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Abstract

This study aims to prepare random laser emission media within the
wavelengths range from the Vis to NIR. The active medium of the random
laser that was prepared to produce such wavelengths consists of a laser dye
dissolved in a suitable solvent and nanoparticles. The laser dyes in such
system (Rhodamine -640, Methylene blue MB and LDS 821) were used
in methanol as solvent. The nanoparticles that were used as scattering
centers are (magnetic Fe;O, iron oxide, silver Ag nanowires and Au
nanorods). Nanoparticles of different types and morphology were prepared
using Chemical methods. The absorption and spectral fluorescence
properties of dyes dissolved in methanol at different concentrations were
studied. Also, the preparation of random laser media composed of dyes
with addition of nanoparticles was studied in different concentrations of
dye and nanoparticles. It was found that the concentration of dyes and the
type of nanoparticles with a specific morphology have a significant effects
on the spectra of dyes by increasing the absorption and emission spectrum
with specific considerations. Also, the wavelengths shift to the longer
wavelengths (red shift) and to shorter wavelengths (blue shift) was
proportional to the concentration of both the dye and nanoparticles. The
effect of the dynamic properties of dispersed magnetic nanofluids (FesOy)
at different concentrations on the Gaussian laser beam passing through
them has been studied. The results showed that both the magnitude of the
external magnetic field and the response time have a clear effect on the re-
spreading and distribution of nanoparticles (NPs), forming a layer of chains
of different sizes. Moreover, controlling the length of the scattering mean
free path where its value changes from (160- 30) um. The possibility of

using an external magnetic field on a mixture (active medium to random



laser) of Rhodamine-640 doped with Fe;O4 nanoparticles in methanol on
random laser output parameters have been tested. The results showed the
possibility of controlling the emission to longer wavelength (redshift) of up
to (6) nm and a spectral bandwidth of less than (15) nm by changing the
threshold energy to reach less than (3.5) mJ and by applying an external
magnetic field between (0-125)G. The energy transfer factors for a mixture
of two dyes, Rhodamine-640 as donor, methylene blue as acceptor,
dissolved in methanol were also calculated and included the critical transfer
distance, half quenching concentration, and transfer efficiency. It was
found that the transfer efficiency reaches 85% at the concentration of dye
(Methylene blue = 1x10°® M). The addition of silver Ag nanowires to the
mixture of the two dyes was then studied in order to prepare an effective
medium for the random laser, two wavelengths of (600 and 700) nm were
produced from this laser. As for the random laser with a medium composed
of a mixture of LDS 821 dye dissolved in methanol with the addition of a
certain concentration of gold nanorods of two different diameters (6.3 and
7.3) nm with a same lengths. The results showed a rapid change from
incoherent to coherent lasing, by the system come to be exhibit distinct
characteristics through several discrete peaks appear in the emission
spectrum with a number of up to (10) and a spectral bandwidth of less than
(1 nm). This is caused by the effect of both Plasmon resonance and the
diameter of the gold nanorods. The field emission scanning electron
microscope (FESEM), scanning electron microscopy (TEM) and X-ray
diffraction (XRD) were used to study the morphological and structural

characteristics of the nanoparticles.
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Chapter One Introduction

1.1 Introduction

A laser has mainly three basic components: a pumping source, material
with an optical gain induced via stimulated emission, and an optical cavity
for trapping the light partially. As a well-known phenomenon, multiple
scattering takes place in nearly all optical materials with opaque nature.
Thus, it is frequently seen in daily life and determines the appearance of a
wide range of objects, including clouds, powders, paints, and even human
tissues [1]. When the light ray penetrates these materials, it is randomly
scattered numerous times before exiting again, being similar to the random
propagation by the Brownian motion of particles suspended in a liquid
medium. Fundamentally speaking, the parameters involved in this process
are as follows: the mean free path and the diffusion constant. Although the
occurrence of scattering in disordered optical materials is known to be
complex, it is completely of a coherent mode. The visualization of
interference in the multiple scattered light can be clearly realized in laser
speckles [2]. The difference between the multiple scattering and light
diffusion is that the latter corresponds to a simplified picture of multiple

scattering with no interference effects.

It is worth noting that, in addition to the natural materials, the multiple
scattering arising from the randomness is intrinsically present in photonic
materials such as photonic crystals, being aimed to be utilized in optical
devices. In the case of photonic materials, structural artifacts lead to
multiple scattering, which is considered an unwanted phenomenon. It is
difficult to prevent the formation of these artifacts, thereby presenting a

major industrial challenge [3].
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As a result, one can employ multiple scattering to introduce improved
functionalities and performances in an entirely novel point of view on

disorder in photonic materials, it is so-called random laser.

From a theoretical aspect, Letokhov discussed the light diffusion with
gain in the 1960s. By suspending microparticles in laser dye, a different
strategy was taken into consideration by Lawandy et al. [4] in order to
achieve multiple scattering with gain. Accordingly, as an advantage, it is
possible to change the amount of scattering by varying the particle
concentration. The other advantage is that the material is a suspension or a
fluid [5].

In fact, the residence time of photon and efficiency of light amplification
are enhanced by the multiple scattering in the medium. Under these
conditions, the addition of reflectors is not needed for trapping light as the

scattering centers can trap it in the disordered medium [6].

Random lasers are classified into two types: incoherent (non-resonant)
and coherent (resonant), depending on the feedback mechanism. In the
incoherent feedback type, scattering increases the paths of light and the
feedback is provided by an increase in the photon lifetime of the system.
This is characterized by the appearance of a single narrow emission peak
(i.e., FWHM in the order of 10’s of nm) and determined by the diffusive
nature of light. In the coherent feedback type, interference effects appear
evidently where the photon returns to its first position, thus forming a

closed path characterized by multiple sub-nm width peaks [7].

Basically, a laser is an optical structure that can satisfy the following

criteria: (i) randomness and amplification via stimulated emission multiply
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scatter the light, and (ii) the multiple scattering forms a threshold, above
which the total gain exceeds the total loss. In this case, a broad range of the
scattering mean free paths (ls) is considered for multiple scattering systems
with gain. While no lower bound is found for I, an upper bound is

approximately the system size. Otherwise, the sample would be transparent.

Interestingly, the phenomenon of random laser has been observed in
semiconductors powders, laser crystals, polymer thin films with and
without scatterers, organic materials, and biological tissues. Research
interests in the field of random lasers demonstrate lasing action in dye
solution containing dispersed nanoparticles (NPs) [8]. Despite the
numerous theoretical and experimental studies in the field of random lasers,
finding an agreement between them remains a major challenge for

researchers in this field [9].

Experimental studies conducted on the random laser have proven the
importance of choosing nanomaterials that can act as scattering centers due
to their significant impact on the performance of this type of laser [10].
Thereby, in this work, a great deal of emphasis will be placed on the
experimental aspect, where the effect of selecting nanomaterials in terms of
type, shape, concentration, and size, and the extent of the impact of each
parameter will be studied on the properties of the random laser in order to
achieve the appropriate medium for this system. These parameters will be
discussed in terms of their effect on the intensity of emission spectrum,
lasing threshold, FWHM, the appearance of spikes and their number as
well as their impact on other factors such as scattering mean free path (ls)
transport mean free path (I), gain length (lg), etc., being influential
quantities for realizing the physics of a random laser.

3
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In addition to studying the influence of some other factors on the random
laser output, two classes of effects will be investigated as follows: (i) the
external effect involving the application of magnetic field, and (ii) the
internal effect represented by energy transfer mechanism. Also, the
transition from non-coherent random laser to the coherent random laser will
be discussed by increasing the concentration of scattering centers for the
same nanomaterials (in terms of type, shape, and size). Therefore, the two
types of random laser will be discussed, and the difference between them

will be clarified. Then, the focus will be on the coherent random laser.

1.2 Laser Dyes

Laser dyes consisting of organic compounds can emit in the visible to
infrared (IR) range when they are relaxed radiatively following the optical
excitation. In 1966, Sorokin and Lankard were the ones who first
discovered the laser dye phthalocyanine [11]. In this regard, they used a
giant pulsed ruby laser together with a resonator, producing a powerful
laser beam at the wavelength of 755.5 nm. Nevertheless, this laser is rarely
utilized today. Currently, the performance of circulating liquid lasers has
been optimized by a wide variety of luminescent dyes. The practical
applications of these dyes have also been improved by rigidizing them in a
polymer host, thus directing studies towards this emerging technology for
solid state dye lasers [12].
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1.3 Literature Survey
The working principles, characteristics, applications, and outputs of

random lasers with different media have been extensively studied by
several research groups. These studies will be presented in some detail,

especially those related to the present work.

In 2010, C. S. Wang et al. employed the fluorescence resonance energy
transfer (FRET) technology to enhance random laser action. They prepared
ZnO nanorods (NRs) decorated by TiO, NPs for their work as these two
substances had comparable band gap energies. A Q-switched laser (266
nm, 3-5 ns pulse, 10 Hz) was used to excite the ZnO/TiO, nanocomposites
optically. A significant improvement was observed in the random laser
action of TiO,-decorated ZnO NRs compared to that of bare ZnO NRs.
This was attributed to an increase in the scattering of light, arising from the

presence of a rough surface after the decoration [13].

In 2011, Liling Yang et al. studied the effect of dye concentration and NP
concentration on random laser behavior in a rhodamine 6G (R6G) dye
dissolved in ethylene glycol solution containing Al NPs as scatterers. The
dye concentration varied from 0.02 to 0.0 8M, whereas the concentration of
Al NPs changed from 0.0015 to 0.009 M. Moreover, the pumping energy
varied from 0.05 to 3.6 mJ. When the pumping energy was 0.05 mJ, the
emission spectrum had broadband fluorescence, By increasing pumping
energy to 0.6 mJ, spikes began to appear accompanied by a decrease in the
value of FWHM. By exceeding the pumping above the lasing threshold, the
emission intensity continued to increase, whereas the FWHM value was

found be constant. It was also observed that when the concentration of dye
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increased to 0.008 M and that of Al NPs was fixed at 0.0015 M, the number
of spikes increased with pumping energy compared to the initial state when
the dye concentration was 0.002 M. Alternatively, the influence of different
Al NP concentrations on the emission spectrum at a constant dye
concentration of 0.005 M was studied. The maximum of the emission peak
as a function of the pump energy, low lasing threshold, and narrowed

FWHM were observed with increasing the Al NP concentration [14].

In 2012, Firdaus et al. improved ZnO random laser characteristics by
adding organic dye to a suspension containing ZnO nanopowder. The
lasing emission intensity and threshold power of the ZnO/dye random laser
clearly depended on the dye molecule concentration (donor). The optimum
dye concentration was reported to be 1.2x10™° M, leading to an increase and
a decrease in the lasing emission intensity and threshold power,
respectively. The Forster-type radiationless-RET occurring from the dye-
molecule (acting as a donor) to ZnO nanopowder (as an acceptor) was able
to explain the improved lasing performance. In continuance, the
performance of ZnO/dye random lasers was further enhanced by selecting
appropriate dye molecules. In turn, this led to spectral overlap taking place
between the dye-donor luminescence and ZnO acceptor, which was the

main criterion to have energy transfer [15].

In 2013, Bhupesh Kumar et al. fabricated different morphologies of
TiO, nanomaterials such as NPs, NRs and nanotubes (NTs). They
employed them as scattering centers in the dye solution in order to
investigate their effect on the random laser performance. Depending on the
morphological characteristics, it was possible to vary the lasing threshold,
FWHM, and emission intensity. In this regard, the peak emission was
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observed to occur at ~ 591, 587, and 590 nm for NPs, NRs, and NTs,
respectively. The lasing threshold in the dye solution was ~1.0, 1.28, and
1.83 MW/cm® for NPs, NRs, and NTs respectively. Meanwhile, the
corresponding FWHMs were ~ 4.2, 6.1, and 8.0 nm [16].

In 2014, Tianrui Zhai et al. fabricated a tunable random laser based on a
waveguide plasmonic gain channel. This was achieved by adding Ag
nanowires (NWs) to rhodamine 6G organic dye doped with
polydimethylsiloxane (PDMS), followed by depositing them onto a silicone
rubber slab. Owing to considerable overlap of the plasmon resonance peak
(relating to Ag NWSs) with both the photoluminescence spectrum and pump
wavelength, a low threshold was obtained while also tuning properties of
the random laser. Furthermore, the emission spectrum wavelength was
tuned from 565 to 558 nm by increasing the stretching amount from 0 to 6
mm. The tunability can be justified by considering the blue shift and
plasmon resonance narrowing of Ag NWs as determined by their uniform

length distribution and reorientation after stretching [17].

Also, in 2014, Zhaona Wang employed Ag NWs (120 nm in diameter
and dozens of micrometers in length) as scattering source at a constant
particle density of p =7.31 x 107cm~3. Different concentrations of
Rhodamine 6G (R6G) dye (1.1 x 107%,2 x 1073,10.44 x 1073,18.79 x
1073 M) were dissolved in methanol in order to study the transition from
incoherent to coherent emission. By comparing between results of the four
dye concentrations pumped with different power intensities, it was found
that the dye concentration not only determined the emission peak position
but also affected the feedback mechanism in random systems (having the

same concentration of scatterer). This was attributed to the fact that the

7
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gain length decreased with increasing the concentration of the dye. In

addition, the scattering mean free path remained unchanged [18].

In 2015, Johannes Ziegler et al. reported that gold nanostars (NSs) could
outperform nanogold materials with conventional morphologies (e.g.,
spherical NPs and anisotropic NRs) when they acted as scattering centers in
random lasers composed of R6G-doped polymer thin films. The NSs
provided broadband plasmon resonances that overlapped with the emission
spectrum of R6G. Furthermore, highly enhanced electric fields were
observed to be strongly localized at their tips with spiky morphology. The
experimental results showed that the NS-based random laser was capable of
operating at a threshold lasing of 0.9 mJ/cm?, demonstrating multiple lasing
modes with FWHM of 0.2 nm or even below [19].

Also, in 2015, Brojabasi et al. studied magneto-optical transmission in
ferrofluids consisting of different Fe;O, NP sizes. The average diameters of
FesO4 NPs were reported to be 15, 30 and 46 nm, respectively. Initially, the
external field was absent, observing only a bright circular spot on the
screen. The external field was then applied to the ferrofluids. By increasing
the intensity of the external field, a straight-line scattering pattern with
spotty parts was seen as justified by the aggregation process. In fact, this

process was induced by the external field.

It was also found that the intensity of the transmitted light was enhanced in

the initial state, followed by reaching a maximum value. Beyond this value,

the transmitted intensity was inversely reduced as a function of field

intensity, reaching a minimum value. Interestingly, decreasing the average

diameters of the NPs in the ferrofluids increased both the critical field

intensities to higher values. The authors attributed the observed phenomena
8
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to the formation of particle chains and column structures in the aggregation
process. In other words, at a constant concentration, ferrofluids with
smaller sizes of NPs required stronger field intensities to form chains of

particles [20].

Also, in 2015, Ye et al. used the Fe;O,@SiO, core—shell NPs as scatters
in Rhodamine B solutions. The average diameter of the NPs was 200 nm,
whereas the thickness of SiO, shell was 50 nm. The pump source employed
was the second harmonic of a Nd:YAG laser (532nm, 10 ns, 10 Hz). The
first threshold was found to be at 100 uJ/pulse in the absence of a magnetic
field. Additionally, well-separated sharp spikes with linewidth smaller than
0.2 nm appeared around 590 nm, indicating the occurrence of coherent
random lasing. Nevertheless, threshold energy was reported to be 120
uJ/pulse in the presence of a magnetic field. It was because most of the NPs
in the solution were effectively separated from the pump region under the
application of the magnetic field. It was revealed that Fe;O,@SiO, doped
dye solution possessed a magnetically controllable feature. Also, the sharp
spikes disappeared when the diameter of Fe;O, NPs was relatively large
(about 100 nm), whereas the laser peaks existed when the diameter of
FesO, was relatively small (about 12 nm). Accordingly, that kind of
random laser had potential applications in the fabrication of magnetic

sensors and integrated optical devices [21].

In 2015, Ismail et al. studied the effect of fluorescence resonance energy
transfer on the emission spectra and threshold of Rh6G/methylene
blue/titania random lasers to get the laser emission peak at 700 nm. They
used different dye ratio from Rh6G/MB mixture (1:1, 2:1 and 3:1). The
concentration of Rh6G is (1x10° M), of methylene blue is (5x10* M) and

9
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of titania is (1x1011 cm™). They found that for a dye concentration ratio of
1:1, a narrow emission peak (12 nm) appears at ~560 nm as the Rh6G
dominates and the energy is not effectively transferred from Rh6G to MB
dye. The emission spectrum at ~560 nm substantially reduces for 2:1 dye
concentration ratio as the energy transfer to the acceptor provides sufficient
optical gain. Adding more Rh6G increases the emission spectrum at ~560
nm and broadens the emission linewidth at ~700 nm due to excessive pump
absorption. Also, they observed a lasing threshold at ~25 mJ/cm? for MB
emission at 700 nm was dominante at a 2:1 dye concentration ratio, upon
further Rh6G concentration increase to 3:1, the lasing threshold of MB
emission increases again (~50 mJd/cm2) while the lasing threshold of
rhodamine 6G emission occurs at 15 mJd/cm2. This is due to the
competition of gain and loss between these two dyes for high levels of

pump excitation [22].

In 2016, Li Long, et al. investigated the selection of appropriate
nanomaterial to obtain the best properties of a random laser, while also
evaluating the effect of localized SPR on the output of this laser. To
compare between performances of the random laser, they selected metal Ag
NPs and dielectric silicon dioxide (SiO,) NPs as scatterers separately doped
with dye. The authors noted that the lasing threshold reached 0.09 mJ
without NPs, and 0.012 mJ with SiO, NPs, and 0.003 mJ with Ag NPs. It
was also observed that, above the lasing threshold, while the emission
intensity increased sharply, the FWHM of the emission spectrum decreased
rapidly [23].

In 2016, Dawes et al. employed FRET in order to increase the
wavelength range of emission. They used FRET between dye molecules

10
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and studied the influence of different gain scattering media in random
lasers. The authors evidenced that the incorporation of Au NPs instead of
dielectric Al,O; NPs can lead to an increase in the emission intensity as
well as an enhancement in the efficiency of random lasing properties. A
trade-off occurred Dbetween the enhancement in the random laser
performance (arising from the localized SPR field effects) and a decrease in

the laser performance (induced by fluorescence quenching of Au NPs) [24].

In 2017, Shuya Ning et al. analyzed the effect of the size of the
nanomaterial on the properties of the random laser. Different sizes of Ag
NPs were prepared using a seed-mediated growth method together with
citrate reduction of silver nitrate (AgNO3) with NaBH, as a strong reducing
agent. The diameters of prepared Ag NPs were 20, 40, 60, 80, and 100 nm.
The device structure was glass/Ag film (50 nm)/SiO, (10 nm)/Ag NPs/LiF
(5 nm)/PS:BMT-TPD. For the sake of comparison, the gain medium was
deposited on glass and employed as the reference (Glass/LiF (5
nm)/PS:BMT-TPD). For Ag NPs with a diameter smaller than 40 nm, the
enhanced localized electric field was responsible for an increase in the
lasing performance. By increasing the Ag NP diameter in the hybrid
structure above 40 nm, the lasing performance improved due to an increase
in the localized electric field and scattering. For Ag NPs with a diameter
larger than 80 nm, the competition between the scattering effect and the
enhanced localized electric field was the deciding factor in the enhanced
laser performance. The best results for the random laser properties were
achieved due to both the enhanced localized electric field and the scattering
effect [25].

11
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Also, in 2017, Tsai et al. designed and fabricated magnetically
controllable random lasers (MCRLSs). Under a prescribed magnetic field (O,
1066, and 2008 Gauss), they used a random medium composed of stilbene
420 laser dye as gain medium and mixture of TiO, and Fe;O, NPs as
scatters. The wavelength excitation was a Q-switched Nd:YAG laser (266
nm, 3-5 ns pulse duration, 10 Hz). The Fe;O, NPs possessed magnetic
controllability due to their susceptibility with good responsivity and
durability for the magnetic field. They found at zero magnetic field, the
slope of spontaneous emission intensity was relatively small. With
increasing the magnetic field, two thresholds were observed, reaching 12.4
and 25.4 mJ cm ™2 [26].

In 2018, Jiajia Yinl et al.. studied the effect of the size of NPs on random
laser systems. They prepared three samples: S;, containing R6G with Au
NRs (diameter: 4042 nm, and length: 68+2 nm), S,: R6G with Au NRs
(diameter: 40+2 nm, and length: 84+2 nm), and S3: R6G with Au NRs
(diameter: 40+2 nm, and length: 96+2 nm). The concentrations of Au and
R6G were fixed. The experimental results showed that the medium of
maximum length provided a lower lasing threshold. In this way, when the
pump energy reached its threshold value, several distinct narrow laser
spikes appeared in the emission spectra, having FWHM of less than 1 nm
[27].

Also, in 2018, Moura André et al. developed a near-IR (NIR) random
laser. This was emitted by silica-gel single beads with nanoporous structure
and infiltrated with Rh640 dye. By changing Rh640 dye concentration and
the light pathway inside the nanoporous beads, several parameters such as

the excitation pulse energy threshold, central wavelength and minimum
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bandwidth were considerably affected. To prepare the samples, silica-gel
beads with millimeter range dimensions were infiltrated by ethanol
solutions containing Rh640 with different concentrations in the range
between 10°-10% M. RL emissions in the range between ~670 —720 nm
were obtained, arising from reabsorption/reemission processes by Rh640
molecules and their aggregates. On the other hand, multiple scattering of

light was induced by the nanoporous silica-gel structure of the beads [28].

In 2019, Wan Zakiah et al. demonstrated that the properties of random
lasers in terms of the emission intensity, FWHM, and lasing threshold were
significantly influenced by the concentration of the nanomaterial. They
observed that there was only amplified spontaneous emission in the
absence of scatterers. By adding TiO, NPs to the system, intensity of the
emission spectrum began to increase and became narrow with the decay of
the background fluorescence. Six different concentrations of TiO, NPs
(ranging from 1x10° to 2x10™ cm™®) were used, leading to a reduction in
the lasing threshold from 23 to 11 mJ/cm?. Also, the emission peak shifted
to a shorter wavelength (indicating a blue shift) when increasing the NP

concentration [29].

In 2019, Zhi Ren et al. were able to fabricate a wavelength-tunable
random laser. The film consisted of R6G, PVP and Au NRs using a silicon
rubber slab as a substrate. The silicon slab used provided excellent
mechanical stretching properties. When the stretching amount increased
from 0 to 12 mm, the central wavelength of the laser emission shifted
towards shorter wavelengths (from 592 to 585 nm), being indicative of a
blue shift. Also, the presence of Au NPs induced SPR, which greatly
increased the light absorbed by the dye molecules. Accordingly, the

13
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fluorescence of the dye molecules was considerably enhanced, giving rise
to a decrease in the random laser threshold to about 9.8 mJ/cm?’.
Furthermore, around the threshold value, the FWHM decreased from 40 to
3 nm. [30].

Also, in 2019, Dai et al. fabricated a magnetically tunable random laser.
In this case, polymer dispersed liquid crystal (PDLC) in the capillary was
achieved by means of doping magnetic NPs at varied pump energies. They
used 532 nm laser pulses (10 ns &10 Hz) focused on the samples with a
cylindrical lens (f=20 cm). The external magnetic field was applied by a
cylindrical magnet. The intensity of the magnetic field was tuned by
varying the distance between the magnet and the capillary. Experimental
results showed the lasing threshold was enhanced with increasing doping
concentration (0, 0.01, 0.02, and 0.03 wt%) of the NPs. The respective
thresholds were 9.5, 11.5, 12.3, and 18.5 uJ. As well, this effect was due to
the larger absorption of NPs with a higher concentration. By increasing the
applied external magnetic field, the blue-shift of emission spectra was

observed following an increase in the NP concentration [31].

In 2020, Gummaluri et al. succeeded in preparing a random laser system
using Au nano-urchins acting as scatterers. These nanomaterials were
distributed in polymer films doped with rhodamine 6G dye. The authors
compared this system with another one with the same specifications, except
that the scatterer was Au nanospheres instead of Au nano-urchins. To
evaluate lasing performance, finite-difference time-domain simulation was
used, taking into account the following three aspects: the local field
enhancement, absorption cross-section, and scattering cross-section. The
field intensity magnitude for nano-urchins was observed to be 2 times

higher than that of nanospheres. At the pump wavelength, the authors
14
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monitored a higher scattering cross-section and a low absorption cross-
section for nano-urchins compared to those for nanospheres. This, in turn,
indicated that materials with nano-urchin structure can be better scatterer
candidates than spheres with isotropic structure when it comes to enhanced

random lasing performance [32].

Also, in 2020, Peng and Deng. fabricated a composite nanostructure of
Ag-TiO, by a solution-reduction method and mixed into a DCM-gain
medium to investigate its role in random lasing. They showed that the RL
device based on this nanostructure has a threshold of 3.01 pJ/pulse, which
was lower than those achieved using TiO2 NPs or a mixture of TiO2 and
Ag NPs. The threshold of the Ag-TiO,-composite-based laser system was
reduced by 91.9 percent compared to that with TiO, NPs, or 70.7 percent
compared to that with the mixture. They demonstrated that the prepared
hybrid nanostructure could significantly reduce the threshold and improve
random lasing due to its broader LSPR band, which could adequately cover
both the absorption and emission spectra of dyes and the enhancement of

new nanostructures [33].

In 2021, Ejbarah et al. used a silver nanowire random laser (different
sizes and concentrations)-based random lasers with a fixed concentration of
laser dye rhodamine B pumped by a nanosecond pulsed laser. They
indicated that the sizes and concentrations of scattering centers greatly
affect the optical amplification mechanism, thresholds, narrowing the
emission intensity. They used three sizes of Ag nanowires (length < 50
microns, diameter 50 nm, 100 nm, and 200 nm) at concentrations (particle
density 9 x 10" cm™®, 6 x 10" cm™ and 3 x 10" cm ), respectively. and
the concentration of laser dye rhodamine B at (1 x 10 M). They found of
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emergence of spikes and the increase in their number by used a 50 nm
diameter with increasing the concentration compared with other sizes. They
found that the transition from the incoherent to a coherent type of random
laser were done, and the spectrum of this laser began growing up and
narrow with increasing the incident energy more and more, separate narrow
peaks appeared in the emission spectrum were appeared, meaning that the
photon reverts back to the first scatterer forming a closed loop, indicating

the occurrence of a coherent random laser [34].

Also, the same group studied the effect of increasing concentration of Ag
nanomaterial of a hexagonal shape with a fixed size (50 nm) on the
performance of the random laser. The three emission spectra of
concentrations at particles density were (high, mid, low) in cm®. They
found at low pumping energies typically in the region of 0.024 mJ, broad
emission of the dye with peak at 582 nm and FWHM of 58 nm. At lower
scatterer concentrations (S;), the coherent random laser was not observed
as pumping energy increased, until at 0.061 mJ the spikes started showing
up. By changing the Ag particle density in the solution (S,), it is
continuously varied the amount of scattering which means the possibility of
the emergence of coherent random laser early this is evident. Where the Ag
particle density is ~ 6x10"" cm™ as well as to the early appearance of the
spikes compared to the sample S1. When increasing the density of Ag
nanomaterial again to become 9x10 cm?® (S;), it was noticed a great

improvement in the performance of the random laser. [35].
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1.4 Organization of thesis

This section gives a synopsis of the thesis, displaying the most important

topics as follows:

Chapter One provides an introduction to the random laser, most important
advantages in addition to its applications, and experimental studies and
research that dealt with the topic of random laser. In particular, the studies
that focused on the impact of nanomaterials on the random laser action

were highlighted.

The 2nd chapter provides an introductory level foundation to theoretical,

experimental, and computational concepts used throughout the thesis.

Chapter Three deals with the practical side of this thesis, focusing on the
materials that will be used in this work and show casing their most
Important properties and composition. Afterwards, the techniques used in
the preparation of nanomaterials will be addressed. The random media
prepared for testing the performance of the random laser will be included.
In this chapter, some experimental schemes or devices are employed as

well.

Chapter Four presents the results obtained from all measurements, and the

discussions on them.

Finally, chapter Five presents a short explanation and a summary of the
most important conclusions of our work, and the recommendations for

future research.
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1.5 Aims of the Research

The main objective of this research is to Achieve extended random laser
wavelength emission in the (visible —NIR) region. To verify this aim,

several steps had been employed as bellow :

1- Synthesis different types and shapes of nanoparticles by different

methods used as scattering center in random laser mediums.

2- Preparation liquid samples contained from laser dye as (Rhodamine Rh-
640, MB and LDS 821) at different concentration, with different
concentration of nanoparticles as (FesO, SMNPs, Ag NWR, and Au NRS)
and study the linear optical properties include absorption and fluorescence
spectral to specify the best random laser medium that causes highest

fluorescence emission.

3- Study the Morphology and structural properties for the prepared
nanoparticles using XRD and FE- SEM.

4- Study and test the performance of random laser systems under different

nanostructures in terms of type, concentration and shape.

5- Study and test the performance of random laser systems with and

without applied external magnetic field.

6- Study and test the effect of energy transfer between dyes ( Rh-640-MB)

on the performance of random laser systems.
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This chapter introduces the theory of Random Laser



Chapter Two Theory of random laser

2.1 Introduction

The theoretical principles which are considered in this chapter, includes
the detailed description of the scattering, random media as light
propagation through random media. The important parameters relate with
the random laser as (spontaneous emission seeding in cavity, light
amplification, laser threshold, random laser action, the parameters
controlled random lasing and types active medium of random lasers), have

been described in this chapter.

2.2 The Fundamentals of Random Laser

Understanding the random lasers in the best possible way requires basic
knowledge of conventional lasers since both systems have many features in
common, for example, the working principle is the same where the emitted
photons induce other photons to be emitted by the stimulated emission
process, and when the gain exceeds the losses, the lasing process occurs
[36]. The only exception is the difference indicated earlier, which is that the
random laser has no optical cavity in the sense of a conventional laser and
this function, which was being performed by mirrors, is now achieved by
multiple scattering centers and that the resulting spectrum random lasing is

typically emitted in all directions [37].

Unlike the conventional laser, in random laser, the scattering process
plays a crucial role in the optical feedback mechanism [38]. Here the
scattering particles form an optical cavity instead of the conventional
mirrors [39]. Therefore, if there are many centers of scattering, then the
light in the gain medium will change its direction thousands of times
randomly until it can leave the medium [40]. Thus; the multiple scattering

that the photon will encounter within the sample will increase the time it
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remains in the gain medium and thus increase its amplification time [41].
Through this process, the scattering centers act as a resonator to trap the
light in the gain medium [42]. Accordingly, it becomes not necessary to
add reflectors to retain the light inside the medium because the scatterers
perform this function very efficiently. Thus, the term of random laser is
used to describe the system that includes these disorders introduced to the
gain medium [43]. The random laser occurrence can be regarded as a two-
stage integrative process: the first is to re-propagate emitted photons from
the scattering centers, and then these photons are amplified by the
stimulated emission process in the gain medium as a second stage [44].
There are two basic parameters of length that are associated with the
random laser. One is mean path length. It is the average distance a photon
travels in the gain medium before leaving it. The second one is generation
length. It is the average distance that a photon travels before generating
another photon by stimulated emission [45]. Let’s imagine photon
propagates in the gain medium, when the mean free path is larger than the
generation length, every photon generates a new photon before escaping
the medium [46]. This scenario leads to a chain reaction in which one
photon generates two photons, the two photons generate four photons, and
so on. So that, the number of photons depends on the time the photon
spends within the medium and the length of period time depends in turn on
the strength of the scattering centers [47]. Fig.(2.1) shows the main
difference between the traditional laser and random laser.
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Fig. (2- 1) Schematic diagram of (a) conventional laser and (b) random laser [48].

2.3 Random laser classification

It is clear that the process of amplifying light in random laser is done by
stimulated emission and that this process would not have continued had it
not been for the feedback provided by multiple scattering of light [49].
Depending on the type of this feedback, the random laser can be divided
into two types: (i) random lasers with incoherent (non-resonant) feedback
(i1) random lasers with coherent (resonant) feedback [50]. In the case of
incoherent random lasers, the intensity feedback can occur but it is not
sensitive for phase (incoherent) and an independent frequency (non-
resonant), while in the case of a coherent random laser, field or amplitude
feedback can be provided where the phase is sensitive (coherent) and the
frequency is a dependent (resonant) [51]. These two types will be discussed

in more detail.

2.3.1 Incoherent feedback

If a light wave is incident on weakly scattered medium or even strongly

scattered medium but the area of pumping pulsed is small [52], the photons
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will experience multiple scattering but not for a long time, and then, some
of them may escape through the front window into space, while the rest
will leave the active volume to un-pumped volume. After a short period
and because of the random directionality, a portion of these photons that
are still within the disordered medium may return to the effective volume
for more amplification [53]. This return process provides intensity or
energy feedback. In this case, the trajectory of light is open, which means
that the scattered photon does not return to the original position of its
scattering, for this reason, the phase of scattered light in this type of
random laser does not take into consideration, therefore, it can be called a
non-resonant random laser and the photons are emitted as amplified

spontaneous emission process [54].

When increasing the pumping rate, the photon intensity grows rapidly,
and a narrowed emission peak within few nanometers is produced on broad
fluorescence background at the center of the gain spectrum at the threshold
[53]. In this type of random laser the scattering mean free path (I;) which
represents the average distance between two successive scattering events is
much greater than the wavelength of the emitted photon but is much
smaller than the sample thickness L (L > I, > 1) [55]. As a result of the
resonance feedback absence, the system sends a stable spectrum with a
fixed number of modes (usually one or two) and a bandwidth that is
narrowed by about an order of magnitude (typically reaching 25-35 nm).
Accordingly, the output spectrum is a smooth narrowed amplified
spontaneous emission (ASE) [56]. Therefore, this model does not involve
interference effects and explain the peaks in the diffusive scenario, which
involves non-resonant feedback and the distribution of photons satisfies the
Bose-Einstein distribution [57].
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_ "
P) = G

Where n is the average photons number.

2.3.2 Coherent feedback

The spectral characteristics of this type of random laser differ
significantly from the first type [58]. Under certain conditions of pumping
and gain, the spectra of the samples show several very narrow peaks
(bandwidth FWHM~ 0.1 nm) installed on an incoherent base. These very
narrow modes are temporarily coherent and fluctuate strongly in both
frequency and intensity [59]. In this type of feedback, the strong scattering
in the active medium plays an important role where the multiple scattering
increases the path length and thereby increasing the dwell time of light in
the gain medium, and thus enhancing the light amplification by the
stimulated emission process [60], also, the strong scattering increases the
possibility of light returning to the position of its first scattering [61]. This
means after series of multiple scattering, the light returns to its first
scattering position, forming a closed-loop that serves as a ring cavity for
light and thus providing coherent feedback for lasing oscillation [62].
Interference along this closed-loop leads to standing wave patterns with a
high degree of light trapping which means this kind of random laser,
enables spatial coherence [63]. In this laser the scattering mean free path
(L) is equal or less than the reciprocal wave-vector kI, <1 (I < 171)
which is known as the loffe-Regel criterion [64]. This system produces
photon localization, which is equivalent to Anderson's localization

proposed by Philip Anderson to interpret conductor-dielectric transitions in
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electronic transport [65]. In this type, the photon number distribution P(n)
satisfies the Poisson distribution [54],

(n)e (n)

P = 0 et 2.2)

where (n) is the average photon number. The laser spikes in the emission

spectrum are the main characteristic of this type of random laser. These
spikes, which are very narrow spectral features, are caused by the recurrent
modes occurring in the random medium of this system. One can be
distinguished between a coherent random laser and a non-coherent random
laser through the emission spectrum containing spikes in the coherent laser
while the incoherent laser is a single spectrum. Fig.(2-2) shows the
difference between these two types of random laser, and also compares

them with the conventional laser.

; I C l\ lt\ resonant mode

Conventional laser

®) (©)

Random laser L.aser output
Fig. (2- 2) (a) Conventional laser cavity,(b) random laser cavity illustrating the

incoherent feedback (red arrows) and coherent feedback (green arrows), (c)
illustration of spectral outputs of a conventional laser and a random laser [66].
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2.4 Characteristics of random laser

2.4.1 Optical Gain

Optical gain is one of the elements needed for the random lasing system
besides multiple light scattering. The gain material becomes active when it
Is excited by a high energy pump source. Light may interact while
propagates with an amplifying or gain material. Lasing action takes place
when the light is sufficiently amplified before it leaves the framework,
providing that gain overcomes loss, [67]. The light waves are multiplied
scattered and amplified in an amplifying disordered medium. The

amplification process is described by the Eq. (2.3)

Limp = \[Tely 3 eeeererereesesesessenenessssesessesssanessesensssesenns (2.3)

where |y represents the gain length and I, refers to the amplification
length. The amplification length is defined as the average distance between
the beginning and ending point for paths of length, Ig while the gain length
refers to the path length over which the intensity is amplified by a factor e
[68]. As light travels in a straight line in a medium without scattering, the

Eq. (2.4) defines that amplification length should equal to the gain length.

Lamp T LG  eeeeieiiiiiiiiiieieiieerrrerteteetecassnrsessanaeasnnns (2. 4)
Random lasing works the best upon the availability of sufficient scattering
and the scattered light is well amplified to balance the loss as it leaves the
gain medium [68]. The emitted photons propagate and being amplified
within the active gain region, until they escape from the region. Thus, to
balance the loss before photons escapes the medium, the Eq. (2.5)
represents the necessary condition of random lasing so that the light is
adequately amplified [68].
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2.4.2 Lasing threshold:

The threshold, an important characteristic of lasing, has been extensively
studied. For random lasers, the threshold depends on the scattering mean
free path of photons in the random media and the luminescence efficiency
of the gain media. Usually, the threshold is reached when the pump
transition is bleached (saturated). Such bleaching increases the penetration
of the pump and results in a longer scattering mean free path [69]. The
threshold power can be lowered significantly when the scattering mean free
path is equal to or less than the stimulated emission wavelength, as
demonstrated in the ZnO random laser [70]. The concentration of scatters
can influence the threshold, and it has been pointed that the threshold is
proportional to N2, It was experimentally demonstrated that the threshold
was lowered by more than two orders of magnitude, when the
concentration of the scattering particles were increased [70]. The threshold
also depends on the refractive index of the scatters compared to that of the
surrounding media, and is lowered when the RI of the scatters is increased
or the RI of surrounding media is decreased [71]. Recently, for realization
further lower the lasing threshold, metal nanoparticles have been used as
the scatters, which can induce surface plasmon resonance (SPR) and
spatially confine the light near the surface to enable high gain. The metal
nanoparticles have large scattering cross section. When the SPR
wavelength is optimized to match with the lasing emission wavelength,
plasmonic scattering is the strongest and the random laser has the lowest
threshold [72].
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2.4.3 Scattering mean free path

The scattering mean free path | is defined as the average
distance that light travels between two consecutive scattering events, and is

given by:

Where, p and o are the number density and the scattering cross-section of

scattering particles respectively [73].

The transport mean free path I, is defined as the average distance over
which the scattered light is randomized. The relationship between the

transport and the scattering mean free path is given by:

It = 1/(1 - €OSO)uenneenniieiiniiniiietiteneenecensensceacensensenscscansons (2.7)

where cos is the average cosine of the scattering angle, such that for
Rayleigh scattering, |y = ls. There are three regimes for light scattering in

random media [73]:
A- Localization regime (Is <2),
B- Diffusive scattering regime (A < ls <L)
C- Ballistic scattering regime (I;>1L)
Where, A is the wavelength and L is the sample length.

Therefore, the most appropriate approach for calculating the scattering
cross-section (og) is the Rayleigh model, according to the following

equation [73] :

1287576 (m?-1
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where r is the radius of the scattering particle, and n is the refractive index.
In the past two decades, lasing in random nanostructures has been
extensively investigated using both theoretical and experimental studies.
Based on the different feedback and gain mechanism provided by random
nanostructures, many types of random lasers have been proposed and

demonstrated.

2.4.4 Transition from Incoherent to Coherent Random Laser

In random laser, it is crucial to distinguish between the amplified
spontaneous emission ASE (incoherent random laser) and lasing emission
(coherent random laser), but the most important of all is the possibility of
the transition from a non-coherent random laser to a coherent random laser
[74]. To explain this transition, it is useful to use Fig.(2-3) where the
scattering centers density increases from left to right while the bottom-to-
top represents the pump power increasing [75]. When the scattering centers
are weak, as shown in the first image at the bottom of the first column,
which represents an incoherent laser state, the photon travels within a
random medium of little density in terms of the scattering centers.
Therefore it is difficult to form a closed path for not meeting the loffe-
Regel criterion (kl; < 1) which means the scattering mean free path (L) is
much larger than the emission wavelength (I; > 1) and thus what happens
is an amplification of spontaneous emission or lasing with non-resonant
feedback [60]. Therefore; at low scattering concentration and weak
excitation, the emission spectrum is broad and low [76]. When pumping
rates increase from low to higher values, it is noted that the emission

spectrum begins to narrow and its intensity increases as it is observed in
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the first column from bottom to the top. However, the possibility of the

photon returning and forming a closed-loop which is still weak [46].

Now, with increasing the concentration of the scattering centers, as shown
in the Figure (2-3), from left to right, and in order. It is observed that the
width of the emission spectrum becomes very narrow and its intensity
increases significantly more than the previous state above the pump
threshold [77]. With increasing the concentration of nanoparticles, the
scattering mean free path becomes close and close to the emission
wavelength (I = A) which increases the possibility that the photon will
return to its first point of scattering, forming a closed path [78]. More sharp
peaks appear when the pump intensity increases further and these discrete

peaks result due to light returning to the first scattering position.
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Fig. (2- 3) Evolution of random laser with increasing scattering centers from (left
to right ) and increasing the pumping power from (bottom to top) [75].
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Laser oscillation can occur in these loops which serve as a resonator [79].
The discrete lasing modes correspond to the number of closed loops that
formed in the gain medium. Also, one can note the number of modes in the
second column is less than those in the third column under the same
pumping power. This is due to that the concentration of scattering centers

in the third column more than that in the second [60].

Finally, it can be reported that the transition from an incoherent laser state
to a coherent laser depends mainly on the concentration of scattering
centers and to a lesser degree on pumping sources and that the

transformation process is done gradually [74].

2.5 Random Laser Applications

It is possible to employ random lasers in many fields owing to their
distinctive characteristics such as operating at a specific wavelength.
Alternatively, the fabrication cost of these lasers is low, and they have
flexible shape with substrate compatibility [80]. Redding et al. [2] has
indicated the applicability of the random lasers in bioimaging, producing
speckle-free light with high intensities. In this way, one can be able to
fabricate an integrated on-chip random spectrometer device [81]. For image
quality tests, random lasers have also shown promising results,
outperforming all the other sources of light. In this regard, the proof of
concept was provided by comparing between the performances of random
lasers and other light sources for speckle generation, image quality, and
contrast-to-noise ratio tests. Notably, for the speckle generation tests, non-
speckle patterns were formed by the random laser and light-emitting diodes
(LEDs), whereas they produced higher contrast-to-noise ratios after

performing the corresponding tests. When it comes to medical area, random
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laser are capable of detecting tumor and performing photodynamic therapy
[82]. In addition, Song et al. reported the applicability of random lasers for
sensing purposes, light with a wavelength of 690 nm has been utilized to
excite bone specimens soaked with a dye emitting at a wavelength of 800
nm. Thus, it has been possible to detect nanoscale structural stacks in a
mechanical biosensor, resulting from the random lasing characteristics in
the bone specimens [83]. On the other hand, Wan Ismail et al. has provided
evidence on applicability of the aggregation of gold NPs for the
measurement of an extremely low concentration of dopamine. This was
enhanced by Cu ions for random lasers, having incoherent feedback. In this
regard, emission peak linewidth, emission peak shift, lasing threshold and
signal-to-noise ratio were affected, so that a dopamine detection limit of ~1
x 107 M was obtained as the detection indicator [84]. Furthermore, under
mechanical tests, emission peak wavelength of the random lasers shifted by
pressuring the bone specimens. According to Vardeny et al. [85], human
tissues can have strong scattering, allowing for the support of the random
lasing when penetrated with a laser dye solution with a high concentration.
It has also been possible to employ random lasers in order to map
cancerous tissues. This was achieved by portraying the affected spectral
emission for both the healthy and cancerous tissues. In this respect, the
tissues were separately immersed in Rhodamine 6G dye, followed by
flattening them between the slides of the microscope. By pumping the
specimens using Nd: YAG laser (532 nm, 100 ps, and 800 Hz), emission

spectra were obtained.
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2.6 Optical properties of nanomaterials

Nanometer-scale metal particles exhibit optical properties of great
aesthetic. technological, and intellectual value. At a fundamental level,
optical absorption spectra provide information on the electronic structure of
small metallic particles. Colloidal solutions of the noble metals, copper,
silver, and gold show a very intense color and exhibit a strong absorption
band, which is remarkably different from the bulk material as well as for
the individual atoms. Also, the significant reduction in the size of

nanomaterials affects their optical properties [86].
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Fig. (2- 4) Schematic representation of (a) localized surface plasmon resonance, (b)
electric oscillation of nanoshere, and (c) nanorod with respective extinction
spectrum due to LSPR and TSPR [86].
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The change in optical properties is caused by two factors, the quantum
confinement of electrons within nanoparticles and the surface plasmon

resonance.

When the metallic nanoparticles are irradiated by electromagnetic light
wave, the free electron in the metals are in driven by the alternating electric
field with collectively oscillate in a phase with the incident light (Fig. (2-
4)). When the dimensions of a metal are reduced, boundary and surface
effects become very prominent, and for this reason the optical properties of
MPs are dominated by collective oscillation of conducting electrons in
response to an incident electromagnetic radiation, which is typically known
as surface plasmon resonance (SPR). The linear and nonlinear optical
properties of such materials can be finely tailored by controlling the crystal
dimensions, the chemistry of their surfaces and fabrication technology

becomes a key factor for the applications [87].

The free electrons in metal (specially, the 'd' electrons in silver and gold)
travel through the material. The mean free path in gold and silver is ~50
nm. In particles smaller than ~50 nm, no scattering is expected from the
bulk [88]. This means that the interactions with the surface dominates.
When the wavelength of light is much larger than the nanoparticle size it

sets up standing resonance conditions as represented in Fig. (2-5).
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Fig. (2- 5) Origin of surface plasmon resonance due to coherent interaction of the
electrons in the conduction band with light [89].

Light in resonance with the surface plasmon oscillation causes the free-
electrons in the metal to oscillate. As the wave front of the light passes, the
electron density in the particle is polarized to one surface and oscillates in
resonance with the light's frequency causing a standing oscillation. The
resonance condition is determined from absorption and scattering
spectroscopy and is found to depend on the shape, size, and dielectric
constants of both the metal and the surrounding material [90]. This is
referred to as the surface plasmon resonance (SPR), since it is located at the
surface. As the shape or size of the nanoparticle changes, the surface
geometry changes, causing a shift in the electric field density on the
surface. This causes a change in the oscillation frequency of the electrons
and generates different cross- sections for the optical properties including

absorption and scattering.
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2.7 Nanomaterials have been used in optical feedback applications

2.7.1 Gold Nanorods

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 [91]. Radiative processes such as
photoluminescence emission of nanomaterials can be profoundly modified
by their interaction with plasmonic nanostructures. Collective oscillation of
conduction (free) electrons in metallic gold nanorods cause the formation
of plasmon resonance as shown in Fig. (2-4). Depending on the size of of
gold nanomaterials, the peak resonance wavelength may be varied at the
range of (500-900) nm, which is spectrally overlapped with the dye
emission wavelength (Fig.(2-6)) [92].
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.
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Fig. (2- 6) Suspensions of gold nanoprods of various sizes. The size difference

causes the difference in colors [93].

2.7.2 Silver nanowire :-

Ag nanowire is a metallic type of nanostructure in the form of a wire with
the diameter of the order of a nanometre. More generally, nanowires can be
defined as structures that have a thickness or diameter constrained to tens
of nanometers or less and an unconstrained length. Silver NWRs have
attracted a lot of attention in the electronics, chemistry, physics, biology,
and medicine fields because of their unique properties that depend strongly
on the composition, size, shape of metal nanostructure [94]. The ability to
control the size and shape of metal nanostructures provides a great

opportunity to check the electrical and optical properties of these materials

36



Chapter Two Theory of random laser

and opens up prospects for use in different applications as random laser

systems [95].

Ag nanostructures contain a set of properties that can be adjusted or
improved by controlling their shape. Ag has the highest thermal and
electrical conductivity among the metals. It also has unique optical
properties, and this is evident in its major role in photography. The
nanosilver's advantages over other noble metals in relation to its physical
and chemical properties are: stability at ambient conditions, low cost than
other noble metals such as gold and platinum, broad absorption band in the
visible region of the electromagnetic spectrum, chemical stability, and non-

linear optical behaviour [96].

Silver nanowires have been shown to significantly enhance light
scattering with different gain materials, because the interactions between
the emission centers and the surface plasmons can be controlled in the
visible range from 442 to 785 nm [97]. Depending on the size and shape of
silver nanomaterials, the peak resonance wavelength may be varied at the
range of (380-470) nm [98].

2.7.3 Fe3O, magnetic nanoparticles

Iron (111) oxide is the chemical compound with formula Fe;0,. It occurs in
nature as the mineral magnetite. It is one of a number of iron oxides. It
contains both Fe?* and Fe*" ions and is sometimes formulated as FeO:-
Fe,Os. This iron oxide is a black powder. It exhibits permanent magnetism
and is ferromagnetic [99]. Its most extensive use is as a black pigment. For

this purpose, it is synthesized rather than being extracted from the naturally
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occurring mineral as the particle size and shape can be varied by the

method of production.

The physical and chemical properties of magnetic nanoparticles largely
depend on the synthesis method and chemical structure. In most cases, the
particles range from 1 to 100 nm in size and may display

superparamagnetism [100].

Magnetic nanoparticle clusters that are composed of a number of individual
magnetic nanoparticles are known as magnetic nanobeads with a diameter
of 50-200 nanometers [101]. Magnetic nanoparticle clusters are a basis for
their further magnetic assembly into magnetic nanochains. The magnetic
nanoparticles have been the focus of much research recently because they
possess attractive properties which could see potential use in catalysis
including nanomaterial-based catalysts, biomedicine and tissue specific
targeting, magnetically tunable colloidal photonic crystals, microfluidics,
magnetic resonance imaging, magnetic particle imaging, data storage,

environmental remediation, ferroofluids and optical filters [102].

Various chemical synthetic routes have been employed to produce
magnetite nanoparticles with desired physical and chemical properties,
such as coprecipitation of aqueous ferrous (Fe’") and ferric (Fe**) salt
solution by the addition of a base [103].
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2.8 Enhancing light matter interaction by Plasmonic structure

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) [104].

In general, the optical phenomenon which arises (from the) 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. [105].
Although there are a number of existing plasmonic materials, the most
common materials are noble metals like gold and silver. Gold
nanostructures with its (their) exciting localized surface plasmon property
fascinates may (many) 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
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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 [106].

2.9 Photophysical process

Fluorescence as a phenomenon is part of a larger family of related
luminescent processes in which a susceptible substance absorbs light, only
to reemit light (photons) from electronically excited states after a given
time. Photoluminescent processes that are generated through excitation,
whether this is via physical, mechanical, or chemical mechanisms, can
generally be subdivided into fluorescence and phosphorescence. Fig. (2-7)
shows the schematic representation of the fluorescence phenomenon in the
classical Bohr model. Absorption of a light quantum (blue) causes an
electron to move to a higher energy orbit. After residing in this “excited
state” for a particular time, the fluorescence lifetime, the electron falls back
to its original orbit and the fluorochrome dissipates the excess energy by

emitting a photon (green) [107].

Ground state Excited state Ground state

Excitation

10

Emission

Fig. (2- 7) Fluorescence principle [107].
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Compounds that display fluorescent properties are generally termed
fluorescent probes or dyes and de facto the term fluorochrome is most
appropriate. Often fluorochrome and fluorophore are used interchangeably.
Strictly taken the term fluorophore refers to fluorochromes that are
conjugated covalently or through adsorption to biological macromolecules,
such as nucleic acids, lipids, or proteins. Fluorochromes come in different
flavors and include organic molecules (dyes), inorganic ions (e.g.,
lanthanide ions such as Eu, Th, YD, etc.), fluorescent proteins (e.g., green
fluorescent protein), and atoms (such as gaseous mercury in glass light
tubes). Recently, inorganic luminescent semiconducting nanoparticles,
guantum dots, have been introduced as labels for biological assays, bio-
imaging applications, and theragnostic purposes, the combination of
diagnostic and therapeutic modalities in one and the same particle [108].
Fluorescence follows a series of discrete steps of which the outcome is the
emittance of a photon with a longer wavelength, a process which can be
visualized in more detail via the Jabtonski diagram in Fig. (2-8) [109].
When light of a particular wavelength hits a fluorescent sample, the atoms,
ions or molecules therein absorb a specific quantum of light, which pushes
a valence electron from the ground state S, this initial state is an electronic
singlet in which all electrons have opposite spin and the net spin is 0, into a
higher energy level, creating an excited state eS,. This process is fast and in
the femtosecond range and requires at least the energy AE = E.sp — Eqsp tO
bridge the gap between excited and ground states in order for excitation to
occur. The energy of photons involved in fluorescence and generally a

quantum of light can be expressed via Planck’s law [110]:

E=R U =R-S oottt ee e e e e e (2.9)
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where E is the quantum’s energy (J), h is Planck's constant (J.s), v the
frequency (s™), 4 is the wavelength of the photon (m), and ¢ is the speed of
light (m.s™). However, there are several excited state sublevels (vibrational
levels) and which level is reached primarily depends on the fluorescent
species’ properties. Irradiation with a spectrum of wavelengths generates
numerous allowed transitions that populate the various vibrational energy
levels of the excited states, some of which have, according to the Franck-
Condon principle, a higher probability to occur than others (the better two
vibrational wave functions overlap, the higher the probability of transition)
and combined form the absorption spectrum of the fluorescent dye. After
excitation to the higher energy level Eg,, the electron quickly relaxes to the
lowest possible excited sublevel, which is in the picosecond range. The
energy decay from dropping to a lower vibrational sublevel occurs through
intramolecular non-radiative conversions and the converted heat is
absorbed via collision of the excited state fluorescent molecule with the
solvent molecules. Emission spectra are usually independent of the
excitation wavelength because of this rapid relaxation to the lowest
vibrational level of the excited state, which is known, as Kasha’s rule
[111]. In most cases, absorption and emission transitions involve the same
energetic levels as schematically shown in Fig. (2-8). For this reason and
the fact that excitation is instantaneous, involving electrons only and
leaving the heavier nuclei in place, many fluorochromes display near
mirror image absorption and emission spectra (mirror image rule), although
many exceptions exist. External conversion depletes the excited state
through interaction and energy transfer to the solvent and/or solute.
Intersystem crossing is the slowest energy dissipation pathway, because the

electron has to change spin multiplicity from an excited singlet state to an
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excited triplet state (Fig. (2-8)). This is essentially a spin forbidden
transition, but in some fluorochromes favorable vibrational overlap

between the two states makes the transition weakly allowed.

The mutual effect between radiation and matter is one of the basic
operations behind many phenomena occurring in the universe. Transmitted
light waves through any medium interact with the medium particles. This
interaction can be described via several processes so called photophysical
processes; in these processes, the main route of energy relaxation of an

excited dye molecule is either radiative or non-radiative transition.
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Fig. (2-8) Jablonski diagram illustrating the processes involved in the creation of
an excited electronic singlet state by optical absorption and subsequent emission
Processes [107].
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2.9.1 Fluorescence energy transfer

Fluorescence energy transfer is one type of photo-physical prosses that is
transfer of the excited state energy from a donor (D) to an acceptor (A)
[112]. This transfer occurs without the appearance of photon and is
primarily a result of dipole-dipole interaction between the donor and the
acceptor. The rate of energy transfer depends upon the extent of overlap of
the emission spectrum of the donor with the absorption spectrum of the
acceptor, the relative orientation of the donor and acceptor transition
dipoles and the distance between these molecules [113]. The nonradiative
energy transfer occurs as a result of dipole dipole coupling between the
donor and the acceptor, and does not involve the emission and reabsorption
of photons. The other process is radiative process, which depends upon
other properties of the sample, such as size of the sample, container, optical
densities of the sample at the excitation and emission wavelengths and the
precise geometric arrangements of the excitation and emission axes [114].
In contrast to these trivial factors, nonradiative energy transfer depends
upon the molecular details of donor acceptor pairs. It is important to note
here that the phenomenon of energy transfer also contains molecular
information, which is different from revealed by other phenomena such as
solvent relaxation, excited state reactions, and fluorescence quenching of
fluorescence polarization. These other spectral properties of fluorescence
reveal primarily the interactions with the other molecules in the
surrounding solvent shell. The important parameter for energy transfer that
nonradiative energy transfer is effective over distance ranging of 50A. The
intervening of solvent or other macromolecules has little effect on the

efficiency of the energy transfer, which depends primarily on the D-A
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distances. S,, briefly the transfer of electronic energy from one molecule to

another generally occurs in one of the following two ways [114].
1- Radiative energy transfer mechanism.

2-Non-Radiative energy transfer mechanism: which includes

a- Resonance energy transfer.

b- collision energy transfer.

Energy transfer in a mixture of dyes has been established as an effective
mechanism for extending the wavelength of lasing, tenability, enhancement
of power of the dye laser and low pump power requirement; dye lasers
have some limitations as the dye solution used as an active medium absorbs
energy from the excitation source in a very limited range and So the
emission band also has these limitations. If a dye laser has to be used as an
ideal source its spectral region needs to be extended. In order to extend the
spectral region of operation mixtures of different dye solutions/dye
molecules embedded in solid matrices are being used. The work on energy
transfer between different dye molecules in such mixtures in various
solvents and solid matrices is, therefore, of great importance. The use of
such energy transfer in dye lasers is also helpful in minimizing the photo-
quenching effects and thereby, increasing the laser efficiency. The energy
transfer is manifested by a quenching of donor emission, an increased
emission of acceptor excited via the donor, a decrease in donor
photobleaching rate, and a decrease in donor lifetime [115]. Fig. (2-9)
shows the energy level scheme of the resonant transitions of a donor-

acceptor pair.
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Fig. (2- 9) Energy level scheme of the resonant transitions [116].

Forster has developed a theory for non-radiative energy transfer in terms of
the resonance dipole-dipole interaction mechanism, and has shown that rate
constant for dipole energy transfer Ker between donor D and acceptor A, is

given by:

o o Fp(v)ep (v)dv
Kgr = 1.25 x 1077 n4T;’R6 fo > : ........................ (2. 10)
where @y, is the quantum yield of donor emission, t, is the lifetime of the
emission, n is the solvent refractive index and R is the distance in nm

between D* and A, Fp s is the emission spectrum of the donor, expressed
in wave number and normalized to unity and €, is the molar excitation

coefficient of A at the wave number (v) [117].

The critical transfer distance (R,) is generally used to indicate the strength
of the interaction between donor and acceptor molecules and by definition,
is the distance where the rate constant for energy transfer Kgr is equal to
the rate constant for fluorescence by donor in the absence of acceptors 1/ 7.
Eq. (2-9) can re-written as [118]:
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Kgr = %(%)6 ......................................................... (2. 11)

substituting equation (2.8) into equation (2.7) gives:

RS =1.25 x 101722 [ OUDE e (2. 12)

The conditions favoring energy transfer are a large overlap between
fluorescence spectrum of the donor and the absorption spectrum of
acceptor, a large value of ¢, and a large value of fluorescence quantum

yield of donor @,.

The Stern—Volmer plots can be used to derive the radiative and non-

radiative rate constants, as illustrated in [119], [120]:

®_D = 1 + KADTD [A] ..................................... (2 13)
Dpa
2D = 1 F RGy[A] ceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaenes (2. 14)
Ipa

Where Ip and Ipa are the fluorescence intensities of the donor in the
absence and presence of acceptor, respectively; Kg, and Kgr are the total
and nonradiative transfer rate constants respectively and [A] acceptor
concentration ,¢p and ¢pa the corresponding quantum yields; tp the
fluorescence lifetime of the donor without acceptor which can be
calculated from Bowen and Woks relation [121] :

L -288x10"°xn2X (B[ @)V eevevrereeereeeann. (2. 15)

Tp
Where the area under the curve of the molar extinction coefficient of
donor vs wave number is [ €(v) d(v), n is the refractive index, and v, IS

the peak absorption spectrum value in cm™.

Eq. (2-12) can be rewritten as follow:
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TTD == 1 + KADTD [A] .............................. (2 16)

Where T = 1/21,, [A]s =[A]12: half-value concentration, which is given

by:

[A]1/2 = 1/KSV ................................. (2 17)
From Eq. (2-15):
KSV = TDKAD .................................. (2 18)

Then the critical transfer distance between donor and acceptor is

Ry = 72 = 7.35(Ksp) 3 weeeeeeeeen. (2. 19)

VAl
Resonance transfer is often the dominant mechanism of energy transfer
in concentrated solutions and can occur over intermolecular distance of
(10-100) °A [122].
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3.1 Introduction

In this chapter, the properties and characteristics of materials used in our
experiments to generate random laser with specific outputs will be
discussed. The ways and methods used in preparing the research materials
will also be covered. Then, the random media will be reviewed depending
on the type, size, concentration and shape of the nanomaterials used as
scattering centers in the random laser system. The experimental setups
which employed whether to test the performance of the random laser or to

calculate some of its related parameters will also be demonstrated.

3.2 Outline of the Experimental Part

The schematic diagram in Fig.(3.1) illustrates the flow chart that will be
focused on in our experimental work to improve the performance of the
random lasers. It includes the elements that make up the random medium
(gain medium, scattering centers, host medium, and supporting materials).
Then, the optical and structural properties of these components are
measured and examined. After, different random media will be formed in
terms of type, shape, size, and concentration of the nanomaterial to test the
performance of the random laser under the influence of these parameters

associated with the dispersion centers.
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Fig. (3-1) Flow chart of the experimental part in this project.
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3.3 Nanoparticles preparation
Three types of nanomaterial have been prepared by different methods will
be discussed in following details

3.3.1 The formation mechanism of the magnetic nanoparticles (Fe;O,)

3.3.1. a-Chemical method

CO-Precipitation method is the most widely applied technique for
preparing FesO, magnetic nanoparticles due to it is more versatile,
economical where it does not require any advanced equipment. The method
used to prepare the FesO, magnetic nanoparticles colloidal solutions of

ferrofluid can be summarized as follows:
- Materials and Method

All the reagents used for the synthesis FesO, were analytical grade and
used without further purification. Ferric chloride [FeCls], ferrous chloride
[FeCl,], sodium hydroxide [NaOH] were purchased from India. Deionized

water was used throughout the experiments.

The synthesis of Fe;O, magnetics nanoparticles were prepared by co-
precipitation of ferric and ferrous salts under the presence of N, gas. 16.25
g of FeCl; and 6.35 g of FeCl, were dissolve into 200 mL of deoxygenated
distilled water. The pH of the solution varied from 1.5 to 2.0. After stirring
for 60 minutes, chemical precipitation was achieved at 30 °C under
vigorous stirring by adding of 2 M NaOH solution under presence of N,
gas. The pH of the solution raised from 2 to 8.0. The color of the iron
solution changed slowly from light brown, through dark brown, and finally
to black, indicating the formation of magnetite nanoparticles (Fig.3-2,

Supporting Information).
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The reaction system keep at 70 °C for 3 h and pH solution + 12. Completed
precipitation of FesO4 expected at pH between 8 and 14 [123]. After the
system was cooled to room temperature, the precipitates were separated by
a permanent magnet and washed with deoxygenated distilled water until pH
neutral. Finally Fe;O, was washed with acetone and dried in oven at 60-70

°C. The relevant chemical reaction can be expressed as follows Eq. (3.1):

Fe?* + 2Fe® + BOH — Fe304 + 4H20 oviiiiiiiiiiieeeeeeeeeeeiiieeeeeeeeeeeeeeene (3.1)

Fig. (3-2) The formation of Fe;O, magnetic nanoparticles.

3.3.1 .b- Pulsed laser ablation in the liquid phase

Because of lack of control on the stability of the magnetic nanomaterial,
pulsed laser ablation technique in agueous medium were used as a post
processing introduced to make a colloidal suspensions of Fe;O, magnetic

nanoparticles to meet the requirement. After completing the preparation of
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the samples in the form of a solid solution, take of 0.5 g from the samples
and immerse in (2 ml) of distilled water. The Nd:YAG laser of wavelength
(1064) nm with a number of pulses (200) and energy is (200 mJ) at a
frequency of (6) Hz for the ablation source. Laser ablation occurs in the
liquid phase by the interaction of the (high energy) laser beam with the
interface between the solid target and liquid, which causes to evaporate the
target into a small amount in the surrounding liquid as the removed parts
from the target [124].

The plasma column is also generated as in Fig. (3-3), which shows the
drawing of the plasma cloud formed by the laser beam from the target of
the material. It consists of different thermal layers and a state of atomic
lonization as a result of high temperatures (T), and high pressure ( P), and
high density (Fig.(3-4)), at the solid-liquid interface. Thus, the plasma is
trapped by the liquid and produces a shock wave that travels through the
target, which in turn produces additional pressure in the plasma. As a result
of the liquid quantitative confinement effect, the dispersed parts form a
dense layer near the liquid-solid interface [125]. And the white arrows
indicate that when the distance from the laser spot increases, the
temperature (T), pressure (P) and the concentration of the removed
substance (CM) decrease, while the concentration of the solution increases
[124].
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Fig. (3-3) The steps of the preparation of Fe3sO4 SNPs by laser ablation [126].

Vaporization

Nucleation

Nuclei growth
and coalescence

Final nanopaniclesal

Fig. (3-4) The stages of nanoparticle formation (evaporation - nucleation - nuclei

growth - nanoparticles) [126].
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3.3.2 Synthesis of the silver nanowire by seed-mediated growth method

In this study, the seed-mediated growth method were used to synthesis of
Ag NWs. First, the small metal particles were prepared and later used as
seeds for the preparation of nanowires. The silver seeds were prepared by
reduction of silver ions with sodium borohydride in the presence of sodium
citrate dehydrate as stabilizer. These silver seeds were added into the
solution containing more silver salt, an ascorbic acid (weak reducing agent)
and cetyltrimethylammonium bromide (CTAB). under specific of
temperature of solution. the procedures with supporting chart described as

follow (Fig. (3.5)) [127]:

1- 10 ml aqueous solution containing 0.25 mM AgNO; and 0.25 mM

sodium citrate dehydrate was prepared.

2- A 20 ml of aqueous solution containing 0.1 mM CTAB have been

prepared.
3- A 0.1 mM of freshly ascorbic acid has been prepared

1- avaried amount of 1 mM NaOH have been prepared
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l. Preparation of seed

Silver nanoparticles seeds
solution

o
S
10 ml aqueous
solution + 25 ul of ice-cold
containing 0.25 0 ::> stock
mM AgNOs + 0.25 -1 mM NaBH,
mM Na-citrate N ——
Silver nanoparticles growth
solution
Il.  Preparation of growth —
o
) [—— 100 pl of 0.05 mM
Stock solution
+ +  AgNO;and 1000 pl of
0.1 ascorbic acid —
20mlof 0.1 M
CTAB
Centrifugation
<:| 9000 rbm,
, 15min

Fig. (3- 5) The procedures of synthesis of the silver nanowire by seed-mediated

growth method.

3.3.3 The synthesis of Gold nanorods:
3.3.3 a-Materials

The following precursors were used as reagents in the experiments:
chloroauric acid trihydrate (HAuCI;H-4H,0, 99%, Acros Organics),
ascorbic acid (99.5%, Alpha Chemical), CTAB (96%, Sigma Aldrich),
silver nitrate (AgNO;, >99%, Sigma Aldrich), and sodium borohydride
(NaBH,, 99%, Sigma Aldrich). All solutions used in this study were

prepared using distilled water. The properties of chloroauric acid trihydrate
shown in Table (3-1).

56



Chapter Three Experimental Part

3.3.3 b-Method (Seedless growth)

Fig. (3-6) schematically depicts the seedless synthesis process of gold NRs.
To prepare the solution, the following procedure was utilized:
HAuUCI;H-4H,0 (6 mM, 800 uL) and CTAB (200 mM, 4 mL) were mixed
in a 20 mL glass vial, resulting in a yellowish brown solution. In
continuance, ascorbic acid (100 mM, 80 pL) was added to the previous
solution, and stirred until the color of the solution changed to colorless.
Silver nitrate (10 mM, 80 pL) was also added and shaken for 10 s. Next,
ice-cold freshly prepared sodium borohydride (1 mM, 20 pulL) was added to
the solution and vortexed for 5-10 min. The final solution was maintained
at room temperature for 3 h, making its color more intense. After finishing
the reaction, the excess CTAB was removed from the gold NR dispersion
using a centrifugation process (14000 rpm, 1 h). The supernatant was then
separated, and the precipitate was redispersed twice in distilled water using
an ultrasonic bath [128].

Table (3- 1) Properties of chloroauric acid (HAuCl,.3H,0) [129].

Another name Hydrogen tetrachloroaurate
Chemical structure HAucCI,.3H,0

Molar mass 393.833 g/mol

Appearance Orange-yellow needle-like crystal

Density 2.89 gm/cm®

Melting point 245 °F

Solubility in water 350 gm HAuCI,.3H,0/ 100 gm H,0O
solubility alcohol, ester, ether, ketone

S7


https://en.wikipedia.org/wiki/Alcohol
https://en.wikipedia.org/wiki/Ester
https://en.wikipedia.org/wiki/Ether
https://en.wikipedia.org/wiki/Ketone
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Fig. (3-6) The schematic representation of the seedless synthesis of gold NRs.

3.4 Random Laser Sample preparation

3.4.1 Preparation of Ferrofluid

Three magnetic ferrofluid concentrations have been used in this study.
Nanofluid is composed by taking methanol as base fluid and ferric-oxide
(Fe;0,) as nanoparticles. The ferric-oxide magnetic nanoparticles (FesOj)
which prepared by Co-pricipition method. The three concentrations of
magnetic ferrofuid (1, 0.5, 0.1) mg/10ml based-methanol were placed for
30 minutes in an ultrasonic path device in order to get a ferrofluid
suspentions, regular separation, uniform distribution and prevented particle

aggregation as illustrated in Fig.(3-7).
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)

1

0.1 mg/10ml 0.5 mg/10ml

|

Fig. (3-7) Ferrofluid suspensions with different concentrations prepared by
dispersing Fe3O4 NPs in methanol solution.

3.4.2 Preparation of the mix dye (Rh-640) and Fe;O4 SNPs

The dye samples of the random laser were prepared as follows: the dye
used in this experiment (Rh-640, a dark green crystal powder in appearance
with a concentration of 5x10™ M, purchased from Sigma Aldrich) was
dissolved in methanol in order to obtain the host medium of random laser
(Fig.(3-8a)). Next, Fe;0, SNPs (1.3 x10*" cm™ in density, synthesis by co-
precipitation method) was mixed with the dye solution (Fig.(3-8b)). Two
samples of the random medium were then prepared by doping 70% of Rh-
640 dye with 30% of FesO4 SNPs (sample-1), and 50% of Rh-640 dye with
50% of FesO4 SNPs (sample-2). These samples consisting of the dye and
SNPs were ultrasonically dispersed in methanol for 30 min before each

experiment.

59



Chapter Three Experimental Part

b

Fig. (3-8) a- Picture of Rh640, synthesized in Methanol with different

concentrations, b- The mixture of Rh640: Fe;O, SNPs random media.

3.4.3 Preparation of Mix dyes (Rh-640: MB) and Ag NWs

Ag nanowires (length 50 microns, diameter 50 nm) used as scatterer.
Rhodamine 640 (Rh-640) and Methylene blue (MB) laser dyes as host
medium. The silver NWs its dissolving with methanol by continuously
stirring the solution for 30 min and has a concentration of approximately 9
x10* cm?® , shown in (Fig. (3-9a)). It is noted that all samples were not
mixed with any surfactant to preserve energy transfer efficiency. The
concentration of Rh-640 and MB dyes was fixed at (1 x10° M and 1 x10°®
M) respectively. Then, preparation of three different samples by mixture of
Rh-640/MB dyes, S; (1:1), S; (1:2), and S3 (1:5to examine transfer energy
between two dyes ) as shown in Fig. (3-9b). They also prepared another
three samples to be examined by random laser by mixture fixed ratio from
Rh-640/MB with different concentrations of AgNWs .
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Fig. (3-9) Picture Rh640:MB: Ag NWs, prepared in Methanol solvent with
different concentrations.

3.4.4 Preparation of mix LDS 821 dye and Au NRs

The Au nanorod were synthesized by seedless method, using a CTAB -
assisted the reaction as mentioned above. The two samples prapared of Au
nanorod had (lengths + 18.8 pm, diameter = 6.3 nm) and (lengths +22.3
um, diameter + 7.2). After complete the synthesis, the excess CTAB was
removed from the samples, it was necessary to dislodge the liquid by
centrifuging. Following a purification cycle of wash—centrifuge—redisperse,
the quasi-spherical Au nanoparticles were removed. Then, the solid was
stored in methanol to form the Au nanorod suspension as shown in Fig.(3-

10 a). The Au nanorod concentration was approximately 18.5 mg/mL.

the random lasing medium was obtained by mixing 0.5 mL of the Au-
nanorod ink, shown in Fig. (3-10 a), and adding 1x10™ M concentration of

LDS 821 dye dissolved in methanol. Au nanorods concentration became
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0.185 mg/mL. The dilute nanorod suspension was used to reduce the effect

of light scattering on lasing resonance, shown in Fig.(3-10 b).

Sample-1

Fig. (3-10) (a) Au nanorod ink in methanol solvent with concentration of 18.5
mg/mL for two samples. (b) random lasing medium of Au nanorod dilution at
concentration of 0.185 mg/mL and LDS 821 dye at concentration 1x10™ M.
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3.5 Random laser measurements
3.5.1 Experiment setup to dermination of scattering mean free path in
Fe;O4 SNPs suspension

The experimental setup used for magneto-optical measurements of the
ferrofluids is schematically depicted in Fig.(3-11). The ferrofluid
suspensions were placed in a quartz cuvette with a thickness of about 10
mm at the magnetic system center, and kept inside a solenoid. The
magnetic field was changed between 25-250 G by varying the current
passing through the coil using a dc power supply. The direction of the
magnetic field was parallel to the light propagation. A Gaussian diode laser
with a wavelength of 532 nm and an output power of 35 mW was
employed as the light source. The output of the transmitted light intensity
was split into two equal separate beams using a beam splitter. The first
output (part I) from the transmitted power was connected to a digital power
meter and the second output (part I1) was projected on a screen in order to

observe diffraction pattern modes.

In this respect, the ferrofluids were exposed to the magnetic field transverse
to the direction of the light source, so that the magnetic particles dispersed
in the methanol solution experienced a force, attracting them toward one
side of the cuvette. In turn, this formed a chain of magnetic NPs. The
moving direction of the NPs would depend on the magnetic field strength
applied, and on the transmitted intensity of the light source across the

ferrofluid.
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The magnetic field would affect on the concentration of the nanomaterial
be affecting the change in the transmitted intensity, and this in turn would
lead to the change in the rate of the scattering mean free path according to

the following equation [130].

ls; and I, are scattering mean free paths without and with a magnetic field

applied, respectively. The associated transmissions are T, and T».

Screen

Magnetic coil
Power Meter with sample cell

|
-‘_J\

Laser 532nm

DC Power supply

Fig. (3-11) Schematic representation of the experimental setup used for magneto-

optical measurements of ferrofluids.
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3.5.2 Experimental setup of performance Rh640: Fe;O, NPs random
laser under magnetic field ( magnetically controlling random laser)
The experimental setup used for magnetically controlling the random laser
Is schematically depicted in Fig.(3-12). The random suspension media were
placed in a quartz cuvette with a thickness of about 10 mm at the magnetic
system center, and kept inside a solenoid. The magnetic field was fixed at
125 G. A Q-switched frequency-doubled Nd:YAG laser (532 nm, 5 ns
pulse duration, 10 Hz pulse repetition rate) was oriented at 90° with respect
to the normal to the cuvette face. The dye laser emission from the front face
of the cuvette was collected using a lens (f = 5cm) oriented at 30° with
respect to the normal to a fiber-coupled spectrometer. The direction of the

magnetic field was parallel to the light propagation.

£ \

Ocean Optic
spectrometer

Magnetic coil
with sample cell Bs

- Laser 532nm,

Snsec pulse. 10Hz
- Power Meter

(&) DC Power supply
| oom— |
—

Fig. (3- 12) The schematic representation of the optical setup used for controlling
the random laser under an external magnetic field in disordered solutions

containing dye-doped Fe3O4 SNPs.
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3.5.3 Experimental setup Performance of Rh640:MB:Ag NWR random
laser using Energy transfer mechanism

The experimental arrangement for the RL based on energy transfer
mechanism is shown in Fig. (3-13). During the experiment, each sample
was inserted into the glass cuvette with a 10 mm inner diameter (10 mm
thickness) and 45 mm height. A second harmonic generation (SHG) at 532
nm was employed to excite the Rh-640 dye solutions. The energy ranged
from 1. to 10 mJ. The laser beam impinging normally of the center of cell.
The emissions from the samples were collected by using a fiber-coupled
spectrometer (Ocean Optics USB2000+UV-VS-ES with 0.3 nm spectral
resolution) and the fiber probe was placed at a fixed distance (typically 2
cm) at angle 300 from the center axis of the cell by the rotatable arm. The
Pump laser power incident on the sample was controlled using appropriate
neutral density filter (NDF).

Cylindrical Lens
ND Filter

)
- !
- \
-
'
i Y )

m Optical fiber

‘ Nd:YAG Laser
' 532nm. 6ns. 10 H,

A

A

Fig. (3- 13) The experimental arrangement for the RFRL characterization.
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3.5.4 Experiment setup Performance of (LDS 821 dye:Au NRs) random
laser

For the random laser experiments, the suspensions were placed ina 1 cm
quartz cuvette. The pump source for the experiments was a Q-switched
frequency doubled Nd:YAG laser operating at 10 Hz pulse repetition rate
with 4 ns pulse width. The front face of the random laser cuvette was
irradiated at an incident angle of 90° normal to the front face. The emission
light at an angle of 30° to the cuvette’s front face was collected by a lens
and delivered to a fibre-coupled spectrometer (Ocean Optics USB2000 +
UV-VS-ES with ~1 nm spectral resolution). The optical setup geometry
used is shown in Fig (3.14)

B.S

Nd:YAG laser l
o W

Attenuator

Mirror

Joule meter

Spectrometer
A -..f

4/;\-5

Fig. (3- 14) Experimental setup of plasmonic Nanorods for Random Lasing
performance.
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Results & Discussions

This chapter introduces the results of experimental details of the work carried
out in this thesis.



Chapter Four Results and Discussions

4.1 Introduction

In this chapter, the characterizations of the prepared samples were
determined by different parametric tests, such as XRD, FE-SEM, TEM and
FTIR. The spectroscopic studies including absorption and fluorescence
spectra will be discussed, and studied the spectra depening on the dye
concentration and amount of nanoparticles. From the obtained results, the
optimum concentration was determined. The output from the selected
samples has been examined and detected using the laser beam profile tests.
For the same optimum concentration, the measurement of mean free path
(€s) and quantum vyield have been conducted and the results are also

presented.

4.2 Optical Properties of Laser Dyes and Nanoparticles

4.2.1 Absorption & Fluorescence Spectrum of Rh640 Dye

Fig. (4.1) shows different concentrations of the Rh640 dye dissolved in
methanol have been studied (1x107°, 5x10°, 1x10°) M. It is very clearly
and as it appears from the figure that with increasing the concentration of
the dye in the solution, the absorption spectrum increases and regularly in a
certain range of wavelengths around (490-607 nm) with its maximum peak
at 570 nm. Whereas, it is known that the dye solution has a lower
absorption spectrum at wavelengths less than 490 nm, and for the region of
wavelengths greater than 607 nm, the absorbance minimizes to the lowest,

regardless of the dye concentration according to Beer-Lambert law.
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Fig. (4- 1) Absorption spectra of Rh640 dye dissolved in methanol with different

concentrations.

besides studying the absorption spectrum of prepared solutions of Rh640
dye (in methanol) with a particular concentrations in the previous section,
the fluorescence spectra curves for those concentrations were illustrated in

Fig.(4.2) at 532 nm wavelength excitation.

For the intensity of the fluorescence spectrum, it is common, and as
literature shows, it increases with increasing dye concentration, and this is
evident in the above figure when moving from a lower concentration
1x10° M to a higher concentration 1x10®° M, where the intensity of the
fluorescence spectrum is clearly increased (i.e, Beer-Lambert law). Dye
concentration 1x10° M shows the best fluorescence spectrum and
therefore strengthens our selection as the best suitable concentration for

random laser action based on the absorption spectrum.
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Fig. (4- 2) Fluorescence spectrum of Rh640 in methanol at different concentrations

Moreover, increasing the dye concentration causes the fluorescence
spectrum to shift towards longer wavelengths (redshift). It is shifted from
587 nm at concentration of 5x10° M to 600 nm at concentration of 1x107
M. Thus, the displacement amount towards the longer wavelengths (red
shift) is about 13 nm. Which means that the fluorescence of laser dye has
moved to red shift. The redshift in the fluorescence spectrum of the Rh640
dye due to its increased concentration can be attributed to the fact that the
dipole moment of the excited state is higher than that of the ground state
and these results got supported by [131].
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4.2.2 Absorption & Fluorescence Spectrum of MB Dye

Fig. (4-3) illustrates the UV-VIS absorbance spectra of pure MB. The
maximum absorbance takes place over red spectral range with a certain

characteristic peak at 653 nm.

I—3x104m N
3091 2x104m max= 025 M
1x10* M
S 25+ 5x10° M
= 3x10° M
S, 20 2x10° M
® 1x10° M
g
8 1.5+
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2 1.0+
<
0.5
\
0.0 S - = =
300

400 500 600 700
Wavelength [nm]

Fig. (4- 3) Absorption spectra of MB dye dissolved in methanol with different

concentrations.

Furthermore, a couple of UV characteristic emissions appear at 250 nm and
291 nm too. Furthermore, the figure displays the spectral absorbance in
terms of MB concentration, which lucidly demonstrates a linear function at
653 nm as shown. When the concentration increases, then the absorbance

elevates, however no spectral shift appears.

Moreover, Fig. (4-4) demonstrates the corresponding overlapping area of

the normalized absorption and fluorescence emission spectra. The stokes
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shift of 27 nm is obtained for MB at 3x10™* M which shows a significant

overlapping leading to the lucid re-absorption events [132].
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Fig. (4- 4) Fluorescence and absorption spectrum overlap of MB in methanol at
3x10™ M concentrations.

4.2.3 Absorption & Fluorescence Spectrum of LDS-821 Dye

A four different concentrations (1x10™, 5x10* , 1x10 and 5x10°)M of
LDS 821 laser dye ( MW= 460.98 g/mol , product of USA , exciton ) had
been prepared in methanol. Fig. (4-5) shows the absorption spectrum for
these samples. The wide absorption band of the LDS 821 dye allow the
efficient pumping at 532nm by Nd:YAG laser used in the random laser
experiments. The absorption peak ranges from 431-725 nm and maximam
peak at 575 nm,
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Fig. (4- 5) Absorption spectra of LDS 821 dye dissolved in methanol with different

concentrations.

Fig. (4-6) shows the fluorescence emission obtained from LDS 821 dye.
The FWHM of around 74-160 nm. The fluorescence spectra have the
wavelength ranging from 670 to 844 nm and maximam peak at 781 nm.
Furthermore, as known that the fluorescence increases with increasing dye
concentration, and this is evident in the above figure when moving from a
lower concentration 5x10° M to a higher concentration 1x10™ M, where
the intensity of the fluorescence spectrum is clearly increased. But the verse
is reflected in relation for the concentration 1x10°, where a disappear
fluorescence is observed with an increase in the concentration of the dye,
and this can be attributed to the appearance of dimers as supported by
[133].
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Fig. (4- 6) Fluorescence spectrum of LDS 821 dye in methanol at different
concentrations.

4.3 The Random Laser Under Different Operation Conditions

4.3.1 FesO, SNPs random laser

4.3.1.1 Morphology and Structure of Fe;04 SNPs

Morphological and structural characteristics of the Fe;0, SNPs synthesized

by a co-precipitation method are shown in Fig. (4-7).

From FE-SEM image in Fig. (4-7) (a), these SNPs are observed to have
spherical-like morphology. According to the inset of Fig. (4-7) (a), the size
distribution of the SPNs is found to range between 20 and 40 nm.
Additionally, the mean size of the Fe;O, SPNs is about 27 nm and take
spherical shape. Furthermore, there are some aggregation of nanoparticles.
The X-ray diffraction (XRD) pattern of the SNPs is depicted in Fig. (4-7)
(b), indicating the reflections of (220), (311), (400), (422), (511), (440), and
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(622) planes at 26°~ 30.4°, 35.6° , 43.5°, 53.9°, 57.4°, 63.0°, and 75.0°, of
the cubic structure of spinel Fe;O4 respectively, according to the
standardized JCPDS card (no. 01-075-0449). The crystal structure of the
SNPs is then confirmed to be from magnetite (Fe;0,) without the presence
of impurity or secondary peaks. Based on the Scherrer formula [123], the
crystallite size along the main peak (i.e., (311)) is calculated to be about 22
nm, which is in accordance with the mean size observed using the FE-SEM

analysis.

Intensify (a.u.)

(440)

: (220) J /. 1
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Fig. (4- 7) FE-SEM image of Fe3O4 SNPs together with the corresponding size
histogram as the inset. (b) XRD pattern obtained from Fe;O4 SNPs.

4.3.1.2 Optical absorption of Fe3O4 nanofluids

UV-Vis spectra of FesO4 nanofluids with different concentrations (1, 0.5,
and 0.1 mg/10ml) are shown in Fig. (4-8) (a). The light absorption taking
place in the wavelength range of 290-550 nm (i.e. blue shift) can be
attributed to the colloidal Fe;O, NPs, which decreases with decreasing the

nanofluid concentration. These findings are consistent with earlier research
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[134]. In fact, the absence of sharp absorption peak and/or the slight
absorbance values of the nanofluids arise from the low concentration of the
FesO4 NPs. Therefore, the nanofluid with the middle concentration (0.5

mg/10ml) was selected for the subsequent experiment.

Since the agglomeration and stability of NPs may affect the properties
of nanofluids, UV-Vis spectrometry was carried out for different decay
times (ranging from 0 to 30 min) at the concentration of 0.5 mg/10ml, and
the results obtained are shown in Fig. (4-8) (b). As observed, the intensity
of the absorption edge is continuously reduced and shifted to a longer
wavelength (i.e red shift) with increasing the decay time. Accordingly, the
highest decay time (30 min) was found to be suitable for performing the
magneto-optical measurements, which will be presented in the following

sections.
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Fig. (4- 8) UV-Vis spectra of: (a) Fe;04 nanofluids with different concentrations,
and (b) Fe3O4 nanofluid with a concentration of 0.5 mg/10ml at different decay

times.
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Fig. (4-9) shows the absorption spectra of the magnetically controllable
random laser samples were measured. The absorption spectra studied for
pure Rh-640 dye with a concentration 5x10° M, pure Fe;0, SNPs with a
concenration of 1.3x10" m=, and 50% Rh-640:50% Fe;O, mixture. From
these results, one can infer that the pure Rh-640 dye possessed a wide
absorption spectrum (500-630 nm) with a maximum absorption peak at the
wavelength of 540 nm. In the case of the pure Fe;O, SNPs, one can
observe that the maximum absorption occurred at the wavelength of 350
nm. Furthermore, the absorption decreased in the wavelength range
between 350-800 nm. The spectrum of the dye-Fe;O, SNP mixture was
indicative of a reduction and a shift to a higher energy (a blue shift),
without overlapping with the pump laser wavelength of 532 nm, and the
absorption and emission spectra of pure Rh-640 laser and FesO4 SNPs. In
turn, this can lead to the formation of strong scattering centers for the dye-
doped SNPs.

— Fe,0,
—— Rh-640

3.0
—— Rh-640+Fe,0,

2.5 1

2.0 1

1.5 1

1.04

Absorbance (a.u.)%

0.5 1

0.0

T T T T T T
300 400 500 600 700 800
A (nm)

Fig. (4- 9) UV-Vis absorption spectra of pure Rh-640 dye, pure Fe;O,4, and 50%
Rh-640:50% Fe3;O,4 mixture.
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Fig. (4-10) shows the comparison between spontaneous emission spectra
of pure Rh-640 dye and Rh-640 dye-Fe;O, SNP mixture under a pumping
energy of 7 mJ recorded using a spectrofluorometer (Shimadzu, RF-5301
PC, Japan). It is observed that the peak of the emission spectrum of pure
Rh-640 dye was at the wavelength of 600 nm, and that the spectrum of the
mixture broadened towards a longer wavelength (a red shift) with

significant differences in the amplitude and band width.

2000 4
- - - Flourescence

— Lasing

1500 +

1000 + M

Intensity (a.u.)
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0 | ° | ° | ° | ° | ° | ° | ° |
400 450 500 550 600 650 700 750
A (nm)

Fig. (4- 10) Spontaneous emission spectra of pure Rh-640 dye solution (the dashed
red line) and Rh-640:Fe;O, mixture (the solid black line).
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4.3.1.3 Magneto-optical measurements

Fig. (4-11) shows the normalized transmitted light intensity as a function
of applied magnetic field for these three concentrations of ferrofluid. In the
case of the lowest concentration (0.1 mg/10ml), the transmitted light
intensity is slowly reduced with increasing the magnetic field, taking a long
period of time. Alternatively, at the middle concentration (0.5 mg/10ml),

the transmitted light intensity drastically decreases as a function of time.

In this case, the transmitted light intensity further decreases with increasing
the magnetic field. At the highest concentration (1 mg/10ml), it is observed
that the transmitted light intensity initially increases slightly with time, and
then decreases with increasing the magnetic field. Thus, the ferrofluid
concentration and the magnetic field can concurrently affect the transmitted
light intensity. The decrease in the transmitted intensity with increasing the
concentration may be assigned to the competition between the attraction
among the FesO, NPs, and to the role of the solvent in their movement.
Consequently, the effective concentration of the ferrofluid for the
magnetically controllable light intensity is found to be 0.5 mg/ml, leading
to a decrease in the rate of the transmitted light intensity with the ideal time

of the experiment.
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Fig. (4- 11) The normalized transmitted light intensity as a function of time when
increasing the applied magnetic field between 25-250 G for Fe;O, nanofluids with
different concentrations.

In order to understand the influence of magnetic field on the magneto-
optical properties, the normalized transmitted intensity of the ferrofluid
with a concentration of 0.5 mg/10ml was investigated as a function of time
for constant magnetic fields of 25, 50, and 125 G, as shown in Fig. (4-12).
As can be inferred, three regions appear in the transmitted intensity-time
curves. In the first region labeled as the first critical magnetic field (Hcy),
the optical transmittance decreases with time. Increasing the magnetic field
strength rapidly reduces the transmitted intensity. In the second region
(Hc,), the transmittance stabilizes at a certain period of time, depending on
the value of the magnetic field applied. In the third critical magnetic field
(Hcs) region, an increase in the transmittance occurs, pertaining to the
strength of the magnetic field. This change in the value of the optical

transmittance is due to the movement of the magnetic NPs and their
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assembly into chains with different shapes and sizes, involving the roles of
the applied magnetic field and response time. It is also notable that the
valley position of the three curves shifts by varying the magnetic field.

These results agree with those reported in the literature [135].
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Fig. (4- 12) Normalized transmitted intensity as a function of time required at
different critical magnetic fields for the Fe;O, ferrofluid with a concentration of
0.5 mg/10m.

4.3.1.4 Effect of applied magnetic field on diffraction ring patterns

Fig. (4-13) displays diffraction ring patterns recorded on the screen by the
digital camera for FesO4 nanofluids with two concentrations of 0.5 and 1
mg/10ml under different applied magnetic fields ranging from 0 to 50 G.
For the ferrofluid concentration of 0.5 mg/ml (Fig. 4-13 (a-d)), three kinds
of ring patterns are observed experimentally when increasing the applied
magnetic field. Increasing the concentration to 1 mg/10ml (Fig. 4-13 (d-f))

leads to an increase in the overall random distribution area of the beam
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spot. This phenomenon is associated with the redistribution and assembly

of the NPs, clearly affecting the beam spot passing through them.

0G 25G 506G
0.5 mg/10mi 0.5 mg/10ml 0.5 mg/10ml

oG 25G o . . -: L 50G
1 mg/10ml 1 mg/40ml *‘:“ A 1 mg/10ml

A

Fig. (4- 13) The variation in diffraction patterns of Fe30, nanofluids with
concentrations of: (a—c) 0.5 mg/10ml, and (d—f) 1 mg/10ml in the presence of

different magnetic field strength (0-50 G).

4.3.1.5. Effect of response time on scattering mean free path

As mentioned earlier, the spherical-like Fe;0, NPs dispersed in methanol
had a mean diameter of about 30 nm. Moreover, the wavelength () of the
incident beam of the diode laser was 532 nm. According to Eq. (2.7), the
scattering cross-section (o) is found to be (5.45 x10%° m ?) by taking into
account the density (ps= 5.91 10"® m™®) and refractive index (n= 1.236) of
FesO4 NPs. Basically, the SMFP parameter (ls) represents the average
distance that a photon travels between two scattering events, being one of
the most important path lengths closely related to random laser

mechanisms. By considering an effective concentration of 0.5 mg/10 ml,
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the 1 value is calculated to be 141 um based on Eqg. (2.6). in order to
calculate the SMFP associated with transmissions intensity without and
with a magnetic field applied, one should use Eq. (3.2). Fig. (4-14) shows
the variation of |y, as a function of response time for a constant magnetic
field and nanofluid concentration of 0.5 mg/10ml. As observed, the value
of I, continuously decreases from 152 to 49 pm with increasing the

response time from 25 to 200 s.
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Fig. (4- 14) The variation of scattering mean free path (l,,) as a function of
response time under a constant applied magnetic field for Fe3O,4 nanofluid with a
concentration of 0.5 mg/10ml.
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4.4. Lasing characteristics of magnetically controllable random laser

4.4.1 The effect of magnetic field and concentration

The effect of magnetic field on laser parameters of Rh-640 dye solution
with two different concentrations of Fe;O4 SNPs was investigated, and the
results obtained are shown in Fig. (4-15). The evolution of emission spectra
of sample-1, consisting of 70% Rh-640 (with a concentration 1x10° M),
and 30% Fe;0, SNPs (with a particle density of 2.87x10'" cm™) at different
pumping energies (ranging between 1-7 mJ) () in the absence and (b) in
the presence of a magnetic field (125 G). Moreover, the peak intensities
and full width at half maximum (FWHM) values were extracted as a

function of pumping energy (Fig. (4-15) (c) (d)).

As inferred from Fig. (4-15) (c), no reasonable change in the slope occurred
due to the absence of the magnetic field and lower scattering of SNPs.
Therefore, a noticeable threshold activity cannot be observed. However, by
applying an external magnetic field, a significant change in the threshold
energy was seen as it tended to be optimized in order to surpass the loss
and consequently achieve the RL emission (Fig. (4-15) (b)). Meanwhile,
FWHM values changed between 25.2-21.5 nm with increasing the
pumping energy from 1 to 7 mJ in the absence of the magnetic field. Under
the applied magnetic field of 125 G, increasing pumping energy from 1 to 7
mJ decreased the FWHM from 17 to 15 nm. Accordingly, while the
magnetic field and pumping energy influence both FWHM and peak
intensities of the emission spectra, and threshold energy.
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Fig. (4- 15) The emission spectra of 70% Rh-640 dye-30% Fe;O4 SNP mixture at
different pump energies in: (a) the absence and (b) the presence of a magnetic field
(125 G). The variations of peak intensity and FWHM as a function of pumping

energy in: (c) the absence and (d) the presence of a magnetic field.

On the other hand, Fig. (4-16) shows the emission spectra of sample-2,
consisting of 50% Rh-640 dye and 50% Fe3O, SNPs at different pump
energies (1-7 mJ) in the absence and presence of the magnetic field.
Increasing the concentration of scattering centers enhanced the random
lasing behavior, followed by the increase in the peak intensity and the
narrowing of bandwidth at 0 G and 125 G, respectively [Fig. (4-16) (a) and
(b)]. These results indicate that the effects of pumping energy and magnetic

85



Chapter Four Results and Discussions

field on the random laser parameter (including the emission spectrum
intensity and FWHM) for sample-2 [Fig. (4-16) (c)] at 0 G were very
similar to that explained for sample-1. With the improvement of some
parameters, the threshold energy was reduced to 1.89 mJ (Fig. (4-16) (d))

whereas it was 2 mJ for samplel at 125 G.

For better clarity, increasing the concentration of scattering centers initiated
an improvement in the random lasing behavior, leading to the increases in
the peak intensity, narrowing of bandwidth, and decrease in the threshold
energy. In fact, the higher concentration necessarily leads to a reduction in
the scattering mean free path (l), which can be calculated using the
following relation: Is==1/(pa), where p is the particle density and ¢ is the
scattering cross section. In this way, |s of the dye-doped Fe;O, SNPs was
calculated to be 14.1 mm for sample-1 and 10.4 mm for sample-2.
Essentially, two scattering regimes can exist based on the magnitude of I:
the weakly scattering regime (ls > L) and the diffusive regime (L >I;> 1), in
which L is the sample size (10 mm) and A is the emission wavelength (600
nm). Therefore, |5 obtained in this study is indicative of dye-doped Fez;0,
SNPs with weak scattering behavior. It should be noted that, another factor
affecting the value of I is the magnetic field, as according to the literature
[136]. Tables (4-1) and (4-2) show improvements in the value of random
laser parameters by changing the magnetic field from 0 to 125 G for the
two samples, thereby indicating enhancements in the amplification of the

random laser.
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Fig. 4- 16 The emission spectra of 50% Rh-640 dye-50% Fe3O, SNP mixture at
different pump energies in: (a) the absence and (b) the presence of a magnetic field
(125 G). The variations of peak intensity and FWHM as a function of pumping
energy in: (c) the absence and (d) the presence of a magnetic field.

Table (4- 1). Random laser parameters by changing the magnetic field from 0 to
125 G (Sample-1)

Magnetic field Threshold FWHMpeiow (NM) FWHM o (NM)
(Gauss) :
pumping energy
pth (MJ)
0 3.1 25 215
125 2 175 15
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Table (4- 2). Random laser parameters by changing the magnetic field from 0 to
125 G (Sample-2)

Magnetic field Threshold FWHM e 0w (NM) FWHM g0 (NM)
(Gauss) .
pumping energy e
(mJ)
0 2.8 25 22.5
125 1.89 19.1 15

4.4.2 The effect of response time on the emission wavelength

Generally, the wavelength emission spectra of dye lasers are affected by the
concentrations of the scattering centers (NPs), leading to shifts that might
be in the direction of red or blue shifts, and a jump from blue to red shifts
depending on the NP and dye concentrations (being high, low, or
moderate), respectively [137]. Fig. (4-17) shows the investigation of the
effect of the response time (0-30 s) on the emission wavelength in the
presence of the applied magnetic field (125 G). It is clear that red shifts
(about 6 nm) took place with increasing the response time from 0 to 25 s.
Furthermore, a jump to the blue shift was observed with the increase in the
response time from 25 to 30 s. This wavelength shift was supposed to be
caused by Fe;sO4 SNPs that can form chains and change their concentration
along the direction of the external magnetic field with increasing the

response time.
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Fig. (4- 17) The tuning of wavelength by varying the response time of magnetic

field at a constant pumping energy (6mJ/pulse).

4.4.3 Transition from incoherent to coherent random laser under
external magnetic field

In random laser systems, it is possible to transit from incoherent to coherent
modes. This is mainly indicated when spikes appear and their number
increases in the corresponding emission spectrum. According to Figures (4-
15), (4-16),(4-17) and (4-18), it can be noticed that effect of the magnetic
field, pumping energy, and the concentration of the dye-doped SNPs on the
appearance of the spikes and the increase in their numbers to more than 10
spikes with a FWHM of approximately 1 nm. Alternatively, Fig. (4-18) (b)
shows the following three regions: Region (1), representing the amplified
spontaneous emission; and Regions (I1) and (111), indicating the change in
the intensity of emission spectra and FWHM. The change in Region (Il)

may represent a transition from the amplified spontaneous emission to
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incoherent random laser. Moreover, the occurrence of the superlinear
change of Region (I1ll) could arise from a transition from incoherent to

coherent random laser modes.
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Fig. (4- 18) (a) The emission spectra and (b) variations of peak intensity and
FWHM as a function of pumping energy in the presence of a constant external
magnetic field of 125 G.
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4.5. Ag Nanowires Random Laser Based Resonance Energy Transfer

4.5.1. Morphology and Structure of Ag Nanowires

Fig. (4-19-a) and (4-19-b), shows the absorption spectrum of Ag nanowires
as synthesized by seed-mediate growth. After that Prepared a concentration
of (1.1x 10" cm®) without and with Rh640/MB dye (1x10°)/(2x10™) M,
using methanol as solvent for all samples. Two absorption bands can be
seen in Fig. (4-19) (a), which correspond to the longitudinal and transverse
Plasmon bands [138]. The longitudinal Plasmon band has a center
wavelength of 380 nm, while the transverse Plasmon band has a center
wavelength of 348.8 nm. Fig. (4-19) (b), shows the absorption spectrum of
the mixture (40% Rh-640 with 40% MB + 20% Ag NWR), which shows
three absorption spectra bands centered at 380, 560, and 650 nm,

respectively.

From FE-SEM analysis of silver nanowires as synthesized, shown in Fig.
(4-20-a) ,the average mean size of the sample was found to be 50 nm in
diameter of and a length of less than 50 microns. The Energy-Dispersive X-
ray (EDX) profile showed a strong signal for silver NWs composition,
shown in Fig. (4-20-b).
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Fig. (4- 19) The absorption spectrum of (a) pure Ag NWS and (b) Ag NWS with
dye mixture Rh-640 /MB
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Fig. (4- 20) a- Image of Ag nanowires taken with a field emission scanning electron

microscope (FESEM) ,b- EDX (energy-dispersive X-ray spectroscopy) image of Ag
NWs.

On the other hand, Fig. (4-21) shows The spectral overlapping area
between the absorption and fluorescence emissions of dyes mixture:
(Rh640) as donor and (MB) as acceptor, where used in the random laser
energy transfer experiment. Through Fig. (4-21), the revealed a broadband
absorption and fluorescence emission band for the dyes mixture.
Furthermore, The Rh640 fluorescence spectra overlap with the absorption
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spectra of MB. This suggests that energy can be transferred between these

two dyes in both radiative and nonradiative ways.

1.0
1.04 — 1¥10-5 Abs. Rh640.
I = 1*10-5 Fluor. Rh640
—— 2+10-4 Abs. M.B
2%10-4 fluor. M.B 108
— 0.8+ _
: S
(U .
° Jos 3
o 0.61 8 _
o
: 3
E 0.4 Overlapping 40.4 «» £
8 I area 9 £
< :
< 5
0.2+ 402 2
0.0 =_100

I300 400 500 600 700 800 900 1000

Wavelength [nm]

Fig. (4- 21) Spectral overlapping between absorption spectra of Rh640 (black line),
MB (blue line) and the fluorescence spectra of Rh640 ( red line), methylene blue

(green line).
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4.5.2 Variation of transfer efficiency with acceptor concentration

As illustrated seen in Fig. (4-21), poor absorbance of methylene blue dye at
532 nm can be overcome by using this dye as acceptor along with an
efficient donor [139]. The donor should have significant absorption at 532
nm and emission band of the donor should overlap with absorption band of
the acceptor. Rh640 dye satisfied both these requirements and therefore
Rh640 dye at optimized concentrations of 1.65 x 10 M was mixed with
MB dye at concentration 4.5 x 10 M to make donor-acceptor pair. Fig. (4-
22) (a-c) shows the fluorescence spectra of dyes mixture Rh640 and MB at
ratio 1:1, 1:2, 1.5. At mixture dye (2:1) [Fig. (4-22) (a)], observed the
intensity of Rh-640 it is maximum and the intensity of MB it is reduce, this
mean the self-reabsorption occur in this ratio, the result agreement with [2].
Mixture dye (1:5) lead to improving of intensity spectra of MB this indicted
the efficient energy transfer in this mixture [Fig. (4-22) (b)]. Finally, it
should also be note that the bleaching effects on intensity of the Rh-640
and MB, at mixture ratio (1:1) .the energy transfer from 1:1 is effective to

give dual wavelength [Fig. (4-22) (c)].
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Fig. (4- 22) Fluorescence spectrum for the mixture of Rh-640 / MB dye solution
with different dye ratio combination; (a) 1:2 (b) 1:5 (c) 1:1.

The Ip/lpa ratio in relation to various MB dye acceptor concentrations is
shown in Fig. (4-23).To calculate the Stern-VVolmer constant, compare the
fluorescence intensity of the donor (Rh-640) in the presence and absence of

the acceptor (MB dye) or the slope of the figure's best-fit straight lines.

Acceptor concentration 1*10'4

Fig. (4- 23) shows the Ip/lpa ratio versus acceptor concentrations for MB dye.
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Egs. (2.13) (2.14) (2.15) are used to calculate the values of [A]i, R,, and
Kap. are listed with the value of Ksy in Table (3-2). The radiative lifetime
(tp) Of 1 x 10 M was calculated from Rh-640 using Eq. (4) , and its value
was found to be about 3.7 ns. The @p/@pa of quantum yields of the donor in
the absence and presence of acceptor and energy transfer (E) were
calculated at varying concentrations of (MB) acceptor dye by using Eq. (2-

18), respectively. These values are listed in Table (1) too.

According to the studies, for a fixed donor (Rh-640) concentration, the
energy transfer efficiency increases with the concentration of the acceptor
(MB) and approaches (0.9) at a high concentration, giving the energy
transfer mechanism the dominating mechanism. These findings are in
agreement with those of a group of studies, including Baha T.chiad et al
[140]. and Wan Zakiah Wan Ismail et al [22].

Table (3- 2) shows the energy transfer parameters for the Rh-640:MB dyes.

Donor Dye- Rh-640 - concentration ( 1x10™ M)
Ksy | [Alz (M) R, (A°) Kap (M™ Sec™) Tp(Nns)
(M%)
4944 | 0.22x10° 120 1.336x10™ 3.7
Accepter Dye -MB- Concentration (mM) @p / E
Ppa
0.2 2 0.73
0.4 3 0.77
0.6 4 0.8
0.8 5 0.83
1 6 0.85
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4.5.3 Dual wavelengths emission in Rh640/MB random laser

Fig. (4-24) shows two intense spectral bands associated with Rh640 and
MB were clearly seen, which narrowed down at different pump energy.
The emission spectra of a dye solution without Ag NWs is shown as a red
line, and in the presence of Ag NWs as a black line. Using a single-
wavelength 532 nm pulsed laser beam as wavelength excitation, the first
excitation was to Rh640 dye, producing two peaks at wavelengths of 580
nm and 700 nm, respectively. The excited spectra of Rh640 has a wide
linewidth (about 32nm), this is important requirement for excites MB dye.
This is a strong indication that the energy transfer from the Rh640 donor
was sufficient to support random lasing to the MB acceptor, and the
residual energy in Rh640 was enhanced by scattering feedback. This cause
shown the Rh640 dye has a stimulated emission. The linewidth of each
spike is smaller than 1 nm, and the number of spikes were approaching 30
appeared on the top of spectrum which indicates typical coherent lasing
occurs. The threshold were 2.1 mJ for Rh640 dye and 3 mJ for MB dye. In
fact, these are basic characteristics of random laser. Also, it can be
observed that effective concentration of Ag NWs for both emission from
dyes was not similar in the wavelength tunability, ranged from ( 570-598)
nm (i.e blue shift) for donor Rh640, and from ( 700-720 ) nm for acceptor
MB (i.e red shift), this was occurred due to optical elongation leads to

increasing a birefringence.
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Fig. (4- 24) (a) The emission spectra of Rh640/MB at ratio (1:1) with and without

Ag NWs at concentration (1.1x10*cm™®), variation of FWHM and peak intensities

of the spectra with respect to pump energies of (b) Rh640 and (c) MB

Fig. (4-25) shows the random laser's coherent emission spectra at the

energy efficiently transmitted from the donor (Rh640) to the acceptor

(MB). Because of low molar ratio of donor leading to absorbed the 532 nm
of energy by the Rh640 dye then mostly transferred to the MB. The

emission spectra at 580 nm is reduced dramatically (6 fold lower than of

than MB). In this case two dyes are used with scatters to create a single

wavelength.
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Fig. (4- 25) (a) The emission spectra of Rh640/MB at ratio (1:5) with and without
Ag NWs at concentration (1.1x10*cm™), (b) variation of FWHM and peak
intensities of the spectra with respect to pump energies of MB

4-5-4 Effect of pumping power on RET random laser

Figure (4-26), illustrated the emission spectra under 532 nm pulses under
various pumping powers, for dye mixture systems based on Ag NWR with
R640 and methylene blue at concentrations of 1.65 x 10° M and 4.5 x 10
M (i.e. at a molecular ratio between Rh-640 and MB 1:1 and an average
distance between the molecules >10 nm). At 0.87 mJ of pumping power
(black curves in figure). The findings in (4-26) (a) demonstrate that a tiny
amount of energy is transferred from R640 to the gain material MB,
causing the gain in some loops for R640 to be more than the loss, but not
for methylene blue due to the extended optical paths. The dual-coherent
random lasing with two series of sharp spikes at the center wavelengths of
585 and 696 nm with 1.5 mJ and 2 mJ of pumping powers (first and second
thresholds, respectively) were observed in Fig. (4-26) (a) (blue curve) and

(red curve). Furthermore, by increasing a pumping power more above 2.3
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mJ (third threshold), as shown by the purple curve in Fig. (4-26) (a). The
system be change rapidly with exhibit a discrete sharp peaks with a red
shift about 700 nm. This suggests that the coherent lasing resonances from
the two gain materials, which were obtained from the optical gain based on

the regulated RET, are affects concurrently under a changing in pumping

power.

4000

Intensity (a.u.)

550 575 600 625 650 675 700 725 750 775
Wavelength (nm)

Fig. (4- 26) The dual-color coherent random lasing emission at different pumping

power.

Fig. (4-27-a) thresholds behavior of random lasing from R640 and (b)
methylene blue with respect to the linewidth and output intensity of the dye
mixture RET random laser. Notice that by increasing a pumping power
more and more give a decreasing in the linewidith from both dual color
Rh640 and MB, were (13-10.5) nm and (22- 12) nm, respectively.
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blue with respect to the linewidth and output intensity of the dye mixture RET

random laser.
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4-6 Gold Nano-Rod Random Laser
4-6-1 Morphology of Gold Nano-Rod

In this type of random laser, Au nanorods have been used as scattering
centers in a random medium containing LDS 821 as the gain medium. The
Au nanorods with two size: sample-1 (lengths + 18.8 pum, diameter = 6.3
nm) and sample-2 (lengths £22.3 um, diameter £ 7.2) were synthesis by
seedless method. Fig.(4.28) displays the transmission electron microscopy

(TEM) of the Au nanorods with two sizes separately.

Fig. (4- 28) The TEM images of Au nanorods as collide for different sizes.

Furthermore, the results of the TEM analysis of gold NRs synthesized
using different concentrations of NaBH, (reduction agent). As can be seen
in all cases, the nanostructures are in the form of rod-shape with relatively
low size distribution in the range of (lengths + 18.8 um, diameter + 6.3 nm)
and (lengths £22.3 um, diameter £ 7.2) It is interesting to notice that,

increasing NaBH, concentration reduces the size and aspect ratio of the
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resulting gold NRs. This occurrence is expectable because the increase in
the NaBH, concentration forms a higher number of seed NPs, which in turn

decreases the amount of metal ions involved in the growth of gold NRs.

4.6.2 Absorption spectra of Au nanorods

Fig. (4.29), shows the absorption spectra of two sizes of Au nanorods
dissolved in deionized water, respectively. It can be seen that the
absorption spectrum of the two sizes of Au nanorods exhibited two
relatively sharp surface plasmon resonance (SPR) peaks for each size.
These two absorption bands correspond to the longitudinal and transverse
plasmon bands. The longitudinal plasmon band is attributed to the
absorption and the scattering light spreading over the long axis of the
nanorods, while the transverse plasmon band is caused by the same reason,
but along the short axis of the nanorods. The same results were obtained by
Keerthi G. Nair et. al. [141]. Comparing the two spectra, the centers of the
longitudinal plasmon bands are approximately at 517 nm because the
length of the two samples of nanowires is a fixed, while the centers of the

transverse plasmon band are at 712.1 nm and 720.77, respectively.

UV-visible spectra were obtained to investigate optical characteristics and
confirm the synthesis of gold NRs. In this regard, one can observe the
characteristic SPR of gold NRs over the wavelength range of visible to near
infrared. Also, this indicates that the absorption spectrum is shifted towards
longer wavelengths (redshift) by increasing the diameter of the
nanomaterial which agreement with [142]. Fig.(4.29) (red line) shows that

the absorption spectrum of the Gold nanomaterial of 6.3 nm diameter is
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higher than the absorption spectrum of those of 7.2 nm (black line in Fig. 4-
29)). This result was supported by [143].
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Fig. (4- 29) The absorption spectrum of Ag nanowires of two sizes capped with

different concentrations of CTAB.

4.6.3 Lasing characteristics of gold NR random laser

To influences of two sizes of gold NRs, the characteristics of the random

laser will

be discussed in three different laser media in terms of

nanomaterial size at a fixed particle density 1.8x10"cm™ as follows:

Fig. (4.30 a and c) shows the evolution of the random laser emission

spectra for the two different dimensions of Au NRs used as scattering

centers are sample-1( D= 7.2 nm) and the sample-2 ( D = 6.3 nm ) with

same length at different pumping energies.
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Fig.(4.30 a-b) show the evolution of the emission spectra with different
pumping energies of the first medium (samplel) at diameter (D=7.2 nm).
At the lowest pumping energy 0.038 mJ, it is noticed that there is no
random laser emission and what appears, is only a spontaneous emission
related to the surrounding environment, and this spontaneous emission had
persisted for some higher energy values than 0.038 mJ (see the region | in
Fig.(4.30-b). When the pumping energy exceeds the value of E;=0.095 mJ
(the first threshold), the FWHM of the peak emission centered around 775
nm had narrowed to several nanometers, meanwhile, the emission intensity
increased rapidly. This behavior refers to the emergence of incoherent
lasing in the random laser systems. The persistence of this incoherent laser
was observed from 0.095 mJ into under the value of 0.15 mJ of pumping
energy (see the region Il in Fig.(4.30-b). By further increasing the pumping
energy into the value of E4=0.152 mJ which is called the second threshold
(see the region Il in Fig.(4.30-b), the random system begins to exhibit
distinct characteristics and several discrete peaks appear in the emission
spectrum. The width of these peaks can reach less than 1 nanometer, which

Is many times narrower than the spectrum of the incoherent random lasing.
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These discrete peaks (spikes) resulting from the recurrent scattering of
light represent the turning point from the incoherent to the coherent random
laser. This result is compatible with these presented by J. Xia et. al. in [74],
as the second threshold is the critical value for the occurrence of the
coherent random laser. This result indicates the possibility of achieving the
transition from incoherent feedback to coherent feeding by increasing the
pumping energy at the same concentration and size of nanomaterial, It is

similar to what H. Cao and J. Y. Xu found in their manuscript [144].

To observe the effect of size on the optical features of the random lasing,
the diameter 7.2 nm gold nanorods will be replaced by the 6.3 nm nanorods
where Fig.(4.30 c-d) represents the emission spectrum of a random laser
medium with gold NR its diameter (D = 6.3 nm) as dispersants. At the
minimum pumping energy which was 0.038 mJ, it is noted that the
spontaneous emission still dominates the scene, but it looks less than in the
previous case indicating the approaching appearance of the emission
spectrum, the best proof of this is the narrowness region 1 in the Fig.(4.30-
d) compared to it in the Fig.(4.30-b). When the incident pumping pulse
energy exceeds the value of 0.057 mJ which represents the first threshold
of this medium, the emission peak centered around 780 nm begins to
narrower and its intensity rises more rapidly with increasing pumping
energy. It has represented the incoherent random laser of the new size,
which appears to be more narrow and has higher emission than the previous
size see Fig.(4.30-c). Compared to the incoherent random laser of the first
size, this laser began to appear at pumping energy of 0.076 mJ and
continued to the limit of 0.16 mJ (see the region Il in Fig.(4.30-d)). By
further increasing the pumping energy to the value of the E{#=0.172 mJ

which symbolizes the second threshold of this medium (see the region Il in
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Fig.(4.30-d)), the system turns into a coherent random laser and it shows
characteristics that differ from those at the pumping energies less than
0.076 mJ, and also differ from what they were in the first size in terms of

early emergence and number of separate peaks of the emission spectrum.

The effect of increasing the Au nanorods concentration on the
performance of random laser can be seen in Fig.(4.31), where new
concentrations for the diameter of 6.3 nm was 2.1x10™ cm™. For this
particle density, it was observed that the emission signal prevailed over the
source noise and the incoherent random laser spectrum appeared very early
at 0.045 mJ which announcing the first threshold of this laser (see the
region Il in Fig.(4.31-b)) and it is less than 0.076 mJ and 0.057 mJ which
are the first two thresholds of the Au nanorods random laser at a fixed
particles density 1.8x10" cm™. By continuing to increase the pumping
energy, the emission spectrum began narrow rapidly to several tens of
nanometers, while the peak intensity increased see Fig.(4.31-c), and when
the pumping energy surpassed the value of Ey=0.081 mJ which
exemplified the second threshold of this laser (see the region Il in Fig.
(4.31-d)). It was certainly regarded as the transform point of a random laser
from the incoherent to the coherent type, and it is the best transition
threshold for gold nanorods compared to the values shown in Fig. (4-30).
Accordingly, it can be said that the properties of random lasers can be
improved, as well as there is a great opportunity to shift from the
incoherent to the coherent type of random lasers by increasing the

concentration of nanomaterials within a certain range.
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Chapter Five Conclusions & Future Works

5.1 The Conclusions

1- This study confirmed that the interaction between magnetic NPs in
the nanofluids under the exposure of the applied magnetic field can
allow a wide control of the intensity and re-diffusing of the laser
beam penetrating through them.

2- The absorption spectra indicated that the NPs dispersed in methanol
solution had good stability over time

3- The applied magnetic field strength and the nanofluid concentration
significantly influenced the transition between the two critical field
points (Hcy and Hey ).

4- The SMFP of SNPs was found to continuously decrease from 152 to
49 um with increasing the response time from 25 to 200 (s). This
indicated that an easy transition may occur from a non-coherent to a
coherent random laser if the NPs were used as scattering centers in
the effective medium of the random laser.

5- The controllability of the random laser parameters in the presence of
the magnetic field was evaluated and confirmed up to acceptable
values of the SNPs.

6- Sharp spikes were observed in the emission spectra, resulting from
the presence of the applied magnetic field and numerous scattering
centers formed by SNPs in the excited region.

7- 1t was found that the emission strength increased with increasing the
density of the scattering centers (SNPs). A linear function was
established between the spectral shift and the response time (0.30 s)
of the magnetic field.
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8- Because of the overlap between the absorption and fluorescence
bands, the intensity of the fluorescence emission of Rh640 gradually
reduced as the concentration of methylene blue increased, and it was
discovered that the FRET efficiency could be regulated by varying
the donor-acceptor ratio.

9- Combining two dyes (Rh640:MB) resulted in random laser emission
beyond 700 nm and the efficiency of random laser was 85%.

10- The scattering centers Au NRS were effective at the laser threshold,
emission laser linewidth intensities, and contrast wavelengths, in

addition to delivering positive feedback.
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5.2 Suggestions for Future Works

1- Studding another types of Infrared Dye Laser in the 800-1000nm Range
as active medium of random laser for examples LDS 950 in Methanol, LDS
925 in Methanol and LDS 867 in Methanol.

2- The use of aromatic hydrocarbons with different ring numbers as hosts

of the laser dye and scattering nanoparticles.

3- Studding the effect of the temperature of the active medium of a random

laser on the lasing characteristics

4- Use three laser dyes in the 550-880 nm range as cascade-pumped

sources for the random lasers.

5- Replacing the scattering Fe;0, SMNPs nanoparticles with different ones,
such as FesO4:Au NRs and Fe;O, & AU NRS coreshell, and investigate

how they affect the laser's properties when a magnetic field is present.
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