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Abstract 

Nanoparticles are synthetic structures with dimension from 1 to 100 nanometers and are 
various in types. Some favorable properties peculiar to the nanoparticles (generally owing to 
size effects) make them prevailing and beneficial for applications in different scientific and 
engineering fields. A large portion of these properties find their connection to optics and 
photonics. In the context of optics, the thesis is devoted to study of two specific categories of 
nanoparticles, gold nanoparticles and CdSe-CdS core-shell quantum dots, aiming at 
investigating the influence and potential of the particles in applications of lasing and medical 
diagnosis/treatment. 

Gold nanoparticles have been widely exploited in radiative decay engineering to achieve 
fluorescence enhancement or quenching of fluorophores, with the help of a localized surface 
plasmon resonance band in visible range. As the technique is recently introduced to lasing 
applications, the influence of the gold nanoparticles on the photostability of the gain medium 
needs more attention. In this work, the effect of size and concentration of gold nanoparticles 
on altering the photostability of aqueous solution of Rhodamine 6G in lasing process is 
demonstrated and analyzed. Energy transfer and nanoparticle induced heat are found to be 
responsible for the acceleration of photobleaching. It is shown that coating the gold 
nanoparticles with a 15 nm thick silica layer can effectively diminish the photostability 
degradation of the gain medium. 

Gold nanorods are popular for in vivo diagnostic and therapeutic applications due to their 
strong absorption of near-infrared light. A novel type of multimodal nanoparticles based on 
gold nanorods is synthesized here and optically characterized. The coating of silica and 
gadolinium oxide carbonate hydrate renders the nanoparticles superior performance as 
MRI/CT contrast agents than commercially available products. Meanwhile, the precise 
temperature control of bio-tissues using the particles under laser irradiation makes them 
promising for photothermal treatment of cancer cells. 

The thesis also addresses several open questions with respect to CdSe-CdS core-shell 
quantum dots. A numerical model is built to study the spatial separation of electrons and 
holes in the dots with different core/shell sizes. QDs in different geometrical shapes are 
investigated. It is found that the spherical core-shell QDs can be flexibly tuned between the 
type-I and the type-II regime by varying the dimensions of the core and the shell. The feature 
is confirmed by time-resolved photoluminescence measurements, in which the carrier 
recombinations from different spatial paths can be distinguished. A sign of amplified 
spontaneous emission is observed with spherical dots of an appropriate combination of core 
radius and shell thickness, indicating the potential of the QDs for lasing applications. 
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Chapter 1 
 
Introduction 
 
 
1.1 Background 

The past decades have witnessed the rapid progress and significant advances of nanoparticles 
in scientific research. As a large but specific category of forms of matter, nanoparticles 
bridge the bulk materials with atomic or molecular structures. These man-made tiny particles 
have been to a large extent changing the knowledge and perception of human being to the 
nature in return. Meanwhile, nearly the whole science community, ranging from photonics to 
micro-electronics, from bio-chemistry to medical science, was enlightened and inspired with 
plenty of new ideas for applications which were not feasible before the modern nanoparticles 
emerged.   

A nanoparticle, also named as an ultrafine particle [1, 2], is defined as an artificial object 
with the dimension between 1 and 100 nanometers that behaves as a whole unit in terms of 
its transport and properties. The earlier records of preparation and use of nanoparticles date 
back to the Byzantine Empire 4 century A. D. and Middle Ages Europe [3], when artisans 
created and utilized gold or copper nanoparticles according to empirical knowledge to 
generate coloring and glittering effects on the surface of glass and pottery, or on the church 
windows [4, 5]. The classic paper by M. Faraday in 1857 describing the optical properties of 
nanometer scale metals is considered as the first discussion on the subject in modern 
scientific terms [6]. The theoretical foundation of nanoparticles was laid around fifty years 
later in 1908 by G. Mie with his complete theory of electromagnetic radiation scattering and 
absorption by spherical particles [7]. However, the real boom of the research in this field 
came after the end of 1960s, due to several practical reasons including the development of 
the nanofabrication techniques, the advancement of high-sensitivity optical characterization 
schemes, and the emergence of different numerical simulation algorithms together with the 
improvement of the computer power. Certainly, the demand for devices with compact 
dimension and superior performance for industrial and military applications is also the main 
driving force for the intensive research on this topic. 

The term nanoparticle covers a large scope of different types of nanomaterials. Members 
of this big family present diverse attributes. In size, it goes from around 1 nanometer to 100 
nanometers. In shape, it can be either isotropic like sphere, or anisotropic like rod [8], 
wire [9], cube [10], prim [11, 12], star [13], or even amorphous [14]. In the form of existence, 
it can be colloidal dispersion by sol-gel process, nano-islands on substrate by epitaxy, or 
functional nanostructures made by multi-step nanofabrication. In configuration, it can be 
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homogeneous material throughout the whole structure, or hetero-structured with two 
materials or more. In materials, the nanoparticles can be made of metals, semiconductors, or 
dielectrics. 

One remarkable feature of nanoparticles is the specific size range between 1 and 100 
nanometers, which is far below the wavelength of infra-red and visible light and comparable 
to the ultraviolet one. The sub-wavelength dimension is important and necessary for 
confinement of charges and separation of energy levels, thus imparting to the nanoparticles 
distinctive optical properties that deviate substantially from that of bulk materials. The most 
important ones include the plasmonic effects with metals, the quantum confinement effects 
with semiconductor nanoparticles (quantum dots), and photothermal effects, which make 
nanoparticles a strong candidate for numerous applications within the field of optics and 
related. 

Metals as bulk materials are usually considered as good light reflectors due to the large 
number of mobile electrons. As the size of the metal structures shrinks down to sub-
wavelength range, however, this does not hold any more since the electrons are confined 
within small volume. Instead, plasmonic effects dominate most of the optical properties of 
the nanoparticles under this scenario, and the metal particles show strong absorption of the 
light with specific range of wavelength, related to their size and shape. The plasmonic effects 
include two main ingredients: the surface plasmon polaritons (SPP), that is the charge density 
wave propagation on the interface of metal and dielectric, and the localized surface plasmon 
resonance (LSPR), that is the non-propagating collective oscillation of electrons coupled to 
electromagnetic field. The early development of plasmonics in the last century is marked by 
several milestones including the description of free electron collective oscillation and the 
naming of ‘plasmon’ by D. Pines in 1956 [15], the first experimental demonstration of 
optical excitation of surface plasmons on metal films by Andreas Otto [16] as well as E. 
Kretschmann and H. Raether [17] in 1968, the first description of the optical properties of 
metal nanoparticles in terms of surface plasmons by U. Kreibig and P. Zacharias in 1970 [18], 
the introduction of the term ‘surface plasmon polaritons’ by S. Cunningham et al. in 
1974 [19], and the first observation of the surface enhanced Raman scattering (SERS) by M. 
Fleischmann et al. in 1974 [20].  

   Since 1990s, the research on plasmonics has turned to be more application oriented. 
With the SPP, the concept of plasmonic waveguide by metal nanowire or nanoslit was 
introduced and implemented to realize transmission in sub-wavelength dimensions [21-25], 
even though the performance of plasmonic waveguides is currently restricted by over optical 
losses. The dimensions of the waveguides are usually smaller than the wavelength of the 
light to guide, but still on the order of several hundreds of nanometers. Therefore, they are 
not categorized as nanoparticles in a strict sense. The situation applies for SPP-based 
photodetectors as well [26-29] . On the LSPR side, however, metal nanoparticles (especially 
the colloidal ones) smaller than 100 nanometers find expansive space for applications, with 
outstranding performance. One important application is the radiative decay engineering, in 
which nanoparticles of noble metals (e.g. gold and silver) are introduced to the vicinity of 
fluorophores to modify the fluorescence properties of the latter [30-35]. The modification is 
based on multiple interactions between the nanoparticles and the fluorophores such as 
excitation enhancement, radiative decay rate alteration, energy transfer, etc, leading to 
fluorescence peak shift, fluorescence intensity enhancement and quenching, light emission 
redirection, and other effects. This technique is widely exploited in bio- labeling, imaging, 
and detection [36-41], which are involved in nearly half of all publications on surface 
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plasmons. A more informative discussion on radiative decay engineering is presented in 
Section 2.2.  

Another prevailing application using LSPR of metal nanoparticles (mostly gold 
nanoparticles) is the plasmonic photothermal therapy [41-43]. Metal nanoparticles 
demonstrate high ability to absorb electromagnetic radiation by LSPR and release the energy 
in the form of heat dissipation, resulting local temperature increase. The increased 
temperature can be precisely controlled so that it is high enough to kill the cancer cells but 
still to keep the influence to health tissues within certain safe range. The technique is 
promising for in vivo therapy, provided that one key condition is met: to tune the LSPR band 
so that it is within the near-infrared window in biological tissues (650 nm to 900 nm). 
Spherical gold nanoparticles with absorption peak less than 600 nm can hardly do the job. 
Therefore, gold nanorods are widely employed due to tunable peak absorption from 550 nm 
up to 1 µm depending on the aspect ratio of the rods. Other possible application fields with 
metal nanoparticles include nonlinear optics (nano-antennas and second-harmonic 
generation) [44, 45], near-field scanning optical microscopy (to overcome the diffraction 
limit of light) [46, 47], thermal emitters [48, 49], thermal control in catalysis (another 
application of the photothermal effect) [50, 51], photovoltaics [52, 53], metamaterials [54, 
55], among others. 

Apart from metal nanoparticles, another important sub-category of nanoparticles, the 
quantum dots (usually in semiconductor materials), have also attracted extensive attention 
from the scientific (especially the photonics) community and experienced rapid development 
in the recent years. Compared to the rather long history of metal nanoparticles, the 
emergence of QDs became late in 1980s [56]. The idea behind the employment of QDs is 
based on the concept of quantum confinement (explained in details in Section 2.4) of 
electrons [57, 58]. With the size in all three dimensions in space shrinking down to 
nanometer scale (so called 0D confinement), QDs show discrete energy levels in both 
conduction and valence band, compared to continuous energy band structure with bulk 
materials. Moreover, the alignment of the energy levels can be tuned by altering the size and 
shape of the QDs. These distinct features allow for abundant freedom in tailoring the optical 
properties, e.g. absorption and fluorescence, of quantum dots. Therefore, QDs are widely 
utilized in optical applications such as photodetectors [59, 60], photovoltaics [61, 62], bio- 
labeling and imaging [63-66], and light emitting devices [67].  

Due to the excellent tunability of optical properties and the high resistance to 
photobleaching [64], QDs are also considered as candidate with high potential for optical 
gain media in lasing applications. The research in this direction started with epitaxially 
grown QDs (mostly in group III and group V materials) on solid substrate by chemical vapor 
deposition or molecular beam epitaxy [68-70]. The advantages of these QDs are mainly the 
well developed knowledge of III-V compounds in lasing process and the convenient 
excitation scheme. However, the shortcomings are also obvious: temperature-sensitive lasing 
threshold due to weak quantum confinement, incapability in visible range of the spectrum, 
relatively high fabrication cost, etc. With the progress of the sol-gel technique [71, 72], 
colloidal II-VI QDs are investigated to provide extra options for lasing application [73-75]. 
These dots usually absorb and emit visible light. The preparation process is more convenient 
(room temperature and non-cleanroom environment) and inexpensive. Moreover, the dots 
can be doped into host matrices, e.g. polymers, which are easy and favorable for further 
treatments like deformation or integration. The performance of the colloidal II-VI QDs as 
optical gain media is currently limited by the low quantum yield and short radiative decay 
time of the dots, with which stimulation emission is not easy to be obtained [76]. The idea of 
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core-shell hetero-structure and energy band engineering, for the purpose of electron-hole 
separation, opens the way to solve the problem [75]. The readers are referred to Section 2.4 
and Chapter 6 for more details. 

The family of nanoparticles also contains those made of dielectrics like silicon and silica. 
They find various applications related to optics as well, such as laser beam redirection [77] 
and photostability improvement of dye molecules [78, 79]. However, the discussion on 
dielectrical nanoparticles is beyond the scope of the dissertation, therefore will not be given 
in details here. 

 

1.2 Motivation and overview of the original work 

As aforementioned, nanoparticle is a large research topic, both in the number of materials 
and configurations it covers, and in the functionalities and applications it is providing and 
devoted for. For such an interdisciplinary subject, researchers with different background are 
able to obtain novel knowledge from different points of view and in return contribute to the 
advancement of the subject in their own ways. The author is motivated in this work, from an 
optical viewpoint, for an experiment based investigation on two different types of 
nanoparticles, i.e. colloidal gold nanoparticles (spheres and rods) and CdSe-CdS core-shell 
structured quantum dots, in order to further develop the potential of the particles in lasing 
applications and in medical applications. Issues expected to be studied and addressed to 
certain extent are as followed. 
 

(i) Radiative decay engineering of dye molecules by noble metal nanoparticles is 
intensively investigated. Most of these research works focus on the modification of 
absorption and fluorescence peak and intensity of dye molecules, which is relevant 
for bio- sensing and labeling. For dye molecules as gain media in lasing process, 
however, the photostability of the molecules is as important as the peak and 
intensity of absorption and fluorescence [77, 79, and 80]. A gain medium with high 
fluorescence intensity but poor photostability can hardly be of good value for laser 
systems, since it will render the laser with short operation time and unstable 
performance. Even though noble metal nanoparticles have recently been introduced 
into gain media of lasers [81], the attention paid to the influence of the particles on 
the photostability of the gain media is less than it deserves. Paper I-III present the 
study on the lasing process of aqueous solution of Rhodamine 6G with colloidal 
gold nanoparticles, with the photostability in focus, along with discussion on other 
lasing properties. 
 

(ii) Colloidal gold nanorods are currently commercially available for both medical 
diagnosis and therapy. For diagnosis purpose, they function as contrast agents for 
different imaging techniques such as magnetic resonance imaging (MRI), X-ray 
computed tomography (CT), positron emission tomography (PET), optical imaging, 
etc. For therapeutic applications, they are used to kill the cancer cells by plasmonic 
photothermal effect. It will be substantively beneficial if one single type of gold 
nanorods is able to realize the multi-functions as above. In Paper IV, the idea is 
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attempted by the synthesis and characterization of a design of gold nanorods capped 
with mesoporous silica and gadolinium oxide carbonate. These core-shell structured 
rods demonstrate superior performance to that of commercial MRI and CT contrast 
agents in terms of contrast efficiency. Meanwhile, optical imaging and photothermal 
therapy are on the list of the functions of the nanorods as well. Appropriate 
absorption window and precise control of temperature increase under laser 
excitation is shown. 

 
(iii) Colloidal II-VI core-shell structured quantum dots are considered as candidate 

potentially used as gain media for lasing applications, since they open the way for 
carrier dynamics engineering to achieve electron-hole separation (type-II regime) 
and thus necessarily long radiative decay time for lasing. CdSe-CdS core-shell QDs, 
as one specific type of these dots, can be tuned into either type-I or type-II regime 
by varying the core radius and shell thickness. This is determined by the small (and 
also still debatable) value of the band offset of the conduction band in such a core-
shell structure [82-84]. One numerical model is presented in Paper V to simulate the 
electron-hole distributions for different core/shell dimension combinations, which 
tries to find out the optimum core/shell dimension combination to achieve the least 
spatial overlapping of the carriers. Meanwhile, it is complementary to other 
theoretical models and provides reference for the determination of the conduction 
band offset. Paper VI and VII show experimentally the optical properties 
(absorption, fluorescence and photoluminescence lifetime) of CdSe-CdS core-shell 
QDs with different core/shell sizes and shapes, which reveal the quasi-type II feature 
of the dots.     

 

1.3 Outline of the thesis 

The rest parts of the dissertation are organized as followed. Chapter 2 presents the basic 
principles and optical mechanisms of colloidal gold nanoparticles and II-VI core-shell QDs, 
followed by a description of different characterization techniques and instruments necessary 
for the experimental work in Chapter 3. Chapter 4 shows the results by measuring various 
lasing properties of water solution of Rhodamine 6G and gold nanoparticles of different 
concentrations and coating conditions, with the photostability in focus. Chapter 5 
demonstrates the versatile gold nanorods/mesoporous silica/gadolinium oxide carbonate 
hydrate core-shell nanoparticles with performance as contrast agents (for MRI/CT/optical 
imaging) and in photothermal therapy. Modeling and experimental demonstration of carrier 
dynamics within CdSe-CdS core-shell QDs are shown in Chapter 6. Conclusion and future 
outlook based on the original work are finally given in Chapter 7. 
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Chapter 2 
 
Basic Optical Principles of Nanoparticles 
 
 
2.1 Localized surface plasmon resonance of metal nanoparticles 

The plasmonic effect on metal surface includes two main constituents: surface plasmon 
polaritons (SPP) and the localized surface plasmon resonance (LSPR) [85]. SPP represents 
the charge density wave propagation on the interface of metal and dielectric, while LSPR 
describes the collective oscillation of the conduction electrons in metal nanostructures 
coupled to electromagnetic field. In the case of SPP, energy is confined within the interface 
of the metal and the dielectric and propagating in the other two dimensions (Fig. 2-1(a)). It 
requires necessary phase-matching between the modes from the two sides of the interface. In 
comparison, the condition to generate LSPR is looser, where plasmon resonances can be 
excited by direct light illumination. Due to the size restriction of the nanostructure (or 
nanoparticle), electrons are oscillating collectively against the restoring force of the nuclei, 
along the direction of the electric field of the electromagnetic wave to which they are coupled, 
rendering the nanoparticle a dipole-like oscillation source (Fig. 2-1(b)). The analytical 
description of the LSPR forms the foundation for the optical properties of nanoparticles. 
  

 
 

 

Fig. 2-1. Schematic diagrams illustrating (a) surface plasmon polaritons (SPP) and (b) localized surface 
plasmon resonance (LSPR) (adapted from Ref. [86]). 

To determine the potential inside and around the nanoparticles, the simplest situation, i.e. 
a homogeneous nanosphere of <100 nm size under the excitation of visible or near-infrared 
light, is considered (Fig. 2-2). Because the dimension of the nanosphere is much smaller than 
the wavelength of the light, the electric field throughout the sphere and nearby can be 
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approximated as constant. With such a quasi-static approximation, the general solution to the 
Laplace equation  is in the form of 2 0∇ Φ = [87]  

 ( 1)

0
( , ) [ ] (cos ),l l

l l l
l

r A r B r Pθ θ
∞

− +

=

Φ = +∑  (2.1) 

where θ  is as shown in Fig. 2-2, and (cos )lP θ  represents the lth order of the Legendre 
Polynomials [87]. Applying the condition of finite potentials at the origin, one gets                                                                

 
0
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0
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=
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where ( , )in r θΦ  and ( , )out r θΦ  are potential inside and outside the nanosphere, respectively. 
By applying the boundary conditions at the sphere surface and infinitely far away, lA , , 
and  C  can be determined. The potentials can be re-written as  

lB

l

 0
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( ) 2
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 3
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−
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+
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On the right hand side of (2.3b), the first term represents the electric field of the excitation, 
while the second term represents a dipole at the center of the nanoparticle, which is the result 
of the electron oscillation inside the nanoparticle. Write the second term in the form of

3
04 brπε ε
⋅p r , where  

 3
0

( )4
( ) 2

b
b

b

a 0Eε ω επε ε
ε ω ε

−
=

+
p . (2.4) 

Then the polarizability α can be found as  

 3 ( )( ) 4
( ) 2

b

b

a ε ω εα ω π
ε ω ε

−
=

+
, (2.5) 

by the relation 0 ( )bε ε α ω= 0P E . It can be seen that for the minimum value of ( ) 2 bε ω ε+ , 
there is an enhanced resonance forα . For small or slowly-varying Im[ ( )]ε ω  which is the 
case for noble metal with visible light, this can be achieved by 

 Re[ ( )] 2 bε ω ε= − . (2.6) 

According to the Drude model [88, 89], (2.6) is equivalent to  

 1/2(1 2 )
p

sp
b

ω
ω

ε
=

+
, (2.7) 
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where  is the bulk plasma frequency of the metal and  is the surface plasmon 
resonance frequency of the nanosphere. Equations (2.6) and (2.7) represent the resonance 
condition (the Fröhlich condition) of the metal sphere, together with other equations above 
forming the mathematical description of LSPR and its frequency-sensitive feature. As a 
further step, the electric field inside the nanosphere and nearby can be derived 
from (2.3) as  

pω spω

= −∇ΦE

 3
2
b

b

ε
ε ε

=
+in 0E E ; (2.8a) 

 3
0

3
4 b rπε ε

⋅
= +out 0

n(n p) - pE E 1 . (2.8b) 

It can be seen that the filed both inside the nanosphere and nearby is enhanced. This property 
provides the prerequisite for most of the LSPR based applications and devices. 
 

 

 

Fig. 2-2. Schematic diagram showing a homogeneous metal nanosphere under light excitation. 

 
 
 

2.2  Nanoparticle-induced heating 

The dipole-like electrons oscillation in LSPR is coupled to electromagnetic field of the 
excitation source, making nanoparticles efficient absorbers to light with specific frequency. 
The energy absorbed by the nanoparticles from the excitation can be further released or 
transferred afterwards. In some cases, the energy is radiatively redistributed to the far field. 
In some other cases, it is also possible for the energy to be released locally as heat dissipation, 
due to the damping of the oscillation. Such nanoparticle-induced heat gives rise to 
temperature increase both within the nanoparticles and nearby. It is termed as the 
photothermal effect of metal nanoparticles.  

Evidence for the photothermal effect is shown in Fig. 2-3, which is comprised of three 
images by different imaging techniques of the same region of a sample on which three 
different types of nanosperes (300-nm-diameter latex, 80-nm-diameter gold, and 10-nm-
diameter gold) are located. In the differential interference contrast image (Fig. 2-3(a)) which 
is not thermal sensitive, the 300-nm spheres are clearly seen, while 80-nm ones are resolved 
marginally. The 10-nm spheres are not resolved due to the diffraction limit. In comparison, 
with a thermal sensitive imaging technique (Fig 2-3(b) and (c)), the latex spheres become 
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invisible at all, while the gold spheres are detectable. With a high excitation power in Fig. 2-
3(c), even the 10-nm ones can be resolved. It is enlightened from the above results that the 
photothermal effects of metal nanoparticles can be employed to image objects that is under 
the diffraction limit of the illuminating light. It is based on the fact that the optical absorption 
of metal nanoparticles decreases slower as the particles size shrinks down (to the third 
power), than that of the scattering does (to the sixth power), resulting in the domination of 
the photothermal effect over the scattering among small particles. Furthermore, metal 
nanoparticles are not photobleached and show no optical saturation with moderate excitation 
power, which make them very attractive for the imaging applications.  

 
 

 
 

 

Fig. 2-3. Images, by non-thermal-sensitive (a) and thermal-sensitive (b) and (c) imaging techniques, of the 
same area of a sample containing three different types of nanospheres (300-nm-diameter latex, 80-nm-
diameter gold, and 10-nm-diameter gold) (reproduced from Ref. [90]). 

Apart from imaging techniques, the photothermal effect also helps metal nanoparticles to 
find applications in medical therapy again cancers. The local temperature increase caused by 
nanoparticle-induced heat has proved to be effective for selective destruction of cancer cells. 
Cancer cells are more sensitive to temperature alteration due to the higher metabolic rates 
they have, compared with normal cells [91]. Therefore, it is possible to control the 
temperature increase quantitatively so that it is enough to kill the cancer cells without 
damaging other normal cells. The precise control of the temperature is one key issue for this 
technique. It also forms one of the subjects for the original work of the thesis. For in vivo 
therapies, gold nanospheres are not competent because of absorption outside the near-
infrared window in biological tissues (650 nm to 900 nm). Instead, gold nanoshells coated on 
dielectric cores [92] and nanorods with high aspect ratio [93] are introduced, utilizing the 
appropriate absorption band of these structures (Fig. 2-4).  

There is a tendency in recent years to combine the high competence of photothermal 
effects of metal nanoparticles in imaging techniques and medical therapy together. On one 
hand, nanoparticles are used as imaging agents for different diagnostic approaches like MRI, 
CT, and Optical imaging. On the other hand, they are functioning as therapeutic tools at the 
same time. The readers find more information about this combined technique in Chapter 5.   
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Fig. 2-4. Absorption spectra of (a) gold nanoshells coated on silica cores with different shell thickness, and 
(b) gold nanorods with different aspect ratios (adapted from Ref. [92]). 

 
 

 
2.3  Interaction between metal nanoparticles and fluorophores 

As earlier discussed, metal nanoparticles are able to considerably magnify the electric field 
both within the particles and confined near the surface, due to LSPR. Therefore, they are 
introduced to the vicinity of fluorophores (e.g. dye molecules, quantum dots, etc) to modify 
optical properties (most importantly the fluorescence rate or fluorescence intensity) of the 
fluorophores; a technique named as radiative decay engineering. The most commonly used 
nanoparticles in this technique is made of noble metals such as gold and silver [94-97], 
because of the appropriate LSPR band in the visible and near-infrared range by these metals. 
The fluorescence intensity of the fluorophores can possibly be either enhanced or quenched, 
determined by a variety of factors like the fluorophore-nanoparticle distance, the size and 
shape of the nanoparticles, the dipole momentum orientation of the fluorophores and the 
nanoparticles, etc. The metal nanoparticles exert the optical properties modification onto the 
fluorophores via three main interactions: the increase in the excitation rate, the modification 
in the radiative decay rate, together with the non-radiative energy transfer [98]. The 
interactions can be expressed with the simplest relation as  

 r
em exc

r nr

γγ γ
γ γ

=
+

, (2.9) 

where , , , and  represents the fluorescence rate, the excitation rate, the radiative 

decay rate, and the non-radiative rate, respectively. The term 

emγ excγ rγ nrγ

r
a

r nr

q γ
γ γ

=
+

 is also called the 

quantum yield of the fluorophores. The first two interactions are likely to enhance the 
fluorescence intensity, while the last one leads to fluorescence quenching. A fourth type of 
interaction, namely the emission redirection, is also discussed elsewhere [99]. It is out of the 
applications covered by the original work of the thesis, thus will not be addressed here. 
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(i) To increase the excitation rate excγ . The excitation rate of a fluorescent molecule is 

proportional to the local excitation field ( excγ ∝ ⋅p E , with prepresenting the 
transition dipole momentum of the molecule). According to (2.8b), the presence of a 
metal nanoparticle gives rise to field enhancement near the surface. Thus it is able to 
increase the excitation rate of a fluorescent molecule in the vicinity of the 
nanoparticle. The red curves in Fig. 2-5(a) show the calculated excitation rate of a 
molecule which is located with distance z to the surface of a single spherical gold 
nanoparticle of diameter d = 80 nm, with respect to that of the same molecule in free 
space (without the nanoparticle). Because the size of the molecule is much smaller 
than d, it is treated as a point light source. It is seen that the enhancement of the 
excitation rate is over one order of magnitude in the very near region to the 
nanoparticle surface, due to the profoundly magnified electric field in this region by 
LSPR. The small discrepancy between the two red curves comes from the different 
methods used for calculation. The dashed curve is obtained with the dipole 
approximation of the gold nanoparticle, while the solid curve is the result of the 
multiple multipole (MMP) method with which higher orders are taken into account 
as well. It is obvious that the solid curve is more accurate than the dashed one. 
However, the difference between the calculations of the excitation rate enhancement 
is negligible, due to the fact that the dipole approximation holds very well under the 
circumstance here. It is recalled from section 2.1 that the dipole approximation is 
valid when two conditions are met: (1) d << λ, and (2) the electric field of the 
excitation source is homogeneous across the nanoparticle. Condition (1) is 
obviously met here, as λ is the wavelength of the excitation in this case. Condition 
(2) is also true, since the distance from the excitation source to the nanoparticle is 
much larger than the dimension of the nanoparticle and the excitation light can be 

 

Fig. 2-5. Calculated (a) excitation rate enhancement, quantum yield, and (b) fluorescence rate modification 
of a fluorescent molecule by a single spherical gold nanoparticle of 80 nm diameter as a function of the 
distance between the molecule and the nanoparticle surface. The solid curves and the dashed curves are 
corresponding to different calculation methods of the multiple multipole (MMP) method and the dipole 
approximation, respectively (reproduced from Ref. [30]).  
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treated as plane wave. Therefore, the dipole approximation is valid for the 
calculation of excγ . 

(ii) To modify the radiative decay rate rγ . According to the Purcell effect [100], the rate 
for spontaneous emission ( rγ ) is not an intrinsic property of a fluorophore. It is also 
affected by the electromagnetic field of the ambient environment. In the current 
scenario, the concentrated light field near the surface of a nanoparticle by LSPR is 
able to alter the radiative decay rate of a fluorophore within this region. It is 
fundamentally a result of the high local density of optical states near the 
nanoparticle surface, which increases the sum of the radiative and non-radiative 
decay rate of the fluorophore. Notably, the increase in the total decay rate does not 
necessarily mean an increase in any of the two parts ( rγ and nrγ ). In some cases, an 
increase in one part combined with a decrease in the other part is also possible. How 
the modification as a sum is allocated into the two parts is determined by the 
distance between the fluorophore and the nanoparticle. When the distance is small 
(less than 10 nm), the increase in the non-radiative decay rate is dominating, by a 
non-radiative transfer of energy from the fluorophore to the nanoparticle, which will 
be discussed later. It is worth noting that the dipole approximation which is suitable 
for the excitation rate enhancement calculation is no longer valid here for 
calculating the modification of the decay rates. This is simply because the distance 
from the nanoparticle to the excitation source (the fluorophore in this case) is 
comparable to the dimension of the nanoparticles so that the second condition for 
the dipole approximation (homogeneous field across the nanoparticle) is violated. 

(iii) Energy transfer. As mentioned above, the increase in the non-radiative decay rate of 
a fluorescent molecule due to the concentrated light field by a metal nanoparticle 
nearby is realized as an energy transfer from the excited molecule to the 
nanoparticle. The energy transfer is non-radiative and competes with other radiative 
transitions. Therefore it is likely to suppress the quantum yield of the fluorescent 
molecule. On the other hand, the rate of the energy transfer is molecule-nanoparticle 
separation dependent. It is found that this is a typical Förster resonance energy 
transfer (FRET) process [101, 102]. The energy transfer rate is inversely 
proportional to the sixth power of the distance between the molecule and the 
nanoparticle, causing a prominent domination of the transfer within the near region 
to the nanoparticle surface (z < 10 nm). The quantum yield modification of the 
fluorophore by the gold nanosphere is shown in Fig. 2-5(a) with the two blue curves. 
It is clear that calculation based on the dipole approximation (the dashed blue curve) 
fails to describe dominating non-radiative decay at short distances due to strong 
energy transfer, while the MMP method gives more accurate result (the solid blue 
curve). The energy transfer near the very surface of the nanosphere can be so 
pronounced that the more than ten times enhancement in the excitation rate is 
cancelled out, resulting in quenching of the fluorescence intensity, as shown in Fig. 
2-5(b). In the same figure, it is once again demonstrated that the dipole 
approximation is not accurate enough by the fact that fluorescence quenching is not 
predicted (the dashed curves). Of practical interests, the energy transfer is possible 
to be suppressed, where it is not favored, by coating insulating materials like silica, 
since the transfer is realized by the form of electronic energy transfer. The coating 
material functions both as an insulating layer to deactivate the transfer process and 
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as a spacer to keep the fluorophore in a ‘safe’ distance away from the nanoparticle. 
However, the energy transfer can be favorable under some circumstances, e.g. for 
imaging techniques with the metal nanoparticles as contrast agents [38], for Raman 
spectroscopy [103], or for photovoltaic applications [104].  

 
 
 

 
Fig. 2-6 shows the comparison of calculated fluorescence rate of the fluorescent molecule 

to that obtained by experimental measurement. It is seen that the calculation result agrees 
well with the experimental data, thus demonstrating the high accuracy of the model 
comprised of the three interactions. In practice, there still exists another type of interaction 
between fluorophores and metal nanoparticles, e.g. the destruction of the fluorophores by the 
heat generated by nanoparticles with photothermal effect. The principle is similar to that of 
nanoparticle-involved photothermal therapy which is discussed in the previous section. The 
destruction is exerted onto the chemical structure of the fluorophores, and is an irreversible 
process in most of the cases. Therefore this type of interaction is not counted for radiative 
decay engineering. Apparently the photothermal effects are not welcomed here for RDE, in 
contrast to the situation for photothermal therapeutic applications. To restrain the effect, 
silica coating can also be applied, due to the high thermal resistance of the material.   

 

Fig. 2-6 Comparison of calculated fluorescence rate of a fluorescent molecule as a function of the distance to 
the surface of an 80 nm-diameter gold nanoparticle (the red curve) with experimental data (the black 
squares) (reproduced from Ref. [30]). 

 
 
 
 

2.4  Carrier dynamics in core-shell quantum dots 

Quantum dots, as another important category of nanoparticles, are usually made of 
semiconductor materials. QDs are commonly used as active light emitting sources, and the 
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idea is based on the quantum confinement effects. In bulk materials, millions of atoms are 
crowding together. Different energy states related to the atoms and the interaction among 
them are so large in number that they form a continuum both in the conduction band and in 
the valence band. When the size of the material shrinks down to hundred nanometers or less, 
however, the continuum of the energy states is split into discrete energy levels. Carriers 
(electrons and holes) are only allowed to stay on such quantized energy levels, and they are 
said to be quantum confined [58]. QDs are nanometer scaled semiconductors where carriers 
are confined in all the three dimensions of space. Usually one quantum dot is a cluster of 
several hundreds of semiconductor atoms. The discretization of the energy levels in QDs 
comes from the limited number of atom in each dot. On the other hand, it can also be 
explained by the ‘particle in a box’ model in quantum mechanics [105, 106]. There is a 
threshold in QDs radii called the exciton Bohr radius, below which quantum effects dominate 
the electronic and optical properties of the QDs. QDs with radii larger than the exciton Bohr 
radius are said in the weak confinement regime, while QDs with radii smaller than the 
threshold are said in the strong confinement regime.  

One important feature of QDs is the size dependent confinement energy [57, 107]. As 
depicted in Fig. 2-7, the energy gap between the two first levels (levels with the lowest 
energy) in conduction band and valence band is the sum of the band gap Eg, the conduction 
band confinement energy Ece, and the valence band confinement energy Ech. Eg is the 
intrinsic property of the material and is fixed, while Ece and Ech are related to the radius a by 
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where  is the reduced Planck constant, and ,  are free electron mass and hole mass, 
respectively. It is seen that the larger the radius, the smaller the confinement energy, and vice 
versa. On the other hand, the photoluminescence (PL) peak of the quantum dots is in most 

em hm

 

 

Fig. 2-7. Schematic diagram illustrating electrons and holes in the conduction band and valence band of 
quantum dots. Eg, Ece, and Ech are band gap, conduction band confinement energy, and valence band 
confinement energy, respectively. 
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cases determined by the energy gap between the two first levels, since most of the carriers 
stay on these two levels. Therefore, the PL peak can be spectrally tuned by altering the size 
of the QDs. Furthermore, high monochromatic light emission can be obtained as long as the 
size distribution is technically restricted to certain level. All these properties make QDs a 
favorable candidate for different optical applications, among which lasing application is the 
one with high potential and expectation.  

Quantum dots can function as excellent gain media for lasing process because of the 
strong resistance to photobleaching and the flexible spectral tunability with size. The 
research on this direction started with epitaxially grown III-V quantum dots. However, these 
QDs show temperature sensitive lasing threshold due to the big size which results in weak 
confinement. Alternatively, the sol-gel process, which was well developed in recent years, 
opens the way to synthesize colloidal II-VI QDs with radii smaller than 10 nm. These dots 
are in the strong confinement regime, with electronic interlevel spacings exceeding hundreds 
of meV which is larger than room temperature carrier energies. Therefore, the lasing 
threshold of them is not sensitive to temperature. 

 
 

 

 

Fig. 2-8. Transition behavior of the two electrons in II-VI nanocrystals, (a) without and (b) with electron-
hole separation. In the latter case, a number of exciton (electron-hole pair) per nanocrystal on average, <N>, 
larger than 2/3 is enough to achieve optical gain (c) (reproduced from Ref. [75]). 

 
Nevertheless, the optical properties with the small colloidal II-VI QDs so far are still not 

sufficient to guarantee competent performance of them as gain media. The intrinsic limitation 
lies in the two-level energy structure (only the lowest levels are considered) of the dots (Fig. 
2-7). This type of structure makes it difficult to achieve population inversion of the carriers, 
which is a necessary condition for optical gain. For II-IV QDs, there are two electrons per 
nanocrystal. If only one of the electrons is excited to the conduction band with the other one 
staying on the ground state, defined as <N> = 1, the photon by stimulated emission of the 
excited electron will be immediately absorbed by the other electron, giving merely optical 
transparency rather than gain (Fig. 2-8(a)). To achieve optical gain, it is necessary that the 
number of excitons (electron-hole pair) per nanocrystal on average, <N>, is larger than one. 
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In another word, at least some of the nanocrystals should have both electrons in the excited 
state, a situation called biexciton. Apparently it requires higher pumping power to get 
biexcitons than single-excitons, namely only one electron is excited. Even worse, the 
confinement-enhanced exciton-exciton interaction in biexcitons results in Auger 
recombination of the excitons which is of high efficiency and non-radiative. The Auger 
recombination competes with radiative decays and gives rise to a fluorescence decay time in 
the scale of picoseconds. Therefore, a very large pump power is required to achieve 
population inversion.  

 In another case, if the electrons and holes can be spatially separated, according to the 
Stark effect, the induced electric field will lift up the excited state with a Stark shift  (Fig. 
2-8(b)). If is no smaller than the transition line width of the excited electron, the re-
absorption by the second electron can be totally avoided, making optical gain with single-
excitons possible. It is not difficult to obtain that the critical value for <N> is reduced to 2/3 
to achieve optical gain in this case (Fig. 2-8(c)). Most importantly, the unfavorable Auger 
recombination is intrinsically eliminated, since there is no biexciton within this scheme. As a 
result, the pumping threshold for lasing is substantially reduced. 

SΔ

SΔ

 
One effective approach to realize electron-hole separation has been suggested and 

implemented by Klimov et al. to have core-shell structured QDs by coating II-VI QDs with 
another type of II-VI semiconductor [75]. With specifically chosen combination of the two 
semiconductors and appropriate core radius and shell thickness, electrons and holes can be 
separately confined in the core (shell) and the shell (core) due to the energy offset in both the 
conduction band and the valence band. One example of this approach is presented in Fig. 2-
9(a). With optimized geometric dimensions, the electrons are confined in the CdS core, while 
the holes are confined in the ZnSe shell. For core-shell quantum dots, the situation in which 
carriers separation is achieved is named as the type-II regime, compared with the type-I 
regime where electrons and holes are both confined in the core or in the shell. It is shown in 
Fig. 2-9(b) how the carrier localization regimes depend on the core radius and shell thickness. 

 

 

Fig. 2-9. (a) Energy band diagram and (b) carriers localization phase diagram of core-shell CdS-ZnSe 
quantum dots (reproduced from Ref. [75]). 
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Note that the definition of the type-I and type-II regimes here is different from that is 
commonly used by chemistry or material science community, with which the sign of the two 
band offsets rather than the carrier localization is taken as the critical parameter for judgment. 
Nevertheless, the definition used here is of more value and importance for the investigation 
on potential of core-shell QDs for lasing application.  

The original work related to core-shell QDs for this thesis is based on another type of 
combination, e.g. CdSe-CdS. The situation for this combination becomes kind of special with 
regards to the conduction band offset. The value of the offset is still under debate, ranging 
from  to  eV 0.3− 0.3+ [82-84], which brings uncertainty to the calculation and analysis. 
However, it still allows us to reveal the strong quasi-type-II feature of the dots, which will be 
presented in details in Chapter 6. 
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Chapter 3 
 
Experimental Methodology 
 
 
Most of the original work of the dissertation is based on optical experiments. The main 
experimental methodology is introduced in this chapter. Absorption and photoluminescence 
(PL) spectra measurements are employed in Paper I-IV, VI, and VII, for the characterization 
of different nanoparticle samples including gold nanoparticles and II-VI core-shell quantum 
dots. Laser irradiation experiments are conducted to measure the temperature increase of 
AuNR@mSiO2@Gd2O(CO3)2·H2O nanoparticles by photothermal effect in Paper IV. Time-
resolved photoluminescence (TRPL) measurement is used to investigate the carrier dynamics 
of Rhodamine 6G/gold nanoparticles assemblies and II-VI core-shell quantum dots in Paper I, 
III, VI, and VII. In Paper I-III, photostability measure is carried out with the help of a 20cm-
long Fabry-Perot cavity to study the output intensity evolvement of Rhodamine 6G/gold 
nanoparticles assemblies due to photobleaching in lasing process. For other experimental 
techniques (e.g. sol-gel, SEM, TEM) which are used to synthesis and morphologically 
characterize the nanoparticles, the readers are referred to elsewhere [108] for more details. 

3.1  Absorption and photoluminescence measurements 

Absorption spectra of all the samples were obtained by using Lambda 750 UV/Vis/NIR 
Spectrophotometer from PerkinElmer, which is capable of the measurement on the 
wavelength range of 190-330 nm. During the experiment, two quartz cuvettes, which contain 
NPs under investigation in dispersion and the control sample, respectively, were placed in the 
light path of dual beams from the same light source in a dark chamber. The absorption 
spectra were acquired by comparing the transmission spectra from the two samples on the 
spectral range of interest.   

Photoluminescence related measurements were carried out with several different 
instruments. Lasing spectra in Paper I-III were recorded by using HR4000 High-Resolution 
Fiber Optic Spectrometer from OceanOptics. Fluorescence from the sample was first 
collected by a collimator, and then sent through optical fiber to the spectrometer. Because the 
captured signal is discrete in pulses, it is integrated over a time span of 100 ms.  In paper IV, 
PL spectra and optical imaging were obtained with L-45 Fluorescence Spectrometer from 
PerkinElmer and IVIS Imaging System from Caliper, respectively. The latter instrument is 
customized for in vivo optical imaging application. For PL measurements based on II-VI 
core-shell quantum dots, a SpectraPro 2500i 0.500 Meter Imaging Triple Grating 
Monochromator/Spectrograph system was employed. In this case, the PL signal from the 
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sample was focused by a cylindrical lens and sent to the input slit of the liquid-nitrogen-
cooled spectrometer.  

3.2  Laser irradiation experiment 

In the laser irradiation experiment, a pulsed laser was used to directly irradiate onto one 
surface of a quartz cuvette containing 1 ml of nanoparticle dispersion. The temperature 
alteration was detected by a copper wire which was connected to a thermometer. Two lasers 
with different wavelengths were used for the measurement. One was a 850-nm near-infrared 
laser with pulse duration of 2.2 ns and repetition rate of 40 Hz, and the other one is a 532-nm 
Nd:YAG laser with pulse duration of 3 ns and repetition rate of 20 Hz. The power densities 
for both lasers were adjusted as 0.8 mW/cm2, along with the area of the irradiation spot on 
the cuvette as 0.25 cm2. The direction of the laser beam is always perpendicular to the 
surface of the cuvette.  

3.3  Time-resolved photoluminescence measurement 

Time-resolved photoluminescence (TRPL) is a powerful technique commonly used to 
investigate the carrier dynamics in fluorophores. With TRPL, a pulsed laser is used to excite 
the sample in order to generate excitons within the sample. The recombination of the 
excitons gives rise to decay in photoluminescence with respect to time, which is observed 
and recorded by a streak camera. Usually the excitation laser has pulse duration that is much 
shorter than the time slot between two adjacent pulses. In this case the excitons can be 
considered as being instantaneously generated at the same moment, t(0), as the pulse arrives, 
and the decay curve as a function of time represents merely the recombination dynamics of 
the sample itself. The technique of TRPL is advantageous in the fact it is contactless and 
non-destructive, which is promising for real-time measurement. 

As part of the TRPL system for this work, a mode-locked Ti:Sapphire laser (Mira 900 
from Coherent) together with double harmonic generation components were employed as the 
excitation source. The laser has a pulse repetition rate of 76 MHz and pulse duration of 150 
fs. The peak wavelength of the laser output is tunable between 700 nm and 980 nm which 
contains smaller energy than the energy gap of the samples. Therefore a lithium triborate 
(LBO) crystal was located right after the laser output with help of several focusing lenses to 
generate the second harmonic coherent beam. The frequency of the beam was doubled and 
the wavelength was reduced to 400 nm, which contains energy large enough for sample 
excitation.  

   The excitation beam was incident onto the sample surface with a tilt angle. The PL from 
the sample was collected by one lens and focused by another lens into the input slit of a 
streak camera which is responsible for time resolving of the carrier recombination. The 
streak camera used here was a Universal Streak Camera C5680 Series from Hamamatsu. The 
time resolution of the camera is 2 ps. The main components and operation principle is 
illustrated in a schematic diagram provided by the manufacturer (Fig. 3-1). The incoming PL 
signal was first distributed in space according to different wavelengths by a grating, which 
generates a spectrograph. The spectrograph was then projected onto the entrance slit. After 
two lenses, it hit a photocathode connected to a mesh plate.  The light signal was converted 
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to electrons 

and then got accelerated by the mesh plate. Two sweep electrodes connected to a excitation- 
pulse-triggered sweep circuit was used to deflects the electrons onto a multi channel plate 
(MCP) along the direction normal to the wavelength axis according to the moment when the 
electrons were generated, thereby providing the time resolution. After number multiplying on 
the MCP, the electrons hit a phosphor screen, re-generating fluorescence. The fluorescence 
was detected by a CCD camera, yielding a 3D image (Fig. 3-2) which contains the 
information of time, wavelength, and photon counts.  

 

Fig. 3-1. Main components and operation principle of the streak camera (reproduced from Ref. [109]). 

 The PL decay rate is the reciprocal of the PL decay time which is defined as the time 
span required for the number of excited states to decay to 1/e of its original value. Since the 
PL decay is comprised of radiative decay (with photon emitted) and non-radiative decay 
(without photon) which are competing with each other, the PL decay rate PLγ is the sum of 
the radiative decay rate rγ and the non-radiative decay rate nrγ . Note that the decay rate 
retrieved from the 3D TRPL image is the total PL decay rate rather than the radiative decay 
rate, even though the image is based on photon counting. This is due to the fact that the 
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wavelength-integrated instantaneous PL intensity at each moment, , is always 
proportional to the total instantaneous electron and hole densities n(t) and p(t) 

( )I t
[110, 111]: 

 

 

Fig. 3-2. A typical TRPL image generated by streak camera. Spectral and temporal information of carrier 
recombination can be obtained along the two axes.  

 ( ) ( ) ( )I t n t p t∝ , (3.1) 

which provides the source for both radiative and non-radiative decay. On the other hand, 
radiative decay rates of different samples can be compared by monitoring the measured PL 
intensity at zero time (the moment when the excitation pulse arrives), , because of the 
extension of the PL quantum yield 

(I t = 0)
[112] 
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where is a factor related to the collection efficiency of the experimental setup. It is clear 
that  

g

 ( 0r gI tγ = = . (3.3) 

This provides the basis for the analysis of the modification of the radiative and non-radiative 
decay rates in Paper I. 

It is also worth noting that in some cases the PL decay turns out to be a multi exponential 
process. Instead of one single exponential decay rate, several different decay rates 
representing different radiative (or non-radiative) decay paths can be obtained by fitting a 
general decay equation 

 1 2
1 2( ) ... ntt t

PL nI t I e I e I e γγ γ −− −= + + + , (3.4) 
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where 1 2, ,..., nγ γ γ are the decay rates and 1 2, ,..., nI I I are PL intensities at zero time 
corresponding to the decay paths. This is found to be the case for the carrier dynamics in 
CdSe-CdS core-shell quantum dots, which will be discussed in Chapter 6. 

3.4  Photostability measurement 

 In the original work of the thesis, the photostability of water solution of Rhodamine 6G with 
gold nanoparticles is specifically regarding to its operation time before being photobleached 
as gain medium in lasing process. This is because the photostability of the gain medium is of 
great importance to achieve superior performance of the laser, and gold nanoparticles are 
expected to be able to influence the photostability of the fluorophores nearby according to 
the prior knowledge. Therefore, a most basic laser system with necessary components was 
built. The water solution under discussion was introduced to the system as the gain medium, 
and the time evolvement of the laser output intensity was measured.  

According to laser principles [113], a laser system includes at least three necessary 
components; the gain medium, the excitation source, and the laser cavity. The gain medium 
contains electrons that can be optically or electrically pumped from the ground state to 
excited states by absorbing energy from external. Part of the electrons on the excited states 
will interact with an incident photon and drop to the ground state. As a result of the transition, 
a photon is released, with exactly the same frequency, phase, polarization, and direction as 
the incident photon. This process is termed as stimulated emission, which forms the basis of 
laser principles. The excitation source is used to provide energy to pump the electrons to 
excited states. It can be electrical pumping using electric current or optical pumping using 
flash lamp or another laser. The objective is to achieve population inversion of the electrons, 
indicating the number of electrons in excited states is more than that in the ground state, 
which is necessary to obtain optical gain (stimulated emission is dominating over absorption) 
in the gain medium. Generally, a pulsed optical pumping source is more capable of bringing 
about population inversion than a counterpart with continuous wave, because the energy is 
confined in short pulse duration which increases the instantaneous power. Finally, an optical 
cavity is need to form a close optical path with which light can pass through the gain medium 
and get amplified for multiple times before emitting out. The laser cavity is also responsible 
for improving the quality of the laser beam by means of defining and selecting both the 
transverse modes and the longitudinal modes.  

In the laser system for this work, the excitation source was a mode-locked Nd:YAG laser 
(the same one as in the laser irradiation experiment). The output wavelength of the Nd:YAG 
laser is around 1064 nm. A nonlinear crystal module for second harmonic generation was 
integrated to the laser head in order to convert the output wavelength to 532 nm which 
matches the absorption peak of Rhodamine 6G and LSPR peak of some of the gold 
nanoparticles. The laser generates pulsed output with pulse duration of 3 ns. The pulse 
repetition rate can be adjusted from 1 to 20 Hz. It is able to provide maximum pulse energy 
as high as 70 mJ, corresponding to maximum average power of 1.4 W. In Paper I, pulse 
energy of 12 mJ and repetition rate of 2 Hz/20 Hz were applied. In Paper II and III, pulse 
energy of 23 mJ was used and the repetition was kept as 20 Hz. 

The laser cavity is made up by a 100% reflection metal mirror and a 70% reflection output 
coupling mirror which are apart from each other in a distance of 20 cm. This is a typical 
scheme of a Fabry-Perot cavity. During each time of measurement, one sample (water 
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solution of Rhodamine 6G and gold nanoparticles) contained in a quartz cuvette in a volume 
of 0.5 ml (Paper I) or 1 ml (Paper II and III) were loaded into the middle of the cavity as the 
gain medium. It was pumped with the excitation beam in a longitudinal way. The 
concentration of Rhodamine 6G was kept constant as 0.2 mM among all the samples, while 
the concentration of the gold nanoparticles was varied. The output beam of the laser cavity 
was collected by a collimator and sent to the spectrometer through optical fiber, as described 
in Section 3.1. The measurement setup is shown in Fig. 3-3 schematically. 

 

Fig. 3-3. Schematic illustration of the setup for photostability measurement. 
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Chapter 4 
 
Gold Nanoparticles for Lasing Applications 
 
 
The technique of radiative decay engineering using gold nanoparticles has been adapted to 
lasing applications. Most of the works of this branch focus on the modification (enhancement 
or quenching) of the lasing output intensity. However, another critical property of lasing 
process, the photostability of the gain medium, deserves more attention. Therefore, it is an 
important subject in the original work of the thesis to investigate how the photostability of 
the gain medium, Rhodamine 6G in particular, in lasing is influenced with the present of gold 
nanoparticles. The main results are shown in this chapter.  

4.1  Nanoparticles with small size 

The work in this part begins with gold nanoparticles of relatively small size. The radius of 
the nanoparticles prepared with a modified Brust method [114] is 2.6 nm in average with 
standard deviation of 0.3 nm (Fig. 4-1(a)). According to the size effects of nanometer sized 
particles, the peak of the LSPR band is blue-shifted as the size of the nanoparticles is 
reduced [115]. Here, the gold nanoparticles present a LSPR peak at 520 nm (Fig. 4-1(b)), 
which is around 10 nm off the absorption peak and 40-50 nm away from the fluorescence 
peak of Rhodamine 6G. The coupling between the plasma resonance of the nanoparticles and 
the absorption/emission of Rhodamine 6G is expected to be weak. Therefore, fluorescence 
quenching is likely to take place rather than fluorescence enhancement.  

Aqueous solution of Rhodamine 6G and gold nanoparticles is a dynamic system, in which 
both the dye molecules and the nanoparticles are changing the position ceaselessly by Brown 
motion along with physical interactions (e.g. collision or electric attraction) between them. 
Because the size of the gold nanoparticles is much larger than that of the dye molecules, a 
number of dye molecules are accumulating on the surface of the nanoparticles, forming a 
coating layer of several tens of nanometers thick. This is especially the case if the 
nanoparticles are negatively charged on surface, since molecules of Rhodamine 6G are 
cationic. The model discussed in Section 2.3 with one metal nanoparticle and one fluorescent 
molecule cannot be used to directly describe the case in practice. This is because dye 
molecules located in the inner and outer part of the coating layer have different values of 
distance to the nanoparticle surface, which may vary the interactions from the nanoparticle 
significantly, especially the energy transfer which is the most distance-sensitive. Practically, 
it can be seen as the superposition of the effects from the nanoparticle to each individual dye 
molecule coated on its surface. Back to the work, two samples with different gold 
nanoparticle concentration were used (0.002 mM, termed as Au = 1%, and 0.2 mM, termed 
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as Au = 100%). Measurement by photon correlation spectroscopy shows that the two 
samples together with the control sample have an averaged hydrodynamic diameter of 172 
nm, 159 nm, and 116 nm for the gold nanoparticles, which demonstrates that the 
accumulation of Rhodamine 6G molecules on nanoparticle surface does happen in the 
samples.  

Fig. 4-1. (a) TEM image and (b) visible band absorption spectrum (normalized) of gold nanoparticles of 2.6 
nm radius in dispersion of CHCl3. 

Due to the presence of the gold nanoparticles, the two samples with dye/gold mixtures 
show appreciably different features than the control sample in lasing process (Fig. 4-2). For 
the control sample with pure dye solution, there is a stable phase of the output intensity for 
the first 60000 pulses, which is followed by a decrease of the output intensity in a linear 
trend until very low level is reached. On the other hand, the Au = 100% sample presents an 
output intensity quenching of around 20% when the lasing is turned on, which shows the 
dominance of the energy transfer and the powerlessness of the LSPR enhancement of the 

Fig. 4-2. Output intensity as a function of the number of pulses for (a) pure dye solution without gold 
nanoparticles, and (b) dye/gold assemblies (Au = 100%). The pump pulse energy is 12 mJ and pulse 
repetition rate is 20 Hz. 
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excitation/emission due to the resonance frequency mismatching as expected. Moreover, the 
output intensity drops almost linearly from the very beginning of the photobleaching process. 
The output intensity touches down to 20% of the original value with less than 22000 pulses, 
which indicates a much higher photobleaching rate compared to that with pure dye solution. 

 

Fig. 4-3. Output intensity as a function of the number of pulses in (a) un-normalized scale, and (b) 
normalized scale for samples with different gold nanoparticle concentrations. The pump pulse energy is 12 
mJ and pulse repetition rate is 2 Hz. 

 

It is evident that the small sized gold nanoparticles bring about degradation of both the 
instantaneous output intensity and the long term photostability to the Rhodamine 6G solution. 
Further investigation finds that the degradation is dependent on the nanoparticle 
concentration. Output intensity evolvement from two samples of different gold nanoparticle 
concentration (in two orders of magnitude) was compared in Fig. 4-3(a). The intensity from 
the higher nanoparticle concentrated sample is lower than the other one during the whole 
process. It is seen from a normalized plot (Fig. 4-3(b)) that the Au = 100% sample 
experiences a more drastic intensity drop than the Au = 1% sample during the first 2000 
pulses. Recall the stable phase of the control sample, it is suggested that the gold 
nanoparticles tend to break the equilibrium in the output intensity of the system and instead 
drive it to another kind of equilibrium on a different level. The higher the nanoparticle 
concentration is, the faster the transition turns to be. The new equilibrium is achieved after 
around 4000 pulses for both samples, when the output intensity for both drops to a same non-
zero level (around 30% of the original value) and the photobleaching rates approximate to 
zero. It is speculated that the dynamic equilibrium between the dye molecules’ acquiring and 
dissipating energy under the influence of the gold nanoparticles has been built up. Therefore, 
the photobleaching process of dye/gold nanoparticle assemblies may be substantially 
different from the intrinsic photobleaching of pure dye in that it is a dynamic process where 
gold nanoparticles attract and release dye molecules simultaneously rather than an 
irreversible process based on destruction of chemical structures. 

Analysis based on carrier dynamic study is a useful tool to get a more profound inspection 
into the quenching and photobleaching mechanisms. In the work of this part, both theoretical 
modeling and experimental investigation are carried out. First, the Gersten-Nitzan model is 
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employed to calculate the radiative decay alteration of the dye molecules with different sized 
gold nanoparticles [116]. The notable model takes into account three major interactions of 
dye molecules with metal nanoparticles, i.e. the excitation rate enhancement, the emission 
rate alteration, and the energy transfer, thus giving a precise description of the situation in 
relevant system. Especially for the radiative decay rate, the prediction by the model is near to 
perfect [95].  In the calculation here, the orientation of the molecular dipole of Rhodamine 

 

Fig. 4-4. Schematic diagram illustrating the molecular stucture of Rhodamine 6G. The arrows show the 
direction of the molecular dipole moment along the three adjacent benzene rings.  

 

Fig. 4-5. Calculated radiative decay rate of Rhodamine 6G in dye/gold nanoasselblies with different sized 
gold nanoparticles. The calculation is based on the Gersten-Nitzan model. 
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6G is taken as normal to the surface of the gold nanoparticle, due to the fact that the dye 
molecule is conjugated with the gold nanoparticle via the amine group and the dipole 
moment is along the three adjacent benzene rings (Fig. 4-4) [117]. Furthermore, the 
polarizability of Rhodamine 6G is taken as a frequency dependent variable [118] rather than 
a constant in order to achieve higher precision. The calculation result shows that there is an 
18-fold drop in the radiative decay rate because of the presence of the 2.6 nm radius gold 
nanoparticles, which indicates that the quantum efficiency of the dye molecules is 
significantly suppressed and the fluorescence intensity is quenched. The calculated result is 
compared with data from direct time-resolved photoluminescence measurement (Fig. 4-5). It 
is shown that in practice the radiative decay rate of the Au = 1% sample drops just to half 
value of the pure dye solution (by reading the intensity at the zero time, according to (3.3)). 
This can be due to two reasons. First, the Gersten-Nitzan model usually describes a situation 
in which only one dye molecule and one metal nanoparticle is considered. As discussed at 
the beginning of the section, accumulation of numerous dye molecules may form a coating 
layer with finite thickness. In this case, different distances to the nanoparticle surface by 
different dye molecules should be taken into account. However, in this study the number of 
dye molecules and gold nanoparticles is comparable with each other. Thus the chance to 
form a thick coating layer is rare. The second possible reason is that only part of the dye 
molecules are attached to the gold nanoparticles. The reasoning provides evidence to the 
speculation that the whole system is in dynamic equilibrium both in matter movement and in 
energy transition. The dye molecules are attached and detached to the gold nanoparticles, 
while energy is absorbed and released by the dye molecules all the time.  

 

 

 

Fig. 4-6. PL transients for pure Rhodamine 6G solution and Rhodamine 6G/gold nanoassemblies with Au = 
1% by TRPL measurement. 
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The fluorescence decay times of the two samples in Fig. 4-6 are retrieved by fitting the 
data as 3.8 ns for the pure dye solution and 4.2 nm for the dye/gold assemblies, indicating a 
slight decrease of the fluorescence decay rate induced by the gold nanoparticles. Since the 
fluorescence decay rate is simply the sum of the radiative and non-radiative rates, a 
considerable increase of the non-radiative decay rate can be derived, taking into account the 
drastic decrease of the radiative decay rate. For such dye molecules with high original 
quantum efficiency, the increase in the non-radiative decay rate is even pronounced 
regarding to the folds of the increase. Assuming that the presence of the gold nanoparticles 
will not influence the solubility of Rhodamine 6G in water, the increased non-radiative decay 
rate is most probably due to the energy transfer from the dye molecules to the gold 
nanoparticles, i.e. the FRET. The energy transfer provides extra channels through which the 
excited electrons in Rhodamine 6G drop down to the ground state by transferring the energy 
to the gold nanoparticles rather than emitting a photon. It helps the non-radiative decay to 
win the competition with radiative decay for excited electron transitions. In some sense, it is 
similar to the conventional photobleaching mechanism in pure dye solutions in converting 
radiative transition of excited electrons to non-radiative ones. Consequently an acceleration 
of the photobleaching process is resulted in.  

An important feature based on the results in this section is that the photobleaching process 
of different samples shows strong relevance to ratio between the radiative and non-radiative 
decay rates. It defines not only the intensity dropping speed at the beginning of the process 
but also the intensity level at which the final equilibrium stays. The lower the ratio is, the 
larger the photobleaching tendency with time is shown. On the other hand, the ratio is 
determined by the concentration of the gold nanoparticles (more precisely speaking, by the 
relative concentration of the gold nanoparticles to dye molecules). Therefore, the 
nanoparticle concentration plays a critical role in the photostability alteration of the sample 
solutions. 

It should also be noted that the heat induced by the gold nanoparticles due to photothermal 
effects can be another factor that is responsible for the photostability degradation. The 
chemical bonds of the dye molecules are very likely to be destructed by the heat dissipation 
and the damage is irreversible. Reasonably such influence should also be of positive relation 
with the concentration of the gold nanoparticles. Nevertheless, since the LSPR band of the 
2.6 nm nanoparticles is neither overlapping to the absorption nor to the fluorescence 
spectrum of Rhodamine 6G, the photothermal effects should not be very strong here. 

 
 

  
4.2  Nanoparticles with big size 

The overlap between localized surface plasmon resonance band of noble metal nanoparticles 
and the absorption/fluorescence spectrum of the fluorophore is a critical issue in radiative 
decay engineering because it determines the efficiency of two of the three major interactions 
between the fluorophore and the nanoparticles, i.e. the modifications on excitation rate and 
radiative decay rate of the fluorophore. Gold nanoparticles with 2.6 nm radius have been 
shown to be powerless in enhancing the two interactions with Rhodamine 6G due to the 
mismatch between their LSPR band (centered at 520 nm) and the absorption/fluorescence 
(530 nm/565 nm) spectrum of Rhodamine 6G. Therefore, energy transfer, the third 
interaction, is dominating, and the output intensity of the laser is quenched as a result.  
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To achieve the spectra overlap, the LSPR band of the gold nanoparticles should be shifted 

to the longer wavelength side. Consequently, the size of the nanoparticles should be enlarged, 
as determined by the size effect of nanoparticles. Gold nanoparticles with radius of 12 nm 
present a LSPR band centered at 530 nm (Fig. 4-7). The peak of the band is perfectly 
matching the absorption peak of Rhodamine 6G, while the band spectrum reaches around 70% 
at the fluorescence peak wavelength of Rhodamine 6G. Moreover, the aspect ratio of the 
nanoparticles is increased to 1.2, as shown in the inset of Fig. 4-7(a). Such ellipsoidal 
nanoparticles has proven to be more effective in localized field enhancement compared to 
spherical ones due to the less damped longitudinal plasmon resonance and larger oscillation 
strength [119]. 

Fig. 4-7. (a) TEM image and (b) absorption spectrum of gold nanoparticles with 12 nm radius. 

The relative concentration of gold nanoparticles to Rhodamine 6G molecules is also 
important to achieve fluorescence enhancement. The concentration of gold nanoparticles 
ought to be decreased to a relatively low level so that a coating layer of dye molecules can be 
accumulated on the surface of the particles. It helps to keep part of the dye molecules away 
from the nanoparticle surface, thus significantly deactivating the energy transfer from these 
molecules. In addition, there are fewer sources for photothermal heating with the decrease in 
number of gold nanoparticles. Therefore the damage to the chemical structure of dye 
molecules is diminished.  

Here the basic concentration of the 12 nm radius gold nanoparticles is reduced to κ = 12.6 
pM, with five samples differently concentrated of gold nanoparticles as κ, 2.5 κ, 5 κ, 25 κ, 
and 50 κ. With the first three less concentrated samples, a redshift in the lasing peak is 
observed compared to the control sample (Fig. 4-8(a)). This can be partly attributed to the 
increase of the refractive index of the sample (thus the optical length of the cavity is 
increased) with the gold nanoparticles. On the other hand, similar effect is found in the 
spectra for non-cavity fluorescence measurements as well. According to the calculation of 
Zhu et al. in another work [96], this can be due to the redshift of the locally enhanced light 
field of the gold nanoparticles with dye molecules accumulated on the outer surface. With 
respect to the output intensity evolvement, all the three less concentrated samples (N1-N3) 
show output intensity enhancement compared to the control sample during certain time 
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period of the whole process (Fig. 4-8(b)). The enhancement factor is found to be nanoparticle 
concentration dependent. The sample with medium nanoparticle concentration of the three, 
i.e. N2, demonstrates a maximum enhancement factor of 154% after about 25000 pulses, 
indicating there is an optimum nanoparticle concentration for output intensity enhancement. 
Such non-monotonic dependence of the enhancement factor on the nanoparticle 
concentration is also reflected by theoretical calculation [96]. The output intensity 
enhancement in N1-N3 is supposed to be related to the well tuned LSPR band of the gold 
nanoparticles. On one hand, the plasmon resonance peak falls exactly on the absorption peak 
of Rhodamine 6G, which is likely to enhance the excitation rate. On the other hand, the 
locally enhanced light field can experience a redshift of several tens of nanometers as the dye 
molecules accumulate on the nanoparticle surface. The fluorescence peak of Rhodamine 6G 
is just 30-40 nm away to the longer wavelength side regarding to the absorption peak, thus 
can be easily covered by the red-shifted locally enhanced field. Reasonably the observed 
enhancement is a combined effect of both excitation rate and radiative decay rate 
enhancement, depending on the thickness of the dye molecule coating. With an appropriate 
concentration of gold nanoparticles, e.g. the one in N2, the coating thickness achieves the 
optimum value so that the sum of enhancement for both rates is maximized.  

 

Fig. 4-8. (a) Output spectra and (b) output intensity evolvement with time for the laser with samples N0-N3 
as the gain medium. The spectrum for each sample is normalized to its peak value. The output intensity of 
each sample is normalized to the maximum intensity from the sample with pure dye (N0). 

Even though an output intensity enhancement is achieved, the photobleaching process of 
N1-N3 still becomes faster than the pure dye solution, which demonstrates the inevitable 
deterioration of the photostability of dye molecules by gold nanoparticles. The 
photobleaching time is found to decrease as the nanoparticle concentration increases. All the 
three samples with gold nanoparticles show a rapid intensity build-up stage at the very 
beginning, a slow increasing stage in the middle, and a quick dropping stage in the end. To 
be compared, the middle stage of the control sample is rather stable. Such behavior is also 
observed in other works previously [78, 120]. However, a thorough understanding of the 
phenomenon is still missing. Further investigation is needed to clarify the mechanism behind. 
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As the nanoparticle concentration is increased by one order of magnitude (N4, N5) over 

the optimized value for output intensity enhancement, the red shift of the lasing peak is found 
to be even more pronounced (Fig. 4-9(a)). Meanwhile, the enhancement factor is reduced to 
less than 1, and the laser intensity is quenched (Fig. 4-9(b)). The output intensity with N4 and 
N5 maximally reaches the level of just 58% and 24% of the pure dye, although the same gold 
nanoparticles with identical LSPR band are employed. It indicates that the relative 
nanoparticle/dye molecule concentration plays a critical role in determining the weight of 
each of the three major reactions. When the concentration is on a relatively high level, e.g. in 
N4 and N5, the dye molecule coating on the nanoparticle surface becomes thinner and the 
average distance of the dye molecules to the nanoparticle is shortened. In this case, the rate 
of the non-radiative energy transfer can be significantly increased and the energy transfer 
becomes a dominating factor over the other two interactions so that the overall effect transits 
from output intensity enhancement to quenching.  

 

Fig. 4-9. (a) Output spectra and (b) output intensity evolvement with time for the laser with samples N0, N4, 
and N5 as the gain medium. All curves are normalized as in Fig. 4-8. 

 

Moreover, N4 and N5 also show even faster photobleaching speed than N1-N3. The 
output intensity of the two samples achieves its maximum in the end of the first building-up 
stage and then is continuously declining rather than slowly increasing (as in the cases with 
N1-N3) during the second stage. It resembles the evolvement of output intensity shown by 
small gold nanoparticles in Section 4.1, and represents a signature of energy transfer between 
the dye molecules and the gold nanoparticles. Thus it can be seen that the energy transfer is 
one of the major factors that are responsible for the rapid photobleaching process. Besides, 
the nanoparticle induced heat by photothermal effect is expected to be another important 
reason for the deterioration of the photostability. Such an assumption sounds even more 
reasonable considering the fact that the peak of the LSPR band of the nanoparticles matches 
the frequency of the excitation light perfectly. To close the section, it is concluded that the 
photobleaching speed of dye/gold nanoassemblies as gain medium for lasing is close related 
to the relative gold/dye concentration. The higher is the concentration, the faster is the gain 
medium getting photobleached. The presence of the gold nanoparticles induces deteriorating 
effects to the photostability of the dye, which need to be avoided by specific treatment to the 
nanoparticles.    
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4.3  Silica coating on gold nanoparticles 

As seen from the previous section, the degradation of the photostability of dye molecules 
induced by gold nanoparticles appears to be unfavorable but obstinate, regardless of the size 
and concentration of the nanoparticles. The two major causes for the degradation, i.e. the 
energy transfer and the heat dissipation, are not likely to be circumvented by approaches of 
simply changing the spectral position of the LSPR band or varying the thickness of the dye 
molecule layer accumulated on the nanoparticle surface, even if the enhancement of lasing 
intensity can be achieved. This is due to the irrelevance between the causes and the 
approaches in terms of physical principles. On the other hand, the two causes have one 
feature in common. Dye molecules and gold nanoparticles exchange energy in different 
forms with each other, electronic energy from the former to the latter, along with thermal 
energy in the opposite way. It is suggested that coating a thin layer on either dye or gold with 
a material that is simultaneously insulating to both energy forms is possible to intrinsically 
deactivate or eliminate the causes for photostability degradation. Silica becomes a promising 
candidate for the coating due to excellent charge and heat insulation properties. Moreover, 
the technique of SiO2 coating on metal nanoparticles has been well developed in recent 
years [121-123], which guarantees the precise and flexible control of the thickness, the 
uniformity and the surface properties of the coating layer. It should be noted that to suppress 
the charge transportation is not the only function of the silica coating in diminishing the 
energy transfer. Another function by coating such a 10-20 nm layer is to keep the dye 
molecules away from the nanoparticle surface for a ‘safe’ distance so that the rate of energy 
transfer is pronouncedly reduced. 

The TEM images of both the uncoated and silica-coated gold nanoparticles are shown in 
Fig. 4-10(a) and (b). The uncoated particles are the same as in the previous section with 12 
nm radius and aspect ratio of 1.2 in shape anisotropy. The coated particles present a coating 
layer with thickness of 15 nm which exceeds the critical distance for FRET of 10 nm. Thus it 
is expected that the dominance of energy transfer will be effectively eliminated. Samples 
with different concentrations of coated or uncoated gold nanoparticles are listed in Table 4-1. 
Note the difference in notation of N3 and N4 from those in Section 4.2 with the same name. 

The lasing peak of N1 and N2 presents a spectral shift to the longer wavelength side in 
comparison with the control sample, which is a result already mentioned and explained in the 
previous section. On the contrary, the samples containing silica-coated gold nanoparticles 
with the same concentration, S1 and S2, show a shift of the lasing peak to the opposite 
direction, e.g. a blueshift (Fig. 4-11(a)). Apparently the blueshift is closely related to the 
presence of the silica coating layer. Similar phenomenon was also observed by others 
recently [124]. The possible reasons are more than one, including the change in the 
intermolecular energy levels of Rhodamine 6G, the coupling between positively charged dye 
molecules and negatively charged silicon oxide, and the formation of aggregates of dye 
molecules. Further investigations, however, are needed to support the suggested reasons. The 
second reason is also termed as metachromasia [125] which is commonly found with cationic 
dyes to show a blueshift in the fluorescence spectrum when they are bound to particular 
substances (in this case the gold nanoparticles). 
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Fig. 4-10. TEM images of (a) gold nanoparticle seeds and (b) gold nanoparticles coated with 15 nm thick 
SiO2 layer, respectively; and (c) normalized absorption spectra for the two types of nanoparticles. 

Table 4-1. Sample details for Section 4.3 

Sample ID Concentration of 
Rhodamine 6G 
(mM) 

Concentration of 
gold 
nanoparticles 

Coating  
condition 

N1 0.2       κ* Uncoated 
N2 0.2  2.5κ Uncoated 
N3 0.2   25κ Uncoated 
N4 0.2   50κ Uncoated 
S1 0.2       κ Coated 
S2 0.2  2.5κ Coated 
S3 0.2   25κ Coated 
S4 0.2   50κ Coated 
Control  0.2       0 --- 

                         * κ = 12.6 pM 
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Both coated and uncoated nanoparticles with lower concentration bring about output 
intensity enhancement to the laser cavity (Fig. 4-11(b)). Such a concentration range has 
proven in the previous section to be suitable for the uncoated gold nanoparticles to enhance 
the output intensity with 0.2 mM Rhodamine 6G, due to an optimized combination of 
increases in the excitation rate and in the radiative decay rate. The measurement confirms the 
reproducibility of the results. The maximum enhancement factors for N1 and N2 are 2.18 and 
1.66, respectively. However, S1 and S2 show smaller values of the factors as 1.33 and 1.25. 
The inferior output intensity enhancement by coated nanoparticles than uncoated ones is 
observed almost throughout the whole photobleaching process. It is reasonably supposed that 
the coating of the silica layer will weaken the fluorescence enhancement effects by LSPR 
and the fluorescence quenching effects by energy transfer simultaneously. The influence on 
the former should be more pronounced within the low nanoparticle concentration range since 
they are dominating. The presence of the silica coating layer weakens the coupling between 
the dipole resonance of Rhodamine 6G and the gold nanoparticles, thus preventing the 
nanoparticles from enhancing the fluorescence of the dye by LSPR. Still the enhancement 
factor larger than one is of practical meaning for the coated gold nanoparticles to be utilized 
in real applications. 

 
 

 
Despite of the inferior capability (compared to uncoated nanoparticles) of achieving an 

optimal fluorescence enhancement factor in Rhodamine 6G solution, the silica coated 
nanoparticles demonstrate high practical value in keeping steady photostability of the dye. A 
significant prolongation in time of the photobleaching process is observed with these 
nanoparticles (Fig. 4-11(b)). More importantly, the photobleaching time is much less 
dependent on the nanoparticle concentration. S1 and S2 take almost the same time before 
their intensities approach zero level, in comparison with N1 and N2 whose photobleaching 
time is remarkably shortened as the nanoparticle concentration increases. As mentioned 
earlier in the thesis, the deterioration of the photostability of the dye molecules by gold 

Fig. 4-11. (a) Output spectra and (b) output intensity evolvement with time for the laser with samples N1, 
N2, S1, S2, and the control sample as the gain medium. All curves are normalized as in Fig. 4-8 
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nanoparticles is caused by two reasons, the energy transfer and the heat dissipation. The 
presence of the nanoparticles provides additional channels for non-radiative decay of excited 
dye molecule and meanwhile generates a large amount of heat by LSPR which is likely to 
destruct the dye molecules. It is apparent that the 15 nm silica coating layer is successfully 
functioning as an insulating layer to deactivate both effects. It effectively inhibits the energy 
transfer which drains the source for radiative decay and keeps the dye molecules away from 
the nanoparticle-induced heat. Consequently, better performance in photostability of the dye 
molecules is obtained. Similar approach using silica coating to restrain energy transfer from 
fluorophore to metal nanoparticles has been demonstrated by others earlier [126], where a 
silica layer of 15 nm coated on gold nanorods managed to increase a deducing factor of 
radiative decay rate in quantum dots from 0.06 to as high as 0.98, which means 98% of the 
emission from radiative decay was kept despite of the presence of the gold nanorods. 
Analogous effect is also confirmed in the original work of the dissertation by a TRPL 
measurement. 

 
 
 
 

 
 As the concentration of the nanoparticles is increased by one order of magnitude, the 

lasing peaks of samples with coated and uncoated nanoparticles shift spectrally in different 
manner. Samples N3 and N4 experience even further redshift compared to low-concentrated 
N1 and N2, the same as observed earlier, while samples S3 and S4 show blueshift that is less 
strong than S1 and S2 (Fig. 4-12 (a)).  

 

Fig. 4-12. (a) Output spectra and (b) output intensity evolvement with time for the laser with samples N3, 
N4, S3, S4, and the control sample as the gain medium. All curves are normalized as in Fig. 4-8 

 

As mentioned in the previous section, quenching in the output intensity is resulted with 
the high nanoparticle concentration. This applies to the silica coated nanoparticles as well 
(Fig. 4-12 (b)), indicating that the energy transfer turns to be dominating over the other two 
interactions as more nanoparticles are added to the gain medium. Remarkably, the output 
intensity level of samples with coated nanoparticles is approximately the same as that of 
samples with uncoated nanoparticles. Lasing output with S3 and S4 reach to 60% and 19%, 
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respectively, of that with the control sample, while with N3 and N4 it is found to be 58% and 
24%, respectively. This is distinctly different from the performance of low concentrated 
samples, which present considerably stronger enhancement of the output intensity with 
uncoated nanoparticles than with coated ones. 

All the samples with high nanoparticle concentration show faster photobleaching process 
than pure dye solution. However, the photostability of the gain medium is remarkably 
improved as the gold nanoparticles are coated with silica. The photobleaching time of S4 is 
almost double of that for N4 which has the same nanoparticle concentration. Once again, the 
concentration independent feature is found in the photobleaching speed with coated 
nanoparticles. S3 and S4 show nearly the same photobleaching time, compared to the 
significant difference with N3 and N4. Moreover, a long time middle stage with stable 
intensity during the photobleaching process is observed with S3 and S4, unlike their 
uncoated counterparts whose output intensities drop drastically right after reaching the 
maximum in the beginning of the middle stage. 

To conclude, silica coating on gold nanoparticle is a promising technique to improve the 
photostability of dye/gold nanoassemblies. It significantly prolongs the photobleaching 
process in time for samples with different nanoparticle concentrations. The increased 
photobleaching time is found to be independent of the nanoparticle concentration, which is a 
favorable property for lasing applications. Within the lower concentration range, there is a 
tradeoff in choosing between coated and uncoated nanoparticles. Uncoated gold 
nanoparticles in appropriate concentration give rise to the most optimal lasing intensity 
enhancement but faster photobleaching, while coated nanoparticles tend to keep the 
photobleaching time longer with a smaller enhancement factor of lasing intensity. Within the 
higher concentration range, on the other hand, silica coated nanoparticles are generally more 
favorable compared to the uncoated ones by achieving both steady lasing intensity and longer 
photobleaching time.  
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Chapter 5 
 
Gold Nanoparticles for Medical Applications 
 
 
Colloidal gold nanoparticles find various applications in medical science and 
technology [127-134]. The functions realized by these particles are rather diverse. In medical 
diagnostics, gold nanoparticles are commonly used to make contrast agents which help to 
enhance the contrast of the objects (biological structures, tissues, or fluids) in medical 
imaging. In some cases, they are directly utilized as attenuation material for the radio source. 
For example, it is a novel trend to use gold for X-ray attenuation in computed tomography 
(CT) [135-137], taking place of the traditional iodine or barium based contrast media. In 
some other cases, gold nanoparticles serve as the base or seed for other functional materials 
which are grown or coated on the outer surface of the gold nanoparticles [138, 139]. One 
application that is more closely related to the optical properties of gold nanoparticles, 
nevertheless, comes from the field of medical therapeutics [41-43]. Taking advantage of the 
photothermal effect by LSPR, gold nanoparticles are employed as heat generators to destruct 
cancer cells. As discussed in the previous chapter, the nanoparticle induced heat is considered 
as a detrimental effect in lasing applications since it destroys the chemical structure of dye 
molecules and results in a shorter operation time of the gain medium. However, it turns to be 
a pure merit for medical treatment. Cancer cells are found to be more susceptible to 
temperature increase than normal cells [91], therefore can be killed selectively with a 
specifically tuned temperature with the help of gold nanoparticles. 

Due to the pros and cons of different types of imaging and therapeutic techniques, it is 
practically required that they are combined to obtain a more accurate and effective diagnosis 
and treatment. It is of high pragmatic and economical importance to have one type of 
multifunctional nanoparticles which can be used for different purposes. Such a proposal has 
been demonstrated recently with studies on possible combinations including MRI/PET [140], 
CT/PET [141], MRI/fluorescence imaging [142], etc. In the original work of the thesis, a 
novel type of gold nanorods coated with mesoporous silica and gadolinium oxide carbonate 
hydrate is synthesized and optically characterized. It is expected that advantages of different 
techniques, i.e. the high resolution in soft tissue imaging by MRI, in hard tissue imaging by 
CT, and the high sensitivity by fluorescence imaging can be simultaneously realized with the 
nanoparticles; meanwhile photothermal therapy can be implemented as well.  

The synthesis of the nanoparticles begins with gold nanorods which have an aspect ratio 
of 4.5 in average (Fig. 5-1(a)). The high aspect ratio is necessary to open the absorption 
window in near infrared region of the spectrum (650 nm to 900 nm), which is the only 
spectral band 
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where biological tissues are transparent. The gold nanoparticles are then coated on their outer 
surface first with an mSiO2 layer and subsequently with a Gd2O(CO3)2·H2O layer (Fig. 5-1(b), 
(c) and (d)). The mSiO2 layer is 25 nm thick. The thickness of the Gd2O(CO3)2·H2O layer 
varies among 2 nm, 8 nm, and 15 nm (three different samples). The Gd2O(CO3)2·H2O layer is 
an important functional unit of the nanoparticle for both MRI and CT imaging. The principle 
is not discussed here, because it goes outside of the domain of optics and photonics. 

 

Fig. 5-1. TEM images of (a) gold nanorods, (b) gold nanorods coated with mSiO2, and (c) AuNR@mSiO2@ 
Gd2O(CO3)2·H2O, along with (d) HAADF-STEM image of AuNR@ mSiO2@ Gd2O(CO3)2·H2O. 

 
 

 

 

Fig. 5-2. Absorption spectra of gold nanorods, gold nanorods coated with mSiO2, and composite particles 
with different thicknesses of Gd2O(CO3)2·H2O coating layer. 
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 Absorption spectra of gold nanoparticles with different coating conditions are shown in 
Fig. 5-2. A distinct feature of dual absorption peaks is observed with all the samples. The 
small peak at around 530 nm is corresponding to the LSPR along the transverse direction of 
the nanorods. It is located at the same position as the absorption peak of spherical gold 
nanoparticles as discussed in the previous chapter. The magnitude of the peak, however, is 
diminished with nanorods due to the competition for oscillating electrons by the LSPR along 
the longitudinal direction. Because the rods have a relatively large aspect ratio, the 
longitudinal dimension is much larger than the transverse one. Therefore the stronger 
oscillation strength in the longitudinal direction wins the competition for electrons. Reflected 
in the absorption spectra, there is a more pronounced peak at around 850 nm, laying down the 
basis of the nanorods for in vivo diagnostic and treatment. Regarding the comparison among 
the samples, the peak corresponding to longitudinal direction is gradually redshifted as the 
thickness of the coating layer is increased, which can be attributed to the increase of local 
refractive index. 

  
 

 

 

Fig. 5-3. (a)Temperature increase as a function of time in the laser irradiation experiment for gold nanorods 
and AuNR@mSiO2@Gd2O(CO3)2·H2O composite nanoparticles, along with DMEM cell medium as control 
sample; (b) TEM image of composite nanoparticles after laser irradiation experiment with 850 nm laser. 
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The different absorption at the two peaks (around 530 nm and 850 nm) is confirmed in the 
laser irradiation measurements. Under 532 nm laser irradiation, the temperature of the two 
samples (gold nanorods and AuNR@mSiO2@Gd2O(CO3)2·H2O composites) in 0.2 mL 
volume increases to 36 °C and 33 °C, respectively, after 10 minutes (Fig. 5-3(a)). The 
temperature increase is larger than the nanoparticle-free control sample of DMEM, which 
demonstrates the photothermal effect of the nanoparticles. However, it is still under the 
temperature of human body, thus insufficient for deactivating tumor cells. The 850 nm laser 
irradiation, on the other hand, is able to increase the temperature of the two samples up to 
47 °C and 43 °C, respectively, after 10 minutes, which shows the high efficiency of heat 
generation with the higher absorption peak in the near infrared biological tissue window. 
Meanwhile, the final temperature exceeds the human body temperature, demonstrating the 
potential of the nanoparticles in photothermal treatment. It is noted that the composite 
nanoparticles present less efficient temperature increase compared to the gold nanorods under 
the same irradiation condition. It suggests that the silica and Gd2O(CO3)2·H2O coating 
depress the heat dissipation from the nanoparticles to the ambient environment. This is in 
agreement with the speculation in the previous chapter, which states that the photostability 
improvement of dye/gold nanoassemblies by silica coating on gold nanoparticles is partly due 
to heat insulation by the coating layer. 

 
 

 
 

 

Fig. 5-4. Dependence of melting point of gold nanoparticles on their radius. 
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For all the samples with nanoparticles, a plateau in the curve of temperature increase is 

observed after 10 minutes laser irradiation, regardless of the irradiation wavelength. It is a 
sign of composition transformation in the tested solution. With the help of TEM, it is found 
that most of the nanoparticles are empty in the core. Meanwhile, tiny gold nanospheres 
emerge near outside of the shell of the composites (Fig. 5-3(b)). It could be a result of local 
melting of the gold nanorod cores by laser irradiation. It has been known that the melting 
point of gold (1064 °C for bulk size) is significantly decreased by several hundreds of 
degrees with the dimension reduced to several nanometers [143]. It is the case for the gold 
nanorods in this case, especially in the transverse direction. The local temperature increase 
near the nanorod surface by LSPR is likely to exceed the reduced melting point of several 
hundreds of degrees and hence melt the nanorods. The molten gold diffuses out through the 
porous coating layer and subsequently gets solidified into small sized nanospheres by surface 
tension due to the relatively low temperature environment outside the shell. Because of the 
size change from the nanorods to the nanospheres, the absorption peak of the gold is shifted 
away from the irradiation wavelength. As a result, the temperature increase is ceased, which 
facilitates the precise control of temperature in medical treatment. 

 
 

 
The potential of the composite nanoparticles in fluorescence imaging is tested by 

chemically attaching the fluorophore FITC onto the particles via a biocompatible copolymer 
PEG [144]. The dye-tagged composite nanoparticles present a PL spectrum centered at 519 
nm (Fig. 5-5(a)). The strong PL signal from the dye-tagged composites demonstrates that the 
nanoparticles are promising for fluorescence imaging applications. It can be seen that the 
energy transfer from FITC to the gold nanorods is successfully avoided by the coating layers 
that are 25-40 nm thick. 

 

Fig. 5-5. (a) Photoluminescence spectrum of FITC attached with AuNR@ mSiO2@ Gd2O(CO3)2·H2O 
composites; (b) fluorescence imaging of PEG(FITC)-tagged and non-tagged composites 
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Fig. 5-6. MRI and CT phantom images of AuNR@ mSiO2@ Gd2O(CO3)2·H2O nanoparticles in different 
concentrations. 

In addition to applications related to optics and photonics, the composite nanoparticles 
also show superior performance in MRI and CT imaging compared to commercially available 
contrast agents in terms of higher magnetic relaxivities and larger Hounsfield unit value. The 
readers are referred to Paper IV for more information on this part. The versatility of the 
nanoparticle makes it a strong candidate for potential use as a multimodal agent in medical 
diagnostics and treatment.  
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Chapter 6 
 
CdSe-CdS Core-Shell Quantum Dots 
 
 
Core-shell structured quantum dots made of group II-VI materials are expected to potentially 
serve as gain media for lasing applications. The accomplishable optical gain in these QDs is 
mostly attributed to the spatial separation of carriers (electrons and holes) into the core and 
the shell separately (so called the type-II regime, compared to the type-I regime where 
electrons and holes are not separated) due to the engineering of band alignment of the 
core/shell materials. Specifically, the Stark electric field by carrier separation lifts up the 
conduction band of one of the two electrons in each nanocrystal so that single-exciton can be 
achieved [75]. In this case, the threshold for excitation energy is significantly reduced. 

One specific material combination for such QDs, CdSe as the core and CdS as the shell, is 
focused on in the original work of the thesis. With this combination, the holes are well 
confined in the core by the valence band offset of 0.78 eV [145]. In comparison, the electron 
distribution is flexibly variable depending on the geometrical dimension of the core and the 
shell. This is determined by the small value of the conduction band offset. The QDs are 
possible to make transition between the type-I and type-II regimes by altering the core/shell 
sizes, which brings technical flexibility to applications. In this Chapter, the results by 
numerical study of the carrier separation in CdSe-CdS core-shell QDs is presented in the first 
section, followed by experimental investigations with the dots shown in the second section.     

6.1 Modeling on the carrier properties 

The numerical study in this work, implemented with Comsol Multiphysics, is aiming at the 
precise prediction of the carrier distribution, carrier separation, and PL peak wavelength of 
the CdSe-CdS core-shell QDs with given core radius and shell thickness. The core of the 
simulation is to solve the Schrödinger equation  

 
2
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for each of the conduction and valence band individually using effective mass 
approximations. In (6.1), ħ , , , ,  are the reduced Planck constant, 
position-dependent effective mass of electron/hole, position-dependent band edge potential, 
eigen-energy of the carrier, and position-dependent carrier wave function, respectively. The 
subscript  represents electrons or holes. For a core/shell heterostructured system embedded 
in dielectric polymer matrix, discontinuity of both the conduction band and the valence band 
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occurs at the core/shell and shell/matrix interfaces. The confinement potential energy can be 
presented as 

 ( )
core

shell

V r
V r V R r R H

r R H

R<⎧
⎪= < < +⎨
⎪∞ > +⎩

, (6.2) 

where R is the core radius and H is the shell thickness. 
By comparing (6.1) with the standard partial differential equation (PDE) form in the 

eigenvalue analysis module of Comsol 
 ( ) 2- - + + + =d -a ac u u au u u e uα γ β λ λ∇ ∇ ∇ , (6.3) 

one obtains the  PDE coefficients settings as in Table 6-1. 

Table 6-1. PDE coefficients settings 
u  c a β

ad ae  α γ λ  

aψ  2

2 am∗

 
aV 0 1 0 0 0 aE

 

The geometry of the nanostructures in the simulation is defined in three dimensions (Fig. 
6-1). We assume that the structures are embedded in PMMA where individual QDs are 
located separately enough so that the carriers within them do not interfere.  

 

 
                                                    (a)                                                  (b) 

Fig. 6-1. Geometry and band structures of CdSe-CdS core-shell (a) nanosphere and (b) nanorod. The black 
(white) dot represents an electron (hole).  
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One critical parameter for the simulation is the conduction band offset at the CdSe/CdS 
interface, which has not been commonly established among the researchers yet. The reported 
values for the offset range from  to 0.3− 0.3+  eV [82-84]. However, all these values are 
relatively small in terms of carrier confinement, compared to the 0.78 eV valence band offset. 
Thus the choice among the different values does not influence the simulation result of 
electron distribution very much [146]. In this work, the value of 0.1− eV is chosen, forming a 
heterojunction with straddling energy gap (Fig. 6-1). The important parameters are listed in 
Table 6-2.  

Table 6-2. Effective mass of electron/hole and band edge potentials for CdSe and CdS 
Parameters ( )*

0em m ( )*
0hm m ( )eV eV ( )hV eV  

CdSe 0.13 0.45 0 0 

CdS 0.2 0.7 -0.1** 0.78 

**The sign is changed to positive in sub-domain settings due to 
the negative charge of an electron. 

To implement the boundary settings in Comsol, two different categories of boundaries 
need to be considered; the core/shell interface (internal boundary) and the shell/matrix 
interface (external boundary). For each interface, the coefficients q, g, r, and h which are 
included in the generalized Neumann boundary condition 

 1 2(( ) -( ) )+ =c u u c u u qu gα γ α γ⋅ ∇ + − ∇ + −n , (6.4) 

and the Dirichlet boundary condition 

 1 2(( ) -( ) )+ =c u u c u u qu g hTα γ α γ⋅ ∇ + − ∇ + − −n μ ; (6.5a) 

 hu r=  (6.5b) 

need to be determined. The physical meaning of the coefficients is not explained here. For 
the external boundary, the carrier wave function u ceases outside. For the internal boundary, 
the BenDaniel-Duke boundary condition for the envelop function across a heterojunction  

 ( ) ( )core shellr rψ ψ= ; (6.6a) 

 * *

1 1( ) ( )
( ) ( )core shell

a a

r
m r m r

ψ∇ = ∇ rψ  (6.6b) 

holds. Applying the conditions above, one obtains the coefficients as in Table 6-3. 
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Table 6-3. Boundary conditions 
 q, g, r h 

External 
boundary 

0 1 

Internal 
boundary 

0 0 

 

With spherical structures of 1.25 nm core radius and 2 nm shell thickness, the first two 
orders of solution for carrier wave function aψ  are shown in Fig. 6-2. It is seen that for the 
first order solution (in which most of the carriers are involved) the electrons are distributed 
throughout the whole structure. This is attributed to the small energy offset in the conduction 
band, which is not able to confine the electrons in the core. On the contrary, the holes for the 
same order are well confined in the core, due to the relatively large energy offset in the 
valence band. The situation for both electrons and holes in the second order solution is 
similar to that in the first order solution, except that a dual-polar distribution rather than a  
center symmetry is found.  

 
It is apparent that the carrier separation in the spherical structures is poor. Most of the 

electrons and holes are located in the CdSe core. QDs with such carrier distribution show 
high PL efficiency due to rapid radiative recombination of the excitons. On the other hand, 
the potential of the dots to achieve optical gain is restricted by the short decay time. One 
popular approach to overcome the limitation and to separate the carriers in space in CdSe-
CdS QDs is to elongate the spherical shell into a high aspect ratio rod and meanwhile to 
locate the core near one end of the rod. 

 

Fig. 6-2. Cross section schematics of carrier wave function aψ for (a) first and (b) second order electrons, 

along with (c) first and (d) second order holes in spherical structures of CdSe-CdS.  
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As shown in Fig. 6-3, the electrons in such rod-like structures are extracted out of the 2 

nm radius core and distribute in the 16 nm long shell for both first and second orders of 
solution, while the holes are still confined in the core. The separation of the carriers is almost 
complete. With such carrier distributions, the Stark shift of the conduction band is expected. 
Single-exciton optical gain is likely to be realized. 

Fig. 6-3. Cross section schematics of carrier wave function aψ for (a) first and (b) second order electrons, 

along with (c) first and (d) second order holes in CdSe-CdS nanorods.  

 

 
A novel bone-like structure is also proposed in the simulation. It is two spherical ends 

connected by a bar in the middle. The CdSe core is located in one of the ends. The diameter 
of the core is 3.5 nm and the shell thickness is 0.75 nm. The bar is 20 nm long and 2 nm wide. 
The bone-like structure show interestingly distinct carrier distributions compared to 
nanospheres and nanorods (Fig. 6-4). For the first order solution, the electrons are confined 
in the non-core end, while the holes are located in the core. The carriers are completely 

Fig. 6-4. Cross section schematics of carrier wave function aψ for (a) first and (b) second order electrons, 

along with (c) first and (d) second order holes in bone-like structures of CdSe-CdS.  
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separated in space. For the second order solution, however, the electrons are ‘jumping’ back 
to the core end, sharing the same location with the holes. It is expected that the bone-like 
QDs may be suitable not only for achieving single-exciton optical gain, but also for 
applications with logical or intelligent optical components involved. 

As a further step, the overlap integral of the electron and hole distributions, which is 
defined as 

 
22 *|eh h e h edVψ ψ ψ ψ⎡ ⎤Θ = = ⎣ ⎦∫ , (6.7) 

is quantitatively calculated for the spherical core-shell structures. The results are shown with 
Fig. 6-5. With technically available core and shell sizes (both from 1 to 3 nm), the overlap 
integral is possible to range from less than 30% to more than 80%. The span of the result is 
pronounced and impressive. It demonstrates that the combination of the CdSe core and the 
CdS shell results in ample flexibility of the QDs to shift between the type-I and type-II 
regimes with different extent of carrier separation. The QDs can be conveniently adapted for 
either strong photon emission applications or high optical gain applications by just adjusting 
the geometrical dimensions of the core and the shell. Therefore, these dots are described as 
quasi-type-II (or quasi-type-I) like.   

 
The stimulated emission wavelength corresponding to the single-exciton recombination 

energy can also be calculated with the model, taking into account several contribution factors 
such as the band gap, the eigen energy of the electrons and hole, the Coulomb coupling 
interaction between electrons and holes, the interface polarization energy, along with the 
electrons and holes dielectric solvation energy. The results with spherical core-shell 
structures are demonstrated in Fig. 6-6. Such calculation is of substantial pragmatic 
importance to predict the spectral information of the optical gain before practically preparing 
the QDs. 

 

Fig. 6-5. Carrier overlap integral with respect to core radius and shell thickness of CdSe-CdS spherical 
quantum dots. 
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The stimulated emission wavelengths of different shaped CdSe-CdS QDs are compared in 

Fig. 6-7. All the three structures are defined with the same core radius of 1.75 nm and shell 
thickness from 0.75 nm to 1.75 nm. Size-dependent wavelength shift is found with all the 
structures. It is noted that with the same core radius and shell thickness the nanorods show 
the longest wavelength of stimulated emission, followed by the nanobones and the 
nanospheres.    

 

Fig. 6-6. Stimulated emission wavelength with respect to core radius and shell thickness of CdSe-CdS 
spherical quantum dots. 

 

 

Fig. 6-7. Stimulated emission wavelength of CdSe-CdS nanospheres, nanorods, and nanobones with core 
radius of 1.75 nm and shell thickness from 0.75 to 1.75 nm. 
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Further investigation reveals that the dependence of the stimulated emission wavelength 
on the length of the bar of the nanobones is negligible, which provides great tolerance to QDs 
synthesis.  

6.2 Optical characterization of spherical CdSe-CdS QDs doped in polymer 

The small conduction band offset of CdSe-CdS imparts distinct carrier distribution properties 
to the QDs compared to that of other material combinations with typical straddling or 
staggered band structure. The weak confinement of excited electrons in CdSe-CdS QDs is 
reflected in their optical characteristics such as absorption/PL spectrum and fluorescence 
decay time.  
 
 

 

 

Fig. 6-8. Absorption spectra for QDs based on (a) 2.2 nm, (b) 2.8 nm, and (c) 3.9 nm diameter CdSe core. 
The solid curves represent the uncovered cores, while the dashed curves are corresponding to CdSe cores 
coated with a CdS shell of 1nm. The dotted curves are regarding to CdSe cores coated with a CdS shell of 2 
nm in (a) and (b), compared to a shell of 6 nm in (c).
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The absorption spectra of CdSe cores and CdSe-CdS core-shell QDs with different core 
diameter and shell thickness are shown in Fig. 6-8, along with the PL peak wavelengths of 
the samples listed in Table 6-4. Regardless of the core size, all the coated samples show a 
redshift in the absorption/PL peak with regard to the uncoated cores. The redshift becomes 
more pronounced as the shell thickness increases. Since the energy offset of the two 
materials in the valence band is sufficiently large, it is assumed that the holes are well 
confined within the CdSe core in spite of the presence of the CdS shell (as seen with the 
simulation results in the previous section). Thus, the absorption/PL peak shift is reasonably 
induced by part of the electrons being relocated into the shell. It demonstrates that the 
coating of CdS is effectively extracting this portion of electrons out of the CdSe core, 
rendering a delocalized distribution of all the electrons in the conduction band.  

 
 

Table 6-4. Absorption/PL peak of different samples 
  Absorption (PL) peak 

Core CdSe 2.2 nm  489 nm 
 Shell CdS 1 nm 548 nm (566 nm) 
 Shell CdS 2 nm 569 nm (588 nm) 
Core CdSe 2.8 nm  536 nm 
 Shell CdS 1 nm 588 nm (607 nm) 
 Shell CdS 2 nm 604 nm (616 nm) 
Core CdSe 3.9 nm  577 nm 
 Shell CdS 1 nm 620 nm (631 nm) 
 Shell CdS 6 nm 621 nm (651 nm) 

 
 
 

It is also observed in Fig. 6-8 that with a larger core the extent of the redshift becomes less. 
For example, the redshifts of the three samples with 1 nm shell along with 2.2 nm, 2.8 nm, 
and 3.9 nm cores are 59 nm, 52 nm, and 43 nm, respectively. It can be well explained with 
the small conduction band offset. The band offset is negligible in the sense of carrier 
confinement. Hence the core-shell structure for the conduction band can be approximately 
treated as one homogeneous material. According to the size effect of QDs which is described 
in (2.9), the confinement energy is more sensitive to the QD size in small size region. 
Therefore, the absorption/PL peak experiences a more pronounced redshift with smaller 
CdSe cores. This feature is confirmed with shell thickness larger than 1 nm. With the 2.2 nm 
cores, the absorption/PL peak is redshifted in 21 nm when the shell thickness increases from 
1 nm to 2 nm. With the 3.9 nm, comparatively, it is merely a 1 nm redshift with the shell 
thickness going from 1 nm to 6 nm. 

As the electrons are located both in the CdSe core and in the CdS shell, two different 
paths for the electrons to recombine with the holes confined in the core are likely to exit. One 
path in which the electrons in the core recombine with the holes is termed here as intra-
spatial recombination, while the other path for electrons in the shell to recombine with the 
holes is termed as inter-spatial recombination. The TRPL experiment is employed to directly 
measure the two different types of exciton recombination. The results for QDs with either 2 
nm core/2 nm shell (sample 1) or 1.25 nm core/2 nm shell (sample 2) are shown in Fig. 6-9. 
It is found that the data for both samples can be perfectly fitted into a double exponential 
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curve, respectively, thus verifying the existence of the two recombination paths. The fast and 
slow decay times of sample 1 obtained from the fitting are around 0.19 ns and 7.2 ns, 
respectively. Meanwhile, those of sample 2 are 0.15 ns and 9.0 ns. Although decay times for 
both samples are comparable, the pairs of amplitude coefficients Afast/Aslow for exponential 
fitting are significantly different: 315/204 and 180/612 for samples 1 and 2, respectively. It is 
assumed that the short lifetime emission is due to intra-band recombination, whereas the 

 

Fig. 6-9. PL transients for CdSe-CdS core-shell structure QDs with: (a) CdSe cores of 2 nm radius (sample 
1); and (b) 1.25 nm radius (sample 2), both having the same shell (CdS) thickness of 2 nm. 
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longer lifetime emission is a result of inter-band recombination. This observation might 
elucidate different behavior of the decay processes in the two structures and point to 
significant impact of the core/shell size on electron localization.  

Note that the longer lifetime is on the order of nanosecond, which is comparable to the 
lifetime of traditional gain media like organic dyes. Optical gain with low threshold thus is 
expected to be achieved with the inter-band recombination. For such a purpose, it is the key 
issue to increase the weight of the inter-band recombination (i.e. a smaller value of 
Afast/Aslow), so that more excitons will get recombined after a relatively longer lifetime. Since 
the weights of the two recombination paths are closely related to the geometrical dimension 
of QDs, it is generally favorable to have a small core and a thick shell to extract more 
electrons to the shell for inter-band recombination. On the other hand, if optical gain is not 
the target, it is also convenient to keep the core dominating in size to acquire high 
fluorescence intensity of the dots. The PL intensity dependence on excitation power of QDs 
with same core size but different shell thicknesses is shown in Fig. 6-10. It is seen that the 
sample with a thinner shell shows much higher PL intensity than the other sample, due to 
more electrons (larger Afast/Aslow) within the core undergoing intra-spatial recombination 
with a high decay rate. Meanwhile, both the two samples show a sign of optical gain by the 
superlinear increase of the PL intensity with the pump power, so called amplified 
spontaneous emission (ASE). It demonstrates the potential of the QDs for lasing applications. 
However, the ASE is relatively weak without further optimization of the geometrical 
dimension of the QDs. 

 
The distinct properties of the CdSe-CdS core-shell QDs in terms of carrier confinement 

have been demonstrated by the optical characterizations above. Unlike typical straddling or 
staggered band structured core-shell QDs which show explicit carrier confinement regime, 
the carriers (especially the electrons) in CdSe-CdS QDs are not certainly localized. The dots 

 

Fig. 6-10. PL intensity as a function of pump power for sample with 1.25nm radius core/1nm shell and 
sample with 1.25 nm radius core/2nm shell. 
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can shift between the type-I and type-II regimes depending on the core/shell size, a feature 
termed as quasi-type-II. The dots provide flexibility for optical property engineering to 
obtain either high emission intensity source or high optical gain media, by altering the weight 
ratio between the two exciton recombination paths Afast/Aslow. 

It is worth noting that all the samples in this section are QDs doped in solid PMMA, a 
commonly used polymer with excellent optical transparency. The samples are very easy to be 
handled with cutting, polishing, deforming, etc due to the mechanical properties of PMMA. 
Furthermore, the ASE in Fig. 6-10 is obtained in room temperature. Therefore, they may be 
adapted for various application environments, e.g. lab-on-a-chip system, making the samples 
considerably competitive and potentially valuable.  
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Chapter 7 
 
Conclusions and Future Work 
 
 
The research areas covered by or related to the topic of nanoparticles are huge. Multiple 
disciplines are involved in the study and development of various types of nanoparticles, 
aiming at the eventual utilization of the nanoparticles for different applications. The original 
work of the thesis endeavors to deepen the knowledge and understanding of two specific 
categories of nanoparticles, the gold nanoparticles and the CdSe-CdS core-shell quantum 
dots, from the perspective of optics and photonics, aiming at the investigation of the potential 
of these particles for applications of lasing and medical diagnosis/treatment. Although 
similar studies are carried out actively and intensively by others, there are still a variety of 
open questions to be addressed before this work (e.g. the influence of gold nanoparticles on 
the photostability of dye molecules, and the carrier separation in CdSe-CdS QDs for single-
exciton optical gain), which makes the work necessary and pertinent. These questions have 
been, to certain extent, solved or give suggestion for potential solution, with the experiment-
based studies covered by the thesis. The main results are listed below. 
 

(i) Gold nanoparticles of small size (2.6 nm radius) bring output intensity quenching of 
laser with aqueous solution of Rhodamine 6G as the gain medium, and meanwhile 
induce a faster photobleaching process of the gain medium. Both effects are in 
positive relation with the relative concentration of the gold nanoparticles to the dye 
molecules. It is revealed by time-resolved photoluminescence measurement that 
there is a considerable decrease of the radiative decay rate and a drastic increase of 
the non-radiative decay rate of the dye molecules due to the energy transfer to the 
gold nanoparticles. The energy transfer as the main reason, together with the 
mismatch between the LSPR band of the gold nanoparticles and the dye molecules’ 
absorption/PL spectrum, are responsible for the quenching of the output intensity 
and the degradation of the photostability of the dye molecules. 
 

(ii) Increasing the size of the nanoparticles to 12 nm helps to match the LSPR band of 
the particles to the absorption spectrum of Rhodamine 6G. With an optimized 
relative gold/dye concentration, it is possible to obtain output intensity enhancement 
of the dye laser. The thick layer of dye molecules accumulated on the surface of the 
gold nanoparticles increases the mean distance of the dye molecules to the gold 
surface, hence decreasing the energy transfer rate in average. The output intensity 
turns to be quenched as the relative gold/dye concentration increases one order of 
magnitude over the optimized value, due to higher energy transfer rate by thinner 
accumulation layer. Gold nanoparticles cause degradation of the photostability of 
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samples with both low and high relative gold/dye concentration in lasing process. 
The deteriorative effect gets more pronounced as the relative concentration increases. 
It is likely to be related to the energy transfer from the dye molecules to the gold 
nanoparticles and the heat dissipation by the photothermal effect of the gold 
nanoparticles. 

 
(iii) Coating gold nanoparticles with a 15 nm silica layer can effectively suppress the 

energy transfer and the heat dissipation, and therefore improves the photostability of 
the gold/dye nanoassemblies as gain medium. The photobleaching time of the gain 
medium is less dependent on the nanoparticle concentration with coated 
nanoparticles than with uncoated nanoparticles. With a lower relative gold/dye 
concentration (fluorescence enhancement regime), the silica coating renders the dye 
molecules a smaller enhancement factor in terms of the lasing output intensity. It 
thus demonstrates a tradeoff in choosing coated or uncoated nanoparticles. With a 
higher relative gold/dye concentration (fluorescence quenching regime), coated 
nanoparticles are more favorable because they present both steady lasing intensity 
and longer photobleaching time to the gain medium. 

 
(iv) Gold nanorods with high aspect ratio show an additional absorption peak in the 

near-infrared region which has larger magnitude than the one in visible range. These 
rods are therefore suitable for in vivo medical applications. The nanoparticles of 
AuNR@mSiO2@Gd2O(CO3)2·H2O composites show diverse functionalities for MRI, 
CT, fluorescence imaging, and photothermal therapy. The nanoparticles give rise to 
effective temperature increase of the cell culture medium DMEM under 850 nm 
laser irradiation and present strong fluorescence intensity by attaching the 
fluorophore FITC. Meanwhile, superior performance than commercially available 
contrast agents for MRI and CT are demonstrated with the nanoparticles. The 
versatile nanoparticles are strong candidates with high potential for medical 
diagnosis and treatment. 

 
(v) A numerical model with Comsol is built to investigate the carrier distribution in 

CdSe-CdS core-shell quantum dots. According to the simulation results, the overlap 
integral of the carrier distribution in spherical QDs can be flexibly tuned from less 
than 30% to over 80% by adjusting the core/shell size in a technically available rang 
of 1 to 3 nm, which demonstrates the quasi-type-II feature of the dots. It is more 
likely to obtain electron-hole spatial separation, necessary for single-exciton optical 
gain, with QDs in rod or bone shape. The stimulated emission wavelength can also 
be calculated with the model. With the same core/shell dimension, nanorods show 
the longest wavelength of stimulated emission, followed by nanobones and 
nanospheres.    

 
(vi) Spherical CdSe-CdS core-shell QDs with various core/shell sizes doped in solid 

PMMA are optically characterized. The redshift of the absorption/PL spectrum with 
shell thickening becomes less pronounced when the core is larger, due to the small 
value of conduction band offset. It confirms the quasi-type-II feature of the dots. It 
is revealed by time-resolved photoluminescence measurement that there are two 
different exciton recombination paths; the fast intra-spatial recombination and the 
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slow inter-spatial recombination. The amplitude ratio of the two decay paths, 
Afast/Aslow, is related to the carrier distribution, which is adjustable with core/shell 
dimension. A small Afast/Aslow is necessary to achieve single-exciton optical gain. 
Thus a small core and a thick shell are preferred. On the other hand, a large 
Afast/Aslow is favorable in acquiring high photon emission rate (high PL intensity). 
Amplified spontaneous emission is observed with the QDs at room temperature. 

 
The results listed above show the substantial contribution of the thesis work to the research 
on nanoparticles. However, the large research field is far beyond the scope of the doctoral 
dissertation both in the principle and theory it covers and in the applications it is involved in. 
As the continuation of this work, several issues are still open for further investigation. The 
relevant directions of research are suggested as follows.    

 
(i) The mechanism of energy transfer from dye molecules to gold nanoparticles needs 

to be further clarified, since it is one of the two main causes for photostability 
degradation in dye molecules as lasing gain medium. The dependence of the energy 
transfer rate on the relative gold/dye concentration is going to be quantitatively 
studied in terms of the thickness of the accumulation layer of dye molecules on 
nanoparticle surface and the average time of a single dye molecule to be attached to 
a nanoparticle. The nanoparticle-induced heat, as the other main cause for the 
photostability degradation, also deserves additional investigation. Moreover, it is 
expected to be made clearer about the weight of the contribution from the two 
causes; i.e. the rate of irreversible chemical bonds destruction of dye molecules by 
heat dissipation and the rate of reversible radiative decay suppression by energy 
transfer.  
 

(ii) The Fabry-Perot laser cavity in this work is a convenient and useful tool for the 
investigation and demonstration of the photobleaching process of different samples. 
However, such a cavity with liquid gain medium is not frequently employed in 
modern applications. The trend for lasing components has turned to being 
minimized to adapt to novel applications like lab-on-a-chip system. Therefore, it is 
meaningful to carry out the photostability study with gold nanoparticles in micro-
sized laser cavities, e.g. micro-fluidic channels or micro cavities in polymer. As the 
ratio of the total nanoparticle volume with the cavity volume is increased, specific 
phenomena or features in the photobleaching process are expected.  

 
(iii) The temperature control of biological tissues with gold nanorods under laser 

irradiation is a critical issue to determine the potential of the rods for medical 
applications. Systematic studies are required to achieve more precise control of the 
temperature increase by varying the nanoparticle dimension and coating condition. 
The temperature inertia is also an important subject included in the topic of 
temperature control, since a rapid or slow response of temperature change to 
irradiation condition alteration is specifically requested according to different 
practical situations.  

 
(iv) The numerical model described in Chapter 6 needs to be improved iteratively by 

comparing the simulation results with optical properties obtained experimentally 
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from various QDs. For spherical CdSe-CdS core-shell QDs, more samples with 
different core/shell dimensions are required to be investigated with TRPL 
experiment. By relating the values of Afast/Aslow (from fitting the experimental data) 
to the calculated electron-hole overlap integral, it is expected to approach more 
precisely to the real value of the debated conduction band offset between the CdSe 
core and the CdS shell, which will be an important breakthrough for the analysis of 
the CdSe-CdS QDs. Meanwhile, since the rod- or bone-like QDs are superior in 
carrier separation, further investigation and optimization on these dots are needed to 
enhance the amplified spontaneous emission, or even optical gain with them. 
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