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ABSTRACT
Plasmonic nanostructures such as gold nanorods and gold nanostars are profoundly used
in photoluminescence measurement and coherent random lasing. Radiative processes such as
photoluminescence emission of nanomaterials can be profoundly modified by their interaction
with plasmonic nanostructures. In the first part of this thesis, we demonstrate the
photoluminescence enhancement, up to 25 times, of CdSe quantum dots which are sandwiched
between a gold nanorod and a thin gold film. Our results show a promise for applications in
optoelectronics and nanophotonics.
Random lasing occurs as a result of coherent optical feedback from multiple scattering
centers. In the second part of this thesis, we demonstrate that plasmonic gold nanostars are efficient
light scattering centers, exhibiting strong field enhancement at their nanotips, which assists in a
very narrow bandwidth and highly amplified coherent random lasing with a low lasing threshold.
First, by embedding plasmonic gold nanostars in a rhodamine 6G dye gain medium, we observe a
series of very narrow random lasing peaks with a full width at half-maximum (FWHM) ~ 0.8 nm.
In contrast, free rhodamine 6G dye molecules exhibit only a single amplified spontaneous emission
peak with a broader FWHM of 6 nm. The lasing threshold for the dye with gold nanostars is two
times lower than that for a free dye. Furthermore, by coating the tip of single-mode optical fiber
with gold nanostars, we demonstrate a collection of random lasing signal through the fiber that can
be easily guided and analyzed. Time-resolved measurements show a significant increase in the
emission rate above the lasing threshold, indicating a stimulated emission process. Our study
provides a method for generating random lasing in the nanoscale with low threshold values that
can be easily collected and guided.
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Chapter 1. Introduction

1.1 Light matter interaction
When light is incident on a matter, the electromagnetic field of light interacts with the
localized electromagnetic field of atoms in the matter. As a result of the interaction, there is the
emission of light from the matter which characteristics and properties are the same as that of the
incident light. The light emitted from the matter depends on the strength of the field of the light,
its wavelength, and the matter itself. Besides, external influences on the matter, such as
temperature, pressure, electric field, magnetic field, influence the interaction of light with matter.
The advantage of the interaction of light with matter is taken on the construction of optical devices.
The research field where we study the light-matter interaction at the nanoscale (~ 10-9 m)
is called nanophotonics or nano-optics. This is a subject of rapidly increasing scientific
importance: controlling light-matter interaction beyond the diffraction limit. Photonics is the
concept of light science including emission, detection, amplification, and control of light.
Understanding the plasmonic properties of metallic nanostructures allows for the manipulation of
light on the subwavelength scale, giving rise to new technologies and opening the doors to new
avenues of scientific advancement.
1.2 Plasmonic nanostructures
Plasmonic nanoparticles are metal nanoparticles such as silver and gold particles whose
size varies from 10 to 150 nm in diameter and are highly efficient at absorbing and scattering light.
The change in shape, size, and surface coatings causes the different colors of the nanoparticles
across the electromagnetic spectrum. For example, the ruby red color of spherical gold
1

nanoparticles is due to the scattering and absorption in the green region of the spectrum. Likewise,
the yellow color of silver nanoparticles is due to the plasmon resonance in the blue region of the
spectrum. Due to the surface plasmon resonance, which is the phenomenon of collective oscillation
of charged particles in metal, these nanoparticles show some peculiar electrical responses. Due to
the excitation of these electrical responses, plasmonic nanoparticle shows higher scattering and
absorption intensities than any other kind of nanoparticles. Plasmonic nanoparticles are very useful
in molecular detection, solar energy materials, cancer detection, and treatment because of their
interesting optical properties (brightness and tunability).
1.2.1 Plasmonic nanostructures to enhance light matter interaction
In the last few decades, researchers have been making efforts to understand the light-matter
interaction and now they emerged a new research field called “Plasmonics”. Plasmons are the
quantization of charge oscillations of free electrons in materials such as metals, in response to
incoming light. When these oscillations are restricted to a meta-dielectric interface, and light
interacts with particles that are much smaller than its wavelength, a local charge oscillation around
the particle is produced, which is known as localized surface plasmonic resonance (LSPR).

2

In general, the optical phenomenon which arises interaction between an electromagnetic
wave and free electrons in a metal is called LSPR. The plasmonic nanoparticles show a number of
interesting properties when light is confined at the nanoscale dimension. Some of the optical
properties are; large enhancement in the electromagnetic field, high photothermal conversion
efficiencies, great spectral responses, etc. [1,2].
Although there are a number of existing plasmonic materials, the most common materials
are noble metals like gold and silver. Gold nanostructures with its exciting localized surface
plasmon property fascinates may researchers and became an interesting field of research. The free
electrons in a gold nano nanostructure are driven by the electric field and subjected to the collective
oscillation at a resonant frequency. At this resonant frequency, the incident light is absorbed by
the nanostructure and a number of incident photons are scattered, or released in all directions with
the same frequency, while the others were absorbed. Interestingly, the gold nanostructure’s LSPR
peak includes both scattering and absorption components. The spectral position of the plasmon
resonance strongly depends upon the shape and size of the nanoparticles, so that the variation in
shape allows spectral tuning of the plasmon resonance to overlap the emission spectrum of the
desired active medium [3].
(a) Gold Nanostars: efficient broadband scattering centers for random lasing
Gold nanostructure consisting of the spherical core with multiple tiny tips on the surface
of the core, resembling a ‘star’ is gold nanostars. The size of gold nanostars is about 10-100 nm
and tip size is less than 10 nm. At these tiny tips of nanostars, electric fields are localized, and
hence, the associated plasmonic hotspots effectively interact with nearby molecules. The nanostars
are wet chemically synthesized nanostructures and are contained in deionized water solution. The
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concentration of the particle is increased or decreased by centrifuging or dilution. Figure 1 shows
a scanning electron microscope image of gold nanostars, showcasing their small spiky tips.

Figure 1. SEM images of nanostars at different scales
Gold nanostars absorption and scattering properties can be tuned by controlling the particle
size, shape, and the local refractive index near the particle surface [4]. Gold nanostars with its
small tiny peaks show the different types of characteristic scattering peaks. Depending upon the
number of light scattering centers they show single or multiple scattering peaks.
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Figure 2. Nanostars as efficient light scattering centers

(b) Gold Nanorods: fluorescence enhancement
Gold nanorods are microscopic gold nanoparticles that are elongated along one direction
and resemble a rod shape. There are different methods for the synthesis of gold nanorods. Some
of them are (i) Seed-mediated growth method (ii) Electrochemical method (iii) Template method
(iv) Electron beam lithography method. These methods synthesized nanorods with different aspect
ratio and their properties depend upon the aspect ratio. Because of the tunable optical properties
of gold nanorods, they are suitable for a wide range of applications, from information processing
to medicine. Gold nanorods are effectively used for the development of optical imaging
techniques, cancer detection, and therapy. Radiative processes such as photoluminescence
emission of nanomaterials can be profoundly modified by their interaction with plasmonic
nanostructures.
In this project, gold nanorods are used to enhance the photoluminescence intensity of CdSe
quantum dots which are sandwiched between a gold nanorod and a thin gold film. Collective
oscillation of conduction (free) electrons in metallic gold nanorods cause the formation of plasmon
resonance. Coupled Au nanorod – Au film supports a plasmon resonance which enhances the CdSe
quantum dot photoluminescence emission. Coupled Au nanorod – Au film is simulated using the
5

COMSOL Multiphysics software and the result is shown in Figure 3. The simulation result shows
a plasmon resonance at around 650 nm, which is spectrally overlapped with the quantum dot
emission wavelength.

(a)

(b)

Figure 3. (a) Coupled Au nanorod – Au film
(b) COMSOL simulation result

1.2.2 Coherent Random Lasing
The word laser stands for Light Amplification by Stimulated Emission of Radiation
(LASER). The laser system consists of an oscillator, which supplies optical feedback, and an
amplifier which coherently amplifies the light. The oscillator and amplifier can be separated or
combined into one resonator cavity. The amplification is achieved by the gain medium, which is
placed inside the gain cavity. During the lasing, there are three different types of interactions
between light and gain material, and they are: spontaneous emission, stimulated emission, and
absorption. In the spontaneous emission process, there is no phase correlation among all the
emitted photons from different atoms, and emission of photons is very random in any direction. In
the stimulated emission process, an incident photon triggers the emission of many identical
photons, which combine coherently with the incident photon. By absorption process, gain medium
absorbs pump light and then excite it to the higher energy levels. In a laser resonator, the photons
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spontaneously emitted along the cavity axis are reflected in the gain medium and amplified through
stimulated emission through the gain medium. Lasing occurs when the photon emission is
dominated by the stimulated emission rather than the spontaneous emission [5].

Figure 4. Spontaneous and stimulated
emission of light [7]

Lasing in scattering media – known as random lasing (RL) [6] – was first theoretically
predicted by Letokhov and coworkers in the late 1960s, it was proposed that the incorporation of
strong successive scattering events into an optically amplifying medium would result in spectrally
narrow, spatially diffuse, intense stimulated laser-like light emission [7] and then experimentally
observed by Lawandy et al in 1994 [8]. RL differs from normal lasing in that random lasers operate
without an external cavity, with scattering acting as the feedback mechanism [6]. Unlike
conventional lasers that sustain lasing modes within a precisely aligned resonator cavity, and
where scattering hinders performance, random laser operation relies on non-resonant optical
feedback from multiple light scattering events to sustain an optical gain [ 9]. A special case of
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random laser action is obtained through the combination of optical coherent amplification and
multiple light scattering in any given active random media. Saying that the process of light
amplification by stimulated emission, with feedback provided by the disorder-induced scattering,
also represents a random laser. Among two different kinds of feedback, the intensity or energy
feedback is incoherent and non-resonant while the field or amplitude feedback is coherent and
resonant. [5]. Differentiation of random lasing can be done into two distinct spectral classes which
are based on the feedback mechanism and the different scattering regimes in diffuse media;
intensity feedback random lasing (IFRL) and resonant feedback random lasing (RFRL). The
characterization of IFRL could be done by a single narrow peak emission while RFRL is
characterized by multiple sub-nm peaks [6].
Experimental study of random lasers started in the 1980s with samples made from laser
crystal powders. It is reported that intense stimulated radiation over a wide range of Na3+ -activated
scattering media but the effect of multiple light scattering on emission mechanisms were not clear.
In 1994, the idea of separating gain and scattering and studying them independently was realized
experimentally with TiO2 microparticles suspension with laser dye rhodamine 640 perchlorate
which was a gain material and was controlled separately by particle concentration molarity. For
the emitted signal when emission intensity increasing and emission linewidth narrowing the
threshold was measured and founded that the threshold depends upon the particle concentration
into the solution. This clearly showed that the feedback is provided by light scattering. These were
the characteristics of a random laser with intensity feedback [8].
1.3 Semiconductor Quantum Dots
Quantum dots are usually regarded as semiconductors with a size of several nm. In the last
decades, the impressive work in the fabrication of semiconductor structures made it possible to
8

reduce the three-dimensional bulk materials to quasi-zero-dimensional quantum dots. Quantum
dots are nanostructures that exhibit 3-dimensional quantum confinement and have attracted
considerable attention from scientists of many different fields. The modified electronic and optical
properties, which are controllable to a certain degree through the flexibility in the structure design
are special features of the quantum dots, which make quantum confined semiconductor very
important for device applications in microelectronics, nonlinear optics, and many other fields. In
practice, direct-gap semiconductor materials are mostly used in the preparation of quantum dots
i.e. III-V and II-IV compounds [10].
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Chapter 2. Motivation

2.1 Various developed nanolasers
In the 1960s the laser was constructed by Theodore H. Maiman. After that, different groups
of scientists developed the lasers through a variety of materials and are used in various
applications. Faist et al. in 1994 invented the first semiconductor laser and named it as quantum
cascade laser (QC laser) [11]. Physicists and engineers worked to shrink the lasers to the nanoscale.
Richart E. Slusher and his colleagues at Bells Lab developed such kind of laser for the very first
time by using nanometer-scale geometries [12]. In the past few years, random nanolasers attracted
the interest of many researchers as they generate the coherent light signal at nanoscale range. So,
people made different approaches for the development of nanolasers.
Oulton et al. [13] made an experimental demonstration of plasmonic nanolasers, generates
optical mode which is 100 times smaller than that of the diffraction limit. This plasmonic nanolaser
consists of silver substrate contains CdS semiconductor nanowire on its top. CdS semiconductor
and silver substrate are separated by the thin layer of MgF 2. The structure supports a kind of
plasmonic mode which size is 100 times smaller than that of the diffraction-limited volume.
Overall experiments were carried out at low temperatures (~ T< 10 K) by using liquid helium and
the developed structure is shown in Figure 5 below [13].
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Figure 5. The plasmonic laser consists of a CdS semiconductor nanowire
on top of a silver substrate [13]
Based on surface plasmon amplification by stimulated emission of radiation (SPASER) Lu
et al. [14] proposed a new laser and reported a low threshold continuous operation nanolaser. In
their demonstration, there is the formation of plasmonic nanocavity between an atomically smooth
silver film and a single optically pumped nanorod. A nanorod consisting of an epitaxial gallium
nitride shell and an indium gallium nitride core acting as a gain medium. Excitation of surface
plasmon polaritons provides the required feedback mechanism for SPASER. The experiment is
carried out at liquid nitrogen temperature. The schematic of the device is shown in Figure 6 below
[14].

Figure 6. Schematic of device by Lu et al.: a single InGaN@GaN
core-shell nanorod on a SiO2 [14]
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The direct bandgap of a thinned monolayer of transition metal dichalcogenides (TMDC),
making them outstanding 2D semiconductors and applicable in electronic and optoelectronic
devices. These monolayers attracted increasing interest as they emit a strong coherent light signal
with unique access to spin and degrees of freedom as well. Ye et al. [15] demonstrated and reported
on the 2D excitonic laser with the use of coupled tungsten disulfide (WS2) and microdisk resonator
(Figure 7). In this method, the device is optically pumped with ultrafast laser, and characteristic
peaks emitted from the WS2 monolayer microdisk are studied [15].

(a)

(b)

Figure 7. (a) Schematic image of monolayer WS2 microdisk laser (b)
SEM of an undercut Si3N4/WS2/HSQ microdisk [15]

From literature searches, it is found that though these methods are successfully developed
coherent random lasing signals at the nanscale, they were performed at very low temperature i.e.
cryogenic temperatures. These conventional methods need advanced fabrication and precisely
aligned resonator which does not cost worthy. So, researchers worked for the emission of nanolaser
signals at room temperature and this must be cost-effective.
12

In 2016, Ziegler et al.[16] demonstrated the random lasing at room temperature by using
different organic dye solutions as a gain medium and plasmonic gold nanostars as a scattering
center. Varieties of organic dyes dissolved into different solvents in like ethanol, methanol,
DMSO, etc. in particular concentration and a homogeneous solution is prepared. Thus, the
obtained solution is mixed with the gold nanostars solution. The final solution is contained in the
quartz cuvettes. The laser excitation is projected onto the cuvette and the emitted signal is focused
onto the entrance slit of a spectrometer and collected via charged-coupled device camera [16].
Sugimoto et al. [17] theoretically proposed that plasmonic nanoparticles such as gold
nanorods, nanospheres show the great potential in nanophotonic applications because they provide
tightly confined electric field and large Purcell factors. However, the numerical study
demonstrated that gold nanorods on mirror antenna show higher resonance due to the hybridization
of the bright and dark modes than the nanospheres on the mirror antenna. They fabricated a
nanorod on mirror antenna by placing a gold nanorod on an ultra-flat gold film through a single-,
double and quadrupole-layers of light-emitting quantum dots and observed that, there are a large
enhancement and strong shaping of the luminescence from quantum dots due to the hybridized
mode of a nanorod on mirror antenna.
Objective of this project
In this work, our objective is to develop a lasing platform that is efficient, cost-effective,
operates at room temperature, and has a narrow bandwidth. And nanostar coated single-mode fiber
tip will be used to collect and guide the lasing signal.
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Next, we experimentally demonstrate the photoluminescence enhancement of CdSe
quantum dots which are sandwiched between a gold nanorod and a thin gold film. Coupled gold
nanorod-gold film supports a plasmon resonance which enhances the CdSe quantum dot
photoluminescence emission.

14

Chapter 3. Theory

This chapter includes the theoretical background related to the experimental work which is
presented in the later chapter of this thesis. The random lasing, a topic of intense study in recent
years, regards the electromagnetic wave propagation in random and amplifying media. This
direction of random lasing is based on the background of two branches of physics: localization of
waves and laser physics. Localization theories tell us how the waves are traveling in gain media.
On the other hand, laser theory describes the interactions between electromagnetic waves and gain
media in cavities.
The study of random lasing is important not only because of their interesting physical
properties but also due to their importance in technological applications. The study of random
lasing gives us basic understandings of how the localization effects interplay with amplification
and how a random lasing mode generates in the lasing process. As the random lasers are a cheap
and efficient source of coherent light, they have a number of applications in industry. Examples
include microlasers, paint, pixels, photonic marketing, photo-dynamic therapy, etc.
3.1 Localization of waves
From the last two centuries, people are studying the propagation of waves in random media.
In the late 19th century Langevin and Einstein studied the Brownian motion and developed the
diffusion equation. Boltzmann studied the classical non-equilibrium transport properties and
developed the Boltzmann equation which is very important for the study of transport properties of
classical particles [18]. To account the important quantum effects, it is needed to reformulation of
Boltzmann theory. In 1958, when Anderson introduced localization for the first time, he started to
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reformulate the Boltzmann theory. His localization theory referring to the change in the
propagation of electron when it is subjected to the spatially random potential [19]. The problems
regarding the localization effects are analyzed by the Ioffe-Regel criterion

2𝜋𝑙
𝜆

= 1 ; 𝑙 is mean free

path and 𝜆 is wavelength [ 20]. In 1972, Edwards and Thouless proposed a scaling theory of
localization based on electronic wavefunction’s sensitivity to the boundary of sample [21]. Later
in 1980, Anderson, Thouless, Abrahams and Fisher, developed a scaling theory of localization
which suggests that for the systems with dimension less than or equal to two, all the states are
localized [22].
In 1984, when S. John introduced the localization of classical waves [23] and Bergmann
suggested coherent backscattering as a signature of localization [24], it is clear that localization is
due to the interfering effects of waves. In 1984, Economou, Zdetsis, and Soukoulis mapped the
electronic problems to classical case and developed optimum conditions to observe the localization
of classical waves [25]. Later, in 1986 John introduced that the photonic bandgap materials also
realize the localization of light.
3.2 Laser Physics
Laser physics, a branch of condensed matter physics, studied theoretically with its
application from years ago and now is evolved as the new independent field. In 1917, Einstein
developed the concept of stimulated emission and it became an important process for the invention
and development of laser [26]. In 1964, Lamb proposed a theoretical description for the operation
of multimode lasers. The theory based on the classical description of the electromagnetic field in
terms of high Q-modes and quantum mechanical description of the amplifying medium and is
important for the understanding of the detailed behaviors of laser [27].
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Based on quantum electromagnetic field theory and the interactions between the atomic
field and electromagnetic field, other theories have been constructed. In 1966, H. Haken [28] with
the concept of classical Langevin equation and Heisenberg equation developed a method to study
the lasers. On the basis of the density matrix, Scully, and Lamb [29] developed another method in
1968. After the detailed understanding of quantum mechanics, laser physics became more
advanced with concepts like coherent states, squeezed states, EPR paradox, quantum computation,
and quantum chaos, etc.
3.3 Theories of random lasers
In disordered gain medium when optical scattering is significantly stronger, scattering of
light plays an important role in laser amplification and laser oscillation.

Figure 8. Schematic of conventional laser (left)
and random laser (right)
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3.3.1 Random laser characteristic length scales
(a) Scattering mean free path (𝒍𝒔)
Scattering mean free path is defined as the average distance between two successive scattering
events and is denoted by 𝑙𝑠 . If 𝑛𝑠 be the number density of scatters and 𝜎𝑠 be the scattering cross
section of the individual scatter, then scattering mean free path can be expressed as:

𝑙𝑠 =

1
𝑛𝑠 𝜎𝑠

(1)

Further, the scattering cross section 𝜎𝑠 can be expressed as;
𝑑2
𝜎𝑠 = 𝑄𝑠 𝐺 = 𝑄𝑠 𝜋
4

(2)

where, 𝑄𝑠 is scattering efficiency
𝑑2
𝐺=𝜋
4

(3)

is geometrical cross section area of the particle and 𝑑 is the diameter of the scatter.
(b) Transport mean free path (𝒍𝒕 )
To account the anisotropy in scattering, transport mean free path is defined which is average
distance that light travels before its direction of propagation is randomized and it is denoted by 𝑙𝑡 .
𝑙

𝑠
For a given 𝑙𝑠 , 𝑙𝑡 = 1−𝑔
, where 𝑔 =< 𝑐𝑜𝑠𝜃 > is anisotropy parameter and 𝜃 is scattering angle.

For isotropic scattering 𝑔 = 0 and for complete forward scattering 𝑔 = 1.
(c) Gain length (𝒍𝒈 )
The length in the gain medium over which light gets amplified by the factor of e is called the efolding path length and known as gain length.
18

(d) Amplification length (𝒍𝒂𝒎𝒑 )
The reasonable length of the medium when beam propagating along an axis of a medium, the
population density will reach a condition that can achieve optical gain.
3.3.2 Classification of random lasers
Random lasing is the process of emission and amplification of light via stimulated emission with
the optical feedback provided by the multiple scatterings of light from the scattering centers.
Depending upon the optical feedback random lasers are divided into two types. They are:
a) Random laser with non-resonant (incoherent) feedback
b) Random laser with resonant (coherent) feedback
3.4 Time Correlated Single Photon Counting (TCSPC)
Time correlated single photon counting is a powerful tool in fundamental physics to
analyze the intensity of the emitted light signal. To imply the TCSPC in practice we need to record
the intensity of emitted light signal by a short flash of light or typical laser excitation pulse [30].
In general, TCSPC is a technique to record the low-level light signals with picosecond time
resolution [31]. In our work, this method is used to measure the fluorescence and
photoluminescence lifetime. TCSPC used in our measurement works best for wavelengths from
400 nm to 1000 nm.
Measurement Principle:
The principle of TCSPC depends on:
i.

Detection of single photons of a periodic light signal

ii.

Measurement of detection time of individual photons

iii.

Reconstruction of photon statistic from individual time measurements
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This method relied on the fact that for low-level high repetition rate signals, the intensity of
light is very small, and hence the probability of detecting one photon in one signal is less than one.
The detector signal consists of a chain of randomly distributed pulses. These pulses are due to the
detection of the individual photons. Out of all signal periods, many of them are without photons,
other contains one photon pulse, and very few them contain more than one photon pulse. When
the detector detects the photon, the time of the corresponding detector pulse is measured, and the
events are collected by adding 1 in a memory location. Finally, the histogram of detection time
builds up in memory for all the photons [31].

Figure 9. Histogram of start-stop times in time
resolved fluorescence measurement with TCSPC [30]

3.5 Luminescence
Nonequilibrium radiation above the thermal radiation background which arises due to the
process of energy transformation between absorption and emission is known as luminescence.
Under certain conditions, the nonequilibrium radiation of the body is less than the thermal emission
background. So, there is a deficiency of radiation and is called negative luminescence. Nowadays,
luminescence is a kind of spectroscopy in which we study the general laws of absorption and
20

emission of radiation by matter. After the development of the first laser in 1960, there is a new
stage in the development of optical science including luminescence as well [32].
Based on the energy sources which initiates the luminescence, luminescence is classified
into many types. Some of them are listed below:

What is photoluminescence?
The absorption of light from a material followed by the emission of light is called
photoluminescence. Or, we can say induced luminescence due to the absorption of photons is
photoluminescence [32]. In this work, photoluminescence is the light emitted by the quantum dots
and Rhodamine 6G dye when they are excited by lasers of wavelengths 488 or 515 nm.
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Figure 10. Photoluminescence of CdSe quantum dots (left) and rhodamine 6G
dye (right)
The light emission phenomenon following the absorption of a photon is regarded as
photoluminescence. However, it is further divided into two categories: fluorescence and
phosphorescence.
What is the difference between fluorescence and phosphorescence?
Photoluminescence that occurs for a very short time interval after the photoexcitation of
material is known as fluorescence whereas the photoluminescence that continues for a long-timeinterval even after the photoexcitation is ceased is known as phosphorescence [33].
3.6 Decay time analysis
By using the time-correlated single-photon counting method the photoluminescence decay
time is measured. The measurement of decay time gives the rate at which emission of light follows
the excitation and is an important characteristic of the material.
The photoluminescence intensity decays exponentially according to the relation:
𝑡

𝐼 = 𝐼𝑜 𝑒 −𝜏

(4)
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Where 𝐼𝑜 is the initial intensity, 𝐼 is the intensity after time 𝑡, 𝑡 is the total time, and 𝜏 is the
decay time.
Rearranging equation (4):
𝐼
𝐼𝑜

𝑡

= 𝑒 −𝜏
𝐼

(5)
𝑡

or, ln (𝐼 ) = − 𝜏

(6)

𝑜

Comparing equation (ii) with the equation of straight line 𝑦 = 𝑚𝑥 + 𝑐, the slope 𝑚 = −

1
𝜏

yields

the inversed decay time of the photons.
3.7 Absorption and scattering of light by gold nanoparticles
Noble metal nanoparticles such as gold nanoparticles are good scatters and absorbers of
light at optical frequencies because they show strongly enhanced surface plasmon resonance.
Absorption of light by gold nano star solution:
Transmission spectrum of the nano stars is calculated by the normalized formula

𝑇=

𝑌 − 𝑌1
𝑌2 − 𝑌1

(7)

Where; 𝑌, 𝑌1 , 𝑌2 are light intensities measured from nano star solution, background noise, and
solvent.
Scattering of light by single gold nano star and nano rod:
The scattering spectrum of single gold nanoparticle is calculated by using the normalized
formula

23

𝑆𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 =

𝑌 − 𝑌1
𝑌2 − 𝑌3

(8)

where 𝑌, 𝑌1, 𝑌2 , 𝑌3 are the light intensities measured from the single gold nanoparticle, substrate,
white light standard reflection piece, and the CCD dark counts.
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Chapter 4. Materials and Methods

In this chapter we discuss the overview of the sample fabrication, all experimental methods
and techniques used in this work.
4.1 Sample preparation - I
4.1.1 Preparation of the gold films
Gold is a popular substrate, which is stable against O2 and easily prepared by the vapor
deposition method. Gold is deposited into a the freshly cleaved silicon wafer by thermal
evaporation method. Cut the fresh glass slab into small pieces (~ 1 cm2) and clean them with
nitrogen. Glue them with face down onto 200 nm thick gold deposited Silicon wafer using the
Epotek epoxy. Heat this multilayer silicon-gold-glass at 150̊ C for 1-2 hours until the glue cured.
Peel off the glass pieces from the gold deposited silicon wafer so that the gold layer is stripped to
the glass piece. Finally, the template stripped gold surfaces prepared by stripping procedure [34].

Figure 11. Synthesis of gold film in a lab
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Procedure:

Figure 12. Schematic of procedure to fabricate gold film

To create a spatial gap for the coupled nanoparticle-film resonator, a 5 nm thick polymer
spacer layer sandwiched in between Au-film and gold nanoparticle. The 5 nm polymer spacer layer
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is formed by an alternative deposition of a single layer (1nm) polyelectrolytes (PE). Particularly,
3 layers of positive PAH (poly-allylamine hydrochloride) and 2 layers of negative PSS
(polystyrene sulfonate) are used.
4.1.2 Preparation of polyelectrolyte reagents
To prepare sodium chloride solution (NaCl) solution, 29 gm of NaCl powder mixed with
500 mL of DI water. For the poly-allylamine hydrochloride (PAH) solution, we mixed 29 gm of
NaCl with 500 mL DI water and then add 132 mg of PAH. In the same way for PSS (polystyrene
sulfonate) solution, 29 gm of NaCl mixed with 500 mL of DI water and then add 1.5 mL of PSS
stock solution.

Figure 13. Preparation of polyelectrolyte reagents

4.1.3 Scattering measurement from gold nanorods and nanostars
To measure the scattering spectra from the gold nanoparticles, nanoparticles are deposited
into the gold film where there is a 5 nm thick layer of polyelectrolyte in between nanoparticles and
Au-film.
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(a)

(b)

Figure 14. Schematic of the proposed ultra-small mode volume
plasmonic film-coupled (a) nanorod (b) nanostar resonator

Figure 15. Schematic of Coupled Au nanorod – Au film and quantum
dots are sandwiched in between

4.1.4 Photoluminescence measurements of CdSe quantum dots
Au-film with the 5 nm thick layer of polyelectrolyte coated by the single layer of CdSe quantum
dots by using the spin coater. Then a layer of gold nanorods is deposited from the top of the
sample.
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4.2 Sample preparation-II
4.2.1 Material required
(1) Silicon wafer
Since the silicon is less reactive and is also very common in the lab, we used it for many
experiments. In this work, a fresh silicon wafer is cut into small pieces and a piece of silicon is
used as a sample holder.
(2) Dimethyl sulfoxide
Dimethyl sulfoxide is a colorless solvent that dissolves both polar and nonpolar molecules very
well. Its boiling point is relatively high, so it cannot be evaporating easily at room temperature.

Figure 16. A Dimethyl Sulfoxide molecule

(3) Rhodamine 6G dye (Rh6G)
Rhodamine 6G dye is an organic laser dye and has a variety of applications in spectroscopy,
in optics, and in lasers. As Rh6G dyes have a high quantum yield for fluorescence, it is used
as a fluorescence tracer which helps in defining the spectroscopic characteristics for achieving
a high conversion efficiency and precision of measurements. The range of absorption of Rh6G
dye is 400-700 nm [35]. When rhodamine 6G dye is mixed with the dimethyl sulfoxide
absorption peak wavelength is 579 nm which resembles the wavelength of gold nanostars.
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Figure 17. A rhodamine 6G dye molecule
4.2.2 Procedure
The sample structure of this work consists of colloidal synthesized iron oxide-gold coreshell nanostars with an approximate size of ~ 75 nm (Figure 19(a)). The magnetic iron oxide core
was about 35 nm and the Au shell layer was 40 nm. The iron oxide-gold core-shell nanostar’s
original purpose was to make use of its dual-functionality, namely magnetic and plasmonic
properties, for biomedical applications [36]. However, for this work the iron core’s role was to
serve as a catalyst for the nanostar’s growth and its influence on the plasmon resonances of the Au
nanostar is negligible. The spikes (or tips) of the Au nanostars were estimated, via Transmission
Electron Microscopy (TEM) image (Figure 18 (b)), to be less than 10 nm. Indeed, the small tips
of the nanostar are permitting the formation of extremely tiny nanoscale hot spots as schematically
shown in Figure 18 (c).
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Figure 18. Plasmon-assisted random lasing by using gold nanostars. (a)(b) TEM images of the Au nanostars. (c) Schematic of the scattering of
photons and the formed hot spots at the tips of the plasmonic nanostar.
(d) Schematic of lasing as a result of an amplification due to random
scattering events. (e) Top: schematic of excitation and detection in an
analogous to a waveguide configuration. Bottom: a picture of the actual
experimental setup - the lasing signal appears in yellow

We prepared the dye solution by mixing Rh6G dye and dimethyl sulfoxide with the concentration
of 0.01 nm i.e. 0.0024 gm of rh6G dye per 50 microliters of dimethyl sulfoxide.
Step 1: 20 microliter of the prepared solution is dropped into the silicon substrate and laser
excitation of 533 nm is used to excite the suspensions with single pulses. An emitted signal is
collected through the nasal of the spectrometer.
Step 2: Repeat step 1 by mixing a stocked solution of gold nanostars with the prepared dye solution.
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Step 1

Step 2

Figure 19. Process of collection of lasing signals in free space

An optical fiber is a flexible, transparent fiber having core and cladding of different
materials. Generally, the diameter of optical fiber is 50-100 micrometers and is used for the
transformation of a signal to a longer distance.
Next, we used the single-mode optical fiber to collect and guide the lasing signal. Optical
fiber with one end connected to the spectrometer and the other end is directly inserted into the dye
solution and the lasing signal is collected via the tip of the fiber.

(b)

(a)

Figure 20. (a) Single mode optical fiber and (b) Fiber inserted
into the dye solution
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Step 3: Tip of the single-mode fiber is inserted into the dye solution on the silicon substrate. After
the use of laser excitation, the emitted lasing signal is collected via the fiber.
Step 4: Repeat step 3 by coating the tip of the single-mode fiber with gold nanostars.

Step 4

Step 3

Figure 21. Process of collection of lasing signals from a single
mode optical fiber tip with (right) and without (left) gold nanostars
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4.3 Experimental setups
4.3.1 Experimental setup I

Figure 22. Schematic of experimental setup I

Capabilities:
•

Tunable femtosecond laser excitation

•

Single nanoparticle spectroscopy

•

Sub-nm spectral resolution

•

Wavelength selective time-resolved spectroscopy

•

Picosecond time resolution
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4.3.2 Experimental setup II

Figure 23. Schematic of experimental set up II

Capabilities:
•

Millisecond laser excitation

•

Sub-nm spectral resolution

•

Wavelength selective time resolved spectroscope
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Chapter 5. Results and Discussion

5.1 Measurement of scattering and absorption properties of nano particles
Nanoparticles show a variety of interesting optical properties that are significantly different
from properties show by the bulk materials. With the controlling of shape, size, and surface
functionality of the nanoparticles a wide range of optical properties is demonstrated with a number
of useful applications. When light is incident on the nanoparticle, the incident light can be either
scatter or absorb by the nanoparticle. The amount of light that is absorbed or scattered is greatly
dependent upon size (i.e. diameter) of the nanoparticle.
Gold film-coupled nanostars and nanorods show scattering resonant peaks. In experiments,
in order to determine the scattering spectrum of nanorods and nanostars, a single particle is
captured and is isolated from the rest of other particles by using a set of lenses and pinholes. The
captured particle is illuminated by the white light through the 100X Nikon objective lens which is
operating in the dark mode field. The scattered light from that particle is collected through the
same objective lens and then passes through the set of lenses. Finally, it is focused on the entrance
of the spectrometer and then analyzed by a CCD camera [37]. The final scattering spectrum of
single, isolated nanoparticle (nanorod and nanostar) is normalized as;

𝑆𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 =

𝐼𝑁𝑃 − 𝐼𝑆𝑆
𝐼𝑊𝐿 − 𝐼𝑑𝑎𝑟𝑘

Where 𝐼𝑁𝑃 , 𝐼𝑆𝑆 , 𝐼𝑊𝐿 and 𝐼𝑑𝑎𝑟𝑘 are the light intensities measured from the nano particle
(nanosatr/nanorod), substrate, white light standard reflection piece, and the CCD dark counts
respectively.
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Figure 24. Scattering spectra of different single gold nanorods on a gold substrate

The experimentally measured data has a good match with the COMSOL simulation (see
Figure 3). The coupled gold film – gold nanorods show a resonance of 625 nm – 675 nm.
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Likewise, the gold nanostars show resonance peaks around ~600 nm. Following Figure 25
shows an experimentally obtained spectrum of different single gold nanostars on a gold substrate.

Figure 25. Scattering spectra of different single gold nanostars on a gold substrate

Next, we measured the absorption spectrum of the gold naostars. For this, the white light
via multimode fiber passes through the nanostar solution (solvent is deionized water) which is
contained in a glass chamber. The transmitted light signal is focused onto the entrance of the
spectrometer and thus obtained signal is analyzed. The final transmission signal of the nanostar
solution is normalized as:
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𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 =

𝐼𝑁𝑆 − 𝐼𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
𝐼𝑊 − 𝐼𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

Where 𝐼𝑁𝑆 , 𝐼𝑊 and 𝐼𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 are the transmitted light intensities measured from the nano star
solution, DI (deionized) water, and the background counts, respectively.

Figure 26. Transmission spectra of gold nanostars

Figure 26 shows the transmission spectra of the nanostar solution for four different
samples. In the figure, it is clear that absorption is maximum around a wavelength of 575 nm.
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Likewise, the absorption spectrum of rhodamine 6G dye is measured by using the UV-ray
spectrometer. Following Figure 27 shows the absorption spectra of rhodamine 6G dye which are
observed for four different samples. The graph shows that the absorption of light takes place at
575 nm.

Figure 27. Absorption spectra of the rhodamine 6G dye
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5.2 Photoluminescence measurement of CdSe quantum dots
5.2.1 Optical image analysis
The sample prepared as per the method that we described in section 4.1 is characterized by
the experimental setup-I. The prepared sample is viewed under the microscope through an
objective 100X Nikon objective lens operating in the dark mode. First, nanoparticles (gold
nanorods) are illuminated by the white light through an objective lens, then scattered light from
particles was collected by the same lens, passes through different lenses, and refocused onto the
entrance of the camera. The camera helps to display the optical image onto the computer screen.
Thus, the obtained optical image is called the dark-field image (or mask) of gold nanorods.
Then, we turned off the white light source and turned on the laser excitation, without
changing the position of the sample. Due to the high laser excitation power, electrons in quantum
dots get excited, and hence, quantum dots emit a signal which we call photoluminescence. As we
mentioned before this emitted photoluminescence is focused on the camera entrance, then the
optical image is displayed onto the computer screen, and the image is called quantum dot
photoluminescence image. The photoluminescence intensity of the quantum dots gets enhanced
by the gold nanorods which are coupled with quantum dots through its top.
Figure 28, (a) shows the dark field image of the gold nanorods in which individual bright
spots are the dark field scattering of individual nanorods whereas (b) shows the quantum dot
photoluminescence image in which individual bright spots are the photoluminescence from
quantum dots.
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Figure 28. (a) Dark filed image (mask) of nanorods (b) Quantum dot photoluminescence image

In Figure 28 (b) above (right), the quantum dots which are encircled by red circle coupled
with the nanorods and these quantum dots are much brighter than the other quantum dots.
Corresponding coupled nanorods are also encircled by a red circle in Figure 28 above (left).
These optical images are analyzed by a Labview program and intensities of individual
quantum dots (with and without nanorods) are measured. Then the emission intensity histogram
of quantum dots with and without dots are plotted against the count. The quantum dots having the
same intensity range are grouped. Figure 29 shows the histogram of quantum dot emission
intensity.
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Figure 29. Histogram of quantum dot emission intensity

𝑄𝐷
From histogram, it is seen that the intensity of quantum dots without nanorod is (𝐼𝑛𝑜
𝑛𝑎𝑛𝑜𝑟𝑜𝑑 ) ~
𝑄𝐷
100,000 a.u. and that of quantum dots with nanorod is (𝐼𝑤𝑖𝑡ℎ
𝑛𝑎𝑛𝑜𝑟𝑜𝑑 ) ~ 2,000,000 a.u.

Therefore,
𝑄𝐷

The photoluminescence intensity enhancement (𝐸𝐹 ) =

𝐼𝑤𝑖𝑡ℎ 𝑛𝑎𝑛𝑜𝑟𝑜𝑑
𝑄𝐷

𝐼𝑛𝑜 𝑛𝑎𝑜𝑟𝑜𝑑

~ 20

The average intensity of photoluminescence of quantum dots with nanorods is 20 times
larger than that of the quantum dots without nanorods.
5.2.2 Photoluminescence spectral measurements
To get the spectral dependent photoluminescence intensity, the emitted signal from
quantum dots is focused onto the entrance slit of a spectrometer and analyzed by CCD (ChargeCoupled Device) camera. Figure 30 shows the photoluminescence spectra of quantum dots with
and without nanorods.
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Figure 30. Photoluminescence spectrum of quantum
dots
5.2.3 Decay time measurements
Time correlated single photon counting measurements are used to measure the decay time
of the quantum dots which are coupled with the nanorod and pristine quantum dots (quantum dots
on glass). The decays curves are shown in figure 31 below.

Figure 31. Decay curve
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By analyzing the slope of the curve, we calculate the decay time. Decay time of coupled quantum
dot is much shorter (~ 1 sec) compared with that of quantum dots on a glass slab (~25 sec).
𝑄𝐷

Purcell Factor (𝐹𝑃 ) =
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𝜏𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒
𝑄𝐷

𝜏𝑛𝑎𝑛𝑜𝑟𝑜𝑑

~25

5.3 Plasmon assisted coherent random lasing measurements
In the experimental procedure, the mixed nanostars/dye suspension was excited by a shortpulsed solid-state laser of 515 nm (Coherent Flare NX, pulse length shorter than 1.0 ns, maximal
pulse energy 322 μJ, 2 kHz repetition date). The laser excitation is used from the top of the sample
and the signal is collected from a side facet, in an analogous to a waveguide configuration. The
pump laser was filtered by 550 nm long-pass filters (Semrock). The collected lasing signal was
fed into a multiple mode fiber and analyzed by a portable spectrometer (Ocean optics USB2000+).
For the lasing from a single-mode fiber, the fiber tip was coated by a layer of Au nanostars and the
tip was inserted into a free Rh6G dye solution. In this latter case, the lasing signal was collected
directly via the single-mode fiber and the detection objective lens. The Rh6G dye and nanostar
absorption measurements were carried out using a Cary 100 UV-Vis spectrometer. For the timeresolved single-photon counting measurements, PL signal was filtered by the same spectrometer,
guided through a second exit port, and collected by a fast-timing avalanche photodiode. A timecorrelated single-photon counting module (PicoHarp 300) with a time bin of 16 ps was used to
analyze the number of photons as a function of time when they arrived at the photodiode. Final
lifetimes were obtained from fits to the data de-convolved with the instrument response function
[38].
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Lasing with low concentration of rhodamine 6G dye (0.01 mM):
First, we were intended to get the lasing signal from the rhodamine 6G dye. For this, we
tried various concentrations and observed that for the dye concentrations less than 0.005 mM, the
lasing didn’t occur. For the dye concentration 0.01 mM we got the significant lasing signal as
shown in Figure 32 below. We used two different substrates (i.e. silicon and gold) and found the
lasing signal in both cases. In following figure 32, (a) shows lasing on the silicon substrate and
figure (b) shows a lasing on the gold substrate.

Figure 32. Lasing from low concentration free rhodamine 6G dye
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Further, different low concentrations (~2 mM) gold nanoparticles such as gold nanostars
and gold nanorods are mixed with the low concentration (0.01 mM) rhodamine 6G dye and lasing
tested on silicon and gold substrates (Figure 33).

Figure 33. Lasing from low concentrations gold nanorod/nanostar mixtures with rhodamine 6G dye

To determine the lasing threshold excitation power, the graph between the thepower supply
and integrated intensity is plotted. By performing the linear fits, we determined the threshold
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power for the individual case as shown in Figure 34 below. Gold nanostars with rhodamine 6G

Integrated Intensity (a.u.)

dye on a silicon substrate have the lowest threshold power.

Power (mW)
Figure 34. Linear fits are performed to determine the lasing thresholds

The gold nanostars with rhodamine 6G dye on a silicon substrate have the best lasing performance.
Thus, we chose this combination for further study to get a narrow, coherent, and amplified lasing
signal by increasing in concentration of rhodamine 6G dye as well as gold nanostars.
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Lasing with high concentration rhodamine 6G dye (0.1 mM):

Figure 35. Dye absorption (blue), dye emission (red), and nanostar absorption (black)
curves. The laser excitation wavelength (515 nm) is shown by the dashed green line

Figure 35 shows the absorption and emission spectra of the Rh6G dye and the absorption
curve of the Au nanostars in dimethyl sulfoxide solution. Both the absorption and emission spectra
of Rh6G dye have significant overlaps with the broad resonance of the nanostars from 480 nm to
750 nm. The plasmonic resonance of the Au nanostars plays an important role in boosting the
absorption rate of the dye as well as to increase the scattering efficiency. Also, the wavelength of
used laser excitation is 515 nm which is close enough to the absorption peak of the Rh6G dye (~
520 nm) and hence, helps to increase the dye absorption rate.
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Figure 36. Random lasing by nanostars. (a) Emission spectra of the free
Rh6G dye solution at different excitation powers. (b) Integrated emission
intensity as a function of the excitation power for free Rh6G dye. (c)
Emission spectra of the Rh6G dye/nanostar suspension at different
excitation powers. (d) Integrated emission intensity as a function of the
excitation power for the Rh6G dye/nanostar suspension

Important characteristics of a lasing system include the existence of a pumping threshold,
narrowing the emission spectrum, shortening of the decay time, and most importantly its results
coherent light emission. The top left panel of Figure 36 displays the emission spectra of a free
Rh6G dye solution (without nanostars) at various excitation powers, which exhibit a clear
threshold at an excitation density of 𝑃𝑡ℎ ~12 𝑚𝑊 (measured before excitation objective lens). At
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low excitation density, the dye molecule emission is characterized by a broad spontaneous
emission spectrum. As the excitation density increases, a narrow, stimulated emission peak appears
at ~580 nm with a full width at half-maximum (FWHM) of 6 nm. When we included Au nanostars
in a solution of the same dye concentration, we observed a lasing behaviour at a lower lasing
threshold (~5.5 𝑚𝑊) as shown in Figure 36, lower left panel. Furthermore, with the presence of
Au nanostars, above threshold the lasing signal was featured by a series of very narrow peaks with
FWHM of ~ 0.8 nm.

Figure 37. Comparison of lasing spectrum with and without nanostars
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We compared the random lasing signal of free rhodamine 6G dye with and without gold
nanostars as shown in Figure 37 above. The peak width is reduced from 6 nm to 0.8 nm when we
mixed the dye with the gold nanostars.
When the laser excitation is used, first, rhodamine 6G dye (which is a good fluorescent
emitter) emits the fluorescent signal. Although the fluorescent signal of rhodamine 6G dye is
incoherent and power-dependent it has a broad peak width. Since gold nanostars are good efficient
scattering centers so, when we mixed the gold nanostars with the dye solution, the emitted
fluorescent signal gets scattered multiple times through the tips of the nanostars. Hence, the final
emitted signal is coherent and power dependence shows a sharp narrow peak of high intensity.
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Figure 38. Nanostar integrated single mode fiber for random lasing. (a) Schematic of the
nanostar-coated bare single mode fiber tip inserted in the R6G dye solution. (b) and (c)
SEM images of the nanostars at the end facet and on the side of the bare single mode fiber,
respectively. The inset in (c) shows a zoom in image of a single nanostar

We also demonstrated the random lasing on the tip of an optical fiber which directly
collects and guides the optical mode. We integrated Au nanostars, the scattering centers for random
lasing to occur, on the tip of a bare optical fiber and the fiber was inserted into the Rh6G dye
solution as schematically shown in Figure 38. To adhere the Au nanostars on the fiber tip we used
the following procedure. First, the Au nanostars were suspended in a polyethylene glycol
electrolyte solution which resulted in a slightly negative surface charge for the nanoparticles.
Second, the tip of the bare optical fiber was dip coated with a very thin layer (~ 1 nm) of poly
(allylamine hydrochloride) polymer, which was slightly positive. The bare optical fiber tip was
subsequently dipped into the Au nanostar solution for 30 minutes to allow the nanostars to adhere
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on the fiber via Coulomb attraction force. Figure 38 (b) shows a scanning electron microscope
image of the nanostars at the core of the cleaved facet (top) and the outer side (cladding) of the
fiber (bottom).

Figure 39. Lasing through the tip of an optical fiber. (a) Emission spectra collected from
a single mode fiber inserted in a dye solution at various laser excitation powers. (b)
Similar as (a) but the fiber tip was coated with a layer of Au nanostars. The feature
showed up at 515 nm in both (a) and (b) was the laser excitation which scattered into
the fiber

Figure 39 shows the results of measurements for two different cases: a bare fiber tip without
Au nanostars (left) and a bare fiber tip coated with Au nanostars inserted into a Rh6G dye solution
(right). For both cases, the other end of the fiber was connected to a fiber-coupled spectrometer. It
is obvious that for a bare fiber without the Au nanostars we observed a similar broad lasing
characteristic of the free dye. It is a noted that the excitation power in this case was higher
compared with the measurement shown in figure 36 (a) due to the limited numerical aperture (NA)
of the single mode fiber (NA = 0.14) and lack of scattering centers. For the second case, i.e. fiber
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with coated nanostars, we observed a very narrow peak above threshold laser excitation power.
Compared to the case when nanotars were suspended in the dye solution, we observed strong
narrow peaks with lowest FWHM 0.6 nm and several small peaks. Because the nanostars were
Coulomb attracted to the fiber’s tip therefore their positions were fixed during the measurements.
In contrast to the solution suspension sample where nanostars could move freely, a closed-loop
cavity at the tip of the fiber was fixed and the random lasing emission wavelength was stable.
Furthermore, the nanostars at the end facet (Figure 38 (a)) and the side of the fiber tip (Figure 38
(c)) acted as efficient scattering centers which scattered the lasing photons into the fiber’s core at
random angles and helped increase the output signal intensity.

Figure 40. Time-resolved measurements of the dye emission from
the nanostar-coated fiber tip at the excitation powers below (black)
and above (red) lasing threshold
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One of the signatures of the stimulated emission is a reduction in the decay time of the
emitted photons. At the lasing wavelength emission of 600 nm, time-resolved measurements of
the emitted photons showed a reduction of the decay time when the excitation power density
increases from below to above the lasing threshold (from ~ 1 ns to < 50 ps), indicating the transition
from spontaneous emission to stimulated emission. The measured decay time of the lasing signal
above the threshold was indeed limited by the pulse width of the excitation laser and the true
lifetime could be much shorter.
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Chapter 6. Conclusions and Outlooks

Optical properties of gold nanoparticles (nanostars, nanorods) such as absorption and
scattering are successfully verified and further used in photoluminescence measurements of
quantum dots and measurements of coherent random lasing. The gold nanorods show the
excitation around 650 nm whereas gold nanostars show the excitation around 575 nm. Further, the
gold nanostars show the absorption characteristic around 575 nm. The measured data has good
agreement with that of theoretically calculated data. Also, the characteristics absorption peak of
the rhodamine 6G was measured.
For the photoluminescence measurements, first, the gold films were developed and then
the sample was fabricated on that gold film with the deposition of electrolyte solution and then
quantum dot solution. Finally, a layer of gold nanorods is deposited. Next, to measure the coherent
random lasing, the sample was fabricated on the silicon substrate by using proper rhodamine 6G
dye and nanostar solutions. And, then for the lasing from single-mode optical fiber, nanostars were
successfully deposited into the fiber tip and SEM images of nanostars on fiber tip were taken.
In conclusion, thanks to the plasmon resonance of the coupled nanorod-film, the
photoluminescence of coupled quantum dots is enhanced by > 20 times compared with pristine
ones, the quantum dots on a glass slide. Time correlated single photon counting measurements
show of the decay time of coupled quantum dots is much shorter (1 ns) compared with that of
quantum dots on a glass slide (25 ns). Purcell factor is approximately 25. This plasmonic platform
can easily be fabricated and promise an easy approach for large scale production at a low cost.
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Also, we have demonstrated the random lasing from the scattering of emitted photons from
rhodamine 6G dye with plasmonic Au nanostars. The highly engineered sub-10 nm tips of the
nanostars have provided effective scattering centers. Randomized closed-loop cavities resulted in
sub-nm lasing bandwidth and low threshold pumping power. We have also demonstrated a method
to directly guide the random lasing mode into a single-mode optical fiber which provides a
convenient means to collect and guide the poor spatial coherent random lasing through guided
modes. Our study provides a platform for potential applications such as remote sensing,
information processing, and possible on-chip coherent light sources.
In the future, we will measure the plasmon assisted coherent random lasing by using CdSe
quantum dots as a gain medium. Though quantum dots are hard to lase than rhodamine 6G dye,
quantum dots are much more stable.
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