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Preface 

 Polymer Optical Fibers have occupied historically a place for large core 

flexible fibers operating in short distances. In addition to their practical passive 

application in short-haul communication they constitute a potential research field as 

active devices with organic dopants. Organic dyes are preferred as dopants over 

organic semiconductors due to their higher optical cross section. Thus organic dyes as 

gain media in a polymer fiber is used to develop efficient and narrow laser sources 

with a tunability throughout the visible region or optical amplifier with high gain. 

Dyes incorporated in fiber form has added advantage over other solid state forms such 

as films since the pump power required to excite the molecules in the core of the fiber 

is less thereby utilising the pump power effectively. In 1987, Muto et.al investigated a 

dye doped step index polymer fiber laser. Afterwards, numerous researches have been 

carried out in this area demonstrating laser emission from step index, graded index and 

hollow optical fibers incorporating various dyes. Among various dyes, Rhodamine6G 

is the most widely and commonly used laser dye for the last four decades. 

Rhodamine6G has many desirable optical properties which make it preferable over 

other organic dyes such as Coumarin, Nile Blue, Curcumin etc. The research focus on 

the implementation of efficient fiber lasers and amplifiers for short fiber distances. 

Developing efficient plastic lasers with electrical pumping can be a new 

proposal in this field which demands lowest possible threshold pump energy of the 

gain medium in the cavity as an important parameter. One way of improving the 

efficiency of the lasers, through low threshold pump energy, is by modifying the gain 

of the amplifiers in the resonator/cavity. Success in the field of Radiative Decay 

Engineering can pave way to this problem. Laser gain media consisting of dye-

nanoparticle composites can improve the efficiency by lowering the lasing threshold 

and enhancing the photostability. The electric field confined near the surface of metal 

nanoparticles due to Localized Surface Plasmon Resonance can be very effective for 

the excitation of active centers to impart high optical gain for lasing. Since the Surface 

Plasmon Resonance of nanoparticles of gold and silver lies in the visible range, it can 

affect the spectral emission characteristics of organic dyes such as Rhodamine6G 

through plasmon field generated by the particles. The change in emission of the dye  

placed near metal nanoparticles depend on plasmon field strength which in turn 

depends on the type of metal, size of nanoparticle, surface modification of the particle 

and the wavelength of incident light. Progress in fabrication of different types of 

nanostructures lead to the advent of nanospheres, nanoalloys, core-shell and nanowires 

to name a few. The thesis deals with the fabrication and characterisation of polymer 

optical fibers with various metallic and bimetallic nanostructures incorporated in the 

gain media for efficient fiber lasers with low threshold and improved photostability. 



  

 

Chapter 1: Gives a basic idea about Polymer Optical Fibers and potential application 

of dye doped optical fibers. Glimpse on the laser cavity supported by optical fibers are 

discussed. Since plasmon resonance of metal nanoparticles can affect the spectral 

properties of gain medium in a cavity, a brief idea about the plasmon field generated 

on the surface of metal nanoparticles is considered. Various applications of metal 

nanoparticles are discussed with focus on its application in Radiative Decay 

Engineering and Surface Enhanced Raman Scattering. 

Chapter 2: Experimental setup used for the fabrication of metallic nanostructures by 

physical method is detailed in this chapter. Also the chapter overviews various 

characterisation techniques, used to investigate and characterise the nanostructures, in 

brief. Fabrication of polymer optical fibers doped with dyes and nanoparticles are also 

detailed. Experimental setups used to characterise the fiber lasers are described along 

with the setup for Raman scattering of polymer fibers. 

Chapter 3: Chapter gives an idea about various advantages of physical method like 

laser ablation in liquid over chemical method of synthesis of nanostructures. 

Optimisation of various parameters affecting the size and shape of nanostructures 

during laser ablation is an important step towards its practical applications. So the 

chapter deals with those parameters such as carrier media, wavelength of laser source, 

pulse counts, fluence at the target, volume of the liquid media and pulse width 

influencing the formation of nanostructures. Optical characteristics of the 

nanostructures synthesised are also discussed. 

Chapter 4: Gold nanoparticles affect the spectral characteristics of dyes like 

Rhodamine6G. The chapter gives a complete analysis of the variation of spectral 

absorption, emission, lifetime and quantum yield of the dye in the presence of Au 

nanoparticles. Spectral overlap integral, Forster distance and efficiency of the system 

are also calculated. With these inferences the system of dye-nanoparticles are 

polymerised into planar waveguides and their optical emission spectra are recorded. 

Polymer fibers with Au nanoparticle integrated gain medium are heat drawn and its 

optical characterisations are done. 

Chapter 5: Silver nanoparticles have the highest surface plasmon strength among 

other metal nanoparticles and are widely used in Radiative Decay Engineering. The 

environment of the nanoparticles plays an important role in determining spectral 

characteristics of the dye. So the optical properties of dye in presence of Ag 

nanoparticles synthesised in Methyl Methacrylate and ethanol are studied. The 

spectral emission and photostability studies of optical fibers doped with dye-Ag 

nanoparticles system have been discussed. 



 
 

 

Chapter 6: Various applications in the field of nanotechnology demand the synthesis 

of various bimetallic nanostructures such as nanoalloys and core/shell nanostructures. 

In this chapter we introduce a simple method for the synthesis of Au-Ag nanoalloy 

through the intermediate phase of Au core/Ag shell nanostructures by direct laser 

ablation and its optical characterisations are done. Core/shell and alloy nanostructures 

are integrated into polymer optical fiber based lasers and its lasing and photostability 

measurements are recorded. 

Chapter 7: The intense electric field of femtosecond pulses can cause bond breaking 

and rearrangement of molecular structure in many systems. We have systematically 

studied the effect of time of irradiation, pump power density and concentration of 

Rhodamine6G upon irradiation on its optical properties. Optical characterisation is 

done using optical absorption spectra and FTIR spectra. Rhodamine6G is also 

irradiated using nanosecond pulsed laser and its optical characterisations have also 

been done. We have also demonstrated lasing properties of polymer fibers doped 

structurally modified Rhodamine6G in this chapter. 

Chapter8: The chapter deals with the formation of well defined nanowires by laser 

induced irradiation of already prepared Ag nanocolloidal solution containing 

nanospheres. Scattering strength of Ag nanowires has been calculated from mean free 

path. Metal Enhanced Fluorescence using Ag nanowires has been demonstrated and its 

practical applications in lasing have been discussed. Surface Enhanced Raman 

Scattering studies on polymer optical fibers doped with Ag nanowires is also 

performed. 

Chapter 9: Work performed in this thesis are concluded and summarised in this 

chapter and future prospects are discussed. 

 

 

 

  



  

 
 

  



 
 
 
 
 
 

 

Chapter 1:  

Overview on Polymer Optical Fibers and Metal 

Nanoparticles 
 

 

An overview of polymer optical fibers mainly emphasising on the properties of 

Poly Methyl Methacrylate based polymer fibers are discussed along with its 

method of fabrication. Characteristics of dye doped polymer fiber lasers with 

special mention to whispering gallery resonators are presented. Noble metal 

nanoparticles are introduced with a few of its applications and preparation 

methods along with a theoretical aspect of formation of metal nanoparticles 

using laser ablation in liquid technique. 
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1.1 Introduction to Polymer Optical Fibers 
The term ‗optical fiber‘ in general gives us an idea of silica fibers which is most 

widely used in data communication and sensing. But apart from these glass fibers 

there exists a prominent class of plastic/polymer fibers which, apart from its high 

attenuation and low bandwidth as compared to the former, is widely used in Local 

Area Networks and sensors. The development of Polymer Optical Fibers (POFs) 

started at the middle of 20
th
 century when it was first introduced by DuPont in the mid 

1960s. Progress in the field of POFs after its introduction [1-2] has brought down the 

attenuation considerably.  Currently Poly Methyl Methacrylate (PMMA) based POFs 

typically has attenuation in the range of 80 to 120dB/km in the transmission window 

(visible region) [3]. With the development of fluorinated polymer, which has excellent 

chemical, thermal, electrical and surface properties, further reduction of attenuation in 

polymer based fibers is achieved [4-5].  

 

Advantages of POFs 

Major advantages of POFs over silica fibers are high mechanical resilience, high 

numerical aperture, low bending loss, ease of tooling, use of visible light as sources, 

easy installation, water resistance and doping with organic compounds. Inherent 

property of flexibility of plastic as compared to glass allows the rough handling of 

plastic fibers such as acute bending and stressing. Due to large numerical aperture, 

certain mismatch occurring while aligning with transmitters and receivers avoids the 

use of expensive precision tools for connectorization. Large core diameter of POFs 

(nearly 1mm) permits certain bending tolerance as compared to silica fibers and 

installation of fibers can be done at a better rate with low cost and less skill. Plastic 

fibers can be cut using conventional scissors or blades and polishing can be done using 

sand papers. Plastic fibers making use of PMMA allows the use of sources in the 

visible spectral region because of its transmission window in the visible range. POFs 

due to its water resistance property are thus suitable for marine applications. Low 

processing temperature of POFs as compared to silica fibers allows quantum dots, 

nanoparticles and organic compounds to survive the fiber drawing process without 

degradation [6]. 

 

Classification of POFs 

POFs can be categorised on the basis of specific material and refractive index 

profile for several applications as given in fig.1.1. The type of material selected 

essentially determines the attenuation and the thermal stability of the fiber, whereas 

the optical bandwidth/transmission capacity is solely determined by the type of profile 

such as step index (SI) or graded index (GI). Two main classes of POFs based on 

material are PMMA based fibers and perfluorinated fibers. Fig 1.2 shows the chemical 

structure of PMMA. Attenuation of PMMA based fibers (~150dB/km) is due to the 
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presence of CH bonds which causes overtone absorption corresponding to their 

stretching vibrational mode in the visible wavelength region [7]. 

 

Figure 1.1: Classification of Polymer Optical Fibers. 

The most effective way of reducing attenuation is the replacement of hydrogen atoms 

in the fiber material by heavier atoms like fluorine [8-9]. Thus perfluorinated fibers 

reduce attenuation arising from CH stretching vibrations of PMMA POFs. CYTOP 

(Cyclic Transparent Optical Fiber, which is a perfluorinated polymer fiber) offers low 

attenuation upto 40dB/km at 650nm, 16dB/km at 850nm and 20dB/km at 1300nm 

[10]. 

 

Figure 1.2: Chemical structure of PMMA. 

Other two major types of POFs based on refractive index profile are SI and GI POFs. 

SI POFs are characterised by a constant uniform core refractive index which is greater 

than that of cladding and the refractive index drops sharply at the interface. GI POFs 

exhibit a gradient refractive index profile with maximum index near the core centre 
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and decreases gradually towards the cladding. SI POFs exhibits bit rate of 500 Mbps 

(in a 100m length) whereas the GI POFs exihibits 10 Gbps [11]. The fabrication 

method is different for different types of fibers and SI POFs are easier to fabricate. SI 

POFs find applications in automotive and industrial applications where bandwidth 

requirement is less. 

Third type of POFs includes multi core and multi step index POFs which 

overcome the bending sensitivity, manufacturing cost and difficulty of GI POFs. 

Another promising class of POFs which find tremendous current applications is 

Microstructured POFs (MPOFs). MPOF/Photonic Crystal Fibers (PCF) obtains their 

waveguide property from a closely spaced arrangement of air holes which runs 

throughout the fiber length. Air holes form an internal microstructure within the fiber 

which provides another dimension of light control [12]. Novel features associated with 

MPOFs are endlessly single mode nature, tailorizable dispersion and high or low non-

linearity (depending on the hole design) [13]. 

Among the various types of POFs, PMMA POFs has received considerable 

attention in this category. Certain physical, electrical, optical and thermal properties of 

PMMA are listed in table.1.1. PMMA is a transparent polar material with a refractive 

index of 1.49. PMMA absorbs very little light in the visible region with a transmission 

of 80-93% as its transmission window lies in the visible region. It has a glass 

transition temperature at 105
0
C and a melting point at 130

0
C. From the attenuation 

plot of PMMA with respect to the wavelength as shown in fig.1.3, it can be seen that 

green and blue windows are characterised by the lowest attenuation of nearly 

80dB/km [6]. 

 

Table 1.1: Properties of PMMA. 

 

Properties 

 

 

Value 

Density 

Melt Flow 

Water absorptivity 

Dielectric Constant 

Melting Point 

Glass transition temperature 

Vicat Softening Point 

Haze 

Transmission, Visible 

Refractive Index 

1.15 ‐ 1.19 g/cm3 

0.9 – 27 g/10 min 

0.3% 

2.8 ‐ 4 

130°C 

100 ‐ 105 °C 

47 ‐ 117 °C 

1 ‐ 96 % 

80 ‐ 93 % 

1.49 ‐ 1.498 
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Figure 1.3: Attenuation spectrum of PMMA showing different transmission windows. 

1.2 Fabrication of POFs 
PMMA, which is the most common material for core of POFs are fabricated 

mainly using two methods, extrusion method and preform drawing method [14-16]. 

1.2.1Extrusion method 

This can be either continuous or batch extrusion types. The former is an 

efficient method for the fabrication of SI POF since the method eliminates the 

extrinsic loss factors from the fiber caused by organic impurities, dust or bubbles in 

the fiber core. This method makes use of a single system, from the initial step of 

monomer purification to the final process of fiber drawing. Monomer such as Methyl 

Methacrylate (MMA) with polymerisation initiator and chain transfer agents (CTA) 

are continuously fed into the reactor followed by gear pumping from the reactor to the 

core extruder at typical reactor temperature of 180
0
C [14]. The fiber core is 

immediately cladded with another polymer of lower refractive index through another 

extruder. Thus SI POFs are obtained with high production rate. But this method 

suffers from thermal degradation of the materials used for the extrusion. 

1.2.2 Preform drawing method 

The method involves two steps, viz., preform fabrication and fiber drawing. 

The former involves the production of a transparent cylindrical rod and the latter is 

followed by its drawing into optical fibers.  
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1.2.2.1 Preform fabrication 

There are several methods for preform fabrication in the case of glass fibers 

such as Chemical Vapour Deposition (CVD), Outside Vapour Deposition (OVD), 

photo co-polymerisation, diffusion and Vapour Phase Axial Deposition (VAD) [15]. 

In the case of POFs fabrication, one of the promising method is Teflon technique [17]. 

The method involves the fixation of a smooth teflon rod of desirable diameter at the 

centre of a test tube and filling the rest of the test tube with purified monomer, initiator 

and chain CTA. Suitable initiators like Benzoyl Peroxide (BPO) or 

Azobisisobutyronitrile (AIBN) are used to start the polymerisation process. BPO is 

preferred over AIBN since in the former case no gas such as nitrogen is released 

during polymerisation thus avoiding of bubbles in the preform [17]. Initiation process 

is followed by termination in order to control the molecular weight of the polymer. 

Thus along with the initiator, CTA such as n-butyl mercaptan is added to regulate and 

terminate the polymerisation process. With an appropriate combination of initiator and 

CTA, the molecular weight and thereby the thermal and mechanical stability of the 

drawn fibers can be controlled [17]. Moreover the amount of initiator and CTA 

determines the speed of polymerisation of MMA at a particular temperature. It is 

reported on the basis of material characterisation and drawing tests that a readily 

drawable preform has a glass transition temperature Tg around 100
0
C and average 

molecular weight in between 60000 and 100000[17]. In the case PMMA Tg lies 

around 105
0
C. 

 The test tube is then placed in a constant temperature oil bath for thermal 

polymerisation. When polymerisation is over, the teflon rod is removed from the test 

tube obtaining a hollow preform which serves as the cladding. Now the hollow portion 

is filled with monomer of higher refractive index and a second polymerisation is done. 

When polymerisation is complete, a step index polymer preform is obtained. The 

major advantage of the technique is that it gives a good core-cladding interface 

thereby reducing losses due to scattering [18]. 

1.2.2.2 Fiber drawing 

Preforms thus obtained are drawn using conventional POF drawing tower and 

the drawing process is schematically depicted in fig.1.4. The preform is held vertically 

using a preform holder and is placed at the middle of the furnace leaving behind a 

small portion of the preform unheated. Processing temperature of POFs are around 

200
0
C whereas silica fibers have high processing temperature around 1200

0
C.  When 

the heated portion of the preform reaches beyond its softening point, it tumbles down 

due to gravity. Once the preform is pulled down by its own weight, the drawing is 

thereafter controlled by fiber puller and feeder. For a given preform, the diameter of 

the fibers can be varied by controlling the draw rate and feed rate using [18] the 

equation 
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where D is the diameter of the preform, d is the diameter of the drawn fiber, Vd is the 

draw rate of fiber and Vf is the feed rate of the preform. Thus depending on the 

diameter of the drawn fibers, either single mode or multimode GI/SI POFs can be 

obtained. 

                         

Figure 1.4: Schematic of conventional POF heat drawing process. 

1.3 Dye doped POFs 
Emergence of POFs in LAN demands the development of them as promising 

active devices such as fiber lasers and amplifiers for short haul communication. Low 

processing temperature of POFs allows incorporation of organic dyes as the gain 

media. High gain of such lasers and amplifiers is due to the large absorption and 

emission cross section of organic dyes as compared to rare earth elements in silica 

fibers. Among various dyes, Rhodamine6G (Rh6G) is the most widely and commonly 

used laser dye for the last four decades. Rh6G has many desirable properties such as 

high quantum efficiency, increased photostability and good lasing action [19-20] 

which make it preferable over other organic dyes such as Coumarin, Nile Blue, 

Curcumin etc. Fig. 1.5 shows the energy level diagram of a dye laser [21]. Molecules 

get excited to the higher energy singlet state S1 when pumped by an external source 
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such as flash lamp. The excited molecules relax to the lowest vibronic energy level of 

the excited electronic state (S1) within picoseconds (ps). The molecules residing in this 

state are stimulated by another spontaneously emitted photon and thus results in 

lasing. Due to losses such as internal conversion and intersystem crossing, the non-

radiative decay rate is increased reducing the radiative decay rate (emission). 

 

Figure 1.5: Energy level diagram of dye laser [21]. 

Thus laser dyes can be used to develop efficient and narrow laser sources with 

a tunability throughout the visible region or optical amplifier with high gain. Solid 

state dye gain media attracts the interest of recent research due to its inherent 

advantages such as compatibility, mechanical stability and safe handling compared to 

their counterpart in liquid medium [17, 22-25]. There are already a number of reports 

on solid state dye gain media after its first demonstration in 1967 [26] by Soffer and 

McFarland. Advantage of incorporating dyes in fiber form is the lower pump power 

required to excite the molecules in the core of the fiber when compared to other solid 

state forms like films and thereby, utilising the pump power more effectively. In 1987, 

Muto et.al investigated a dye-doped step index polymer fiber laser [27]. Afterwards a 

lot of research has been carried out in this area demonstrating laser emission from step 

index, graded index solid and hollow fibers incorporating various organic dyes [28-

35].  

1.3.1 Whispering Gallery Resonators and modes 

Laser oscillations need a cavity to provide optical feedback. The cavity 

provides resonance and thus establishes a well defined spectral mode structure and an 

associated highly directional emission pattern. The cylindrical curved surface of the 
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fiber provides an excellent microcavity for the efficient coupling of spontaneous 

emission into lasing modes [36-38]. Such a cylindrical cavity supports whispering 

gallery modes (WGM) and thus acts as whispering gallery resonators. First 

observation on WGM was made by Lord Rayleigh about a century back, who studied 

the propagation of sound waves over a curved gallery surface [39-42]. WG resonators 

with high Quality (Q) factor and small mode volume are highly important in the 

fundamental studies of light-matter interaction and in applications such as microcavity 

lasers [43-44], optical filters and modulators [45-47], mechanical, chemical and 

biological sensors [48-50], non-linear optics [51-52] and quantum optics [53-55]. 

WGM is a resonance of light wave that is trapped inside the curved surface such as 

dielectric spheres, disks or cylinders by total internal reflection as shown in fig.1.6. 

The resonance condition is satisfied for the circulating light if it reaches the original 

point with the same phase after one circulation.  

 

 

Figure 1.6: Light trapped inside a spherical microcavity by total internal reflection and giving 

rise to resonant modes known as whispering gallery modes. 

The Q value of laser modes are usually used to characterise the quality of the modes 

and is defined as the number of optical cycles needed for the cavity mode field to 

decay to 1/e of its initial value times 2π [36,56] and is given by 

              


Q

                                                      
(1.2) 

where δλ is the linewidth of the mode at wavelength λ. Q factor mainly depends on the 

cavity quality [36,57] and is given by  
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where first term in the right hand side corresponds to loss due to optical absorption in 

the cavity, second term corresponds to losses due to light scattering by surface 

roughness as well as Rayleigh scattering inside the microcavity and the last term is 

due to the intrinsic diffraction leakage. Thus the losses in the cavity restrict the Q 

factor of WGM modes or in other words, the Q factor can be improved by improving 

the quality of the resonator.  

 The peak of lasing spectra occurs at the maximum of optical gain spectrum of 

the amplifier, γ(λ). We have noticed that lasing occurs at λ where γ(λ) exceeds the 

losses in the cavity and this condition [53] is given by  

                                                           
Q

n p






2
                                                       (1.4) 

where np is the refractive index of the cavity. The resonant lasing frequencies that can 

be supported by the polymer fiber cavity are given by 
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Dn
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m 
                                                (1.5) 

where m is an integer, c is the speed of light in vacuum and neff  is the effective index 

of refraction of the cavity medium. For a thick cavity neff may be approximated to neff 

≈np(1-d/D)≈ np. Using this approximation in eqn (1.5), we calculate the intermodal 

spectral spacing [53] as 
eff

mm
Dn

c


  1 . 

Fig.1.7 shows the WGM at 428nm from a microdisk [58]. In principle second 

order modes always coexist with the first order but it has low Q factor as compared to 

first and so higher lasing threshold is needed for its excitation [59]. WGM are 

characterised by the polarisation (p) (Transverse Electric or Transverse Magnetic), the 

angular (m) and radial momentum numbers (r) and the value of these integers 

represent the intensity distribution of resonant modes in the cavity. WGM positions 

for TE and TM are different in general [59]. 

Thus it can be understood that WG resonators in fiber provides low threshold 

lasing with high Q factor. Lowering the threshold pump energy needed for lasing has 

become a crucial to open the possibility of electrical pumping of plastic lasers [36] in 

the near future. Success in the field of Radiative Decay Engineering (RDE) making 

use of metal nanoparticles can pave the way to this problem. Metal nanoparticles can 
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modify the spectral emission characteristics of the dye through its plasmon resonance 

by increasing or decreasing radiative decay rate of the dye/fluorophore. 

 

 

 
Figure 1.7: (a) First order WGM modes and (b) Second order WGM modes formed at 482nm 

inside microdisk. Red portion corresponds to the highest intensity of the mode and blue that of 

lowest intensity. Black edge around the modes represents the edge of the microdisk [58]. 

1.4  Introduction to metal nanoparticles 
Metal nanoparticles have attracted the attention of the scientific world by its 

fascinating colour long before it became an integral part of modern nanotechnology. 

Application of colloidal metal nanoparticles can be dated back to 17
th
 century when it 

was used for staining the glass [60]. Faraday was the first person who recognized that 

the ruby red colour of Au colloid was due to the presence of minute size of Au 

particles [61]. Gustav Mie in 1908 explained this phenomenon theoretically by solving 

Maxwell‘s equation and the theory has found wide applicability, since it allows the 

calculation of particle extinction spectra provided, the material dielectric function is 

known and the size of the particle is less than the wavelength of light [61]. The 

physical origin of the colour of colloidal metal nanoparticles such as ruby red colour 

of Au and yellow colour of Ag is due to the collective oscillation of electrons in the 

conduction band which is known as Surface Plasmon Resonance (SPR) [62-63]. This 

plasmon oscillation frequency for gold, silver and copper lies in the visible range of 

electromagnetic spectrum giving a very strong absorption. SPR absorption of silver 

nanoparticles lies in the blue region (~ 400nm), that of gold nanoparticles lies in the 

green region (~520nm) and copper nanoparticles in the yellow region (~560nm). Thus 

the origin of properties in the nanoscale for noble metals and semiconductors are 

different. In metals SPR give rise to the colour whereas in semiconductors the 
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emission due to the band gap is responsible for the colour. Depending on the size and 

shape of metal nanoparticles the SPR absorption band can be tuned as shown in the fig 

1.8 [60].  

 

 

 

Figure 1.8: Absorption spectra of Au nanoparticles differing in size and shape [60]. 

Nanospheres exhibit a single plasmon band wheras nanorods exhibit two plasmon 

bands tunable with respect to the aspect ratio (AR) of the rod. The absorption 

coefficient/extinction coefficient of metal nanoparticles is of several orders of 

magnitude higher than the strongest absorbing fluorophore [63]. With change in the 

shape from isotropic such as nanospheres to anisotropic structure such as nanowires, 

nanorods etc the absorption can be increased further. Table 1.2 gives the bulk 

properties of Au and Ag [64]. 

Table 1.2: Bulk properties of Ag and Au. 

Bulk properties Silver Gold 

 

Electronic configuration 

Atomic weight 

Lattice 

Lattice parameter 

Density 

 

4d
10

5s
1 

107.87 a.u
 

fcc
 

0.409 nm
 

10.50 g/cm
3
 

 

5d
10

6s
1 

196.97 a.u
 

fcc
 

0.408 nm
 

19.28 g/cm
3
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1.4.1 Surface Plasmon Resonance 

SPR of metal nanoparticles are the in phase collective oscillations of 

conduction free electrons when exposed to external electric field [65-69]. Plasmon 

resonances of very small metal nanoparticles are strongly damped and that of bigger 

particles, of the order of tens of nanometer, are excited with visible light [70]. The 

surface plays a crucial role in determining the position of surface plasmon resonance 

as it alters the boundary condition for the polarizability of metal [70]. SPR is 

definitely not a quantum size effect since metal nanoparticles do not display SPR 

when their size is less than 2nm [70]. 

 
Figure 1.9: Plasmon resonance taking place due to the coherent interaction of electrons in the 

conduction band of metal nanoparticles with light. 

Fig.1.9 shows schematically how plasmon resonance takes place in a simpler 

manner. The electric field of the incoming light induces a polarisation for the 

conduction band (free) electrons with respect to its much heavier ionic core. This net 

charge difference taking place at the surface (boundary) of nanoparticles in turn acts as 

a restoring force to polarisation. In this manner a dipolar oscillation is created with a 

period same as that of incoming light. Resonance plasmon oscillations take place 

when the natural period of oscillation of dipole matches with the period of incoming 

light. The molar extinction coefficient for a metal nanoparticle of 20nm diameter is of 

the order of 10
9
 M

-1
cm

-1 
[71] which is three to four orders of magnitude higher than 

that of very strong absorbing organic dye molecules. SPR is one of the most important 

characteristics of metal nanoparticles which can be explained using Mie theory. 

1.4.2 Mie theory 

Mie was the first one to explain the red colour of gold nanoparticle solution 

[72]. He solved Maxwell‘s equation for an electromagnetic field interacting with small 

spheres which are having same macroscopic frequency dependent material dielectric 
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constant as in the case of the bulk metal. The solutions to these calculations for 

spherical objects lead to a series of multipole oscillations for the extinction coefficient 

[73]. By series expansion of fields involved in the partial wave analysis, we can obtain 

the expressions for extinction cross section ζext and scattering cross section ζsca [73] as 
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where m=n/nm with n, the refractive index of the particle and nm, the refractive index 

of the surrounding medium, k the wave vector, x=|k|r with r, the radius of the 

nanoparticle under consideration, ψL and ηL are the Ricatti-Bessel cylindrical functions 

[70]. The prime in the expressions indicate differentiation with respect to the 

arguments in the brackets. L is the summation index of the partial waves and L=1 

corresponds to dipole oscillations of the free conduction electrons in the metal 

nanoparticles and L=2 corresponds to quadrupole oscillations and so on [70]. For 

nanoparticles with size much smaller than the wavelength of incoming light (2r<<λ) 

only the dipole oscillations contribute to the extinction cross section [65-67,73] and 

the Mie theory for total extinction reduces to the following expression under dipole 

approximation 
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where ω is the angular frequency of the incoming light, V is the particle volume, c is 

the speed of light and εm and ε(ω)=ε1(ω)+iε2(ω) are the dielectric functions of the 

surrounding medium and material composing the particle respectively. Dielectric 

function of the surrounding medium is assumed to be frequency independent whereas 

that of the material is frequency dependent and is complex. Resonance condition is 

satisfied when ε1(ω) = -2εm(ω) and if ε2 is small or weakly dependent on ω [74].  

Thus eqn (1.8) is widely and extensively used to explain the plasmon 

absorption spectra of small nanoparticles [74]. As the particle size increases, dipole 

approximation becomes invalid since the plasmon resonance depends explicitly on the 

size of the nanoparticles (as x is a function of r). When the particle size is large, higher 

order modes come into play since the incoming light can no longer polarize the 

particles homogeneously. The higher order modes peak at lower energies and thus the 

plasmon band gets red shifted with increase in size [68,73]. Also the bandwidth of the 

plasmon absorption increases with increase in particle size as the absorption spectra 

depend directly on its size [73].  

1.4.3 Applications of metal nanoparticles 

In addition to the various applications of metal nanoparticles as catalysts [75], 

areas of solar energy conversion [76], ultrafast data communication and optical data 

storage [77-78], it finds tremendous applications in Surface Enhanced Raman 

Scattering (SERS) [79-82] and in Radiative Decay Engineering (RDE) [83], due to the 

plasmon field on their surface. 

1.4.3.1 Fluorescence manipulation and RDE 

As the plasmon field generated in the metal nanoparticles lies in the visible 

region of the spectrum, it can affect the optical properties of organic dyes by spectral 

emission quenching or enhancement. Fluorophores, placed within a distance of 5nm 

with respect to the metal nanoparticles, suffer from emission quenching whereas that 

placed at a distance about 10nm or above, undergoes emission enhancement upto 100 

fold. When the fluorophores are too close to the metal nanoparticles, they interact 

electronically with the metal surface and thus transferring the excited electrons in the 

fluorophores to the metal and thereby reducing the fluorescence emission of the dye. 

However as the distance of separation between the nanoparticles and fluorophores is 

increased, the plasmon field generated in the nanoparticles are still strong enough to 

enhance the emission and will not interact directly with the electrons of the 

fluorophores [60]. Such enhancement is caused by change in radiative decay rate of 

the fluorophore. This is by providing additional radiative decay paths in the presence 

of metal nanoparticles (further details are provided in chapter 5). Thus by placing the 

fluorophores at proper distance with respect to the nanoparticles, fluorescence can be 

enhanced several orders of magnitude through enhanced radiative decay and this field 
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is known as RDE. In addition to the distance between the nanoparticles and 

fluorophore, the change in emission of the dye (gain medium) depends on the plasmon 

field strength also.  And the plasmon field strength in turn depends on the type of 

metal, size of nanoparticle, surface modification of the particle and the wavelength of 

incident light [84]. 

1.4.3.2 Surface Enhanced Raman Scattering 

SERS is a Raman Spectroscopic technique which gives intense Raman signal 

from Raman active molecule that is adsorbed on to metal nanoparticles [81]. SERS 

was first discovered in 1970‘s, when molecules of pyridine adsorbed on to roughened 

silver electrode showed intense Raman scattering [81]. Recently it is found that 

anisotropic nanostructures give enhanced Raman signal than isotropic nanostructures. 

This is due to the higher electric field generated at the corners of the former. SERS has 

been developed as a powerful diagnostic tool for the detection of trace molecules [82]. 

 There are two main factors which are responsible for the enhanced Raman 

signal intensity. They are chemical enhancement and electromagnetic field 

enhancement [81]. The chemical effect contributing to the enhancement is of an order 

or two in magnitude. The chemical enhancement includes changes in the electronic 

state of the adsorbate which is due to the chemisorptions of the analyte molecule. The 

electromagnetic field enhancement which is the dominant mechanism in the Raman 

signal enhancement is due to the local field strength produced by the surface plasmon 

oscillations [81].  There are ‗hot spots‘ on the surface of anisotropic structures as well 

as on metal aggregates which will further enhance Raman signal. 

1.5 Method of synthesis of metal nanoparticles 
Synthesis methods of metal nanoparticles in solution are broadly divided into 

chemical method and physical method. Chemical method involves the reduction of 

metal ions (Au
+
 or Ag

+
) and the chemisorption of ligands on the surface of metal ions 

to prevent them from coagulation. Physical method makes uses of different 

approaches such as evaporation/condensation and laser ablation of metal targets. 

1.5.1 Chemical reduction method 

Chemical reduction method is the most frequently used method for the 

synthesis of metal nanoparticles as stable nanocolloids. It offers several advantages 

such as variety of choice over solvents and ligands, high control over size and shape of 

the nanoparticles, production of mono-dispersive nanoparticles and production of 

nanoparticles in large scale.  
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1.5.1.1 Citrate reduction 

The most popular chemical method for the production of metal nanoparticles is 

citrate reduction method introduced by Turkevich. This method involves heating of 

aqueous solution of Auric chloride (HAuCl4) to its boiling followed by the rapid 

addition of sodium citrate solution [85]. The process involves a colour change of pale 

yellow of the initial solution first to colourless on addition of sodium citrate followed 

by gray, blue, purple and finally to wine red colour of gold nanoparticles. Different 

colour of the solution during the process attributes to formation of intermediate 

nanostructure prior the formation gold nanospheres [85]. Same procedure can be used 

to reduce silver salt also. But the method results in the formation of larger 

nanoparticles with poly dispersive nature.  

Besides the advantages of chemical method as mentioned above, it has some 

drawbacks. The chemicals involved such as metal precursors, reducing and stabilizing 

agents etc are very expensive. Similarly pollutant waste involved in the final 

purification and need of a stabilizing agent in order to prevent their agglomeration are 

other drawbacks. Physical method for the generation of metal nanoparticles 

overcomes most of the limitations of chemical method. 

1.5.2 Physical method 

Evaporation/condensation method makes use of solid metal target, in a boat 

which is centred at the furnace, is vaporized into a carrier gas and it is deposited at the 

target. Various nanoparticles such as Au, Ag and Cu can be prepared by this technique 

[86]. The disadvantages of this method is that it occupies a large space, takes a lot of 

time to achieve thermal stability, consumes a lot of electricity etc. Another physical 

method is Laser Ablation in Liquid (LAL) technique making use of a laser source for 

ablating the metal target placed inside a liquid environment. The nanoparticles 

produced in the liquid medium are found to be stable without any stabilizers. 

1.5.2.1 Laser Ablation in Liquid 

Different models have been developed by scientists to explain the formation 

mechanism of nanoparticles by LAL technique. A model based on the observations of 

microsecond (µs) and nanosecond (ns) time-resolved shadowgraph imaging and 

spectrographic observations of LAL has been developed [87]. From the observations it 

is found that plasma which is generated during the ablation of target by laser pulses is 

more dense in liquid environment than in gaseous medium. The enhanced plasma 

density is due to the confinement provided by the liquid medium. This confinement is 

mainly due to the high density of liquid around the plasma. Following the generation 

of plasma plume, shock wave with high pressure is observed and this indicates a high 

pressure induced by laser ablation of metal targets in the liquid medium. At the next 

stage, cavitation bubble is observed and its size is enlarged with respect to time and 
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eventually the cavitation bubble shrank and collapsed. Cavitation bubble seems close 

to the ablation spot and it is generated by the expansion of ejected material by ablation 

and local heating of the solvent in the vicinity of spot. When the bubble gets collapsed 

another shock wave seems to generate and this indicates that impulsive high pressure 

is again liberated. Also it is observed that nanoparticles are produced inside the 

cavitation bubble through collision of ejected matter and the nanoparticles are 

dispersed into the liquid environment only when the bubble is collapsed. Fig 1.10 

shows the growth of nanoparticles inside the cavitation bubble. 

 

Figure 1.10: Growth of nanoparticles inside the cavitation bubble during laser ablation. 

From the above observations, the formation mechanism of nanoparticles by 

LAL can be concluded as follows. There are three mechanisms for the ablation of 

target during LAL. Firstly, direct ablation of the target by laser pulses. Secondly, 

secondary ejection caused by the high pressure of the plasma and thirdly, secondary 

ejection caused high pressure generated during the collapse of cavitation bubbles. All 

materials ejected via the above mentioned processes are confined within the cavitation 

bubble and is dispersed into the medium only through its collapse [87]. 

 

 

Figure 1.11: Pictorial representation of formation of nanoparticles. 
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Mafune et al. [88] developed another model for explaining and studying the 

mechanism behind the formation and growth of nanoparticles produced by laser 

ablation of metal targets in liquid. According to this model plasma, which contains 

small clusters, atoms and ions, is generated during the ablation of target by laser 

pulses and it expands under liquid environment. Small clusters and atoms contained in 

the plume collide with each other and nucleate to form nanoparticles. A schematic of 

nucleation of metal species to form nanoparticles is shown in fig.1.11. For the first 

few pulses liquid medium surrounds the plume and the nanoparticles formed at this 

time disperses into the liquid medium and it serves as the nucleation centers for the 

further coming metal species generated after this first few pulses. At this stage, two 

mechanisms contribute to the nucleation process of metal species. First is the direct 

nucleation of ablated species in the condensed plume which is very similar to the first 

stage. Second is the inclusion of metal atoms or clusters to the particles that are 

formed before. This process promotes the growth of nanoparticles already formed and 

thus when both these mechanisms occur, broad size distribution is obtained. Growth 

rate of nanoparticles depend on the number of nanoparticles produced in the first stage 

and polarity of the surrounding medium [89]. 

 By studying the particle size distribution and morphology of target after LAL, 

two synthesis mechanisms have been proposed [64]. First one is explosive mechanism 

and the second is vaporisation mechanism. In the first mechanism nanoparticles are 

formed by nanometric melted fragments of ablated matter and in the second 

mechanism nucleation and growth of particles are due to cooling and supersaturation 

of plasma plume [64]. When both mechanisms occur at the same time, bimodal 

distribution of particle size is observed because both mechanisms produce 

nanoparticles with different sizes [64]. In the vaporisation regime, type of solvent 

media plays a crucial role since the free energy barrier (ΔGN), the minimum radius of 

the nuclei (RN) and the speed of nucleation process (JN) depend on metal-liquid 

interface energy (γS-L) [90] as  
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where KB is the Boltzmann constant, T is the temperature and P/P0 is the ratio of 

partial vapour pressure P to the equilibrium vapour pressure P0 and it represents the 

supersaturation of the metal vapour. Growth of nuclei takes place from the minimum 

radii RN with respect to time as 

          
ttdkVRtR aN )()(                                           (1.12) 

where k is the sticking probability of each atom on the particle surface, Va is the 

effective volume of a single atom, d(t) is the free atom density in solution at time t  

and ν is the diffusion velocity of metal atoms to the already existing metal 

nanoparticles with a radius RN [91-92]. Size and shape of the nanoparticles produced 

by LAL strongly depends on laser parameters like wavelength, pulse duration, fluence 

etc and the properties of the surrounding liquid medium such as its viscosity and 

polarity. Thus controlling such parameters can yield nanoparticles with desirable size 

and shape. 

1.6  Scope of the thesis 
POF based dye lasers have added advantage over other solid state dye lasers 

like the low pump energy needed for the excitation of the gain medium due to the 

effective confinement. Because of the low threshold energy needed for the excitation, 

another problem with regard to solid state dye lasers like photobleaching can be 

reduced in POF based lasers. Besides, thermally induced photobleaching can be 

reduced due to the long and thin fiber geometry. Whispering gallery resonators in the 

fiber provide the efficient coupling of amplified spontaneous emission from the 

fluorophores to lasing. WG resonators provide high quality factor and narrow 

linewidth of lasing modes. With the modification of the gain media in the fiber 

microcavity, laser efficiency can be improved. Metal nanoparticles incorporated in the 

gain medium can engineer the emission of the fluorophores thereby affecting the net 

gain of the medium. Depending on the type of metal nanoparticles (gold or silver), 

shape of the nanoparticles (nanospheres or nanowires etc) and distance of separation 

between metal nanoparticles and fluorophores, emission enhancement or quenching is 

resulted. Emission enhancement of the gain medium results in low threshold lasing 

and metal nanoparticles found to improve the photostability of the fluorophores.  Such 

low threshold pumping of the gain medium in the presence of nanoparticles can pave 

way to electrical pumping of polymer lasers from the conventional optical pumping in 

the near future. The work done in this thesis aims at the fabrication of different metal 

nanoparticles such as gold and silver with different nanostructures like nanospheres, 

nanowires, nanoalloys, nano core/shell etc by laser ablation. Different metal 

nanostructures incorporated into plastic fibers acts as efficient gain medium providing 

lasing and enhanced photostability. The results can open a new era of plastic fibers 
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incorporating nanoparticles in the gain medium for efficient fiber lasers and 

amplifiers.  
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Chapter 2 : 
 

Fabrication and characterisation tools of metal 

nanoparticles and polymer fibers 
 

 

A brief note on fabrication techniques, experimental setups and 

characterisation tools needed for the preparation and characterisation of metal 

nanoparticles and polymer optical fibers are discussed in the chapter. 
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2.1 Preparation of metal nanoparticles by laser ablation 
Fig.2.1 depicts the schematic of LAL for the preparation of metal 

nanoparticles in liquid media. The two sources of laser beam used in the nanoparticle 

synthesis are the nanosecond (ns) and femtosecond (fs) laser pulses. A Q-switched 

Nd-YAG laser having a pulse width of 9ns and repetition rate of 10Hz with a spot size 

of 1mm is used as the source of ns laser pulses. The laser system can provide a 

maximum pulse energy of 0.9J at 1064nm, 0.4J at 532nm and 0.2J at 355nm. A mode 

locked Ti: Sapphire laser having wavelength of radiation centred around 797nm, pulse 

width near 80fs and repetition rate of 80MHz with a laser spot size of 7mm and 

average output power of 1.5W is used as source of fs laser beam. Laser pulses are then 

focussed onto the metal targets using a dichoric mirror and a convex lens. Two types 

of metals, gold and silver are chosen for the present study. A gold plate with 

dimensions (shown in fig.2.1 (b)) 0.38mm thickness and 14mm diameter and a silver 

plate of 24mm×16mm×1.2mm size are used. Metal targets are immersed in various 

liquid environments in a beaker where the beaker is kept on an X-Y translational 

stage. In order to improve the stability and uniformity of the generated nanoparticles 

the beaker can be kept on a magnetic stirrer.  

 

Figure 2.1: (a) Experimental setup for Laser Ablation in Liquid and (b) photograph showing 

the image of metal targets (left) silver and (right) gold of 99.99% purity. 

The diameter of the focussed spot on the metal target is calculated using  

D

f


2
2 0                                                           (2.1) 
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where f is the focal length of the lens, λ is the wavelength of the laser source and D is 

the diameter of the source beam. Thus the fluence which is energy per unit area at the 

metal target can be calculated using 

                  Fluence =
Pulse energy (J)

Effective focal spot area (cm2)               (2.2) 

 For a Gaussian beam the Rayleigh length, the distance from the beam waist (along the 

propagation direction) where the radius of the beam is increased by 2 , is calculated 

as  



 2

0oZ                                                        (2.3) 

where ω0 is the radius of the laser spot (radial size of the beam at its narrowest point). 

Variation of the spot size at a distance z from the beam waist is calculated using 
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and thus fluence of the laser beam away from the focus can be estimated.  

2.2 Characterisation of metal nanoparticles 

2.2.1 Absorption spectrograph 

 Absorption measurements are taken using Jasco V-570 UV-VIS NIR 

spectrophotometer. It consists of a double beam optical system with single 

monochromator working in the wavelength range of 190nm to 2500nm with PbS 

photocell as the detector. System provides a wavelength accuracy of ± 1.5nm with a 

resolution of 0.5nm [1].  

2.2.2 Photoluminescence Spectrograph 

 Photoluminescence study of the samples are carried out using VARIAN Cary 

Eclipse Fluorescence Spectrophotometer with a wavelength range of 200-900nm for 

both excitation and emission monochromator and a wavelength accuracy of ±1nm [2]. 

The source of excitation is xenon lamp. 

2.2.3 Transmission Electron Microscopy 

 Transmission Electron Microscopic (TEM) images are recorded in order to 

visualize the size and shape of the nanoparticles. 200kV High Resolution TEM 
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(Model: JEM 2100) has been used with a point resolution of 0.23nm and a lattice 

resolution of 0.14nm [3]. TEM grids are prepared by placing a drop of the 

nanoparticle solution on a carbon-coated copper grid and drying under IR lamp. 

Electron Dispersive Spectroscopy (EDS) are also carried out for the elemental analysis 

of the prepared sample using the same instrument with an acceptance angle of 

0.13steradian (sr) and take off angle of 25
0
. Selected Area Electron Diffraction 

(SAED) is also recorded with the same instrument in order to identify the crystal 

structures. SAED is preferable over X-Ray diffraction, since in the former case areas 

as small as several hundreds of nanometer can be examined.  

2.2.4 Time Resolved Fluorescence Spectroscopy 

 Time-resolved fluorescence measurements are carried out using Horiba Jobin 

Yuvon Fluorocube -01-NL Fluorescence Life time System. A picoseconds diode laser 

(469nm) is used as the excitation source, and a highly integrated picosecond PMT 

module is used as the detector. The instrument response function for the experimental 

set up is limited by the FWHM of the excitation laser pulse. The lamp profile is 

recorded by placing a dilute scattering solution (colloidal silica/ ludox in water) in 

place of the sample. Decay curves are analysed by a nonlinear least-squares iteration 

procedure using F900 decay analysis software. The quality of the fit is accessed by the 

chi square (χ
2
) values and distribution of residuals. Temperature is controlled by the 

Quantum Northwest (TC125) instrument [4]. 

2.2.5 Scanning Electron Microscopy 

 Surface imaging of polymer fibers are done using Scanning Electron 

Microscope (SEM) JEOL Model JSM - 6390LV. Resolution of the system under low 

vacuum mode is 3nm. Magnification from 5 to 300,000 times is possible using the 

instrument. Samples examined in the instrument are coated with electrically 

conductive material using a sputter coater [5]. 

2.2.6 Fourier Transform Infra Red Spectroscopy (FTIR) 

 IR spectrum of a material is the superposition of absorption band of specific 

functional groups and it can be used for both quantitative as well as qualitative 

analysis of the sample. IR spectra of the samples in the study are recorded using 

Thermo Nicolet, Avatar 370 FTIR spectrometer. The instrument has a resolution of 

4cm
-1

 with a spectral range of 4000-400cm
-1

 [6]. It is provided with a deuterated 

triglycine sulphate (DTGS) detector. 

2.2.7 Particle size analyzer 

 Size of the nanoparticles is analysed using Horiba SZ-100 nanoparticle 

analyser [7]. The system makes use of dynamic light scattering (DLS) technique for 

particle size analysis. In DLS, fluctuations in scattered light intensity are measured 
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with respect to time. These fluctuations can thus be related to the diffusion of the 

particles and since the speed of diffusion depends on the size of the particles, it is easy 

to relate the particle size with fluctuations in scattered intensity.  

 
Figure 2.2: Schematic of particle size analyser. 

Figure 2.2 shows the schematic of particle size analyser. The instrument 

makes use of high energy diode pumped green laser of 10mW power as the light 

source. Since the particles are in Brownian motion in the solvent, they scatter the light 

incident on them. Depending on the concentration of nanoparticles in the solution, 

scattered light is collected using a rear detector or a side detector. When the 

concentration of the samples is high a rear detector is used to collect the back scattered 

light from a scattering cross section close to the cell wall in order to avoid multiple 

scattering. As the concentration of the analysed sample is less, the scattered light is 

collected using a side detector to avoid stray light and to maximise signal to noise 

ratio. Scattered light is collected by a highly sensitive Photo Multiplier Tube (PMT) 

which is used as the detector. Autocorrelation function is measured by comparing the 

scattered intensity at some reference time t and after some delay time η. For a very 

short η, chances of particle motion are less and so the scattered intensity remains 

similar. So autocorrelation function has a high value. As the delay time is high, 

particles will undergo significant motion and so the autocorrelation function has a less 

value. This low value of autocorrelation function corresponds to the time average of 

scattered light intensity. The shift in the decay from high value to low value indicates 

the speed of particle motion (fig 2.3) and so the particle size. Diffusion coefficient 

(Dm) can be calculated from the autocorrelation [7] function as  

                              )2exp()( 2)2(  qDBfBG m                                       (2.5) 

where G
(2)

(η) is the amplitude of the autocorrelation function, B is the baseline, f is the 

instrument constant, q is the scattering vector and η is the delay time. From the 

diffusion coefficient the particle size can be calculated using Stokes-Einstein equation 
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                                     mh DkTD 3                                               (2.6) 

where Dh is the particle hydrodynamic size, k is the Boltzmann constant, T is the 

thermodynamic temperature and η is the viscosity of the solvent. 

 

Figure 2.3: Amplitude of autocorrelation function with respect to the delay time. 

2.2.8 High Resolution Raman Spectroscopy 

  Raman analysis is a powerful tool for the quantitative as well as qualitative 

analysis of materials making use of molecular deformation in the electric field of 

incoming light determined by molecular polarizability. It is based on the inelastic 

scattering of monochromatic light. Raman spectra of the samples in this study are 

recorded using high resolution Raman spectrometer Horiba JY [8]. In the high 

resolution mode, band analysis can be done with a resolution of 0.3cm
-1

 to 1cm
-1

 and 

the instrument has three excitation sources for Raman analysis such as Ar-ion, He-Ne 

and He-Cd lasers. In the present study He-Ne lasers are used as the source of 

excitation of Raman signals. 

2.2.9 Coherent back scattering 

 To characterise the mean free path of the samples, coherent back scattering 

experiment has been carried out. The phenomenon is an interference effect occurring 

between the counter-propagating waves leading to a narrow cone in exact back 

scattering [9]. When constructive interference occurs between a wave following a 

certain multiple scattering path and its counter propagating wave traversing the time 

reversed path, a coherent light is emitted in the back scattered direction where the 

intensity of scattered light is enhanced [10]. Experimental setup for back scattering is 

shown in fig.2.4. By the expansion of a beam of 100mW from a Diode Pumped Solid 

State (DPSS) laser, its divergence is reduced less than 0.1mrad. The expanded beam is 
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passed through an aperture and is reflected onto the sample from a beam splitter. The 

back scattered light is measured as a function of the angle of scattering by a polymer 

fiber connected to Charge Coupled Device (CCD) spectrograph (0.03nm resolution) 

that can be moved (using rotational stage) in the focal plane of convex lens placed 

immediately after the beam splitter. In order to avoid the reflected beam from the 

cuvette interrupting the measurement, it is titled to a small angle. 

 
Figure 2.4: Experimental setup for coherent back scattering 

2.3 Fabrication and characterisation of POFs 

2.3.1 Preform fabrication 

MMA which is the monomer of PMMA usually contains inhibitors like 

hydroquinone to prevent polymerization at room temperature. Thus the inhibitors are 

to be removed in order to obtain pure MMA. Inhibitors are removed by repeatedly 

washing the monomer with 5% NaOH solution in distilled water. This solution reacts 

with the inhibitor leaving MMA. Traces of NaOH if any present in MMA are removed 

by flushing the solution with distilled water until transparent solution of MMA are 

obtained. The remaining water content present in MMA is removed by adding suitable 

drying agents like CaCl2. The monomer is then purified by distillation under reduced 

atmosphere to get the pure MMA [11].  

MMA is then polymerised into cylindrical rods by adding BPO and n-butyl 

mercaptan. The test tube containing the solution is heated at a constant temperature oil 

bath at 70
0
C for 72 hours. Polymer rods obtained by breaking the test tube is annealed 
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at 70
0
C for improving the mechanical stability. The rods are drawn into fibers of 

varying thickness using a conventional polymer optical fiber drawing tower as shown 

in fig.2.5. Hollow preforms and thereby hollow optical fibers of PMMA are obtained 

by teflon technique. Here a teflon rod of 6mm thickness is fixed at the centre of the 

test tube of 12mm inner diameter. The test tube is then filled with solution containing 

proper initiator and chain transfer agents and heated at 70
0
C for 72 hours in a oil bath. 

After polymerisation, the rod is pulled out and a hollow preform of PMMA is 

obtained.  

2.3.2 Fiber drawing 

Schematic of a conventional fiber drawing tower is represented in fig 2.5. It 

mainly consists of five parts namely preform feeder, furnace, temperature controller, 

fiber puller and winding spool. These five stages are controlled individually by an 

electronic controller.  

 
Figure 2.5: Schematic of conventional POF drawing tower. 

Preform feeder consists of preform holder in which preforms of diameter upto 30mm 

can be held. Preform feeder is translated vertically using a stepper motor and the speed 

of traverse is controlled by a computer. Preform is melted using the furnace. 

Temperature is provided using three 75W IR lamps which provide a maximum 

temperature up to 250
0
C. By proper slit width and controlling the amount of light 

inside the furnace, a proper temperature profile can be obtained. Furnace is swung up 

to 30
0
 to provide uniform heating of the preform. Temperature control inside the 
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furnace is done by a thermocouple attached to the central portion of the furnace where 

temperature is maximum. The temperature required for drawing the preform is set 

manually. When the temperature is achieved, temperature controller cuts off the power 

to the lamp. Fiber puller pulls the drawn fiber at a uniform speed using a stepper 

motor connected to one of the puller. The motor is controlled by means of a computer 

and an electronic controller unit. The rate of draw can be programmed in the computer 

so that the stepper motor drives at the specified rate. By controlling the draw rate and 

the feed rate, the diameter of the fiber can be controlled. Winding spool attached at the 

lower portion of the drawing tower winds the fiber. The spool has two controlling axes 

along with its rotation. After one complete move along the axis, the spool will be 

moved perpendicular to its axis. The magnitude of this movement exactly matches 

with the fiber diameter and the process of winding continues [12].   

2.3.3 Attenuation measurement using cut-back method 

 Before proceeding into the applications of POFs such as POF based lasers, 

sensors or amplifiers, its attenuation characteristics is performed using cut-back 

method which is a commonly used method [13]. Cutback method provides more 

accurate result than any other methods for measuring attenuation such as insertion or 

substitution method [14]. Accuracy lies in the fact that the launching condition of light 

into the fiber is fixed and remains unchanged throughout the experiment. Laser beam 

from a 100mW DPSS is launched into one of the ends of the fiber of 100cm length 

and 500µm diameter using a microscope objective which provides tight focussing of 

laser beam into the input side of the fiber. The output power is measured using a photo 

detector placed at the output end of the fiber as P(L1) where L1 is the length of the 

fiber under consideration. Without disturbing the launching conditions, a small portion 

of the fiber is cut from the output end and it is well polished and the output power is 

measured again and is noted as P(L2) where L2 is the cutback length of the fiber. The 

process is repeated several times and the attenuation of the test fiber is calculated 

using 
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and is found to be 0.1dB/cm in the present case. 

2.3.4 Lasing and photostability study of optical fibers 

 Nd-YAG laser operating at the second harmonics (532nm) having a repetition 

rate of 10 Hz with a pulse duration of 7ns is focussed transversely on to a fiber using a 

convex lens of 15mm focal length for lasing experiments. The fiber is kept at a 

distance of approximately 1 mm from the focus to prevent damage to the fiber that can 
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be caused by high output power density from the pump laser. In order to reduce the 

power density a cylindrical lens is also used. Spectral emission from the fiber is 

collected from one of the ends by using a collecting fiber connected to a CCD based 

spectrometer with a resolution of 0.03nm. 

 
Figure 2.6: Experimental setup for lasing from POFs. 

Schematic of the setup is shown in fig. 2.6. Small variations in the pump energy can 

be obtained using calibrated neutral density (ND) filters. The same setup is employed 

for measuring the photostability of the dye in the microcavity of POFs. Intensity of the 

emission from the dye is measured with respect to time of exposure of the fiber to the 

laser pulses. 

2.3.5 Spontaneous Raman Scattering from POFs 

Fig.2.7 represents the schematic for measuring Raman spectrum of optical 

fibers. CW laser emission from a DPSS of 100mW power is reflected on to a 

microscope objective lens using a dichoric mirror. Focussed laser beam is coupled to 

one of the polished ends of the POF. The output from the other end of POF is passed 

through a Raman notch filter (for 532nm). The filter blocks laser light and passes the 

Raman signals to a convex lens of 4mm focal length. The focussed signal is collected 

using Acton monochromator which is attached with a charged coupled device (CCD) 

camera. SpectrPro-500i is a 500 mm focal length monochromator with a resolution of 

0.03 nm. The lens is chosen in such a way as to match the etenta with that of CCD 

spectrograph for maximum signal collection. The f number of the monochromator is 

calculated to be 7.7. The signals collected in the spectrograph are recorded using a 

computer. 
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Figure 2.7: Experimental setup for spontaneous Raman Scattering. 
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Chapter 3 :  

Generation of Metallic Nanoparticles by Laser Ablation-

Effect of experimental parameters 
 

 

This chapter deals with the optimization of different laser parameters such as laser 

wavelength, energy, number of laser shots and pulse width affecting the shape, yield 

and size distribution of metal nanoparticles produced by laser ablation. The effect of 

dielectric function and polarizability of various generation media on the stability and 

size distribution of nanoparticles is also studied. 
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3.1 Introduction 
Synthesis of size and shape selected metal nanoparticles is one of the major 

concerns in the science and technology of nanoscale materials [1-2]. Considerable 

efforts have been made in developing various methods for the production of metal 

nanoparticles. Synthesis methods are broadly classified into chemical and physical 

method as described in Chapter1. Chemical method is a very powerful method and 

presents several advantages. Most variants to wet chemistry approach are dedicated to 

the generation of nanoparticles with a specific size and shape [3-4]. A high control 

over size and shape is possible by this method unlike in the case of any other methods. 

Also this method is scalable to the production of large quantities of metal 

nanoparticles. Apart from the various advantages, there are several limitations to the 

chemical reduction method such as expensive chemicals like metal precursors, 

reducing and stabilizing agents needed for the synthesis. Pollutant wastes are produced 

during the purification of final products and purification is a forced step after synthesis 

for its application in many fields such as sensing. Another disadvantage is the need of 

a chemical stabilizer around the surface of the nanoparticles to prevent them from 

further functionalization with other molecules in the surrounding medium.  

 Physical method making use of laser ablation in liquid has proved to be a 

useful technique to overcome the limitations with respect to chemical reduction 

method. LAL consists of laser ablation of a metal target immersed in a liquid 

environment. Since the nanoparticles generated during this technique are charged, it 

acts as a colloidal solution thereby avoiding the use of any stabilizing agents. Thus the 

method offers surfactant free nanoparticles thereby reducing the cost involved during 

the production. LAL allows the utilization of a wide choice of solvents as liquid 

media. Also any type of nanoparticles can be generated simply by ablating 

corresponding bulk samples. LAL in comparison to chemical method is very easy to 

process and do not require a constant care. LAL faces the problem with 

monodispersity of generated metal nanoparticles and the amount of nanoparticles 

generated in the media are limited.  

A number of reports have come up on the formation of metal nanoparticles by 

LAL by varying different parameters such as pulse durations, wavelength and carrier 

medium [5-12]. It is thus known that the choice of laser parameters and carrier media 

can affect the size and shape of nanoparticles generated.  

 

3.2 Experimental Section 

 Details of the experimental setup of LAL for the preparation of metal 

nanoparticles in liquid media are described in Chapter 2. Laser pulses from a Q-

switched Nd-YAG laser having a pulse width of 9ns and repetition rate of 10Hz is 

focussed onto the metal targets (Au/Ag) using a dichoric mirror and a convex lens of 

10cm focal length. Both the fluence (J/cm
2
) as well as wavelength of the laser pulses 
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such as fundamental wavelength (1064nm), first (532nm) and second harmonics 

(355nm) are varied in the experiment. Also width of the laser pulses are changed by 

choosing the output from Ti:Sapphire femto second laser operating near 800nm with a 

pulse width around 100fs and repetition rate of 80MHz. Metal targets are immersed in 

various liquid media such as distilled water, ethanol, acetone and pure MMA. The 

experiment is further proceeded by varying the volume of the liquid media 

surrounding the metal targets. Shape and size distribution of nanoparticles formed in 

MMA, ethanol, acetone and distilled water are analysed using UV-VIS-NIR 

spectrometer and TEM (technical details are mentioned in the previous chapter). 

 

3.3 Result and Discussions 

3.3.1 Effect of generation media on the SPR tunability of metal 

nanoparticles 

Four different media have been chosen with diverse properties such as 

dielectric constant and polarity. These properties of the media are utilised effectively 

for the generation of nanoparticles with different size and shape [13-15]. Fundamental 

wavelength of Nd-YAG laser is taken as the source of ablation. Volume of liquid 

environment surrounding the target, fluence at the target surface and time of ablation 

are all kept the same throughout this experimental section as 5ml, 10
3
J/cm

2
 and 5min 

respectively.  

 

 
Figure 3.1: (A) Optical extinction spectra and (B) Normalised extinction spectra of Au 

nanoparticles generated in different media via laser ablation using 1064nm. 

Fig.3.1 and fig.3.2 shows the extinction spectra of Au and Ag nanoparticles 

generated in various liquid media respectively. Due to the tendency of nanoparticles 

for aggregation and precipitation, all measurements are performed immediately after 

ablation. The optical absorption/extinction spectra of both Au and Ag nanoparticles 

are characterised by a broad spectra in the visible region and a narrow spectra in the 

UV region. From Mie theory, the broad spectrum is identified as the Surface Plasmon 
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Resonance of metal nanoparticles. SPR appears around 530nm for Au nanoparticles 

and around 400nm for Ag nanoparticles. The variation in the interband contribution to 

SPR or the difference in the polarizability of Au and Ag leads to the plasmon 

absorption of Ag nanoparticles around 400nm and that of Au nanoparticles around 

520nm [16]. The position and number of SPR peaks in the spectrum relates to the size 

and shape of the nanoparticles [17]. The presence of a single SPR peak confirms that 

the generated nanoparticles are spherical in shape. 

 

Figure 3.2: (A) Optical absorption spectra and (B) normalised extinction spectra of Ag 

nanoparticles in various liquid environments showing the shift of plasmon band with respect to 

various liquid media. 

From the above figures (Fig.3.1 (A) and Fig.3.2 (B)) we can see that the SPR shifts its 

peak position with respect to the surrounding liquid environment. A shift of 16nm in 

the peak position can be noticed for Au nanoparticles as seen from Fig.3.1 (B). SPR 

band peaks at 524nm for Au nanoparticles in distilled water and at 540nm in pure 

MMA. Similarly for Ag nanoparticles SPR appears at 399nm in water medium and at 

412nm in ethanolic environment. Table.3.1 gives a complete outline about the position 

and the full width at half maximum (FWHM) of SPR band for both Au and Ag 

nanoparticles in different environment. 

 

Figure 3.3: Photograph showing the colour of (A) Au nanoparticles produced in MMA (left) 

and in water (right) and (B) Ag nanoparticles (from left) in ethanol, water, acetone and MMA 

using laser ablation. 
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As can be clearly seen from fig.3.3 (A) production of Au nanoparticles in distilled 

water turns its colour to ruby red whereas its production in ethanol, acetone and MMA 

appears to be violet. Similarly production of Ag nanoparticles in different media 

changes the colour from pale yellow to deep dark yellow as in fig.3.3 (B).  

 
Figure 3.4: (A) Representative TEM image of Au nanoparticles in MMA (B) High Resolution 

TEM image indicating the polycrystalline nature of Au nanoparticles (C) Size distribution of 

nanoparticles showing an average size of 2nm and (D) EDS of Au nanoparticles. Presence of 

Copper in the EDS spectra is due to the grid. 

Further it is found from the normalized extinction spectra (fig.3.1 (B) and fig.3.2 (B)) 

that SPR band of both Au and Ag nanoparticles in ethanol are broadened as compared 

to other samples. The broadening can be attributed to wide size distribution and 

aggregation of nanoparticles in the liquid environment [18-19]. In the case of 

monodispersed nanoparticles the SPR band is narrow [20]. In acetone and in water the 

extinction spectra of both the metal nanoparticles are narrow as compared to that in 

ethanol. In accordance with Mie theory of optical absorption and scattering of 

incoming light by spherical particles, the maximum of optical extinction and shape of 
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the spectra depends on the dielectric function of the surrounding medium, size, shape 

and type of nanoparticles [17]. Since all the liquid media under present study except 

MMA have similar dielectric functions and nanoparticles formed are found to be 

spherical in shape, the shift of SPR band of nanoparticles in ethanol as compared to 

water is due to an increase in size of the nanoparticles and the widening of the band is 

attributed to a broad size distribution. 

 

Figure 3.5: (A) TEM image of Ag nanoparticles in MMA (B) High Resolution TEM image 

showing the polycrystalline nature (C) Histogram showing the size distribution of Ag 

nanoparticles and (D) EDS showing the presence of Ag nanoparticles in MMA. Copper and 

carbon lines have originated from grid material. 

Accordingly Au and Ag nanoparticles generated in water have the smallest 

size and that produced in ethanol has largest size. Metal nanoparticles produced in 

acetone have size in between that produced in water and in ethanol. However, 

maximum red shift in the SPR band is observed for Au nanoparticles in MMA since 

its dielectric function is much larger than other liquid media under consideration. 

Fig.3.4 is the representative TEM image, size distribution and EDS spectrum of Au 
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nanoparticles generated in MMA. Average size of Au nanoparticles is found to be 

2nm and confirms that maximum red shift in the SPR band is due to large refractive 

index of the medium compared to other samples and not due to an enhanced size of 

nanoparticles. Maximum of optical extinction spectra of Ag nanoparticles in MMA is 

at 403nm. Fig.3.5 is the TEM image, EDS spectrum and size distribution of Ag 

nanoparticles in MMA produced by laser ablation. The image demonstrates a rather 

narrow distribution of size with mean diameter of 12nm and standard deviation of 

5nm. 

Metal nanoparticles formed by LAL bears a surface charge owing to partial 

oxidation and ablation mechanism, which fosters the ionisation of metal atoms and 

surrounding solvent molecules [21-23]. The development of a net charge at the surface 

of the nanoparticles affects the distribution of ions in the surrounding region. This 

results in an increased concentration of counter ions close to the surface. Thus an 

electrical double layer forms around each nanoparticle [24]. Fig.3.6 depicts an 

electrical double layer formed on the surface of metal nanoparticle. In addition, OH 

group has weak interaction with metal nanoparticles [25]. In water and acetone, which 

are having highly polarised molecules, the counter ions are strongly bound to the 

surface of negatively charged metal nanoparticles and species in the plume. This 

forms a strong electrical double layer around them thereby, reducing the Vander 

Waals force of attraction and thus preventing them from aggregation. This electrical 

double layer also prevents the further growth of nanoparticles formed during first 

stage of its formation (as detailed in chapter1) and hence a narrow distribution is 

observed in the case of water and acetone. 

 

 

Figure 3.6: Formation of electrical double layer on the surface of nanoparticle. 
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Figure 3.7: Dipole moment vs. FWHM and maximum optical extinction of Au nanoparticles in 

different environment. 

Since the refractive index of acetone, water and ethanol are close to each other, the 

broadening and red shifting of SPR band in ethanol is due to the wide size distribution 

and large size of nanoparticles. This can be attributed to the low polarity of the 

medium. Since ethanol has low polar molecules, the growth mechanism of 

nanoparticles through the addition of metal species formed by laser ablation showed a 

greater effect and thus a broad distribution is observed with higher average size than 

the nanoparticles formed in high polar solvents. Fig.3.7 represents the broadening of 

SPR band with respect to the dipole moment of the solvents in the case of Au 

nanoparticles. Similar plot is obtained for Ag nanoparticles in different liquid media. 

From the figure it is clearly seen that for Au nanoparticles formed in ethanol, which is 

having lowest polarity, has a broad size distribution and maximum red shift in the SPR 

band as compared to other samples. Because of low polarity (dipole moment of 

1.69D) of ethanol molecules, an asymmetric distribution of charge occurs on the 

surface of nanoparticles. This leads to dipole-dipole interaction between them and can 

subsequently result in linear assembly [19]. Thus due to the weak repulsive force and 

dipole-dipole interaction, the colloidal solutions of Au and Ag are found to be unstable 

and precipitates after 48 hours of its generation.  

From fig.3.1 (A) and 3.2 (A) it can be seen that an absorption band occurs in 

the UV region of the optical extinction spectra which is due to the interband 

transitions of metal nanoparticles [21]. The shape of the band remains unchanged with 

respect to the particle size while its intensity is directly proportional to the number of 

metal atoms contained in the nanoparticles [26]. This fact takes into account of a 

relative abundance of nanoparticles generated in the solution. Fig.3.8 represents the 

relative abundance of Au nanoparticles in the various colloidal solutions. A similar 

plot can be drawn for Ag nanoparticles as well. Also from the molarity calculation of 
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metal nanoparticles generated, a comparison between densities of particles formed in 

various liquid environments can be done (Table.3.1). Molarity of nanoparticles 

produced is calculated from the measure of mass ablated during LAL.  

 

Figure 3.8: Relative abundance of Au nanoparticles generated in different liquid environment. 

Volume of the liquid medium, time of ablation and laser fluence are kept constant. 

Table 3.1: Variation of peak of SPR band, bandwidth and mass ablated from the plate during 

ablation of Au and Ag nanoparticles in different liquid media. Ablation is carried out using 

1064nm for 5min. 

Type of 

metal 

Medium of 

Ablation 

Refractive 

index of the 

medium 

Peak of 

SPR 

Band (nm) 

Width of 

SPR band 

(nm) 

Mass 

ablated 

from the 

plate (mg) 

 

Au 

 

MMA 

Ethanol 

Acetone 

Water 

1.41 

1.36 

1.36 

1.33 

540 72 0.6 

535 110 0.4 

533 68 0.3 

523 52 0.5 

 

Ag 

MMA 

Ethanol 

Acetone 

Water 

1.41 

1.36 

1.36 

1.33 

403 90 0.7 

411 155 0.2 

400 89 0.6 

398 62 0.5 
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It is found that relative abundance of nanoparticles formed is highest in the case of 

MMA. Also, metal nanoparticles in MMA have the highest plasmon band intensity 

since increase in dielectric function of the medium leads to an increase in the plasmon 

band intensity and a red shift of the plasmon band maximum [27]. 

3.3.2 Effect of laser wavelength  

In this section an investigation on the dependence of laser wavelength on the 

size of Au and Ag nanoparticles generated in various liquid environments has been 

carried out. Fig.3.9 depicts the optical extinction spectra of colloidal solutions formed 

by ablating Au plate in water with 1064nm, 532nm and 355nm laser beam. Laser 

energy, time of ablation and volume of the liquid media are well controlled and 

maintained a constant during the experiment. A comparison of absorbance at inter-

band transition of Au nanoparticles indicates that yield of nanoparticles increases with 

increase in wavelength. The mobility of generated nanoparticles is much lower in a 

liquid medium so that it can stay in the incoming light path. Thus if the particles have 

sufficient extinction coefficient at wavelength of incoming laser light, they can absorb 

this energy thereby reducing the energy reaching the metal target for further ablation. 

As seen from fig.3.9, Au nanoparticles have a strong optical extinction at around 

532nm due to SPR and a considerable extinction at UV region due to interband 

transitions so that the energy of laser light at 532nm and 355nm reaching the surface 

of target for ablation is much lower than that at 1064nm. Thus due to self absorption 

of Au nanoparticles at shorter wavelength of laser light, the formation efficiency of 

nanoparticles at these wavelength is lower than that at higher wavelength [28]. 

 

Figure 3.9: (A) Optical absorption spectra of Au nanoparticles produced by LAL in water at 

different wavelength and (B) Normalised extinction spectra showing the broadening of SPR 

spectra with respect to wavelength. Laser fluence is maintained at 250J/cm
2
 and time of 

ablation is fixed at 5 minutes in all cases. 

The shape of plasmon band of nanoparticles also changed with respect to wavelength 

(Fig.3.9 (B)). It can be seen that SPR band of Au nanoparticles is broadened when 
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ablated at 532nm as compared to 1064nm and 355nm. The broadening suggests that 

the morphology has altered with wavelength [29]. Size of the nanostructures can be 

roughly estimated using the formula given below and size of the nanoparticles 

calculated is given in Table.3.2. 








c

v
R

pf

2

2

                           (3.1) 

where νf = 1.4×10
6 m/s is the Fermi velocity, λp is the peak wavelength obtained from 

absorption spectrum, Δλ is the FWHM of the spectrum and c is the velocity of light 

[30]. We can see that the size of the nanoparticles produced by 532nm is lower than 

that at 1064nm. This suggests that the particle size of nanocolloids produced in liquid 

medium is significantly subjected to self-absorption. Besides, the absorbed energy can 

thermally excite the lattice of metal nanoparticles leading to the fragmentation of the 

same [29]. T. Suji et al. [28] suggests two possible mechanisms for self-absorption. 

One mechanism is ‗inter-pulse‘ self absorption in which the nanoparticles produced 

earlier by former laser pulses can absorb the energy of subsequently arriving pulses. 

The other mechanism is ‗intra-pulse‘ self absorption where the particles produced by 

the earlier part of one pulse immediately absorb the energy of the later section of the 

same pulse. This mechanism is possible only when the ablation is carried out by 

nanosecond laser pulses since ejection of ablated matter from the target surface begins 

in the picoseconds scale [31]. The contribution of this mechanism is independent of 

initial concentration of nanoparticles present in the liquid environment whereas the 

contribution of inter-pulse self absorption increases with concentration of 

nanoparticles produced during the earlier stage of ablation. Thus both inter-pulse and 

intra-pulse self absorption can be responsible for the lower efficiency and size 

reduction of nanoparticles produced at shorter wavelength of laser light. But ablation 

of Au nanoparticles at 355nm yielded nanoparticles of similar size as in the case of 

ablation by 1064nm since the width of the plasmon band remained almost same in 

both cases. 

 Similar results are observed in the case of Ag nanoparticles when ablation is 

carried out at 355nm where it has large optical absorption due to SPR. Fig. 3.10 

represents the optical extinction spectra Ag nanoparticles formed in water. As seen 

from the figure, there is a broadening of SPR band of Ag nanoparticles when ablated 

by 355nm similar to Au nanoparticles when ablated at 532nm. A size reduction is also 

noted in this case too and is given in table 3.2. Similar results are obtained for both Au 

and Ag nanoparticles generated in other liquid media and are summarised in table 3.2. 

Ablation carried out at 532 nm for Ag yielded almost same size distribution as that 

obtained by 1064nm but with lower efficiency of production. Since the nanoparticles 

produced are polydispersive, there is an error of nearly 15% for the size of 
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nanoparticles calculated using the above equation and detailed analysis is possible 

only through TEM. However it can be concluded that the optimum wavelength for 

ablation of metal nanoparticles is 1064nm yielding high productivity with less size 

distribution as compared with other laser wavelengths. 

Table 3.2: Variation of particle size with laser wavelength. The calculations are approximate to 

show that there is a variation of particle size with the choice of laser wavelength. 

Type of metal Liquid 

medium 

Average size of the nanoparticles (nm) produced by 

1064 nm 532 nm 355 nm 

Au MMA 

Ethanol 

Water 

3 

1.9 

3.9 

2.9 

1.1 

3.7 

3 

1.9 

3.9 

Ag MMA 

Ethanol 

Water 

0.3 

1.4 

1.9 

0.3 

1.4 

1.9 

0.5 

0.9 

1.7 

 

 

Figure 3.10: (A) Optical extinction and (B) Normalised extinction spectra of Ag nanoparticles 

produced in water at different wavelengths. Laser fluence is maintained at 500J/cm
2
 and 

ablation time is fixed at 5mins in all cases. 

3.3.3 Effect of energy of laser pulses 

Since it is concluded that efficient laser ablation is possible at 1064nm further 

studies are conducted using this wavelength. It is noticed that there is a threshold 

energy needed for ablation process to begin. When energy of the laser pulses is low 

(around 50 mJ), the target gets heated due to the laser pulses but energy of the pulses 

is not high enough to cause ejection of the target material and so no plasma plume is 

observed. Above the threshold (nearly 100mJ) it is found that ablation takes place and 
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the relative abundance of both Au and Ag nanoparticles produced increase linearly 

with respect to laser energy as shown in fig.3.11 (A).  

 

Figure 3.11: (A) Optical absorption spectra of Au nanoparticles produced in water at different 

laser energy and (B) Plot of ablated mass in gram, within an ablation time of 5 minutes, with 

increase in laser energy. Volume of the liquid is kept constant. 

When the laser energy is very high, beyond a limit (around 600mJ), a self focussing 

effect is noticed in the liquid medium causing bubbling of the liquid leading to firing 

of volatile liquids like ethanol and MMA. It is well known that the refractive index of 

a liquid changes when it is irradiated by high energy laser beam. Due to such non-

linear effects at high energy, self focussing occurs in the course of increasing 

refraction [32]. Beyond this focal point, laser pulses diverge out and only a portion of 

the energy reaches the target surface for ablation leading to a lower yield. But in the 

regime upto high energy leading to self focussing, the mass of target material ablated 

increases linearly with energy as shown in fig.3.11 (B). No appreciable broadening or 

shifting of SPR band in the optical extinction spectra is noticed in this regime of laser 

energy. Very similar results are obtained for Au as well as Ag nanoparticles generated 

in other liquid environments under consideration. 

3.3.4 Effect of number of laser shots 

Fig. 3.12 shows the absorption of Au nanocolloidal solution in MMA at the 

interband transitions with respect to number of laser shots. The graph is fitted by 

polynomial fit of order 2 and from the slope of the evolution curves it is clear that 

increasing rate of the relative abundance of particles decreases gradually with increase 

in the number of laser shots. The decrease in ablation rate with increase in the number 

of laser shots can be attributed to the inter-pulse colloidal absorption which becomes 

prominent with increase in concentration of nanoparticles (as explained in section 

3.3.2). Width and peak position of plasmon band remained almost same with increase 

in number of laser shots upto 10,000 at a pulse energy of 300mJ. As the number of 
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shots increased further, plasmon band width is changed due to inter-pulse colloidal 

absorption. Similar results are also noticed for Ag colloidal solution in MMA.  

 

Figure 3.12: Abundance of Au nanoparticles produced in MMA with respect to number of laser 

shots when ablated at 300mJ using 1064nm. 

3.3.5 Effect of volume of liquid media 

 

Figure 3.13: Full width at half maximum of plasmon band of Au nanoparticles produced in 

different volume of MMA. Nd-YAG laser of 300mJ at fundamental wavelength is used for 

5min ablation of Au nanoparticles. 

Volume of the liquid above the target plate plays an important role in the case 

of ablation using ultra-short laser pulses. In order to understand its effect in the case of 
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ablation using Nd-YAG laser, volume of the liquid media surrounding the metal target 

has been changed keeping the energy and time of ablation a constant. It is found as 

seen from Fig.3.13 that the width of the SPR band of Au nanoparticles remain 

constant with no shift in the SPR peak when the volume of the medium is varied from 

5ml to 25ml. Abundance of nanoparticles generated in the liquid media varies with 

change in its volume. For a volume of 5ml, the molarity (keeping all other parameters 

constant) of Au nanoparticles generated is 6.09×10
-4

M whereas in 10ml and 15ml it 

reduces to 1.52×10
-4

M and 3.38×10
-4

M respectively. Thus with increase in volume of 

the liquid medium, the productivity of metal nanoparticles decreases. 

3.3.6 Effect of pulse width 

Ultrashort (fs) laser pulses have been employed for the production of metal 

nanoparticles in various liquid environments since such pulses from laser system 

results in the reduction of thermal load due to decreased heat diffusion time since 

energy cannot be transferred to the lattice in times smaller than 1ps [33-34]. It is 

known that the formation mechanism of nanoparticles by ultrashort pulse and ns pulse 

are fundamentally different. Isochoric lattice heating occurs as a result of the rapid 

energy transfer from the carriers to the lattice in the case of fs pulses [35]. As a result 

of isochoric lattice heating, which is an ultrafast non-thermal heating, conversion of 

the spotted target material into a super heated fluid which along with the build up of 

extreme thermoelastic pressure leads to material ejection. In the case of ablation by ns 

laser pulses, nucleation of plasma plume materials in the vapour phase because of the 

condensation and cooling of the plume under adiabatic expansion leads to nanoparticle 

formation [35]. Since the formation mechanisms are different, nanoparticles of 

different size distributions are obtained in both cases. Nanoparticles produced by fs 

laser always showed a broadened optical extinction spectrum with a broad size 

distribution of nanoparticles [36-38]. 

 

Figure 3.14: Schematic of the experimental setup for laser ablation using fs laser pulses. 
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It is found that the position of the target with respect to the focal point of the 

lens plays a crucial role for efficient ablation rate and for obtaining stable 

nanoparticles by fs laser pulses. In order to clarify this effect, experiment has been 

performed by varying the position of the target with respect to the focal plane. 

Throughout the experiment the laser energy is maintained a constant and the liquid 

level (ethanol is chosen as the medium) above the target is maintained at 2mm which 

is found to be the optimum level for efficient ablation. Fig. 3.14 represents a 

schematic of the setup used for the experiment. The fluence at the geometrical focal 

point of the lens is found to be 1400J/cm
2
. The zero point (Y=0) in the figure 

corresponds to the geometric focal plane of the lens on the target.  Positive value of Y 

corresponds to target above the focal plane and negative value of Y corresponds to 

target below the focal plane. Ablation is carried out for 5min in all cases. Even if the 

laser power is maintained a constant at 1.5 W, Power density at the target is varied due 

to change in position of the target. Nanoparticles produced by femtosecond laser 

pulses encountered problems with stability and the yellow colour of Ag nanocolloidal 

solution turned to grey just after a few minutes of its formation when ablation is 

carried out by placing the target at the  geometric focal point. Similarly Au 

nanoparticles generated in MMA appeared ruby red just after its formation turned to 

violet a few minutes later.  

 

Figure 3.15: Optical extinction spectra of Ag nanoparticles in ethanol produced by positioning 

the target above and below the focal plane of the lens. 

 Fig. 3.15 shows the optical extinction spectra of Ag nanoparticles in ethanol 

generated by placing the target at different positions with respect to the focal plane of 

the objective lens. It is found that peak of SPR band is shifting when the target is 
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moved. Peak of SPR band is observed at 430nm when the target is 1cm above the 

focal point (Y=1cm) and also maximum extinction is noticed at this position. Plasma 

generated is greatest when the target is at this position which is attributed to the 

phenomenon of self-focusing, which can play an important role at relatively high laser 

pulse power like in this case of ultrashort laser pulses. Due to the self focusing effect, 

the radiation is readily absorbed in the liquid medium by non-linear phenomena and a 

plasma is formed in front of the target surface [32, 39]. As a result 70% of the laser 

energy is absorbed by the medium thereby reducing the efficiency of pure radiation 

related ablation [39]. When the target is in contact with the plasma formed due to self 

focussing (optical breakdown of liquid medium) ablation takes place which can be due 

to thermal melting of the target in contact with the plasma [1]. In addition, laser 

initiated plasma production in liquid is followed by the production of bubbles as a 

result of liquid evaporation which is in contact with the plasma [40]. The bubbles 

suddenly merge to a single larger bubble known as cavitation bubble which collapse 

50-150µs after plasma initiation by releasing a significant amount of energy [41]. 

Sylvestre et al. [39] reason out that this energy released during the collapse of 

cavitation bubble is large enough to cause secondary ablation of the target. Thus 

ablation by thermal melting and collapse of cavitation bubble leads to the formation of 

nanoparticles with wide size distribution. 

 When the target is moved further below or above this self focussing point, 

lowering of ablation rate is noticed with shifting in the peak of SPR band. When the 

target is further above (Y=1.2cm), two absorption bands are observed at 400nm and at 

570 nm. This new peak can be ascribed to the longitudinal plasmon resonance of rod-

shaped silver nanostructures [42]. It is found that placing the target further above this 

point also yielded nanoparticles but the concentration as well as stability of the so 

formed nanoparticles are very less.  

When the target is placed below Y=0, two centers of plasma production take 

place. First one, localized near the focal point, is much stronger and is related to the 

breakdown of ethanol and second one, associated with the ablated material, is near the 

target surface and is weak [39]. Because of this weak plasma production near the 

surface, the intensity of the plasmon resonance is weak as shown in the above figure. 

Also we have observed SPR at 420nm when the sample is placed Y=-1.6cm below the 

focal plane. Above and below this point, the nanoparticles formed are found to be 

unstable and agglomeration is noted just after its formation. Table.3.3 gives a 

summary of peak of SPR band, bandwidth, fluence of the laser and size of the 

nanoparticles at different target position with respect to Y=0. As can be seen from the 

table, the mean nanoparticle size increases as the target approach the point of most 

intense plasma intensity (i.e., when Y= 1 cm). It is found that nanoparticles generated 

at Y=1cm showed a stability for 2 days whereas Y=0.9 and 1.1cm showed a shift in 

the plasmon band. All other samples got precipitated a few hours after its formation. 
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By carefully fixing the target with respect to the geometric focal point of the objective 

lens, nanoparticles with less size distribution and enhanced stability can be obtained. 

 

Table 3.3: Variation of position of plasmon band, bandwidth and particle size with target 

position (with respect to Y=0). Positive value corresponds to position of the target above and 

negative value corresponds to that below the focal plane. 

Distance from 

Y=0 (cm) 

Power density 

(W/cm
2
) 

Peak of 

plasmon band 

(nm) 

Bandwidth 

(nm) 

Particle size 

(nm) 

-1.6 94 419 140 0.93 

0.6 670 453 190 0.80 

0.7 494 461 157 1.00 

1.04 0.8 377 454 147 

0.9 299 442 142 1.00 

1.0 241 429 120 1.14 

1.1 198 425 113 1.18 

 

3.4 Conclusions 

 Effect of generation media on the size distribution and stability of metal 

nanoparticles have been studied. Among various generation media having 

similar dielectric function but with different polarity, nanoparticles produced 

in low polar solvents showed red shift and broadening of plasmon band. It is 

found that polarity of the medium plays an important role in determining the 

size distribution and stability of nanoparticles. It is also found that maximum 

plasmon band intensity with highest nanoparticle productivity is observed for 

medium with highest dielectric function. 

 Relative abundance and size distribution of nanoparticles in liquid 

environment is found to be dependent on the ablating wavelength. Yield is 

found to be maximum at the fundamental wavelength (1064nm). 

 There is a threshold energy needed for ablation to take place. When the energy 

of laser pulses is very high, self focussing takes place which will demote the 

ablation efficiency. However, it is found that there is a regime of laser energy 

where the relative abundance of nanoparticles varies linearly with no 

noticeable shift in the plasmon band. 
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 With increase in number of laser shots, relative abundance of the 

nanoparticles in the medium decreases gradually due to inter-pulse colloidal 

absorption, leading to a broadening of band width. 

 Size and shape of the plasmon band remained the same with increase in 

volume of the liquid medium. But relative abundance of nanoparticles is 

found to decrease with increase in volume. 

 Ablation using femtosecond laser pulses yielded nanoparticles with less 

stability as compared with that obtained using nanosecond laser pulses. Also it 

is found that nanoparticles with different size and shape can be produced by 

changing the position of the target with respect to the focal point of the lens. 
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Chapter 4 :  

Effect of Au nanoparticles on the optical properties of laser 

dye  

 

In the present work Au nanoparticles have been incorporated in MMA by Laser 

Ablation in Liquid technique. Rh6G is doped with this solution containing 

nanoparticles and studies on optical absorption, fluorescence emission, quantum 

yield and lifetime of the dye in its presence have been carried out. The monomer 

solution containing dye-nanoparticles is then polymerised into cylindrical rods 

and successfully drawn to Rh6G-Au nanoparticle doped Polymer Optical Fiber. 

Photostability of such fibers is measured subsequently. In the last section, we 

have developed dye doped polymer fiber lasers incorporating Au nanoparticles. 
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4.1 Introduction 
Gold nanoparticle is one of the most widely studied nanomaterials. These are 

known to be the most stable among metal nanoparticles [1-3]. Apart from the 

optoelectronic and biomedical applications of Au nanoparticles, they can serve as ultra 

efficient quenchers of molecular excitation energy in fluorophore-Au nanoparticle 

composites [4-7]. Any process that causes a decrease in intensity can be considered as 

quenching. Quenching will result in dissipation of the fluorophore's electronic energy 

as heat. When Au nanoparticles are added to the fluorophores, it can affect the 

fluorescence emission in two ways. Either it can quench the emission intensity or 

enhance it. Recently there have been several results showing that fluorescence can be 

manipulated by Au nanoparticles from complete quenching to immense enhancement. 

The factors that affect the alteration are the size of the nanoparticles and the distance 

between the dye molecule and nanoparticle [8]. In previous works it is noted that 

Fluorescence Resonance Energy Transfer (FRET) is one of the possible mechanism 

for fluorescence quenching of Rh6G by Au nanoparticles [9-10]. Because of the 

development in the field of nanotechnology especially in the area of Au nanoparticles, 

organic dyes incorporating Au nanoparticles are gaining attention. Both liquid and 

solid media such as films with dye-nanoparticle combination [11-12] finds tremendous 

applications in the field of Surface Enhanced Raman Scattering [13], Radiative Decay 

Engineering [14] and sensing applications [15]. Several reports have already come up 

with Rh6G-Au nanoparticle combination in solid as well as liquid media showing how 

the particle size and concentration can affect the lasing activity of the dye [11-12, 16-

17]. 

FRET happens between a donor molecule in the excited state and an acceptor 

in the ground state. The donor molecules typically emit radiation at shorter 

wavelengths that overlap with the absorption spectrum of the acceptor molecules. The 

rate at which energy is transferred, depends upon the magnitude of spectral overlap, 

quantum yield of the donor, relative orientation of the donor and acceptor transition 

dipoles, and the distance between the donor and acceptor molecules. FRET decreases 

the intensity of the donor and transfers the energy to an acceptor. The acceptor can be 

fluorescent or non-fluorescent, but in both cases the fluorescence intensity of the 

initially excited molecules is decreased.  Fig.4.1 shows the molecular orbital 

schematic for FRET. The fluorophore initially has electrons in the ground state (S0). 

Absorption of light results in the elevation of electrons to the unoccupied singlet 

orbitals (S1). When FRET occurs, electrons of the excited donor return to the ground 

state. Simultaneously an electron in the acceptor goes into a higher excited-state 

orbital. If the acceptor is fluorescent it may then emit and if it is non-fluorescent the 

energy is dissipated as heat. The mechanism of FRET is the same whether the 

acceptor is fluorescent or non-fluorescent: simultaneous electron transitions in donor 

and acceptor [18].  
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Figure 4.1: Molecular orbital schematic for resonance energy transfer. 

4.2 Experimental Section 
Ablation is carried out at the fundamental wavelength of Nd-YAG laser with a 

fluence of 10
3
J/cm

2
 at the surface of the target as optimised from the previous study. 

Two different generation media such as pure MMA and Rh6G doped MMA are 

chosen for the synthesis of Au nanoparticles. Time of ablation is varied between 10 

seconds to 45 minutes. Concentration of Au nanoparticles in MMA after 45 minutes of 

ablation is calculated to be 10
-3

 mol/litres.  

In the present study, concentration of Au nanoparticles is varied at a fixed 

concentration of Rh6G in the present study. Details of the concentrations of Rh6G and 

Au nanoparticles are listed in table.4.1. The concentration of Rh6G in MMA is fixed 

at a low value, i.e., 5×10
-5

 M since its solubility is less in MMA [19]. A total of 6 

samples designated as R, M1, M2, M3, M4 and M5 are considered where R is taken as 

the reference which contains only dye. Rh6G acts as the gain medium while 

constructing fiber laser.  
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The below designated samples are then made viscous for casting into planar 

waveguides by adding appropriate quantity of initiator and heating the solution at 

70
0
C for an hour. Thin films are made using tape-casting technique and films of 

300µm are chosen for the present study. Thicknesses of the sample films are 

controlled by maintaining the speed of casting as well as viscosity of the solutions. 

Film thickness is measured using a micro gauge of 0.01mm accuracy. Laser Induced 

Fluorescence (LIF) of the films is recorded using the setup shown in fig.4.2 where, 

instead of polymer fiber, the film is placed by sandwiching between two clean micro 

glass slides.   

Table 4.1: Sample designation, concentration of dye and concentration of Au nanoparticles. 

 

Sample 

designation 

 

 

 

 

[Rh6G] in 

the sample 

 

[Au] nanoparticle 

(10
-3

M) 

    

R  5×10
-5

M ----- 

M1  5×10
-5

M 0.266 

M2  5×10
-5

M 0.160 

M3  5×10
-5

M 0.115 

M4  5×10
-5

M 0.069 

M5  5×10
-5

M 0.017 

 

  Sample solutions are further polymerised into cylindrical rods by adding 

appropriate quantities of initiator and chain transfer agent. Since it is found that the 

combination of BPO and n-butyl mercaptan resulted in agglomeration and 

precipitation of Au nanoparticles in MMA while polymerising, we have used AIBN 

instead of BPO. The solution containing Rh6G-Au nanoparticle are taken in a test tube 

with an inner diameter of 12mm and the system is heated in a constant heat oil bath at 

90
0
C for 48 hours. The rods are drawn into fibers of varying thickness using the 

polymer optical fiber drawing tower. Hollow preforms of pure PMMA and Au 

nanoparticles doped PMMA are also fabricated by properly placing a teflon rod of 

6mm thickness at the centre of the test tube of 12mm inner diameter. The test tube is 

then filled with solutions containing proper initiator and chain transfer agents and 

heated at 70
0
C for 72 hours in the oil bath. After polymerisation, the teflon rod is 

pulled out and a hollow preform of pure PMMA and PMMA doped with Au 

nanoparticles is obtained and the preforms are drawn into POFs. 
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 Photostability of fibers are measured using the experimental setup shown in 

fig.4.2. Rh6G-Au nanoparticle doped POF sample is mounted on a fiber holder. The 

holder is placed at the focus of a cylindrical lens of focal length 15cm. A cw laser 

beam from a DPSS laser of 100mW power is focused onto the fibers having diameter 

of 600µm. The fiber is transversely pumped and the fluorescence emission from the 

fiber is collected from one end of the fiber using a collecting fiber and intensity is 

recorded using a spectrometer (HR 4000 with a resolution of 0.29nm).  

 
Figure 4.2: Experimental setup for photostability and LIF measurements of waveguides. 

 Nd-YAG laser operating at the second harmonics having a repetition rate of 

10 Hz with a pulse duration of 9 ns is focussed transversely on to a fiber of 7cm length 

and 400µm diameter using a convex lens of 15mm focal length for lasing experiments 

(as detailed in chapter 2). The experiment is repeated by carefully replacing the 

sample fibers without changing any experimental conditions. 

4.3 Result and Discussions 

4.3.1 Optical characterisation of Rh6G-Au nanoparticle system  

4.3.1.1 Optical absorption spectroscopy, fluorescence spectroscopy and 

Transmission Electron Microscopy 

Gold nanoparticles generated in MMA and in Rh6G doped MMA using laser 

ablation showed different size distribution as depicted in the TEM image and 

histogram shown in Fig.4.3. From the previous chapter the average size of spherical 

Au nanoparticles formed in MMA is found to be 2nm whereas in the present case it is 

found to be 7nm. The change in the particle size is attributed to the change in 

dielectric function of the medium on addition of the dye. Thus a red shift in the peak 

intensity of plasmon band is expected for nanoparticles generated in a medium having 

higher dielectric function leading to larger size as predicted by Mie theory [20].  EDS 

(Fig.4.3 (D)) shows the presence of Rh6G as well as Au nanoparticles in the solution. 
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Figure 4.3: (A) Representative TEM image of Au nanoparticles produced in Rh6G doped 

MMA solution by laser ablation at 1064nm (B) HRTEM image showing the crystalline nature 

of the nanoparticles (C) Particle size distribution showing an average size of 7nm and (D) EDS 

showing the presence of nanoparticles and Rh6G in the solution. 

As seen from Fig.4.4, two distinct extinction bands are observed for Au 

nanoparticles in Rh6G doped MMA. Here in this case, Rh6G doped MMA is taken as 

the reference. As a first inference the presence of two bands is thought of as the 

formation of nanorod like structures which have two bands corresponding to the 

oscillation of the free electrons along and perpendicular to the long axis of the rods. 

The transverse mode shows a resonance at about 520nm, which coincides with the 

plasmon band of spherical nanoparticles, while the resonance of the longitudinal mode 

is red shifted and strongly depends on the nanorod aspect ratio [21]. But from the 

TEM image shown in Fig.4.3 (A), it is confirmed that the nanoparticles formed are 

spherical in shape and so the distinct bands observed are due to incomplete 

cancellation of reference solution during recording of the spectrum.  



  Au nanoparticles 

CUSAT 69 

 

Figure 4.4: Extinction spectra showing the plasmon band of Au nanoparticles produced in (a) 

MMA and (b) Rh6G doped MMA solution where in the latter case Rh6G in MMA is taken as 

the reference. 

 

 

Figure 4.5: (A) Optical extinction and (B) emission spectra of Rh6G in the absence (R) and 

presence of Au nanoparticles formed directly in the solution by ablating for different durations. 

From the optical absorption and emission spectra of Rh6G-Au nanoparticle 

system (Fig. 4.5(A) and Fig. 4.5 (B) respectively), it is found that the generation of 

nanoparticles by ablating Au plate even for a few seconds in the solution has quenched 

the fluorescence emission of the dye as shown in Fig.4.5 (B) whereas the net 

absorption of the system has enhanced (Fig.4.5 (A)). With increase in time of ablation 

which means increase in the concentration of Au nanoparticles in the solution, 

fluorescence quenching becomes prominent. Due to the difficulty and inaccuracy in 

the molarity calculation of Au nanoparticles formed in the solution by ablating for a 

few seconds, the experiment is further proceeded by adding Au nanoparticles formed 



Chapter 4   

70  International School of Photonics 

in MMA (whose molarity is already known) with Rh6G. But the average size of the 

nanoparticles produced in pure MMA and in Rh6G doped MMA are different. 

 The concentration of nanoparticles is varied as given in table.4.1. Low 

concentrations of Au nanoparticles are preferred to reduce its quenching effect. Low 

concentrations are obtained by diluting the stoke solution of Au nanoparticles 

produced in MMA by ablating the Au plate for 45mins. The optical extinction spectra 

of Au nanoparticles in MMA at such concentrations are shown in Fig.4.6. As seen 

from the figure, with increase in concentration of nanoparticles, the optical absorption 

of the plasmon band increases. 

 

Figure 4.6: Optical extinction spectra of Au nanoparticles produced in MMA at different 

concentrations. 

 

 

Figure 4.7: (A) Spectral absorption and (B) Emission of Rh6G-Au nanoparticle system in 

MMA. Excitation wavelength is 500nm. 
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Also the absorption spectra confirm that Au nanoparticles will be present in the 

solution of Rh6G even at such low concentrations. The plasmon band peaks at 540nm 

and the band in the UV region is due to interband transitions of Au nanoparticles as 

discussed in the previous chapter. 

The spectral absorption and emission of Rh6G mixed with Au nanoparticles is 

shown in Fig.4.7. As seen from the figure, the spectral absorption of the system 

increases with increase in concentration of Au nanoparticles in the solution as 

compared to pure dye doped solution. The plasmon field generated on Au 

nanoparticles due to SPR strengthens the incoming field and thus the net field for 

exciting the fluorophore is increased so that the net absorption of Rh6G is enhanced. 

However, the presence of nanoparticles quenches the fluorescence intensity of the dye 

due to the damping of molecular dipole by the nearby metallic Au nanoparticles [9]. 

Rh6G molecules are adsorbed non-covalently on to the surface of Au nanoparticles 

[22]. The relative orientation of fluorophore‘s dipole with regard to metal 

nanoparticles determines whether the radiative rate is enhanced or quenched [9]. 

Luminescence quenching takes place when the energy transfer process dominates 

whereas enhancement occurs if the increase in radiative decay rate dominates [9, 23]. 

In the present case the type of energy transfer is identified as FRET due to the overlap 

between the emission band of Rh6G and plasmon absorption band of Au nanoparticles 

as shown in Fig.4.8. 

 

Figure 4.8: Spectral overlap between (a) plasmon band of Au nanoparticles and (b) emission 

band of Rh6G. 

In this case Rh6G acts as the donor molecule and Au nanoparticles as the 

acceptor. For FRET to happen, the distance of separation between the donor and 

acceptor is within a few nanometers [18]. Energy transfer between the donor and 

acceptor takes place non-radiatively [18]. Au nanoparticles are non-fluorescent 
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quenchers of fluorophore‘s emission. Thus as seen from Fig.4.7(B), the relative 

intensity of Rh6G in the presence of Au nanoparticles is quenched due to the non-

radiative energy transfer between the excited state molecule of the dye and the ground 

state Au nanoparticles. This type of process increases the total non-radiative rate of the 

dye due to energy transfer and radiative rate of the molecules is decreased. The dipole 

of the molecules and the dipole induced on Au nanoparticles radiate out of phase if the 

molecules are oriented tangentially to the nanoparticle‘s surface thereby reducing the 

excited state lifetime and quantum yield of the dye [24]. Quenching becomes 

prominent with increase in concentration of acceptor in the vicinity of the donor as 

seen from the Fig.4.7 (B). Thus Au nanoparticles with an average size of 2nm as well 

as 7nm promote quenching of the fluorescence emission of  

Rh6G. 

4.3.1.2 Time- Resolved Fluorescence Spectroscopy 

To understand the detailed mechanism of fluorescence quenching, time-resolved 

fluorescence spectra are recorded for all the samples. The decay curves of samples are 

depicted in Fig. 4.9. The decay curves are fitted with a bi exponential decay function. 

The intensity of decay [18] is given by 

                                      )/exp()( ii i ttI                                          (4.1) 

where Σαi is normalized to unity.  For a large number of fluorophores, some will emit 

quickly following the excitation, and some will emit slowly as compared to their 

lifetime. This time distribution of photons which are emitted is the intensity decay 

curve. The lifetime obtained from the decay curve is the statistical average of the 

individual decays and αi values are called the pre-exponential factors. For the same 

fluorophores in different environments, which usually shows the same radiative decay 

rates, the values of αi represent the fractional amount of fluorophore in each 

environment and ηi individual decay time [18]. From the intensity decay 

measurements we can calculate the lifetime (η) of the samples. The presence of two 

decay times results in curvature in the plot as shown in Fig.4.9. Thus the intensity 

decay curves are fitted with a double exponential function rather than a single 

exponential function as given by the following equation.  
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It is therefore concluded that the donor is partially quenched by the acceptor 

molecules and some of the donor molecules do not have a nearby acceptor [18]. Table 
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4.2 gives a complete picture of the time resolved studies of Rh6G in the absence and 

presence of Au nanoparticles. 

 
Figure 4.9: Decay curves of Rh6G doped MMA solution in the absence and presence of laser 

ablated gold nanoparticles. Decay curves of M4 and M5 are omitted due to the inappreciable 

change in the decay curve.  

From the table it can be found that the lifetime of the sample R (containing Rh6G 

only) is reduced from 3.76ns to 3.6ns as observed for sample M1. Thus with increase 

in the concentration of Au nanoparticles in the dye solution, much higher will be the 

reduction in the lifetime as evident from the table. Since lifetime changes by nearly 

3% for the highest concentration of Au nanoparticles in the solution (M1) and 

fluorescence intensity changes by nearly 60%, it is assumed that the rate of energy 

transfer is small in Rh6G-Au nanoparticle pair in MMA and there may be other types 

of non-radiative decay paths giving rise to complete quenching [25]. 

 

Table 4.2: Time-resolved quenching studies of Rh6G containing different concentrations of Au 

nanoparticles. 

Sample 

designation 

B1’ B2’ τ1(ns) τ2(ns) <τ>= <B1’ τ1+ B2’ τ2> 

(ns) 

R 0.84 0.16 3.51 5.04 3.76 

M1 0.81 0.19 3.38 4.92 3.66 

M2 0.83 0.17 3.43 4.99 3.69 

M3 0.91 0.09 3.33 7.69 3.71 
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4.3.1.3 Quantum yield measurements of Rh6G in MMA 

  Quantum yield (QY) is an important parameter to characterize a fluorescent 

media in respect of device applications. It is the ratio of number of photons emitted to 

number of photons absorbed and its maximum value is 1. QY can be calculated 

through absolute method in which the radiative and non radiative rates should be 

known. Usually to characterize fluorescence efficiency, relative quantum yield of a 

fluorophore is measured by comparing with a reference fluorophore for which the 

quantum yield is well known. There are two methods for relative quantum yield 

measurements:  single-point and comparative method. Using the single-point method 

the quantum yield is calculated from the integrated emission intensities from a single 

sample and reference pair at identical concentration. Comparative method of Williams 

et al., makes use of the slope of the line obtained by plotting the integrated 

fluorescence intensity against the absorption for multiple concentrations of the 

fluorophore [26]. In the present study comparative method is followed to calculate the 

quantum yield of Rh6G doped in MMA. Reference fluorophore is taken as Rh6G 

dissolved in distilled water for which quantum is already known. Fig.4.10 shows 

absorbance versus integrated fluorescence intensity of Rh6G doped in water and in 

MMA respectively for various concentrations of the fluorophore. From the slope of 

absorbance versus integrated fluorescence intensity for Rh6G in water and in MMA, 

the quantum yield is calculated using, 

 

                                          Q = QR (m×n
2
/mR×nR

2
)                                      (4.3) 

 

where R refers to the reference fluorophore of known quantum yield, m is the slope of 

the line obtained from the plot of absorbance versus integrated fluorescence intensity 

and n is the refractive index of the solvent. Refractive index of pure MMA is 1.41.  

 

 

Figure 4.10: Absorbance versus integrated fluorescence intensity of Rh6G (A) in water and (B) 

in MMA. 
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Using equation (4.3), quantum yield of Rh6G in MMA is found to be 0.85. Further, 

the quantum yield of samples containing Au nanoparticles is determined using single 

point method. Quantum yield using this method is given by, 

 

Q = QR (I×ODR×n
2
)/(IR×OD×nR

2
)                         (4.4) 

  

where I is the integrated fluorescence intensity and OD is the optical density. Quantum 

yield of all samples are listed in table.4.3. The quantum yield of Rh6G is reduced to 

80% in presence of Au nanoparticles (M1) as compared to R. Reduction in the 

quantum yield of bare dye, in the presence of Au nanoparticles confirms energy 

transfer taking place between excited state fluorophore and nanoparticles thereby 

reducing the radiative emission of the dye. 

 

4.3.1.4 Calculation of Overlap integral, Förster distance and Transfer 

efficiency 

The overlap integral, J(λ) expresses the degree of overlap between the donor 

emission and the acceptor absorption [18] which is given by 
 

 

                         J(λ) = ʃ FD(λ)ƐA(λ)λ
4
dλ                                         (4.5) 

                                                                                                                                         

where FD (λ) is the corrected fluorescence intensity of the donor in the wavelength 

range of λ to λ + Δ λ with the total intensity (area under the curve) normalized to 

unity, ƐA(λ) is the extinction coefficient of the acceptor at λ, which is typically in units 

of M
–1

cm
–1

. The distance at which FRET is 50% efficient is called the Förster distance 

and is typically in the range of 20 to 60 Å. If the wavelength is expressed in cm and J 

(λ) is in units of M
-1

cm
3
, the Förster distance is given by  

 

                                 R0
6
 = 8.79 × 10

-25 
(ĸ

2
n

-4
QD J (λ))(cm

6
)                       (4.6) 

 

where the term κ
2
 is a factor describing the relative orientation in space of the 

transition dipoles of the donor and acceptor, κ
2
 is usually assumed to be equal to 2/3, 

which is appropriate for dynamic random averaging of the donor and acceptor, n is the 

refractive index of the medium and QD is the quantum yield of the donor in the 

absence of the acceptor [18]. The calculated value of J(λ) and R0 using MATLAB 

programme [27] for the Rh6G-Au nanoparticles system in MMA is given in table.4.3. 

 Efficiency of energy transfer (E) is the number of photons absorbed by the 

donor which are transferred to the acceptor. This is given by,  

 

                                       E = KT (r)/ (ηD
-1 

+ KT (r))                                      (4.7) 
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where KT (r) is the rate of energy transfer and ηD is the lifetime of the donor.  Transfer 

efficiency is typically measured from the relative fluorescence intensity of the donor 

in the absence (D) and presence (DA) of the acceptor and is given by, 

 

                              E = 1- (FDA/FD)                                            (4.8) 

 

Also the transfer efficiency can be calculated from the fluorescence life time of the 

donor in the absence and presence of the acceptor as  

 

                                                    E = 1- (ηDA/ ηD)                                             (4.9) 

 

The values obtained are given in table.4.3. The above equation (eqn 4.8) is made used 

for calculating the transfer efficiency. Transfer efficiency for various concentrations of 

the Au nanoparticles in Rh6G is also listed in Table.4.3. 

 

Table 4.3: Variation of spectral overlap, Förster distance, lifetime, QY and transfer efficiency 

with respect to gold nanoparticle concentration. Concentration of Rh6G in MMA is fixed at 

5×10
-5

M. 

 

Sample 

designation 

 

Spectral 

overlap (J) 

(10
-14

 M
-1

cm
3
) 

 

Förster 

distance 

(R0) (Å) 

 

Lifetime τ 

(ns) 

 

Quantum 

yield 

 

Transfer 

Efficiency 

(E %) 

R ----- ----- 3.76 0.85 ------ 

M1 2.00 37.57 3.66 0.17 80 

M2 2.16 38.04 3.69 0.22 74 

M3 2.30 38.46 3.71 0.28 67 

M4 2.40 38.72 ----- 0.41 52 

M5 1.79 36.88 ------ 0.70 18 

  

From Table 4.3 the average value of R0 is found to be 38 Å which is well 

within the range of FRET and the transfer efficiency is found to decrease with 

decrease in the concentration of acceptor in the solution. Because of the assumptions 

taken into account for the derivation of transfer efficiency calculations from 

photoluminescence spectra and lifetime (eqns (4.8) & (4.9)) [18], the precision in the 

calculation of distance of separation between the dye and the nanoparticle is not 

known and thus its calculation is omitted. However for a rough estimation, the 

calculated value of separation for M1 is found to be 36 Å. The distance of separation 
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between the donor and the acceptor (r) in the present case is a few tens of Å. Since the 

optical properties of the system depends on the state such as liquid or solid as well as 

on the geometrical shape, the work is further extended to 2D and 3D structures. 

 

4.3.2 Optical properties of Rh6G-Au nanoparticle based planar waveguide 

(2D structures) 

 Due to the transformation from liquid to solid medium, a shift in the plasmon 

band of Au nanoparticles is observed as shown in Fig.4.11.  

 

Figure 4.11: Optical absorption spectra of Au nanoparticles (a) in MMA (b) in PMMA. 

A shift in peak of plasmon band from 540nm in MMA to 551nm in PMMA is noted 

with a corresponding broadening in the bandwidth from 72nm to 83nm respectively. 

Refractive index of MMA changes from 1.41 to 1.49 in PMMA. Thus the change in 

the plasmon band can be attributed to an increase in the dielectric function of the 

medium. 

 In order to understand the optical properties of Rh6G-Au nanoparticle system 

in a planar waveguide, the optical extinction and luminescence spectra are recorded 

for the same (not shown here). Film containing highest concentration of Au 

nanoparticles showed maximum absorption and minimum intensity of the emission 

band as observed in the case of liquid medium. LIF spectra are recorded for the film 

using a cw DPSS laser operating at 532nm and are shown in Fig.4.12. LIF spectra also 

showed a quenching of emission of the dye and this can be attributed to transfer of 

energy from Rh6G to Au nanoparticles by FRET. Thus it can be inferred that the 

separation between the donor and acceptor as well as its relative orientation is in such 

a way that it still favours FRET.  Thus similar results are obtained as in the case of 

Rh6G in MMA and in PMMA. 
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Figure 4.12: LIF of Rh6G in PMMA film with and without Au nanoparticles. 

4.3.3 Rh6G-Au nanoparticles based cylindrical waveguides 

 

Figure 4.13: Photostability of Rh6G-Au nanoparticle based POFs having diameter of 600µm. 

The photostability of the dye during its lasing action in the presence of Au 

nanoparticles in a microcavity is studied for making efficient fiber lasers. The rods are 

thus drawn to polymer fibers and its photostability (shown in Fig.4.13) in the cavity is 

studied using a cw laser. It is found that sample M5 showed a slight enhancement of 

photostability up to 5min in the laser cavity whereas all other samples promote 

photobleaching as compared to bare Rh6G doped POFs (R). Half life of the dye in the 
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cavity increases with decrease in concentration of nanoparticles and highest half life is 

noted for sample R. When the concentration of the nanoparticles is high, the efficiency 

and thereby the rate of energy transfer is high with high deterioration of photostability. 

Such results reveal that enhanced photobleaching induced by metal nanoparticles is 

closely related to energy transfer between the dye and the nanoparticles [12, 17]. Thus 

it is believed that the energy transfer related photobleaching deterioration can be 

compensated by inducing other type of effects in the cavity which prevents quenching 

of the dye‘s emission through energy transfer mechanism. Another factor which may 

affect dye‘s stability is excessive thermal heating [12, 17] caused by the non radiative 

energy dissipation by the nanoparticles after FRET. Thus by reducing the rate of 

energy transfer, photobleaching caused by thermal heating can be reduced. For M5, the 

rate of energy transfer is reduced due to low concentration of the nanoparticles and 

thus a better stability is exhibited during the first few minutes. However with 

evolution of time, the rate of bleaching increases as compared to R.  

 

Figure 4.14: Emission from polymer fiber containing (A) Rh6G only (B) Rh6G-Au 

nanoparticles in the gain medium (M5). Intensity scale on both graphs are arbitrary so cannot 

have a emission intensity comparison. 

Thus it is concluded that the presence of Au nanoparticles in the microcavity can‘t 

promote a high photostability for a prolonged time. Photostability of the fibers with 

varying diameters are recorded and it is found that photostability increases with 

increase in diameter of the fiber. This effect is similar to increasing the concentration 

of the dye thereby increasing the photostability.  

 In order to understand the influence of Au nanoparticles in the lasing 

characteristics of Rh6G, both are incorporated in the optical fiber of 440µm diameter 

and a length of 5cm. Fig.4.14 (A) and (B) is the spectral emission characteristics of R 

and M5 respectively. As seen from the figure, R exhibits a normal luminescence 

spectrum when pumped at 12mJ and spectral narrowing which are the characteristics 

of amplified spontaneous emission is observed when pumped at 20mJ. Spectral 

narrowing from 40nm to 11nm is observed at this pump energy. Also some lasing 
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modes are observed at the peak of ASE when pumped above 25mJ. Absence of well 

resolved WGM modes may be attributed to the low gain of the amplifying medium 

providing not enough gain to have well resolved and sustained WGM modes. Fig.4.14 

(B) represents the spectral emission of POFs with gain medium containing Au 

nanoparticles (M5) along with Rh6G. As seen from the figure, no spectral narrowing 

or lasing is observed even when pumped at 34mJ. Linewidth narrowing from 40nm to 

32nm is observed when pumped at such high pump energy. This means that lasing 

action of Rh6G in presence of Au nanoparticles is deteriorated due to the energy 

transfer from excited state dye molecules to ground state Au nanoparticles thereby 

decreasing the rate of radiative emission from the dye molecule during lasing. All 

other samples containing even higher concentration of Au nanoparticles (such as M2, 

M3 and M4) not even showed a linewidth narrowing when pumped at 34mJ. When 

pumped above 34mJ, all samples are subjected to photobleaching. 

4.3.4 Lasing from Au doped hollow POFs filled with Rh6G 

Further, hollow Au doped polymer optical fibers and bare hollow fibers 

having comparable ratio of outer to inner diameter (430µm/200µm) is filled with 

Rh6G (10
-4

M) in aqueous solution. Fig.4.15 depicts the photograph of Au doped 

hollow optical fiber before filling the dye solution. Fig.4.16 depicts the spectral 

emission characteristics of such fibers when filled with Rh6G. A comparison of 

emission intensity cannot be done since the intensity scales are taken to be arbitrary. 

However it can be clearly seen that both fibers exhibits a spectral narrowing due to 

ASE when pumped at 20mJ.    

 

Figure 4.15: Photograph of Au nanoparticles doped hollow fiber under a CCD camera. Violet 

colour is the characteristics of Au nanoparticles in MMA environment. 
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Figure 4.16: Emission spectra of (A) Hollow fiber filled with Rh6G (B) Au doped hollow fiber 

filled with Rh6G of same molarity when pumped at different energies. 

For hollow PMMA fiber filled with dye when pumped at high energy such as 32mJ, 

further spectral narrowing is observed with enhanced intensity. But for Au doped 

hollow fiber filled with dye, as pump energy is increased, a blue shift in the emission 

peak with decreased intensity is observed. The reduced intensity can be attributed to 

the FRET mediated photobleaching of the dye in the vicinity of pump pulses. When 

the pump energy is further increased, quenched emission with further blue shift in the 

emission peak due to high rate of photobleaching is observed. This result matches with 

the enhanced photobleaching rate of solid fibers containing Rh6G and Au 

nanoparticles in the gain medium. When the pump energy is increased beyond 32mJ, a 

complete bleaching of the dye is observed in both cases. Thus presence of Au 

nanoparticles deteriorates the lasing of Rh6G doped fiber laser. 

4.4 Conclusions 

 Au nanoparticles produced in MMA and in Rh6G doped MMA solution by 

physical method showed an increment in average size of the particles, from 

2nm to 7nm. This is due to change in dielectric constant of the medium in the 

presence of dye molecules. 

 Optical emission spectra recorded for Au nanoparticles produced directly in 

Rh6G medium by ablating for just a few seconds showed fluorescence 

quenching. Similar results are observed when Au nanoparticles of 2nm are 

introduced in Rh6G medium with varying concentrations. From the spectral 

overlap between the emission of dye and absorption of nanoparticles, it is 

found that FRET is responsible for emission quenching by increasing the non-

radiative decay rate and reducing the radiative decay rate. 

 From lifetime and QY measurements, it is further confirmed that FRET type 

of quenching takes place in Rh6G-Au nanoparticle system. Both lifetime and 
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quantum yield are found to be decreased with respect to increase in 

concentration of Au nanoparticles in the medium. 

 Spectral overlap integral, Forster distance and transfer efficiencies are also 

found out for Rh6G-Au nanoparticle system in MMA. Also a rough 

estimation of the distance of separation between the donor and acceptor are 

found out. 

 Planar waveguides are fabricated with Rh6G-Au nanoparticles in PMMA and 

a fluorescence quenching is noticed in this case too. 

 Cylindrical waveguides such as POFs are also fabricated with Au 

nanoparticles in the gain medium and lasing as well as photostability 

measurements are done. Both lasing as well as photostability are found to be 

deteriorated in the presence of Au nanoparticles. 
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Chapter 5 : 

Impact of Ag nanoparticles on Dye Doped Polymer Optical Fibers 
 

 

The present chapter we have studied the impact of Ag nanoparticles produced in 

different media, such as MMA and ethanol, on the optical properties of Rh6G. Average 

size and size distributions of Ag nanoparticles are obtained from TEM images. Optical 

absorption and emission spectra of the system are recorded. Results supporting Metal 

Enhanced Fluorescence have been obtained from quantum yield measurements and 

Time Resolved Fluorescence Spectroscopy. Further, the dye medium along with the 

nanoparticles is incorporated in polymer optical fibers and the effect of nanoparticles on 

the lasing property of the fibers are found out. 
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5.1 Introduction 
Wide range of applications of dyes are mainly due to its spontaneous emission 

in optically transparent non-conducting media. But recently it is found that the 

environment of the fluorophore can be modified or engineered by the presence of 

conducting metal nanoparticles to alter the radiative decay rate [1-3]. This field is 

known as Radiative Decay Engineering (RDE). It is well known that size and 

geometry of the nanoparticles determines the properties of the localised surface 

plasmons it supports [4].  

From ancient time onwards Ag has been used widespread in photography and 

staining of biological samples. Silver also has the highest thermal and electrical 

conductivity among all metals making it suitable for various applications. Among 

various metal nanoparticles such as gold and copper, Ag has the highest plasmon 

strength in the visible and NIR region i.e., 300nm-1200nm [5]. Also Ag nanoparticles 

have advantages such as extremely high field enhancement, which makes them useful 

in radiative decay engineering [6]. 

5.1.1 Metal Enhanced Fluorescence 

When light is incident on the fluorophore, it gets excited and an excited 

fluorophore can be considered as an oscillating dipole. The excited fluorophore can 

cause oscillations of the conduction electrons in the nearby metal thus producing an 

electric field around the nanoparticles. The field in turn can interact with the excited 

state fluorophore and thereby altering its emission. The interaction is thought to be 

bidirectional and such interaction of fluorophore with metal nanoparticles can have a 

number of useful effects such as increased QY, increased photostability and decreased 

lifetimes [3, 5].  

 

Figure 5.1: Interaction of metal nanoparticle with incident electric field. Lines represent the 

direction of propagation of light. Also shown in green colour is a fluorophore in the near-field 

of the particle [7]. 
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The spectral properties of an excited state fluorophore are well described by 

Maxwell‘s equations for an oscillating dipole radiating into free space. In the presence 

of metal nanoparticles, the rate of excitation of the fluorophore can be increased due to 

more concentrated electric field around the particle as shown in Fig.5.1. Metal 

nanoparticles can also increase the radiative decay rate of the fluorophore thus leading 

to unusual effect on fluorophore‘s emission. These effects can be understood further 

by considering a Jablonski diagram which includes MEF as shown in Fig.5.2 [7]. 

 

Figure 5.2: Modified Jablonski diagram which includes metal–fluorophore interactions. The 

thicker arrows represent increased rates of excitation and emission in presence of 

nanoparticles. Black line shown is the non-radiative decay path (Knr) [7]. 

In classical fluorescence experiments any change in the quantum yield (Q0) and 

lifetime (η0) of the fluorophore are due to changes in the non-radiative decay rates 

which results in altering of fluorophore‘s environment. The values of Q0 and η0 either 

both increase or decrease in the same direction. But in the presence of metal 

nanoparticles the radiative rate is increased giving an additional radiative decay path. 

The equations are given in section 5.3.2. This can lead to increase in QY of the 

fluorophore with decrease in lifetime which is not possible in classical fluorescence 

experiments [2, 5, 7-9]. The solid physics behind MEF can be found elsewhere [10-

11]. 

5.2.1 Nanomaterial Surface Energy Transfer 

 The quenching of the fluorescence of the dye can be attributed to the damping 

of the molecular dipole by metal nanoparticles and further transferring the energy 

between the excited state fluorophore and ground state metal nanoparticles. This leads 

to an increase in the non radiative decay rate of the fluorophore thereby reducing the 

QY and lifetime of the fluorophore. In general, the donor (fluorophore) and the 

acceptor (metal nanoparticles) are considered as dipoles and the energy transfer 

between them is explained by FRET mechanism [12]. But some of the recent research 

work indicates that the Nanomaterial Surface Energy Transfer (NSET) is more 
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adequate in explaining the energy transfer between the dye molecule and the metal 

nanoparticles [13-17]. Importance of SET in the present case is that it does not require 

a resonant electronic transition as in the case of FRET [16].  However both these 

mechanisms can behave as a spectroscopic ruler around the nanoparticle and can 

throw light on the dielectric environment around the nanoparticle in a dye-

nanoparticle system [2]. Persson-Lang [18] has already illustrated the d
-4

 dependence 

of dye quenching at a metal surface where d is the separation between donor and 

acceptor. According to their model the form of dipole-surface energy transfer rate is 

given by, 
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where 
D is the lifetime of the donor in the absence of the acceptor and d0 is the 

distance between the donor and the acceptor at which 50% quenching of donor‘s 

emission occurs. According to Persson and Lang‘s model, the rate of energy transfer is 

found out by a Fermi golden rule calculation for an excited state molecule 

depopulating with simultaneous scattering of an electron in the nearby metal to above 

the Fermi level [16]. Thus we can understand that FRET follows a d
-6

 dependence 

whereas NSET follows a d
-4 

dependence. 

 

5.2 Experimental Section 
Silver nanoparticles of different size distributions are produced using 

nanosecond and femtosecond lasers in different liquid media such as MMA and 

ethanol for the present study using the same experimental setup described in chapter 2.  

Concentrations of Ag nanoparticles are varied by dispersing various quantities of the 

stoke solution of nanoparticles in Rh6G doped MMA solution using a micropipette. 

The dispersed solution of Rh6G-Ag nanoparticles are sonicated well before 

experiments and it is characterised at the same time of its formation due to stability 

problems. Details of the concentration of Rh6G and Ag nanoparticles are given in the 

following sections of results and discussions. 

 Since the system of Rh6G-Ag nanoparticles are dispersed in MMA, it is 

directly polymerised into preforms and drawn to polymer optical fibers. Fig.5.3 is the 

schematic representation of the measurement set-up of transverse excitation and 

emission from the fiber. Enlarged view shows the cross-section of the fiber containing 

Rh6G and Ag nanoparticles. Photostability measurements of all set of fibers are also 

carried out. Details of the fiber diameter and length are given in the following 

sections. 
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Figure 5.3: Schematic of the experimental setup for lasing from polymer fibers 

5.3 Result and discussions 

5.3.1 Fluorescence quenching in the presence of Ag nanoparticles by NSET 

 Ag nanoparticles are produced in MMA using ns Nd-YAG laser operating at 

1064nm. Surface plasmon band peaks around 403nm with a width of 90nm. The 

average size of Ag nanoparticles is found to be 7nm (as detailed in chapter 3). It is 

well known that metal nanoparticles at high concentration interacting with dye 

molecules results in quenching of spectral emission of the dye. Therefore the 

concentration of the nanoparticles in the solution of Rh6G doped MMA is maintained 

at low.  

 

Figure 5.4: (A) Optical absorption spectra and (B) Emission spectra of Rh6G in the presence 

and absence of Ag nanoparticles in MMA. K (contains Rh6G only) is taken as the reference. 

Emission spectra are recorded by exciting the samples at 500nm. 

Fig.5.4 (A) shows the absorption spectra of Rh6G dissolved in MMA in the presence 

and absence of Ag nanoparticles. The peak at 532nm is due to the S0-S1 electronic 

transition of the Rh6G molecules and the shoulder at 500nm is due to the vibronic 

transition [19]. Addition of Ag nanoparticles enhanced the electronic and vibronic 
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transitions of the dye and a new peak is observed around 400nm. The new peak is 

attributed to the plasmon band of Ag nanoparticles and the intensity of the band 

increases with increase in concentration of nanoparticles. Also the net absorption of 

the dye is increased with increase in concentration of Ag nanoparticles. The presence 

of Ag nanoparticles increases the local incident electric field on the dye thereby 

increasing its net absorption and rate of excitation of the dye molecules. Transitions of 

the excited state molecules residing in the electronically excited singlet state to the 

ground state results in the fluorescence of the dye. Emission spectra of dye molecules 

showed quenching effect in the presence of Ag nanoparticles produced in MMA as is 

depicted in Fig.5.4 (B). In the present case Rh6G acts as the donor and Ag 

nanoparticles act as the acceptor. Concentration details of Ag nanoparticles are given 

in Table.5.1 and concentration of Rh6G is taken to be 5×10
-5

M in MMA. Since 

quenching effect is dominant it is assumed that the dipole of the dye molecules is 

damped by Ag nanoparticles through NSET. The spectral overlap between the optical 

absorption spectra of Ag nanoparticles and emission spectra of Rh6G both dispersed 

individually in MMA is shown in Fig.5.5 and we can see that there is no appreciable 

overlap between them, which can support NSET since it does not require a resonant 

electronic transition between the donor and the acceptor. 

 

Figure 5.5: Spectral overlap between the absorption spectra of the nanoparticles and emission 

spectra of Rh6G. Ag nanoparticles are generated in MMA by ns laser. 

A quantitative relation between the concentration of the acceptor and the emission 

intensity of the donor can be obtained from the well known Stern-Volmer equation  

                                 ][1/ AKFF SVDAD                                             (5.1) 



  Ag nanoparticles 

CUSAT 91 

where FD and FDA are the relative emission intensity of the donor in the absence and 

presence of the acceptor respectively and KSV is the Stern-Volmer dynamic quenching 

constant and [A] is the concentration of the acceptor.  Plot of ratio of intensities of the 

donor in the absence and presence of acceptor (
DAD FF / ) versus concentration of Ag 

nanoparticles is shown in Fig.5.6. The graph is linearly fitted and the value of the 

quenching constant is obtained from the slope of the line and is found to be 

5.37×10
3
M

-1
. The distance between the donor and the acceptor at which 50% 

quenching of donor‘s emission occurs is calculated [20] using  

                                                   
3/1

2/1

0
)]([

35.7

A
d                                            (5.2) 

where 2/1][A is the half quenching concentration of the acceptor. 

Table 5.1: Variation of efficiency of energy transfer between Rh6G and Ag nanoparticles and 

QY of the dye with varying concentration of Ag nanoparticles 

Sample designation [Ag] (M) ɸET (%) QY 

K1 2.25×10
-4

 55 0.15 

K2 1×10
-4

 37 0.35 

K3 7.5×10
-5

 26 0.37 

K4 2.5×10
-5

 19 0.45 

 

 

Figure 5.6: The variation of ratio of intensity of Rh6G in the presence and absence of acceptor 

with respect to the concentration of Ag nanoparticles. 
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By substituting the value of concentration of the acceptor in equation (5.2), d0 is found 

to be 120Å. Theoretically the value of d0 can be calculated using Persson model [21]  
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where c is the speed of light in cm s
-1

 , Φdye is the quantum efficiency of the dye in the 

medium, ωdye is the frequency of the donor electronic transition, ωF is the Fermi 

frequency and KF is the Fermi wave vector for the metal. In the case of Rh6G–Ag NP 

system in MMA the quantum yield of the dye is 0.85, ωdye = 3.6×10
15

 s
-1

, ωF = 8.3× 

10
15

 s
-1

 and KF = 1.2×10
8
cm

-1
[22]. Substituting these values in the above equation 

yields d0 as 80 Å.  A difference of 40Å between experimentally and theoretically 

calculated values can be noticed. However the calculated value suggests that the 

quenching mechanism in the present case is NSET since in the case of FRET the 

typical value of d0 is below 60Å [23]. Thus NSET can probe higher distance around 

the metallic nanoparticle. The efficiency of energy transfer from dye to Ag 

nanoparticles can be calculated using fluorescence measurement (shown in Fig.5.4 

(B)) given by, 
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ET

F
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The values of efficiency are detailed in Table.5.1. It is found that efficiency of energy 

transfer increases with increase in concentration of the nanoparticles. Efficiency 

becomes 50% at 2.25×10
-4

M concentration of Ag nanoparticles where the distance of 

separation between the dye molecules and the nanoparticles is nearly 80Å. 

Decrease of QY of Rh6G with increase in concentration of Ag nanoparticles is 

calculated using single point method as detailed in the previous chapter and its values 

are given in Table.5.1. Further decrease in concentration of Ag nanoparticles below 

the lowest value taken in the present study yielded no further increase in the emission 

intensity or quantum yield. Thus it is found that Ag nanoparticles having an average 

diameter of 7nm generated in MMA resulted in quenching of dye‘s emission through 

NSET.  

5.3.2 Metal Enhanced Fluorescence by Ag nanoparticles in lasing 

It is found that Ag nanoparticles produced in ethanol by nanosecond and 

femtosecond lasers showed enhancement in the fluorescence emission of Rh6G. 

Surface plasmon resonance of Ag nanoparticles produced in ethanol by fs laser show a 

broad band with peak of the band at around 430nm. Low polarity of ethanol generated 

a weak electric double layer around the nanoparticles with non uniform distribution of 
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charges such that it leads to a broad size distribution with large size and less stability 

as compared to nanoparticles produced in high polar medium such as water. As 

reported in chapter 3, the stability and position of plasmon band of nanoparticles 

generated by femtosecond laser depend on the position of the target of silver plate 

with respect to the focal point of the lens. Accordingly, stable Ag nanoparticles are 

produced by placing the target 1cm ahead of the focal point during ablation and 

plasmon band of such nanoparticles peaked at around 430nm and are found to be 

stable for 2 days.  

From Fig.5.7 we have seen that the optical absorption and emission of the dye 

is enhanced in the presence of Ag nanoparticles produced in ethanol. Maximum 

enhancement in the emission intensity is noticed for Ag nanoparticles with a 

concentration of 4×10
-7

M. Presence of Ag nanoparticles below this concentration is 

difficult to identify since at this concentration the absorbance of Ag nanoparticles is 

only around 0.001. Decrease in the concentration below this optimum value yielded 

less fluorescence enhancement.  

 

Figure 5.7: (A) Optical absorption and (B) Emission spectra of Rh6G in the absence and 

presence of Ag nanoparticles produced in ethanol by fs laser. 

As can be seen from the previous section, Ag nanoparticles produced in MMA 

with nearly same concentration as discussed in this section showed fluorescence 

quenching whereas Ag nanoparticles produced in ethanol showed a 3-fold 

enhancement of emission. Increase in absorption of the dye molecules is due to the 

increase in the strength of the incident field on the dye due to metal nanoparticles 

leading to an increase in the rate of excitation. We have seen that emission of the dye 

is enhanced at wavelengths where Ag nanoparticles do not display a strong plasmon 

resonance. However it is reported that metal nanoparticles can enhance fluorescence, 

even if there is no plasmon resonance at the emission wavelength of the dye because 

of the near field interactions between the two. Absence of a resonance means that far-

field radiation does not interact with the particle [24]. Increase in the rate of excitation 

of dye molecules in the presence of Ag nanoparticles doesn‘t mean that this can solely 
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lead to the enhancement of dye‘s emission since we have observed an increase in the 

rate of excitation leading to fluorescence quenching. An increase in excitation is not 

expected to change the decay time of the dye [24]. In contrast, it is reported that an 

increase in the radiative decay rate of a fluorophore will decrease the lifetime [8, 24]. 

 Fig.5.8 shows the time resolved fluorescence spectra of Rh6G in the absence 

and presence of nanoparticles. The decay curves are fitted with double exponential 

function and it is found that the lifetime of the fluorophore is decreased in the 

presence of Ag nanoparticles produced in ethanol by fs laser. Lifetime of Rh6G alone 

is 3.8ns and is reduced to 3.51ns in the presence of 4×10
-7

M concentration of Ag 

nanoparticles which gives maximum emission enhancement for the dye. Also the 

quantum yield of the dye at this concentration of Ag nanoparticles increases from 0.85 

to 0.97. 

 

Figure 5.8: Time resolved fluorescence spectra of (a) Rh6G alone (b) Rh6G containing  

4×10
-7

M Ag nanoparticles produced in ethanol by fs laser. 

In the case of free space emission of the fluorophore the quantum yield and lifetime 

can be expressed [9] as 

                                           
nrK

Q



0                                                (5.5) 

                                                 1

0


 nrK                                            (5.6) 

where Г is the radiative decay rate and Knr is the non radiative decay rate of the 

fluorophore. In the presence of metal nanoparticles if the radiative decay rate is 

increased, then the above equations is modified [9] as 
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where Гm is the increased radiative rate due to metal nanoparticles. We assume that the 

non-radiative decay rate is unaffected by the presence of metal nanoparticles [9].These 

equations results in the unusual predictions of a dye near a metal surface which is not 

observed in classical far field fluorescence (eqn (5.5) and eqn(5.6)) where in all 

conditions QY and lifetime change in unison. As the value of Гm increases QY of the 

dye increases while lifetime decreases [8]. Thus in our case, metal enhanced 

fluorescence of Rh6G is due to an increase in the radiative decay rate of the dye 

molecules along with an increase in excitation rate of the fluorophore by metal 

nanoparticles.  

 

Figure 5.9: Enhancement factor of the emission with respect to the concentration of 

the dye at fixed concentration of Ag nanoparticles. 

However it is important to consider the fact that the metal induced decay rate depends 

on the properties of the metal particle, fluorophore and surrounding medium which 

includes metal nanoparticle‘s size and shape, the fluorophore emission wavelength, 

orientation of dipole of the dye molecules with respect to the nanoparticles, distance 

from the nanoparticles and the properties of the surrounding medium including the 

refractive index near the fluorophore [24].Fluorescence enhancement factor in the 

present work is defined as  
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EF                                                       (5.9) 
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where IR is the emission intensity of bare Rh6G and IAgN is the emission intensity of 

the dye in presence of Ag nanoparticles. It is found that at a given concentration of Ag 

nanoparticles, maximum fluorescence enhancement is noticed for lower concentration 

of Rh6G as shown in Fig.5.9. Because of the stability problems associated with Ag 

nanoparticles produced by fs laser further studies are carried out using Ag 

nanoparticles generated in ethanol by ns laser. 

5.3.3 MEF in presence of Ag nanoparticles in ethanol produced by ns pulsed 

laser 

 Plasmon band of Ag nanoparticles generated in ethanol, by ns laser, peaks at 

410nm with a broad band.  We can see that the plasmon band of Ag nanoparticles is 

blue shifted to nearly 40nm as generated by femtosecond laser. Fig.5.10 represents the 

TEM image of Ag nanoparticles showing poly dispersive nature of nanoparticles.  

 
Figure 5.10: (A), (B) Representative TEM image of Ag nanoparticles generated in ethanol by 

nanosecond laser and (C) Histogram showing a broad size distribution. 

A broad size distribution is observed in this case with an average size of 5nm. Spectral 

emission characteristics of Rh6G are modified in the presence of metal nanoparticles 

produced by ns laser in ethanol. Even though the average size is 5nm there are several 

large size nanoparticles present in the solution causing enhanced fluorescence as seen 

from Fig.5.10 (C). However the enhancement factor is much lower than that of Ag 

nanoparticles generated by fs laser. Thus it is concluded that enhancement factor 

increases with increase in size distribution of metal nanoparticles. A quantum yield 

enhancement of 1.7 is observed in this case for maximum emission enhancement.  

5.3.4 Application of MEF in POFs 

Ag nanoparticles generated in ethanol by ns pulsed laser is incorporated with 

Rh6G in MMA and are polymerised into cylindrical rods. Fig. 5.11 shows the 

corresponding spectral emission modification of Rh6G in the solid form. 

Enhancement factor of 3.5 is noticed in this case even with a high concentration of 

Rh6G since the EF is high as we move from solution phase to the solid phase. The 
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details of concentration of the dye and nanoparticles with emission enhancement 

factor are given Table.5.2.  

 

Figure 5.11: Spectral emission of cylindrical rods of Rh6G in the absence and presence of Ag 

nanoparticles. Excitation wavelength is at 500nm. 

R4 showed maximum enhancement factor whereas R2 showed neither enhancement 

nor quenching as compared to R1 which is taken as the reference containing only 

Rh6G. Due to stability problems, preforms are fabricated on the same day of 

generation of nanoparticles. As discussed in the previous section, this emission 

enhancement is due to an increased excitation rate of the fluorophore along with an 

increased radiative decay rate. The quantum yield has found to be increased from 0.85 

which is the QY of Rh6G in MMA to 0.98 for R4. Lifetimes obtained from time 

resolved fluorescence showed considerable change from 3.8ns to 3.43ns where the 

decay curves are fitted with double exponential function. The observed change 

supports the mechanism behind the metal enhanced fluorescence of the dye. 

 

Table 5.2: Concentration of Rh6G and Ag nanoparticles with corresponding enhancement 

factor of emission. 

Sample 

Designation 

Concentration of 

Rh6G 

(M) 

Concentration of 

Ag nanoparticles 

(mol/litre) 

Enhancement 

factor 

R1 10
-5 

-- -- 

R2 10
-5

 9×10
-6

 1 

R3 10
-5

 1.5×10
-6

 1.7 

R4 10
-5

 4.5×10
-7

 3.5 
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 The polymer rods drawn into fibers of varying diameter showed conspicuous 

changes in the emission intensity when pumped at high pump energy. Fig.5.12 depicts 

the spectral emission characteristics of fibers from all samples when pumped at an 

energy of 26mJ. 

 

Figure 5.12: (A) Spectral emission and (B) Normalised emission spectra of fibers when 

pumped at 26mJ showing the linewidth narrowing of R4 as compared to R1. 

Above figure indicates that when the pump energy reached 26mJ, a three-fold 

enhancement in the emission intensity is observed for R4, whereas R2 showed a slight 

quenching and R3 showed a slight enhancement as compared to R1. From the 

normalised emission spectra it is found that the linewidth of R4 has been brought down 

drastically with respect to R1. Since the emission enhancement factor is highest for R4 

in the rod form we have observed a similar result when it is transformed into optical 

fiber.  

 
Figure 5.13: Emission intensity vs pump energy of fibers R1, R2, R3 and R4. 
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For R4, the distance between the dye molecules and the Ag nanoparticles in the 

polymer matrix is in such a way that maximum spectral emission from the dye is 

obtained due to the increase in intensity of the local incident field on the dye by the 

SPR of the Ag nanoparticles [25, 26] along with increase in radiative decay rate. 

Increasing the concentration above that of R2 resulted in quenching of the emission of 

the gain medium. It is expected that when the concentration of the nanoparticles in the 

gain medium is high, the nanoparticle will be in close proximity with respect to the 

dye and thus will result in quenching. Also, decreasing the concentration below that of 

R4 resulted in no change in the emission intensity as compared to that of R4. 

Fig.5.13 indicates the evolution of emission intensity of all fibers with respect 

to pump energy of the laser. At low pump energy, the enhancement is not 

distinguishable due to the difficulty in controlling the precision while replacing the 

fibers one after another. The substantial increase in intensity for R4 when pumped 

above 24mJ confirmed the threshold phenomena associated with lasing, indicating the 

low threshold lasing capability of Rh6G doped POF in the presence of an optimum 

concentration of Ag nanoparticles. 

   

 
Figure 5.14: Evolution of linewidth with energy of the pumping laser. 

Figure 5.14 depicts the line width of the emission of all fibers as a function of 

pump energy of the laser. At the minimum pump energy, all the fibers showed a broad 

emission band with a line width of approximately 24nm. With an increase in pump 

energy, R3 and R4 showed a spectral narrowing up to 5nm and 4nm respectively, 

whereas R1 and R2 showed no spectral narrowing at this power. With a further 

increase in the pump power, all samples except R4 are photobleached and R4 showed 

some lasing spikes at the peak of ASE.  

Fig.5.15 shows the lasing spectra of R4 when pumped above the threshold 

energy. Spectra are recorded by collecting the emission from one end of the fibers and 

the fibers are pumped transversely. Since well resolved modes are not observed and 
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also bare dye doped POF (R1) is not showing any sign of lasing it is assumed that the 

nanoparticles in the gain medium of the POFs plays an important role in getting the 

spectral narrowing along with lasing spikes. High gain provided by the nanoparticles 

to the amplifier is not enough to overcome the losses in the cavity which is provided 

by the curved surface of the fiber.  

 
Figure 5.15: Emission spectra of R4 with varying pump energy. 

 

 
Figure 5.16: Emission spectra of R4 fibers when pumped at 26mJ with varying diameters such 

as (a) 300µm (b) 360µm and (c) 500µm. 

Since the cavity effect is not prominent, it is assumed that the lasing observed is 

random lasing due to the presence of nanoparticles in the cavity [28]. Here, the 

random lasing behaviour of the POF is attributable to localized SPR of Ag 

nanoparticles at 400nm spatially confining the electric field of the pumping light near 

the particle surface so that it provided high gain for lasing action [28]. For a particle, 
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the extinction cross-section is provided as the sum of the absorption cross-section and 

the scattering cross-section. For nanoparticles with small diameters, as in this case 

(5nm), the scattering cross-section, and therefore the scattering strength, are so small 

that the lasing peaks are due to the highly localized optical modes caused by plasmon 

resonance on the surface of Ag nanoparticles [27]. Since we have observed single 

narrow peak in the emission spectrum with bandwidth of 4 to 5nm, this type of 

random lasing is identified as incoherent feedback random lasing. When pumped at 

high energy such as 30mJ, a blue shift in the emission spectrum with reduced intensity 

is noticed. Intensity reduction is due to photobleaching of the dye. Fig.5.16 depicts the 

evolution of lasing spectra of R4 with varying diameter when pumped at 26mJ. 

Diameter is varied as 300µm, 360µm and 500µm. As the diameter of the POF is 

increased the emission intensity is also increased due to the increased gain medium 

inside the cavity.  

Further lasing emission from the surface of the R4 fiber is collected and is 

shown in Fig.5.17. Since no well resolved modes are observed in this case too we 

assume that this lasing is again due to random lasing with coherent feedback. Coherent 

feedback random lasing are characterized by the appearance of several sharp laser 

spikes of sub-nanometer bandwidths [29]. The line width of the peaks is 

approximately 0.06nm. 

 

 
Figure 5.17: Lasing of fiber R4 collected from the surface of the fiber when pumped at 26mJ. 

POFs fabricated from all four sets (R1, R2, R3, R4) are also subjected to 

photostability measurements. As seen in Fig. 5.18, R1, which is taken as the reference, 

withstood photobleaching up to 6000 pulses at an energy of 20mJ, thereafter, it 

exhibited photobleaching. However, for samples R2 and R3, the rate of photobleaching 

is high and followed an exponential decay in the output intensity. Interestingly, it is 
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found that for sample R4, the damage threshold for photobleaching is so high that it 

showed a stability even up to 36,000 pulses, at which the reference R1 itself reaches its 

half-life. For R4, because of the maximum lightening rod effect, which is attributed to 

the fluorescence enhancement by metal nanoparticles, an increase in radiative decay 

rate is expected. This enhances the fraction of photons observed from every emitting 

fluorophore with reduced lifetime, which will reduce the probability of bleaching and 

result in a consequent increase in the photostability of the sample [26, 30]. Also, the 

nanoparticles provided an encapsulation effect for the dye, which may be another 

factor contributing to the enhanced stability [28]. 

 

Figure 5.18: Photostability curves of pure Rh6G doped polymer optical fiber (R1) and Rh6G–

Ag nanoparticle doped POF (R2, R3, and R4) when pumped at 20mJ. 

5.4 Conclusions 

 Ag nanoparticles produced in MMA with an average size of 7nm with 

plasmon band at 403nm showed a fluorescence quenching of nearby 

fluorophores. Even with the lowest possible concentration of nanoparticles in 

the medium, quenching is noticed. d0 calculated theoretically and 

experimentally suggests that quenching is through NSET. From Stern-Volmer 

plot the value of quenching constant is found out. Also the efficiency of 

energy transfer between the dye molecules and nanoparticles is calculated 

along with the quantum yield. 

 Ag nanoparticles produced in ethanol by fs and ns laser pulses showed Metal 

Enhanced Fluorescence of the dye molecules. Plasmon band of Ag 

nanoparticles produced by fs laser peaks around 430nm while that produced 

by ns laser pulses is around 412nm. Emission enhancement is noticed to be 
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maximum with nanoparticles generated by fs laser due to the large size 

distribution of nanoparticles. From quantum yield and lifetime measurements 

it is found that when MEF occurs, QY of the fluorophore is enhanced while 

lifetime is quenched indicating that radiative decay rate of the dye molecules 

is enhanced. Thus an increase in local incident electric field of the dye along 

with increase in radiative decay rates results in MEF. It is found that MEF is 

prominent at lower concentrations of fluorophores. Thus it can be concluded 

that larger nanoparticles with a broad size distribution favours MEF which in 

turn depends on the properties of the surrounding medium of the fluorophores. 

 Polymer fibers doped with Ag nanoparticles, generated in ethanol by ns laser 

pulses, and Rh6G are subjected to lasing. When pumped at the threshold, a 

spectral narrowing from 16nm to 4nm is observed for Rh6G doped POF with 

optimum concentration of Ag nanoparticles. Also, a threefold enhancement in 

the emission intensity of the dye in this fiber is noticed. This is due to the 

strong excitement of the dye molecule by the electric field confined around 

the Ag nanoparticles through Localized SPR. Rh6G doped POF which shows 

no sign of lasing under the present conditions begins to lase randomly in the 

presence of Ag nanoparticles at an optimum concentration. This implies that 

the threshold for lasing action can be brought down in the presence of Ag 

nanoparticles.  

 It is found that with an optimum concentration of Ag nanoparticles in the gain 

media, the fiber showed enhanced photostability compared to bare Rh6G 

doped POF due to the combined effect of increased radiative decay rate, 

reduced lifetime and encapsulation of dye by the nanoparticles.  
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Chapter 6 :  

Synthesis of Au-Ag core/shell and alloy nanostructures for 

metal enhanced fluorescence applications 
 

 

Au and Ag nanoparticles in ethanolic solution of Poly Vinyl Pyrrolidone are 

synthesised and the variation of its concentration on the ablation efficiency of 

nanocolloids are studied. A simple method for the formation of Au-Ag nanoalloy 

using laser ablation by nanosecond laser operating at the fundamental 

wavelength has been introduced and the mechanism behind the formation is 

explained. Existence of an intermediate phase of Au core/Ag shell nanostructures 

at the initial stage of formation of Au-Ag nanoalloy has been noticed. 

Concentration of the bimetallic nanocolloidal solution is controlled by simply 

varying the time of ablation of Ag target in the Au nanocolloidal solution. 

Application of alloy and core/shell nanostructures in lasing characteristics of dye 

doped POFs are studied and compared with bare dye doped POFs as well as POFs 

containing its monomeric nanoparticles in the gain medium. 
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6.1 Introduction 
The optical properties of metal nanoparticles depend substantially on their 

size, shape, composition and dielectric properties of the surrounding medium. 

Emergence of nanotechnology in this new era demands the generation of various types 

of nanoparticles. Availability of numerous methodologies to synthesise different types 

of nanostructures, depending on the specific requirements, leads to the fabrication of 

alloys, core/shell nanostructures and metal agglomerates with size, shape and 

composition similar to their individual counterparts but with new physical and 

chemical properties [1]. Alloy and core/shell structures have become a fascinating 

subject due to their composition dependent optical and catalytic properties [2]. Similar 

to the tunability of plasmon band of metal nanoparticles by varying the refractive 

index of the solvent media, formation of alloy nanostructures enables a wide range of 

tunability of the surface plasmon band in between that of their individual 

monometallic components. The position of the band depends on the Au/Ag weight 

ratio [3] and thus the tunability can easily be achieved by simply varying the 

concentration of its nanocomposites. One of the major differences between bimetallic 

core/shell and alloy nanostructures is that alloy and core/shell nanostructures show 

different optical properties even though the composition of Au and Ag within the 

nanostructures is similar [4]. As far as core/shell is concerned their optical properties 

depend crucially on the thickness of the core and shell. If the shell surrounding the 

core is slender, the surface plasmon of the core can interact with the incoming 

electromagnetic field and so the surface plasmon of the core is prominent. In the other 

case, plasmon absorption of the shell nanoparticles becomes prominent due to the 

dense shell around the core [4]. In all other cases, two distinct spectra can be observed 

for core/shell nanostructure which corresponds to the plasmon bands of Au as well as 

Ag monomeric components. In contrast, alloy of Au and Ag shows a single plasmon 

band. 

There are already a number of reports on the formation of alloy nanoparticles 

by various methods such as chemical reduction method [5-13] utilizing chemical 

reagents for the formation and reduction of corresponding alloy nanostructures, 

capillary micro reaction [14] photochemical approach [15] to name a few. There are 

also reports on the formation of alloy using physical methods such as laser irradiation 

of a mixture of Au and Ag nanocolloids prepared independently by laser ablation of 

individual targets [3,16-19] or laser irradiation of nanocolloids prepared by chemical 

methods [1,4]. Ablation of bulk alloys of Au and Ag and thus the formation of Au-Ag 

nanoalloy has been reported earlier [20-23]. Han et al. [24] and Y.chen et al. [25] have 

recently reported the formation of Au core/Ag shell nanostructure using laser ablation 

of Ag plate in Au nanocolloidal solution. R.Intartaglia et al. [26] reported the 

formation of Au-Ag nanoalloy using complete physical method utilizing picosecond 

laser. Ag plate is ablated in the already existing Au nanocolloidal solution using 
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different wavelengths for a fixed time and the concentration of the bimetallic 

nanocolloidal solution is controlled by diluting the initial concentration of the mother 

solution (Au nanocolloidal solution). But they have not observed an alloying process 

of Au and Ag nanocolloids while ablating Ag with 1064nm under their experimental 

conditions. 

 

6.2 Experimental Section 

Neodymium-YAG laser operating at the fundamental wavelength (1064nm) 

with a pulse width of 9ns, repetition rate of 10Hz with a fluence of 2×10
3
 J/cm

2
 is used 

as the source for laser ablation. Both Ag and Au nanoparticles for the present study are 

generated in 5ml of ethanol stabilized by Poly Vinyl Pyrrolidone (PVP). 

Concentration of PVP having a molecular weight of 10,000 is varied in the solvent 

between 0.06mM to 6mM. Au-Ag core/shell and nanoalloys in the present case are 

prepared by ablating Au plate in the ethanolic solution of PVP for 10 minutes and 

replacing Au plate by Ag plate and continuing the ablation further. Concentration of 

Au nanoparticles present in the solution is found to be 8×10
-5 

M. Formation of 

nanoalloy is monitored at different times of laser ablation of Ag plate by recording the 

optical extinction spectra using UV-VIS NIR Spectrophotometer. Size and 

composition analysis are done using TEM and EDS respectively. The concentration of 

Ag nanocolloids in the final nanoalloy solution is found to be 2×10
-4 

M.  

6.3 Results and Discussions 

6.3.1 Formation of Ag nanoparticles in ethanolic solution of PVP 

 Ag nanoparticles produced in ethanol are subjected to agglomeration due to 

poor stability which is caused by its asymmetric charge distribution leading to dipole-

dipole interaction between them. However, addition of suitable capping agents such as 

PVP in the medium can improve the formation efficiency of the colloidal 

nanoparticles as well as its stability [27]. The chemical composition of PVP which is 

essentially a polymer and which is widely used as a stabilizing agent of metal 

nanocolloids is shown in Fig.6.1. 

                                                  

Figure 6.1: Chemical structure of Poly Vinyl Pyrrolidone. 

Fig.6.2 shows the optical extinction spectra of Ag nanoparticles produced by 

laser ablation in ethanol as well as in ethanol containing different concentrations of 
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PVP. Ag nanocolloids in ethanol show a plasmon band at 408nm with a full width at 

half maximum of 155nm.  

 

Figure 6.2: Optical absorption spectra of Ag nanoparticles produced in pure ethanol (0mM) and 

in ethanolic solution of PVP of various concentrations. Time of ablation is fixed a constant for 

5mins in all the cases. 

On the other hand, plasmon band of Ag nanocolloids in ethanolic solution of PVP 

peaks at around 400nm with a FWHM of 67nm (as detailed in Table 6.1). Thus, in the 

presence of PVP the spectral width and position of the plasmon band changes owing 

to its capping property. As seen from the Fig.6.2, with increase in the concentration of 

PVP an increase in intensity of the plasmon band is observed with no further shift in 

the peak position. Thus the relative abundance of the nanoparticles increases with 

increase in concentration of PVP. Also the mass of Ag plate ablated increases with 

concentration of PVP which is given in Table.6.1. The cavitation bubble formed 

during laser ablation is smaller in PVP solution than in ethanol which suggests that 

plasma species ejected during laser ablation is more confined by the solution of PVP 

than by pure ethanol. This enhanced confinement is due to the increased density and 

viscosity of the solvent in the presence of PVP [27]. It is reported that the solvent 

confined plasma generated near the target can etch the surface because of its high 

pressure [28-29]. Thus nanoparticles are generated by such a secondary ablation as 

well as by the direct laser ablation process. Therefore it can be concluded that increase 

in formation efficiency (relative abundance) of metal nanoparticles with PVP in the 

solvent is attributed to the increased secondary ablation efficiency. Ablation efficiency 

can be further increased by increasing the concentration of PVP in the solvent (shown 

in Fig.6.2) thereby increasing the density and viscosity. The concentration of PVP 

beyond 6mM resulted in highly viscous solvent which is difficult for further 

characterisation and so it is omitted. However it is found that increase in the formation 
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efficiency is moderate with a PVP concentration higher than 6mM due to the 

absorption of incident laser beam by the nanocolloids. As the viscosity of the solution 

is increased, nanocolloids generated by laser ablation stay in the vicinity of the target 

surface for a longer time thus absorbing the energy of the incident light and lowers the 

efficiency of laser ablation [27]. 

 

Figure 6.3: (A)Representative TEM image of Ag nanoparticles in ethanolic solution of PVP 

(B) HRTEM showing the inter-planar spacing and is found to be 0.23nm (C) SAED pattern 

showing the single crystal nature and (D) Histogram showing an average size of 14nm. 

Fig.6.3 shows the representative TEM images of Ag nanocolloids generated in 

6mM PVP solution ablated for 5mins. The average size of Ag is found 14nm with a 

standard deviation of 16nm and a mean of 28nm as seen from the histogram (Fig.6.3 

(D)). It is found that the formation efficiency as well as the stability of the 

nanocolloidal solution is enhanced which is an important result for various 
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applications which demands the stability of the nanoparticles. From HRTEM shown in 

Fig.6.3 (B), the interplanar spacing is found to be 0.23nm which matches with the 

{111} d spacing of fcc lattice. Selected Area Electron Diffraction (SAED) pattern 

(Fig.6.3 (C)) also shows the single crystalline nature of the nanocolloids and the d 

spacing calculated from the pattern matches with {111} and {220} fcc lattice [30]. 

Table 6.1: Variation of plasmon band position, width, ablated mass of Ag nanoparticles with 

respect to PVP concentration in ethanol. 

Type of 

nanocolloids 

Concentration of 

PVP (mM) 

Position of 

plasmon 

band (nm) 

Plasmon 

band 

width(nm) 

Mass of 

ablated 

matter (mg) 

Ag 0 408 155 0.5 

 0.06 400 67 1.5 

 0.6 400 67 1.7 

 6.0 400 67 2.0 

Au 0 535 110 0.8 

 0.06 524 52 1.9 

 0.6 524 52 2.3 

 6.0 524 52 2.9 

 

6.3.2 Formation of Au nanoparticles in PVP solution 

 

Figure 6.4: Optical absorption spectra of Au nanoparticles generated in ethanol and ethanol 

containing PVP. 



  Nanoalloy and core/shell 

CUSAT 113 

Similar to the formation of Ag nanoparticles in PVP solution discussed in the 

previous section, synthesis of Au nanoparticles in PVP solution by laser ablation has 

also been carried out. Fig.6.4 shows the optical extinction spectra of Au nanoparticles 

generated in pure ethanol and in ethanolic solution of PVP. Time of ablation is fixed at 

5min and all other laser parameters are also fixed, as in the earlier case. As can be 

seen, there is a blue shift of 11nm in the plasmon band with a reduction in the 

bandwidth of Au nanoparticles generated in PVP solution (as in the case of Ag 

nanoparticles) as compared to that produced in pure ethanol. Also the colour of the 

nanocolloidal solution changes from violet to red (not shown here) as we move from 

pure ethanol to ethanolic solution of PVP. The concentration of Au nanocolloids also 

increased as the concentration of PVP is increased which is calculated from the weight 

difference of the target plate before and after laser ablation (given in Table 6.1). 

Fig.6.5 represents the TEM image of Au nanoparticles generated in 0.6mM PVP 

solution. From the histogram the average size of the nanoparticles is found to be 8nm. 

Figure 6.5: (A) TEM image of Au nanoparticles produced in 0.6mM PVP solution. The black 

layer is due to PVP and (B) Histogram showing an average size of 8nm. 

6.3.3 Formation of Ag-Au core/shell bimetallic nanostructure by laser 

irradiation 

Monometallic Au nanoparticles are produced in 0.6mM PVP in ethanol by 

laser ablation. Concentration of Au nanoparticles formed is calculated to be 6×10
-3

 

mol/litre. Similarly Ag nanoparticles are also produced in the solution by the same 

experimental condition and the concentration of nanocolloids obtained is found to be 

4×10
-3

 mol/litre. Nanocolloids of Au have plasmon band peaks at 524nm and that of 

Ag nanoparticles at 400nm. The variation in the interband contribution to SPR or the 

difference in the polarizability of Au and Ag leads to the  plasmon absorption of Ag 

nanoparticles around 400nm and Au nanoparticles around 520nm [10]. 5ml each of 
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Au and Ag monometallic solutions are mixed physically and sonicated for 5min. 

Optical absorption spectra of the mixture showed two distinct bands corresponding to 

plasmon bands of individual Au and Ag nanocolloids (Fig.6.6). Since no shifting in 

the plasmon is observed, it is concluded that physical mixing can not form a bimetallic 

nanostructure. It is already reported that [31] laser irradiation of nanocolloids can 

modify their structure. For effective structural modification of the nanoparticles, it 

should absorb the incoming energy [31]. Since the plasmon band of Au nanoparticles 

lies near 532nm, the mixture is subjected to the second harmonics of Nd-YAG laser at 

a fluence of 500J/cm
2
. Absorption of laser pulses occurs due to the transition of free 

electrons in the conduction band of nanoparticles and the energy of the electronic 

excitation is transferred to the nanoparticle crystal lattice after 3-5ps. If the absorbed 

energy is large enough, it can melt the nanoparticles. The nanoparticles in the molten 

state can react with the surrounding medium or with other nanoparticles already 

present in the medium [3, 17]. Thus laser pulses are focussed inside the colloidal 

mixture and irradiation is carried out for 30min and 120min and the spectra after 

irradiation is shown in Fig.6.6.  

 

Figure 6.6: Optical absorption spectra of (a) physical mixture of Au and Ag (b) core-shell 

bimetallic nanostructure of Au and Ag produced by irradiating the physical mixture for 30mins 

and (c) 120mins. 

As can be seen, when irradiated for 30min, a spectral blue shift of 7nm is noticed in 

the plasmon region of monomeric Au nanoparticles and a red shift of nearly 1nm is 

noticed for the band corresponding to Ag monomeric nanoparticles. This shifting in 

the bands can be thought of as the formation of a core-shell bimetallic nanostructure 

[32]. Since laser pulses at 532nm are focussed, it is assumed that Au nanoparticles are 

in the molten state and reacts with Ag nanoparticles already present in the medium 

leading to the formation of Ag core/Au shell nanostructures. When the irradiation is 
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continued for 120min, no appreciable shift in the bands is noticed. Thus it is 

concluded that irradiation of a mixture of Au and Ag monomeric nanocolloids under 

the present condition leads to the formation of a core-shell bimetallic nanostructure. 

6.3.4 Formation of Au-Ag alloy through Au core/Ag shell intermediate 

phase in ethanolic solution of PVP by ablation 

  

 
Figure 6.7: Image showing the colour of (left) Au nanoparticles (middle) Ag nanoparticles and 

(right) alloy of Au-Ag in PVP solvent. 

Formation of bimetallic nanocomposites under laser ablation of Ag plate in the 

nanocolloidal solution of Au, stabilized by PVP leads to the transformation of intense 

ruby red colour of pure Au nanoparticles to a brown as shown in Fig.6.7. Optical 

absorption spectra recorded just after a minute of ablation of Ag plate (Fig.6.8) 

indicates that the SPR becomes complex due to the formation of a bimetallic 

nanostructure. Two plasmon bands can be observed leading to the formation of a 

core/shell nanostructure. Due to the interaction between the metals at the interface of 

the core/shell structure, SPR peak position shifts for both gold and silver as compared 

to its individual components [32].  

 

Figure 6.8: (A) Optical absorption spectra showing the formation of Au-Ag nanoalloy through 

the intermediate phase of Au core/Ag shell bimetallic nanostructure (B) Peak position of 

plasmon band of nanoalloy against the mole fraction of Ag. 
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Since there is a shifting of the bands which is not observed in the physical mixture of 

the two monomeric nanocolloidal solutions, it is assumed that core/shell nanostructure 

is formed. Formation of alloy of Au and Ag nanoparticles at this stage can be ruled out 

since this is characterised by a single absorption band tunable between the SPR band 

of Au and Ag nanoparticles depending on the composition of alloy nanoparticles [33-

34]. From Fig.6.8 it can be seen that there is a blue shift of 7nm and 2nm respectively 

in the peak position of plasmon band of Au and Ag nanoparticles as they form 

core/shell nanostructure when the time of ablation is 5min. Au nanoparticles which are 

initially present in the solution act as the seeds or nucleation centres for the next 

coming Ag nanoclusters, ions etc and thus a Au core/Ag shell nanostructure is formed 

[24]. Also both Au and Ag nanoparticles are having the same fcc crystal structure and 

the lattice constants of Au and Ag are 4.0783 Å and 4.0862 Å respectively [25]. Hence 

the lattice mismatch between them is less that 5% enabling Ag atoms to attach to the 

surface of Au nanoparticles already present in the solution [25]. Au nanoparticles is 

chosen as the seeds or core for the formation of a bimetallic core/shell nanostructure 

due to the spherical symmetry of Au nanoparticles which is not easily attained while 

generating Ag nanoparticles.  

Apart from the optical extinction spectra, further confirmation of core/shell 

nanostructure is obtained from TEM images shown in Fig.6.9. Inspection of TEM 

image in Fig.6.9 shows a dark centre and a lighter shell. Fig.6.9 (B) shows the higher 

magnification and reveals the formation of a lighter shell around Au nanoparticles. 

Fig.6.9 (C) is the lattice image of Ag shell and the interplanar distance calculated from 

the image is 0.23nm which matches well with the {111} d spacing of fcc silver [35].  

Size distribution analysis is carried out for Au core/Ag shell nanocomposites (Fig.6.9. 

(D)) and the average diameter is found to be around 25nm. Initial sizes of 7nm and 

14nm of monomeric Au nanoparticles and Ag nanoparticles respectively have become 

25nm when a core/shell nanostructure is formed. 

With further increase in time of ablation the amount of Ag content in the 

colloidal solution is increased and the plasmon band of Au nanoparticles is shifted 

monotonically to higher energy side while the plasmon band of Ag remains almost 

same with a less appreciable shift as seen from Fig.6.8. This suggests that the 

composition of the core is time dependent and it is modulated by the continuous 

interdiffusion of Ag atoms in an already existing Au core at the initial stage. 

Interdiffusion of Ag atoms is possible because of their similar atomic sizes [16] and so 

a complete miscibility between the two is possible. As the time of ablation reaches 25 

min, the two bands merge to form a single plasmon band which is the characteristics 

of alloy formation (shown in Fig 6.8). The difference in mobility of the two 

constituting atomic elements, which in turn depends on their different atomic masses 

may be the reason for the interdiffusion of Ag atoms into Au nanoparticles [16]. 

Atomic mass of Ag is 107 atomic unit (a.u) where as that of Au is 197 a.u. and thus 
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the mobility of Ag is higher than that of Au. This explains the invariance of Ag 

plasmon band and the modulation of Au plasmon band as the concentration of Ag 

atoms in the colloidal solution increases.  

 

 

Figure 6.9: Representative TEM image of (A) Au core/Ag shell nanocomposites in ethanol 

stabilized by PVP (B) Magnified image of core/shell structure (C) Lattice image of Ag shell 

and (D) and Size distribution carried out on TEM images of Au core/Ag shell nanocomposites. 

As reported by Philipp Wagener et al. [36], two different populations of 

nanoparticles can be formed during ablation of Ag nanoparticles, one fraction consists 

of compact primary nanoparticles and other fraction consists of agglomerates with 

larger particle size. They found that the bubble-liquid interface is penetrable by the 

ablated matter. The primary nanoparticles (small size) may enter the Au nanocolloidal 

solution during the bubble expansion phase due to high ejection velocities. Such 

primary particles of Ag find Au nanoparticles as the seeds or nucleation centres and so 
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Au-Ag core/shell nanostructure is formed. Fig 6.10 depicts a schematic of the 

formation of alloy through the formation of a Au core/Ag shell nanostructure.As seen 

from the schematic, the initial stage of the alloy formation is the formation of an Au 

core/Ag shell bimetallic nanostructure. With further increase in the concentration of 

Ag, interdiffusion of Ag atoms into the core (Au nanoparticles) can be seen. When the 

alloy is formed a complete miscibility between the two types of atoms is observed and 

the interface formed during the core/shell formation is completely vanished. Thus the 

nanostructure formed is an alloy of Au and Ag atoms [16]. The agglomerates of pure 

Ag nanoparticles with larger size present in the bimetallic nanocolloidal solution may 

have plasmon band close to the plasmon band of alloy since according to Mie theory, 

plasmon band is red shifted with increase in the size of the nanoparticles. But its 

presence in the final nanocolloidal solution is hardly detectable using conventional 

techniques such as UV-VIS spectrometer or TEM. 

 

 

Figure 6.10: Schematic of the formation of core/shell and alloy of Au-Ag nanoparticles. 

 When the time of ablation is increased up to 35min, a well resolved plasmon 

band is observed at 443nm and with further increase in time up to 55min, an increase 

in the optical extinction of the alloy is noticed with a blue shift in the plasmon band. 

Time of ablation beyond 55min is not possible since target ablation is not observed 

due to absorption of incident energy by the increased concentration of alloy 

nanoparticles. Fig.6.8 (B) shows the peak position of plasmon band of alloy 

nanoparticles with increase in concentration of Ag content in the colloidal solution 

with respect to ablation time. The graph is fitted linearly and thus the plasmon band of 

alloy is shifted to the higher energy region with increase in concentration of Ag. Thus 

it is possible to tune the composition of the resulting bimetallic nanostructures simply 

by varying the initial concentration of Au nanocolloids and the time of ablation of Ag 

target in it. Fig.6.11 shows the TEM image of Au-Ag alloy nanostructures formed by 

ablating Ag plate for 35min. Due to the similar lattice constants it is difficult to 

identify an alloy structure even from HRTEM shown in Fig.6.11 (B). The average size 

of the alloy so formed is found to be 17nm which coincides with the mean and a 
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standard deviation of 5nm as shown in Fig.6.11 (C). EDS of the alloy nanoparticles on 

a small portion of the grid is recorded (Fig.6.11 (D)) and the composition of Au-Ag 

alloy nanostructure is found to be Au4Ag2.9 (weight%).  A reduction of particle size 

from 25nm to 17nm is observed when nanostructure of core/shell is transformed to 

nanoalloy. Concentration details of Au and Ag nanoparticles in the final colloidal 

solution can be referred in the experimental section. 

 
Figure 6.11: (A) Representative TEM image of Au-Ag alloy nanostructure formed by ablating 

Ag plate for 35 min in the nanocolloidal solution of Au nanoparticles (B) HRTEM showing the 

crystalline nature of the alloy (C) Size distribution showing an average size of 17 nm and (D) 

EDS pattern recorded on a portion on the grid with y axis normalized to unity. Presence of 

Carbon in the spectrum is due to the grid. 

6.3.5 Formation of Au-Ag nanoalloy in ethanol by laser ablation 

 When Ag plate is ablated in the Au nanocolloidal solution generated in pure 

ethanol, a bimetallic nanostructure is observed. Similar to the above results, Au 

core/Ag shell bimetallic nanostructure is observed when Ag plate is ablated for a 

minute. As the time of ablation is increased, transformation from core/shell to alloy 

nanostructure is observed which is confirmed from the absorption spectra showing a 

single plasmon band tunable between the Au and Ag plasmon band depending on the 

molar concentration of the Ag nanocolloids. Time of ablation needed for the formation 

of alloy is less than that of nanoalloy generated in ethanolic solution of PVP. This is 
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because of PVP which acts as a capping agent stabilizes the nanoparticles and as the 

stability of the nanocolloids is increased, it is harder to perform any structural 

modification. But due to the instability problems of nanocolloids in ethanol, the 

bimetallic nanostructures precipitate completely just after its formation due to 

aggregation. So surfactants like PVP are used throughout the section. 

6.3.6 Application of bimetallic nanostructures in MEF 

 As already seen in chapter 4 and 5, the presence of nanoparticles in the dye 

medium can enhance or quench the fluorescence depending on the type, size, shape 

and dielectric environment of the nanoparticles and fluorophores. Au core/Ag shell 

bimetallic nanostructure and its individual monomeric components such as Au and Ag 

nanocolloids of nearly same molarity (as present in the core/shell nanostructures) are 

taken and mixed with Rh6G doped in MMA. Due to the difficulty in maintaining the 

same composition of nanoalloy and core/shell nanostructures during the synthesis 

using laser ablation, a direct comparison between them can not to be taken. So the 

influence of alloy nanostructure in the gain medium is considered separately in the last 

section. Due to the low solubility of Rh6G in MMA, it is at first dissolved in ethanol 

where 100% miscibility is noticed and is taken as the stoke solution. From the stoke 

solution of Rh6G, desired quantity is mixed with MMA to get a concentration of 

2.5×10
-4

M. Concentrations of Au core/Ag shell nanocomposites as well as its 

components such as pure Au and Ag nanoparticles are maintained at 0.5µM in the 

gain medium for comparison.  

 

 

Figure 6.12: Emission spectra of 5 cm long fiber containing (A) Rh6G only and (B) Rh6G-Ag 

nanoparticles (P2) in the cavity for an excitation length of 2cm. Emission is collected from one 

of the ends of the fiber when it is pumped axially. 

 From the optical absorption and emission spectra of Rh6G doped with Au, Ag 

and Au core/Ag shell (spectra are not shown), it is found that the absorption of Rh6G 

is increased maximum when core/shell is incorporated. Fluorescence enhancement 

factor of Rh6G in the presence of core/shell is nearly 3.9 where as in the presence of 
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Ag nanoparticles is 2.4. Similar results of fluorescence quenching as in the case of Au 

nanoparticles with 2nm and 7nm are observed when Au nanoparticles of 8nm 

(generated in PVP environment) are incorporated in the dye.  

Spectral emission characteristics of the gain medium in POFs on addition of 

bimetallic core/shell nanocomposites (P3) are compared with that of POFs containing 

bare gain medium (P) and gain medium containing pure Au (P1) and Ag nanoparticles 

(P2). Fibers of 50mm length and 320µm diameter are taken for the lasing study. 

Emission spectra of fiber samples containing Rh6G alone and Rh6G-Ag nanoparticles 

in the cavity is shown in Fig.6.12. For fiber containing Rh6G only, fluorescence 

emission is noticed at around 580nm when pumped at 2mJ. As the pump energy is 

increased, the linewidth of the emission starts to reduce and an ASE is observed when 

pump energy reaches 17mJ. Relation of linewidth of the emission from fibers with 

respect to pump energy is given in Fig.6.13 (A). Emission spectra of fibers containing 

Rh6G-Ag nanoparticle is shown in Fig.6.12 (B). ASE is noticed with linewidth 

reduction of the emission spectra when pumped at a low energy of 10mJ.  

 

 

Figure 6.13: (A) Linewidth of the emission spectrum for different samples with varying pump 

energy and (B) Integrated intensity of emission of different POFs such as P, P1 andP2 versus 

pump energy of the laser. 

As can be seen from Fig.6.13 (A), that spectral emission is narrowed down from an 

initial linewidth of 45nm to 20nm, 15nm and 7nm respectively for P1, P and P2 when 

pumped at 26mJ. Fig. 6.13 (B) shows the evolution of emission spectra with respect to 

pump energy and indicates that the threshold of ASE is minimum for P2 at around 

10mJ as compared to 17mJ for P (as evident from Fig.6.12). P1 does not exhibit ASE 

even when pumped at 26mJ and its emission intensity is much lower than that of P. 

Thus the presence of Au nanoparticles do not bring down lasing threshold or linewidth  

as compared to bare dye doped POFs since it quenches the emission of dye through 

FRET as reported earlier [23]. But for P2, the presence of Ag nanoparticles brings 

down the threshold of lasing through an increased gain of the amplifying medium due 

to increase in local incident electric field on the fluorophore [38]. Thus as from 

previous results in chapter 5, Ag nanoparticles with an average diameter of 14nm also 
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promotes metal enhanced fluorescence thereby enhancing the gain of the fiber laser 

through its plasmon field. Shift in the peak of the emission spectra for fiber P2, with 

increase in pump energy, as compared to P is observed from Fig.6.12 (B). This is due 

to the existence of additional bands in the spectrum corresponding to de-excitation 

from higher vibronic level [37]. In addition, in the presence of Ag nanoparticles, 

additional radiative paths are present which may increases the radiative transition 

probability that can take place at shorter wavelength side of the spectrum. When 

pumped above the threshold lasing spikes are observed at the peak of ASE P2 (as 

shown in Fig.6.12 (B)). However, well resolved modes are not observed. 

 

 

 

Figure 6.14: (A) WGM lasing from Au core/Ag shell incorporated POFs (P3) with varying 

pump energy and (B) Enlarged version of WGM lasing at a pump energy of 26mJ. 

It is found that presence of Au core/Ag shell nanostructure of nearly same 

concentration in the gain medium can improve the efficiency of lasing even better than 

its individual components. At a pump energy of 2mJ, P3 starts lasing as shown in 

Fig.6.14. At the surface of complex structures like core/shell, there are hot spots near 

them where the electric field intensity can exceed the incident field intensity by 

several orders of magnitude. Thus the net gain of the amplifier is enhanced since more 

fluorophores are excited and emitted as compared to its individual components. Thus 

the threshold of lasing is brought down from 10mJ for P2 to 2mJ for P3. As seen from 

Fig.6.14 microcavity effect of POFs comes into play at such low pump energy as 

compared to other samples because the net gain provided by the core/shell 

nanostructure to the amplifier is high enough to overcome the losses in the cavity 

resulting in multimode WGM lasing from fibers with a Q factor as high as 7.5×10
3
. 

The free spectral range (FSR) of whispering gallery microcavity resonator is given by 

                          
effDn

FSR


2

                                                    (6.1) 
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where λ is the wavelength of the strongest spectral line, neff is the effective refractive 

index of the cavity and D is the diameter of the cavity [39]. From the above equation 

the calculated value of FSR is 0.23nm which matches well with the observed FSR in 

Fig.6.14. With increase in pump energy more number of modes are excited in the 

cavity with increased intensity.  

 
Figure 6.15: Photostability of POFs recorded with respect to pulse count. Fibers are pumped 

transversely at 15mJ using a biconvex lens and the emission is collected from one of the ends 

Photostability of all the four fibers of same dimensions are recorded and are 

shown in Fig.6.15. It is found that fiber containing pure Rh6G (P) showed a half life at 

a pulse count of 7500 where as P3 showed a half life at 15700. i.e., half life of fibers 

containing core/shell nanostructure in the gain medium has been enhanced by a factor 

of 2 as compared that of pure Rh6G doped POFs. This enhanced photostability is 

attributed to the reduced lifetime of the dye molecules in P3 as compared to all other 

fibers allowing the dye to be radiated quickly from its excited state to the ground state. 

Even though P1 showed a better half life, its increased photostability is deteriorated 

with pulse count as already mentioned in chapter 4. For P2, the photostability is almost 

comparable with that of P. Thus the presence of core/shell bimetallic nanostructures in 

the gain medium of fiber lasers can improve the lasing efficiency as compared to its 

individual monomeric nanostructures.  

Au-Ag nanoalloys of 0.5µM concentration with plasmon band at 440nm 

(containing 8×10
-5 

M Au nanoparticles and 2×10
-4 

M Ag nanoparticles) are 

incorporated in the gain medium of polymer fiber laser. Comparison has been made 

between the lasing efficiency of Rh6G doped POFs in the presence and absence of 

nanoalloys. Fibers of 240µm diameter are pumped axially using laser beam and the 

emission is collected from one of the ends. Nanoalloy doped fiber laser exhibited 

lasing at a low threshold of 2mJ where as bare dye doped POFs exhibits lasing at 7mJ. 
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Fig.6.16 shows the lasing emission from fibers when pumped at different energy. In 

the case of nanoalloys in the cavity, strongest mode is observed at 566.25nm with a 

linewidth of 0.09nm and Q factor of 6×10
3
 when pumped at 7mJ. FSR is calculated to 

be 0.28nm which matches nearly with the mode spacing of 0.25nm obtained from the 

emission spectra (Fig.6.16 (B)). In the case of bare dye doped POFs, strongest mode is 

observed at 571.04nm when pumped at 7mJ with a Q factor of 8×10
3
. Mode spacing 

obtained from the emission spectra is found to be 0.29nm when pumped at 7mJ. Thus 

presence of nanoalloy in the fiber cavity can reduce the lasing threshold which can be 

attributed to the plasmon field on its surface enhancing the gain of the medium. 

However, a comparison between core/shell and nanoalloys is not made since the 

composition of its monomeric nanoparticles in the nanostructure is different. 

 

 

 

Figure 6.16: Lasing emission from (A) bare Rh6G doped POF and (B) Rh6G-Au-Ag nanoalloy 

doped POFs when pumped at different energy. 

6.4 Conclusions 

 Stability problems of nanoparticles generated in low polar solutions such as 

ethanol are solved by incorporating stabilising surfactants such as PVP in the 

solvent. 

 Increasing concentration of PVP enhanced the formation efficiency of the 

nanoparticles in the solution due to the increased secondary ablation of the 

target plate in addition to the primary ablation by laser pulses. 

 Core/shell bimetallic nanostructure of Au and Ag are produced by irradiating 

a physical mixture of individual monometallic Au and Ag nanocolloids 

generated in PVP solvents by laser ablation. 

 A simple method of producing alloy of Au and Ag is introduced by laser 

ablation of the Ag plate in the already prepared nanocolloidal solution of Au. 

Alloy formation is supported through the formation of an intermediate phase 

of Au core/Ag shell nanostructure. 
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 Alloy of Au and Ag nanocolloids are also produced without PVP in a similar 

way as mentioned. But due to instability of the nanocolloids, precipitation has 

occurred just after its formation. However, time of ablation of Ag target plate 

needed for the alloy formation is less than that in the presence of PVP. 

 Metal enhanced fluorescence in the presence of Au core/Ag shell 

nanostructures in Rh6G is compared with that of bare Rh6G and Rh6G 

containing its monomeric nanocolloids such as Au and Ag.  A maximum 

emission enhancement is noticed in the presence of Au core/Ag shell. 

 Au nanoparticles with an average size of 8nm deteriorated lasing action 

through FRET whereas Ag nanoparticles of 14nm promoted enhanced lasing 

efficiency. 

 Polymer Optical Fibers are incorporated with Au core/Ag shell nanostructures 

as well as its monomeric components and its lasing properties are compared 

with that of pure Rh6G doped POF lasers. It is found that the efficiency of 

lasing has enhanced in the presence of core/shell nanostructure through the 

lowering of lasing threshold and increased photostability. 

 Nanoalloys incorporated in the gain medium of the fiber also showed better 

efficiency as compared to bare Rh6G doped POF laser. 
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Chapter 7 : 

Structural modification of Rhodamoine6G under 

femtosecond laser irradiation 
 

 

In this chapter we have used femtosecond laser pulses to irradiate a well known 

dye molecule namely Rh6G in MMA solution and have noticed several interesting 

features related to the fluorescent emission from the irradiated system.  

Irradiation has also been done on Rh6G dissolved in other solvents such as water 

and ethanol and using other light sources such as nanosecond laser. Present work 

is of utmost interest since this can lead to a better sensing and detection of 

molecules, improved lasing properties and amplification using the pure dye itself. 

So we have demonstrated lasing properties of POFs containing modified Rh6G 

molecules and its optical characteristics. 
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7.1 Introduction 
It is well known that intense laser pulses can cause several interesting non-

linear optical phenomena. Femtosecond laser pulses are known to produce high 

harmonics and continuum emission. They can also be used to induce many kinds of 

multi photon phenomena. The intense electric field of such pulses can cause bond 

breaking and rearrangement of molecular structure in many systems. Rh6G is the most 

commonly and widely used laser dye for the last four decades. Rh6G has many 

desirable properties such as high quantum efficiency, increased photostability and 

good lasing action [1,2]. Because of the widespread use of Rh6G in solid state dye 

lasers [3, 4], amplifiers [5, 6], and sensors [7], the continued studies on this molecule 

are still very much relevant. Photophysical as well as photochemical changes 

occurring in Rh6G due to irradiation have already been reported as early as 1971 [8]. 

Thereafter a number of further studies have come up in this field [9–12]. In all these 

reports a detailed mechanism behind the deterioration of the dye due to radiation is 

mentioned. But none of these works reported a spectral emission enhancement of the 

dye owing to its exposure to a light source. In this context the present study becomes 

important since it is the first such report of fluorescence enhancement of Rh6G due to 

radiation.  

Fluorescence techniques are generally used for detection and sensing well 

over the last 25 years. But detection/sensing by this technology faces limitations due 

to quantum efficiency and photochemical stability of the fluorophore [13]. Recently 

there are many reports on the fluorescence enhancement of Rh6G using metal 

nanoparticles such as gold and silver [14–16]. Such successes in the field of radiative 

decay engineering overcome some of these limitations of the fluorophore. But an 

emission enhancement of the pure dye i.e., without the aid of metal nanoparticles is 

reported here. 

 

7.2 Experimental section 

 

 
Figure 7.1: Schematic for the irradiation of Rh6G. 
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Rh6G is dissolved in pure Methyl Methacrylate at first in the present study. 

MMA is a good candidate for the POF because of its high transparency [6]. The 

motivation behind choosing MMA is that the whole sample can be directly 

polymerised. MMA is purified using the conventional purification techniques detailed 

in chapter 2. Fig.7.1 depicts the experimental setup used for the present study. A mode 

locked Ti: Sapphire femtosecond laser is used as the source of laser irradiation. 

Wavelength of radiation is centred around 797nm with a laser spot size of 7mm and an 

average output power of 1.5W. 120 fs pulsed radiation of 80MHz repetition rate is 

reflected using a dichoric mirror. Radiation is focussed using a biconvex lens of focal 

length 5cm. Irradiation has also been performed using fundamental and second 

harmonics of Nd-YAG laser with a repetition rate of 10Hz and pulse width of 9ns. 

5ml of the dye solution is taken in a 15ml sample container for the 

experiment. Bottom of the sample container is placed at a distance of Z from the focal 

point of the lens. The experiment is repeated by varying Z from 0 to 5cm. Also the 

time of exposure of the sample to the laser radiation is changed from 30 seconds to 90 

minutes. Further, to study the effect of concentration of the dye, the molarity of the 

dye is varied from 10
-6

mol/litre to 10
-3

mol/litre. 

The photophysical characteristics of the samples are noted. Spectral 

absorption of the irradiated sample is recorded using Jasco UV-VIS NIR 

Spectrophotometer. The spectral emission of the same is recorded using Varian Cary 

Eclipse Fluorimeter. Fourier Transform Infra Red (FTIR) spectra are obtained using 

Thermo Nicolet, Avatar 370 with a resolution of 4cm
-1

. Lasing characteristics as well 

as photobleaching rate of modified Rh6G molecules in step index POFs have also 

been recorded using the same experimental setup described in chapter 2. 

7.3 Results and Discussions 

7.3.1 Irradiation using femtosecond laser pulses 

  

 

  

 

 

 

 

 

 

 

Figure 7.2: Molecular structure of Rh6G. 
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The molecular structure of Rh6G is widely studied by many researchers and is shown 

in Fig.7.2 [17]. Rh6G is a highly fluorescent xanthene dye.  Xanthene ring is 

surrounded by phenyl and amino external groups. As is well known, the dye absorbs 

mainly around 530nm and emits strongly in the visible region [17-18]. It is found that 

irradiation of Rh6G dispersed in MMA by 797nm fs laser pulses brought changes in 

the optical properties of the dye and is systematically studied in the following sections. 

7.3.1.1 Effect of irradiation time  

 
Figure 7.3: Peak fluorescence intensity of Rh6G vs. Irradiation time of the dye. Intensity 

corresponding to 0 min is the initial peak intensity of the dye before irradiation. Inset shows the 

emission spectra of Rh6G, excited at 500 nm, before and after irradiation with femtosecond 

laser pulses. 

After irradiating the dye solution of 10
−4

mol/l concentration kept at a distance 

of 2cm from the focal point for 10min, it is noted that the appearance of the sample 

itself has changed to more bright and fluorescent (change of colour from pinkish 

orange to a bright orange is noticed). To understand the phenomenon in detail the 

exposure time of the sample is varied.  Fig. 7.3 depicts the change in the emission 

intensity of the dye when it is exposed to different time durations of femtosecond 

radiations. As seen from figure, 30% increase in the peak value of fluorescence 

emission of the dye is obtained when the sample is exposed for 5min. Increase in the 

exposure time up to 15min does not bring any further enhancement in the peak 

intensity as compared to 5min exposed sample. But after 15min, the emission intensity 

starts to decrease from the maximum and at 60min, the intensity of the irradiated 

sample becomes same as that of non-irradiated sample. Further exposure of the sample 

to the source reduces the intensity to even lower values as evident from the inset of 

Fig. 7.3. Thus the optimum exposure time for maximum enhancement is determined to 

be 5–15min and the exposure beyond this time scale reduces the dye‘s fluorescence. 
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7.3.1.2 Effect of concentration of the dye 

 
Figure 7.4: The difference in peak fluorescence intensity between the non-irradiated sample 

and 5min irradiated samples vs. concentration of the dye. 

The experiment is repeated by changing the concentration of the dye in the 

solution. It is observed that the maximum enhancement is possible only for a 

particular concentration i.e. 10
-4

mol/litre
 

as is shown in Fig.7.4 which is the 

concentration for maximum fluorescence emission for pure dye in MMA. Even though 

other concentrations also showed fluorescence enhancement, the percentage of 

increase is found to be less. 

7.3.1.3 Effect of distance from the focal point (Z) 

 
Figure 7.5: Variation of fluorescence intensity with pump power density. 0w/cm

2
 corresponds 

to the fluorescence intensity of non-irradiated sample. All samples are irradiated for 5 minutes. 

Z=1.5cm, Z=2cm, Z=2.5cm, Z=3cm, Z=4cm corresponds to the pump power densities of 

107W/cm
2
, 60W/cm

2
, 38W/cm

2
, 27W/cm

2
, 15W/cm

2
 respectively. 
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Finally the influence of Z, which is the distance between the focal point of the 

lens and the bottom of the sample container, on the emission enhancement is taken 

into consideration and is depicted in Fig.7.5. It is found that when the focus is within 

the sample, emission intensity is drastically quenched when irradiated for 5 minutes. 

At the focus the diameter of the laser radiation is found to be 11.4µm and the power 

density is 1.47MW/cm
2
. This density is so high that the molecule may get structural 

decomposition leading to an adverse effect on the emission intensity as compared to 

the non-irradiated sample. As Z is increased obviously the power density of the pump 

is decreased and interestingly it is found that for a power density of 60W/cm
2
 (i.e. 

when Z=2cm) maximum fluorescence enhancement is noted. Power density above or 

below 60W/cm
2
 resulted in decrease in dye‘s emission with respect to the emission at 

this optimized power density. Thus an optimum fluorescence enhancement of Rh6G is 

noticed when irradiated by fs laser pulses having a power density of 60W/cm
2
 for 

5min when the concentration of the dye is fixed at 10
-4

mol/litre. 

7.3.1.4 Structural modifications in Rh6G 

  

 

 

Figure 7.6: (A) Optical absorption spectra of Rh6G before and after irradiation with fs laser 

pulses. Sample is kept at a distance of Z=2cm from the focal point and (B) Width of absorption 

band of dye is plotted as a function of irradiation time. Width at 0 irradiation time corresponds 

to the non-irradiated dye. 

Fig. 7.6(A) shows the spectral absorption of the samples before and after 

irradiation. It is noticed that the spectral characteristics of the irradiated dye is 

significantly changed. The absorption of dye before irradiation has enhanced nearly 

twice after irradiating for 5min and the shape of the absorption band after irradiation 

has changed. Also the width of the absorption band of Rh6G is increased with 

irradiation time as shown in. Fig.7.6 (B). When irradiated for 5min, the width is 

increased from 28nm to 38nm and as the irradiation is continued, the width is 

increased upto 48nm. The shoulder at 520nm, due to the vibronic transitions, lifts up 

and merges with that of the peak at 532nm which is essentially due to the electronic 
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transitions of its molecules. When the irradiation is continued beyond an hour with 

optimised parameters no further changes in the spectrum as well as hike in absorbance 

is noticed. The spectral change due to irradiation by fs laser pulses is thought as 

bringing some photo-induced structural changes of the molecules. Due to the large 

peak power of fs pulses, non-linear effects such as multi photon absorption is thought 

to occur during irradiation which causes some molecular bond breaking or re-

arrangement. 

 
Figure 7.7: FTIR spectra of non-irradiated and irradiated Rh6G in MMA for 5 minutes at a 

concentration of 10
-4

 mol/litre with a pump power density of 60 W/cm
2
. 

Further in order to understand the structural changes happening in the 

irradiated dye, FTIR spectra are recorded for the bare sample and irradiated sample 

(Fig.7.7).  As seen from Fig.7.7, the bands present in the spectrum are the combined 

effect of Rh6G and MMA. The bands at 596 cm
-1

,819 cm
-1

, 1167 cm
-1

, 1329 cm
-1

 are 

due to the xanthene ring, phenyl and ethylamine groups of Rh6G. The band at 1021 

cm
-1

 is due to methyl, phenyl and ethylamine external groups. The sharp band at 1200 

cm
-1

 is due to xanthene ring and ethylamine groups. Again the sharp peak at 1446 cm
-1

 

is due to ethylamine group. The very sharp and narrow band at 1745 cm
-1

 is due to 

C=O stretching of the xanthene ring of Rh6G and carbonyl stretching band due to 

MMA. The band at 1643cm
-1

 is due to C=C bond in MMA. The band at 3000 cm
-1

 

range is due to symmetric and asymmetric vibrations of methylene group present in 

MMA [18-24]. But in the FTIR of the irradiated sample, it can be seen that all bands 
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which are present in the FTIR of non-irradiated sample get reduced in intensity. Also 

some bands due to xanthene ring like 1691cm
-1

 and 1329cm
-1

 disappear and new 

bands like 758 cm
-1

 are appearing. It is reported that the new bands like 758 cm
-1

 are 

due to the presence of deformed xanthene ring. We have also observed other new 

bands in the FTIR spectrum of the irradiated dye such as 1376cm
-1 

and 1558cm
-1 

which are due to the stretching of the xanthene ring [18].  

 
Figure 7.8: Time resolved fluorescence spectra of modified Rh6G. 

From these inferences it can be thought that the photochemical reaction induced by the 

pump beam is initiating the breakdown and thereby the deformations of the xanthene 

ring in Rh6G.  Also from Fig.7.7 it is evident that some new bands are also appearing 

in the high wavenumber range and this can be likely due to the rearrangement of 

molecular structure of MMA by the attachment of chromophore group from Rh6G to 

MMA monomers or dimmers.  The new structure of Rh6G molecule is an intermediate 

state of the dye before it gets degraded when irradiated beyond the optimum time. The 

structural deformation happening to the dye under laser radiation might have reduced 

the rate of non-radiative relaxation of the molecules from the excited state thereby 

increasing the radiative decay rate resulting in fluorescence enhancement. The time 

resolved fluorescence spectra of the samples are recorded and given in Fig. 7.8. 

Lifetime calculated from the decay curves is found to be decreased from 3.71ns to 

2.11ns. Rate of radiative decay and non-radiative decay are calculated using the 

equations for classical fluorescence given in chapter 5 and is given in Table.7.1. Rate 

of radiative decay is found to be increased from 0.23×10
9
/s to 0.45×10

9
/s and that of 

non-radiative decay rate is reduced (Table.7.1). Thus fs laser induced irradiation of 

Rh6G brought photo-induced structural changes in the dye thereby increasing the rate 

of radiative decay nearly twice. The intermediate state is found to be very stable for 
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months. With increase in irradiation time, photobleaching of the dye occurred with 

structural degradation.  

 

Table7.1: Variation of QY, lifetime, radiative and non-radiative decay rate of modified Rh6G. 

Sample 

Designation 

Quantum yield Lifetime 

(ns) 

Rate of 

radiative decay 

(10
9
/s) 

Rate of  

non-radiative 

decay(10
9
/s) 

Rh6G 0.85 3.71 0.23 0.039 

Modified Rh6G 0.95 2.11 0.45 0.023 

 

For any fluorescent material such as dyes, quantum yield of its luminescence 

is a fundamental property and so its calculation is really promising for the 

characterisation of the material. The quantum yield is found out using the equation 

given below 
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where the subscript S and R stands for the reference and sample respectively. Q is the 

quantum yield, I stands for the integrated fluorescence intensity and the term in the 

brackets is known as absorption factor where A is the absorbance [25]. QR is taken as 

0.85 which is the quantum yield of Rh6G in MMA. Substituting other parameters in 

equation (1) using data from the spectral absorption and emission given in Fig.7.6 (A) 

and inset of Fig.7.3, it is found that quantum efficiency of the dye in MMA irradiated 

for 5min at a pump power density of 60W/cm
2
 is increased from 0.85 to 0.95 

(Table7.1). So the important increase in fluorescence intensity of the dye upto 30% 

upon irradiation results in increase of the quantum yield of the dye to nearly 10%.  

 In order to understand the solvent effect on the fluorescent enhancement upon 

fs laser irradiation, the FTIR of MMA before and after irradiation has been recorded 

(not shown here). It is found that bands are exactly matching with each other except 

for the intensity. So it is concluded that the solvent effect is not playing an important 

role in the structural modification of Rh6G when irradiated by fs laser. The effect is 

further confirmed by repeating the experiment using solvents like water and ethanol.  

7.3.2 Irradiation using Nd-YAG laser 

 Rh6G dispersed in MMA with the optimum concentration (10
-4

M, where 

maximum fluorescence enhancement is noted) is irradiated using Nd-YAG laser at 

532nm with power density of 4.9W/cm
2
 using the experimental setup as given in 
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section 7.2. Spectral emission and absorption spectra are noted after irradiation at 

various time durations and is depicted in Fig.7.9. It is seen that emission intensity is 

quenched at any time of irradiation of the dye. When irradiated for 5min, emission 

intensity quenches as compared to the non-irradiated reference with a blue shift of the 

band from 565nm to 561nm.  

 

 

Figure 7.9: (A) Emission spectra and (B) absorption spectra of Rh6G in MMA irradiated by ns 

laser at various time intervals. 

As the time of irradiation is increased, reduction in luminescence intensity with further 

blue shifting in the emission band is observed. When irradiation is continued for an 

hour, the fluorescence intensity quenched to less than half the initial emission intensity 

of the dye and further blue shift is observed. The shift in the emission band with 

reduction in intensity can be attributed to photobleaching of the dye due to irradiation. 

When irradiated by 532nm laser pulses, the dye molecules get excited due to single 

photon absorption and the excited state molecules in the S1 state may undergo a 

transition to the triplet state through inter system crossing. Since the transition from an 

excited triplet state to the ground state is longer than singlet to singlet transition, 

reduced emission intensity is noticed. However it is found that in this case, 

photobleaching is not a permanent effect since most of the dye molecules return to 

their previous state after some days. From Fig.7.9 (B) we can see that the absorption is 

increased when irradiated for 5mins and 25mins with no spectral change. However 

when irradiated for an hour, the absorption is decreased which means that the number 

of dye molecules in the S0 state has diminished since more of the excited state 

molecules are presented in the triplet state reducing the number of molecules returning 

to the ground state. Since no spectral change is observed, it can be inferred that the 

irradiation is not causing any photo-induced structural changes of the xanthene ring. 

This can be further confirmed by the FTIR spectra given in Fig.7.10. The theory of 

photobleaching as presented above can be proven correct since the dye molecules 

return to their original state after a day which is confirmed from the emission spectra 

recorded after some days.  
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Figure 7.10: FTIR spectra of Rh6G irradiated by ns laser for 5mins and 60 minutes. 

From the FTIR spectra it can be seen that all bands even after irradiation for 

an hour matches exactly with the non-irradiated dye and the bands corresponding to 

the xanthene ring are also identical. Thus it can be concluded that irradiation by ns 

laser at 532nm is not bringing any photo-induced structural deformation to the dye 

molecules even if it promotes photobleaching. Irradiation is also performed using 

different power density of laser and also using the fundamental wavelength of Nd-

YAG laser. The results obtained are the same as above.  

7.3.3 Lasing properties and photostability of modified Rh6G in POFs 

   

 

 

Figure 7.11: (A) Lasing emission from pure Rh6G doped POF (Ref) and modified Rh6G doped 

POFs (Irr 5 min)  of 290µm diameter when pumped at 10mJ and (B) WGM lasing from 

modified Rh6G doped POF and inset shows the Gaussian fit of strongest mode at 558.19nm. 
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Modified Rh6G molecules produced by fs laser irradiation with optimised 

parameters are immobilized in step index polymer optical fibers as gain media and its 

lasing characteristics are studied and compared with pure Rh6G doped POFs at a 

concentration of 10
-4

 mol/litre. Fig.7.11 depicts the lasing emission from modified 

Rh6G and that from pure Rh6G doped POFs. As can be seen from the spectra, 

multimode lasing has been observed in both cases with a mode spacing of 0.23nm 

which matches with the WGM spacing calculated theoretically. Modes of both fibers 

match exactly such as a prominent mode at 558.48nm is observed in both cases. 

However we have observed a lasing emission enhancement of nearly 4 times in 

modified dye doped POF while considering this particular mode (Fig.7.11 (A)). The 

lasing emission from modified Rh6G is fitted well with a non-linear Gaussian fit with 

peak emission observed from the mode at 558.19 nm. The linewidth of the strongest 

mode is 0.08nm as seen in the inset of Fig.7.11 (B) and is also fitted with a Gaussian 

fit. Thus it can be inferred that deformation in the xanthene ring of Rh6G due to fs 

laser irradiation has not bring any changes in the laser emission of the pure dye except 

that the emission intensity is enhanced nearly 4 times. The enhanced emission is due 

to the increased radiative decay of modified Rh6G. 

 
Figure 7.12: Emission of fibers containing (a) modified Rh6G and (b) pure Rh6G with respect 

to log of pump energy. 

Emission of the fibers with modified Rh6G in the cavity is recorded w.th 

respect to pump energy (Fig.7.12) and it is found that the threshold energy needed for 

lasing has been brought down considerably from 12 mJ to 2 mJ. Thus the presence of 

modified Rh6G in POFs brings down threshold of lasing thereby improving the lasing 

efficiency of the dye without the aid of any nanoparticles in the cavity. 
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Photostability of fiber containing modified Rh6G is recorded at various time 

durations/pulse counts and the photostability curves are shown in Fig.7.13.  Upto 

10800 pulses the pure Rh6G doped POFs are found to be more photostable than 

modified Rh6G doped POFs. When pumped after this, both fibers are found to follow 

nearly same photostability curves and photobleaching rate.  

 
Figure 7.13: Photostability curves of modified as well as pure Rh6G doped POFs having a 

diameter of 440µm and pumped at 10mJ. 

7.4 Conclusions 

 Rh6G of 10
-4

mol/litre when irradiated by fs laser at an optimised pump power 

density of 60W/cm
2
 and irradiation time between 5-15min showed a peak 

emission enhancement of 30% with a quantum yield increase of 10%.  

 Optical absorption and FTIR spectra recorded before and after irradiation 

showed that there is some structural deformation happening in Rh6G which 

can be attributed to the deformation of the xanthene ring. The structurally 

modified Rh6G is found to be very stable even for months. 

 When irradiation is continued for an hour the intensity of luminescence 

emission is found to be quenched as compared to pure sample and also the 

width of the absorption spectra is increased leading to a complete deformation 

of dye molecules. Thus irradiation has caused structural deformation 

accompanied by photobleaching and the state of the dye is found to be 

permanent. 

 Unlike in the case of fs laser pulses, Rh6G irradiated by ns laser at 532nm 

showed reduced fluorescence intensity under all experimental conditions. But 

both absorption as well as FTIR spectra remains unchanged in all cases 

indicating that photo-induced changes happened to the dye molecules is 
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temporary and is further confirmed from the emission spectra recorded after a 

few days. 

 Lasing from step index POFs with pure as well as modified Rh6G as the gain 

media showed exactly the same modes. Modified Rh6G doped POFs showed 

a 4 fold increase in lasing mode intensity with a threshold reduction. 

 Photostability curves of both types of Rh6G matched almost exactly at higher 

pulse count where as at low pulse count pure Rh6G doped POFs showed a 

better stability. 

 Thus structural modification of Rh6G molecules caused by fs laser irradiation 

under optimised conditions produced more efficient step index POF lasers 

with stability much similar to pure Rh6G doped fiber. 
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Chapter 8 :  

Formation of Ag nanowires from nanospheres- its 

Applications in lasing and SERS 
 

 

In the present work we report on the formation of well defined nanowires by 

laser induced irradiation of already prepared Ag nanocolloidal solution 

containing nanospheres. Stability of the nanocolloidal solution is provided by 

Poly Vinyl Pyrrolidone which also fosters the transformation of nanospheres to 

nanowires. Scattering strength of Ag nanowires has been calculated from 

scattering mean free path. MEF using Ag nanowires has been demonstrated 

through increase in radiative decay rate of the fluorophore and its practical 

application in lasing has been done. SERS of PMMA molecules with Ag nanowires 

has also been carried out. 
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8.1 Introduction 
The size and shape dependent properties of metal nanoparticles make them 

suitable for applications in optical and electrical devices including biosensors [1], 

solar cells [2-4], near field optical microscopes [5] and light emitting diodes [6]. 

Among various metal nanoparticles like silver, gold, platinum and copper, Ag 

nanoparticles have the highest surface plasmon strength across the UV- VIS- IR 

spectrum [7] which in turn depends on size and various shapes of nanostructures like 

nanosheres, nanowires and nanoprisms [8-9]. The strength of electric field caused by 

SP is much higher at the corners of anisotropic shaped nanostructures such as 

nanowires than on the surface of isotropic shaped structures such as nanospheres [10] 

and so its synthesis is very promising for tremendous practical plasmonic applications. 

Since last decade it has been expected that noble metal nanorods and nanowires are 

exceptional in modifying electromagnetic fields, on the basis of their apparent 

similarities to antennas. Schatz et al. [11] have theoretically calculated that isolated 

nanowires and nanorods exhibit the highest electromagnetic field enhancements at 

their ends compared to other nanostructures, making them very attractive substrates 

for MEF based applications. But only a very few reports have come up in this field so 

far [12-15]. In a previous report [16] it has been shown that amplification up to two 

orders of magnitude is possible using metal nanowires. Amplification is induced not 

only by the surface plasmon resonance of conduction band electrons but also due to 

the fact that sharp tips of the nanowires with high aspect ratio act as antennas for the 

radiating emission from the nearby fluorophores. Even higher amplification is possible 

for nanorods aligned end-to-end in one dimension where coupling of the fields can be 

expected [17]. 

Various methods are available for the synthesis of Ag nanowires such as 

chemical or electrochemical reduction methods [18-20]. Among the different chemical 

reduction routes, polyol process is the most popular for the mass production of 

uniform nanowires [21-25]. Another promising method other than the polyol process, 

for the synthesis of anisotropic Ag nanostructures is photo irradiation using a laser 

source [26-30]. The method offers simple and reagent free preparation of anisotropic 

Ag nanostructures such as nanowires and nanobelts. In these reports laser radiations 

are focussed onto already prepared nanocolloidal solution in which the nanoparticles 

are synthesised either by chemical route or by LAL technique. It is also reported that a 

simpler synthesis of nanostructures is possible by replacing the chemical route of 

preparation of nanocolloidal solution by LAL technique. T. Tsuji et al. in their work of 

formation of nanoclusters in PVP aqueous solution of colloidal silver nanoparticles, 

prepared by laser ablation, [10] reported ripening mechanism as one of the plausible 

mechanism behind the formation of nanostructures by laser irradiation. They also 

suggest that the interaction between protective reagents like PVP and silver nano 

atoms plays a crucial role in fostering the ripening mechanism. Also Zamiri et al. [28] 
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demonstrated the formation of silver microbelts in ethanol by laser irradiation. They 

suggested that the tendency of nanoparticles to aggregate in ethanol before irradiation 

is one of the possibilities for the formation of nanostructures. But the previous reports 

lack the formation of well defined nanowires and also some of them reported various 

nanostructures like nanoprisms and nanorods together in the same sample solution 

which may demote its use in practical applications. 

8.2 Experimental Section 

 1 mol/litre concentration of PVP dissolved in ethanol is chosen as the medium 

for ablation in the present study. Ablation of a silver plate for 20min at the 

fundamental wavelength of Nd-YAG laser yielded Ag nanoparticles in the medium at 

a concentration of 2.5×10
-4

 mol/litre. Average size of Ag nanoparticles is estimated 

using DLS (Horiba SZ-100) nanoparticle analyser. 20ml of the colloidal solution is 

taken in a 30ml sample bottle and the solution is then irradiated by focussing 

frequency doubled laser pulses with a fluence of 500J/cm
2
 and also by xenon lamp 

(wavelength ranging from UV-Near IR, where IR radiations are cut to some extent 

using a water column placed after the source). The nanocolloidal solutions are 

analysed after fixed time durations for clearly monitoring and understanding the 

underlying mechanism of the formation of nanowires. Absorption spectra of the 

colloidal solution are recorded using Jasco UV-VIS NIR Spectrophotometer and TEM 

images are recorded using 200kV High Resolution Transmission Electron 

Microscopy.  

 Experimental setup for measuring coherent back scattering from Ag 

nanowires is described in chapter 2. Mono-dispersive Ag nanowires are purchased 

from Sigma-Aldrich having a length of 10µm and width of 60 nm. Back scattering 

from various concentrations of Ag nanowires dispersed in 2-propanol are measured by 

maintaining all other parameters constant.  

Ag nanowires are incorporated in the gain medium (Rh6G) in the liquid phase 

(MMA) and its optical characterisations are done using optical absorption and 

fluorescence spectroscopy. Further the whole liquid media is polymerised into 

preforms and drawn to POFs and its lasing and photostability measurements are done. 

Scanning Electron Microscopic (SEM) (JEOL Model JSM - 6390LV) image of Ag 

nanowires in POFs is also recorded to ensure its presence in the fiber. Rh6G doped 

POFs with Ag nanowires incorporated on its outer surface are also fabricated. 

Fabrication is detailed as follows. At first Rh6G dispersed in MMA is polymerised 

using the conventional polymerisation techniques. After complete polymerisation, the 

preform rod is detached from the test tube and is immersed in a viscous solution of 

MMA containing Ag nanowires taken in a bigger test tube. Then the whole sample is 

left for complete polymerisation at 90
0
C for 24h. Fig.8.1 shows a schematic 

representation of cross sections of Ag nanowires inside and outside the gain media in a 



Chapter 8   

148  International School of Photonics 

polymer rod. Lasing emission from Rh6G doped POFs with Ag nanowires inside and 

outside the gain medium are recorded and compared with bare Rh6G doped POFs. 

Photostability studies are also carried out with such fibers and a comparison with bare 

Rh6G doped POFs are made using the experimental setup detailed in Chapter 2.   

 
Figure 8.1: Schematic representation of Ag nanowires (A) Inside and (B) Outside the polymer 

preforms containing Rh6G as the gain medium 

Spontaneous Raman scattering from POFs are measured using the 

experimental setup discussed in chapter 2. Raman scattering intensity is measured for 

fibers of varying diameters. Enhanced Raman signal intensity in the presence of Ag 

nanowires is recorded using the same experimental setup. SERS of PMMA rods with 

Ag nanowires are also recorded using high resolution Raman spectrometer Horiba JY 

for confirming the signal enhancement provided by Ag nanowires. 

 

8.3 Results and Discussions 

8.3.1 Post-irradiation of Ag nanospheres using Xenon lamp 

 

 

Figure 8.2: (A) Particle size distribution of Ag nanoparticles generated in ethanolic solution of 

PVP and (B) Amplitude of auto correlation function g2(T) vs. delay time. 

From DLS, mean size of Ag nanoparticles generated in 1mM ethanolic 

solution of PVP is found to be 28nm with a standard deviation of 8nm as shown in 

Fig.8.2. Ag nanoparticles generated are subjected to irradiation from an unfocussed 

xenon lamp as post irradiation of metal nanoparticles can modify its nanostructure. 

Radiation from xenon lamp at IR region is cut using a water column and the spectra 
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recorded shows that the intensity of IR radiation has reduced considerably. Thus the 

spectrum ranges from UV to visible and near IR only. 

 

 
Figure 8.3: (A) Optical absorption spectra of Ag nanoparticles in ethanolic solution of PVP 

recorded after irradiation using xenon lamp at various time durations and (B) position and 

FWHM of plasmon band with respect to irradiation time. 

 

 

Figure 8.4: Representative TEM images of Ag nanoparticles (A) Irradiated by xenon lamp for 

7h (B) Magnified image at a resolution of 20nm and (C) SAED pattern showing the 

polycrystalline nature. 

Fig.8.3 (A) shows the optical extinction spectra of Ag nanoparticles recorded 

before and after irradiation at various time durations. It is found that when irradiated 

for 4 h the plasmon band shifts from an initial position of 401nm to 405nm with no 

appreciable change in the band width. As the time of irradiation is increased, the 

plasmon band shift increases with change in the bandwidth as depicted in Fig.8.3 (B). 

Since there is an appreciable blue shift in the plasmon band with increased bandwidth 

when irradiated for 7h, it is assumed that the irradiation is bringing some changes in 

the morphology of the nanoparticles. TEM image of the nanostructures recorded at 

this time is shown in Fig.8.4. From the image it can clearly be seen that the individual 

nanoparticles are aggregated. PVP in ethanol has an optical absorption in the UV 

region. Due to irradiation, the capping of PVP around nanoparticles has been altered 

and thus the nanoparticles suffer the problem of instability leading to aggregation. 
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Aggregated nanoparticles are found to be polycrystalline which is confirmed from the 

ring pattern obtained in the SAED pattern given in Fig.8.4 (C). With further increase 

in irradiation time, blue shift of the band is observed and when the time of irradiation 

is 32h, plasmon band peaks around 440nm with band intensity nearly reaching zero. 

Thus it is concluded that irradiation using xenon lamp promotes aggregation of metal 

nanostructures. 

8.3.2 Post irradiation of Ag nanospheres using 532nm laser pulses  

 
Figure 8.5: Plasmon absorption band of Ag nanocolloids (a) generated by laser ablation at the 

fundamental wavelength of Nd-YAG (b) nanocolloids irradiated by 532nm for 45min (c) for 

9h and (d) for 18h. 

Sample solution is subjected to focussed laser radiations at 532nm from Nd-

YAG nanosecond pulsed laser. For effective structural modification of the 

nanoparticles, it should absorb the incoming radiations. Ag nanoparticles respond 

effectively to 355nm and 532nm radiations since the efficiency of self absorption is 

high at these wavelengths as compared to 1064nm [31]. After 45min of irradiation, a 

change in colour of the colloidal solution from light yellow to a darker one is observed 

and the corresponding absorption spectrum is given in Fig. 8.5. A decrease in the 

absorption band intensity is observed with shift of 5 nm in the SPR peak. Also no new 

SPR peaks are noticed in the spectrum. Fig. 8.6 shows the TEM image of the 

nanocolloidal solution after 45min of irradiation. From Fig.8.6 (B), we can see the 

fragments of Ag nanocolloids are having an average size of 5nm.  
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Figure 8.6: (A) TEM image of nanocolloids irradiated for 45min by laser pulses at 532nm from 

Nd-YAG laser and (B) Distribution of nanoparticles. 

 
Figure 8.7: TEM image of Ag nanoparticles irradiated by laser pulses for 9 hours. (A) 

Assembly of unstable nanoparticles via laser radiation and (B) enlarged view of the association 

of nanoparticles to form stable structures. 

Almost all of the larger nanoparticles are fragmented into smaller ones. Takeshi et al. 

reported [10] that stability of nanoparticles is directly proportional to size. So the 

unstable atoms of such nanoparticles move from one nanoparticle to another promoted 

via laser irradiation and it results in the formation of nanoparticles with stable shapes 

and sizes. This process is known as ripening mechanism. From the TEM images of the 

colloidal solution irradiated for 9h given in Fig. 8.7 (A) and (B) the process involved 

in ripening mechanism can be seen. The fragmented particles of size in the range of 1–

5nm assemble together to form more stable shapes such as nanorod like structure 
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having an average width of 160nm. The corresponding absorption spectrum of Ag 

nanocolloids is shown in Fig. 8.5. It is seen that the absorbance is reduced by more 

than 50% and the FWHM is increased twice as compared with the non-irradiated 

sample with no obvious shift in the SPR peak [32]. 

 

 

Figure 8.8: TEM images of Ag nanocolloids irradiated for 18 h. (A) Ag nanowires formed 

through ripening mechanism (B) Cross section of the nanowires (C) Aspect ratio distribution of 

nanowires and (D) SAED pattern of the nanowires. 

Further irradiation of the sample has brought down the plasmon absorption to 

nearly 4% of the maximum and the FWHM to 170nm which is thrice that of the non-

irradiated sample as is shown in Fig. 8.5. Fig.8.8 depicts the TEM image of a well 

defined Ag nanowire with an average diameter of 160 nm and a length of 8.7µm 

(average aspect ratio of 54). The darker region around the nanowires indicates the 

presence of PVP around them. Fig.8.8 (B) shows an enlarged view of the nanowire 

and the aspect ratio distribution of Ag nanowires (Fig.8.8 (C)). Average aspect ratio is 

around 50. However, because of the restriction in the crystallographic facets induced 
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by PVP for the formation of nanowires from nanostructures, only a few percentage of 

nanorod like structures is converted to nanowire [32]. From the SAED pattern 

depicted in Fig.8.8 (D), it is inferred that the nanowires so formed are polycrystalline 

[32]. It is inferred that these nanowires are formed through ripening mechanism 

promoted by the presence of PVP in the solution. The interaction strength of atoms 

lying on different crystallographic facets is different for various capping agents such 

as PVP. Yugang Sun et al. experimentally demonstrated that PVP which is a 

polymeric capping agent interacts more effectively with the {1 0 0} facets of the 

nanowires rather than {1 1 1} facets [22]. Thus the Ag nanorod like structure having 

an average width of 160nm formed via ripening mechanism when irradiated for 9h 

ends up as nanowires having the same width since the PVP in the ethanolic solution 

masks the surface of the nanorod like structures ({1 1 1} facets) and allows the ends 

({1 0 0} facets) of them to readily react with unstable Ag atoms in the nanoparticles to 

form nanowires. The colour of the sample has changed from yellow to greenish yellow 

as shown in Fig. 8.9. This work supports the plausible mechanism behind the 

formation of Ag nanowires suggested by Tsuji et al. [10]. 

 

Figure 8.9: Photograph of the Ag colloidal solution before and after irradiation. 18 hours of 

irradiation has changed the colour from yellow to a pale green. 

Thus periodic monitoring during the irradiation reveals the various steps involved in 

the process of nanowire formation. It involves fragmentation of larger particles to 

smaller ones when irradiated for 45min, formation of nanorod like structure through 

ripening mechanism when irradiation is continued for 9h and finally PVP assisted 

nanowire formation when irradiated for 18 h. 
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8.3.3 Optical characterisation of Ag nanowires dispersed in 2-propanol 

 As there are limitations in the formation of mono-dispersive Ag nanowires 

using the technique mentioned above, the experiments using Ag nanowires are carried 

out by making use of nanowires purchased from the market. 

 

Figure 8.10: Optical absorption spectra of Ag nanowires dispersed in 2-propanol. 

Fig.8.10 shows the optical extinction spectra of Ag nanowires dispersed in 2-propanol. 

The peak of the plasmon band is at 381nm which corresponds to the longitudinal 

plasmon modes of the nanowires. Fig.8.11 depicts the TEM image of nanowires and 

the dimensions of the nanowires are found out to be 60nm width and 10µm length. 

The TEM image indicates its mono-dispersive nature. HRTEM shown in Fig.8.11 (B) 

indicates that nanowires are polycrystalline in nature.  

 

Figure 8.11: (A) Representative TEM image of Ag nanowires and (B) HRTEM indicating the 

polycrystalline nature. 
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Since the diameter of the nanowires is nearly 60nm where scattering 

efficiency exceeds that of absorption efficiency in the case of nanospheres [33], its 

scattering efficiency needs to be taken into account. An appropriate measure of 

scattering amount is the mean free path l for the light entering the medium times the 

magnitude of wavevector k. Localisation of light within the medium is expected when 

kl≤1 which is known as modified Ioffe-Regel criterion [34-35]. Below this value the 

electric field of the light cannot even perform one complete oscillation, before it is 

scattered. To characterise the mean free path of the samples, coherent back scattering 

experiment has been performed. It is an interference effect occurring between the 

counter-propagating waves leading to a narrow cone in exact back scattering [36-37]. 

The width of the backscattering cone and the angle of the cups are inversely 

proportional to l [38-41] and is given by 

                      
l




2
                                                       (8.1) 

where λ is the wavelength of the scattered light, l is the mean free path and θ is the 

angular width of the cups.  

 

Figure 8.12: Coherent back scattering cones obtained from Ag nanowires of 60nm width and 

10µm length with respect to varying concentration of nanowires where (a) 0.00032M (b) 

0.0032M and (c) 0.032M. 

Fig.8.12 depicts the spectra of light emitted in the backscattering direction and 

collected using a CCD spectrometer for varying concentrations of Ag nanowires. The 

spectra are obtained by subtracting the reference spectrum which is obtained from the 
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light scattered from the surface of the cuvette containing 2-propanol. However, any 

appreciable shift in the angular width of the cups with respect to the concentration of 

the nanowires in the solution is observed. But an appreciable variation in the intensity 

of the back scattered light is noticed, with maximum intensity corresponding to a 

concentration of 0.032M Ag nanowires. The value of mean free path obtained, by 

substituting necessary values in equation (8.1), is 3.7µm. The value of kl thus obtained 

is 44 which is much higher than unity. As kl >>1, the present system works under 

weakly scattering regime [42]. 

In order to further confirm that Ag nanowires in the gain medium are in the 

weakly scattering regime and that it will not support random lasing, lasing of  Rh6G 

doped MMA solution in the absence and presence of Ag nanowires are recorded and is 

shown in Fig.8.13 (with concentration of Rh6G as 2.5×10
-4

M and that of Ag nanowire 

0.032M). Since lasing emission requires an external feedback, it is assumed that the 

wall of the cuvette acts as a Fabry-Perot (FP) like optical cavity for which length 

corresponds to the wall thickness. The fine structure pattern shown in the figure can be 

attributed to the axial modes of the Fabry-Perot cavity formed by the cuvette wall. The 

mode spacing can be calculated using the equation given by 

                                               
nL2

2
                                                       (8.2) 

where λ is the wavelength of the strongest lasing emission line, n is the refractive 

index and L is the length of the resonator cavity [43]. In the present case n is the 

refractive index of the quartz cuvette which is 1.46 and L is the thickness of the wall 

and is found to be 1.2mm and substituting these values in the equation yields mode 

spacing as 0.09nm which matches exactly with the mode spacing obtained from 

Fig.8.13 (A). As clearly seen from the same figure, a modulated output spectrum is 

obtained at this concentration (2.5×10
-4

M) of Rh6G. As a result, cavity finesse is 

periodically modulated in Δλ with a period δλ determined by the relation [44] given 

by 

                                               
eff

eff

n

n


                                                  (8.3) 

where 
'

effeffeff nnn  is the difference between the effective refractive index of 

quartz cuvette (neff) and gain medium (
'

effn )  . Substituting the values in the above 

equation yields δλ as 3.3nm which matches nearly with the experimentally calculated 

value of 3.91nm. As can be seen from Fig.8.13 (B), even with a concentration of 

0.032M Ag nanowire in 2.5×10
-4

M Rh6G, no sign of random lasing is observed which 
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is caused by scattering in the presence of nanowires in the solution. Instead, well 

resolved axial modes of a FP cavity are obtained. But in this case no modulated 

spectrum is observed due to the variation in the effective refractive index of the 

medium as compared to pure dye doped gain medium. 

 

 

Figure 8.13: Lasing obtained from Rh6G in MMA solution (A) without Ag nanowires and (B) 

with 0.032M Ag nanowires pumped at an energy of 10mJ by 532nm laser pulses and emission 

is collected transversely from a cuvette of 1mm optical path length. 

8.3.4 Ag nanowires doped polymer rods and polymer fibers 

 Rh6G doped polymer preforms with and without Ag nanowires of 1.2cm 

diameter are sliced into a thickness of 460µm and are polished by conventional 

techniques. Fluorescence emission from the rods (not shown here) indicates that Ag 

nanowires are capable of providing a large emission enhancement and EF for an 

optimum concentration (0.00032M) is found to be 4.5. Concentration of Ag nanowires 

in the polymer preforms and its designation are provided in Table.8.1. Time-resolved 

fluorescence spectra of the same are recorded and are shown in Fig.8.14. The curves 

are fitted using a triple exponential function given by 
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where ηi are observed lifetimes with amplitude or molecular fraction αi, such that  

                                      

1
i

i  

The amplitude weighted lifetime is then calculated using 

                                          i
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i                                                   (8.5) 
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Figure 8.14: Time resolved fluorescence spectra of Rh6G doped polymer rods with and without 

Ag nanowires. 

Table 8.1: Multi exponential analysis of intensity decay of Rh6G doped polymer rods with and 

without Ag nanowires showing molecular fraction (αi), observed lifetimes (ηi), amplitude 

weighted lifetime (<η>) and goodness of fit parameter (
2

R ). 

Sample [Rh6G] 

(10-4M) 

[Ag] 

(10 -3 M) 

α1 α2 α3 τ1 

(ns) 

τ2 

(ns) 

τ3 (ns) <τ> 

(ns) 

2

R  

ZW 5
 

----- 0.49 2E
-
5 0.50 6.92 0.45 6.94 6.93 1.14 

ZW1 5 0.32 3E-6
 

0.02 0.97 2.83 6.37 0.013 0.156 1.09 

ZW2 5 3.2 0.32 0.49 0.17 5.51 7.89 0.205 5.66 1.09 

ZW3 5 32 0.50 0.06 0.43 7.36 7.92 7.24 6.72 1.06 

 

From Table.8.1, it can be seen that in the presence of an appropriate amount of 

Ag nanowires (ZW1) lifetime reduction of Rh6G from 6.93ns to 0.156ns is noticed. 

This reduction in lifetime is due to the fact that there are hot spots at the ends of 

nanowires where electric field intensity is largest as compared to that of a sphere [15, 

45-46] as shown in Fig.8.15. Thus the hotspots present at the ends of the nanowires 

enhance the emission of the nearby fluorophores even more efficiently than that of 

nanospheres and thus the lifetime is reduced drastically. The reduction in lifetime for 

other concentrations of Ag nanowires such as ZW2 and ZW3 is much less as compared 

to ZW1. Thus an optimum concentration of nanowires is crucial in reducing the 

lifetime of the dye considerably.  
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Figure 8.15: Electric field distribution at wavelength of 350nm calculated for (A) Ag nanowire 

(1µm length, 2nm diameter) and (B) Ag nanospheres (50nm diameter) [15]. 

Table 8.2: Quantum yield (QY), radiative decay rate and non-radiative decay rate of Rh6G in 

the presence and absence of Ag nanowires. QY obtained from the experimental data is found 

out using single point method. 

Designation QY 

Calculated 

QY 

Experimental 

Radiative decay 

rate (10
9
/sec) 

Non-radiative 

decay rate 

(10
9
/sec) 

ZW 

ZW1 

ZW2 

ZW3 

0.85 

0.99 

0.88 

0.85 

0.85 

0.98 

0.90 

0.87 

0.123 

6.356 

0.155 

0.127 

0.0217 

0.0217 

0.0217 

0.0217 

 

In order to determine the radiative rate enhancement of Rh6G in the presence 

of nanowires, the lifetime of dye in the presence and absence of Ag nanowires and its 

intrinsic quantum yield are taken into consideration.  Thus increased radiative decay 

rate (γm Γ) and quantum yield (Qm) of the fluorophore in the presence of nanowires are 

calculated using the equations [47] given below and is depicted in Table 8.2.  

      
nr
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                                                       (8.6) 

mmm
Q                                                           (8.7) 
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where ηm is the lifetime of the fluorophore in the presence of nanowires. It is assumed 

that the non-radiative decay rate (Knr) of the fluorophore is unchanged in the presence 

of nanowires and so it is taken as a constant [47]. Thus we can see that in the presence 

of an optimum quantity of Ag nanowires, the radiative decay rate of the dye is 

enhanced reducing the lifetime of the fluorophore in the excited state. This highly 

enhanced radiative decay rate enhances the QY of the fluorophore nearly equals 1 and 

thus the emission intensity is enhanced drastically.  

 The rods are thus drawn into POFs of varying diameters and its lasing 

characteristics are studied. Fig.8.16 shows the SEM image of POF containing 

nanowires and its presence is confirmed. Confirmation of nanowire in the SEM image 

is done using EDS analysis. Further location of nanowire is not identified because of 

the burning of polymer upon increasing the magnification. Since the pumping 

wavelength (532nm) is far away from the resonance (381nm), the percentage of 

electric field enhancement is less but there is obviously a field enhancement provided 

by the surface plasmons as depicted from the normalised electric field distributions 

shown in Fig.8.17 [48].  

 

Figure 8.16: SEM image of a portion of POF containing 0.032M of Ag nanowires. 

The excitation is done using a plane wave polarised along the x axis with wavelengths 

of (a) 383nm which matches exactly with the plasmon resonance of Ag nanowires and 

(b) 532nm where all of the lasing studies are done. The field enhancement factor 

  0

2/122

0 // EEEEE yx  is approximately 2.4 when excited by 532nm where as an 
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enhancement of nearly 4.8 is noticed when excited by 383nm [48]. However the local 

electromagnetic field near Ag nanowires is still enhanced. 

 

 

Figure 8.17: Distribution of the electric field intensity normalized by the incoming field near 

the pure Ag nanowires (100nm diameter and 10µm length) at the wavelengths of (a) 382 and 

(b) 532 nm [48]. 

 

Figure 8.18: Integrated emission intensity of fibers as a log function of pump energy. 

With this inference we have conducted lasing studies, using 532nm laser pulsed from 

Nd-YAG laser, on POFs containing Rh6G and Ag nanowires in the gain media. Fibers 

of 200µm diameter are pumped and the emission is collected from one of the ends of 

the fiber. It is found, as in the previous cases of Ag nanospheres, nanoalloy and 

core/shell, that the threshold for lasing has been reduced significantly from 10mJ to 

0.5mJ with ZW1 as compared to POFs containing Rh6G only (shown in Fig.8.18). For 
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other fiber samples (ZW2 and ZW3) also, the threshold of lasing is less than that of 

ZW at 3mJ and 6mJ respectively. WGM lasing has been observed in the case of 

0.00032M Ag nanowires in the gain medium since they are in the weak scattering 

regime as kl<<1. Thus the scattering of emission of the fluorophores by the nanowires 

present in close proximity of them is negligible so that microcavity present in the fiber 

supports WGM lasing. However due to the electric field enhancement provided by the 

nanowires, through enhanced radiative decay rate, the threshold pump energy is 

reduced considerably.  Thus efficient fiber lasers are demonstrated here in the 

presence of an optimum concentration of Ag nanowires. 

 

 

Figure 8.19: WGM lasing from (A) Ag nanowire doped POF lasers (where inset shows the 

Gaussian fit of mode at 580nm) and (B) Bare dye doped POFs (and inset shows the Gaussian 

fit of mode at 574nm) with varying pumping energy. 

Fig.8.19 shows the WGM lasing from Ag nanowires doped in the gain media 

of POFs. Mode spacing between two adjacent modes are found to be 0.36nm which 

matches with the spacing calculated theoretically. Average linewidth of the WG 

modes are found to be 0.06nm. The quality factor of the modes are calculated using 

            





Q                                                         (8.8) 

where Δλ is the linewidth of the mode corresponding to the wavelength λ and is found 

to be 6×10
3
. Lasing characteristics obtained from similar POFs without Ag nanowires 

matches exactly with that shown in the Fig.8.19 (B) and the Q factor obtained is 

5×10
3
. Studies on other fiber samples of varying diameter resulted in similar spectra as 

in the previous case with different mode spacing depending on the diameter of the 

fiber. 

Fig. 8.20 compares the emission, when pumped transversely using laser at 

532nm, from bare Rh6G doped POFs and Rh6G doped POF with Ag nanowire 

incorporated on outer surface of the fiber. It can be seen that no lasing is noticed at the 

threshold energy corresponding to lasing from bare Rh6G doped POFs. When pumped 

at 26mJ, which is well above the threshold energy (2mJ) for lasing of bare Rh6G 
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doped POF, only the reduction in the bandwidth from 45nm (initially) to 10nm is 

noticed for Rh6G doped POFs with Ag nanowires on the outer surface. Also from the 

photostability measurements, it is seen that bare Rh6G doped POFs are more stable 

than Rh6G doped POFs with Ag nanowire outside the gain medium (not shown here).  

 

Figure 8.20: Lasing emission from (a) bare Rh6G doped POFs and (b) Ag nanowires outside 

bare dye doped POFs when pumped at 2mJ. 

For emission enhancement of the dye, nanoparticle and the dye should be in adequate 

distance. Since Ag nanowires are coated outside the fiber, the distance between them 

may be large so that nanowires cannot influence the emission of dye molecules 

through its plasmon resonance. Thus Ag nanowires incorporated on the outer surface 

of dye doped POFs deteriorate lasing action through energy transfer mechanisms like 

NSET. 

The photostability of all set of fibers under consideration (Ag nanowires in the 

gain medium) are measured and is shown in Fig.8.21. As expected, ZW1 shows the 

least photobleaching rate as compared to other fibers due to the shortest lifetime 

exhibited by them because of the presence of an optimum concentration of Ag 

nanowires. Bare dye doped POFs showed a half life of 24700 shots whereas ZW2 and 

ZW3 showed a half life at lower pulse count (12990 and 9000 respectively). But ZW1 

is found to be photo stable up to a pulse count of 27000 shots.  
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Figure 8.21: Photostability curves of Rh6G doped POFs in the presence and absence of Ag 

nanowires. Fibers of 200µm diameter and 5cm length are taken from all sets and are pumped at 

10mJ laser energy. 

8.3.4.1 Surface Enahnced Raman Scattering of PMMA by Ag nanowires 

 

Figure 8.22: Recorded Raman spectra of PMMA based POF. 

Fig.8.22 depicts the spontaneous Raman spectrum recorded from a fiber of 

500µm diameter and 10cm length using the experimental setup given in chapter 2. The 
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observed Raman bands are stoke shifted Raman lines produced on the lower energy 

side of the pump laser. The most prominent Raman band is observed at 2957cm
-1

 with 

two shoulders at 2846cm
-1

 and 3004 cm
-1

. The other Raman bands are observed at 

372, 486, 610, 821, 990, 1462, 1646 and 1730 cm
-1

. The band within the range of 

2800-3100 cm
-1

 is identified as C-H stretching vibrations of CH2 and CH3 [49-52] 

groups of PMMA. The band at 1730cm
-1

 is due to C=O stretching and that at 1460cm
-1

 

is due to C-H bending [49]. The band at 990cm
-1

 is due to C-O stretching and that at 

821cm
-1

 is because of CH3 rocking [49-52]. Two new bands at the higher energy side 

of the stokes spectra of PMMA are observed one at 486 cm
-1

 and another at 372 cm
-1

.  

 Variation of intensity of the Raman line at 2957cm
-1 

with diameter of the fiber 

is plotted in Fig.8.23. It is found that as the diameter of the fiber is increased, the 

relative intensity of the Raman line is increased. Beyond 550µm diameter, no 

appreciable increase in the relative intensity is observed. 

  

Figure 8.23: Variation of Raman intensity at 2957cm
-1

 with diameter of the polymer fiber. 

As far as an amplifier is considered, gain coefficient is an important parameter since it 

determines the threshold power needed for stimulated Raman scattering in POF with 

parameters such as attenuation of the fiber, length, area of the fiber etc. The relation 

for gain coefficient [51] is given by  
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where N dζ/dΩ is the differential scattering cross section, c is the speed of light in 

vacuum, νs and νp are the stokes and pump frequencies, h is the Planck‘s constant, k is 
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the Boltzmann constant, T is the absolute temperature ΔνN is the FWHM intensity and 

ns is the refractive index of the material. The value of differential cross section of 

PMMA at 2957cm
-1

 is taken as 1.968×10
-8

 cm
-1

sr
-1

 from a previous study by Thomas 

et al. [51]. Substituting the values in the above equation yields gain coefficient as 

0.5×10
-12

cmW
-1

 for POF of 550µm diameter. Higher the gain coefficient, lower is the 

threshold pump power needed for Stimulated Raman scattering.  

SERS is a well known phenomenon of enhancing the Raman signal of 

molecules adsorbed on metal nanostructures. Raman peaks of PMMA based POFs 

(with a diameter of 420µm and length of 3cm) in normal Raman (NR) scattering and 

SERS due to the presence of Ag nanowires (60nm×10µm) has been recorded using the 

same experimental conditions (Fig. 8.24). Enhanced Raman scattering intensity of 

PMMA is noticed in the presence of Ag nanowires thus supporting SERS. Raman 

signals are enhanced by the strong electromagnetic field of nanostructures coupled to 

the vibration intensities of the molecules near the nanostructures [53-54]. Raman 

signal intensities are related to the various parameters such as size and shape of the 

nanostructures [55-56] and its distributions [57]. Since the plasmon field generated at 

the tips of nanowires are much higher than that of a sphere of comparable size [15], it 

is assumed that the molecules in the vicinity of the nanowires experience enhanced 

Raman scattering. Also at higher concentrations of Ag nanowires, there can be crossed 

Ag nanowires and nanowire bundles which have even higher SERS enhancement 

factors as compared to single nanowires. This is due to the higher density of 

interstitials produced by strong sp coupling when the nanowires are so close to each 

other [58]. Thus SERS signal intensity is found to be dependent on the concentration 

of Ag nanowires in the substrate. Higher concentrations of Ag nanowires (higher than 

0.032M) in PMMA POFs yields scattering of the incoming laser pulses and so Raman 

signal are not able to be collected. Analytical enhancement factor (AEF) of the 

vibration peak at 2957 cm
-1

 with concentration of Ag nanowires is shown in Fig. 8.24 

(B). AEF is calculated using  

                     
SERSNR

NRSERS

CI

CI
AEF                                               (8.10) 

where ISERS and INR are the intensity of the vibrational peak in SERS and NR 

measurements respectively and CSERS and CNR are the concentration of the analyte in 

SERS and NR measurements respectively [59]. An optimum concentration of 0.032M 

Ag nanowires is found to enhance the magnitude of signal intensity nearly 3.2 times. 

Since the magnitude of enhancement is of the order of tens it is assumed that among 

the two types of mechanism responsible for SERS (such as electromagnetic 

enhancement and chemical enhancement described in Chapter 1), chemical 

enhancement factor contributes to SERS in this case. Chemical enhancement provides 
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an enhancement of Raman scattering intensity upto 10
2
 times and it occurs when the 

molecules are adsorbed strongly on the metal nanostructures, thereby changing its 

polarizability [59].  However, it is found that Raman scattering of PMMA is enhanced 

in the presence of Ag nanostructures thereby making PMMA based POFs as good 

substrate for remote sensing of analytes. 

 

 

Figure 8.24: (A) Raman scattering intensity of PMMA POFs (a) normal Raman (b) SERS in 

the presence of 0.00032M concentration of Ag nanowires (c) 0.032M and (B) Enhancement 

factor of SERS with respect to concentration of Ag nanowires. 

Raman signal of polished PMMA rods of 1mm thickness in the presence of Ag 

nanowires is also measured using high resolution Raman spectrometer Horiba JY and 

is shown in Fig 8.25.  

 
 
Figure 8.25: Raman scattering of PMMA rods (a) in the absence and in the presence of (b) 

0.0032 M (c) 0.032 M Ag nanowires. 
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It is found again that Ag nanowires promote SERS and signal intensity depends on the 

concentration of Ag nanowires. SERS is found to be maximum for a concentration of 

0.032 M Ag nanowire. However an enhancement factor of only 1.5 times is observed 

in this case. 

8.4 Conclusions 

 Average size of Ag nanospheres formed in 1mM ethanolic solution of PVP is 

found to be 28nm with a standard deviation of 8nm.  

 Post irradiation of Ag nanospheres using xenon lamp resulted in the formation 

of agglomerates Ag nanoparticles. 

 Irradiation of Ag nanospheres using ns pulses from Nd-YAG laser at 532nm 

yielded well defined Ag nanowires with an average aspect ratio of 50 which is 

not observed in previous reports. 

 Ag nanowires of 60nm width and 10µm length are polymerised into preforms  

with Rh6G and from the time resolved fluorescence spectra it is found that the 

lifetime of Rh6G in the presence of an appropriate amount of Ag nanowires is 

reduced appreciably. Radiative decay rates calculated for this particular 

concentration of Ag nanowires indicated that the radiative decay rate is 

increased drastically, increasing the quantum yield of the fluorophore nearly 

equalling unity.  

 Since the concentration of nanowires in the medium are in the weakly 

scattering regime, WGM lasing from POFs containing Ag nanowires in the 

gain media are noticed where curved surface of the fiber provides the 

feedback. Reduced lasing threshold as well as enhanced photostability is 

observed in the presence of an optimum concentration of Ag nanowires 

thereby demonstrating efficient fiber lasers. 

 Presence of Ag nanostructures in PMMA promotes SERS. An enhancement 

factor of 3.2 is noticed with an appropriate quantity of Ag nanowires in 

PMMA based POFs. 
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Chapter 9 :  

General conclusions and future prospects  
 

 

A glimpse of general conclusions of the work done in this thesis is discussed 

along with some insight to the future regarding this work. 
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PMMA based POFs are still in progress in the class of plastic fibers owing to 

thier high optical transparency in the visible region, flexibility, low birefringence and 

good processability. PMMA is a good host material for the incorporation of optical 

gain media like organic dyes. Fiber lasers incorporating laser dyes have several 

advantages over conventional solid state lasers such as low threshold lasing due to its 

light confinement in the waveguiding structure. Recently it is found that the 

environment of the fluorophore/dye can be engineered by the presence of conducting 

metal nanoparticles. Size and geometry are the main parameters of the nanoparticles 

that determine the properties of the localised surface plasmon it supports. Thus either 

enhancement or quenching of dye‘s emission is possible in its presence. The thesis 

presented in eight chapters dealt with the preparation of metal nanoparticles with 

various nanostructures and their influence on fiber laser properties such as lasing 

efficiency and photostability.  

Conventional synthesis method of metal nanoparticles following chemical 

route suffers several disadvantages. Most of them are overcome in physical route 

making use of laser ablation of metal targets in various liquid environments. Metal 

nanoparticles of gold and silver were synthesised using laser ablation in various liquid 

media. Depending on the dielectric function and polarizability of the liquid 

environment, nanoparticles produced showed different size distribution. Nanoparticles 

were found to be stable with increase in polarizability of the medium. Laser 

parameters affecting the shape and size distribution of nanoparticles such as laser 

wavelength, fluence, pulse duration and number of laser shots were optimised. With 

optimised parameters, gold nanoparticles were synthesised in Methyl Methacrylate 

and its influence on the optical properties of Rh6G such as optical extinction, optical 

emission, lifetime and quantum yield were studied. Further, gold nanoparticles were 

incorporated into polymer fiber containing Rh6G as the gain media. Presence of Au 

nanoparticles deteriorated the lasing and photostability of dyes in the fiber cavity 

through FRET. Silver nanoparticles prepared by laser ablation in different media such 

as ethanol and MMA have shown different plasmonic properties when integrated with 

dyes. Silver nanoparticles produced in ethanolic environment improved the lasing 

efficiency of fiber laser through enhanced radiative decay rate thereby enhancing the 

gain of the medium whereas that produced in MMA deteriorated lasing action through 

NSET. Au-Ag core/shell and nanoalloys were successfully produced by laser ablation 

of Ag target in the already synthesised Au nanocolloids. Low threshold whispering 

gallery mode lasing emission from POFs with enhanced photostability have been 

noticed in the presence of bimetallic nanostructures as compared to their individual 

monomeric nanoparticles. Femtosecond laser irradiation of Rh6G has found to modify 

the structure thereby enhancing the emission of the dye nearly 30%. Unlike in the case 

of fs laser pulses, Rh6G when irradiated by ns laser showed reduced fluorescence 

intensity under all experimental conditions. Lasing emission from step index POFs 
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with pure as well as modified Rh6G as the gain medium showed exactly the same WG 

modes and modified Rh6G doped POFs showed a 4 fold increase in lasing mode 

intensity with a threshold reduction. Post irradiation of Ag nanospheres using Nd-

YAG laser yielded Ag nanowires with an average aspect ratio of 50. Radiative decay 

rates calculated for an optimum concentration of Ag nanowires has increased the 

radiative decay drastically thereby increasing the quantum yield of the fluorophore 

nearly equalling unity. WG multimode lasing was observed from Ag nanowire 

incorporated in the gain media of step index POFs since Ag nanowires were in the 

weakly scattering regime thus avoiding scattering mediated lasing such as random 

lasing. Threshold reduction of nearly 20 times has been observed with high 

photostability upto 27000 laser shots. Also presence of Ag nanowires promoted SERS 

of PMMA and an enhancement factor of 3.2 was noticed with an appropriate amount 

of Ag nanowires. Thus efficient polymer fiber lasers incorporating various metallic 

nanostructures with enhanced photostability have been demonstrated in this thesis 

work.  

One of the major advantages of preparation of metal nanoparticles by 

chemical route is production of mono-dispersive nanoparticles. So studies can be 

extended to the synthesis of mono-dispersive metal nanoparticles by laser ablation. By 

post-irradiation of already synthesised nanocolloidal solution, even more 

nanostructures such as nanobelts, nanorods can be prepared and its influence on the 

lasing and amplification properties of dye doped POFs can be studied. Versatility of 

dyes available, including natural dyes, can be utilised effectively for the fabrication of 

dye doped POFs. Natural dyes such as Curcumin can be replaced for synthetic dyes in 

the gain medium of fiber lasers and amplifiers. Photostability and quantum yield of the 

dyes can be improved by the presence of noble metal nanoparticles.  Since graded 

index dye doped POFs exhibit ASE and lasing at low threshold than SI POFs, GI 

POFs with dye-metal nanoparticles in the gain medium can be fabricated. Optical fiber 

sensors based on localised Surface Plasmon Resonance, making use of metal 

nanoparticles, can be fabricated. Instead of depositing nanoparticles at the end of the 

fiber, the whole fiber fabricated with metal nanoparticles in the core/cladding of the 

fiber (as presented in the thesis) can be utilised. Photonic Crystal Fibers with 

nanoparticles embedded in its material can be fabricated for enhancing the optical 

non-linearity of the fiber. Metal nanoparticles incorporated in fiber can be further 

employed for making effective probe for SERS for the detection of remote analyte 

molecules.  
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