

relaxation of GO in solution exhibited tri-exponential decay, which is independent of 

probe wavelength. However, the carrier relaxation of GO film was found to be faster 

than GO in solution and the relaxation time increased with the decrease of probe 

wavelength. More interestingly, the transient differential transmission (T/T) of 

reduced GO exhibits broadband saturable absorption unlike GO in solution or GO film. 

The carrier relaxation of reduced GO exhibits bi-exponential decay and the relaxation 

processes become much faster compared to GO in solution or GO films.  
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4.2 Experimental Section 

Preparation of Graphene oxide: 

GO was prepared from graphite via a modified Hummers and Offeman method.
13  

In a typical procedure, 1.5 g graphite flakes (Asbury Carbons Ltd.) and 1.0 g NaNO3 

were placed in a 500 mL round bottom flask. 45 mL of concentrated H2SO4 was 

subsequently added into the flask. The mixture was stirred overnight at room 

temperature. 6.0 g KMnO4 was then slowly added into the mixture in a ice bath to avoid 

rapid heat evaluation. The flask was shifted to an oil bath after 4 hrs and the reaction 

mixture was stirred at 35 °C for another 2 hrs. The temperature was slowly increased to 

60 °C and stirred for 4 hrs. Finally, the reaction mixture was added into 40 mL of water 

and stirred at 90 °C for 5 hrs. The reaction was ended by adding 10 mL of 30% H2O2, 

which resulted in a change of color from yellow to brown. The warm solution was then 

filtered and washed with 5% HCl and water. The obtained solid was dissolved in water 

and sonicated to exfoliate oxidized graphene. The oxidized graphene was centrifuged 

at 1000 rpm for 2 min. After removing all visible graphite particles, it was again 

centrifuged at 15,000 rpm for 2 hrs. This washing procedure was repeated until the pH 

became 4-5. For complete oxidation, the above dried GO was further treated with 70% 

HNO3 (10 mL of HNO3/100 mg of GO). The mixture was sonicated for 8 hrs at 60 °C 

and the sediment was dispersed in water. The obtained GO was purified by washing 

multiple times with ethanol and water, and then completely dried using a rotary 

evaporator. The dried GO was finally dispersed in water for further characterization. 
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The GO in water was spin-coated onto a silica substrate for Atomic Force Microscopy 

(AFM) measurement. 

Preparation of graphene oxide and reduced Graphene oxide films: 

The as-prepared GO sheets were dissolved in water by ultrasonication with a 

concentration of 3mg/mL. GO film was prepared by spin coating the GO solution onto 

clean oxygen plasma treated quartz slides at a speed of 1000 rpm and the films were 

dried at 70
 
°C. The spin coating was repeated for 8 times on each slide. The reduced 

GO film was prepared by annealing the as-prepared GO film in vacuum at 1000
o
C for 

30 min.  

Transient absorption and pump-probe measurements:  

The ultrafast relaxation dynamics of GO and reduced GO was measured by using 

transient absorption and pump-probe experiment, which was performed by using a 

femtosecond Ti:sapphire laser system (Spectra Physics). The laser pulses were 

generated from a mode-locked Ti:sapphire oscillator seeded regenerative amplifier 

with a pulse energy of 2 mJ at 800 nm and a repetition rate of 1 kHz. The 800 nm laser 

beam was split into two portions. The larger portion of the beam was passed through a 

BBO crystal to generate the 400 nm pump beam by frequency-doubling. A residual 

portion of the beam was used to generate white light continuum in a 1 mm sapphire 

plate. The white light continuum was split into two beams, one as probe and the other 

as a reference to correct for pulse-to-pulse intensity fluctuations. The signal and 
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reference beams were detected by photodiodes that are connected to lock-in amplifiers 

and the computer. The pump beam is focused onto the film with a beam size of 300 m 

and overlaps the smaller-diameter (100 m) probe beam. The delay between the pump 

and probe pulses was varied by a computer-controlled translation stage (Newport, ESP 

300). The pump beam was modulated by an optical chopper at a frequency of 500 Hz. 

The spectral resolution is 2 nm for transient absorption spectra. 

4.3 Absorption and Photoluminescence of Graphene Oxide  
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Figure 4.1: (a) AFM image of GO sheet. (b) UV-visible absorption spectra and 

photoluminescence (PL) spectra of GO at an excitation wavelength of 400 nm. (c) 

Time-resolved PL of GO solution measured via time correlated single photon counting 

(TCSPC) system. The detection wavelength was at 580 nm and no wavelength 

dependence of the PL lifetimes was found. 

The as-prepared GO sheets are highly soluble in water due to the 

oxygen-containing functional groups, such as carboxyl, epoxide and hydroxyl groups, 

which are present on the basal plane or at the edges of GO sheet. The AFM image 

(Figure 4.1a) shows the wide size distributions of GO sheets ranging from 300 nm to a 

few m with average thickness of about 1 nm, which indicates that most of the GO 

sheets are single layer. Figure 4.1b shows the absorption and photoluminescence (PL) 

spectra of GO. The two characteristic absorption peaks at 223 nm and 320 nm were 
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believed to originate from –* and n–* transitions of C=C and C=O bands, 

respectively.
39

 Under excitation at 400 nm, GO displays a broad emission band at 580 

nm. The PL of GO originates from the radiative recombination of electron–hole pairs 

localized within semiconducting quasi-molecular fluorophores, which are formed by 

the electronic coupling of carboxylic acids with nearby π-conjugated sp
2
 domains. 

21, 23
 

The broad emission spectrum of GO reflects the broad size distribution of fluorescent 

domains in the GO sheet, which has been utilized for bio-imaging and bio-sensing.
40, 41

 

The PL lifetime decay of GO was measured by using time correlated single photon 

counting (TCSPC) system under excitation at 400 nm using femtosecond laser pulses. 

The decay dynamics shows bi-exponential decay with an initial fast relaxation of 

1=140 ps followed by a slower relaxation of 2=800 ps (Figure 4.1c). As a result of its 

broadband fluorescence in the visible and near IR regions, GO has drawn much 

attention in the application of low cost and large area optoelectronic devices. So it is 

important to understand how these optical properties changes when they are formed as 

films. 

4.4 Carrier Dynamics of Graphene Oxide 

The ultrafast carrier dynamics of GO solution and film were investigated by 

utilizing femtosecond transient absorption spectroscopy. GO films were prepared by 

spin coating the GO solution onto the quartz substrates. It has been previously reported 

that the femtosecond laser pulses with high pulse energy can reduce GO into reduced 

GO.
20
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Here we performed all the transient absorption measurements at very low 

excitation fluence of 2.4 µJcm
-2

. The transmittance of GO before and after the 

experiment were measured to ensure that there was no reduction taking place during 

measurements.  
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Figure 4.2: Transient absorption spectra of GO in water (a) and GO film (b) at different 

delay times upon excitation at 400 nm. 

Figures 4.2a&b shows the transient absorption spectra of GO solution and film at 

different delay times upon excitation at 400 nm. Both of them share the similar broad 

transient absorption profile with negative T/T, which spans from visible to near 

Infrared. This negative T/T signal is ascribed to the transient absorption signal, 

which can be dominated by excited state absorption. For GO, this broadband excited 

state absorption is likely attributed to the excited-state absorption or multiphoton 

absorption due to quasi-molecular fluorophores arising from the different sizes of 

nanometer-scale sp
2 

clusters present in the GO sheets.
23

 However, the absorption 

maximum of the transient absorption spectra of GO film (||max=650 nm) is red 

shifted compared to that of GO solution (||max =585 nm). This red shift might be 

attributed to the aggregation of the GO sheets in film, where the strong electronic 
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coupling exists between quasi-fluorescent localized π-conjugated sp
2
 clusters of nearby 

GO sheets. 
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Figure 4.3: Carrier relaxation dynamics probed at different wavelength of GO in 

water (a) and GO film (b). (c) Probe wavelength dependent time constants for carrier 

relaxation processes of GO films (1, 2, 3). (d) Schematic band structure of 

semiconducting π-conjugated sp
2
 domains in GO sheets.  

Figure 4.3a shows the single wavelength dynamics of GO in water at different 

probe wavelength. It can be clearly observed that the decay times are independent of 

probe wavelength. The relaxation dynamics of GO in water can be well fitted with 

tri-exponential decays with time constants of 1=0.3 ps (20%), 2=8 ps (55%) and 

=250 ps (25%). In general, the fast relaxation 1 can be attributed to the 

thermalization via electron-electron scattering and 2 corresponds to the intraband 

relaxation process of electron-phonon scattering. The slower time constant 3 of GO is 

ascribed to the interband carrier recombination of quasi-fluorescent π-conjugated sp
2
 

clusters in GO sheets. The semiconducting quasi-fluorescent π-conjugated sp
2
 clusters 
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in GO sheets possess large energy gap, which leads to the slow interband carrier 

relaxation upon the excitation of GO in water. Such kind of slow relaxation has not 

been observed in graphene and the relaxation times in graphene are usually ranges from 

100 fs to few ps. The broad PL spectrum observed in steady-state fluorescence 

measurements further supports the presence of radiative recombination of 

electron-hole pair and large energy band gap of quasi-fluorescent localized 

π-conjugated sp
2
 clusters.  

As shown in Figure 4.3b, it is obviously observed that the average carrier 

relaxation is faster in GO films compared to that of suspended-GO in solution. The 

faster decay is likely due to the inter sheet electron transfer within the GO film and the 

interactions between the carriers and the substrate. In the previous studies on 

conjugated polymers, faster relaxation time was observed in polymer films respect to 

that of polymers in solution due to the close contacts between chains favor interchain 

transport and increased the transfer rate.
42

 Moreover, the substrate would can also 

provide an additional relaxation channel for the supported samples compared to the 

suspended one.
43

 GO sheets are in close contact each other in GO films unlike in GO 

solution. So there will be strong electronic coupling between the nearby GO sheets, 

which causes the faster relaxation due to inter-sheet electron transfer after photo 

excitation.  

It should be also noticed that unlike GO in water, the carrier relaxation time 

constants of GO films are probe wavelength dependent and the relaxation becomes 
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faster with the decrease of probe wavelength (Figure 4.3b&c). When the transient 

absorption was probed at shorter wavelength (550 nm), the  becomes positive at 

time delays beyond around 10 ps and then decays slowly to zero. The positive 

could be due to the delayed emission arises from the recombination of 

charge-separated pairs into neutral excitons in GO sheets. Similar behavior has been 

previously observed in semiconductor polyfluorene system.
44

 In this case, the probe 

wavelength relaxation dynamics can be fitted with four-exponential decays and the 

fitted parameters are summarized in Table 4-1. 

Table 4-1: Lifetimes of the transient absorption signal of GO films at different probe 

wavelengths under excitation at 400 nm. 

Probe wavelength

(nm)

550nm 600nm 650nm 700nm 750nm 850nm 900nm

A1 -26% -23% -21% -20% -20% -20% -20%

τ1 (ps) 0.28 0.30 0.26 0.30 0.29 0.30 0.30

A2 -65% -61% -61% -60% -60% -60% -60%

τ2 (ps) 2.65 3.89 5.08 6.01 6.88 7.35 8.90

A3 -21% -21% -20% -20% -20% -20% -20%

τ3 (ps) 30 57 120 165 198 291 334

A4 12% 5% 1% - - - -

τ4 (ps) 800 800 800 - - - -
 

Similar to GO solution, the first three time constants of the carrier relaxation in 

GO films correspond to electron-electron scattering, electron-phonon scattering and 

recombination of electron-hole pairs into neutral excitons. The contribution of fourth 

component (τ4) arising from the positive T/T increases with the decrease of probe 

wavelength. The time constant τ4 =800 ps is almost similar to the lifetime of the GO 

fluorescence observed by TCSPC measurement, which further supports the origin of 

the positive T/T signal is due to the delayed emission of GO. The delayed emission 

was only observed at shorter probe wavelengths obviously, where the excited-state 
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absorption decays rapidly and the emission dominated subsequently. But in the case of 

longer probe wavelengths in GO film, the excited-state absorption contribution 

dominates the overall transient signal, so we did not observed the delayed emission just 

as in GO solution, where the excited-state absorption decays slowly. Furthermore, we 

have measured the intensity dependent carrier decay of GO in solution and film at their 

absorption maxima. The peak T/T increases proportionally with the increase of pump 

intensity, which confirms that the change in absorption of the probe is due to 

state-filling effects (Figure 4.4&4.5). 
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Figure 4.4: (a) Carrier relaxation dynamics of GO solution probed at wavelength of 

600 nm upon different pump fluence at 400 nm. The insets show the normalized data. 

(b) The absorption maximum after photo excitation is plotted for various pump 

fluences for GO solution. 
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Figure 4.5: (a) Carrier relaxation dynamics of GO film probed at wavelength of 600 

nm upon different pump fluence at 400 nm. The insets show the normalized data. (b) 

The absorption maximum after photo excitation is plotted for various fluences for GO 

film. 
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These results indicate that the transient absorption spectra and relaxation 

dynamics of both GO in solution and GO in films are completely different from that of 

pristine graphene that have been previously reported.
37

 The transient absorption spectra 

of pure graphene show the transient bleaching (positive ) upon the photo 

excitation.
29, 45

 Pristine graphene is a broadband saturable absorber with very fast decay 

time ranging from 60 fs to 2 ps,
32, 45

 whereas GO is a broadband excited state absorber 

with slow relaxation time. Our results predict that GO is a potential candidate as 

optical limiting material, which would be systematically studied in Chapter 5. 

4.5 Carrier Dynamics of Reduced Graphene Oxide 

The insulating nature of the as-prepared GO limits their applications for the 

fabrication of graphene-based electronic devices. So it needs to convert the as-prepared 

GO into graphene by removing oxygen defects in GO. The reduced GO is not soluble 

in water like graphene, so we have prepared reduced GO films by thermal annealing of 

GO films and their ultrafast dynamics behaviors have been studied. The thermal 

reduction of GO films was carried out by annealing the GO films at 1000
o
C. The 

prepared and reduced GO films were characterized by UV-visible transmittance and 

Raman spectroscopy measurements, as shown in Figure 4.6.  
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Figure 4.6: (a) Transmittance spectra of the as-prepared GO and reduced GO (rGO) 

films. The inset shows the sample colors with a white background. (b) Raman spectra 

of as-prepared and reduced GO films. 

Figure 4.6a shows the comparison of the transmittance spectra of GO and reduced 

GO film. The transmittance of the GO film is about 80-85% in the visible to infrared 

range, and decreases to around 40% when GO film was converted to reduced GO film. 

The decrease of the transmittance over broad range of wavelengths is due to the 

restoration of sp
2
 conjugated network by deoxygenation of GO upon reduction. The 

photographs of the GO and reduced GO films with a white background are shown in 

the inset of Figure 4.6a. The light yellow color of the thin GO film changes to black 

color upon thermal reduction of GO. 

The Raman spectra of the as-prepared GO and reduced GO are shown in Figure 

4.6b. The Raman spectra of GO displayed two peaks at 1354 cm
-1

 and 1595 cm
-1

, 

corresponding to D and G-bands, respectively. The G-band is attributed to an E2g 

phonon mode of sp
2
 bonded carbon atoms and the D-band is related to the local defects 

and disordered graphite.
18, 20

 These two peaks were slightly red shifted to 1358 cm
-1

and 

1598 cm
-1 

and become broader for reduced GO. The ratios of the intensities of the D 
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and G-bands (ID/IG) are usually indicates the quality of the graphitic structures and this 

ratio approaches zero for highly ordered pyrolitic graphite. Here the ratios obtained for 

GO and reduced GO are 0.73 and 0.62, respectively, which indicates that significant 

reduction of disordered sites upon reduction of GO.
18

 The ultrafast carrier dynamics of 

reduced GO was measured at the similar experimental conditions as GO solution and 

GO films with excitation fluence of 27 µJcm
-2 

at 400 nm.  
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Figure 4.7: (a) Transient absorption spectra of reduced GO film at different time 

delays upon excitation at 400 nm. (b) Carrier relaxation dynamics of reduced GO 

probed at different wavelengths upon excitation at 400 nm. The solid lines are the 

analytical fits to the data using exponentials with two time constants: 1 and 2. (c) 

Probe wavelength dependent time constant (2) for carrier relaxation processes of 

reduced GO film (d) Schematic band structure of reduced GO showing intrinsic 

population near the Dirac point and its carrier relaxation via electron-electron 

scattering (1) and electron-phonon scattering (2).  

Figure 4.7a&b shows the transient absorption spectra at different time delays and 

probe wavelength dependent ultrafast relaxation dynamics of reduced GO film, 

respectively. Obviously, the transient signal of reduced GO indicates an instantaneous 
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increase of transmittance in the visible range with the photo-excitation at 400 nm 

(positive ). The profile of the transient absorption spectrum of reduced GO film 

with transient differential transmittance maximum at 650 nm, is quite similar to that of 

GO film. However, the sign of the transient signal ( is opposite to that of GO film. 

Moreover, the transient absorption of reduced GO decays very rapidly (~0.8-3.8 ps) 

compared to that of GO film (~30-300 ps). 

The sign of the transient absorption and the decay times of reduced GO are quite 

similar to that of pristine graphene.
5
 GO is a large band gap insulator type material, but 

the band gap can be significantly reduced by converting GO into reduced GO. The 

band gap of reduced GO depends on the efficiency of reduction process. Here in the 

present study, thermal reduction in vacuum at 1000
o
C for half an hour is efficient 

enough to convert GO into highly reduced GO, so the band gap of reduced GO can be 

very small and readily absorb almost all photons at any wavelength like pristine 

graphene (Figure 4.7d). Due to the Pauli blocking principle, the carriers generated by 

strong incident intensities quickly fill the valence bands, preventing further excitation 

of electrons at valance band and allowing photons transmitted absence of loss, which 

induced the observed broadband bleaching signal in the transient absorption spectra.
45

 

However, we did not expect a peak in the transient absorption of reduced GO, which 

has not been observed in pristine graphene.
46

 The peak in the transient absorption 

spectra of reduced GO could arise from the contribution of ultrafast emission from the 

residual quasi-molecular fluorophores present in the reduced GO sheets. The fact is 
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that, GO cannot be completely converted into perfect graphene by reduction methods 

and there are always defects present in the reduced GO and these are responsible for 

the weak PL. Previously, Lui et al. 
47

 reported ultrafast visible PL from graphene under 

ultrafast laser excitation. However, further experiments such as time-resolved PL using 

fluorescence up-conversion technique are needed to understand the ultrafast PL 

contribution to the transient signal. Recently, it has been demonstrated that graphene 

and their composites can be use for mode-locking of ultrashort lasers in the infrared 

region.
45, 48, 49

 The transient absorption spectrum of reduced GO suggests that these 

materials can serve as a broadband saturable absorber ranging from visible to infrared. 

Table 4-2: Lifetimes of the transient absorption signal of reduced GO film at different 

probe wavelengths under excitation at 400 nm. 

Probe wavelength

(nm)

τ1 (ps) error τ2 (ps) error

550 0.09 0.01 0.83 0.11

600 0.15 0.01 1.58 0.36

650 0.19 0.01 2.09 0.51

700 0.18 0.01 3.03 0.49

750 0.19 0.01 3.43 0.42

900 0.16 0.02 3.80 1.47

 

 Figure 4.7b shows the probe wavelength dependent carrier dynamics of reduced 

GO. It is obviously that the carrier relaxation decays are significantly faster compared 

to that of GO solution and film. The carrier decay can be well fitted using deconvoluted 

bi-exponential decays with time constants 1=0.09-0.17 ps and 2=0.8-3.8 ps. The time 

constants (1 & 2) at different probe wavelengths are tabulated in the Table 4-2. 

These time constants (1 and1) are consistent with the previously reported 
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excited state dynamics of near infrared excited graphene samples.
5, 33, 35

 The fast 

relaxation time 1 and the slow relaxation time 2 have been assigned to the 

electron-electron scattering and the electron-phonon intraband scattering, 

respectively.
5
 Electron-hole recombination could also contribute to the slow decay time. 

The time constants τ2 of reduced GO film at different probe wavelength have 

summarized in Figure 4.7c. The slower recombination time τ2 shows a clear 

increasing tendency as the probe wavelength down from 550 nm to 900 nm. The probe 

wavelength dependent decay is analogous to the cooling of quasi-equilibrium in 

semiconductors, where the electrons in the low energy level stays longer compared to 

these in the higher energy level.  
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Figure 4.8: (a) Carrier relaxation dynamics of reduced GO film probed at wavelength 

of 650 nm upon different pump fluence at 400 nm. The insets show the normalized 

data. (b) The absorption maximum after photo-excitation is plotted for various pump 

fluences for reduced GO film. 

The pump power dependence of the transmittance change at the probe wavelength 

650nm for reduced GO film is shown in Figure 4.8 and the normalized data shows that 

the relaxation time is independent of excitation density. As depicted in Figure 4.8, the 

differential transmittance is proportional to the pump power, which confirms that the 
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band-filling effects in reduced GO films. These results suggest that the decay dynamics 

of reduced GO films are very similar to that of pristine graphene,
5, 47

 but fundamentally 

different from GO solution and film. The present comparative study is useful to 

understand the ultrafast relaxation properties of GO and reduced GO, which is 

important for development of GO-based low-cost optoelectronic devices. 

4.6 Conclusion 

Broadband ultrafast dynamics of as-prepared and reduced GO have been 

comparatively studied via femtosecond transient absorption and pump-probe 

spectroscopy. Transient absorption spectra of GO in solution or film exhibited broad 

excited-state absorption spanning from visible to infrared, which is due to the 

localized states arising from the small size of quasi-molecular sp
2
 clusters in GO 

sheets. The carrier relaxation dynamics of GO in solution was found to be independent 

of probe wavelength. However, the carrier relaxation becomes faster and probe 

wavelength dependent in GO films. The relaxation rate increased as the probe 

wavelength blue shifts, and the delayed emission was observed at the short probe 

wavelength around 550 nm after 10 ps of delay time. The aggregation of 

quasi-molecular sp
2
 clusters present in GO sheets is responsible for the faster 

relaxation in GO films compared to that of GO in solution. The transient absorption 

spectra of GO switched over from excited-state absorption to saturable absorption 

when GO was converted to reduced GO by thermal annealing. Carrier relaxation of 

photo-excited reduced GO film was found to be significantly faster compared to that of 



109 

 

GO and quite similar to that of pristine graphene. These results indicate that GO 

solution and films can be used as broadband optical limiting materials, whereas 

reduced GO can be used as broadband saturable absorber.  
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Chapter 5. Graphene Oxides as Tunable 

Broadband Nonlinear Optical Materials for 

Femtosecond Laser Pulses 

5.1 Introduction 

Since its invention in 1960,
1
 laser has been widely used in many fields including 

electronics, medicine, information technology, entertainment, industries and military.
2
 

There is significant interest in developing nonlinear optical materials (optical limiting 

materials and saturable absorbers) to modulate the light intensity. Optical limiting 

materials display a decreased transmittance at higher input laser intensity, which can be 

utilized to protect eyes and sensitive instruments from laser induced damage.
3
 In 

contrast, saturable absorbers display an increased transmittance at very high input laser 

intensity, which are useful for pulse compression, mode locking and Q-switching.
4
  

In the past decade, significant efforts have been devoted to developing ideal 

broadband optical limiting materials.
5-8

 Strong optical limiting activity has been 

observed in carbon based materials such as carbon nanotubes,
9
 fullerenes

2
 and carbon 

black suspensions,
2
 and metal nanoparticles such as gold and silver.

6, 10, 11
 These 

materials usually show saturable absorption at low input intensities and exhibit optical 

limiting activity at very high input intensities. The primary contribution to the optical 

limiting effect is nonlinear scattering, which is due to formation of solvent 

micro-bubbles at high excitation intensities as a consequence of energy transfer from 
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the dispersed material to the solvent. Optical limiting materials for ultrashort 

(femtosecond or picosecond) laser pulses are less common than those for nanosecond 

laser pulses because nonlinear scattering for ultrashort laser pulses are usually much 

weaker than that for nanosecond laser pulses due to slow formation of micro-bubbles.
7, 

12
 Thin film materials usually show worse optical limiting performance than solution 

materials due to lack of solvent to form micro-bubbles as scattering centers. An 

essential requirement for effective thin film optical limiting materials is strong 

nonlinear absorption such as multiphoton absorption and excited state absorption.
13

 

-conjugated organic molecules such as porphyrins,
14

 phthalocyanines
14

 and other 

large aromatic molecules are known to exhibit optical limiting activity to femtosecond 

laser pulses due to strong multiphoton absorption or excited state absorption. However, 

thin films of these materials only exhibit femtosecond optical limiting activity over a 

very narrow wavelength range. Very recently, several research groups reported strong 

broadband optical limiting properties in graphene,
7
 GO,

5, 15
 and GO-polymer 

composite
16

 in solutions  for nanosecond laser pulses. They attributed the optical 

limiting effects to nonlinear scattering. 

GO sheets contain a mixture of electronically conducting sp
2
 and insulating sp

3
 

carbon domains. Their electronic properties could be tuned by controlling the ratio of 

sp
2
/sp

3
 carbon domains,

17, 18
 which might have interesting implications on their 

nonlinear optical properties. The sp
2
 domains in GO resemble -conjugated organic 

molecules with strong nonlinear optical properties, which motivated us to investigate 
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the nonlinear optical properties of GO. The investigation of femtosecond nonlinear 

optical properties of GO is vital for development of future graphene based ultrafast 

optoelectronic applications. 

In this work, we studied exceptional broadband nonlinear optical properties of GO 

and partially reduced GO thin films for femtosecond laser pulses. The as-prepared GO 

films displayed exceptional optical limiting effects to femtosecond laser pulses at both 

400 and 800 nm, with a huge effective two-photon absorption coefficient of ~41000 

cmGW
-1

 at 400 nm, effective two- and three-photon absorption coefficients at 800 nm 

of ~31 cmGW
-1

 and ~0.47 cm
3
GW

-2
 respectively. Most interestingly, their optical 

limiting performances were found to be significantly enhanced upon partial reduction 

of GO. The partially reduced GO could be prepared by laser induced reduction or 

chemical reduction by exposure to the hydrazine vapour. The laser induced reduction 

of GO could result in enhancement of effective two-photon absorption coefficient at 

400 nm by up to ~19 times, effective two- and three-photon absorption coefficients at 

800 nm by ~12 and ~14.5 times respectively. The optical limiting thresholds of a 380 

nm-thick, partially reduced GO film for femtosecond laser pulses at 800 and 400 nm 

were found to be as low as 37 mJcm
-2

 and 0.12 mJcm
-2

 respectively, which are much 

lower than those of various previously reported materials.
5, 6, 19, 20

 The limiting 

threshold of these films could be further reduced by increasing the film thickness.  The 

chemically reduced GO film displayed complicated nonlinear optical properties. 

Slightly reduced GO films displayed enhanced nonlinear absorption, while highly 
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reduced GO films displayed saturable absorption. These GO films can be deposited 

onto a plastic substrate to fabricate flexible broadband optical limiters with excellent 

performance to femtosecond laser pulses. 

5.2 Experimental Section 

Preparation of Graphene Oxide (GO):  

GO was prepared from graphite via a modified Hummers and Offeman method.
21

  

1.5 g graphite flakes (Asbury Carbons Ltd.) and 1.0 g NaNO3 were placed in a 500 mL 

round bottom flask. 45 mL of concentrated H2SO4 was subsequently added into the 

flask. The mixture was stirred overnight at room temperature. 6.0 g KMnO4 was then 

slowly added into the mixture in an ice bath to avoid rapid heat evaluation. The flask 

was shifted to an oil bath after 4 hrs and the reaction mixture was stirred at 35 °C for 

another 2 hrs. The temperature was slowly increased to 60 °C and stirred for 4 hrs. 

Finally, the reaction mixture was added into 40 mL of water and stirred at 90 °C for 5 

hrs. The reaction was ended by adding 10 mL of 30% H2O2, which resulted in a change 

of color from yellow to brown. The warm solution was then filtered and washed with 5% 

HCl and water. The obtained solid was dissolved in water and sonicated to exfoliate 

oxidized graphene. The oxidized graphene was centrifuged at 1000 rpm for 2 min. 

After removing all visible graphite particles, it was again centrifuged at 15,000 rpm for 

2 hrs. This washing procedure was repeated until the pH became 4-5. For complete 

oxidation, the above dried GO was further treated with 70% HNO3 (10 mL of 
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HNO3/100 mg of GO). The mixture was sonicated for 8 hrs at 60 °C and the sediment 

was dispersed in water. The obtained GO was purified by washing multiple times with 

ethanol and water, and then completely dried using a rotary evaporator. The dried GO 

was finally dispersed in water for further characterization. The GO in water was 

spin-coated onto a silica substrate for AFM measurements.   

Preparation of GO films:  

The prepared graphene oxide sheets were dissolved in water with a concentration 

of 5 mg·mL
-1

 by ultrasonication. GO films were prepared by spin-coating the graphene 

oxide solution onto clean oxygen plasma treated glass slides and an oxygen plasma 

treated plastic sheet at a speed of 1000 rpm. The spin-coating was repeated for different 

number of times on each glass slide to control the thickness. The film was dried at 

70 °C after each layer of spin-coating. The thicknesses of the films were measured by 

Profilometer (KLA Tencor). 

Open-aperture femtosecond Z-scan technique: 

Nonlinear optical properties of these GO films were characterized by using an 

open-aperture femtosecond Z-scan technique. The Z-scan measurements were 

performed by using a mode-locked Ti:sapphire oscillator seeded regenerative amplifier, 

which gives output laser pulses with a central wavelength of 800 nm, pulse duration of 

~100 fs and repetition rate of 1 kHz. The laser beam was focused onto the sample with 

a beam waist of ~20 μm. The transmittance of the GO films was measured as a function 
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of input fluence, which was varied by moving the samples in and out of beam focus 

along the z-axis. Z-scan measurements have also been performed by using laser pulses 

of 400 nm, which were generated by frequency-doubling the 800 nm beam. 

Experimental setup for laser induced reduction of graphene oxide films 

Laser irradiation on GO film was performed using the same experimental setup 

for the Z-scan measurements, as shown in Figure 5.1. GO film was moved 35 mm 

away from the focus point (Z=0) and was then irradiated with 400 nm (fluence of 8 

mJcm
-2 

) or 800 nm (fluence of 80 mJcm
-2

) femtosecond laser pulses for different 

periods of time. The Z-scan measurements were subsequently performed on the 

irradiated area at much lower excitation intensities. 

GO sheet

D1

D2

BS

 

Figure 5.1: Experimental setup for laser induced reduction of GO film. D1 and D2: 

photodiodes. 

Absorption spectra of GO before and after laser irradiation: 

The experimental setup for measuring absorption spectra of laser reduced GO 

using white light continuum is shown in Figure 5.2. The 400 nm and white light laser 

beams overlapped at the same spot on the GO film, while the white light beam has a 

smaller beam size than that of the 400 nm beam. The transmittance spectra of the 
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sample were measured by using the white light before and after irradiation of the 400 

nm beam for 10 min at fluence of 8 mJcm
-2

. The absorption spectra were obtained by 

normalizing the obtained transmittance spectra with respect to the transmittance 

spectra of a glass slide.  

White light 

continuum

D
e
te

c
to

r

 

Figure 5.2: Experimental setup for the measuring absorption spectra of laser reduced 

GO films.  

5.3 Characterizations of Graphene Oxide Films 
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Figure 5.3: (a) UV-Vis absorption spectrum of GO in water and (b) the AFM image of 

the as-prepared GO. 

The as-prepared GO sheets were dispersed in water to a concentration of 5 

mg·mL
-1

. The AFM images (Figure 5.3b) showed that the obtained GO sheets are 

mostly single layer with some a few-layer GO with sizes ranging from 300 nm to a few 

m. The UV-Vis absorption spectrum of GO shows an absorption maximum at 223 nm 
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(Figure 5.3a), which is due to the –* transition of C=C band.  

The GO films were prepared by spin-coating the solution onto oxygen plasma 

treated glass slides at a speed of 1000 rpm. Thicker GO films were prepared by 

increasing number of layers. The films were dried at 70 °C after each layer of 

spin-coating. Figure 5.4 shows the transmittance spectra of GO films of different 

thickness on glass substrates (thickness of 32, 73, 100, 140, and 380 nm for Samples 

1-5). These GO films are highly transparent in the near-IR region and the transmittance 

decreased towards shorter wavelengths. The transmittance of these GO films decreases 

with increasing film thickness.  
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Figure 5.4: UV-Vis transmittance spectra and photographs (inset) of GO films of 

different thicknesses on glass substrates (Samples 1-5).   

5.4 Nonlinear Optical Properties of Graphene Oxide Films 

Nonlinear optical properties of these GO films were characterized by using an 

open-aperture femtosecond Z-scan technique. Z-scan measurements have also been 

performed by using laser pulses of 800 nm and 400 nm, respectively. Experiments on 

different samples have been done and the results of Sample 4 were chosen for 
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illustration purpose. 

5.4.1 Z-scan measurements under low excitation fluences 

Figure 5.5 shows the excitation fluence dependent open-aperture Z-scan 

measurement results of a GO film (Sample 4) at 800 and 400 nm, respectively. At the 

lowest excitation fluence at 800 nm, the normalized transmittance was found to 

increase as the sample moved into the beam focus (z = 0), indicating an optically 

induced transparency or saturable absorption behavior. As the excitation fluence 

increased, reverse saturable absorption was observed instead, indicating existence of 

strong nonlinear absorption. When 400 nm laser pulses were used, the GO films 

showed systematical reverse saturable absorption even at very low excitation fluence 

(Figure 5.5b) despite the high linear absorbance at 400 nm (Figure 5.4), indicating 

existence of very strong nonlinear absorption at 400 nm. 
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Figure 5.5: Open aperture Z-scan results of a GO film (Sample 4) at 800 nm (c) and 

400 nm (d) under different input fluences.  

The observed saturable absorption behavior at 800 nm under low excitation 

fluences can be ascribed to ground state bleaching. 800 nm is located at the edge of 

absorption band of GO (Figure 5.4). Ground state bleaching will be caused by 
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increasing pump fluence as the sample moved into the beam focus. When the excitation 

fluence further increases, nonlinear absorption starts to play a dominant role since it is 

more sensitive to excitation fluence. Reverse saturable absorption was observed 

instead at high excitation fluences. There are generally two types of nonlinear 

absorption: excited state absorption and multiphoton absorption, both of which lead to 

a decrease in transmittance with increasing input fluence. Observation of reverse 

saturation absorption at very low excitation fluences (Figure 5.5b) suggests very large 

nonlinearity at 400 nm, which dominates the ground state bleaching at all the excitation 

fluences used here.  

5.4.2 Z-scan theories for characterizing multiphoton process 

When a laser beam propagates in an optically thin sample in which multiphoton 

absorption occurs, the optical intensity inside the sample can be represented by the 

equation 

2

0 n( )
1

n
n

ns

dI I
I

dz I I
 



  


 ,                                        5.1 

where I is the irradiance within the sample and z is the propagation distance, Is is the 

saturable intensity, 0 and n are the linear absorption coefficient and n-photon 

absorption coefficient, respectively. The two- and three-photon absorption coefficients 

( 2  and 3 ) are generally expressed as β and γ respectively. If only one n-photon 

process is considered, the transmitted intensity through the sample can be obtained as
22
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,                                     5.2 

L is the sample length; ( )

0 0{1 exp[ ( 1) ]}/ ( 1)n

effL n L n       is the effective 

sample length related to the n-photon absorption.  For the first-order approximation, 

when ( ) 1 1/( 1)

00[( 1)] ( ) ] 1n n n

n effn L I    , the Z-scan curve of n-photon absorption 

process measuring by Gaussian beam can be expressed by
23

 

1 ( )

03/2

1
( ) 1 ( )n n

nPA n effT z I L
n

    ,                                       5.3 

I00 is the peak, on-axis irradiance at the focal point within the sample, 00
0 2 2

01+z /z

I
I   

is the excitation intensity at position z, 
2

0 0z    is the Rayleigh range, 0 is the 

minimum beam waist at the focal point (z = 0) and λ is the laser free-space wavelength; 

The Z-scan profiles for two-photon (n=2) and three-photon (n=3) processes can be 

expressed as 

(2) 3/2

2 2 0( ) 1 / 2PA effT z I L  , and                                  5.4 

2 (3) 3/2

3 3 0( ) 1 / 3PA effT z I L  .                                      5.5 

Accordingly, a linear fit of ln(1-T) versus ln(I0) is expected to give a slope of 1 for 

two-photon absorption (2PA) and 2 for three-photon absorption (3PA), respectively.  
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Figure 5.6: Plots of ln(1-T) versus ln(I0) (I0: input intensity) at 800 (a) and 400 nm (b). 

As shown in Figure 5.6, the plots of ln(1-T) versus ln(I0) at 400 and 800 nm gave 

slopes of ~0.79 and ~1.75 respectively, indicating co-existence of one- and two-photon 

absorption  processes at 400 nm, and co-existence of two- and three-photon 

absorption at 800 nm.
24

 The Z-scan measurement results at 400 and 800 nm were fitted 

by considering one- and two-photon absorption at 400 nm, and one-, two- and 

three-photon absorption at 800 nm using equations (deduced from equation 5.1):  = 

0/(1 + I/IS) + βeffI and  = 0/(1 + I/IS) + βeffI + effI
2
 respectively, where and 0 are 

total absorption coefficient and linear absorption coefficient respectively, I and IS are 

laser intensity and saturation intensity respectively. As it is difficult to distinguish the 

contributions of excited state absorption and multiphoton absorption using the Z-scan 

technique, the fitting results give effective two- and three-photon absorption 

coefficients (βeff and eff). An average value of ~41000 ± 1000 cmGW
-1

 was obtained 

for effective two-photon absorption coefficient (βeff) at 400 nm. The effective two- and 

three-photon absorption coefficients (βeff and eff) at 800 nm were calculated to be ~31 

± 2 cmGW
-1

 and ~0.47 ± 0.03 cm
3
GW

-2
 respectively. 
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5.4.3 Z-scan measurements under high excitation fluences 
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Figure 5.7: Consecutive Z-scan measurements under high excitation fluences at (a) 

800 nm (fluence of 58 mJcm
-2

 at focal point) and (b) 400 nm (fluence of 4.1 mJcm
-2 

at 

focal point). 

Some asymmetric and non-repeatable Z-scan curves were observed when 

conducting the Z-scan measurements under very high excitation fluences, such as 58 

mJcm
-2 

at 800 nm or 4.1 mJcm
-2

 at 400 nm (Figure 5.7). These results indicated the 

occurrence of laser induced change in the GO films under strong laser illumination. It 

has been previously reported that femtosecond laser irradiation can partially reduce the 

GO.
25

 We also noticed a change of color from yellow to brown in the illuminated area, 

which is consistent with increased extent of conjugation and ratio of sp
2
/sp

3
 carbon 

domains in the GO film after the reduction. 

The absorption of GO was found to increase after 400 nm laser irradiation (Figure 

5.8a), which can be ascribed to the restoration of sp
2
 π-conjugated network upon laser 

induced reduction of GO. Similar spectra change was observed before and after 

illumination of the GO film with strong laser beams at 800 nm.  

Raman spectra changes of the as-prepared GO film upon laser illumination are 

also shown in Figure 5.8b. The two peaks at 1354 and 1595 cm
-1

 correspond to D and 
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G-bands respectively. The G-band is attributed to the E2g phonon mode of sp
2
 bonded 

carbon atoms and the D-band is related to the local defects and disordered graphite. 

The intensity ratio of two bands, ID/IG, for as-prepared GO and laser induced partially 

reduced GO are 0.73 and 0.66 respectively. The decrease in ID/IG is consistent with 

partial reduction of disordered sites upon laser irradiation of GO.      
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Figure 5.8: Absorption spectra (a) and Raman spectra (b) of GO film (Sample 4) 

before and after laser irradiation at 400 nm for 10 min with fluence of 8 mJcm
-2

. 

5.5 Tunable Nonlinear Optical Properties Controlled by Degree 

of Reduction 

The asymmetric shape of the Z-scan curves under very high excitation fluences 

suggested that reduction of GO caused an enhancement in their nonlinear absorption. 

To further confirm and understand the laser induced enhancement of nonlinear optical 

properties of GO, Z-scan measurements were performed on GO films dealt with 

successive laser irradiation and chemical reduction, respectively.  

5.5.1 Laser irradiation reduction 

A small portion of the GO film (Sample 4) was intentionally irradiated with 
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femtosecond laser pulses of high fluences (fluence of 80 mJcm
-2

 at 800 nm and 8 

mJcm
-2 

at 400 nm) for different periods of time. The Z-scan measurements were 

subsequently performed on the irradiated area at much lower excitation fluences (25 

mJcm
-2

 for 800 nm and 0.6 mJcm
-2 

for 400 nm at the focus point) and the results are 

shown in Figure 5.9. It can be clearly seen that exposure to strong femtosecond laser 

pulses resulted in a significant increase in nonlinear absorption of the GO films. The 

nonlinear absorption quickly increased to maximum within a few minutes (~1 min 

under irradiation at 800 nm and ~6 min at 400 nm) and remained nearly unchanged for 

up to 2 hours. The effective two-photon absorption coefficient (βeff) at 400 nm of GO 

increased by ~19 times under strong irradiation at 400 nm.  The effective two- and 

three-photon absorption coefficients (βeff and eff) at 800 nm increased by ~12 and 

~14.5 times respectively after laser irradiation at 800 nm. The observed significantly 

enhanced nonlinear absorption can be ascribed to increased conjugation length and 

formation of more and larger sp
2
 domains in the GO sheet upon laser induced 

reduction. 

Similar laser irradiation treatments have been applied to GO films of different 

thickness (Sample 1-5) and their nonlinear optical properties were then characterized 

by using Z-scan measurements. The GO films were irradiated with strong femtosecond 

laser pulses for 10 min to ensure their nonlinear absorption reaching the maximum. The 

input fluence dependent transmittance at 800 and 400 nm (Figure 5.9c&d) were 

extracted from the Z-scan measurement results. The transmittance of these laser 
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reduced GO films decreased with increasing input fluence, exhibiting promising 

optical limiting activity for femtosecond laser pulses at both 800 and 400 nm.   
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Figure 5.9: (a,b) Open-aperture Z-scan curves of a partially reduced GO film (Sample 

4, film thickness=140 nm) at 800 nm (fluence of 25 mJcm
-2

 at focal point) (a) and 400 

nm(fluence of 0.6 mJcm
-2

 at focal point)  (b) by laser irradiation of different periods 

of time. (Insets: normalized transmittance at the focus (z=0) versus laser illumination 

time) (c,d) Optical limiting response of laser induced partially reduced GO films of 

different thickness to femtosecond laser pulses at 800 nm (c) and 400 nm (d).  

The optical limiting threshold values (F50, defined as the incident fluence at which 

the transmittance falls to 50% of the linear transmittance) for different samples at 800 

and 400 nm are summarized in Table 5-1& 5-2. The F50 values of 77, 57, 46, 42, and 37 

mJcm
-2

 at 800 nm, and 6, 1.4, 0.6, 0.3, and 0.12 mJcm
-2

 at 400 nm were obtained for 

Samples 1-5 respectively. The optical limiting threshold values (F50) at both 800 and 

400 nm decreased with increasing film thickness. The F50 of these partially reduced GO 

films for femtosecond laser pulses are significantly lower than those previously 
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reported metal nanoparticles (26000 mJcm
-2 

at 780 nm)
6
 and conjugated organic 

molecules (117 mJcm
-2

 at 800 nm).
26

 Most importantly, these partially reduced GO 

materials display huge nonlinear absorption at 400 nm with exceptionally low limiting 

thresholds for femtosecond laser pulses at 400 nm. So far there is no report on 

femtosecond optical limiting materials at 400 nm.  

Table 5-1: Linear transmittance (T), effective two-photon absorption coefficients (βeff), 

optical limiting onsets (Fon) and thresholds (F50) of laser reduced GO films at 400 nm. 

Sample
Linear 

Transmittance

Two-photon Absorption 

Coefficient

Optical Limiting 

Onset [b]

Optical Limiting 

Threshold

No. T%
βeff

[cmGW-1]

Fon

[mJcm-2]

F50

[mJcm-2]

1 62 612032 10250 4.8E-03 6

2 45 662627 11272 4.3E-03 1.4

3 32 713692 13225 4.1E-03 0.6

4 23 768000 12253 3.9E-03 0.3

5 2 709385 10337 3.6E-03 0.12

6 [a] 2 672837 13121 3.3E-03 0.11
 

[a] Sample 6 is on plastic substrate with thickness of 400 nm; [b] For direct comparison 

with the literature values, the optical limiting onset (Fon, defined as the incident fluence 

at which optical limiting activity starts) values are also included.  

Table 5-2: Linear transmittance (T), effective two- and three-photon absorption 

coefficients (βeff and γeff), optical limiting onsets (Fon) and thresholds (F50) of laser 

reduced GO films at 800 nm. 

Sample
Linear 

Transmittance
Multi-photon Absorption Coefficient

Optical Limiting 

Onset

Optical Limiting 

Threshold

No. T%
βeff

[cmGW-1]

γeff

[cm3GW-2]

Fon

[mJcm-2]

F50   

[mJcm-2]

1 78 336± 2 5.35± 0.07 6 77

2 77 339± 2 5.75± 0.08 5.4 57

3 76 358± 3 6.06± 0.1 5.2 46

4 75 369± 6 6.8± 0.2 3.6 42

5 66 356± 6 6.28± 0.3 2.4 37

6 64 346± 5 6.10± 0.3 1.5 31
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5.5.2 Chemical reduction 

GO can also be reduced via a chemical method by exposing the film to the 

hydrazine vapors, which can convert the insulating GO to a semi-metal.
17, 18

 This 

method allows to control the extent of reduction and ratio of sp
2 

and sp
3
 carbon 

domains in the GO sheets by controlling exposure time to the hydrazine vapor.
17

 The 

gradual transformation of GO was monitored by the transmittance measurements after 

different periods of exposure time (Figure 5.10a). It can be seen that the transmittance 

gradually decreased with increasing exposure time to hydrazine. The decreasing 

transmittance is due to formation of larger sp
2
 conjugated network upon chemical 

reduction.
17
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Figure 5.10: Linear transmittance (a) and Z-scan measurement results at 800 nm 

(fluence of 25 mJcm
-2

 at focal point) (b) at 400 nm (fluence of 0.6 mJcm
-2

 at focal 

point) (c) of a GO film (Sample 4) upon exposure to hydrazine vapor for different 

periods of time. 

Nonlinear optical properties of the chemically reduced GO film after different 

periods of hydrazine exposure were measured by performing Z-scan measurements at 

800 and 400 nm (Figure 5.10b&c). It can be seen that nonlinear absorption of the GO 

film at both 800 and 400 nm increased significantly upon a short period (10 min) of 

exposure to the hydrazine vapor. The results are consistent with enhanced nonlinear 
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absorption upon laser induced partial reduction of GO. However, this trend is reversed 

after extended exposure of the GO films to the hydrazine vapor. Longer exposure 

(>100 min) to the hydrazine vapor led to a decrease in nonlinear absorption and the 

Z-scan profiles eventually switched to saturable absorption at both 800 and 400 nm. 

5.5.3 Mechanism analysis   

These results indicated that partially reduced GO films act as good optical limiting 

materials while highly reduced GO films are good saturable absorbers. Previous 

studies revealed that GO underwent insulator-semiconductor-semi-metal transition 

depending on the reduction time.
18, 27

 This transition can be explained by the change in 

fraction of sp
2
 domains in the GO sheet. Previously Eda et al.

17
 reported that the blue 

photoluminescence (PL) of GO was enhanced upon partial reduction due to the 

increase of localized sp
2
 domains. The PL signal was quenched upon high reduction of 

GO due to the interconnectivity of the localized sp
2
 domains, which results the increase 

of nonradiative recombination rate.
17

 As-prepared GO sheets contain mostly sp
3
 

domains and less sp
2
 domains (Figure 5.11a). After a short period of exposure to 

hydrazine, the fraction of strongly delocalized semiconducting sp
2
 domains increases 

(Figure 5.11b), which leads to significant increase in nonlinear absorption. Further 

reduction of the GO films leads to formation of larger sp
2
 domains (Figure 5.11c).

17, 18
 

Saturable absorption (due to strong linear absorption) may dominate over nonlinear 

absorption and an overall saturable absorption would be resulted. Nonlinear optical 

properties of GO can thus be controlled by varying the degree of reduction. 
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As-prepared GO Partially reduced-GO Highly reduced-GO
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Figure 5.11: Schematic structures of GO at different stages of reduction: as-prepared 

(a), partially reduced (b) and highly reduced (c). 

There are generally two mechanisms responsible for optical limiting effects: 

nonlinear scattering and nonlinear absorption.
7, 13

 Development of thin film optical 

limiting materials for femtosecond laser pulses with low thresholds is very challenging 

because of lack of contribution from nonlinear scattering. To the best of our knowledge, 

there is no report on femtosecond optical limiting materials at 400 nm so far. Most 

materials generally display saturable absorption in the near UV region. These GO films, 

in particular the partially reduced GO films, display very strong two-photon absorption 

at 400 nm (with huge effective two-photon absorption coefficient of 768000 cm·GW
-1

) 

and strong two- and three-photon absorption at 800 nm, which make them excellent 

candidates for broadband (from UV to near-Infrared) optical limiting materials for 

femtosecond laser pulses.  

5.6 Graphene Oxide on a Flexible Plastic Substrate 

We have also prepared GO films on a plastic substrate by using the spin-coating 

method. The thickness of the GO films is 400 nm. After laser induced partial reduction, 

the film displayed excellent optical limiting effects. The optical limiting threshold is 
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0.11 mJcm
-2 

for 400 nm and 31 mJcm
-2

 for 800 nm(Figure 5.12). 
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Figure 5.12: (a) UV-Vis spectrum of a GO film on a plastic substrate (Sample 6) and its 

optical limiting properties at (b) 800 and (c) 400 nm after laser induced reduction.  

5.7 Conclusion 

We have investigated the broadband nonlinear optical properties of GO thin films 

and their optical limiting activity for femtosecond laser pulses at 800 and 400 nm, 

which could be tuned by the extent of reduction. The as-prepared GO films were found 

to exhibit strong broadband optical limiting behaviors, which were significantly 

enhanced upon partial reduction by using laser irradiation or chemical reduction 

methods. The laser induced reduction of GO could result in enhancement of effective 

two-photon absorption coefficient at 400 nm by up to ~19 times, effective two- and 

three-photon absorption coefficients at 800 nm by ~12 and ~14.5 times respectively. 

Highly reducced GO films prepared by using chemical method displayed strong 

saturable absorption behavior. The optical limiting thresholds of these partially reduced 

GO films are significantly lower than those of previously reported -conjugated 

organic molecules and metal nanoparticles. These thin films could be easily fabricated 

on glass and even plastic substrates by using solution processing methods on a large 

scale. Low cost, easy preparation, and excellent nonlinear optical properties make 
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these GO materials promising candidates for practical applications as broadband 

femtosecond optical limiters or saturable absorbers. 
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Chapter 6. Conclusions and Outlook 

By employing several ultrafast laser spectroscopic techniques, some intriguing 

optical properties of graphene oxide (GO) sheets and gold nanoparticles (Au NPs) 

have been explored in this dissertation, including nonlinear optical properties such as 

nonlinear absorption, two-photon photoluminescence (TPPL) as well as the electronic 

relaxation dynamics. In this final chapter, conclusions will be given by reviewing the 

main results and an outlook on the future work will also be provided. 

6.1 Conclusions 

Gold nanorods (Au NRs) and coupled Au NPs are known to display strong TPPL. 

To figure out the underlying mechanisms, we developed and performed two-pulse 

emission modulation spectroscopy (TPEM) and transient absorption spectroscopy to 

investigate their excitation dynamics.  

The excitation mechanism of TPPL in Au NPs was discussed in Chapter 2. It was 

found that the two-photon excitation of TPPL in Au NRs was not a coherent 

two-photon absorption process via a virtual intermediate state but two sequential 

one-photon absorption steps involving a real intermediate state. This sequential 

absorption mechanism in Au NPs could be confirmed by the apparently different 

TPEM decay profiles between Au NPs and a standard two-photon absorption organic 

dye molecule: Fluorescein, which shares the coherent two-photon absorption 

mechanism. Previous support for the sequential TPA in metal nanoparticles was mainly 
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based on the TPPL excitation polarization dependence. However, this evidence was 

questioned by some other experimental results. In contrast, our results showed that the 

TPEM time constant measured in Au NRs was consistent with the lifetime of 

intermediate state measured from femtosecond pump-probe technique. Therefore, our 

TPEM experimental results provide a more conclusive evidence for the sequential TPA 

mechanism in Au NRs. Furthermore, our results also indicate that plasmon coupling 

between adjacent nanoparticles in coupled Au nanostructures significantly enhance the 

two-photon excitation efficiency by two sequential one-photon absorption steps. As the 

energy and densities of these intermediate states could be tuned by the dimension of 

nanoparticles and inter-particle coupling, their nonlinear plasmonic properties could be 

engineered to cater various applications. Our studies are very helpful for understanding 

the fundamental excitation nature of nonlinear optical properties in various Au 

nanostructures as well as their practical applications in two-photon sensing, imaging, 

phototherapy and optoelectronics.  

To further understand the excitation dynamics of TPPL in Au NRs, the solvent 

dependent TPPL properties of Au NRs were investigated in Chapter 3. The TPPL 

intensities of Au NRs in different organic solvents including DMF, DEG, CH3OH, 

C2H5OH, CH3CN, DMSO and THF were found to be significantly lower than that in 

H2O. The quenching mechanisms were studied by performing the ultrafast 

time-resolved transient absorption and pump-probe measurements. Different from the 

decay behavior of Au NRs in H2O, an additional transient species was observed for Au 
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NRs in organic solvents such as DMF or DEG upon photo-excitation. This additional 

transient species was found to appear on a time scale of tens of picoseconds and 

subsequently to disappear on a time scale of nanoseconds. This intermediate state can 

be ascribed to the charge separated species. The observation of this transient species 

indicates that the observed TPPL quenching in organic solvents is due to electron 

transfer from electron-donating solvents to the excited Au NRs. The charge transfer 

mechanism was further supported by the observation that the TPPL intensity of Au 

NRs in H2O was found to be quenched by nearly 5.0-fold in the presence of S
2-

. These 

findings are of great importance in terms of understanding the carrier dynamics of Au 

NPs. The results also provide valuable insight on the choice of surface conjugated 

surfactants to improve their TPPL efficiency for various biological applications. 

In Chapter 4 & 5, we transferred our research focus to the nonlinear optical 

properties of GO, not only because its two-dimensional structure can act as an 

excellent platform for GO-metal nanocomposites but also its own exciting nonlinear 

optical properties can be tailored by the heterogeneous distribution of sp
2
 and sp

3
 

domains. We performed transient absorption and pump-probe spectroscopy to study 

the broadband ultrafast carrier relaxation dynamics of as-prepared GO and reduced GO 

in Chapter 4. Both GO solution and GO film exhibited strong excited state absorption 

over the broad range of probe wavelengths from visible to infrared, which were 

ascribed to the localized states arising from the small size of sp
2 
cluster isolated by sp

3 

sites in GO sheets. However, the carrier relaxation became faster in GO films 
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compared to GO solution. The aggregation of sp
2
 clusters in GO sheets induced strong 

interlayer coupling is responsible for the faster relaxation in GO films compared to that 

of GO in solution. The transient absorption spectra of GO switched over from 

excited-state absorption to saturable absorption when GO was converted to reduced 

GO reduced by thermal annealing. Carrier relaxation of photo-excited reduced GO 

film was found to be significantly faster compared to that of GO and quite similar to 

that of pristine graphene. These results unveil that GO films should be good potential 

candidates for broadband optical limiting materials, whereas reduced GO can be used 

as broadband saturable absorber.  

Inspirited by the above results, we further investigated the nonlinear optical 

properties of GO and reduced GO thin films by femtosecond open aperture Z-scan 

measurement in Chapter 5. The as-prepared GO films were found to exhibit strong 

broadband optical limiting behaviors, which were significantly enhanced upon partial 

reduction by using laser irradiation or chemical reduction methods. The laser induced 

reduction of GO could result in huge enhancement of effective two-photon and 

three-photon absorption coefficient at 400 nm and 800 nm respectively. Highly 

reduced GO films prepared by using chemical method displayed strong saturable 

absorption behavior. The optical limiting thresholds of these partially reduced GO 

films are significantly lower than those of previously reported -conjugated organic 

molecules and metal nanoparticles. These thin films could be easily fabricated on glass 

or plastic substrates by using solution processing methods on a large scale. Low cost, 
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easy preparation and excellent nonlinear optical properties make these GO materials 

promising candidates for practical applications.  

6.2 Outlook 

Based on the studies presented in this thesis, some perspectives about the future 

work are highlighted here. One direction is the development of femtosecond laser 

spectroscopic techniques. Ultrafast laser spectroscopic techniques are of great 

importance and indispensable to the study of optical phenomena spanning various 

disciplines from physics, chemistry to material science. With the help of femtosecond 

laser pulses, time resolved spectroscopy can monitor the dynamic processes occur in 

time scale as short as 10
-15 

s. Measurements with different polarization configurations 

can provide even more detailed information about the electron motions such as 

depolarization, spin orientation in anisotropic nanostructures and molecules. However, 

it should be noticed that the techniques employed in this thesis mainly consist of two 

pulses with identical polarization. As most of nanostructures, in particular, noble 

metal nanoparticles prepared by wet-chemical methods, are impossible to be isotropic 

structures, it would be more promising to develop some novel spectroscopic 

techniques with various excitation and emission polarization configurations to study 

their anisotropic nonlinear optical properties as well as the underlying carrier 

relaxation dynamics. 

We should also point out that most of the results presented in this thesis were 
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achieved by the large-scale ensemble measurements. Due to the free rotation of Au 

nanoparticles in solution, the orientations of the nanoparticles could not be resolved in 

ensemble measurements. However, some optical properties are very sensitive to the 

orientation, such as the polarization dependent behaviors of anisotropic nanoparticles. 

These studies are very challenging and difficult in ensemble measurements. Recently, 

some novel techniques such as dark-field scattering as well as the fluorescence 

microcopy have been developed and utilized to study the optical properties of metal 

nanoparticles at single particle level. Single particle measurements effectively avoid 

the free rotation of nanoparticles in suspension and allow the detailed studies on 

nanoparticles with fixed orientation and well-known morphology. Single particle study 

has attracted increasing attention in metal nanoparticles research area. Therefore, 

nonlinear optical study at single particle level would pave the way for us to achieve a 

more comprehensive understanding of the intrinsic properties of nanoparticles in the 

future.  

Besides the experimental improvements, a comprehensive study on the GO and 

metal nanocomposites would also be desirable. As GO is an excellent platform for 

noble metal nanoparticles, the interaction between GO and metal nanoparticles might 

be expected to give exciting nonlinear optical properties in GO-metal nanocomposites. 

The enhanced TPPL properties as well as the synergic nonlinear absorption effects of 

GO-metal nanocomposites have been observed in our group. The ultrafast dynamics 

studies on these materials should also be beneficial for a better understanding of these 
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effects and exploring the various kinds of applications from optoelectronics to 

bio-engineering based on GO and noble metal nanocomposites.   
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