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Chapter 7 

Conclusion and future scope 

In the first part of the thesis, growth of i) controlled morphologies of Au and Ag-Au alloy 

nanoparticle films and ii) high concentration Ag nanoparticles dispersed in aqueous solution, 

has been demonstrated using pulsed laser ablation technique. These nanoparticle films 

exhibited tunable LSPR response in visible to near IR region suitable for SERS application. 

The second part of the thesis is focused on optimization of synthesis of Au-ZnO 

nano-composites of two morphologies (core-shell and Au decorated ZnO nanorod) useful for 

photocatalytic dye degradation of different dyes for water treatment application, using 

hydrothermal method.  

In order to obtain LSPR response in as-grown films (i.e. in single step) of Au or Ag, high 

substrate temperature during film deposition was found to be important. Other than realizing 

LSPR response, variation of substrate temperature was found to be helpful in controlling 

nucleation density or film morphology for fine tuning of the LSPR of a given thickness of these 

metal films. The films produced at optimum substrate temperature of about 300oC have shown 

blue shifted and narrow band LSPR. In all the cases, the films were formed with densely 

packed nanoparticles and increasing film thickness resulted large size nanoparticles and red 

shifted LSPR response. At optimum substrate temperature (about 300oC) the grown Au films 

of thickness about 5-15 nm resulted strong and narrow LSPR band tunable in range of about 

600-800 nm. Alumina layer capping on these metal nanoparticle films has resulted redshifted 

LSPR response. Au films grown at low substrate temperature (< 300 oC) resulted formation of 

interconnected nanoparticles due to high nucleation density and those grown at 500 oC 
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produced high aspect ratio nanoparticles of irregular shapes. Substrate temperature of about 

300 oC resulted relatively uniform size nanoparticles of average size in the range of 20-35 nm. 

Pulsed nature of film deposition in PLD was explored for growth of composition control 

Ag-Au alloy nanoparticle films for tuning of LSPR wavelength without much change in its 

broadening. Alloy composition was varied by changing ratio of ablation pulses of two targets 

(i.e. Ag and Au) in sequential laser ablation process. The composition of the alloy films has 

been determined from XPS and EDS, and were found to be in consistent with amount of Ag 

and Au deposited by their respective number of ablation pulses. By varying alloy composition 

and film thickness, the LSPR wavelength tuning was achieved in the range of 450-900 nm. At 

RT growth, Ag has shown more tendency to form nanoparticle films compared to Au, as a 

result, only Ag and Ag rich films showed LSPR response. However, at optimum substrate 

temperature of 300-400 oC, all films of different alloy compositions showed formation of 

densely packed nanoparticles with particle densities in the range of ~ 1010 to 1011 cm-2 with 

tunable LSPR response.  

Effective dielectric function of these films of known thickness and nanoparticle sizes were 

determined from effective medium theory, which accounts particle-particle and 

particle-substrate interactions pertinent to the formed densely packed nanoparticles. For these 

calculations, the required input dielectric function of Au and Ag was taken from the literature 

and for Ag-Au alloy nanoparticle films of different compositions it is obtained from different 

theoretical models. Optical response determined from this effective dielectric function 

revealed that same LSPR wavelength can be realized with different combinations of particle 

aspect ratio and metal volume filling fraction nanoparticles in these films. These theoretical 
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predictions helped in determining the possible range of LSPR tunability in Au or Ag or their 

alloy films. This confirms Ag-Au alloy nanoparticles formation and further revealed the 

reasons for the experimental observation of same LSPR wavelength in different thickness films 

grown at different substrate temperatures.  

Further, effective dielectric function of films of different morphologies (i.e. either 

continuous or percolated or nanoparticles without knowing their morphological parameters) is 

also determined experimentally from spectroscopic ellipsometry. Fitting of the ellipsometry 

data was carried out with combination of Drude and Gaussian oscillators based analytical 

model that revealed the variation of free electron response with film thickness and growth 

temperature. In RT grown Au films of high thickness of about 38 nm, the free electrons have 

shown Drude model type response. However, for the films grown at 300 oC, the free electrons 

have shown oscillator type behavior, which reveals LSPR response in these films. The 

oscillator energy was found to be red-shifted with increasing film thickness or Au percentage in 

alloy films, which is in consistent with the optical transmission. The imaginary part of 

dielectric response has shown LSPR excitation peak which red shifted with film thickness or 

Au percentage and also inter-band absorption edge, which red-shifted only with Au percentage. 

Calculated transmission from the obtained dielectric response of these films also matched with 

the experimentally measured transmission spectra. 

These densely packed nanoparticle films have been used as SERS substrates for trace 

detection of Rh6G molecules. Wide wavelength range LSPR tuning in these films allowed 

Raman measurement at different excitation wavelengths. For a given film thickness, those 

grown at 300 oC with strong LSPR band near the excitation wavelength have shown largest 
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SERS EF of the order of about 2.5 x 106. In case of Ag-Au alloy films grown at optimum 

temperature, the SERS EF varied with film composition and thickness. Films of very low 

thickness (< 3 nm) with weak LSPR strength did not result significant increase in SERS 

intensity. For 488 nm excitation wavelength, Ag and Ag rich films of 3-10 nm thickness 

produced the highest SERS enhancement factor in the range of 5 x 105 - 1.6 x 106, compared to 

Au and Au rich films. For 633 nm excitation wavelength, alloy films produced larger 

enhancement factor in the range of 5 x 104 - 1.5 x 105, compared to pure Ag and Au films. The 

observed variation in SERS enhancement factor was attributed to overlap of LSPR wavelength 

and its strength at the excitation wavelength of Raman measurement.    

With intrinsic high LSPR strength offered by Ag or Ag rich alloy nanoparticle films 

resulted maximum SERS signal but due to atmospheric tarnishing, these films are not stable for 

more than a month in normal ambience. In this regard, high concentrations of Ag nanoparticles 

of spherical and triangular shapes in aqueous solution of single reagent has been produced 

using a novel method based on laser ablation and light irradiation. These nanoparticles are 

stable for more than one year of observation and exhibit LSPR response in wide wavelength 

range. In this method, laser ablation of Ag coin in citrate solution at optimum concentration of 

about 10 mM produced spherical and uniform shape Ag nanoparticles of average size of about 

13 nm. Mie theory-based calculation revealed that for 30 min. of laser ablation resulted into 

about 1.1 x 1012 Ag nanoparticles /mL and this concentration can be increased further with 

ablation time. At low citrate concentration or in pure DI water formation of inter-connected 

irregular shape nanoparticles was obtained. With irradiation under sodium lamp these Ag 

nanoparticles transformed into triangular shape nanoplates with broad LSPR band. In this 
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photo-mediated shape transformation process, addition of external Ag+ ions during irradiation 

helped in increasing the yield of Ag nanoplates. The shape transformation process was found to 

be efficient at citrate concentration of about 10 mM and smaller triangular nanoplates were 

formed at pH ~ 10 and above 25 mM of citrate. With the help of the grown Ag triangular 

nanoplates, detection of Rh6G of low concentration (1M) through SERS is also demonstrated. 

In this case, the nanoparticles colloids are mixed with aqueous dye solution, it is drop casted 

and dried on glass substrate, maximum SERS enhancement was observed in regions formed 

with large aggregates of the nanoparticles.  

Au-ZnO nanocomposites of two morphologies, (i) core-shell and (ii) Au nanoparticle 

decorated ZnO nanorods have been prepared and their photocatalytic response was studied. To 

form core-shell nanoparticle, Au nanocubes were synthesized in CTAC solution and ZnO shell 

layer was grown on these Au nanoparticles using ascorbic acid assisted growth method. 

Optical absorption variation during this growth and DDSCAT based analytical calculation of 

optical response of nanocubes revealed smoothening of Au nanocube edges during the shell 

growth. Crystallinity and photocatalytic response of these core-shell nanoparticles is 

significantly improved with annealing at temperatures more than 400C. On the other hand, 

as-grown ZnO nanorods through hydrothermal method (without CTAC/CTAB and AA) have 

shown good crystallinity. By photo-mediated reduction of Au salt, Au nanoparticles were 

deposited on ZnO nanorods. With 1 g/L loading of these nanoparticles, photocatalytic 

degradation of four different dyes namely MB, MO, RhB and Rh6G has been demonstrated. 

Compared to other dyes, MB dye has shown relatively faster degradation. As per LH model, 

for very low initial concentrations of MB (below 5 µM), the degradation is first order limiting 
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case and it approached to zeroth order at higher concentration (> 75 µM). Presence of different 

scavengers: EDTA (for photo-generated holes), NaN3 (for hydroxyl and singlet oxygen) and 

IPA (for hydroxyl radicals) have shown inhibition of dye degradation process. About 2.5 mM 

concentration of either EDTA or NaN3 have almost ceased the dye degradation, whereas for 

IPA, it occurred at 25 mM. Surface charge characteristics of both type of nanoparticles (i.e. 

core-shell and nanorods) significantly varied with changing pH of the solution. At low pH, they 

have shown positive zeta potential but at very high pH, they exhibited negative zeta potential. 

MB was found to degrade faster at higher pH ~ 12. However, MO, RhB and Rh6G dyes showed 

very little change in degradation within 3-10 pH range and at pH ~ 12 the degradation 

efficiency was found to decrease. The study showed that the produced nanoparticles could 

degrade both cationic and anionic dyes as well as their mixtures. In these dye mixtures also, 

MB has shown relatively faster degradation in comparison to other three dyes. The synthesized 

nanoparticles are environmentally friendly and the process is cost effective, which shows their 

use in treatment of dye water effluents. 

This research work has shown pulsed laser ablation is versatile for producing different 

morphological Au and Au-Ag alloy plasmonic nanoparticle films and Ag nanoparticle collide 

of tunable LSPR response. This work can be further extended for production of other different 

cost-effective alloy or composite nanoparticles of Ag-Cu, Al-Cu etc, with protective dielectric 

capping for tunable and long term sustainable plasmon response, and growth of plasmonic 

nanoparticles of different metals in presence of varied capping agents. The effective dielectric 

response determined from theoretical analysis is useful in precise estimation of optical 

absorption, scattering and reflection of these films. This knowledge is highly useful for 
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preparing desired LSPR characteristic plasmonic nanoparticles films, which are required to 

explore research in many other upcoming application areas. It includes dynamic color 

changing display technology, nano-structuring of silicon of different morphologies of via metal 

assisted chemical etching (MACE) process, broadband optical absorption coating for solar 

light harvesting, optical filters and plasmon enhanced photovoltaic and optoelectronic devices; 

apart from SERS at different excitation wavelengths, as demonstrated. We noticed that with 

same thickness of Au film deposited at different substrate temperatures, it is easier to form 

silicon nanowires (with RT grown film) and nano-porous substrates (with 300oC growth) 

through MACE, exhibiting significantly enhanced light absorption. Further, the knowledge 

gained in photocatalytic process is useful in developing photo-reactor for dye effluent 

treatment at large scale. Detailed studies on transient absorption in metal-semiconductor 

composite nanostructures will help in better understanding of charge transfer characteristics 

for realizing many more applications. The grown nanocomposites are useful for studying the 

photocatalysis related other applications like water splitting and CO2 to fuel conversion etc.  
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SUMMARY 

 

The present research work comprises of comprehensive study of plasmonic 

response of Au, Ag and their alloy nanoparticles films of varied morphologies, 

composition and mass thicknesses. The role of substrate temperature during the 

growth of these films for obtaining and tuning of localized surface plasmon resonance 

(LSPR) response has been addressed. Optical response and LSPR wavelength of the 

films is calculated as a function of volume filling fraction and aspect ratio of the 

nanoparticles, using modified Yamaguchi effective medium theory involving 

particle-substrate and particle-particle interactions. Morphology dependent effective 

dielectric response of Ag-Au alloy films is determined using spectroscopic 

ellipsometry, considering multiple oscillators based analytical model fitting of the 

experimental data. A correlation between LSPR response of the films and Raman 

excitation wavelength is obtained for trace level detection of Rhodamine 6G dye up 

to 500 nM concentration. Further, a novel method based on laser ablation in liquid 

followed by light irradiation is demonstrated for producing spherical and triangular 

Ag nanoparticles in a single reagent for SERS application. 

Au-ZnO nanocomposites in core-shell and decorated geometries are synthesized 

and photocatalytic response was studied through degradation of different organic 

cationic and anionic dyes. Effect of dye concentration, amount of nanoparticles, pH 

of the solution on degradation efficiency is addressed. Role of reactive oxygen 

species underlying the degradation process is studied in presence of different 
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scavengers at varied concentrations. The results reveal that hydroxyl radical plays 

vital role in this photocatalytic dye degradation process. These nanoparticles are 

environmental friendly and the process was optimized with low power UV light for 

cost effectiveness in treatment of industrial wastewater containing different dyes. 
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Chapter 01 

Introduction 

Currently studies on plasmonic metal nanoparticles has emerged as a prominent 

research area, finding applications in many fields like surface enhanced Raman 

spectroscopy [1-3], colorimetric sensors [4,5], photocatalysis [6-8], photovoltaics 

[8-10], optoelectronic devices etc. [10, 11]. Collective oscillations of free electrons 

present in a metal nanoparticle is termed as plasmon. When light is incident on a 

nanoparticle, oscillating electric field of light drives oscillations of free electrons in 

the metal, which are confined by boundary of nanoparticle [11,12]. The immobile 

positive ions in nanoparticle exerts restoring force on the electrons, resulting in a 

resonance of collective oscillations of the electrons, as shown schematically in Fig. 

1.1, which is termed as localized surface plasmon resonance (LSPR). When the 

incident light frequency matches with LSPR frequency, the nanoparticle act as a 

nano-antenna, resulting strong absorption and scattering of the incident light [3,4,12]. 

Further at LSPR excitation, the metal nanoparticles also show enhanced local electric 

field around them [9, 12]. The LSPR wavelength can be tuned by changing size, shape, 

metal composition, surrounding medium and spatial separation between the 

nanoparticles [4,12]. Au and Ag metals are chemically inert and their LSPR response is 

tunable in visible and near infrared regions, due to which, these nanoparticles are better 

choice in various applications as compared to other metals like Al, Cu etc. [13-16]. For 

effective use of these nanoparticles for different applications, synthesis and 

understanding of morphology dependent plasmonic response of metal nanoparticles 
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and their composites is essential. 

 

Fig. 1.1 Schematic of LSPR excitation in metal nanoparticles.   

1.1 Localized surface plasmon resonance in metal nanoparticles:  

As shown in Fig. 1.1, for spherical metal nanoparticle of size (a), much smaller 

than the incident light wavelength (λ) i.e. in quasi-static approximation, optical 

response of nanoparticle can be described in terms of its polarizability (α), as [11,12] 

         
d

d3
d ε+ε(ω)

εε(ω)
aπ=α

2
4


 ,             ... (1.1) 

where, ε(ω) is dielectric function of nanoparticle, which is complex (ε1+iε2) and 

depends on frequency (ω), and εd is dielectric constant of surrounding medium. The 

polarizability of nanoparticle becomes maximum when the denominator term: 

ε(ω)+2εd is minimum i.e. ε1(ω)=-2εd ; this is known as Frohlich or LSPR condition 

[11-12]. The frequency meeting this condition is termed as plasmon resonance 

frequency (ωLSPR). This resonance condition is satisfied only when the material of the 

nanoparticle possess negative dielectric response, which is fulfilled in case of metals 

(below their plasma frequency) [11]. The quality factor of LSPR depends on real and 

imaginary parts of the dielectric response at ωLSPR and it is quantified as; – (ε1/ ε2) 

[12,17,18]. In metals, ε2 depends on electron scattering frequency (Γ) which has 
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different contributions i.e. electron-electron, electron-phonon, electron-surface and 

electron-defects [12,18]. Further, the dielectric response of the metals has 

contributions from free electrons (intra-band transitions) as well as bound electrons 

(inter-band transitions). For Ag, inter-band transitions occur near UV-region, above 

the plasma frequency, resulting high resonance quality factor [17]. In case of Au, 

inter-band transitions occur in visible region overlapping with the plasmon or 

collective excitations of free electrons, resulting lower quality factor as compared to 

Ag nanoparticles [12,17,18]. For other transition metals with partially filled d or f 

levels, quality factor is very low due to IB transitions [18]. Therefore, distinct LSPR 

response is observed in metal nanoparticles that possess significantly high plasma 

frequency with respect to damping frequency, along with low probability of IB 

transitions [18]. These factors play major role for variation of quality factor of 

different metals, belonging to same group of periodic table. For example, Cu, Ag and 

Au which lie in I(B) group, the resonance quality factor near their LSPR frequency is 

about 10, 97 and 34 respectively [18]. The highest quality factor of Ag is attributed to 

minimum overlap of inter-band transitions with the plasmon band.  

 With change in shape of nanoparticles, the polarizability (Eq. 1.1) gets modified 

as a result the LSPR frequency also changes. For example, in case of ellipsoidal shape 

nanoparticles, the polarizability along one of the principle axis, modifies as [12]: 

 djd

d
j εε(ω)+ε

εε(ω)
aaπa=α




L3

1
4 321 ;         … (1.2) 

 where, j = 1-3 denotes the principal axes and Lj is known as depolarization or 

shape factor along the jth axis, satisfying the relation ΣLj = 1. For spherical particles, 
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a1 = a2 = a3, hence the depolarization factor becomes 1/3, and as the particle become 

more elongated about the j=3 axis, the depolarization factor in the direction (L3) 

decreases [12,19]. According to this, the Frolich condition is: 

    d
jL

=  









1

1
 - ,                 … (1.3) 

For metals, frequency (ω) dependent dielectric function predicted by Drude model 

with negligible scattering losses (Γ) is [19]:  
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 p=  ,                     … (1.4) 

 where, ωp is the bulk plasma frequency. For ellipsoidal nanoparticles with smaller Lj, 

the LSPR condition is satisfied at larger magnitude of ε(ω), i.e. resonance wavelength 

is red-shifted from that of spherical nanoparticle. Therefore, particle shape affects the 

LSPR response because of modified particle polarizability. For spherical, ellipsoidal 

and rod shape of nanoparticles, optical response can be calculated using Mie and 

Mie-Gans theories based on analytical approach [20,21]. However, for other shapes, 

which possess sharp edges or corners, analytical solution cannot be obtained and in 

this case the polarizability can be obtained from numerical techniques [22-24]. 

 1.1.1 Optical absorption and scattering by plasmonic nanoparticles 

The plasmon excitation driven charge oscillations makes the nanoparticle act as a 

dipole antenna that strongly absorbs the incident electromagnetic radiation and 

reradiate (scatter) it in different directions. Due to absorption, some part of incident 

electromagnetic energy converts into heat. For nanoparticles of diameter much less 

than the wavelength of light, the electromagnetic interaction is almost instantaneous 
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throughout the nanoparticle. In this electrostatic approximation, the absorption and 

scattering cross-sections are given by [20]:  

 

 Im
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abs ,   and            … (1.5) 
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sc ,              … (1.6) 

Respectively. Here, λ is wavelength of incident light. These relations show that σabs 

scales with a3 whereas σsca scales with a6. At resonance i.e. the frequency at which ε1 

= −2εd, which occurs in visible or near infrared regions for Ag and Au, both σabs and 

σsca becomes significantly high. This resonance does not occur for either dielectric or 

semiconductor nanoparticles because these materials possess positive ε1 particularly 

in the above-mentioned frequency range. For very small nanoparticles, σsca is much 

smaller than σabs and hence the extinction (sum of absorption and scattering) is 

dominated by absorption. However, for large nanoparticles with perimeter comparable 

to or larger than λ, the scattering process becomes significant. For spherical Au 

nanoparticles of sizes below 50 nm, typically σsca/σabs is < 0.1 which shows very low 

scattering [25]. For nanoparticles of size about 80 nm, this ratio becomes about 0.6, 

i.e. scattering becomes comparable to the absorption [25].  

The strong absorption and scattering of metal nanoparticles renders them very 

high extinction coefficient, of the orders of 109 M-1cm-1, which is about two to three 

order higher than that of colorful dyes and pigments [26,27]. In metal nanoparticle 

films, preferential scattering into supporting substrate has been shown to increase the 

light coupling and enhanced photocurrent for photovoltaic applications [28,29]. The 

light coupling efficiency is found to depend on the size and shape of plasmonic 



6 
 

nanoparticles and is maximum at the LSPR wavelength [29].  

1.1.2 Near-field enhancement by plasmonic nanoparticles 

Another remarkable attribute of plasmon excitation in metal nanoparticles is 

electric field enhancement in their close vicinity, termed as near-field enhancement 

[17]. As mentioned above, in smaller nanoparticles, plasmon excitation results 

oscillating dipole field, which possess near-field as well as far-field. The near-field 

consists of transverse and longitudinal fields whereas the far-field is transverse [30]. 

The near-field localized to the dipole i.e. the nanoparticle, exists within a few tens of 

nanometers about it. Due to plasmon excitation, the observed near-field at the 

nanoparticle is more than that of interacting light. In electrostatic approximation, the 

maximum electric field amplitude on the surface of the nanoparticle of radius ‘a’ 

interacting with light of electric field Eo(r,t) = Re(Eo(r)e-it) is [17], 
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Based on this, the local electric field intensity enhancement (FE) factor is, 
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It shows that, the field intensity enhancement factor depends on dielectric 

function of metal (ε) and dielectric constant of surrounding medium (εd). Considering 

the reported optical constants of Au and Ag by Palik [31], the field intensity 

enhancement factor of these metals is about 20 and 118 at 528 nm and 355 nm 

wavelengths respectively. For ellipsoid nanoparticles, the field enhancement factor 

becomes,  
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For Au nanoparticle, by increasing the aspect ratio up to 5, the field intensity 

enhancement can increase by about 3 orders of magnitude at LSPR [17]. If the aspect 

ratio is increased further (>6), the resonance wavelength significantly red-shifts, 

whereas the FE remains almost same [17]. The variation of FE with particle aspect 

ratio is due to red-shift of plasmon wavelength and frequency dependent variation in 

dielectric response. For other shape nanoparticles having sharp corners e.g. ellipsoid, 

nanorods, triangular nanoplates etc, local electric field enhancement is significantly 

more than that produced with spherical shape nanoparticles of same volume [22,32]. 

This is due to accumulation of more charges at the sharp regions attributed to lighting 

rod effect [12,33]. In case of nanoparticle films, inter-particle interaction also occurs 

through near-field and far-field coupling that depends on their separation. If 

inter-particle separation is larger than wavelength of light, far-field coupling 

dominates with inverse of particle’s separation [34]. This far-field coupling affects 

(red-shifts) the plasmon resonance of corresponding individual nanoparticle [35]. 

However, for closely spaced (lesser than wavelength) nanoparticles, near-field 

interaction also occur along with generation of ‘hot-spot’ (regions with significantly 

high FE) between the nanoparticles [35]. These hot-spots have been found to be very 

useful for ultrasensitive detection of molecules through surface enhanced 

spectroscopic methods e.g. SERS, modified fluorescence etc [34, 36].  

1.2 Application of plasmonic nanoparticles  

LSPR excitation of metal nanoparticles has led many important applications in 
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different fields like SERS [1-3,33,34,36], dynamic color tuning [37-42], plasmonic 

solar cells [6,8-10,43], colorimetric sensors [5,44-52], thermo-plasmonics [53-55] etc, 

as schematically shown in Fig. 1.2. 

 

Fig. 1.2 Different attributes of plasmon resonace in metal nanoparticles and related 

applications. 

Plasmonic nanostructures exhibit intense bright colors and variation of these 

colors arise from interaction of incident light with nanoparticles of different 

morphologies i.e. size, shape and inter-particle spacing. Recently use of plasmonic 

nanostructures for active coloring and emerging electronic displays e.g.  plasmonic 

electronic paper technology has generated lot of interest in last couple of years [37,38]. 

These plasmonic nanoparticles are much more stable than colored organic molecules. 

Other than Au, more economic metals such as Ag, Cu and Al are also explored with 

suitable protective layer [38]. These plasmonic nanostructures can be used for high 

resolution large area display. Recently, different methods for active color tuning of 

plasmonic colors have been demonstrated. These include: i) modulation of LSPR 
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wavelength of metal nanoparticles through electrochemical processes [39], ii) using 

conducting polymer matrices [40], iii) use of electro-mechanical forces on plasmonic 

nanoparticles [41], iv) by mechanical control on plasmonic nanostructures using 

stretchable substrates, flexible embedding mediums [42] etc. Use of dynamic color 

changing plasmonic nanoparticles as smart materials have also been demonstrated for 

low cost colorimetric strain and temperature sensors. 

Improved efficiency of different types (organic, thin film and hybrid) of solar cells, 

has been demonstrated, using plasmonic metal nanoparticles [8,9]. This occurs due to 

improved light trapping by scattering of metal nanoparticles [28,29], near-field 

enhancement and hot carrier generation due to plasmon excitation [43]. Individual 

weightage of these processes depends on the size, shape and geometrical arrangement 

of plasmonic metal nanoparticles with respect to the photo active layer [9]. For example, 

when the size of the nanoparticles is large (>50 nm), far-field scattering dominates, 

increasing the effective optical path length. Smaller size nanoparticles induce near-field 

effects, mostly useful for near-field enhanced absorption processes [9]. On the other 

hand, confined shape nanoparticles are shown to be efficient for hot electron induced 

processes [43]. 

 Use of plasmonic nanoparticles, particularly Au and Ag exhibiting visible 

range LSPR, as colorimetric sensors has also been demonstrated for fast and field-ready 

economic detection (even with naked eye) of heavy metal contaminants (e.g. Hg, Pb, 

As, Cd) in water [44-46], various bio-molecules [5], ions (fluoride, iodide, cyanide, 

nitrite, etc) [47,48], other molecules like glucose [49], organophosphates [50], natural 
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and synthetic toxins etc [51]. The colorimetric detection is based on either aggregation 

induced color change of nanoparticles in presence of analytes or anti-aggregation based 

reverse color change using specific capping agents. Various molecules have been used 

for variation of inter-particle spacing of nanoparticles [5]. Further, variation of 

fluorescence (both quenching and enhancement) in presence of plasmonic 

nanoparticles is also demonstrated for detection of different molecules or ions [5, 52]. 

Plasmonic metal nanoparticles have also shown potential application for 

generating localized heating regions around them [53-55]. A metal nanoparticle with 

strong light absorption can act as nanoscale source of heat, which has ability to be 

controlled remotely by light. Using 3D assembly of plasmonic nanoparticles, solar light 

driven water desalination is demonstrated [54], where LSPR excitation by metal 

nanoparticles results in efficient absorption of broad solar band and heating of the 

underlying water surface. Further based on localized heating, use of Au nanoparticles 

has been also widely explored for photo-dynamic therapy, targeted drug delivery, heat 

induced chemical process controlled at nanoscale etc [53,55]. Other than these, 

production of large-scale one-dimensional Si nanostructures has also been 

demonstrated based on metal assisted chemical etching process using Ag and Au 

nanoparticle films, which are useful for optoelectronics and efficient hybrid 

inorganic-organic solar cells [56]. 

 The present research work mainly focuses on two applications i.e. i) SERS 

based trace level analyte (dye) detection using Au nanoparticle films of varied 

morphologies, Ag-Au alloy nanoparticle films of different compositions for different 
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Raman excitation wavelengths and Ag nanoparticle colloids of spherical and 

triangular shape and ii) photocatalytic dye degradation using Au-ZnO nanocomposites 

for effluent water treatment. Therefore, the following sections briefly present SERS 

and photocatalysis of plasmonic metal-semiconductor nanocomposites. 

1.2.1 Application of plasmonic nanoparticles for surface enhanced Raman 

scattering (SERS) 

Raman scattering is inelastic scattering of photons with molecular vibrations 

or phonons caused by change in molecular polarizability in presence of electric field 

of light [57]. When photons gain energy from the phonons, it is called anti-stokes 

Raman scattering and when they lose some part of energy to molecular vibrations, it 

is known as Stokes Raman scattering. The energy of vibrational modes depends on 

molecular structure i.e. mass, bond length, molecular arrangement and their 

surroundings [57]. Consequently, Raman scattering spectrum can be treated as 

molecular fingerprint, useful for identification or detection of molecules. However, 

Raman scattering is very weak, typically few out of million photons get inelastic 

scattered due to very small change in polarizability during vibration. Since Raman 

scattering is two photon process, being inelastic scattering of photons with vibrational 

modes of the molecule, it is almost million times weaker than elastic scattering and 

fluorescence [1,57]. In this regard, SERS is very sensitive spectroscopic technique for 

detection of trace level analyte molecules adsorbed on metal nanoparticles or rough 

metallic surfaces with roughness order less than wavelength of light [58]. SERS 

becomes very important for enhancing the Raman signal, sometimes even by 1010 
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times can be achieved [59]. This large enhancement is mainly attributed to 

electromagnetic field intensity enhancement near the metal nanoparticles. A weaker 

contribution from chemical enhancement has also been attributed to the overall SERS 

enhancement [57]. Various research studies are in progress for obtaining reproducible, 

cost effective and stable SERS substrates. Use of colloidal metal nanoparticle 

aggregates [59], roughened metal films [58], different metal nanoparticle films as 

SERS substrates [60,61] have been reported. This is in parallel with many theoretical 

studies attempting to optimize different metal nanoparticles, geometrical parameters 

such as size, shape and inter-particle distance between the particles and metal volume 

filling fraction [62]. The maximum enhancement has been reported for either 

aggregated colloidal nanoparticles or closely packed nanoparticles of different shapes, 

because of very high local field enhancements in the gaps between the nanoparticles 

due to large number of hot-spots [62,63]. The SERS intensity has been shown to be 

proportional to E4, in this, power of two is from excitation process and another power 

two is from the emission process [64].    

1.3 Plasmonic metal-semiconductor nano-composites 

Recently, composite materials of Ag/Au metal nanoparticles with semiconductor 

nanostructures have evolved as technologically important materials for different 

photocatalysis process as schematically shown in Fig. 1.3 [6-8, 65]. In these 

composite nanoparticles, light can couple with either plasmonic metal nanoparticles 

or semiconductor nanostructure, or simultaneously in both the materials depending on 

the wavelength of light and morphology of composites [65]. Photo-generated charge 
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carrier transfer between the two materials at their interface is helpful in effective 

utilization of photo-generated electron-hole pairs for chemical reactions.  

 

Fig. 1.3 Different applications of plasmon-semiconductor nanocomposites. 

Photocatalytic dye degradation for treatment of industrial effluents is one of the 

important applications apart from other photocatalytic applications like water splitting 

and fuel generation from CO2 using these composites. Various semiconductor 

materials have been explored for these photocatalytic applications [8], though ZnO is 

promising when stability, growth of various morphologies and nano-toxicity are of 

concern [66,67]. Various morphologies of Au/Ag-ZnO nanocomposites like decorated 

structures, hetro-junction structures with and without insulating layers, Janus and 

core-shell structures have been studied for different photocatalysis processes [66-70].  

1.3.1 Photocatalytic degradation of dye        

The photocatalysis process involves photo-induced chemical reactions, initiated 

by electron-hole pairs generated by absorption of light in semiconductor photocatalyst. 

The basic steps of photocatalysis process are i) light absorption or charge carrier 

generation, ii) charge separation and iii) transfer/migration of charge for utilization for 
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specific reactions. Incorporation of metal (Au, Ag) nanoparticles in semiconductor 

(e.g. ZnO, TiO2) photocatalytic systems helps in charge separation process [65]. 

Plasmonic nanoparticles are shown to contribute in steps (ii) and (iii) by charge 

carrier trapping, increased contact area, enhanced creation and separation of 

electron-hole pairs through Schottky junction and localized heating [65]. When 

plasmonic metal nanoparticles are coupled to semiconductor active layers, three 

additional processes, i) light trapping by scattering of plasmonic metal nanoparticles, 

ii) near-field enhancement and iii) hot electron transfer, either one or multiple of these 

are responsible for enhancing charge carrier generation in composite structures [8]. 

Individual contributions of these processes depend on the size, shape and geometrical 

arrangement of metal nanoparticles with respect to the semiconductor photocatalyst. 

These charge carriers produce highly reactive radicals (e.g. hydroxyl, superoxide etc.), 

which trigger various reactions [8,65,68]. 

1.4 Motivation and problem formulization 

Nanoparticle films with wide LSPR wavelength tunable substrates are 

important for various applications like SERS, plasmon based optical filters, dynamic 

color tuning, photovoltaics etc. To realize these applications, growth of plasmonic 

nanoparticles with tunable optical response in the form of uniform film supported on a 

substrate or dispersed in solution with minimum chemicals is inevitable requirement. 

The optical response of the plasmonic nanoparticles given by eq. (1), shows that 

LSPR wavelength depends on four parameters which are, i) size, ii) shape factor (Lj), 

iii) nanoparticle dielectric function (ε()) which changes with alloy composition and 
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iv) surrounding medium dielectric constant (εd). For producing plasmonic 

nanoparticle films on a substrate, physical vapor deposition (PVD) methods are 

attractive because the growth occurs in high vacuum, hence provides minimum 

contamination [71-73]. Au and Ag metals, whose melting point is about 1000 oC are 

deposited with thermal evaporation method. The deposited metal thin films of few 

nanometers thickness grows into continuous or percolated form, devoid of plasmonic 

response. Therefore, to obtain the plasmonic response, the deposited thin metal films 

are subsequently annealed to change the film morphology into island or nanoparticle 

films [74-75]. Annealing process causes de-wetting of metal on the supporting 

substrate, and results into formation of nanoparticles. However, for 5 nm or higher 

thickness films, de-wetting temperature and annealing time are more and also produces 

less uniform nanoparticles [75]. Further, at low film thickness, the room temperature 

grown films (without annealing) also change their morphology with aging [76].  

In PVD growth, formation of nanoparticles or continuous metal films depends 

on initial nucleation density and this can be controlled by varying the substrate 

temperature during the film growth [77]. Using high substrate temperature, depositing 

nanoparticle films in a single step process, avoids nanoparticles contamination during 

second step of annealing and also morphology of these films does not change with time. 

Pulsed laser deposition (PLD) is one of the important PVD method, widely known for 

growing multi-elemental compound films because of its congruent evaporation [78-80]. 

In literature, PLD technique has been mostly used for dielectric and semiconductor 

films [79,80]. However, PLD is advantageous for the growth plasmonic nanoparticle 
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films, because, combination of pulsed nature of deposition and high substrate 

temperature allows diffusion of ad-atoms in between laser ablation pulses, thus 

maintains low nucleation density as required to form nanoparticles rather continuous 

films [77]. Further in PLD technique, the amount of Au required to form each 

nanoparticles film is significantly smaller than that required for other PVD techniques. 

This enables to study large number of process parameters with low consumption of Au 

metal.  Controlling the morphology of Au films at different substrate temperatures and 

film thicknesses for tuning of plasmonic characteristics (i.e. LSPR wavelength and 

broadening) using PLD technique and their application for SERS has not been reported 

in literature.  

It may be noted that by controlling substrate temperature and film thickness, 

LSPR can be tuned, however it significantly affects the broadening of the plasmon band 

[77]. On the other hand, tuning of LSPR response without much change in broadening 

can be realized by producing alloy nanoparticles of varied compositions. In literature, 

growth of bimetallic films and subsequent annealing at high temperature for mixing of 

the metals has been mentioned [81,82]. In another case, single composite target of Ag 

and Cu metals was used for growth of Ag-Cu alloy films [83]. However, varied alloy 

compositions of plasmonic nanoparticles growth from individual metal targets through 

sequential laser ablation has not been reported. PLD is suitable for growth of alloy 

nanoparticles from sequential deposition because of pulsed nature of deposition and 

each pulse deposits only fraction of one atomic monolayer. By depositing two metals 

individually in a sequence of few pulses, at high substrate temperature it can form 
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monolayer of alloy nanoparticle films.                                        

Understanding the variation of dielectric function (both real and imaginary 

parts) of the films of different thickness and alloy compositions is important in 

optimizing the process parameters for strengthening LSPR response. Spectroscopic 

ellipsometry is a non-destructive method for experimental determination of dielectric 

response of plasmonic metal nanoparticle films [84,85]. Ellipsometry data fitting with 

multiple oscillator based analytical modeling helps in determination of the wavelength 

dependent contributions of both bound and free electrons in the optical response of 

films. Moreover, for metal nanoparticle films, the plasmon resonance frequency, 

width and amplitude, which depend on the particle density, shape and surrounding 

medium, can be determined from ellipsometry without detailed knowledge on their 

morphological parameters. Though ellipsometry can provide effective dielectric 

response of the films, it does not provide the details of role of different effects like 

particle size, shape, particle-particle and particle-substrate interactions pertinent to 

densely packed nanoparticles films. The polarization in the substrate creates image 

dipole, which interacts with particle plasmon excitation [86,87]. Further, if 

inter-particle distance is few tens of nanometers or less, particle-particle and 

particle-image dipole of other surrounding particles affect the overall LSPR response 

of films. The role of these factors individually on LSPR response can be determined 

from analytical models that predict the effective dielectric function.  

Nanoparticles embedded in a homogeneous matrix can be described as an 

effective medium, where the effective dielectric response (εeff()) depends on 
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nanoparticle volume filling fraction and dielectric function of the constituent materials 

[88,89]. Maxwell-Garnett and other effective medium theories have been used, which 

works well only for homogeneous and dilute dispersions of metal nanoparticles 

[89,90]. However, for monolayer 2D nanoparticle films at high metal filling fractions, 

modified Yamaguchi model has been developed, taking account of optical interactions 

from the underlying substrate [88]. From this model, it is possible to determine 

variation in LSPR by different effects like particle shape, particle-particle and 

particle-substrate interactions. Application of such analytical model for predicting 

plasmon response of either Au or Ag-Au alloy nanoparticle films of varied 

morphologies and compositions has not been studied yet. A comparative study on 

analytical model predicted LSPR tuning and its validation using experimental results 

would be helpful for optimizing experimental conditions for utilization of these films 

for SERS application at different excitation wavelengths. This will also help in 

understanding the effect of individual interactions as mentioned above on the optical 

response. However, it is applicable only for nanoparticle films and the morphological 

parameters i.e. size and aspect ratio of the particles are required to obtain the effective 

dielectric response.  

It is observed that densely packed Ag nanoparticle films without any protective 

layer show strong SERS, however in normal atmospheric ambience these films are 

not stable for more than a month [91,92]. This arises due to reaction of Ag with 

sulphur and oxygen present in air, as a result LSPR response decrease and it is termed 

as atmospheric tarnishing. In case of colloidal Ag nanoparticles, such atmospheric 
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tarnishing problem does not occur, but to obtain longer shelf life of nanoparticles 

without aggregation, they need to be protected with some surface capping agent. It is 

desirable to have mild reducing as well as capping agent like tri-sodium citrate (TSC), 

which is widely used for chemical reduction synthesis and protection of Au 

nanoparticles [93,94]. It may be noted that variation in optimum concentrations of 

TSC or Au metal salt can lead to formation of irregular size and shapes of 

nanoparticles [95]. However, it is difficult to produce smaller and uniform size Ag 

nanoparticles using TSC [96]. In this respect, liquid phase pulsed laser ablation 

(LPPLA) can be an alternative method for growth of stable Ag nanoparticles at 

relatively larger range of TSC concentration. Synthesis of Ag nanoparticles in TSC is 

also attractive for photo-mediated shape transformation of the produced nanoparticles 

into triangular shape nanoplates without further addition of other chemicals. In case of 

chemical route-based synthesis of Ag triangular nanoplates different chemical 

reagents are required, which also include strong reducing agents like sodium 

borohydride [97,98]. In literature, optimum TSC concentration range and solution pH 

for synthesis of high concentration Ag nanoparticles thorough LPPLA method and 

subsequent shape transformation into triangular shape nanoparticles has not been 

studied. These stable triangular nanoparticles produced in single reagent are attractive 

for SERS due to enhanced local field by the sharp corners of these triangular 

nanoparticles. 

   Apart from SERS application of plasmonic nanoparticles, their composite 

nanoparticles formed with semiconductor nanostructures are technologically 
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important towards photocatalysis based dye degradation for water treatment 

application [7,8]. Au being chemically more inert than Ag, and ZnO is non-toxic 

semiconductor that can be grown in various morphological nanostructures, Au-ZnO 

nano-composites are attractive for photocatalysis application in terms of longer or 

multiple uses [68-70,99]. Several synthesis approaches like chemical reduction, 

sol-gel, hydrothermal, co-precipitation, photo-reduction etc. have been reported for 

producing the composite nanostructures [68-70,100-103]. Control over the 

dimensions and morphological structure of the components have been the key issues 

to be addressed to maximize their efficiency and commercial use. It has been 

demonstrated that Au-ZnO nano-composites show efficient dye degradation under UV 

lamp irradiation [68,104]. In photocatalytic dye degradation process, first adsorption 

of the dye molecules on the nanoparticles surface occurs and then chemical reactions 

with different reactive oxygen species (produced from photo-generated electrons and 

holes) result degradation of dye. The amount of dye adsorbed on the photocatalyst 

surface depends on the morphology of the nanoparticles [104]. When the 

nanoparticles are large (~500 nm), they can settle at the bottom of the solution very 

quickly and it limits effective interaction of light with the nanoparticles. To avoid this, 

in general, continuous stirring of the dye solution with nanoparticles is carried out 

during the photocatalysis process.  

Depending on the morphological arrangement, these composites, either in form of 

metal decorated or core-shell type nanoparticles, can show dye degradation [8,65]. In 

case of metal nanoparticle decorated nano-composites, size of semiconductor 
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nanostructures is significantly larger than the metal nanoparticles [65,105]. On the 

other hand, core-shell nanoparticles have maximum interface between the two 

components and outer oxide semiconductors protect photo or chemical corrosion of 

metal nanoparticles and its aggregation. In core-shell morphology, comparable size 

(~50 nm) of both metal and semiconductor with maximum interface in the composite 

nanoparticles can be synthesised in aqueous medium by hydrothermal method [106]. 

By using relatively smaller size nanoparticles, it is possible to minimize the stirring of 

the dye solution during photocatalysis. Further, industrial dye effluents can contain 

certain compounds, which may scavenge the radicals, leading to inhibition of 

photocatalytic dye degradation. Though many studies were carried out on 

photocatalysis, but detailed studies based on Au-ZnO nano-composites in core-shell 

and decorated type nanoparticles for degradation of different dyes (i.e. cationic or 

anionic), under low power UV lamp irradiation, in presence of different scavengers of 

varied concentrations, and effect of pH and different dye mixtures has not been 

reported in literature.    

From the above presented brief review on literature related to plasmonic 

nanoparticles, it is clear that realization of plasmonic nanoparticle films of controlled 

optical response is one of the key step for their best possible utilization towards 

different applications. PLD being versatile method for single step growth of 

nanoparticles with tunable plasmon response along with fabrication of their 

composites with other materials, will further simplify in realizing many upcoming 

application areas. Therefore, the first part of this thesis, puts emphasis on PLD 
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method based synthesis of LSPR wavelength tuneable plasmonic nanoparticle films 

by varying growth temperature, film thickness and alloy compositions, and LPPLA 

based synthesis of Ag nanoparticles of spherical and triangular shape nanoparticles in 

a single reagent. This research problem provides important knowledge on 

understanding and optimization of the process for producing LSPR controllable 

plasmonic nanoparticles useful for SERS based detection of very low concentration of 

analyte molecules. Therefore, SERS response at different laser wavelengths of these 

nanoparticle films and colloidal nanoparticles were studied and correlated with their 

LSPR response. In the second part of the thesis, emphasis has been given to 

understand the photocatalytic dye degradation process of different dyes using two 

different morphologies i.e. core-shell and decorated type of Au-ZnO nanocomposites. 

To do these studies, synthesis of the nanocomposites is optimized using cost effective 

hydrothermal method in aqueous phase. The role of different process parameters on 

the dye degradation mainly dye concentration, nanoparticles loading, different 

scavengers at varied concentration and pH of the solution have been addressed. This 

work will be helpful in optimizing the photocatalysis process for various types of dyes 

in more economical manner to explore the feasibility of implementation of this 

technique at industrial level. 

1.5 Objectives 

Pulsed laser ablation process (PLD and LPPLA) with many inherent advantages 

is explored for producing LSPR wavelength tunable noble metal nanoparticle films in 

this research work. Emphasis is also given on understanding of their optical response 
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through effective dielectric response, determined experimentally and through 

analytical model. Further stable and high concentrations of spherical and triangular 

Ag nanoparticles are grown in single mild reagent through LPPLA followed by light 

irradiation. Application of these nanoparticles for trace molecular detection using 

SERS has been addressed for different thicknesses of Au nanoparticle films, Ag-Au 

alloy films and colloidal Ag nanoparticles. In addition, Au-ZnO nanocomposites of 

two morphologies (core-shell and decorated forms) have been synthesized and their 

photocatalytic properties are studied comprehensively for different dyes and their 

combinations. These studies were carried out with the following objectives:   

1. To determine optimum process parameters of PLD for producing wide range 

LSPR wavelength tunable Au and Ag-Au alloy nanoparticle films in single step by 

controlling substrate temperature, film thickness, alloy composition and protective 

dielectric layer. Further attaining desired LSPR characteristics to achieve 

maximum SERS response for trace level detection of about 200 ppb of 

Rhodamine6G at different excitation wavelengths.   

2. Theoretical understanding of plasmonic response of densely packed nanoparticle 

films using effective dielectric function: (i) determined from analytical model 

including particle-particle and particle-substrate interactions based on 

morphological parameters and alloy compositions of films and (ii) experimental 

determination through spectroscopic ellipsometry for both nanoparticle and 

continuous films based on multi-oscillator model, without involving 

morphological parameters of the films.  
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3. To produce high concentration and stable Ag spherical nanoparticles using LPPLA 

and determine optimum pH and Ag+ ion concentration for efficient photo-induced 

transformation of these spherical nanoparticles into triangular nanoplates, 

exhibiting wide wavelength plasmonic response in presence of single mild 

reagent, suitable for SERS detection.   

4. Optimization of growth conditions for Au nanocube core-ZnO shell nanoparticles, 

experimental and theoretical understanding of their optical response during the 

growth and subsequent annealing. Understanding the photocatalytic response of 

these nanoparticles in dye degradation process with respect to dye concentration, 

loading of nanoparticles, pH of the solution and different scavengers of varied 

concentrations.  

5. Synthesis of Au nanoparticle decorated ZnO nanorods and optimization of process 

conditions for efficient photocatalytic degradation of four different (cationic and 

anionic) dyes in presence of different scavengers of varied concentrations, pH 

conditions and dye mixtures to understand the degradation kinetics and realization 

of few liter quantity of dye degradation using low power UV lamps. 

1.6 Organization of thesis 

 To meet the above objectives, comprehensive studies were carried out for 

understanding the plasmon response of noble metal nanoparticle films and their 

semiconductor (ZnO) composites, along with their applications in SERS and 

photocatalytic dye degradation respectively. The results of this research work has been 

arranged in the following chapters. 
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Chapter 2 presents the LSPR characteristics of Au nanoparticle films grown at 

different substrate temperatures, film thickness and with alumina over-layer. 

Correlation of morphological features and the LSPR characteristics with calculated 

optical response and SERS response of the films has been presented. 

In Chapter 3, the procedure for tuning the LSPR wavelength in Ag-Au alloy 

nanoparticle films with alloy composition and film thickness (morphology), optical 

response calculated using three different analytical models for Ag-Au alloy dielectric 

functions are presented. Further, variation of effective dielectric response at different 

alloy compositions determined from spectroscopic ellipsometry and SERS response 

of these films at different excitation wavelengths are also presented.  

Chapter 4 presents a novel method for synthesis of spherical and triangular shape Ag 

nanoparticles in a single reagent by liquid phase pulsed laser ablation followed by 

light irradiation respectively. Role of tri-sodium citrate concentration, solution pH, 

presence of additional Ag ions and ablation/irradiation time for high yield Ag 

nanoparticles and their SERS response for trace detection of molecules is presented.      

Chapter 5 addresses the optical and photocatalytic response of Au-ZnO core-shell 

nanocomposite. Effect of annealing on optical, crystalline quality and morphology of 

nanoparticles and photocatalytic degradation of cationic methylene blue and anionic 

methyl orange dyes at different dye concentrations, amount of nanoparticles, different 

scavengers at varied concentrations and pH conditions are also presented.  

Chapter 6 presents the photocatalytic response of Au nanoparticles decorated ZnO 

nanorods. Photocatalytic degradation of four different dyes of varied concentrations, 
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kinetics of the process, effect of different scavengers of varied concentrations, pH 

conditions and degradation of dye mixtures has also been presented in this chapter.    

Chapter 7 summarizes the conclusions of the thesis drawn from the above studies 

and future scope. 
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Chapter 2 

Growth temperature controlled plasmonic response of Au 

nanoparticle films for SERS application 

Plasmonic response of metal nanoparticles is collective resonance oscillations 

of free electrons, which is a consequence of dielectric confinement of metal 

possessing negative bulk dielectric response surrounded by positive dielectric 

environment. The resonance wavelength depends on morphological parameters i.e. 

size and shape of nanoparticle due to variation in induced polarization by these 

parameters [12]. In case of nanoparticle films supported on a substrate, plasmonic 

response also changes with inter-particle spacing and dielectric constant of the 

substrate. In PVD process, the morphology of grown film depends on initial 

nucleation density, which varies with incoming atomic flux and diffusion coefficient 

of adatoms on the substrate [107]. In comparison to other PVD processes, PLD 

technique offers pulsed form of material deposition in which laser produced plasma 

containing atoms of target material, expands in high vacuum and impinge on the 

substrate. With nanosecond pulsed laser of typical 10 Hz repetition rate, sufficient 

long time is available for diffusion of deposited adatoms on the substrate in between 

successive laser ablation pulses [108]. It is possible to control atomic flux impinging 

on substrate by laser fluence and target to substrate distance, whereas adatoms 

diffusion distance on the substrate can be controlled by substrate temperature. Due to 

this, we observed significant variation in morphology and LSPR response of Au films 

grown at different temperatures [77]. For example, Fig. 2.1 compares morphology 
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from SEM images of Au films of about 3.5 nm thickness grown at room temperature 

(RT) and substrate temperature of 300 °C. The film mass thickness was estimated 

from X-ray reflectivity method. For this, thick continuous films were deposited at 

room temperature (RT) and the thickness was found to be proportional to number of 

pulses used for the deposition. Using this, mass thickness of the films deposited at 

other number of pulses was estimated. It may be noted that the amount of Au 

deposited i.e. mass thickness for both the films, in this case is same. However, 

morphology of RT grown film showed percolated to near continuous film formation, 

in contrast to the film grown at 300 °C, showing formation of densely packed 

nanoparticles. This is because of variation in initial nucleation density during the film 

growth that depends on ratio of incident atomic flux diffusion distance of adatoms 

[107,109]. The typical diffusion distance of Au adatoms on oxide substrates is about 

3.5Å and 3400 Å at RT and 300 °C respectively [109]. Therefore, for the film grown 

at 300 °C, the nucleation density is expected to be about 1000 times lesser than that 

grown at RT.  

 

Fig. 2.1 SEM image of Au films of ~ 3.5 nm thickness, grown (a) at RT and (b) 

substrate temperature of 300˚C. 

With initial high nucleation density in RT growth, further Au deposition (for 
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growth of the film) would lead to formation of inter-connected islands that results into 

percolated or continuous films [109]. Controlling the morphology of Au films by 

substrate temperature, and depositing atomic flux by target to substrate distance 

(TSD), and film mass thickness by number of laser pulses, enable growth of LSPR 

response tunable films in a single step avoiding annealing. Therefore, the effect of 

these process parameters, correlation of the observed LSPR with morphological 

characteristics of films and theoretical understanding of effective dielectric response 

of the films along with their SERS response are discussed in this chapter. 

2.1 Effective dielectric response of metal thin films 

The plasmon resonance frequency of isolated and smaller nanoparticles can be 

determined from Frolich condition 𝜀d + Lj[𝜀Au(ω)-𝜀d] ≈ 0, as mentioned in Eq. 1.2 of 

Chapter 1. For exactly spherical nanoparticles, Lj=1,2,3 = 1/3, and it becomes lesser than 

1/3 for oblate shape particles of high aspect ratio (γ, i.e. diameter/height is >1), along 

the major axis. In PVD growth, the formed nanoparticles on a substrate are not 

exactly spherical (generally of more lateral size than height) and has distribution in 

size and shape [77,110]. The optical response of these metal nanoparticle films can be 

predicted from an effective dielectric response (𝜀eff), which is different from dielectric 

response of the bulk metal [86-88,111]. Fig. 2.2 (a) schematically represents the 

nanoparticle film of height h and metal volume filling fraction q, whose optical 

response is obtained from 𝜀eff. Fig. 2.2 (b) shows that the same mass thickness film in 

continuous form for which optical response can be determined from 𝜀bulk i.e. bulk 

dielectric response of the metal. Maxwell-Garnet effective medium theory, an 
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extension of Clausius-Mossotti relation, is the simplest theory to obtain effective 

dielectric function, however, it is applicable for nanoparticles dispersed 

homogeneously in another medium [12,111,112].  

 

Fig. 2.2 Schematic of nanoparticle and continuous films of dielectric response 𝜀eff and 

bulk 𝜀Au respectively. 

For nanoparticles supported on a substrate, Yamaguchi et al provided effective 

medium theory considering the effect of underlying substrate, [86]. According to it, 

the effective dielectric response of the nanoparticle film is given by  
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where, q is volume filling fraction of metal, Leff (= Lshape+Lsubstrate+LPI) is the 

constant which depends on shape and other contributions from substrate and 

particle-particle interactions [86,88]. 

2.1.1 Contribution from geometry of nanoparticles: The parameter, γ i.e. aspect 

ratio (diameter/height) of the nanoparticle quantifies the variation in geometry of 

nanoparticle either spherical (~1) or oblate spheroidal shape (>1). The role of particle 

shape on effective dielectric response of nanoparticle films is represented by a 

constant term Lshape that depends on γ with the following relation [86] 
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2.1.2 Contribution of substrate: For nanoparticles films supported on a substrate, 

optical response is influenced by induced polarization in the substrate [87]. With 

excitation of plasmon in the nanoparticle, corresponding an image dipole is induced in 

the substrate, as schematically shown in Fig. 2.3. It alters the particle polarizability 

(αeff) parallel to the substrate surface, and causes anisotropic response. In presence of 

incident electric filed (E) of light, particle polarizability, parallel to the substrate, is 

given by [86]:    
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where, Lℿ is the contribution to effective shape factor from induced polarization in the 

substrate, which is a function of di: distance between the particle dipole considered to 

be at the center of the particle and its image dipole. For spherical nanoparticles, di 

becomes equal to the particle diameter (2R). 𝜀sub and 𝜀d are the dielectric constant of 

underlying substrate and surrounding medium respectively. 

 

Fig.2.3 Schematic showing interaction between particle dipole and image dipole. 

2.1.3 Contribution from interaction between the nanoparticles  

In nanoparticle films, when the particles are closely spaced with each other, as 
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shown schematically in Fig. 2.2, the dipolar field of one particle interacts with that of 

the surrounding ones. The polarizability of each nanoparticle induced from incident 

electric field of light, is modified by the field from other surrounding nanoparticles 

and their image dipoles also, as schematically shown in Fig. 2.4. 

 

Fig.2.4 Schematic showing particle-particle and particle-image dipole interactions.  

Taking into account of these interactions, their contribution factor as determined in 

reference [86,88], is given as, 
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From the above expression, it can be noticed that the factor Leff has been 

decreased with different contributions from the substrate and other surrounding 

nanoparticles. With this decreased shape factor, the Frolich condition presented for 

isolated spherical nanoparticle would shift to get satisfied at lower frequency side, 

leading to considerable red-shifted plasmon resonance excitation in nanoparticle 

films.   

2.1.4 Overall contribution of substrate and other nanoparticles at high coverage 

In the above expression of Leff, Fedotov et al identified few limitations at high 

coverage of nanoparticles [88]. When the coverage of nanoparticles i.e. metal volume 

filling fraction q > 0.5 and for oblate shape particles of γ > 3, Eq. 2.4 results into 

negative value. This would imply that for metal nanoparticle possessing negative bulk 
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dielectric function, the Frohlic condition (Eq. 1.4) is not satisfied, i.e. absence of 

resonance, at large value of q and γ. This is because of the considered point dipole 

approximation for interactions between different nanoparticles and their mirror 

images [88]. For spherical nanoparticles of smaller sizes only, which are placed at 

distances larger than size of these nanoparticles, this approximation of point dipole at 

the centre of nanoparticle is applicable. However, for oblate spheroidal shape 

nanoparticles this approximation does not work. At higher metal volume filling 

fraction where inter-particle separation is very less, this approximation fails to 

produce correct results. Further, for oblate shape nanoparticles, separation between 

particle dipole and its image dipole decreases, as schematically shown in Fig. 2.5.  

 

Fig. 2.5 Schematic showing particle and its mirror image on a substrate at different 

aspect ratios. 

In the model developed by Yamaguchi et al, increasing aspect ratio, results 

rapid increase in field generated by image dipoles (Eimag α h-3).  To remove this 

inconsistency, Fedotov et al considered exact expression of electric field of oblate 

spheroids, and with this, the factor Leff is given as [88],  
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where the parameter A(x,y,z) is calculated up to two arrays of nearest 

neighbourhood particles, accounting for particle-particle and their mirror image 

dipoles interactions and the last term accounts the interaction with the rest of the 

particles. This model is more appropriate for determination of 𝜀eff of densely packed 

monolayer nanoparticle films and even nearly continuous films with q value 

approaching to one.   

2.2 Optical transmission of Au thin films 

From theoretically calculated 𝜀eff of Au nanoparticle films, optical transmission 

was determined for a thin film supported on thick substrate [113], as schematically 

shown in Fig. 2.6. 

 

Fig.2.6 Schematic of thin film supported on a substrate of finite thickness.  

Transmission of the film is given as [113] 
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where t123 presents the transmitted field strength in medium 3 from medium 1, 

and r321 is the ratio of the electric field strength of the reflected light in medium 1 

from medium 3 and of incident wave. These are given by [113], 
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where, ijt and ijr  are the Fresnel transmission and reflection coefficients for two 

mediums of index i and j respectively. δ is the phase change experienced in ith 

medium of thickness d at normal incidence, which is given by 2πnid/λ.  

2.3 LSPR wavelength tunability with morphological parameters  

To determine the LSPR wavelength tunability range with morphological 

parameters, i.e. q and γ of the particles, transmission spectra were calculated using Eq. 

2.6. In these calculations, effective dielectric response of the films was determined by 

Eq. 2.1. The q values were varied in the range from 0.1 to 0.65. At the lower limit 

of0.1, the nanoparticles are far away with each other and on the other hand, the higher 

limit of 0.65 corresponds to almost touching nanoparticles arranged hexagonally in 

monolayer film [87, 88]. The aspect ratio of one corresponds to spherical shape and 

higher values represent oblate spheroid shape particles with fixed diameter of 30 nm. 

The aspect ratio in the range of 1 - 4 is typical in the nanoparticles films grown from 

PVD methods. 

    

Fig.2.7 Tuneable range of LSPR wavelength of Au nanoparticles films with 

morphological parameters. 
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In calculation of 𝜀eff, the required dielectric response of Au (𝜀Au) was obtained 

from analytical model [114] with IB absorption at about 470 and 330 nm. This model 

fits with the experimental data provided by ‘Johnson and Christy’ (JC) [115]. With 

these input parameters, the obtained 𝜀eff was used in calculating the transmission 

spectra and LSPR wavelength. Fig. 2.7 presents LSPR wavelength (obtained from 

optical transmission) versus the morphological parameters (q and γ) of nanoparticles. 

The figure shows that for aspect ratio close to one and q ~ 0.1, the LSPR wavelength 

is about 520 nm, which is close to that of isolated Au nanoparticles obtained from Mie 

theory [12]. For a given aspect ratio of nanoparticles, increase of q value resulted 

red-shift in LSPR wavelength. This red-shift is attributed to increased inter-particle 

interactions at high metal volume filling fraction. Further, for a fixed q value, as 

particle aspect ratio is increased, the LSPR wavelength also red-shifted. This is due to 

increased image dipole interactions with increase of aspect ratio, at reduced 

particle-image dipole separation.   

2.4 Spectroscopic ellipsometry based determination of effective dielectric 

response (εeff) 

The above analytical model for determining 𝜀eff of metal nanoparticle films has 

few limitations. These are: i) in the presented analytical model, interaction of incident 

light electric field with the particles is based on dipole approximation only. Higher 

order multi-pole interactions, which become important for large size and high aspect 

ratio nanoparticles, has not been considered; ii) This model is applicable for 

nanoparticles arranged in monolayer; iii) it requires morphological parameters of the 
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nanoparticles i.e. aspect ratio and volume filling fraction to determine the 𝜀eff. 

However, in PVD growth, where growth of particles proceeds by formation of small 

nucleation sites and coalescence, the particles do not evolve into perfect shapes. 

Further, in case of nearly percolated films or coalesced nanoparticles, determination 

of morphological parameters becomes difficult. In such cases, direct experimental 

determination of 𝜀eff can be performed with spectroscopic ellipsometry. This section 

briefly describes the spectroscopic ellipsometry setup and modeling of the 

ellipsometry data. 

 

Fig. 2.8 Schematic of spectroscopic ellipsometry measurement principle. 

Using ellipsometer, dielectric response of the material or its thin film is 

measured in terms of two parameters, i) Ψ, which is the ratio of amplitude and ii) Δ, 

which is the phase difference, between the reflected p and s polarized light [85]. Thus, 

its relation with the Fresnel coefficients Rp and Rs is given as, 
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Measurement of Ψ being ratio and Δ be the difference of two quantities, allows 

it to be less sensitive to fluctuations of light intensity, making this technique robust 

and accurate. Also, it does not require standard sample or reference beam. The 

accuracy of film parameters and optical constants determined from these 
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measurements depend on optical model used to fit the ellipsometry data (i.e. Ψ and Δ) 

[84,85]. Therefore, in ellipsometry measurement it is inevitable to use an appropriate 

physical model for extracting the optical properties. In the simplest case, phase 

difference (Δ) observed is due to interference and it is related as, Δ = 4πdn.cos(θr)/λ 

where d is film thickness, λ is incident light wavelength and θr is angle of refraction in 

the film of refractive index n. The precision in thickness is, 
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This corresponds to d of 0.1 Å, for typical values of   ~ 0.02o (typical 

limit of resolution) n = 1.5, θr =40o ( θi =70o) at λ ~  400 nm [85]. The precision in 

thickness is very small, almost comparable to about monolayer. 

2.4.1 Dispersion models for determination of optical properties from ellipsometry 

From the measured ellipsometry data, Ψ and Δ are fitted with a physical model 

to determine the optical response of the films. This procedure involves selection of 

proper fitting parameters, error estimation and statistical measure of the quality of the 

fit. The fit quality is represented as “maximum likelihood estimator, also known as 

mean squared error (MSE) and is defined as [116], 
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 where, η is the number of wavelengths for which measurement has been carried 

out and m is the number of fit parameters. The obtained MSE is a positive value and 

should approach to the minimum when the calculated data exactly matches with the 

experimental data. MSE represents the sum of the squares of the differences between 
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the measured and calculated data, each weighted by the standard deviation (SD) of 

that particular measured data point. Therefore, if some data point is noisy due to any 

electrical or mechanical fluctuation, its SD will be large and that measurement point 

will be less significantly weighted in the fit. The model parameters should yield 

minimum MSE with least correlation. The error bars on ith fit parameter is given by its 

figure of merit (FOM) obtained using the standard 90% confidence limit (SCL) and 

the MSE as, FOMi = SCLi x (MSE)1/2 [116]. For a good fit with no systematic errors, 

the MSE tends towards one and so FOMi gives the standard 90% confidence limit 

indicating sharpness of the fit parameters. 

For reflecting or continuous metal films, particularly at low energies where 

free-carrier response is dominant, Drude model best fits the data [117]. For 

nanoparticle films, Lorentz or Gaussian oscillator models describe either bound 

electron response or collective resonance oscillation (due to geometrical confinement) 

of free electrons [118-120]. A brief discussion of these models used in the fitting is 

presented below.  

i) Lorentz oscillator 

This model is used to incorporate the bound electron response in overall optical 

properties of materials, considering oscillations of the electrons oscillate around fixed 

atomic nucleus [85]. Oscillating electric field E = E0 exp(-it) of the incident light 

acts as external force on the bound electrons in the medium. It has restoring force 

from nucleus and damping with the lattice. Dielectric polarization induced in the 

material can be calculated from the resultant displacement of the electron. The 
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equation of motion of electron is written as: 
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where me and e are the mass and charge of electron respectively and Γ is the 

damping frequency. The first term on the right hand is damping force, which is 

proportional to velocity of electrons. The second term represents the restoring force 

on the oscillating electron by the nucleus. The electrons oscillate with the same 

frequency of incident field, and the solution of the above equation can be written as 

x(t) = x0 exp(-it) with amplitude x0 given by,  
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For electron density, Ne, dielectric polarization P = -e Ne x(t). The dielectric 

function, 𝜀 = 1 + (P/𝜀oE), results in: 
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The real and imaginary parts of 𝜀 are: 
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At resonance frequency (o), ε2 shows a peak response. This corresponds to 

absorption with full width half maxima (FWHM) equal to Γ. Higher the Γ, larger 

the width with reduced amplitude. The limits of the dielectric function at very low 

and high frequencies are:  
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To account multiple resonances at different energies (En0,j), Lorentz model 
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can be given, as a function of photon energy En as: 
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where, the subscript j denotes number of oscillators contributing to the ε. This is 

similar to the quantum mechanically derived expression for inter-band transitions 

[121]. A more general expression of the Lorentz oscillator is also given as [116]: 
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where, An and Brn are approximate value of amplitude and FWHM respectively. 

Increasing the number of oscillators shifts the absorption towards UV region. 

Lorentz oscillator has been used for transparent or weakly absorbent insulator and 

semiconductor materials.  

ii) Drude model: This is the most widely used model for dielectric response of metals 

accounting free electron response at low frequencies [85,116,117]. Response of free 

electrons to the light can be obtained from the Lorentz oscillator model by assigning 

o = 0. Thus, the dielectric response of metals with free electron density Nf, and bulk 

plasma frequency ωp, can be written as  
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where ε∞ is high frequency dielectric constant. Here, 
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In metals, ωp lies in UV/Vis region whereas for semiconductors it lies in IR region. 

Reflectance becomes quite high for ω < ωp, where free electrons oscillate 
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synchronously with electric field of light and thus the field gets screened by the 

presence of free electrons at surface, causing incident light to get reflected [85].  

iii) Gaussian oscillator:  

In order to account the Gaussian line shape of 𝜀2, Gaussian oscillator has been 

proposed [116,122]. This is expressed in terms of above defined parameters as, 
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where 
2ln2

n
n

Br
 . The function Ґ is a conversion series used to produce 

Kramers-Kronig consistent 𝜀1 function, as described in detail in ref. [122]. 

iv) Cauchy model:  

These models are used for materials which are transparent over a broad spectral 

range [85,116]. This corresponds to special case of Lorentz model where 𝜀2 ~ 0. With 

assumption of Γ ~ 0 at <<o, the Eq. 2.13 can be written as (in terms of 

wavelength, using /c = 2π/λ): 
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Expression of Sellmeier model can be obtained from the above equation as [116] 
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where A and Bj are analytical dimensionless parameters. A gives value of refractive 

index in long wavelength limit. Sellmeier model exhibits normal dispersion i.e. 

refractive index decreases with wavelength. The more general Cauchy model for 

dispersive medium, for monotonously decreasing refractive index can be represented 

from series expansion as follows:  
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The new third parameter C affects the curvature and amplitude at smaller 

wavelengths. In general, the three parameters follow, A>1>│B│>│C│>0. It may be 

noted that the Kramers-Kronig relation is used to determine the refractive index from 

the extinction coefficient; however, these two models (Sellmeier and Cauchy) are not 

suitable to provide the interdependent n and k values [116].  

 2.5 Dielectric response of Au thin films of different thicknesses 

 When the film thickness is smaller (<10 nm) than nearly twice of the mean free 

path (2vf τB, vf : electron Fermi velocity and τB : bulk collision time) of free electrons 

in bulk metal, surface scattering of free electrons dominates over bulk scattering, 

resulting decreased collision time [123]. These films also show variable colors 

indicating change in reflection and transmission. Using PLD method, Au films of 

different thickness were grown on transparent and one side roughened glass substrates. 

Fig. 2.9 shows the schematic of experimental setup.  

 

Fig. 2.9 Schematic of the PLD experimental setup. 

Ablation of Au target (purity ~ 99.99%) was carried out using a nanosecond 
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pulsed laser (2nd harmonic Nd:YAG, repetition frequency: 10 Hz, pulse duration: 9 ns) 

at base pressure of ~ 8x10-6 mbar. During growth of all the films, laser fluence was 

fixed at about 4 J/cm2. Growth of different thickness Au films was carried out by 

varying the total number of ablation laser pulses at room temperature (RT) and 300oC 

substrate temperature. 

Fig. 2.10 (a, b) shows transmission of Au films produced with different number 

of pulses at RT and 300oC respectively. The RT grown films showed decreased 

transmission at longer wavelength side, and with increase of number of laser pulses, 

the overall transmittance decreased. The decreased transmission below 500 nm is due 

to inter-band (IB) absorption and higher wavelength side is due to increased reflection 

of the metal film [77,124]. In contrast to this, the films grown at 300oC for the same 

number of ablation pulses, exhibited characteristic dip in transmission spectra, 

attributed to plasmon excitation.  

 

Fig. 2.10 Transmission of Au films produced at (a) RT and (b) substrate temperature 

of 300 oC. 

Significant variation in optical transmission in these films shows that the 

dielectric response changed considerably with substrate temperature and also film 
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thickness. Variation of characteristics of plasmon excitation with film thickness and 

substrate temperature has been discussed in detail in the next section. 

To determine dielectric response of these films spectroscopic ellipsometry 

characterization was carried out at four different incident angles. Fig. 2.11 presents 

the ellipsometry data (Ψ, Δ) for Au films deposited at RT and 300 oC with 4000 

ablation pulses. Ellipsometry data is shown only for the films grown with 4000 ablation 

pulses because for this condition at RT growth optical response of the film is like continuous 

films and that grown at 300oC has LSPR response. The measured Ψ, Δ were fitted with a 

physical model consisting of Drude model for free electrons and Gaussian oscillator 

model for bound electrons (IB excitations) as well as LSPR [117-120]. The glass 

substrate was roughened backside to avoid back-side reflections.  

The sample structure was modeled as metal film on a glass substrate. 

Dielectric response of glass substrate was modeled using Cauchy dispersion relation. 

The dielectric response of metal film was modeled as combination of different 

oscillators [119,120] as expressed by the following equation, 
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,21exp EEEiE
oscN

n
nGDrudeLSPRIBDrude 


  

...(2.24)
 

where,   is constant which accounts high frequency contribution to the 

dielectric function, Drude  for free electron response, εIB considers IB transitions and 

εLSPR for the collective oscillations or LSPR of free electrons. 
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Fig. 2.11 Measured (symbols) and fitted (lines) ellipsometry data (Ψ, Δ) of Au films 

deposited at (a,b) RT and (c,d) 300 oC substrate temperature with 4000 ablation 

pulses.  

The last two terms accounts oscillator behavior of electrons, which were 

modeled using Gaussian oscillators. For nanoparticle films which exhibiting LSPR 

response, two of these oscillator was used for IB transitions of Au (at about 3.1 and 4 

eV) [11,12], and two more oscillators for LSPR response (in plane and out of plane). 

The choice of Gaussian oscillator is because it is convolution of Lorentz oscillators, 

and is more suitable for accounting inhomogeneous broadening in the optical 

response of the nanoparticle films arising from particle size distribution [119,120]. 

Good fitting with low MSE values was observed with Gaussian oscillators as 

compared to Lorentz oscillators. It was found that the films grown at RT above 4000 

pulses, where LSPR is not observed, the ellipsometry data was fitted with one Drude 
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and two Gaussian oscillators. From the above fitting, thickness of the films grown at 

RT with 12000, 8000, 4000 and 2000 pulses, were found to be about 38.4, 24.6, 13.9 

and 8.1 nm respectively. Fig. 2.12 (a) and (b) show variation of real and imaginary 

part of ε of RT grown Au films respectively. It can be observed that both ε1 and ε2 of 

the film produced with 12000 ablation pulses is almost close to that corresponding to 

bulk Au [116], as shown with dashed lines in the graph.  

 

Fig. 2.12 Variation of dielctric response of RT grown Au films grown with varied 

ablation pulses, dashed line represents the same for bulk Au. 

With decreasing film thickness, by ablation pulses, ε1 and ε2 of the film 

progressively increased at longer wavelengths. Fig. 2.13 (a) and (b) show the variation 

of ε1 and ε2 of the films grown at 300oC substrate temperature. In this case, both ε1 

and ε2 shows significant variation from that observed for RT grown films. The 

observed variation in  clearly shows oscillator response, which is due to LSPR 

excitation pertinent to metal nanoparticle films. Corresponding to the resonance 

behavior as observed in transmission spectra of the films in Fig. 2.10(b), ε2 showed 

peaks, which red-shifted with increasing film thickness.    
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Fig. 2.13 Variation of dielctric response of Au films grown at 300 oC with different 

number of ablation pulses. 

2.6 Growth temperature induced LSPR characteristics and their correlation with 

morphological parameters  

The above results show growth temperature has strong influence on film 

morphology (Fig. 2.1) and optical response (section 2.5). In order to determine 

optimum substrate temperature for producing strong LSPR response at different Au 

films thicknesses using PLD, Au films were grown at different substrate temperature. 

In PLD growth, the film thickness also varies with TSD (target to substrate distance). 

Therefore, the film thickness and optical responses can be controlled by TSD also. 

Different mass thicknesses of Au films were deposited on epi-polished sapphire 

substrates. The films were deposited with 2500 and 5000 laser pulses at 4.5 and 8 cm 

TSD and different substrate temperatures of room temperature (RT), 150°C, 300°C 

and 500°C. The LSPR characteristics of the films were determined from their 

transmission spectra, measured using a UV-Vis spectrophotometer. Atomic force 

microscope (AFM) imaging was used to obtain morphology of the nanoparticles, and 

AFM images were analyzed with Picoquant and Image J software to obtain size and 
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density of nanoparticles. Mass thickness of the films was obtained using X-ray 

reflectivity. 

Fig. 2.14 (a) and (b) show UV-Vis. transmission of Au films of about 2.8 and 

5.5 nm thickness respectively, deposited with 2500 and 5000 pulses at 8 cm TSD and 

different substrate temperatures. In both these cases, the transmission has varied at 

longer wavelength region above 500 nm. Below 500 nm, same transmittance value 

was observed for Au films deposited at different substrate temperature, indicating 

nearly same mass thickness of these films. At longer wavelength region, the optical 

response is governed by free electrons [11,12]. In this region, nearly constant or 

decreased transmittance was observed for the RT grown films, attributed to increased 

film reflectance. However, films grown at high temperatures exhibited LSPR 

excitation which confines electrons’ response to narrow wavelength region, where the 

transmission becomes low and again it became high at longer wavelengths. This is 

characteristics optical response of nanoparticles films [12]. 

  

 

Fig. 2.14 Transmission of Au nanoparticle films of (a) 2.8 nm and (b) 5.5 nm thickness, 

inset presents the LSPR characterstics of the film. 
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The LSPR characteristics i.e. resonance wavelength (at which transmission is 

minimum) and bandwidth (as shown schematically in inset of Fig. 2.13), are 

determined. The bandwidth is obtained from full width at half maxima (FWHM) of 

dip in transmission with reference to transmittance at IB edge near 510 nm [77]. For 

films of 5.5 nm thickness, significant variation in LSPR characteristics with substrate 

temperature is observed, in comparison to 2.8 nm thickness films. The details of the 

LSPR characteristics of the films are provided in table 2.1. Increasing growth 

temperature from 150˚C to 300˚C, both LSPR wavelength and bandwidth decreased. 

However, further increase of temperature to 500 ˚C, the LSPR wavelength red-shifted 

along with more asymmetric broadening. The above results show that for same film 

mass thickness, substrate temperature induced morphological changes resulted varied 

LSPR responses.  

Fig. 2.15 shows AFM images with corresponding line profile analyses and 

particle size distribution of 5.5 nm thick Au films, grown at different substrate 

temperatures. Formation of small size nanoparticles of average height of about 1.5-2 

nm can be observed for Au film grown at RT, which is almost continuous. However, 

Au films grown at 150˚C, 300˚C and 500˚C showed formation of nanoparticles whose 

average size was about 22, 28, and 31 nm respectively. The average height of the 

nanoparticles also increased to ~ 6 nm at high temperature growth. Increase of 

average size of nanoparticles with growth temperature, also resulted decreased 

particle number density from 1.1 x 1011 to 5.5 x 1010 /cm2.  
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Fig. 2.15 Effect of growth temperature on film morphology (AFM images sacn area 

1µm x 1µm) and line profile of 5.5 nm thickness Au films. 

Au films of about 8 and 17 nm thickness were grown with 2500 and 5000 

pulses respectively at 4.5 cm TSD. Fig. 2.16 (a, b) show transmission of these films 

deposited at different substrate temperatures. It can be observed that only high 

temperature grown films showed the LSPR response. Similar to the previous case, the 

LSPR wavelength of Au films deposited at 150 ˚C and 500 ˚C was red-shifted to that 

of the film obtained at 300 ˚C. For thicker film of 17 nm mass thickness, LSPR 

response was obtained only for the film at 300˚C. The other two films grown at 150 

˚C and 500 ˚C showed continuously decreased transmission similar to that obtained 

for the RT film. From these results, it can be inferred that for films of thickness in the 

range of 5-15 nm, LSPR characteristics can be tuned by varying substrate temperature. 

Increasing film thickness by ablation pulses or decreasing TSD, reduced the overall 

transmission and resulted into broader and red-shifted LSPR band. 
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Fig. 2.16 Transmission of Au films of (a) 8 nm and (b) 17 nm thickness. 

 Fig. 2.17 (a-d) shows AFM images along with the line profile analyses of Au 

films of ~ 8 nm thickness, grown at different substrate temperatures. Similar to Au 

films of 5.5 nm thickness, film deposited at RT produced smaller interconnected 

particles. The average height of nanoparticles was about 2 nm, whereas the films 

deposited at higher temperatures resulted formation of distinct nanoparticles. 

Increasing the growth temperature from 150˚C to 500˚C, the average size of the 

particles increased from 41 to 46 nm and the average height of the particles was found 

to be about 6.5-8.5 nm. The particle number density varied as 5.3 x 1010 /cm2, 3.3 x 

1010 /cm2 and 3.1 x 1010 /cm2 for the films deposited at 150˚C, 300˚C and 500˚C 

respectively. It can be observed that for 300˚C grown film, the formed nanoparticles 

are more uniform compared to the films obtained at other substrate temperatures. As a 

result, narrow LSPR response was observed for this film. 

  Fig. 2.18 shows AFM images and corresponding line profiles of 17 nm 

thick Au films deposited at different substrate temperatures. It can be observed that 

the RT grown film was nearly continuous, whereas high temperature grown films 

showed inter-connected particles. With increasing growth temperature from 150, 300 
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to 500 ˚C, the average diameter of nanoparticles increased from about 75, 90 to 120 

nm respectively with number density of about 3.5 x 1010 /cm2 3.2 x 1010 /cm2 to 2.8 x 

1010 /cm2. 

 

Fig. 2.17 Effect of growth temperature on film morphology (AFM images scan area 

1µm x 1µm and line profile) of 8 nm thickness Au films. 

Thus, for films with high thickness (>15 nm), the average size of grown 

nanoparticles and shape distribution is large enough to suppress their distinct LSPR 

response, as observed in Fig. 2.16 (b). From these results of growth temperature 

induced morphological variation of films of different thicknesses (in the range of 5-17 

nm), it can be observed that average size increased with decreased number density 

from growth temperature and film thickness. These results support the initial 

nucleation density (proportional to incident atomic flux/diffusion coefficient of 

adatoms) driven morphological change during the film growth. An empirical relation 

for diffusion of FCC metals like Ag, Au, Cu, Pt etc. on oxide substrates has been 
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provided as [108], 

 submelts TTD 2/13exp014.0 ,          … (2.24) 

 where Ds is the diffusion coefficient, Tmelt and Tsub are melting temperature of the 

metal and growth temperatures respectively. From this, Au diffusion coefficient 

comes out to be about 3.6x10-15, 1.6x10-11, 3.6x10-19 and 1.8x10-7 cm2/s respectively 

at RT, 150°C, 300°C and 500°C.  

 

Fig. 2.18 Effect of growth temperature on film morphology (AFM images scan area 

1µm x 1µm and line profile) of 17 nm thickness Au films. 

The effect of substrate temperature on nucleation density (at the initial stage of 

growth) and subsequent morphology observed from AFM line profile analysis has 

been shown schematically in Fig. 2.19. RT growth results formation of high 

nucleation centers, which with further growth leads to interconnected or percolated 

films, even at very low film thickness. Increasing substrate temperature to 150oC, at 

low film thickness, nanoparticles growth was noticed and for higher thickness films of 

above 8 nm, at this temperature, the formed nanoparticles start to coalesce. However, 

higher substrate temperature of 300oC, resulted nanoparticles growth due to lower 

nucleation density. Further increased cluster mobility at higher substrate temperature 
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of 500oC, favored more lateral growth, resulting irregular shape nanoparticles. The 

intermediate substrate temperature of 300oC is observed to be optimum for growth of 

relatively uniform size nanoparticles with less size distribution, as a result narrow 

band strong LSPR response is observed.  

 

Fig. 2.19 Schematic of effect of growth temperature on film morphology. 

 On the other hand, in annealing driven nanoparticle formation process also, about 

400oC has been reported to be optimum temperature for ~ 5 nm thick Au thin films 

[125]. In this case, worm-like irregular nano-structures was observed at lower 

annealing temperature and coalesced larger nanoparticles were observed at higher 

temperatures. The process involved in temperature induced change in morphology in 

these cases are quite different, i.e. the present case of high temperature growth 

involves variation in nucleation density, and post-annealing at high temperature 

involves thermal de-wetting of thin films. However, in both processes, for obtaining 

uniform shape nanoparticles with narrow size distribution, optimum temperature was 

found to be in the same range. The above results show that strong LSPR response Au 

nanoparticle films can be realized by combination of optimum film thickness (5-10 

nm) and optimum growth temperature of about 300oC. Fig. 2.20 compares the LSPR 
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response of Au films deposited with 2500 pulses at 500oC and 5000 pulses at 300oC. 

This figure shows that by fine tuning of morphology through substrate temperature, it 

is possible to obtain almost same LSPR wavelength with different LSPR strength, in 

films of different thicknesses. This is due to dependence of LSPR wavelength on 

morphological parameters mainly aspect ratio of nanoparticles and their volume 

filling fraction in the film. It is in consistence with that observed from theoretical 

calculation (refer Fig. 2.7) which shows that a particular LSPR wavelength can be 

realized by different combinations of aspect ratio and volume filling fraction of 

nanoparticles. These films possessing same LSPR wavelength with different 

nanoparticle size are important for understanding the role of plasmonic effects in 

many emerging applications like SERS, as presented in later section.  

 

Fig. 2.20 Comparison of transmission of Au films deposited at different combination 

of laser pulses and growth temperature. 

2.7 Effect of alumina layer capping and LSPR characteristics of Au nanoparticle 

films 

 PLD method is versatile to grow composite multilayer films [78,126]. With 

alumina layer coating on Au films, the effect of change in surrounding medium on the 
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LSPR characteristics was determined. Under the same experimental conditions, Au 

films were also grown with Al2O3 (alumina) over-layer of about 30 nm thickness, by 

ablating sintered alumina target (purity: 99.999%) with about 2 J/cm2 laser fluence. 

Fig. 2.21 (a, b) present transmission of alumina layer capped Au nanoparticle films of 

5.5 and 8 nm thickness films. It can be observed that the film grown at 300˚C showed 

blue-shifted LSPR and narrow band when compared to that obtained at 150˚C and 

500˚C, even after alumina layer capping. Similar variation in LSPR characteristics 

with growth temperature in absence and presence of alumina layer shows that 

morphological variation during growth of Au nanoparticles determine the LSPR 

characteristics. However, after alumina capping, transmission decreased at longer 

wavelengths above 500 nm and LSPR band broadened. In IB absorption region i.e. < 

500 nm, marginally increased transmittance could be due to small amount of 

re-sputtering of the Au films during capping with alumina layer.  

 

Fig. 2.21 Transmission of Au films of (a) 5.5 nm and (b) 8 nm thickness after capping 

with alumina layer. 

Since in PLD process, the ablated species possess high kinetic energy in the 

range about 200 eV, which can re-sputter the Au nanoparticle film during the coating 
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of alumina [127,128]. Re-sputtering of Au nanoparticles has also been reported earlier 

by during over-layer deposition with alumina [128].  In present case, change in 

LSPR wavelength by dielectric over-layer on Au films can be explained with two 

effects, as following. In presence of high dielectric constant material, LSPR 

wavelength of Au nanoparticles red-shifts. This can be observed from the Frohlich 

condition and Drude dielectric function as mentioned in Eq. 1.3. The other factor that 

affect the LSPR wavelength is re-sputtering induced decrease in average size of 

nanoparticles or increased inter-particle separation [128]. This would cause 

blue-shifted LSPR response. From comparison of Fig. 2.14 and 2.21, red-shifted and 

broadened LSPR response with alumina over-layer suggest that first factor is more 

dominant and capping induced morphological changes is not significant. 

Table 2.1 presents the LSPR wavelength and its bandwidth of Au nanoparticle 

films of varied thicknesses. Further to quantify LSPR strength (ΔT), difference in 

transmittance value at LSPR wavelength and IB edge was measured, as schematically 

shown in Fig. 2.14. LSPR wavelength tuning was observed in between 600 - 800 nm 

wavelength. LSPR wavelength red-shift achieved from increasing mass thickness is 

found to be relatively more than that produced by capping of Au films with alumina 

layer. The LSPR strength was found to increase with alumina capping. This is due to 

red-shift of LSPR band with respect to IB-transition region, resulting lesser damping 

of collective excitations [12].  
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Table 2.1 LSPR characteristics of Au films without and with alumina over layer 

deposited at varied substrate temperatures. 

Film 

thick

ness 

(nm) 

Growth 

paramete

rs 

 

Growth 

Temp. 

(°C) 

LSPR characteristics 

LSPR wavelength 

(nm) 

LSPR strength 

(ΔT %) 

LSPR 

bandwidth 

(nm) 

(Before) 

Before After 

alumina 

capping 

Before After 

alumina 

capping 

2.8 TSD:80 

mm, 

2500 

pulses 

150 612 655 16 28 134 

300 606 611 17 24 121 

500 642 655 19 30 164 

5.5 TSD:80 

mm, 

5000 

pulses  

150 674 756 34 43 264 

300 644 703 36 48 186 

500 746 754 31 51 432 

8 TSD:45m

m, 2500 

pulses 

150 703 770 35 46 488 

300 678 716 42 50 288 

500 800 826 38 53 702 

17 TSD:45 

mm, 

5000 

pulses 

150 970 - - - - 

300 756 ~950 37 - 668 

500 - - - - - 

2.8 Comparison of SERS response of films of varied morphologies  

 As observed from AFM analysis, the films deposited at high temperatures consist 

of nanoparticles which are closely spaced exhibiting ‘hot spot’ regions in between 

these nanoparticles. With LSPR excitation of these nanoparticles, near-field becomes 

very high at these hot spots, which is useful for SERS application. Therefore, SERS 

response of Au films deposited at varied temperatures were measured with 

rhodamine6G (Rh6G) dye of 500 nM concentration. 

For SERS measurement, the grown Au films were dipped in aqueous solution 
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of Rh6G of 500 nM concentration for 10 minutes. After that, the films were removed 

slowly from the solution without formation of any droplet. SERS data was collected 

using a Raman spectrometer (LabRam HR 800, Horiba) at two different excitation 

wavelengths of 633 nm and 488 nm with laser power of 9 mW and 10 mW 

respectively. In all the measurements, the objective lens was 50X and integration time 

was fixed at 200 s and background correction was performed as reported in literature 

[129]. The samples did not show any damage during the SERS measurements. The 

Raman spectrum of Rh6G in absence of Au film was also recorded for reference. Fig. 

2.22 (a,b) present SERS intensity of R6G dye measured at 633 nm in presence of Au 

nanoparticle films of 5.5 nm and 8 nm thickness respectively. In absence of Au film, 

no distinct Raman spectra of the dye was observed. Also RT grown films did not show 

measurable Raman signal. In contrast to this, high temperature grown films showed 

Raman spectra with distinct peaks at about 613, 774, 1180, 1362, 1576, 1598 and 

1648 cm-1 corresponding to different vibration modes of Rh6G dye, as mentioned in 

literature [60,130]. Enhancement factor (EF) for specific peak in the spectra was 

calculated from the expression [60]: 

RSRS

SERSSERS
SERS CI

CI
EF

/

/
                       … (2.25) 

 where, ISERS and IRS are intensity of Raman scattering peaks in presence and absence 

of Au nanoparticle films and CSERS and CRS are concentrations of dye used for 

obtaining Raman signal in presence and absence of nanoparticle films respectively. 

The value of CRS is 5 mM in EF calculations. The SERS EF of 1362 cm-1 peak is 

found to be about 4.3 x 105, 2.1 x 106, and 2.8 x 105 for nanoparticles films of 5.5 nm 
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thickness grown at 150, 300 and 500 ˚C respectively. Similarly, for 8 nm thick Au 

nanoparticle films, the SERS EF is found to be about 1.4 x 105, 2.7 x 106, and 1.1 x 

106 grown at 150, 300 and 500 ˚C respectively. For same mass thickness film, SERS 

EF was found to vary with the film growth temperature. It is because, SERS EF 

depends on size and shape of plasmonic nanoparticles and their arrangement, density 

of hot spots and excitation wavelength used for Raman measurement [130]. For both 

Au film thicknesses, 300˚C grown films showed the highest EF. AFM analysis 

showed that the films grown at 300˚C were formed with relatively uniform 

nanoparticles. Also, the LSPR band is close to the excitation wavelength.  

 

Fig.2.22 SERS intensity spectra of Rh6G dye in absence and presence of Au 

nanoparticle films of (a) 5.5 nm and (b) 8 nm film thickness. 
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   When the Raman excitation wavelength is close to LSPR wavelength, highest 

near-field enhancement can be achieved [12,60]. Further, SERS signal was also 

measured at two more regions of the sample and SERS intensity was found to vary 

within ± 8%. Relatively lesser EF observed at 500˚C could be due to red-shifted 

LSPR band with respect to Raman excitation wavelength and also decreased number 

density of hot spots. To address the role of LSPR wavelength with respect to Raman 

excitation wavelength, SERS measurements were also performed at 488 nm excitation 

wavelength. Fig. 2.23 (a) shows SERS intensity of Rh6G dye obtained in presence of 

8 nm thick Au nanoparticle films. For all films, peak intensity was significantly 

decreased (intensity scale is about three times lesser compared to Fig. 2.22 (b)). Au 

film of about 17 nm thickness also showed similar results, as shown in Fig. 2.23 (b). 

This figure compares SERS response of RT and 300˚C grown Au films at two Raman 

excitation wavelengths. Though 300˚C grown Au film showed high SERS intensity 

for both the excitation wavelengths of 633 and 488 nm, it is significantly high when 

excited with 633 nm wavelength. This shows that for the same film, more SERS EF 

can be obtained, by selecting excitation wavelength close to LSPR wavelength. The 

above results confirm that the observed SERS enhancement is due to LSPR driven 

electromagnetic field enhancement in-between the gap of nanoparticles. Au films 

capped with alumina layer (~30 nm thickness), showed significantly decreased SERS 

intensity and only few peaks were observed which were prominent in the SERS 

spectra with Au films without capping, It could be due to increased spacing between 

analyte molecules and Au nanoparticles. The purpose of alumina capping is to retain 
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the LSPR response for longer period. The grown Au films were found to be stable and 

did not show atmospheric tarnishing for more than six months to one year. The 

alumina capped Au films were found to be stable for more than four years. However, 

for SERS application, Au nanoparticle films without capping are better to obtain the 

highest SERS signal. 

 

Fig. 2.23 SERS spectra of Rh6G dye in presence of Au nanoparticle films of (a) 8 nm 

and (b) 17 nm film thickness. 

2.9 Summary 

Nanoparticle films grown at high temperature showed LSPR response whereas, 

RT growth resulted in formation of percolated films at low thickness (< 5 nm) and 

continuous films at higher thickness. Variation in dielectric function and optical 

response of Au films of different thickness up to 38 nm, grown by PLD at RT and 
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300C has been compared. Effective dielectric response of films of varied 

morphologies (without use of morphological parameters) has been determined from 

fitting of ellipsometry data using multiple Gaussian oscillators and Drude model. For 

RT grown Au film of thickness of about 38 nm, Drude model type free electron 

response well fitted the ellipsometry data and the obtained dielectric response closely 

matched with that of bulk Au metal. However, due to LSPR excitation in high 

temperature grown films up to 18 nm thickness or RT grown film up to 4 nm, free 

electrons have shown oscillator type response. Narrow band LSPR response was 

observed for the films grown at 300C due to formation of relatively uniform 

nanoparticles. By controlling growth temperature, same LSPR wavelength response in 

different thickness films has been demonstrated. Capping with alumina layer 

produced stronger and red-shifted LSPR response. The high temperature grown films 

showed formation of closely spaced nanoparticle films, indicating its potential use as 

SERS substrates. SERS response was measured at two excitation wavelengths using 

500 nM Rh6G as probe. For Au films of same thickness, high temperature grown 

films showed stronger SERS response compared to RT grown films. Au films grown 

at 300C exhibiting narrow LSPR band with uniform size and shape nanoparticles 

resulted in maximum SERS EF. The films with LSPR wavelength close to Raman 

excitation wavelength, resulted maximum SERS intensity. These results show that 

densely packed Au nanoparticle films grown with optimized combination of growth 

temperature and film thickness can be efficient SERS substrates for SERS sensing 

application. 
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Chapter 3 

Plasmonic response tunable Ag-Au alloy nanoparticle films for SERS 

at different wavelengths 

Plasmon wavelength tuneable metal nanoparticle films with strong resonance 

near excitation wavelength are highly suitable for SERS application at multiple 

wavelengths. LSPR wavelength tunability can be obtained by variation of either 

extrinsic parameter like size and shape or intrinsic parameter i.e. dielectric response of 

metal [12,18]. In the film form, the extrinsic parameters also include structural 

arrangement of nanoparticles and their surrounding dielectric medium. For smaller 

nanoparticles, the dipolar mode plasmon dominate the overall extinction, whereas in 

large nanoparticles, higher order multi-pole excitation and scattering become 

important [9,12,23]. On the other hand, LSPR wavelength tuning in smaller 

nanoparticles is possible by intrinsic parameter (dielectric function of metal), refer Eq. 

1.1. This approach becomes more promising for applications which require LSPR 

tuning control without compromising hot spot density eg. SERS substrates. The 

dielectric response of the metal can be changed by alloying of two metals of different 

dielectric response. In this regard, alloy nanoparticles of noble metal have emerged as 

promising plasmonic material [13,18,131]. As mentioned earlier, Ag and Au 

compared to other metals, possess strong LSPR in visible region, making them 

popular for most of the applications [13-16]. These two metals possess similar atomic 

lattice constants (Ag:4.086 Å, Au: 4.078 Å), same crystalline structure (FCC) and 

close atomic size (Ag:172 pm, Au:166 pm). Therefore, according to the Hume 
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Rothery rules of alloy formation, Ag and Au form completely miscible solid for all 

compositions [13, 82]. Further, since the two metals belong to same group in periodic 

table and have similar free electron density, same optical and LSPR response would 

be expected. However, the variation in the frequency dependent dielectric response 

arising from bound electrons [11,12] makes them appear as Ag in white and Au in 

yellow color and also render different LSPR excitation wavelengths. Due to this, alloy 

of these two metals, will result LSPR tuning between that exhibited by the individual 

metals. This chapter presents exploring the sequential PLD method for formation of 

Ag-Au alloy nanoparticle films of varied compositions and effect of different process 

parameters of LSPR tuning. Effect of substrate temperature, mass thickness and alloy 

composition on LSPR wavelength tuning and morphological characteristics is 

discussed. The LSPR response was explained using effective medium theory, 

mentioned in previous chapter considering three analytical models of alloy dielectric 

function. UV-Vis. transmission of alloy nanoparticle films was compared for the three 

models and alloy formation was confirmed. Apart from theoretical calculation of 

dielectric and optical response of the alloy nanoparticles, their eff is also determined 

experimentally using spectroscopic ellipsometry. This becomes imperative because in 

literature, determination of dielectric response using ellipsometry has been reported 

for pure metallic nanoparticle films.  

3.1 Dielectric function of alloys 

The variation in effective dielectric response (eff) with different compositions 

is useful in determining the overall optical response and alloy formation. The real part 
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of it determines LSPR wavelength and bandwidth, whereas damping in the resonance 

can be seen from large values of its imaginary part [12,18]. Dielectric response of the 

bulk alloy is required for determining eff of alloy nanoparticle films. In case of pure 

Ag and Au, the bulk dielectric function is determined experimentally [31,115] and to 

predict the same, different analytical models have been also developed [114,132]. 

However, for Ag-Au alloy, bulk dielectric response is determined experimentally only 

for limited compositions [82]. In order to obtain bulk alloy dielectric response for any 

alloy composition, different analytical models have been proposed in literature 

[133-136]. The simplest model, henceforth called as Model I, is based on composition 

weighted linear sum of the dielectric function of the two metals [133,134]. According 

to this, the bulk dielectric function of alloy is, 

  AuAgalloy xx   1             ... (3.1) 

where, Ag and Au are dielectric response of bulk Ag and Au respectively. x 

represents percentage of Au in the alloy, and varies from 0 (Pure Ag) to 1 (Pure Au). 

Data of dielectric function of these individual metals was obtained experimentally by 

Johnson-Christy (JC) [115] and also Palik [31] separately. Analytically, frequency (ω) 

dependent dielectric function of Ag and Au metal with contribution from both free 

and bound electrons [12,137], is represented in simplest form as 

)(1

2
1)( 


 IBi

p
metal            … (3.2) 

where, εIB represents the contribution from bound electrons, τ and ωp are 

relaxation time and bulk plasma frequency. The IB transition threshold of Ag and Au 

occur at about 3.9 and 2.4 eV respectively, due to variation in separation between 
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d-band and conduction sp-band [12,82,135]. For smaller spherical nanoparticles, the 

LSPR excitation of Au occurs at ~ 1.9 eV, i.e. close to its IB transition edge. In Ag, 

the LSPR excitation (at 2.9 eV), is relatively farther from IB transition edge [12]. In 

alloy film, the two metals when mixed at atomic level uniformly, IB transition edge is 

expected to be in between that of individual metals and the same has been also 

confirmed experimentally [138,139]. However, the above model-I would result both 

the IB edges for all alloy compositions, except pure metal.  In order to avoid this 

inconsistency, Gaudry et al provided another model (Model II) [135], based on shift 

of IB transition edge, depending on Au percentage. According to this model, for 

frequency ώ>0 [135], 

    AuIBAgIBalloyIB xxx    1         … (3.3a) 

              AuIBAuIBAgIBAgIBalloyIBalloyIB xxxx ImIm1,Im  

                                                 ... (3.3b) 

Addition of imaginary part of Drude dielectric response in the above Eq. 

3.3(b), provides the imaginary part of εAlloy. Further, using Kramers-Kronig relation 

which relates the real and imaginary part of the dielectric response, real part of εAlloy is 

obtained as per the procedure mentioned in ref 135. In this model, IB transition edge 

in dielectric response of alloy varies smoothly with percentage of Au in alloy 

composition. Rioux et al provided another model using critical point analysis of alloy 

band structure (model III) [136]. This model was found to predict variable IB 

absorption edge with alloy composition. However free electron response of alloys 

with varying composition has not been taken into account [136]. Using these three 



69 
 

models, the dielectric function of Ag-Au alloy is calculated and compared. Fig. 

3.1(a-c) presents Re(εAlloy) and Imag (εAlloy) for pure Ag, Ag-Au alloy of 1:1 

composition and pure Au respectively. It can be observed that the Re(εAlloy) predicted 

by the three models is almost same at longer wavelength region > 500 nm, and it lies 

in between that of the two metals (Fig. 3.1(d)). For pure Au, model-II and III 

predicted Re(Au) showed deviation from that predicted by model-I i.e. experimental 

JC data. This is because the Re(Au) is predicted by: K-K relation in model-II, and in 

model-III by analytic expressions, which showed marginal variation. The Imag() 

accounts for the band structure and energy gap at X symmetry point that occurs at ~ 

495 nm (2.5 eV) for Au and ~ 310 nm (4 eV) for Ag [136]. 

 

Fig. 3.1 Comparision of model-I, II and III predicted real(ε) and imaginary (ε) of (a) 

Ag, (b) 1:1 alloy, (c) Au and combinedly in (d). 

For pure metals, all the three models showed similar variation in Imag(), 
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however for 1:1 alloy composition, it varied significantly among the three models. 

Model-I showed IB edge for both pure Au and Ag, in their alloy, which in not 

according to the experimental results [138,139], as mentioned above. However, 

model-II and model-III showed distinct IB edge different from the two metals. Also 

model-III has shown larger values of Imag() compared to that of other two models at 

longer wavelengths which is in line with the experimentally obtained larger absorption 

in alloys in comparison to pure metals [136]. 

3.2 Growth of Ag-Au alloy nanoparticle films of varied compositions 

For growth of alloy nanoparticles of different compositions, uniform mixing 

of the two metals at atomic scale is crucial. In this respect, chemical route synthesis is 

promising to form alloy nanoparticles [133,140]. However, it forms colloidal particles 

along with different stabilizing agents or species [141]. Using these nanoparticles, it is 

difficult to produce uniform monolayer of densely packed nanoparticle films as SERS 

substrates. In PVD methods, deposition of layer by layer mono-metallic films, and 

subsequent thermal annealing, at very high temperatures is a cumbersome process and 

is limited in producing uniform alloy nanoparticles of varying compositions [74,75]. 

As shown in previous chapter, at optimum experimental conditions of PLD, fraction 

of monolayer film is formed in laser ablation of each pulse. Therefore, sequential laser 

ablation of two different metal targets alternatively, by adjusting the number of pulses 

in a sequence can provide a fine control of composition and uniform mixing of both 

the metals in the deposited nanoparticle films.  

Using the sequential PLD, Ag-Au alloy nanoparticle films were deposited on 



71 
 

sapphire and Si substrates. Ag and Au targets were sequentially ablated using KrF 

excimer laser in a vacuum chamber, at base pressure of ~ 6 x 10-6 mbar. Details of the 

experimental set-up are same as mentioned in chapter 2. Composition of the films was 

varied by varying the ratio of ablation pulses of Ag and Au targets as 1:0, 4:1, 1:1, 1:4 

and 0:1 within every 100 laser ablation pulses, to ensure mixing of the two metals in 

the nanoparticles. It may be noted that the ratios 1:0 and 0:1 corresponds to pure Ag 

and Au films respectively. Thickness of alloy films was controlled by varying the total 

number of ablation pulses i.e. 2000, 4000 and 6000. The film thickness was obtained 

from X-ray reflectivity and it was measured to be 1.18 and 1.4 nm for 1000 ablation 

pulses of Ag and Au respectively. Structural characteristics of these films were 

obtained from XRD. Fig. 3.2 shows XRD pattern of a thick Ag-Au film deposited 

with 1:1 ratio of ablation pulseo, for total 30000 laser pulses at 300 oC substrate 

temperature. The figure inset shows GIXRD intensity of Ag-Au films deposited with 

total 6000 pulses. The peaks at 38.2, 44.2, 66.6, 78.2 and 81.2 of 2 correspond 

to (hkl) indices of (111), (200), (220), (311) and (222) planes of face-centred cubic 

(FCC) phase [142]. This shows Ag-Au alloy are also formed in similar crystalline 

phase as that of individual metals [142,143]. With increasing Au ablation pulses ratio, 

the (111) peak shifted systematically from 38.1o to 38.5o, consistent with the lattice 

constant of pure Ag (4.086 Å) and pure Au (4.078Å) films [142]. This shows that the 

average lattice constant of Ag-Au alloy films lies in between the two of pure metal 

films. However, due to same crystalline structure and very close lattice constants of 

Ag and Au, very small peak shift of 0.4 was observed, and therefore, formation of 
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alloy from this data alone may not be considered as fully confirmative. 

  

Fig. 3.2 XRD intensity of a thick Ag-Au alloy film grown with 1:1 pulses ratio of Ag 

and Au with total 30000 pulses; inset: GIXRD intensity pattern of alloy films of 

different compositions deposited with total 6000 pulses. 

Therefore, further investigation using XPS has been carried out on the film 

grown on Si substrates. The obtained detailed scans were fitted with 

Gaussian-Lorentzian product functions after background correction using XPS 

peak-fit software. In order to remove charging effect, static charge correction was 

done with binding energy (BE) peak value of 284.6 eV of adventitious carbon. Fig. 

3.3 (a, b) presents intensity spectra of Au-4f and Ag-3d BE peaks respectively. The 

figure shows that the BE peak of Ag shifted towards lower energy from 367.97 to 

367.7 with increasing Au percentage in alloy films.  
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Fig.3.3 Variation of XPS BE spectra (a) Au 4f and (b) Ag 3d core level with alloy 

composition. 

Also, the BE peak of Au shifted from 83.42 eV (Pure Au) to 83.79 eV (Ag 

rich), i.e. moved towards higher energy with addition of Ag in the films. Tyson et al 

mentioned that when metals form the alloy, both sp-conduction band and d-band 

participate in the alloying, involving flow of both conduction and non-conduction 

charge [144]. In alloying, Au gains non-d conduction charge and loses d-charge, 

which has been also verified experimentally by X-ray absorption near-edge structure 

measurements [144,145]. The observed variation in BE of Ag and Au is in consistent 

with that reported earlier for Ag-Au alloy prepared by other methods [142,144,145]. 

This confirms alloy formation in the deposited Ag-Au films by sequential laser 

ablation of Ag and Au separate metal targets. The composition of alloy films was 

estimated from integrated areas of the BE peaks as per the following relation [146] 

AuAu

AgAg

ASFI

ASFI

Au

Ag

/

/

[%]

[%]
 ,             … (3.4) 

where, IAg/Au and ASFAg/Au are the integrated areas and atomic sensitivity factor 

respectively of Ag-3d5/2 (Au-4f7/2) BE peak [146]. The obtained composition of 
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Ag-Au films is tabulated in table 3.1. The obtained composition of alloy is found to 

be slightly lesser than ratio of laser pulses used for deposition.  

Table 3.1. Mass thickness and C corrected Binding energy (BE) peak positions of 

Ag-3d5/2 and Au-4f7/2 of Ag-Au films. 

S 
No 

Ratio of 
laser 

pulses 
(Ag:Au) 

Film 
thickness 

from 
XRR 

BE peak 
Ag-3d5/2 

 

BE peak 
of Au-4f7/2 

 

Film 
composition 
from XPS 
(Ag:Au) 

Film 
composition 
from EDS 
(Ag:Au) 

i. 1:0 4.8 nm 367.97 eV - - - 

ii. 4:1 5 nm 367.96 eV 83.79 eV 73: 27 - 

iii. 1:1 5.1 nm 367.8 eV 83.61 eV 43 : 57 43.4 : 56.6  

iv. 1:4 5.3 nm 367.7 eV 83.56 eV 17 : 83 - 

v. 0:1 5.5 nm - 83.42 eV - - 

 

This is due to difference in ablation yield of Ag and Au metals, which depends on 

their optical and thermal properties [78]. The Ag:Au composition was also confirmed 

with EDX measurements for the film grown with 1:1 ratio of laser pulses and Fig. 3.4 

shows its EDX spectrum. The obtained composition this film is 43.4:56.6, which is 

close to that obtained from the XPS measurements, showing relatively higher 

percentage of Au than Ag. The obtained composition is also in consistent with the 

observation of film thickness showing higher deposition of Au (1.4 nm) than Ag (1.18 

nm) for same number (1000) of ablation pulses.  
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Fig.3.4 EDS spectrum of Ag-Au alloy film. 

In this sequential laser ablation process, thickness of each individual metal 

deposited before ablation of the other target is ~ < 0.1 nm, much lesser than thickness 

(~ 0.5 nm) of monolayer. Further, at 300 ºC, the diffusion distances of Ag and Au on 

oxide substrates for 0.1 s (time between two successive ablation pulses) are about 350 

and 190 nm respectively, obtained from Eq. 2.24. This distance is sufficiently longer 

for capturing of adatoms by the nearest nanoparticles, resulting atomic level mixing of 

metals, and formation of alloy nanoparticles. 

3.3 Optical response and LSPR characteristics of Ag-Au alloy nanoparticle films 

The LSPR characteristics of the grown Ag-Au alloy films of varied 

thicknesses at 300C substrate temperature was characterized from transmission 

spectra. Fig. 3.5 (a-c) presents UV-Vis. transmission of films produced with total 2000, 

4000 and 6000 ablation pulses respectively. All these spectra show LSPR excitation, 

that showed consistent red-shift of LSPR wavelength with increasing Au percentage 

in alloy. For a fixed composition, the LSPR band also showed red-shift with film 
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thickness (varied from total ablation pulses). With alloy composition, the LSPR 

tuning was found to be in the range of about 450-640 nm, 470-690 nm and 490-780 

nm for the films grown with 2000, 4000 and 6000 pulses respectively. Further, in each 

spectrum there is only one LSPR band which consistently red-shifted with 

composition in all the three cases, indicating formation of alloy nanoparticles 

otherwise two separate bands corresponding to Ag and Au would have been obtained 

[142,147,148]. 

 

Fig. 3.5 Transmission of Ag-Au alloy films deposited with total (a) 2000 (b) 4000 and 

(c) 6000 pulses and varied ratio of laser pulses of Ag and Au. 

 Variation of LSPR wavelength with Au percentage is not exactly linear. 

Almost linear variation of LSPR wavelength with Au percentage in Ag-Au alloy can 

be observed for monodisperse spherical nanoparticles, grown by chemical reduction 

method [133,147]. In present case of Ag-Au alloy nanoparticle films, the LSPR 

response is determined by not only composition, but also significantly affected by the 

presence of substrate, aspect ratio and volume filling fraction, as mentioned in chapter 

2. For pure Ag and Au films, the IB absorption edge (below which transmission 

decreases at shorter wavelengths) was observed at ~ 350 and 520 nm respectively. In 

case of Ag-Au films, consistent red-shift of IB edge was observed with Au percentage. 
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In these films single IB absorption edge, instead of two corresponding to each metal, 

confirms the grown nanoparticles are in alloy form. The LSPR excitation (resulting 

dip in transmission spectra) consists of absorption (proportional to volume,V) and 

scattering (proportional to V2) (refer eq. 1.5 and 1.6). For each composition at higher 

number of pulses, the films have shown decreased transmission, which is due to 

increased extinction by the formed large size nanoparticles. For alloy films, the LSPR 

strength (∆T; Fig. 2.4) is relatively lesser in comparison to pure metal films. This is 

due to relatively higher damping of alloys compared to monometallic films [136]. 

Further the LSPR bandwidth of pure Au films, was found to be higher than that of 

pure Ag films. The LSPR bandwidth is influenced by both intrinsic and extrinsic 

factors (size and shape). For 30 nm size of Ag and Au nanoparticle, LSPR bandwidth 

calculated from Mie theory is about 15 and 55 nm respectively. The observed 

difference is attributed to the intrinsic variation in dielectric function of Ag and Au. 

For Au, broader Re(Au) and large value of Imag(Au) near LSPR wavelength result 

large LSPR bandwidth [12]. Apart from this, in case of Au films, large distribution in 

size and shape of nanoparticles, which was confirmed through AFM, also contributed 

to the observed inhomogeneous broadening. 

 Fig. 3.6 presents AFM images of Ag-Au alloy nanoparticles deposited with 

2000 pulses at 300ºC growth temperature for different ratio of ablation pulses of the 

metals. All the films showed closely spaced nanoparticles of average size of about 26, 

19, 17.5, 21 and 25 nm for 1:0, 4:1, 1:1, 1:4 and 0:1 ratio of Ag:Au laser pulses 

respectively. Fig. 3.7 presents the AFM images along with line profile scan of the 
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films grown with total 4000 pulses at 300ºC with different ratio of Ag:Au laser pulses. 

Compared to previous case (Fig. 3.6), the average particle size increased for all the 

compositions and is about 30, 25, 23, 25 and 31 nm for 1:0, 4:1, 1:1, 1:4 and 0:1 ratio 

of Ag:Au laser pulses respectively. Increase of particle’s average size with increasing 

total number of laser pulses, is attributed to growth and coalescence of early formed 

nanoparticles. Ag films deposited with 2000 laser pulses showed lesser particle 

number density compared to that of Au film. However, with increasing number of 

pulses to 4000, the number density of Au films is found to be lesser than Ag. Lower 

nucleation density of Ag film grown with lesser number of pulses is due to higher 

diffusion coefficient of Ag (1.1 x 10-8 cm2/s) compared to Au (3.6 x 10-9 cm2/s) which 

also resulted in larger nanoparticles [108]. Though, as the films grow, by increasing 

total ablation pulses, the earlier formed nanoparticles start to coalesce, resulting large 

size nanoparticles with decreased number density [149], as observed for Au film 

grown with 4000 ablation pulses, tabulated in table 3.2. In case of Ag films, larger 

average size and low particle density can be due to its higher diffusion coefficient, 

whereas in case of Au films this could be because of higher coalescence. Further in 

both the cases, the average particle size was found to be lesser in alloy films than that 

compared to monometallic films. Correspondingly the particle number density of 

alloy films was higher than that of monometallic films.  
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Fig.3.6 AFM images along with distributions of diameter of Ag-Au nanoparticles 

grown with total 2000 pulses at 300C temperature. 
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Fig.3.7 AFM images along with line scan and distribution of diameter of Ag-Au 

nanoparticles grown with total 4000 pulses at 300C temperature. 

The height profile analysis as presented in Fig. 3.7 showed average particle height of 
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about 12 nm and 8 nm for Ag and Au films respectively. This shows larger aspect 

ratio of about 3.8 for the formed Au nanoparticles compared to 2.8 for Ag 

nanoparticles. Also, Au films showed particle size distribution. Large aspect ratio Au 

nanoparticles with broad size distribution was also reported for Ag, Au and alloy 

nanoparticle formed with gas-phase deposition method [150]. This was attributed to 

larger Au-oxide interaction and lower mobility of Au ad-atoms compared to Ag. These 

morphological observations reveal that the extrinsic parameter (broad particle size 

distribution and high aspect ratio) also contributes to the observed large 

inhomogeneous broadening at longer wavelengths in the transmission spectrum of Au 

films grown with 4000 pulses.    

Table 3.2 Average diameter (nm) and number density (cm-2) of nanoparticles in Ag-Au 

films deposited with different ratio of Ag and Au ablation pulses.   

Ratio of laser pulses 

(Ag:Au) 

1:0 4:1 1:1 1:4 0:1 

Total pulses: 

2000 @ 

300ºC 

Avg. dia. 

(nm) 

26 19 17.5 21 25 

Particle 

density 

8.8x1010 1.1x1011 1.4x1011 9.7x1010 9.4x1010 

Total pulses: 

4000 @ 

300ºC 

Avg. dia. 

(nm) 

30 25 23 25 31 

Particle 

density 

8.1x1010 9.6x1010 1x1011 8.5x1010 6.9x1010 

Total pulses: 

4000 @ RT 

Avg. dia. 

(nm) 

24 22 23 24 19 

In order to observe the effect of substrate temperature on LSPR tunability of 

Ag-Au films, these films were also deposited at RT. Fig. 3.8 (a,b) show UV-Vis. 

transmission of Ag-Au films deposited at RT with varied ratio of laser pulses of Ag 
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and Au for total 2000 and 4000 pulses respectively. LSPR response was observed for 

Ag and Ag rich films only, whereas Au and Au rich films showed almost constant 

transmittance at longer wavelength, i.e. characteristic of percolated or continuous 

films. Further, the LSPR response of Ag and Ag rich films was found to be red-shifted 

from that of the films grown at 300ºC substrate temperature. In order to understand 

these observations, morphology of these films was characterized using AFM. Fig. 3.9 

presents the AFM images of RT films deposited with total 4000 laser pulses along 

with corresponding line scan and particle size distribution.   

 

Fig. 3.8 UV-Vis. transmission spectra of Ag-Au alloy films deposited at RT for (a) 

2000 and (b) 4000 total pulses. 

  Ag and Ag-rich films showed formation of nanoparticles of average height of 

~6 nm, whereas other films morphology reveals the particles did not exhibit distinct 

boundary and had lesser height of about 2-3 nm. This is due to almost 10 times lower 

diffusion coefficient of Au adatoms compared to that of Ag, which led to higher 

nucleation density, at initial stage, and further deposition turned Au films growth into 

almost continuous form.      
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Fig.3.9 AFM images along with line scan and distributions of diameter of Ag-Au 

nanoparticles grown with total 4000 pulses at RT. 
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It is also consistent with observation of no LSPR response in Au and Au rich 

films. Though the average diameter of particles in Ag and Ag rich films deposited at 

RT is smaller than those grown at 300˚C, the red-shift of LSPR band can be due to 

increased volume filling fraction (revealed from average height).   

3.4 Analytical calculation of LSPR response of Ag-Au alloy nanoparticle films  

Ag-Au alloy dielectric response predicted by the three models was used for 

calculating εeff of alloy nanoparticle films (Eq. 2.1) which was further used for 

calculating the transmission (Eq. 2.6) of these films. In these calculations, the εeff of 

alloy nanoparticle films which is function of i) metal volume filling fraction (q), and ii) 

dielectric function of metal. For nanoparticle films, the q value is related to average 

particle height ‘h’ and mass thickness ‘tm’, as q = tm.h. The values of tm and h were 

determined from XRR and AFM height profile analysis respectively. Fig. 3.10 

presents the calculated UV-Vis. transmission of Ag-Au nanoparticles films deposited 

at 300C for total 4000 laser pulses of different compositions shown in table 3.2. The 

q values are found to be in range of 0.45 – 0.6, which is consistent with that obtained 

for closely spaced nanoparticle films [111], and also confirmed by AFM analysis. 

From the figure, it can be observed that all the three dielectric function models have 

predicted LSPR wavelength tuning with film composition. For alloy films, the 

observed variation in LSPR wavelength is less than 10 nm as predicted by the three 

models. The predicted LSPR in range 460-600 is close to that observed 

experimentally, as shown in Fig. 3.10(d). Though all these models showed similar 

variation in LSPR response with alloy composition but, transmission spectra below 
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500 nm i.e. near IB edge, the variation is different. Particularly in model-I, all the 

alloy films showed IB edge at about 500 nm close to Au films, which do not match 

with the experimentally observed transition spectra (refer Fig. 3.5(b)). However, the 

spectra predicted by model-II and model-III, shows continuous red-shift of IB edge 

from Ag towards Au with increasing Au percentage, as observed experimentally. This 

occurs to alloy nanoparticles in which the IB edge is in between that of two metals. 

This further confirms alloy nanoparticles formation in the grown films.  

 

Fig. 3.10 Calculated transmission of Ag-Au alloy films of varied compositions 

deposited with total 4000 ablation pulses at 300oC, using (a-c) three analytical 

models and (d) comparison of experimentally observed LSPR wavelength with that 

obtained from analytical models.     

Further, it can be noticed that, for monometallic films, model-III predicted ~30 
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nm red-shift of LSPR wavelength for Ag and ~15 nm blue-shift in LSPR wavelength 

of Au films. As mentioned earlier, in model-I and II the dielectric response of Ag and 

Au have been taken from the experimental data provided by JC and Palik [31,115], 

whereas in model-III, analytical model predicted data was used. Therefore, the 

observed LSPR resonance wavelength shift for mono-metallic films for model-III can 

be attributed to deviation of its dielectric response from experimental JC data at 

longer wavelengths, as shown in Fig.3.1. However, for alloy nanoparticle films, the 

transmission spectra predicted by model-III is close to those observed experimentally. 

These results reveal that, to predict the LSPR wavelength variation with 

composition of alloy nanoparticle films, any one of the models can be used. However, 

model-II and III are accurate in predicting the optical response of alloy nanoparticle 

films. Further, the range of LSPR wavelength that can be tuned with alloy 

composition, was calculated, which is shown in Fig. 3.11. For this calculation, aspect 

ratio of nanoparticles is fixed to be three and model-II has been considered, as it 

predicts LSPR wavelength for both monometallic and alloy nanoparticle films and is 

more comprehensible than model-III involving only one parameter i.e. percentage of 

Au in the films. From the figure, it can be observed that for fixed value of q, as the Au 

percentage increased from 0 to 100%, the LSPR wavelength red-shifted. Also, for 

densely packed nanoparticle films, with typical q value of 0.65, the LSPR wavelength 

varied in the range of 480-650 nm. 
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Fig.3.11 LSPR wavelength of Ag-Au films versus volume filling fraction and 

percentage of Ag in the films. 

3.5 Experimental determination of dielectric response of alloy nanoparticle films 

using spectroscopic ellipsometry 

From Fig. 3.2, it can be observed that the dielectric function of bulk Ag-Au 

alloy predicted by analytical models have certain variations. Further to determine εeff 

of Ag-Au alloy films with respect to composition and film thickness, Eq. 3.2 requires 

morphological parameters. For very low mass thickness films, AFM or SEM imaging 

has limitations in determining the size and shape of nanoparticles. Therefore, in order 

to experimentally determine the dielectric response, spectroscopic ellipsometry 

measurements were carried out. For this, two set of Ag-Au nanoparticle films were 

prepared on glass substrates with varied ratio of laser pulses as 2:1 (50:25) and 1:2 

(25:50) within every 75 pulses in sequential PLD process at 400oC substrate 

temperature. The total number of ablation pulses was 1000, 2000, 4000 to 8000 for 

deposition of different thickness films. Under these growth conditions, pure Ag and 
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Au films were also grown for total 20000 laser pulses at RT, and from X-ray 

reflectivity, the film thickness was found to be ~ 0.75 and 0.8 nm respectively for 

deposition of 1000 ablation pulses. Fig.3.12 presents the variation of LSPR 

wavelength and strength (ΔT) of these Ag-Au films grown with different total number 

of pulses. The obtained results are similar to the previous set of samples (section 3.2), 

which further confirms the applicability of sequential PLD for deposition of Ag-Au 

films on different substrates exhibiting tunable LSPR wavelength with ratio of 

ablation pulses. 

    

Fig.3.12 Variation of LSPR strength (ΔT) and wavelength with Ag:Au laser pulses 

ratio. 

For ellipsometry measurements, the films were deposited on glass substrates 

whose back-side is roughened to avoid back-side reflections. Ellipsometry 

measurements were performed at four different angle of incidence (AOI). Fig. 3.13 

presents the both measured (symbols) and model fitted (lines) ellipsometry data with 

MSE less than 5. For fitting, the procedure based on gaussian oscillators was applied, 
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as mentioned in section 2.3. Fig. 3.14 (a and b) show real(ε) and imag(ε), extracted 

from fitting of ellipsometry data of Ag-Au alloy films deposited with different ratio of 

laser pulses of Ag and Au respectively. For all the compositions, the Real ε(ω) showed 

positive values unlike the bulk films which show negative values at longer 

wavelengths, refer Fig. 3.1. 

 

Fig. 3.13 Experimentally observed (symbols) ellipsometry parameters (Ψ: solid, 

Δ :open) at four AOI along with model fitted data (lines) obtained for Ag-Au alloy 

nanoparticle films deposited with total 2000 laser pulses. 

The variation of Real ε(ω), and Imag ε(ω) with wavelength, shows characteristics 

response of bound electron along with resonant absorption characteristics. This arises 

from spatial confinement of free electrons resonance oscillations (plasmon resonance 

excitation) in the films. It can be observed that the peak in Imag ε(ω) shows red-shift 

with increasing Au percentage in the films. This is in line with the observed red-shift 

of LSPR wavelength, as shown in Fig. 3.12. Also, the magnitude of Imag ε(ω) is 
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found to increase with Au percentage at shorter wavelengths, which can be attributed 

to higher absorption losses of Au as compared to Ag.  

 

Fig. 3.14 Variation of (a) real εeff and (b) imag εeff of Ag-Au alloy films deposited with 

total 2000 laser pulses for varied ratio of Ag and Au laser pulses. 

Using this experimentally determined εeff, the transmission spectra was calculated 

for these alloy films. Fig. 3.15 compares the calculated and experimentally observed 

transmission of Ag-Au films deposited with varied ratio of Ag and Au pulses.  

 

Fig. 3.15 Comparison of calculated (open symbol) and experimental (solid line) 

transmission of Ag-Au alloy films deposited with total 2000 laser pulses. 
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For all the compositions, the calculated transmission spectra match well with the 

experimental data, ensuring the obtained dielectric response of alloy films is accurate. 

Following the same procedure, the dielectric response of different mass thickness 

films is calculated from spectroscopy ellipsometry data. Fig. 3.16 shows the variation 

of Imag ε(ω) of Ag and Ag rich alloy films grown with varied total ablation pulses. 

Peak in Imag ε(ω) is increased, broadened and red-shifted with total number of 

ablation pulses. This is consistent with the earlier observations of red-shift and 

broadening of LSPR band attributed to larger size of nanoparticles with increasing 

film thickness. For both the compositions of the films, the peak edge position 

remained almost same, showing same IB edge for the fixed composition of the films.  

 

Fig. 3.16 Imag (εeff) of Ag-Au films deposited with total 2000 pulses and (a) 1:0 and 

(b) 2:1 ratio of Ag and Au laser pulses. 

3.6 SERS response of Ag-Au nanoparticle films 

 The above results, reveal that LSPR wavelength tunable densely packed 

nanoparticles films of different Ag-Au alloy compositions can be fabricated using 

sequential PLD. A typical AFM image is presented in Fig. 3.17, showing formation of 

closely spaced nanoparticles exhibiting hot spots as required for SERS substrates. In 
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previous chapter LSPR tuning was shown with film thickness, where nanoparticles 

size and density varied significantly.   

 

Fig. 3.17 Typical AFM image of closely spaced noble metal nanoparticle film grown 

by PLD. 

 In this case, the obtained LSPR tuning is achieved with alloy composition, without 

much change of the number density and size. The SERS intensity is influenced by 

morphological parameters i.e. size of nanoparticles, number of hot spots and intrinsic 

dielectric response of the nanoparticles at Raman excitation wavelength [60,61,130]. 

The SERS spectra was measured with Horiba Raman spectrometer at two different 

excitation wavelengths of 488 nm (Ar ion laser) and 633 nm (He-Ne laser) using 

Rh6G dye as probe, in presence of Ag-Au films of different thicknesses deposited 

with 1000, 2000, 4000 and 8000 ablation pulses and with different ratio of Ag:Au 

ablation pulses. The grown nanoparticle films were incubated in 500 nM aqueous 

solution of Rh6G dye. After 10 min., these films were drawn out of the solution and 

dried in air. SERS signal was collected from four locations of each sample, for 10 s 

integration time, and average of these measurements is considered before background 

correction [128]. Fig. 3.18 presents the SERS intensity of Rh6G dye obtained with 
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488 nm excitation wavelength, in presence of Ag-Au alloy films deposited with 

different number of ablation pulses. The films grown with 1000 pulses, forming very 

small size nanoparticles and weak LSPR response, did not show significant SERS 

peaks. The film produced with 2000 to 8000 pulses have shown SERS signal with 

different peaks at about 611, 774, 1187, 1311, 1364, 1506, 1576, and 1651 cm-1, 

corresponding to different vibrational modes of Rh6G molecule [60,130,130]. For 

same measurement conditions, intensity of the SERS peaks was found to be higher in 

case of Ag and Ag rich alloy films as compared to that obtained with Au and Au rich 

films. For example, for the films deposited with total 2000 pulses the SERS EF (using 

Eq. 2.25) of the characteristic 1364 cm-1 peak, was found to be about 6.2 x 105, 1.3 x 

106 and 2.2 x 105 for Ag, Ag rich alloy and Au rich alloy films respectively. The films 

deposited with 4000 pulses showed SERS EF of about 1.6 x 106, 4.9 x 105 and 1.2 x 

105 for Ag, Ag rich and Au rich films respectively. The highest EF was obtained for 

Ag rich film produced with 2000 pulses and pure Ag film deposited with 4000 pulses. 

Further increasing film thickness, i.e. the film deposited with 8000 pulses, only Ag 

film showed SERS peaks, with lesser intensity, about 18 times lower than that 

observed with Ag films grown with 4000 pulses. These results show that both mass 

thickness and alloy composition strongly influence the SERS response. Local field 

enhancement at hot spot (region in between nanoparticles) is the highest when the 

laser wavelength used for Raman measurement is close to LSPR wavelength [12,60].  
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Fig. 3.18 SERS intensity of Rh6G Dye molecules obtained with 488 nm excitation 

wavelength, in presence of Ag-Au alloy films deposited with varied total number of 

laser pulses. 

In the grown Ag-Au alloy films, the LSPR wavelength is red-shifted by 

increasing film thickness from total ablation pulses and Au percentage in the films. 

For lower film thickness (grown with 2000 pulses) Ag rich alloy film and at higher 

thickness (with 4000 pulses) pure Ag film exhibited LSPR excitation, close to Raman 

measurement excitation wavelength, resulting the highest SERS EF. When film 

thickness is increased further, the LSPR wavelength for all the compositions 

red-shifted considerably compared to the wavelength used for Raman measurement. 

Therefore, SERS intensity reduced significantly for thick films.  

Fig. 3.19 (a-d) presents the SERS intensity of Rh6G dye obtained with 633 nm 

excitation wavelength, in presence of Ag-Au nanoparticle films. Similar to previous 

case (Fig. 3.18), the films grown with 1000 pulses showed weak SERS response, in 
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which pure Au films showed slightly better signal. For the films deposited with 2000 

and 4000 pulses, the alloy films showed highest SERS intensity as compared to that 

shown by monometallic films. SERS enhancement factor for 1364 cm-1 peak was 

found to be about 2.8 x 104, 5.2 x 104, 6.1 x 104 and 2.6 x 104 for Ag, Ag rich, Au rich 

and Au films respectively for the films deposited with total 2000 pulses. For thicker 

films deposited with 4000 pulses, SERS EF was about 5.6 x 104, 1.5 x 105 and 1 x 105 

for Ag, Ag rich and Au rich films respectively. With increasing film thickness by 8000 

pulses, high SERS EF was observed for pure Ag film. Fig. 3.19 (d) also shows Raman 

spectrum of Rh6G dye of 100 μM, obtained without nanoparticle film, which did not 

show Raman signal even at 200 times higher concentration. For the films deposited 

with total 1000 laser pulses, SERS signal were also measured with 50 s integration 

time.  

 

Fig. 3.19 SERS intensity of Rh6G Dye molecules obtained with 633 nm excitation 

wavelength, in presence of Ag-Au alloy films. 
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Fig. 3.20 presents the SERS intensity obtained with 633 nm excitation 

wavelength, in presence of these Ag-Au films. In this case, intensity of the peaks 

increased by 2 to 2.5 times for all the film compositions, compared to that obtained 

with 10 sec integration time as presented in Fig. 3.19 (a). This shows that by 

increasing integration time, limit of detection of SERS can be improved. The above 

results show that maximum SERS EF for both 488 and 633 nm excitation 

wavelengths was observed for Ag and Ag rich films. A figure of merit, that accounts 

near-field enhancement at resonance wavelength, depends on dielectric response of 

metal [17]. For Ag, the figure of merit is about 20 times more than that of Au [17]. 

Due to this, Ag nanoparticle films would result higher SERS EF, as compared to Au, 

when excited at their LSPR wavelengths.              

 

 

Fig. 3.20 SERS intensity of Rh6G dye molecules in presence of Ag-Au alloy films 

measured with 50 s (5X) integration time. 

In the present case, the LSPR wavelength was varied with varying mass 

thickness and composition of films. At low films thickness, particle size is small and 
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their number density is high. For higher thickness films, average size of particles 

increased and number density decreased. For smaller nanoparticles of size < 10 nm, 

LSPR is significantly damped by surface scattering, as a result LSPR resonance and 

near-field enhancement are weak [151]. Therefore, for the films grown with 1000 

pulses, SERS signal is significantly low. For nanoparticles of average size 25-40 nm, 

LSPR excitation occurs mainly in dipolar mode (without higher order modes) that 

results strong near-fields [151,152]. In present case, for films grown with 4000 and 

8000 pulses, average size of the nanoparticles was about 20-35 nm. These films 

resulted into highest SERS signal, when the excitation wavelength of Raman 

measurement is close to the LSPR wavelength. These results show that using PLD, 

closely spaced pure and alloy nanoparticle films of tunable LSPR wavelength can be 

obtained by varying composition or film thickness, as shown in Fig. 3.21.  

   

Fig. 3.21 Comparison of LSPR tuning by varying alloy composition and film thickness 

for application of efficient SESRS substrate.   
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These Ag-Au films with optimum particle size and tunable LSPR, can act as efficient 

SERS substrates at multiple wavelength for trace molecule detection.         

3.7. Summary 

Sequential ablation of two individual metal targets Ag and Au, by a 

nanosecond pulsed laser was shown to be promising for deposition of Ag-Au alloy 

films of desired composition. The alloy composition of film was varied by changing 

the ratio of laser pulses of Ag and Au, and film thickness was controlled from total 

ablation pulses. The alloy composition was determined using XPS, which is in close 

agreement with that obtained from EDS. High substrate temperature during the film 

growth played a key role in producing nanoparticles, and consequently LSPR 

response, which varied with Ag-Au alloy composition. The LSPR wavelength was 

found to be red-shifted with Au percentage and thickness of the films. Tuning of 

LSPR wavelength was obtained in the entire visible-near IR range. Closely spaced 

nanoparticle films were produced at 300oC substrate temperature growth, with 

average size of particles in the range 18-30 nm and number density in the range of 7 x 

1010 – 1.4 x 1011 cm-2. As compared to Ag and Ag rich films, Au and Au rich films 

were formed with larger particle size distribution. Dielectric response of alloy was 

determined from three analytical models and using these, optical transmission of alloy 

nanoparticle films was calculated. These models well predicted the variation of LSPR 

wavelength with films’ composition. The model based on composition weighted linear 

sum of individual metals could not reproduce experimental transmission spectra, 

particularly ≤ 500 nm wavelength i.e. in the IB transition region. The other two 
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models, one based on composition weight IB absorption and other based on joint 

density of states, showed better prediction of transmission. The dielectric response of 

alloy films of different composition and thicknesses was also determined 

experimentally using spectroscopic ellipsometry without using the morphological 

parameters. In this case, multi Gaussian oscillator model was used to fit the 

ellipsometry data to extract the real and imaginary dielectric response. The effective 

dielectric response (εeff) of Ag-Au nanoparticle films showed systematic variation of 

IB edge with Au percentage of films and reproduced the experimental transmission 

spectra. The Imag(εeff) showed red-shift and increased amplitude peak with Au 

percentage and film thickness (for fixed composition). At two different excitation 

wavelengths, the SERS response of these LSPR wavelength tunable films was 

determined with Rh6G dye (500 nM) as probe. Films of low thickness (< 5 nm) did 

not produce significant Raman signal. Higher thickness Ag and Ag rich alloy films 

possessing LSPR band, close to excitation wavelength used for Raman measurement, 

resulted high SERS EF in the range of 105- 106. Variation of alloy composition helped 

in tuning of LSPR wavelength near to excitation wavelength of Raman measurement, 

without significant change of average size of nanoparticles. These results infer that the 

Ag-Au alloy nanoparticle films exhibiting tunable LSPR wavelength in entire 

wavelength region are useful for efficient SERS measurement at different excitation 

wavelengths.  
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Chapter 4 

Laser ablation and light irradiation based synthesis of spherical and 

triangular Ag nanoparticles for SERS application 

In the previous chapter 3, we observed that PLD grown Ag-Au alloy 

nanoparticles in the form of densely packed films have shown to be very good for 

SERS based molecular detection at very low concentration of analyte at different 

wavelengths of Raman measurement. Among these, Ag and Ag rich nanoparticle films 

have produced the highest SERS signal. However, these Ag and Ag rich nanoparticle 

films are not stable in atmosphere for longer time period of about few months. They 

react with sulphur and oxygen, present in atmosphere, as a result their plasmonic as 

well as SERS response decreases considerably with time, which is termed as 

atmospheric tarnishing [91,92]. These nanoparticle films should be used within few 

weeks of their preparation, else need to be protected with help of special packing for 

longer period of use, to preserve the plasmon response. On the other hand, laser 

ablation of Ag target in a liquid medium can also produce nanoparticles, this process 

is also known as liquid phase pulsed laser ablation (LPPLA). However, in pure 

solvents, the produced nanoparticles get aggregated in a short time interval. 

Introducing a specific surface capping agent, the obtained nanoparticles are stable for 

longer duration, typically few years. Ag nanoparticles in presence of specific reagents 

when subjected to light irradiation, transform into triangular shaped nanoplates. These 

triangular nanoplates possessing sharp edges are also better for SERS applications 

[15,23,32]. There is no detailed study on LPPLA based growth of spherical Ag 
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nanoparticles and subsequent photo-mediated shape transformation for producing 

triangular nanoplates, in aqueous solution containing single reagent.   

To utilize the strong enhancement of SERS signal offered by Ag nanoparticles 

of different morphologies in colloidal form (with longer shelf life), a detailed study on 

LPPLA followed by light irradiation-based synthesis of spherical and triangular Ag 

nanoparticles is presented in this chapter. Transformation of spherical to triangular 

shape nanoparticles is accompanied with significantly red-shifted LSPR, which is also 

useful for wavelength tuning and SERS measurements at different excitation 

wavelengths. Producing non-spherical nanoparticles requires specific capping agent, 

which preferentially attach to certain facets of the seed nanoparticles during their 

growth. This approach relies on face blocking theory, widely applied for formation of 

different shapes of Ag or Au plasmonic nanoparticles of tunable optical responses 

[22,97,98,153]. Attachment or blocking of certain specific crystal facets by the 

capping agent, directs anisotropic growth on other facets and dictate the final shape of 

the nanoparticles. Growth of non-spherical nanoparticles requires different chemical 

reagents for kinetic control to facilitate both capping action and reduction of metal 

salts (source of metal atoms for the growth) that occur simultaneously at relatively 

slow rate. Chemical route synthesis of Ag triangular nanoplates are widely prepared 

using polyol process [97,154,155]. In chemical reduction-based methods, various 

chemical reagents are used at a specific concentration and their mixing order [153-56]. 

A marginal variation in this recipe significantly affects the size and shape distribution 

of the formed nanoparticles. On the other hand, photo-responsive nature of Ag and 
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also strong plasma excitation in Ag nanoparticle was found to be helpful in 

transformation of spherical seed nanoparticle into triangular nanoplates in presence of 

a light source [157,158]. In general, the required seed nanoparticles are grown in 

presence of strong reducing agents e.g. sodium borohydride, whereas high yield 

photo-mediated shape transformation occurs in presence of a mild reducing agent like 

tri-sodium citrate (TSC) [97,98,159,160]. The wavelength of light used for irradiation 

decides the size of nano-plates and also associated plasmonic response [158].   

In LPPLA process, the nanoparticles are formed by ablation of metal target 

where the used chemical species mainly function as capping agent rather than 

reducing agent [162-164]. TSC being a good capping agent, also helps in efficient 

shape transformation of Ag nanoparticles. Therefore, synthesis of Ag nanoparticles in 

TSC solution using LPPLA can result in both spherical and triangular nanoparticles in 

single reagent. A detailed study on synthesis of Ag nanoparticles in TSC by LPPLA 

and subsequent shape transformation via light irradiation is not reported in the 

literature. This chapter presents this novel method of synthesis of spherical and 

triangular shape Ag nanoparticles in a single reagent TSC and determine the optimum 

process parameter for their use in SERS application.  

4.1 Growth of colloidal Ag nanoparticles by laser ablation 

For LPPLA experiments, a 2nd harmonic nanosecond pulsed Nd: YAG laser 

(wavelength: 532 nm, pulse duration: 9 ns, pulse repetition rate: 10 Hz and pulse 

energy: 100 mJ) with fluence of ~ 5 J/cm2 was used for ablation of Ag target. The spot 

size was about 2 mm2 (2 x 10-2 cm2). Ag metal target (99.9% pure) was ablated in a 
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beaker with 10 mL de-ionized (DI) water or TSC solution of different concentrations. 

The beaker was continuously rotated during laser ablation of 30 min. duration. The 

solution pH was varied with HCl or NaOH. Variation of optical absorbance with laser 

ablation time during growth of Ag nanoparticle in DI water is shown in Fig. 4.1(a). 

The absorbance peak at about 400 nm wavelength is characteristic LSPR response of 

Ag nanoparticles. In this case, the absorbance peak is asymmetric and extended up to 

1000 nm which can be attributed to presence of non-spherical and irregular shaped 

nanoparticles. With ablation time, increase in absorbance is marginal and is observed 

in entire wavelength range. Fig.1(b) shows TEM image of grown nanoparticles in DI 

water. It shows formation of aggregated and interconnected irregular shape 

nanoparticles. This is because in pure water, the nanoparticles are formed without 

surface capping, as a result they get attracted by weak van der Waals force, leading to 

aggregation.  

 

Fig. 4.1 Variation of (a) absorbance of Ag nanoparticles with ablation time during 

growth and (b) its TEM image after 30 min. ablation.   

4.2 Effect of citrate concentration on laser ablation-based growth of colloidal Ag 

nanoparticles  
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Fig. 4.2(a-c) shows variation of absorption spectra of Ag nanoparticles grown 

in 0.5, 10 and 100 mM citrate solution respectively. The absorbance was found to be 

increased in citrate solution as compared to pure water. Further, growth in 10 mM 

citrate solution resulted the highest peak absorbance. The absorbance peak around 400 

nm increased with ablation time without change in absorbance at longer wavelengths 

(> 600 nm). The TEM image of nanoparticles produced in 10 mM citrate is shown in 

Fig. 4.2(d), showing formation of well dispersed and almost spherical nanoparticles. 

Size distribution of the nanoparticles is presented in inset of Fig. 4.2 (b) showing 

average diameter of ~ 13 nm. This reveals that in presence of TSC, LPLPA method 

produced nanoparticles are isolated from each other. This is because citrate being a 

good surface capping agent possessing negative charge, provides stability to the 

nanoparticles and inhibits their aggregation.  

Fig. 4.3(a) presents variation of peak absorbance (at ~ 400 nm) versus ablation 

time for varied citrate concentrations in range of 0.05 to 100 mM. For all citrate 

concentrations, peak absorbance value enhanced with laser ablation period. In order to 

see clearly the effect of TSC concentration, Fig. 4.3(b) presents variation of maximum 

peak absorbance versus concentration of citrate, obtained for laser ablation of 30 min. 

duration. This graph shows that for a given ablation period, the LSPR peak 

absorbance of Ag nanoparticles first increased up to 10 mM TSC concentration, and 

afterwards it decreased. For citrate concentration less than 10 mM, increase in 

absorbance is attributed to formation of isolated nanoparticles with citrate capping. It 

may be noted that isolated Ag nanoparticles would exhibit LSPR at about 400 nm 
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wavelength however, if some of the nanoparticles get aggregated, it results in high 

absorbance at longer wavelength region also. 

 

Fig. 4.2 Variation of absorbance of Ag nanoparticles with ablation time during 

growth in citrate solution of  (a) 0.5 mM, (b) 10 mM; inset: particle size distribution  

(c) 100 mM and (d) TEM image of Ag nanoparticles obtained in 10 mM citrate 

solution.   

Presence of longer wavelength absorbance at lower citrate concentration and 

absence of the same, at higher citrate concentrations (refer Fig. 4.1 & 4.2) reveals that 

10 mM is the optimum concentration for formation of isolated and high concentration 

Ag nanoparticles. Further decrease in LSPR absorbance for higher citrate 

concentrations could be due to suppression of nanoparticles concentration due to 
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formation of citrate complexes with Ag clusters [160]. Decreased stability of 

nanoparticles could be because of increased ionic strength in the solution [165].  

 

Fig. 4.3 Schematic of laser ablation of Ag coin producing Ag nanoparticle solutions, 

and the obtained variation of peak absorbance versus (a) laser ablation time and (b) 

citrate concentraton.   

In literature, it is mentioned that at high citrate concentration, various 

Ag-citrate complexes are formed which hinder growth of Ag nanoparticles in the 

chemical reduction method [160]. In the present experiments, at very high citrate 

concentration (≥ 50 mM), formation of a white color precipitate on the Ag coin, at the 

laser ablation region was noticed. In addition to this, to understand the stability of Ag 

nanoparticles grown at different TSC concentrations, zeta potential measurement was 

carried out. At citrate concentrations of 1,10 and 75 mM, the observed zeta potential 

is about -37, -33 and -18 mV respectively. It reveals smaller zeta potential values i.e. 

less than -20 mV, at high citrate concentration, which is because of reduced ionic 

double layer at this high ionic strength. As a result of this, stability of Ag 

nanoparticles was decreased.  

4.3 Calculation of number concentration of Ag nanoparticles 

Since laser ablation was carried out with 532 nm wavelength at which Ag 
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nanoparticles have significantly low absorbance, as a result of this self-absorption of 

the laser beam by the nanoparticle is significantly low. It helped in producing higher 

concentration of nanoparticle with increasing the ablation time. Number concentration 

(N) of nanoparticles in the grown solutions has been calculated using Mie theory and 

experimentally observed absorbance (A). The relation between the two is given as 

[166]: 

303.2

)(
)( 0 Nd

A ext         … (4.1) 

where do is cuvette path length and ext is the extinction cross section of Ag 

nanoparticle, which is obtained using Mie theory [20]. This theory provides exact 

electrodynamic solution of Maxwell equations in spherical coordinate system and has 

been widely used for explaining optical response of metal nanoparticles of varied 

sizes [12,14,15,23,93,166]. The solution of Maxwell equations are obtained by 

determining the scalar electromagnetic potential from multipole expansion of 

incoming electric and magnetic fields for a sphere of radius R [20]. Optical response 

of this spherical particle of complex refractive index n(R), can be presented in terms 

of scattering and absorption cross section. For the given plane wave electromagnetic 

field (Einc, Hinc where Einc = E0 exp{i(√εd)kr}), the energy conservation, in terms of 

time averaged Poynting vectors, follows Stot = Sinc + Ssc + Sext, where Stot is the total 

power per unit area flowing through the medium, Sinc is power per unit area 

corresponding to the incoming wave i.e. = ½ Re{Einc x H*
inc} and the same for 

scattered fields (Esc, Hsc) is Ssc = ½ Re{Esc x H*
sc}. The last term Sext = ½ Re {Einc x 

H*
sc + Esc x H*

inc } is the power flow per unit area arising from the interference of the 
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incident and scattered fields. These powers when integrated across any arbitrary 

closed surface containing the particle, gives the energy absorbed and scattered by the 

particle, given as Wabs = - ∫Stotds (the negative sign shows the inward energy flow 

toward the particle) and Wsc = ∫Sscds respectively. The corresponding particle 

absorption and scattering cross sections are σabs = Wabs/│Sinc│and σsc= Wsc/│Sinc│ 

respectively. Thus, the total Mie extinction consists of absorption and scattering 

modes, whose contribution depends on size and complex refractive index of the 

particle and is expressed as [20]: 
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where, k is the wave vector of incident light, aL and bL represent coefficients of 

Mie scattering in terms of spherical Riccati-Bessel functions (L and L), which 

depend on (i) particle dielectric response i.e. relative refractive index   snRnm  (ns 

is refractive index of the surrounding medium with zero absorption), and (ii) size 

parameter kRx  . L is order of spherical multipole excitations, 1 for dipole fields, 2 

for quadrupole, 3 for octupole etc. In calculation of extinction spectra of nanoparticles, 

wavelength dependent dielectric function of nanoparticles should be used in the 

calculation. For Ag nanoparticles, extinction spectra predicted by Palik data [31] is 

more accurate than that obtained from Jhonson and Christy data [166]. For smaller 

size nanoparticles, the electron damping increases and modifies the bulk dielectric 

electron damping frequency from Γ0 with Γ0 + Ʌvf » R, in which Ʌ is fitting parameter 

(between 1-3) and vf is Fermi velocity of electrons [166,167].  



109 
 

 Fig. 4.4 shows the absorbance spectra of Ag nanoparticle produced in 10 mM 

citrate solution for laser ablation of 30 minutes along with calculated absorption 

spectra. A good fitting of the experimental spectra was observed for number 

concentration of about 1.1x1012 nanoparticles per mL with the size range shown in fig. 

4.2 (b). The obtained concentration range is similar to that reported for chemical route 

synthesis for the observed size of Ag nanoparticles [166]. In the present case of laser 

ablation method, the nanoparticle concentration can be easily controlled by changing 

the ablation time. In order to show the same, Fig. 4.4 also presents the absorption 

spectra of Ag nanoparticle for 50 minutes of laser ablation. Significant increase in 

absorption with ablation time shows that the concentration of nanoparticles increased 

to about 1.6x1012 nanoparticles per mL. This shows that in this LPPLA method, the 

concentration of nanoparticles can be increased higher than that usually obtained by 

chemical-based synthesis.  

 

Fig. 4.4 Experimantal and calculated absorbance of Ag nanoparticles.  

Such high concentration nanoparticles are useful for colorimetric sensors for detection 

of various species. In developing these sensors, knowledge of nanoparticles formation 
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and their stability at different pH condition is important. 

4.4 Effect of pH on growth of Ag nanoparticles by laser ablation 

The produced nanoparticles in TSC solution are stable because of citrate ions 

capping on the surface of nanoparticles. The characteristics of capping layer can be 

modified from pH of the solution. In addition to this, solution pH plays an important 

role in formation of Ag nanoparticles during their growth from the laser ablated plume. 

Therefore, formation of Ag nanoparticle in 10 mM citrate solution at different pH 

condition in range of 3 to 11 has been studied. pH of the solution was varied with HCl 

for low pH and NaOH for high pH. Fig. 4.5(a) presents UV-Vis. absorption of these 

nanoparticles grown at various pH conditions. It can be observed that at low pH (less 

than 7) of solution, the absorbance is significantly low, even in presence of citrate. In 

this case, the obtained light yellowish colour Ag nanoparticle solution faded out 

within few hrs. of synthesis. At high pH conditions, absorbance of the grown Ag 

nanoparticle was found to be significantly high. For more detailed understanding, 

variation of LSPR absorbance with pH of the solution at different citrate 

concentrations is shown in Fig. 4.5(b). The figure shows that at low pH (< 6) the 

absorbance is lesser and becomes higher at larger pH and the role of pH is almost 

same for all the concentration of citrate. At low pH, lower LSPR absorbance 

corresponds to lesser concentrations of nanoparticles, which could be because of 

dissolution of nanoparticles in presence of HCl which is added for adjusting the pH 

value. The reactivity of Ag enhances in nanoparticle form, as a result AgCl is formed 

in presence of chloride ions [160,168]. At low pH and higher citrate concentration, the 
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LSPR absorbance decreased considerably. This could be due to addition of relatively 

higher amount of HCl to obtain the particular pH of the solution at high citrate 

concentrations. Further citrate has three pKa values of 3.1,4.7 and 6.4, so in acidic 

conditions protonation of citrate molecules could also decrease the charge stability the 

nanoparticles [169].   

 

Fig. 4.5 (a) Absorbption spectra of Ag nanoparticles produced in varied pH 

conditions and (b) variation of LSPR absorbance with pH value of the solution.   

Fig. 4.6 presents the XRD spectra of the Ag nanoparticle produced in 10 mM 

citrate at three pH values of 3, 7.5 and 10. At the low pH, the grown Ag nanoparticle 

have shown diffraction peaks at 32.2 and 46.2 corresponding to (200) and (220) 

indices of AgCl (JCPDS file no. 31-1238) [168,170]. In addition to this, smaller 

diffraction peak at about at 38 of (111) plane of metallic Ag, is also obtained. It 

confirms formation of AgCl compound at low pH condition, as a result nanoparticle 

are not stable in metallic form, and consequently the LSPR response faded with time. 

However, Ag nanoparticles produced at high pH have shown multiple diffraction 

peaks which corresponds to FCC phase of metallic Ag, showing that these 

nanoparticles are stable.  
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Fig. 4.6 XRD spectra of Ag nanoparticles produced at different pH conditions. 

4.5 Light irradiation of LPPLA grown Ag nanoparticles  

For photo-mediated shape transformation, the Ag nanoparticles grown via 

LPPLA method has been irradiated with conventional sodium lamp of 150 W power, 

whose spectra is shown in Fig. 4.7(a). For the irradiation period of about 6-12 hrs., the 

initial yellow colour Ag nanoparticles solution is turned into green colour and for 

about 24 hrs. of irradiation, it further changed into blue colour. Fig. 4.7(b) presents the 

photographs of Ag nanoparticles of as grown and after different period of light 

irradiation. The variation in UV-Vis. absorption of these nanoparticles at fixed 

intervals of irradiation has been measured. Fig. 4.7(c) presents UV-Vis. absorption of 

Ag nanoparticle formed in 10 mM citrate and its variations up to 24 hrs. of light 

irradiation. This figure shows significant change in absorption band in the whole 

visible wavelength region, which could be due to change in morphology of 

nanoparticles from light irradiation. Since the change in absorption band mainly 
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occurred in visible range, as a result it has shown change in colour of nanoparticle 

solution as shown in Fig. 4.7(b).  

 

Fig. 4.7 (a) Intensity spectrum of the irradiation lamp, (b) photographic image of Ag 

nanoparticles and (c) absoprtion spectra after different irradiation time. 

The LPPLA grown spherical Ag nanoparticle have exhibited characteristics 

narrow band LSPR absorption peak near about 400 nm, however with light irradiation 

this peak decreased consistently along with evolution of broad absorbance at about 

600-1100 nm wavelength. Considerable decrease in 400 nm LSPR band indicates 

decrease of spherical nanoparticle concentration with light irradiation. Fig. 4.8(a) and 

(b) present TEM images showing the morphology of Ag nanoparticles after 6 and 24 

hrs. of light irradiation respectively. After 6 hrs. of irradiation, the image shows 

smaller size spherical and also triangular shape nanoparticles. However, after 24 hrs. 

of irradiation, the nanoparticles mostly transformed into triangular shape nanoplates. 

From these TEM images, it can be observed that nanoparticle shape transformation 

occurs at initial stage of irradiation but the yield of triangular nanoparticle increased 
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with irradiation time.  

 

Fig. 4.8 TEM images of Ag nanoparticles obtained after (a) 6 hrs. and (b) 24 hrs. of 

light irradiation. 

From TEM images, it can be observed that triangular shape nanoplates are 

produced after light irradiation. From the detailed characteristics of the absorption 

spectra presented in Fig. 4.7(c), small and sharper peaks, near about 340 and 470 nm 

wavelengths can be observed, which is attributed to out of plane and in-plane 

quadrupole resonances of triangular nanoplates respectively [171-173]. The single 

narrow LSPR band of Ag nanoparticles transformed into a broad hump around 450 

nm, attributed to out of plane dipole resonance of Ag triangular nanoplates [171-173]. 

The significant absorbance in long wavelength region ≥ 600 nm, corresponds to 

in-plane dipole resonance absorption of Ag triangular nanoplates. The variation of 

peak absorbance with irradiation time is shown in Fig. 4.9, which shows that 

characteristics of this band varied with irradiation time. At initial stage of light 

irradiation, the in-plane dipole resonance increased significantly and after 12 hrs. of 

irradiation, it changed marginally. Also, this plasmon band consisted of two peaks 

initially, which gradually appeared as single strong absorption band at 700 nm after 12 
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hrs. of irradiation time.    

 

Fig. 4.9 Variation in peak abasobance of Ag nanoparticles at ~ 400 and ~690 nm with 

irradiation time. 

The double peak structure can be attributed to presence of Ag nanoplates of 

varied sizes as observed in Fig. 4.8 (a). In photo-induced synthesis of Ag nanoplates, 

it has been shown that the LSPR excitation driven near-field produces Ag nanoplates, 

exhibiting in-plane dipole resonance, slightly red-shifted from the wavelength of light 

irradiation [174]. Therefore, in the present case, narrowing of this LSPR band around 

700 nm at longer time of irradiation could be attributed to high intensity of lamp 

irradiation around 600-650 nm, which eventually narrow down the size distribution of 

Ag nanoplates. This is also in consistent with the TEM image shown in Fig. 4.8 (b).   

Growth of anisotropic nanoparticles is mostly governed by the kinetics and 

further involvement of photo-mediated processes add additional parameters to control 

the shape transformation [97,98,174,175]. In photo-assisted growth of anisotropic Ag 

nanoparticles, dissolved oxygen causes etching of smaller spherical seed Ag 

nanoparticles and produces Ag+ ions. The citrate molecules present in the solution 
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provide preferential capping of (111) facets and also undergo oxidation near 

nanoparticles which absorb or scatter the incident light, reducing Ag+ ions in the 

solution and induces the shape transformation. The overall reaction of the process can 

be written as [98]: 

AgeAg
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In the above process, wavelength of the incident light governs the final size of 

the nanoplates [97,98]. During initial stage of the irradiation, preferential capping of 

citrate molecules leads to splitting of plasmon resonance into longitudinal and 

transverse modes [97]. The larger near-field of longitudinal mode further directs the 

anisotropic growth of Ag, and increases anisotropy in the shape of nanoparticles 

[97,174]. The shape transformation ceases once the nanoparticles shape is elongated 

enough, that could not further excite plasmon resonance at the wavelength of incident 

light, used for irradiation. The triangular shape of the nanoplates has been shown to be 

result of hexagonal symmetry of FCC lattice of Ag nanoparticles [97]. The spherical 

Ag seed nanoparticles, grown by either chemical reduction method using strong 

reducing agent or LPPLA method, generally consists of stacking faults in the 

hexagonal lattice arrangement, which after irradiation, is left with triangular shape of 

nanoplates [97]. The triangular nanoplates has been identified to be covered with (111) 

facets, which because of low surface energy did not grow. In order to conform this, 

XRD measurements of the Ag nanoparticles before and after light irradiation was also 

carried out. Fig. 4.10 compares the XRD intensity spectra of Ag nanoparticles in DI 
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water and optimum citrate concentration of 10 mM at different irradiation times. Ag 

nanoparticles before irradiation, showed intensity peak at 38.12o, along with a minor 

peak at 44.3o, corresponding to (hkl) indices of (111) and (200) of FCC crystalline 

phase of metallic Ag. The (111) peak in case of citrate grown Ag nanoparticles is 

relatively more broadened compared to that observed with nanoparticles grown with 

DI water. This can be attributed to growth of smaller size nanoparticles in presence of 

citrate, as observed from TEM images of Fig. 4.1 (b) and 4.2 (d). After light 

irradiation, other peaks at 64.5⁰, 77.4⁰ and 81.4⁰ of (hkl) indices of (220), (311) and 

(222) respectively were also observed in the XRD spectra, confirming FCC crystalline 

phase of Ag nanoplates. Without irradiation, the ratio of intensity peaks of (111) and 

(200) was found to be ~ 1.6, which significantly increased to 3 and 6.1 after light 

irradiation of 6 and 24 hrs. respectively. This confirms that nanoplates formed after 

light irradiation has crystalline asymmetric growth of preferred orientation.  

 

Fig. 4.10 XRD spectra of Ag nanoparticles before and after light irradiation. 
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4.6 Effect of citrate concentration on photo-mediated shape transformation  

 Absorption spectra of light irradiated Ag nanoparticles grown with varied citrate 

concentrations is presented in Fig. 4.11 (a,b). After 6 hrs. of irradiation, Ag 

nanoparticles, grown in citrate solution of concentration 1-10 mM, resulted in 

increased longer wavelength absorption i.e. in-plane dipolar LSPR band of nanoplates. 

Increasing the citrate concentration to 25 mM, the longer wavelength absorption band 

decreased and was not obtained above 25 mM. After 24 hrs. of irradiation, this 

in-plane dipole LSPR peak further enhanced along with decrease in peak absorbance 

of spherical Ag nanoparticles at ~ 400 nm. Also, at very high citrate concentrations > 

25 mM, light irradiation of 24 hrs. resulted de-colorization and formation of black 

precipitate, indicating aggregation of Ag nanoparticles. It may be noted that during 

chemical synthesis of Ag nanoparticles, presence of large amount of citrate compared 

to Ag+ ions, reduced growth of nanoparticles, which was attributed to formation of 

different Ag-citrate complexes [160]. In present experimental conditions of 

photo-induced transformation of shapes, Ag+ ions are reduced by citrate molecules, 

which would be slowed down by i) formation of Ag-citrate complex at larger citrate 

concentrations and ii) un-stability of Ag nanoparticles due to high ionic strength of the 

medium [165]. From above findings, it can be inferred that 10 mM concentration of 

citrate is the optimum concentration for both formation of spherical Ag nanoparticles 

by LPPLA and triangular nanoplates by photo-mediated shape transformation.  
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Fig. 4.11 Absorption spectra of Ag nanoparticles formed in varying concentrations of 

citrate after (a) 6 hrs. and (b) 24 hrs. of irradiation. 

4.7 Effect of Ag ions on photo-mediated shape transformation  

As mentioned above, the photo-mediated transformation of nanoparticle shapes 

proceeds by reduction of Ag+ ions through citrate molecules. Hence, effect of Ag+ 

ions during light irradiation of Ag nanoparticle solution was studied by adding AgNO3 

of final concentration of about 0.1 or 0.2 mM. Fig. 4.12 (a,b) presents UV-Vis. 

absorption of Ag nanoparticles formed in 10 mM citrate at varied irradiation time, in 

presence of 0.1 and 0.2 mM of AgNO3 respectively. In contrast to the previous case, 

the LSPR peak ~ 400 nm was found to increase after 2 hrs. of irradiation time with 

slight red-shift of ~ 4 nm, which could be due to growth of initial Ag nanoparticles by 

presence of citrate and Ag+ ions. The absorbance value at about 1000 nm also 

increased, when compared to Fig. 4.11. This shows that formation of both smaller and 

larger size nanoplates occurs in presence of added Ag+ ion. Fig. 4.12 (c, d) shows 

TEM images of the Ag nanoparticles after 6 and 24 hrs. of irradiation in presence of 

0.2 mM AgNO3 respectively. Formation of smaller as well as large triangular 

nanoplates can be observed along with hexagonal and other intermediate shape 
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nanoparticles after 6 hrs. of irradiation. As observed in Fig.4.12 (d), most of these 

nanoparticles turned into triangular shape with broad size distribution after 24 hrs. of 

irradiation, resulting broad absorption band. It may be noted that light irradiation of 

TSC and AgNO3 solution without spherical seed Ag nanoparticles, did not produce 

any formation of nanoparticles and the solution remained colorless. This shows that 

presence of Ag seed nanoparticle exhibiting LSPR response is important for 

photo-mediated shape transformation process.  

 

Fig. 4.12 UV-Vis. absorption of Ag nanoparticles formed in 10 mM citrate solution 

and irradiated in presence of silver salt of (a) 0.1 mM and (b) 0.2 mM and TEM 

images obtained after (c) 06 hrs. and (d) 24 hrs. of irradiation.    

Effect of citrate concentration in presence of Ag+ ions was also studied and Fig. 

4.13 (a,b) presents UV-Vis. absorption spectra of Ag nanoparticles formed in varied 
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concentrations of citrate after 6 and 24 hrs. of irradiation respectively. Similar to 

previous case of without additional Ag+ ions, increase of citrate concentration from 1 

to 10 mM, enhanced the in-plane dipole LSPR peak at ~ 600 nm, and above 10 mM, it 

decreased. In contrast to the earlier case (refer Fig. 4.7c), the absorbance above ≥ 600 

nm increased significantly, which shows improved formation of nanoplates. At citrate 

concentration of 25 mM, after 6 hrs. of irradiation, the obtained in-plane LSPR peak 

above 600 nm was found to be enhanced compared to the previous case of without 

Ag+ ions (Fig. 4.11). This shows that after addition of Ag+, the effective ratio of citrate 

to Ag+ ion is decreased, and the nanoplates could also be formed at relatively higher 

citrate concentration. However, after 24 hrs. of irradiation, the in-plane dipole LSPR 

peak decreased, indicating that the formed nanoparticles are not stable, due to high 

ionic strength. Fig. 4.13 (c, d) show TEM images of Ag nanoparticles formed in 25 

mM citrate concentration after irradiation of 6 and 24 hrs. respectively, in presence of 

added AgNO3 solution. It shows formation of smaller size nanoplates compared to 

those obtained at 10 mM citrate concentration, (Fig. 4.12 (c)). This is also in line with 

the observed absorption spectra showing smaller and single absorption band in > 600 

nm region for the case of 25 mM citrate concentration. Further irradiation of these 

nanoparticles up to 24 hrs. produced irregular shape nanoparticles as shown in Fig. 

4.13(d), which could be due to limited growth of nanoparticles at high citrate 

concentration [160]. 
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Fig. 4.13 UV-Vis. absorption of Ag nanoparticles formed in varied concentrations of 

citrate and irradiated in presence of 0.1 mM silver salt for (a) 6 hrs (b) 24 hrs, and 

TEM images of Ag nanoparticles formed in 25 mM citrate after irradiation of (c) 06 

hrs. and (d) 24 hrs.        

4.8 Effect of solution pH on shape transformation of Ag nanoparticles   

        As observed in section 4.4, stable and high concentration spherical Ag 

nanoparticles were obtained in pH range of 7.5-10. Effect of pH on photo-mediated 

shape transformation was also observed. Fig. 4.14 (a) presents UV-Vis. absorption of 

Ag nanoparticles formed in 10 mM citrate concentration with pH 10 after different 

irradiation time. The variation in absorbance with irradiation time is found to be 

similar to that observed without pH modification. Comparing it with Fig. 4.7(c) shows 

that the in-plane dipole LSPR absorption peak of Ag nanoplates has lesser absorbance 
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with narrow shoulder at ~ 1000 nm wavelength. In literature, it has been shown that 

pH condition modifies the size and shape distribution of nanoparticles in 

photo-induced shape transformation, and high pH condition of ~ 12 almost stopped 

the transformation process by limiting the source of Ag ions due to formation of 

AgOH compound [165,170]. Therefore, in present case also, relatively smaller and 

narrow absorption peak at longer wavelength suggest limited formation of smaller Ag 

nanoplates. The UV-Vis. absorption of Ag nanoparticles at pH 10 condition after 

addition of Ag+ ions of 0.1 and 0.2 mM, was also monitored and shown in Fig. 4.14 (b) 

and (c) respectively.  

 

Fig. 4.14 UV-Vis. absorption of Ag nanoparticles formed in 10 mM citrate of pH 10 (a) 

before and after addition of AgNO3 solution of (b) 0.1 mM and (c) 0.2 mM, at different 

irradiation time and its (d) TEM image after 24 hrs. of light irradiation time.   
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 It can be observed that after addition of Ag+ ions, the peak at longer wavelength 

increased, similar to the previous case of neutral solution, due to additional supply of 

Ag+ ions for growth of nanoplates. Fig. 4.14(d) show TEM image of Ag nanoparticles 

after 24 hrs. of irradiation in pH 10 condition in presence of added Ag+ ion. Formation 

of different asymmetric shape nanoparticles other than triangular nanoplates can be 

observed in the figure. This shows that high pH condition of 10 could not produce 

high yield of Ag nanoplates. 

 

4.9 SERS response of spherical and triangular shape Ag nanoparticles     

For Raman measurements, spherical Ag nanoparticles, obtained in 10 mM 

citrate solution by 30 min. of ablation period, were used. Triangular shape Ag 

nanoparticles were obtained after 24 hrs. of irradiation of these spherical nanoparticles 

in presence of AgNO3 of 0.2 mM concentration. Spherical Ag nanoparticles and 

triangular Ag nanoplates were centrifuged to one tenth of its original volume and 

mixed with dye solution of desired concentration. The obtained mixture was dispersed 

through sonication and then drop coated on thoroughly cleaned glass slides. Raman 

spectra were obtained using micro-Raman set-up (Horiba 800) in back scattering 

geometry 632.8 nm He-Ne Laser as excitation source, with overall spectral resolution 

of ~ 1 cm-1. Fig.4.15 presents the SERS spectra of Rh6G dye of 1 µM and 500 nM 

concentration in presence of different shapes of Ag nanoparticles. In case of spherical 

Ag nanoparticles, the Raman intensity of the dye is significantly low. Presence of 

triangular shape Ag nanoparticles resulted ~14 times higher intensity (~1364 cm-1) 
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compared to that from spherical Ag nanoparticles. This is attributed to intense 

near-field around the triangular nanoplates having sharp edges or corners [22,23]. 

Also, for spherical nanoparticles, the LSPR wavelength is ~ 400 nm, which is quite 

far from the excitation wavelength of laser used for Raman measurements. For Ag 

triangular nanoplates, the LSPR is very strong around this excitation wavelength, 

which could be the reason for the observed strong Raman signal. Fig. 4.15(b) shows 

SERS spectra of the dye of 500 nM concentration. This indicates that presence of 

nanoparticles and also their LSPR excitation play an important role in obtaining 

strong SERS signal from the analyte molecule, which has to be detected. 

 

 

Fig. 4.15 SERS spectra of Rh6G molecules of (a) 1μM and (b) 500 nM concentration 

in presence of spherical and triangular Ag nanoparticles. 

Fig. 4.16 shows SERS intensity of 1 µM MB dye in presence of spherical and 

triangular shape Ag nanoparticles. Intense Raman peaks at ~ 446, 479, 598, 680, 777, 

809, 900, 1035, 1223, 1326, 1392, 1427 and 1626 cm-1 were observed corresponding 

to different vibrational modes of MB dye, as reported in literature [176].  
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Fig. 4.16 SERS spectra of MB molecules of 1μM concentration in presence of 

spherical and triangular Ag nanoparticles. 

Similar to the previous case, the peak intensity is higher in case of triangular shape Ag 

nanoparticles. than those obtained with spherical shape Ag nanoparticles. This 

confirms that the obtained SERS enhancement is due to local filed enhancement, 

rather than chemical enhancement, and is irrespective of the type of dye molecules. 

 

4.10 Summary 

Growth of high concentration of Ag nanoparticles in aqueous citrate solution has been 

demonstrated using laser ablation of Ag target in liquid media. This method is 

versatile in producing nanoparticles in wide concentration range of citrate and also in 

pure DI water. The nanoparticle produced in either DI water or low concentration of 

citrate (< 0.05 mM), were found to aggregate to form interconnected nanostructure. At 

optimum concentration of about 10 mM, this method has resulted almost spherical 

and isolated spherical nanoparticles of desired concentration, proportional to laser 

ablation time, which is difficult to achieve through citrate reduction based chemical 
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synthesis. For 30 min. ablation at 100 mJ pulse energy, the experimentally measured 

absorption spectrum and that calculated with Mie theory revealed about 1.1 x 1012 

nanoparticle/mL. At optimum citrate concentration, this method resulted nanoparticles 

of relatively smaller average size of about 13 nm in TSC alone, without aid of strong 

reducing agent like sodium borohydride. Irradiation of these spherical nanoparticles 

under conventional sodium lamp efficiently transformed into triangular nanoplates 

having strong LSPR over a wide wavelength range above 600 nm. During this light 

irradiation, external addition of Ag+ ions, initially increased the LSPR absorbance of 

at about 400 nm and later it considerably increased absorbance of Ag nanoplates. 

LPPLA grown nanoparticles grown at TSC concentration >25 mM and pH ~10 

resulted formation of smaller size triangular nanoplates after light irradiation. These 

results reveal 532 nm laser wavelength used in these experiments, does not interfere 

with the absorption of spherical Ag nanoparticles produced by LPPLA is promising 

for producing desired concentration of smaller size nanoparticles in wide range 5-25 

mM of citrate concentrations. The produced spherical and triangular Ag nanoparticles 

are stable with shelf life more than one year and LSPR response spanning in the entire 

visible and near IR region are promising for various applications. The grown 

triangular Ag nanoplates are also shown to be useful for detection of different dyes at 

low concentration of about 1 μM through SERS technique.     
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Chapter 5 

Studies on optical and photo-catalytic dye degradation response of 

Au cube-ZnO core-shell nanoparticles 

Plasmonic noble metal-semiconductor composite nanostructures are important for 

various applications like photo-catalysis, water splitting, decomposition of organics 

and gas sensing [7,65,177]. In photo-catalysis, light energy absorbed by photocatalyst 

nanomaterial is utilized for chemical transformation. This requires suitable 

photo-catalyst with sufficient band gap having conduction band and valence band 

energy levels such that they fulfill the requisite redox potential for the required 

chemical reactions. Zinc oxide (ZnO) is well known n-type, wide band gap, non-toxic 

semiconductor with potential for photocatalytic processes [67,68]. Presence of noble 

metal nanoparticles in the form of composite material has been shown to enhance the 

overall photo-catalysis by affecting the processes involved in photocatalysis [177]. 

Among different metal-semiconductor composite nanostructures, core-shell 

nanoparticles have generated research interest due to distinct features, which are not 

possible with other configurations [100,178]. In presence of ZnO shell layer, 

aggregation of Au nanoparticles can be circumvented, and it also prevents corrosion 

of metal nanoparticles in strong chemical environmental conditions. Moreover, 

core-shell geometry also provides the maximum interface between metal nanoparticle 

and semiconductor surface, helpful for better charge transfer. Metal nanoparticles 

coated with CTAC/CTAB can be directly used for synthesis of core-shell 

nanoparticles in the ascorbic acid assisted growth method. In this regard, Au 
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nanocubes which are formed in CTAC solution becomes promising, because their 

optical response can be tuned over wide wavelength range and possess sharp corners 

and edges attractive for SERS application also. Variation in optical response of Au 

nanocube during growth of ZnO shell layer has not been studied yet in literature. This 

chapter addresses the optical response of Au-ZnO core-shell nanoparticles, effect of 

annealing on their crystalline quality, photo-catalytic activity of these nanoparticles 

towards degradation of cationic methylene blue (MB) and anionic (MO) dye of varied 

concentrations under different pH conditions.      

5.1 Discrete dipole approximation for arbitrary shape nanoparticles 

Discrete dipole scattering method is an open source numerical method for 

calculating the scattering and absorption of an arbitrary shape material of known 

dielectric response, based on the following framework [179,180]. It is well established 

that dielectric response of a material is related to polarizability of its constituent atoms, 

which is given by Claussius-Mossotti relation. Similarly, an object or target can be 

approximated as an array of N polarizable points i.e. point dipoles with inter-dipole 

spacing ‘d’. Thus, cubic sub-volume of the target is d3 and for N number of such 

dipoles, the total volume of the target is V = Nd3, which gives d as (V/N)1/3. In this way, 

the optical response of the target can be numerically obtained from self-consistent 

solutions for the oscillating dipole moments Ps, where s is the position of the occupied 

site, varying from 1 to N.  For each dipole, the polarization Ps = αsEs, where Es is the 

electric field at point rs, which is sum of the incident electric field Einc,s = Eoexpi(k.r-ωt) 

and combination from rest of the N-1 dipoles [180]. Therefore,  
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where, the second term is the field at rs due to dipole Pj at position rj. As,j is a matrix with 

diagonal element as Ass = (αs)-1. The scattering problem gets reduced to get Ps by 

solving 3N complex linear equations [180], 
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After obtaining Ps, the extinction (CExt) and absorption (CAbs) cross-sections are 

calculated from the following equations. 
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For infinite cubic lattice of dipoles, the polarizability αs can be taken from the Clausius 

Mossotti relation, first used by Purcell and Pennypacker for DDA [181], 
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where, εs is the complex dielectric response of the target material at location rs. 

However, for finite size targets, radiative reaction correction terms of the order of (kd)2 

and (kd)3 have been proposed based on lattice dispersion relation analytical model 

[180], in the wavelength limit kd<<1, 
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where c1 (-1.891531), c2 (0.1648469) and c3 (-1.7700004) are constants, â and ê are unit 

vectors which define the direction and polarization state of the incident light and m2 = ε 
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of the target material.  This modification in the polarizability holds good for the 

condition ǀmǀkd < 1, i.e. inter-dipole spacing is much smaller than the wavelength of the 

interacting electromagnetic field in the target material. Therefore, DDA provides the 

best results for targets with not too large dielectric constant (ǀmǀ |≤ 2). Another condition 

for validity of this method, is that N should be large (or d should be small) enough to 

describe the target shape satisfactorily. For target volume V, if aeff is the effective radius 

[=(3V/4π)1/3] then, 
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The extinction spectra of Au nanocubes was calculated with water as surrounding 

medium. Fig. 5.1(a) presents the extinction efficiency of Au nanocubes of different 

edge lengths. The extinction peak increased and red-shifted with the edge length of 

cubes. This is because the light scattering of nanoparticles scales with square of the 

volume, resulting large extinction. Peak red-shift can be attributed to retardation effect 

in large size nanoparticles [3,12]. When the nanoparticles with corners are formed, the 

particle edges are not sharp. Therefore, the calculation was also performed for Au 

nanocubes with smoothened edges, as shown in Fig. 5.1 (b). Edge smoothening in 

calculations was performed following the procedure mentioned by Jayabalan et al 

[182], which involves removing the nearest neighbor point dipoles having the least 

co-ordination number. With increasing percentage of edge smoothening of the cube, 

such that cube volume is reduced by 3, 5 and 8%, the extinction peak showed 

blue-shift of about 30, 34 and 42 nm in the LSPR peak respectively.       
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Fig. 5.1 Extinction efficiency of Au nanocubes of (a) varied edges lengths, and (b) 

with smoothened edges.  

5.2 Growth of Au-ZnO core-shell nanoparticle 

 In synthesis of core-shell nanoparticles, the shell layer can be grown via different 

methods like precipitation, hydrothermal, multi-step cation exchange etc [100-102]. 

Cetyl-trimethyl ammonium bromide / chloride (CTAB/CTAC) surfactant assisted 

growth method is suitable to form core-shell nanoparticles with arbitrary shape metal 

nanoparticles [106]. It is a two-step process, which involves growth of CTAC coated 

metal nanoparticles followed by growth of ZnO shell layer.   

Au nanocubes were grown by seed-mediated growth process. For this, Au seed 

particles were prepared by chemical reduction of HAuCl4 (10mM, 24 L) in CTAC 

(100mM, 1mL) solution with sodium borohydride (10mM, 0.06 mL). The seed 

nanoparticles were diluted 100 times and used for growth of Au nanocubes in growth 

solution consisting of HAuCl4 (2.1mL, 10mM), AgNO3 (0.45mL, 10mM), HCl 

(0.9mL, 1M) and CTAC (45 mL, 100mM) along with ascorbic acid (AA) (0.45 mL, 

0.1 M). After the addition of seed nanoparticles, within half an hour, the transparent 

growth solution is converted to deep blue color in transmitted light. 
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For synthesis of Au-ZnO core-shell nanoparticles, AA assisted method of Yang et 

al was applied [106]. The grown Au nano-cubes were re-dispersed in CTAB (720 mL, 

3 mM) after centrifugation. This solution was mixed with AA (40 mL,100mM), zinc 

nitrate (40 mL, 150 mM) and HMT (40 mL, 150 mM) and stirred, before putting in 

water bath at ~ 90ºC for four hrs. The solution color changed gradually from blue to 

magenta, which could be due to change in dielectric constant around the Au 

nanocubes or de-aggregation of Au nanocubes or spheroidization of cubes. TEM 

imaging was performed which showed shell layer formation around the Au nanocubes, 

confirming that the change in color is due to growth of shell layer. The concentration 

of CTAB was very crucial in obtaining core-shell nanoparticles as well as their 

stability in the solution. At high CTAB concentration of about 10 mM or more, the 

obtained nanoparticles were found to be highly dispersed and took more than 20 days 

to settle down in the solution. On the other hand, optimum CTAB concentration of 

about 2-5 mM allowed formation of uniform shell layer and nanoparticles settled 

down in about 3-4 hrs., helpful for their easy collection and washing. The formed 

core-shell nanoparticles were washed with DI water two times and then dried in form 

of powder. These nanoparticles were subsequently annealed at various temperatures in 

range 100-600 ºC in muffle furnace for four hrs.  

Fig. 5.2(a) presents morphology of Au nanocubes obtained from SEM, showing 

that the formed nanoparticles have sharp edges with average edge length of about 48 

nm. Fig. 5.2 (b,c) and 5.2(d) shows TEM images of as grown and annealed Au-ZnO 

core-shell nanoparticles respectively. TEM image of as-grown nanoparticles shows 



134 
 

formation of uniform spherical shell layer on Au nanocubes, with average diameter of 

~ 160 nm for core-shell nanoparticles.  

 

Fig. 5.2 (a) SEM image of Au nanocubes, and TEM images of Au-ZnO core shell 

nanoparticles (b, c) before and (d) after annealing. 

At optimum CTAB concentration, edges of the Au cubes in the as-grown 

core-shell nanoparticles, get smoothened with growth of shell layer. Fig. 5.2(d) 

present the TEM image of these nanoparticles after annealing at 600 ºC. It can be 

observed that after annealing the nanoparticles remained as core-shell and isolated 

particles without mixing.  

 The shape of Au nanocubes was transformed after annealing. Further, it can be 

noticed that the ZnO shell was transformed into small size nano-crystallites in the 

range of 11-15 nm, around the core. The TEM images also reveal that with annealing, 
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the initial uniform ZnO shell layer transformed in to mesoporous structure. The 

formed porous ZnO shell structure can be advantageous for improved adsorption / 

diffusion of dye molecules / reactant species for photocatalysis. 

5.3 Optical absorption of Au-ZnO nanoparticles during growth of shell layer 

Fig. 5.3 shows variation of absorption spectra at different growth time intervals 

during shell layer growth. At the initiation stage, the spectra consist of absorbance 

peak at about 595 nm only corresponding to LSPR excitation in Au nanocubes. After 

30 min. of growth, the spectra consist of another absorption edge ~ 350 nm, revealing 

formation of ZnO layer. In addition, LSPR wavelength of Au nanoparticles showed 

marginal blue-shift up to ~ 560 nm. After further growth, ZnO absorption edge 

remained the same, however the Au LSPR excitation peak slightly red-shifted to 566 

nm. 

 During growth of ZnO shell layer on Au nanocubes, AA and CTAB presence is 

essential [106]. The mechanism of shell formation is shown to be two-step process, 

which involves selective deposition of [Zn(OH)4]2- around Au nanoparticles and 

subsequent dehydration to form dense ZnO shell layer. In the the first step, AA forms 

complex [AA- Zn(OH)4]2- which interact with CTAB molecules around Au 

nanoparticles forming CTAB-[AA- Zn(OH)4]2-. The repeated units of this form 

net-like structure around the nanoparticles. In the second step, hydroxyl condensation 

at high temperature results into formation of ZnO shell layer. In core-shell 

nanoparticles, red-shift of plasmon excitation peak with respect to pure Au nanocubes 

is due to increase in refractive index with formation of ZnO layer. However, at initial 
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stage of ZnO growth, the observed blue-shift of LSPR peak could be due to change in 

morphology of the Au nanoparticles. Nanoparticles with sharp edges like cubes and 

triangular prisms, heating can induce smoothening of their corners or edges 

[182-184]. 

 

Fig. 5.3 Optical absorption spectra of core-shell nanoparticles during growth. 

   The atoms on surface of nanoparticles, particularly at edges require less 

thermal energy to rearrange, because of their low co-ordination number. Fig. 5.1 (b) 

shows that about 3% edge smoothening resulted 15 nm blue-shift in LSPR. Therefore, 

at the initial stage, the observed blue-shift in the LSPR peak is due to edge 

smoothening of Au nanocubes because of high temperature growth of ZnO shell layer. 

With the ZnO layer growth, nanoparticle shape deformation is restricted and it 

exhibited red-shifted LSPR because of increased refractive index of the surrounding 

[99]. 

5.4 Effect of annealing on optical response and structural characteristics of 

core-shell nanoparticles 
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During synthesis of core-shell nanoparticles, surfactants were used. Therefore, 

annealing was carried out for the grown nanoparticles. Fig.5.4(a) shows UV-Vis. 

absorption spectra of core-shell nanoparticles after annealing at 100 ºC, 300 ºC and 

600 ºC. With annealing, the absorbance varied about ZnO band edge. Distinct exciton 

peak around 360-375 nm was noticed after annealing of the nanoparticles. 

Observation of exciton peak ~370 nm indicates improved crystallinity of ZnO 

[99,185]. Without Au nanocubes, pure ZnO was also synthesized under the same 

experimental conditions and the obtained powder is annealed. Inset of the figure 

shows variation of UV-Vis. absorption of pure ZnO nanoparticle annealed at 100, 300 

and 600oC. These spectra show presence of excitonic absorption after annealing, 

similar to the core-shell nanoparticles. This assures that crystallinity of ZnO 

nanoparticle is improved after annealing process. Fig. 5.4(b) shows FTIR spectra of 

the as-grown and 600 ºC annealed Au-ZnO core-shell and pure ZnO nanoparticles. In 

all the spectra, significant absorption band at about 510 cm-1 is observed, attributed to 

Zn-O vibration of ZnO [102,106].  

 

 

Fig. 5.4 (a) Optical absorption spectra and (b) FTIR spectra of annealed Au-ZnO 
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core-shell nanoparticles. 

As-grown ZnO and Au-ZnO nanoparticles showed different absorption bands in 

1010-2010 cm-1 range, corresponding to CTAB molecules [106,187]. The observed 

bands in 1305-1610 cm-1 is attributed to bending vibration of C-H. Bands at ~ 2861 

and 2921 cm-1 are shown to arise from stretching vibration of C-H of methylene and 

methyl groups of CTAB [106,187]. The wide band at ~ 3445 cm-1 has been attributed 

to stretching vibration of hydroxyl groups [187]. These bands were not observed in 

case of annealed ZnO and A-ZnO nanoparticles. It further confirms that annealing has 

led to removal of different molecular species used in the growth process. 

Effect of annealing at different temperatures on crystallinity of Au-ZnO core-shell 

nanoparticles was analyzed using XRD. Fig.5.5 shows XRD spectra of as-grown and 

annealed core-shell nanoparticles. In all the core-shell nanoparticles, XRD peaks of 

both Au and ZnO were observed. The peaks at 38.22°, 44.36°, 64.57° and 77.5° 

corresponding to FCC phase of Au metal were observed. The peaks at 31.67°, 34.44°, 

36.24°, 47.55°, 56.47°, 62.98° and 68.07° correspond to Wurtzite hexagonal structure 

of ZnO [188,189]. The figure shows that intensity of XRD peaks of Au nanoparticles 

remained almost same for all the annealed samples. However, the peak intensity of 

ZnO significantly increased with annealing temperature. This confirms improved 

crystallinity of the ZnO shell layer after annealing and is in agreement with 

observations made from absorption spectra (Fig. 5.3). 

The compositional characteristic of Au-ZnO core-shell nanoparticles was 

analyzed using XPS. Fig. 5.6 (a-c) compares BE spectrum of Zn-2p, O-1s and Au-4f 
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core levels respectively of Au-ZnO core-shell and pure ZnO nanoparticles, annealed 

at 600°C. The splitting between core levels of Zn 2p, in Fig. 5.6 (a), is found to be 

about 23.2 eV. 

 

Fig. 5.5 XRD intensity of as-grown and annealed Au-ZnO core-shell nanoparticles. 

This is found to be similar for both ZnO and Au-ZnO nanoparticles showing that 

Zn exist in Zn2+ state [188,190]. The BE peak of O is de-convoluted in two peaks; at 

about 530.3 and 532 eV for pure ZnO and, 530.4 and 532.3 eV for Au-ZnO core-shell 

nanoparticles. BE peak at ~530 eV is attributed to oxygen of ZnO lattice with 

complete coordination number [188,190,191]. The BE peak at higher energy has been 

attributed to oxygen of surface adsorbed OH group. These observations are in line 

with other reported results related to Au-ZnO nano-composites [190,191]. The 

binding energy spectra of Au-4f peaks at 83.05 and 86.85 eV, are overlapped with that 

of Zn-3p in Au-ZnO core-shell nanoparticles. Au peak positions are found to be 

shifted towards lower BE from that of the metallic Au at 84.0 and 87.67 eV [188,191], 
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which can be due to charge transfer from ZnO to Au in Au-ZnO core-shell 

nanoparticles. This is because donor level of ZnO lies close to the fermi level (5.4 eV) 

of Au [188,191]. The above results show that Au exist in metallic state in the grown 

Au-ZnO nanocomposite and charge transfer took place at the interface. 

 

Fig.5.6 XPS BE spectrum of (a) Zn-2p, (b) O-1s and (c) Au-4f, Zn-3p of Au-ZnO 

core-shell and ZnO nanoparticle. 

5.5 Photocatalytic dye degradation kinetics 

Dye degradation is heterogeneous photocatalytic process which is driven by 

photo-generated charge carriers in nanoparticles and subsequently produced ROS. In 

this process, dye molecules adsorbed on surface of photocatalyst i.e. nanoparticles 

react with photo-generated ROS. If C is the concentration of dye and θ is fractional 

surface coverage, then under equilibrium condition, rate of adsorption becomes equal 
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to rate of desorption, which can be written as,  

k1 C (1- θ) = k-1 θ,       … (5.8) 

where k1 (L/mole) and k-1 (dimensionless) are the equilibrium constants for adsorption 

and desorption processes respectively [190]. From the above equation, fractional 

coverage of the nanoparticles, is given as, 

KC

KC




1
          … (5.9) 

where, K (k1/k-1) is the Langmuir adsorption equilibrium coefficient [190,193]. The 

above expression is also known as Langmuir adsorption equation which is valid for 

monolayer coverage of dye molecules on photocatalyst [191]. Since, the dye 

degradation rate is proportional to the number of adsorbed dye molecules, therefore,  

KC

KC
k

dt

dC
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dC




1
; ,      … (5.10) 

where k is proportionality constant. It depends on other experimental conditions like 

type of incident radiation, dissolved oxygen, temperature etc [192,194]. This model is 

known as Langmuir Hinshelwood (LH) model. At very low dye concentration, KC 

<<1, the degradation rate becomes linear function of the dye concentration C, with 

degradation rate constant as kK: 

kKC
dt

dC
                … (5.11) 

This shows exponential variation of dye concentration in the photocatalysis process. 

Most of the experimental results have been fitted with exponential function, and the 

rate constant of the process has been reported [192-194]. However, applicability of 

this limiting case and deviation from this model has been addressed based on the 

results of the dye degradation at varied concentrations of the dye [194].  
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5.6 Photo-degradation of MB dye 

Au-ZnO core-shell nanoparticle was used as photo-catalyst for photocatalytic 

degradation of MB dye. Photo-degradation process was carried out under UV light 

irradiation (02 Nos. 8W each, Phillips) in presence of varied amounts of photocatalyst 

in the range of (0.2-3 g/L). Before light irradiation, photocatalyst mixed dye solution 

was stirred for one hour in dark condition to ensure dye adsorption on the 

photocatalyst. Fig. 5.7 (a-c) shows absorption spectra of dye at different irradiation 

time intervals in presence of as-grown, 600oC annealed Au-ZnO core-shell and pure 

ZnO nanoparticles respectively. In presence of as-grown nanoparticles, absorbance of 

dye did not vary much over 200 min. of light irradiation.  

 

 

Fig.5.7 Absorbance spectra of MB dye versus irradiation time in presence of (a) 

as-grown, 600oC annealed (b) Au-ZnO and (c) ZnO nanoparticles, (d)corresponding 
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normalized dye concentration.  

However, in presence of 600 oC annealed either Au-ZnO core-shell or pure ZnO 

nanoparticles, absorbance peak of MB dye significantly reduced for light irradiation 

of about 200 min. Fig. 5.7 (d) presents the normalized dye concentration versus 

irradiation time. It can be observed that in presence of as-grown and 200 oC annealed 

core-shell nanoparticles, the change in peak absorbance is considerably small as 

compared to that observed for nanoparticles annealed ≥ 400 oC. Peak absorbance (A) 

of the dye is related to its concentration (C) as: A= ξC do, where ξ is molar extinction 

coefficient, and do is cuvette path length. Degradation efficiency, at a given irradiation 

time, is 

  10011001% 


















oo A

A

C

C ,         … (5.12) 

      where, C (A) and Co (Ao) are concentration (absorbance) of the dye after and 

before light irradiation respectively. For 3 hrs. of light irradiation, the degradation 

efficiency of 600 oC annealed Au-ZnO core-shell nanoparticles was observed to be 

about 95%, and for ZnO nanoparticles, it is about 80%. Larger efficiency of dye 

degradation in case of Au-ZnO core-shell nanoparticle, compared to pure ZnO 

nanoparticle can be attributed to improvement in separation of photo-generated 

charges and increased ROS generation in Au-ZnO composite [65,188,190,191]. Under 

light irradiation, photo-generated electrons can transfer from ZnO to Au, and 

decreases electron-hole recombination, thus enhancing the probability of ROS 

generation. The mesoporus ZnO shell formed after annealing can facilitate easy 

charge transfer to dissolved oxygen or direct reduction of dye molecules [195]. High 
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degradation efficiency in presence of Au nanoparticles, compared to pure ZnO is 

similar to other results reported in literature [195].  

In all the above cases, the variation of peak absorbance (or concentration) can be 

fitted with exponential form that shows linear rate kinetics of the process.  

   Ck
dt

dC
C

dt

dC
app ;       … (5.13) 

where, kapp represents apparent first order rate constant. From exponential fitting, kapp 

is found to be about 1.1 x 10-3, 1.19 x 10-2 and 1.26 x 10-2 min-1, for core-shell 

nanoparticles annealed at 200 oC, 400 oC and 600 oC respectively. Annealing of 

core-shell nanoparticles above ≥ 400 oC, has resulted almost one order higher 

magnitude of rate constant. 

For all the photocatalytic experiments shown now onwards, 600oC annealed Au-ZnO 

core-shell nanoparticles (CS600) has been used. Effect of type of UV irradiation on 

photo-degradation of dye was analyzed Fig. 5.8(a) presents the normalized dye 

concentration versus irradiation time for 50 µM MB dye, mixed with 1g/L of CS600, 

under UV-A and UV-C lamp irradiation and their combination. Dye 

photo-degradation efficiency was found to be higher under UV-C irradiation 

compared to UV-A light. Fig. 5.8 (b) shows that maximum emission of UV-A light 

occurs at 365 nm, which is close to ZnO absorption edge. This will result better light 

absorption and charge carrier generation, therefore resulting faster degradation 

process. Combination of the two lamps (UV-A and UV-C) irradiation resulted 

degradation efficiency in between that obtained with individual lamps. Combination 

of these lamps has been used for all the measurements.   
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Fig.5.8 Comparison of (a) dye degradation process under irradiation of UV-A and 

UV-C light and (b) their intensity pattern.   

  In order to know that the observed exponential decay of dye degradation is 

limiting case of LH kinetics (Eq. 5.10), the degradation process was studied for varied 

initial concentrations (5-75 μM) of the dye. Fig. 5.9 (a) presents the normalized dye 

concentration versus irradiation time for varied initial concentrations of dye mixed 

with 1g/L of CS600. It may be noted that in all the cases, the absorbance decreased 

exponentially. At low dye concentration it is exponential, however, it tends toward 

linear at higher initial concentration ≥ 50 μM. The concentration of dye at which KC 

<< 1 was determined by obtaining K value from the relation of kapp with dye 

concentration [196,197]. At initial stage, before light irradiation, [C] = [Co], 

o

o
oapp KC

kKC
Ck




1
 ,           … (5.14)               

which after rearrangement, becomes, 

k

C

kKk
o

app
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.          … (5.15) 

 



146 
 

 

Fig. 5.9 (a) Normalized dye concentration versus irradiation time (b) inverse of 

apparent rate constant for different initial dye concentrations.  

Fig. 5.9(b) shows variation of (kapp)-1 with initial dye concentration. The figure 

shows that up to 50 μM dye concentration, inverse of the apparent rate constant 

follows a linear relationship. From the straight-line fitting (χ2 = 0.977), the K value 

comes out to be 0.86 LμM-1. This value was found to depend on the range of dye 

concentration. By fitting the straight line up to 10 μM, the K value was 0.049 LμM-1. 

This shows that at lower dye concentration, K value is small enough to consider the 

degradation process as a limiting case of LH model. However, for higher dye 

concentrations > 50 μM, the degradation process deviates from it. Such deviations 

have been reported to be arising from change in adsorption rate constant with and 

without irradiation, number of reactive sites after irradiation and variation in reaction 

order under irradiation [194-197]. This shows that though the variation in dye 

concentration can be fitted with exponential function, the degradation process follows 

first order kinetics, only at very low initial concentrations of < 10 μM.  

In order to find the optimum loading of photocatalyst (CS600) for dye 

degradation, the photo-catalytic process was analyzed at different amounts of 
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nanoparticles in the range of 0.2 to 3 g/L. Fig. 5.10 (a) and (b) show the normalized 

dye concentration versus duration of UV irradiation for 25 and 50 μM initial dye 

concentrations respectively in presence of different amount of photo-catalyst (CS600). 

For both the cases, increasing the amount of photocatalyst enhanced the degradation 

process. This is due to availability of more photocatalyst surface for adsorption of dye 

as well as light absorption.  

 

Fig. 5.10 Normalized dye concentration versus irradiation time for MB dye of initial 

concentration (a) 25 and (b) 50 μM, in presence of different loading of photocatalyst. 

For low dye concentration (25μM), increasing the photocatalyst amount 0.2 - 3 

g/L, efficiency of photo-degradation increased from 82% to 96%, in about 80 min. of 

irradiation. However, for 50 μM concentration of dye, the same degradation occurred 

over 200 min. of light irradiation time. For the same amount of photocatalyst, more 

surface area will be available for case of low concentration (25 μM) of dye, resulting 

faster degradation process. It can be noted that, at higher loading of photocatalyst 

from 2 to 3 g/L, increase in photo-degradation rate constant is relatively small. For 

high loading of the photocatalyst, the light absorbed by the entire photocatalyst 

becomes low, since maximum incident light is absorbed in upper layer of solution. 
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Consequently, after optimum loading (depends on the geometry of the reaction setup) 

increasing photo-catalyst amount did not increase the photoabsorption. Further in case 

of high amount of photocatalyst, aggregation of nanoparticles resulting reduced 

surface area, has also been reported to show saturation effect on efficiency of dye 

degradation with photocatalyst loading [192,193]. 

5.6.1 Effect of presence of various scavengers 

Photo-degradation of dyes involves different chemical reactions, driven by 

various ROS generated by photocatalyst. To understand role of different ROS, 

degradation experiments were performed in presence of various scavengers (chemical 

species), which selectively consume particular ROS, generated during photocatalysis. 

The major ROS involved in dye degradation process, as mentioned in literature, are 

hydroxyl radical (˙OH), superoxide (˙O2ˉ) and singlet oxygen (1O2), apart from 

electrons and holes [195,198-202]. In this study, effect of three different scavengers, 

namely sodium salt of ethylenediaminetetraacetic acid (EDTA-Na2) as hole scavenger 

[195,198,199], sodium azide (NaN3) as 1O2 and ˙OH scavenger [200-202] and 

iso-propyl alcohol (IPA) as a ˙OH scavenger [195,198-200], is addressed on 

photo-degradation of dyes. Fig. 5.11 (a-c) shows the normalized dye concentration 

versus light irradiation for 50 μM MB dye mixed with 1g/L of CS600 and EDTA-Na2, 

NaN3, and IPA scavengers respectively. In all the cases, presence of scavenger 

decreased the dye degradation efficiency. Increasing the concentration of EDTA-Na2 

from 0.01 mM to 2.5 mM, photo-degradation efficiency reduced from 80% to 16%, 

refer Fig. 5.11 (a). Since EDTA-Na2 acts as hole scavenger, suppression in 
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photo-degradation process in its presence shows that holes play important role in dye 

degradation. Photo-generated holes can influence photo-degradation process in 

following ways: i) it can cause direct oxidation of dye molecules and degrade them, ii) 

it produces highly reactive ˙OH radicals when react with water molecules or OH- ions 

in the solution [195,199]. Thus EDTA-Na2 can cause suppression in direct oxidative 

degradation of dye molecules or decrease in generation of ˙OH radicals, both 

decreases the dye degradation efficiency. Fig. 5.11(b) shows that presence of NaN3 

also significantly reduced the degradation efficiency with increase of its 

concentration. 

 

Fig. 5.11 Normalized dye concentration versus irradiation time for MB dye [50 μM] 

mixed with 1g/L of CS600 and scavengers (a) EDTA-Na2, (b) NaN3 and (c) IPA of 

varied concentrations.  
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It has been reported that NaN3 can scavenge effectively both 1O2 and ˙OH radicals 

with scavenging rate of ~7.7 x 108 and 1.4 x 1010 M-1s-1 respectively [201]. Due to 

scavenging of multiple species, it has shown highest inhibition of degradation process. 

Fig. 5.11(c) presents effect of IPA of varied concentrations on photo-degradation 

efficiency. For the same scavenger concentration, IPA showed mild effect on 

inhibition of degradation process as compared to EDTA-Na2 and NaN3. IPA scavenges 

˙OH radical with scavenging rate of about 1.1 x 109 M-1s-1, which is almost one order 

of magnitude lesser than that of NaN3 [201]. In order to further verify the role of ˙OH 

radicals, IPA concentration was increased from 2.5 mM to 25 mM and 100 mM.  

High concentration of IPA, resulted complete inhibition of photo-degradation of the 

dye. These results show that ˙OH radicals play an important role in dye degradation 

process. In presence of EDTA-Na2, ˙OH radical formation is suppressed due to 

scavenging of holes, and other two scavengers directly suppress the ˙OH radicals. As 

a result, in presence of these scavengers, the photo-degradation was significantly 

decreased. 

 To compare photo-degradation of dye by low power UV lamp irradiation with 

300W Xenon lamp, the degradation process was also carried out with Xenon lamp 

irradiation. Fig. 5.12 shows normalized dye concentration versus xenon lamp 

irradiation time for 50 μM MB dye mixed with CS600 photocatalyst, without and 

with scavengers. Without scavenger, the degradation rate constant increased by about 

1.5 times compared to that observed with irradiation under UV lamp. With IPA, 

EDTA-NA2 and NaN3 scavengers of 2.5 mM concentration, photo-degradation dye 
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efficiency was found to be ~ 80%, 42% and 12% respectively, compared to 95%, 

which is observed without scavenger. At a given concentration of scavenger, 

inhibition of dye degradation for different scavengers was found to be in order 

NaN3 > EDTA-Na2 > IPA, i.e. same as observed with UV irradiation.     

 

Fig. 5.12 Normalized dye concentration versus xenon lamp irradiation for MB dye 

(50 μM) mixed with 1g/L of CS600 without and with scavengers.  

The inhibition of photo-degradation of dye by these scavengers is observed to be 

relatively low under xenon lamp irradiation. This can be attributed to faster 

degradation of dye under xenon lamp irradiation, due to relatively high intensity as 

compared to UV lamps.  

5.6.2 Effect of pH 

As mentioned above, dye degradation process involves adsorption of dye 

molecule on photocatalyst surface and subsequent reactions with various ROS. The 

adsorption characteristics of photocatalyst varies with its surface charge 

characteristics. To determine surface charge at different pH values, of Au-ZnO 

core-shell nanoparticles, measurement of zeta potential was performed with the help 

of zeta analyzer (Malvern Instruments). Table 5.1 presents the observed zeta potential 
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values of 600 oC annealed core shell nanoparticles in different pH conditions. In 

general, when oxide nanoparticles (e.g. ZnO, TiO2) are dispersed in water, the water 

molecules get adsorbed on surface of nanoparticles, causing their surface to be 

hydroxylated [192,198]. Under low pH conditions, protonation of hydroxylated 

surface results positive surface charge on the nanoparticles. Under high pH condition, 

de-protonation of hydroxylated surface produces negative surface charge of the 

nanoparticles [198]. The table shows that with increasing pH i.e. OH- ion 

concentration, the surface charge of core-shell nanoparticles consistently became 

negative. 

Table 5.1 Zeta potential (ζ) of 600oC annealed Au-ZnO core-shell nanoparticles 

(CS600) 

pH value 3 Neutral 8 10 12 

ζ (mV) 32.4 22 - 4.04 - 13.3 - 56.8 

 

Fig. 5.13 (a, b) shows the normalized dye concentration versus UV irradiation time 

for 50 μM MB mixed with 1g/L of CS600 at different pH, along with neutral solution. 

For low pH of about 3, the dye degradation rate was found to be about 1.4 x 10-2 min-1, 

lesser than that observed with neutral solution (1.5 x 10-2 min-1). With increase of 

solution pH, the degradation rate also increased, and at pH ~12, complete 

photo-degradation occurred within UV lamp irradiation of 40 min. For this case, 

degradation rate constant was found to be about 2.2 x 10-1 min-1 which is almost 15 

times of that observed for neutral solution at pH 12 condition. From this, it can be 
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inferred that high pH condition favors photo-degradation process of dye. It can be 

attributed to increased negative charge on the nanoparticles at higher pH conditions, 

leading to better dye adsorption on surface of nanoparticles. Further, increasing OH- 

ion concentration also favors generation of more ˙OH radicals. At pH ~12, 

photo-degradation of dye was also analyzed in presence of scavengers. Fig. 5.14 (b) 

shows the normalized dye concentration versus UV irradiation time for 50 μM MB 

dye mixed with 1g/L of CS600 along with scavengers of high concentration. The 

figure depicts that under high pH condition, dye degradation occurred even in 

presence of scavengers. Thus, effect of scavengers was found to be limited for 

degradation of cationic MB dye, under high pH condition. Therefore, by varying pH 

conditions, effect of different scavenging species can be circumvented in treatment of 

cationic dye based waste water.   

 

Fig. 5.13 Normalized dye concentration versus irradiation time for MB dye [50 μM] 

mixed with 1 g/L of CS600 (a) under varied pH condition (b) and different 

scavengers. 

Fig. 5.14 presets the photographic image of core-shell nanoparticles and UV lamp 

irradiated MB solution when mixed with these nanoparticles. It shows that    
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annealed nanoparticles result complete degradation of MB dye in 2-3 hrs. in neutral 

condition and within 30 min. (0.5 hrs.) at high pH conditions; whereas in presence of 

as-grown core-shell nanoparticles or annealed nanoparticles with different scavengers, 

dye degradation does not occur. In this case, with increase of pH of the solution, the 

dye degradation efficiency improved significantly. 

 

Fig. 5.14 Photographic image of core-shell nanoparticles and effect of UV irradiation 

time, pH and scavenger on degradation of MB solution when mixed with these 

nanoparticles.   

5.7 Photo-degradation of MO dye 

The waste water effluent contains different types of dyes which can be cationic or 

anionic in nature. To identify, utility of the core-shell nanoparticle for 

photo-degradation of anionic dyes, photocatalytic measurements were also carried out 

with anionic methyl orange (MO) dye. It is an azo dye, widely used in textile, food, 

printing and pharmaceutical industries [199]. Fig. 5.15(a) presents absorption spectra 
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of MO dye mixed with 1g/L of CS600 after different irradiation time interval. Peak 

absorbance at about 470 nm, arising from π to π* transition of di-methylamino 

electron donors in MO [193], decreased with irradiation time and almost suppressed 

in about 140 min. of irradiation. Fig. 5.15(b) presents the normalized concentration 

versus irradiation time for varied initial concentrations of MO dye, mixed with 1g/L 

of CS600. The value of kapp decreased with increasing initial MO concentration, 

which are 1.8 x 10-2, 1.3 x 10-2, 4.6 x 10-3, and 2.1 x 10-3 min-1, for 10, 25, 50 and 100 

μM dye concentrations respectively. 

 

Fig. 5.15 Variation of (a) absorbance of MO dye and (b) normalized dye 

concentration versus irradiation time for varied concentrations of MO dye mixed with 

1g/L of CS600. 

For same experimental conditions and dye concentration, degradation of MO was 

found to be slower as compared to that of MB dye. The apparent degradation rate 

constant of MO dye is ~ 2.86 times smaller than that of MB dye, for 50 μM initial 

concentration. MO consists of azo bond -N=N-, whose bond energy is higher 

compared to other chromophore bond C=N, present in MB dye (thiazine dyes) [198]. 

This variation could be due to associated higher bond energy and variation of 
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adsorption characteristics of dye molecules on surface of photocatalyst. Larger time 

for photocatalytic degradation of azo dyes compared to thiazine and rhodamine dyes 

is also reported in literature [198]. Fig. 5.16 present the normalized dye concentration 

versus irradiation time for 50 μM MO dye mixed with 1g/L of CS600 and NaN3, 

EDTA-Na2 and IPA scavengers. Similar to case of MB dye, 2.5 mM concentration of 

NaN3 and EDTA-Na2 significantly reduced the degradation efficiency from 80% 

(without scavenger) to about 10% and 12% respectively. IPA of higher concentrations 

≥ 25 mM inhibited the dye degradation to about 14%. Variation in degradation 

efficiency with scavenger concentration follows the same trend as obtained in case of 

MB dye, shown in the previous section. This shows that ROS involved in 

photo-degradation of both cationic and anionic dyes remained same.                 

Effect of pH during photo-degradation of anionic MO dye was also analyzed. Fig. 

5.16(d) presents the normalized concentration versus UV irradiation time, for 50 μM 

MO dye mixed with 1g/L of CS600 at different pH conditions. It shows that both low 

pH ~ 3 and high pH ~ 12 resulted relatively faster degradation as compared to neutral 

condition. At pH 10 and 12, the degradation rate constants were found to be about 1.3 

x 10-2 and 4 x 10-2 min-1 respectively, which are 2.7 and 8.3 times higher than that 

obtained in neutral solution i.e. 4.8 x 10-3 min-1. Though, at high pH, adsorption of 

MO dye on negative charge core-shell nanoparticles is suppressed, but significant 

increase of ˙OH radical could be responsible for the observed higher degradation rate 

constant. 
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Fig. 5.16 Normalized dye concentration versus irradiation time for MO dye [50 μM] 

mixed with 1g/L of CS600 and (a) NaN3, (b) EDTA-Na2, (c) IPA scavengers and (d) at 

different pH conditions. 

5.8 Summary 

Synthesis of Au cube-ZnO core-shell nanoparticle was carried out using 

CTAB-AA assisted hydrothermal method. For this, first Au nanocubes of about 45 nm 

edge length, were prepared and used for subsequent formation of ZnO shell layer of ~ 

55 nm thickness. During initial stage of ZnO shell layer growth, LSPR peak of Au 

nanocubes in the optical absorption spectra showed blue-shift of about 35 nm, due to 

heating induced smoothening of sharp edges of Au nanoparticles. Growth of ZnO 

layer further resulted red-shift in LSPR peak wavelength. DDSCAT calculations 

revealed that 5% edge smoothening produces 32 nm blue-shift of the LSPR 
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wavelength. The produced core-shell nanoparticle powder was annealed at different 

temperatures up to 600oC. Annealing was found to be important for removal of 

chemical species and improving the crystalline quality of the nanoparticles. 

Photocatalytic response of core-shell nanoparticles was studied by degradation of 

cationic MB and anionic MO dyes with UV light irradiation. For MB dye, 

degradation efficiency of > 95 % was achieved for nanoparticles annealed at ≥ 400 oC, 

with 1g/L loading. Increasing the photocatalyst loading from 0.2-3 g/L, did not 

continuously increase the degradation efficiency and showed saturation at higher 

loading, for both 25 and 50 μM initial dye concentration. For optimum loading of 

1g/L of photocatalyst, the dye absorbance varied exponentially with irradiation time at 

low initial dye concentrations < 30 μM, which turned towards linear at higher (> 50 

μM) dye concentration. Though irradiation with high intensity xenon lamp resulted 

1.5 times increase in degradation rate constant compared to low power UV lamps, 

which are more economic for industrial application. Role of different ROS was 

determined using three scavengers and the degradation process was found to be 

inhibited with increasing concentration of scavengers. Degradation measurements of 

cationic MB and anionic MO dyes in presence of scavengers showed that ˙OH radical 

play important role in degradation process of both the dyes, which was further 

substantiated with measurements at high pH conditions. Degradation of MB and MO 

dyes under high pH condition (pH 12) resulted 15 and 8.3 times higher degradation 

rate constant respectively compared to neutral solution. Also, the effect of scavengers 

is found to be lesser at high pH conditions. These results show that the grown Au-ZnO 
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core-shell nanoparticles are efficient photocatalyst for degradation of both cationic 

MB and anionic MO dyes under low power UV lamp irradiation, which can find 

application in waste water treatment.    
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Chapter 6 

Photo-catalytic degradation of different dyes and their mixtures 

using Au decorated ZnO nanorods 

 The photocatalytic process involves adsorption of dye molecules on the 

surface of photocatalyst and subsequent reactions driven by ROS, produced by the 

photocatalyst. As a result, size and morphology of photocatalyst nanoparticles play an 

important role on dye degradation process. ZnO nanoparticles of varied morphologies 

has been shown to exhibit photocatalytic response in which nanorods are one of the 

widely studied nanostructures. This is because, ZnO nanorods can be produced either 

in dispersed form in aqueous solution or can be grown on different substrates like 

glass, Si, ITO etc [200,201]. This has enabled study of photocatalysis in liquid media, 

as well as on immobile substrates which has been used as photo-electrodes and for 

other photocatalysis processes like water splitting, fuel generation etc [7]. Further one 

dimensional nanorods provide longer conduction path to charge carriers, helpful for 

charge separation and ROS generation [16,65,104]. This is because, ZnO nanorods 

has polar faces at the ends i.e. Zn-terminated {0001} and O-terminated {0001̅} 

exhibiting high surface energy [65]. Exposure to polar surfaces result formation of 

more hydroxyl radicals available for redox reactions [65,104]. In the previous chapter, 

photocatalytic response of Au-ZnO core-shell nanoparticles has been addressed. 

Hydrothermal growth method has been used for synthesis of both core-shell Au-ZnO 

and ZnO nanorods structures in the present study. However, presence of AA and 

CTAB surfactant in core-shell nanoparticles allows selective deposition of ZnO in 
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form of shell layer. Due to presence of surfactants during synthesis of core-shell 

nanoparticles, relatively smaller particles with higher degree of dispersabilty, is 

achieved which limits easy settling of the nanoparticles. However, in this case, 

annealing was found to be crucial to enhance the photocatalytic response of these 

core-shell nanoparticles. In contrast to this, hydrothermal synthesis of ZnO nanorods 

involves only Zn salt precursor and hexamethylenetetramine (HMT) without other 

surfactants. Here, HMT allows to grow nanorods by preferentially adsorbing to 

non-polar faces inhibiting growth at that surface and allows directional growth in the 

form of rods [65]. For these reasons, and to compare the photocatalytic response with 

core-shell geometry, ZnO nanorods has been chosen in this study. Further, effect of 

presence of metal nanoparticles on these nanorods for photocatalysis process has been 

addressed. Comparison of these core-shell and decorated nanoparticles towards 

photocatalysis of different dyes and at various pH conditions will provide useful 

information in designing efficient photocatalytic reactor for degradation of dyes. This 

chapter addresses synthesis of ZnO nanorods and subsequent deposition of Au 

nanoparticle using photo-reduction process, comparison of their photocatalytic 

response for different cationic and anionic dyes and their mixture under varied pH 

conditions.               

6.1 Synthesis of Au nanoparticle decorated ZnO nanorods 

For synthesis of Au decorated ZnO nanocomposites, first ZnO nanorods were 

grown using hydrothermal method. In this process, equi-molar solution of zinc nitrate 

hexahydrate and HMT was stirred and then placed in water bath at about 90 °C for 
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4-5 hrs. The settled white precipitate was washed two times with DI water and 

annealed at different temperatures for 4 hours in air ambiance. Au nanoparticles were 

deposited on these ZnO nanorods by photo-reduction of Au salt in presence of UV 

light or nanosecond second harmonic Nd:YAG laser. Loading of Au nanoparticles was 

controlled by varying Au salt concentration and UV or laser light irradiation time. For 

photo-reduction growth of Au nanoparticles on ZnO nanorods, 50 mg ZnO nanorod 

powder was dispersed in 5 mL methanol, and Au salt (HAuCl4) solution of varied 

quantity (0.4-5 mL) was added and stirred in dark. The solution was irradiated under 

UV lamp for 2 hrs. with continuous stirring. The color of the solution changed from 

white to pink or violet, indicating formation of Au nanoparticles. Fig 6.1 presents the 

photographic images of the prepared ZnO nanopowder and after irradiation in 

presence of 2 and 5 mL of 25 mM HAuCl4 solution. The figure shows a distinct 

change in color of the nanopowders from pink to brown, with increasing 

concentration Au salt. Morphology of the grown ZnO nanopowder were characterized 

using scanning electron microscope (Sigma, Zeiss).  

 

Fig. 6.1 Photographic images of the ZnO nanopowder (a) before and after UV 

irradiation in presence of (b) 2 and (c) 5 mL of 25 mM HAuCl4 solution.    

 Fig. 6.2 presents SEM images of ZnO nanopowder before and after loading of 

Au nanoparticles. The figure shows formation of well-defined ZnO nanorods of about 
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62 nm diameter and few micron length. Presence of HAuCl4 and UV irradiation 

resulted formation of almost spherical Au nanoparticles on the surface of nanorods. 

Au nanoparticle density increased with increasing the quantity of Au salt during 

irradiation. In presence of large amount of HAuCl4, formation of large aggregates of 

Au nanoparticles on the surface of ZnO nanorods has been noted, refer Fig. 6.2 (c). 

This shows that photoreduction process can deposit Au nanoparticles without other 

chemical reagent and nanoparticle density can be controlled by varying concentration 

of Au salt.  

 

Fig. 6.2 SEM images of the ZnO nanopowder (a) before and after UV irradiation in 

presence of (b) 2 and (c) 5 mL of 25 mM HAuCl4 solution.    

6.2 Structural and compositional properties 

Crystalline quality of grown ZnO nanorods, before and after Au nanoparticle 

deposition was analyzed using X-ray diffraction (XRD). The XRD pattern of samples 
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was collected using X-ray diffractometer (Bruker) with Cu Kα (wavelength 1.54 Å) 

X-ray source. As discussed in chapter (5), it was found that annealing of core-shell 

nanoparticles is important for improving crystalline quality as well as their 

photocatalytic response. Therefore, effect of annealing on the grown ZnO nanorods by 

hydrothermal method, was also studied. Fig. 6.3(a) shows XRD pattern of as grown 

nanorods and that annealed at 200 °C, 400 °C and 600 °C for 04 hrs. In all the cases, 

diffraction peaks at about 31.7°, 34.4°, 36.2°, 47.5°, 56.5°, 62.9°, 67.8° and 77.5° 

were observed corresponding to hexagonal Wurtzite crystal structure of ZnO 

[188,189].  

 

Fig. 6.3 XRD spectra of the ZnO nanorods annealed at different temperatures. 

This shows that in the present case (without CTAB and AA, which are used for 

core-shell nanoparticles) the as-grown nanorods are crystalline and annealing did not 

affect much on their crystalline quality. In order to be ensured of removal of chemical 
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species used during ZnO synthesis, nanorods annealed at 600° C was used, for all the 

experiments. Fig. 6.4 compares XRD spectra of ZnO nanorods before and after 

deposition of Au nanoparticles. In Au-ZnO nanorods, additional peaks at 38.2°, 44.3°, 

64.5° and 77.5° were noticed, which correspond to FCC crystal phase of metallic Au 

[188]. This confirms that Au nanoparticles formed by photoreduction process are 

metallic in nature. It can be observed that ZnO intensity and the 2θ peak positions 

remained unchanged with respect to pure ZnO. This confirms that crystalline quality 

of ZnO is unaffected by photo-deposition of Au nanoparticles. 

 

Fig. 6.4 XRD spectrum of ZnO nanorods before and after deposition of Au 

nanoparticles. 

The elemental composition analysis of Au-ZnO nanorods were carried out using 

X-ray photoelectron spectroscopy. These measurements were performed with Al Kα 

(1486.6 eV) radiation source (DAR-400, Omicron Nanotechnology). The binding 

energy (BE) shift of the adventitious carbon peak from its standard value of 284.6 eV 

was taken as a measure of static charge correction. Fig. 6.5 shows the binding energy 
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(BE) spectra of O-1s, Zn-2p and Au-4f peaks of Au-ZnO nanorods. The O-1s peak 

could be de-convoluted into two peaks. The BE peak at 530.28 eV is attributed to 

oxygen in ZnO crystal lattice and higher BE peak at 532.06 is related to C=O bond of 

molecular species involved in the synthesis [188,190,191]. Fig. 6.5(b) presents the BE 

spectrum of Zn-2p level. The BE peaks were obtained at 1021.72 and 1044.71 eV, 

which are very close to that observed for Zn in ZnO nanoparticles as reported in 

literature [188,191].  

 

Fig. 6.5 XPS intensity spectra of (a) O 1s, (b) Zn-2p and (c) Au-4f binding energy 

peaks of Au nanoparticle decorated ZnO nanorods.  

The Au BE spectrum is shown in Fig. 6.5 (c), which is overlapped with Zn 3p BE 

peak. After deconvolution, the Au 4f7/2 and 4f5/2 were found to be 83.23 and 86.93 eV 

respectively. It may be noted that these values are at lower binding energy side from 
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that of the bulk metal observed at 84.0 and 87.6 eV. This shift can be attributed to 

charge transfer between ZnO and Au nanoparticles. Similar lower BE shift has been 

observed for Ag and Au decorated ZnO nanostructures [188,191].   

Zeta potential measurements of these nanoparticles were also carried out. The 

surface charge of ZnO nanorods was found to be about 25.7 mV for neutral (water) 

solution which decreased towards negative value i.e. 5.5 mV and - 44.6 mV at pH ~ 

10 and 12 respectively. For acidic conditions, the zeta potential increased towards 

more positive value i.e. 30.2 mV and 33.1 mV for pH ~ 4.5 and 3 respectively. 

Variation in surface charge of ZnO is attributed to change in surface hydroxylation 

characteristics of ZnO nanoparticles, as mentioned in section 5.7.2. The negative 

surface charge at high pH value resulted from de-protonation of hydroxylated surface 

of ZnO [192,198]. As the pH value decreased towards acidic conditions, protonation 

of hydroxylated surface resulted increasing positive surface charge of the nanorods, 

which is similar to that observed for Au-ZnO core-shell nanoparticles.        

6.3 Photocatalytic response of Au decorated ZnO nanorods 

The photocatalytic response of ZnO nanorods was studied by degradation of four 

different dyes namely MB, MO, Rh6G and RhB, having characteristic absorption 

peaks at 650, 450, 560 and 540 nm respectively. These studies were carried out under 

UV lamps (Phillips, ~ 8 W, 02 Nos.) irradiation. The chemical structure of these dyes 

are shown in Fig. 6.6.  
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Fig. 6.6 Chemical structure of the dyes used for photocatalytic degradation. 

Varied amounts (1-5 mg/mL) of ZnO nanorod powder were mixed with aqueous 

solution of dyes of concentration in the range of 1-50 µM. Before light irradiation, 

these solutions were stirred for about 1 hr in dark. During light irradiation, 1 mL of 

solution was extracted and centrifuged at fixed time intervals, and optical absorbance 

of dye was measured. Optical absorption measurements were performed using a fiber 

optic CCD spectrograph (AvaSpec3068) with broad band balanced deuterium-halogen 

lamp. The dye degradation experiments were repeated at least two times and variation 

was found to be within 10%. At first, photocatalytic response of ZnO nanorods 

without and with Au nanoparticles of different densities were compared, by 

degradation of MB dye of 50 μM initial concentration under UV light irradiation. Fig. 

6.7 presents variation of normalized concentration of MB dye with irradiation time.  
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Fig. 6.7 Variation of normalized concentration of MB dye with irradiation time in 

presence of ZnO nanorods without and with Au nanoparticles. 

For comparison, dye degradation in presence of commercial ZnO nanopowder 

(Sigma Aldrich, Product ID: 677450, average particle dia. < 50 nm) is also presented. 

The peak absorbance decreased exponentially in all the cases. The degradation rate 

constant was found to be 2.5x10-2, 3.09 x10-2, 2.95x10-2 and 1.96x10-2 min-1 in case of 

pure ZnO nanorods and that obtained after irradiation with 0.4, 3.5 and 5 mL of 

HAuCl4. This shows that loading of Au nanoparticles on ZnO, when UV irradiated 

with 0.4 mL of 25 mM HAuCl4, resulted the fastest degradation process, with the 

highest degradation rate constant. Presence of Au nanoparticles have shown to 

increase the degradation rate constant which has been attributed to efficient charge 

separation process and more generation of ROS species compared to pure ZnO 

nanoparticles [65]. However, when Au quantity increases, they start acting as carrier 

recombination centers [65], thus decreasing the photocatalytic activity. Decorated 

ZnO nanorods with optimum Au nanoparticles, i.e. irradiated with 0.4 mL of 25 mM 

HAuCl4, has been taken for all the measurements, shown onwards. In presence of 
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commercial ZnO nanopowder, the dye degradation rate constant was found to be 

0.8x10-2 min-1, which is about 3 and 3.8 times lesser than that observed for pure ZnO 

and optimum Au decorated ZnO nanorods. Relatively better photocatalytic response 

can be attributed to purity and crystalline quality of the grown ZnO nanoparticles. In 

order to observe the versatility of the grown Au-ZnO nanorods, photocatalytic 

degradation measurements were performed with different dyes.  Fig. 6.8 (a-d) 

presents the variation in normalized concentration of four dyes of varied 

concentration with irradiation time, in presence of Au decorated ZnO nanorods. For 

all the cases, the dye concentration varied exponentially for low initial dye 

concentration, and tended towards linear at larger initial concentrations. The apparent 

rate constants (kapp) were obtained from exponential fitting, and variation of (kapp)-1 

(which represent characteristic decay time) with concentration of dye is also shown in 

the figure. It can be observed that for all the dyes, variation of (kapp)-1 is linear at low 

dye concentrations and deviated towards higher value at higher (>30 μM) dye 

concentrations. This is similar to that observed with core-shell nanoparticles as shown 

in previous chapter. At a given dye concentration, photocatalytic degradation rate of 

different dyes was formed to be in the order as: MB > MO > RhB > Rh6G. For 

example, at 30 μM concentration dye degradation rate constant was observed as 6.4 

x10-2 (MB), 1.8 x10-2 (MO), 1.6 x10-2 (RhB) and 1.5x10-2 (Rh6G). This shows that for 

the same amount of photocatalyst degradation rate is considerably varying for 

different dyes. This could be due to variation in adsorption characteristics (depend on 

dye molecular size, charge of photocatalyst and dye molecule, pH condition), 
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chemical bond enthalpy of the dyes [202]. The reason for slow degradation of MO 

with respect to MB dye has been mentioned in section 5.8. The slowest degradation 

rate of rhodamine dyes could be due to their large molecular size (refer figure 6.1) 

which limits the amount of dye adsorbed on the photocatalyst [168]. From Fig. 6.8, it 

can be observed that in case of rhodamine dyes at 30 µM concentration, the variation 

of normalized concentration approaching towards linear as compared to exponential 

form at lower concentrations. However, for MB and MO dyes, this behavior 

(changing from exponential to linear) was observed at higher initial dye concentration 

(> 50 µM). From these observations along with dye degradation kinetics discussed in 

previous chapter, it can be concluded that in case of rhodamine dyes at very low 

concentration of (<1 µM) the process approaches to first order as per LH model. 

Further, the observed dye degradation rate of MB and MO dyes is larger than that 

observed with Au-ZnO core-shell nanoparticles as presented in previous chapter. This 

could be due to presence of relatively high amount of ZnO in the present case i.e. in 

Au-ZnO nanorods, amount of Au is about 3.8 wt%, whereas in core-shell 

nanoparticles, it is about 30%. Thus, for same amount of photocatalyst, weight of 

ZnO, which primarily absorbs the incident UV light, is larger in case of nanorods. 

Also, nanorods possess polar facets, which have been shown to produce more ˙OH 

radicals [65,105]. 
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Fig. 6.8 Variation of normalized concentration of (a) MB, (b) MO, (c) Rh6G, and (d) 

RhB dyes and corresponding (kapp)-1 with irradiation time in presence of Au-ZnO 

nanorods. 
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6.3.1 Effect of scavengers 

Fig. 6.9 (a-c) presents the variation of normalized concentration with light 

irradiation time of initial 50 μM MB dye in presence of Au-ZnO nanorods in presence 

of EDTA-Na2, NaN3 and IPA scavengers of different concentrations respectively. The 

figure shows in all cases, dye degradation efficiency decreased with increasing 

scavenger concentration. Fig. 6.9 (a) shows at 2.5 mM of EDTA-Na2, the degradation 

efficiency decreased to about 26% from 98% (without scavengers). Fig. 6.9 (b) shows 

that presence of NaN3 of 0.1, 0.5 and 2.5 mM, the degradation efficiency was limited 

to about 60 %, 30% and 5% respectively. Fig. 6.9 (c) shows that IPA of relatively 

higher concentration about 2.5 mM only resulted considerable effect of inhibition of 

dye degradation efficiency. 

    

Fig. 6.9 Variation of normalized concentration of 50 μM MB dye with irradiation time, 

in presence of (a) EDTA-Na2, (b)NaN3 and (c) IPA of varied concentrations. 
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The effect of different scavengers is similar to that observed in previous chapter 

with core-shell nanoparticles. Significant effect of NaN3 is due to its scavenging effect 

for both ˙OH radical and 1O2. EDTA-Na2 scavenge photogenerated holes, as a result, 

it suppresses formation of ˙OH radical. IPA acts as ˙OH scavenger with almost 10 

times lesser reaction rate constant compared to that of NaN3. Due to this reason, high 

concentration of IPA only resulted into inhibition of dye degradation process. Fig. 

6.10 (a-c) presents the effect of these scavengers on MO dye degradation at 50 μM 

initial concentration. Presence of EDTA-Na2 of 0.1, 0.5 and 2.5 mM concentration 

decreased the degradation efficiency from 92% to about 60%, 18% and 7% 

respectively. Similarly, addition of NaN3 of 0.1, 0.5 and 2.5 mM concentration 

resulted decrease in degradation efficiency to 68%, 30% and 11% respectively. At 25 

mM concentration of IPA resulted ~26% degradation efficiency. This shows that ROS 

involved in the degradation process of these dyes are similar, when photocatalysis is 

carried out either in presence of Au decorated ZnO nanorods or Au-ZnO core-shell 

nanoparticles.  
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Fig. 6.10 Variation of normalized concentration of 50 μM MO dye with irradiation 

time, in presence of (a) EDTA-Na2, (b)NaN3 and (c) IPA of varied concentrations. 

    Further effect of the three scavengers on degradation of Rh6G and RhB dyes 

at 30 μM initial concentration is presented in Fig. 6.11 and 6.12 respectively. These 

figures show that in case of rhodamine dyes, degradation is almost inhibited in 

presence of 2.5 mM of EDTA-Na2 and 25 mM IPA and at 2.5 mM NaN3 the inhibition 

was found to be relatively less. The main source of hydroxyl radical is from either 

capture of holes by hydroxide ions or reactions of superoxide with water molecules. 

Relatively higher inhibition of dye degradation in presence of EDTA-Na2 (hole 

scavenger) of these dyes shows that photogenerated holes can also cause oxidative 

reactions with the dye molecules. To know the effect of hydroxyl ion concentration on 

the photocatalysis, the degradation of all the dyes was also carried out at different pH 

conditions 
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Fig. 6.11 Variation of normalized concentration of 30 μM Rh6G dye with irradiation 

time, in presence of (a) EDTA-Na2, (b)NaN3 and (c) IPA of varied concentrations. 

.  

6.12 Variation of normalized concentration of 30 μM RhB dye with irradiation time, 

in presence of (a) EDTA-Na2, (b)NaN3 and (c) IPA of varied concentrations. 
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6.3.2 Effect of pH 

Fig. 6.13 presents variation of normalized concentration of the four dyes in 

presence of Au-ZnO nanorods at different pH conditions. As mentioned above the 

nanoparticles possess negative surface charge at high pH condition and positive 

charge at low pH. MB is a cationic dye, whose adsorption on the photocatalyst is 

expected to be more at high pH condition. The figure shows that with increasing pH, 

MB dye degradation became faster. At high pH, higher concentration of ˙OH radicals 

is expected, which could promote MB dye degradation. Fig. 6.13 (b) shows variation 

MO dye degradation at different pH conditions. It shows that at lower pH 3-4.5, the 

dye degradation is marginally better than that in neutral solution this could be due to 

enhanced adsorption of this anionic dye adsorption on positive charge photocatalyst at 

this pH range. This is unlike to the case of Au-ZnO core-shell nanoparticles for which 

pH 12 condition resulted larger degradation rate constant. The observed difference 

may be due to Au-ZnO nanorods have shown positive zeta potential up to pH 10, 

favoring adsorption of MO dye. However, at pH 12, sudden change of zeta potential 

to negative (- 44.6 mV) could suppress the dye adsorption which result in lower dye 

degradation. In case of Rh6G and RhB dyes, variation of pH over wide range between 

3-10 did not show significant change in dye degradation. Rh6G is cationic dye which 

has positive n-ethyl group. At high pH conditions, electrostatic interaction between 

n-ethyl group of Rh6G with negatively charged photocatalyst can be expected. 

However, low dye degradation rate both rhodamine dyes at very high pH ~ 12 

condition suggests that simple electrostatic interaction alone is insufficient to explain 
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the observed results. These results show that for different dyes, the reaction conditions 

need to be optimized accordingly depending on the chemical structure of dye to 

obtain maximum degradation rate constant.  

Fig. 6.13 Variation of normalized concentration of (a) MB, (b) MO, (c) Rh6G, and (d) 

RhB dyes with irradiation time at different pH conditions of the solution, in presence 

of Au-ZnO nanorods. 

6.5 Degradation of mixed dyes at different pH conditions 

Four combinations of mixed dye solutions: (i) MB and Rh6G, (ii) MB and RhB, 

(iii) MB and MO and (iv) Rh6G and RhB were irradiated in presence of 1g/L Au-ZnO 

nanorods. Fig. 6.14 (a-d) presents the absorption spectra of these mixed dyes with 30 

μM concentration of each dye in neutral condition. The figure shows that absorption 

of both dyes decreased with irradiation time. From the peak absorbance variation of 
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individual dyes, for MB dye, which shows absorbance at about 650 nm, the 

degradation is faster with respect to the other dyes. This shows that in either 

individual dye or in mixture of dyes irradiation, MB dye degradation is relatively 

faster in comparison to that of other dyes. Fig. 6.14 (d) shows low absorbance after 

120 min. of irradiation, in the combination of RhB and Rh6G (both show absorbance 

at about 520 nm). However, for the combination of these dyes with MB, almost 

complete degradation of the dyes was observed within 100 min. of irradiation. It 

shows that the dyes which show slower degradation, (in individual irradiation, refer 

Fig. 6. 7), also takes relatively more time of degradation in their mixture.   

 

Fig. 6.14 Variation of absorbance of mixed dyes of 30 mM concentration each, (a) 

MB+Rh6G, (b) MB+RhB, (c) MB+MO and (d) RhB+Rh6G, with irradiation time in 

presence of Au-ZnO nanorods. 

Photocatalytic degradation of these mixed dyes was also studied at pH~12 
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condition. Fig. 6.15 presents the absorption spectra of mixed dyes, in presence of 1g/L 

photo-catalyst loading, at pH ~12 condition. In case of the mixtures containing MB 

dye, its peak absorbance also suppressed within 10-20 min. of irradiation, which is 

similar to that observed in individual MB dye irradiation at this pH condition. It also 

shows at this high pH, the other dyes degradation became slow. Therefore, it can be 

concluded that at pH 12 condition, in MB dye mixtures, fast degradation of MB in 

about 10 min. of irradiation favors selective degradation of one dye. However, at this 

pH, mixture of rhodamine dyes i.e. Rh6G and RhB did not result complete dye 

degradation, even for longer period of 120 min. of irradiation.  

 

 Fig. 6.15 Variation of absorbance of mixed dyes of 30 mM concentration each, (a) 

MB+Rh6G, (b) MB+RhB, (c) MB+MO and (d) RhB+Rh6G, with irradiation time at 

pH 12, in presence of Au-ZnO nanorods. 

Fig. 6.16 presents variation of absorption spectra of mixed dyes with irradiation 
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time in presence 1g/L photo-catalyst at pH~3 condition. All the mixed dye 

combinations resulted decrease in peak absorbance of both the dyes. For this case, the 

degradation of MB dye was found to degrade slowly as compared to the previous case 

of high pH condition. The overall degradation in this condition is similar to that 

observed for the neutral condition as shown in Fig. 6.13. This shows that degradation 

of dyes has shown marginal variation in pH range of 3-10. However, at pH~12, MB 

dye has shown significantly high degradation but the other dyes degradation became 

slow, i.e. at this condition, MB dye has shown selective degradation.      

 

Fig. 6.16 Variation of absorbance of mixed dyes of 30 mM concentration each, (a) 

MB+Rh6G, (b) MB+RhB, (c) MB+MO and (d) RhB+Rh6G, with irradiation time at 

pH 3, in presence of Au decorated ZnO nanorods. 
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6.6 Transient Response of Ag-ZnO nanoparticle films 

 To study the effect of ZnO coating on the transient response of free-electrons in 

metal nanoparticles we have grown Ag nanoparticle films without and with ZnO using 

PLD. Three films were grown for performing the transient measurements: i) as-grown 

Ag nanoparticle film, ii) Ag nanoparticle film coated with ZnO grown by 3000 laser 

pulses and iii) Ag nanoparticle film coated with ZnO grown by 6000 laser pulses. 

Compared to earlier studies which were mainly on Au, Ag was specifically chosen in 

the present case to avoid inter-band contributions in the transient response 

measurements. Fig. 6.17 shows the absorption spectra of these three films. The as 

grown Ag nanoparticle film shows a LSPR peak at about 500 nm. With increasing 

ZnO coating, the LSPR peak was found to red-shift. Further the LSPR peak strength 

also increases with the thickness of the coating. Such red-shift and increase in strength 

of LSPR of Ag nanoparticle is expected when coated with a material of higher 

refractive index [12].  

 

Fig 6.17 The absorbance spectra of Ag nanoparticle and Ag-ZnO nanoparticle films. 
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Fig. 6.18 presents the structural characterization of the Ag and Ag-ZnO films 

using AFM (Multimode-8, Bruker). The as-grown Ag nanoparticle film showed 

formation of nanoparticles with an average peak-to-peak height variation of about 35 

nm. After coating with ZnO layer grown 3000 pulses, the image shows a granular 

structure on top of the nanoparticles.  

 

Fig 6.18 Representative AFM images and corresponding height profiles of (a) and (b) 

Ag nanoparticle film and (c) and (d) Ag nanoparticle film coated with 3000 pulses of 



184 
 

ZnO. (e) shows the AFM scan on a region of pure Ag to Ag coated with ZnO in 3D. 

In the present case, the peak-to-peak height was found to be increased compared 

to that of the pure Ag film. In-order to correctly estimate the average thickness of ZnO 

coating, AFM measurement was performed on a regime of pure Ag to Ag coated with 

ZnO. Fig.6.18 (e) shows the 3D image of the AFM scan. From this image, the average 

thickness of ZnO was estimated to be ~15 nm.  

Transient absorption measurements were performed on these samples using a 

standard pump-probe configuration (Fig 6.19). For this measurement, a 35 

femtosecond oscillator-amplifier-optical parametric amplifier (OPA) laser system was 

used. The repetition rate of the laser was 1 KHz. The second harmonic of the 800 nm 

fundamental beam was used as the pump beam (400 nm). While the probing was done 

at 500 nm using the output from the OPA. The pulse width of the laser at the sample 

location was measured to be nearly 120 fs. The peak intensity of pump beam at the 

sample location was ~42 GW/cm2. The intensity of the probe beam was nearly 1/20th 

of the pump intensity. 

 

Fig 6.19 The schematic of the transient absorption measurement setup. 
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Fig. 6.20 shows the measured transient transmission signal normalized to the 

peak. With the arrival of the pump pulse, the T/T quickly increases and reaches a 

maximum by about 350 fs. At later times the T/T decays with in next few 

picoseconds. A single exponential decay function was fit to the recovery part of the 

signal. The estimated best fit for the decay times were 2.4 ps, 1.7 ps and 1.9 ps for the 

as grown Ag nanoparticle film, Ag-ZnO film with 3000 and 6000 pulses of ZnO 

respectively. When excited at plasmon resonance by an ultrafast optical pulse, 

plasmon oscillations are induced. The coherence is lost, plasmons decay to single 

particle states. Within next few hundreds of femtoseconds the free-electrons 

thermalize mainly through electron-electron scattering [203,204]. At the end of this 

thermalization process, the temperature of free electrons reaches a maximum. In case 

of noble metals, this thermalization takes about 300 to 500 fs depending on the 

excitation intensity. 

 

Fig 6.20 The transient transmittance of the Ag and Ag-ZnO nanoparticle films. The 

solid line shows the best fit to the decay part with single exponential function.  
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 The maximum change in transmission (T/T) occur when the electrons reaches 

maximum change in temperature [205,206]. In the preset case all the samples reach its 

maximum by about 350 fs showing that the electron-electron thermalization process 

does not get modified by the additional coating of ZnO. If the coating of ZnO did 

form any compound with Ag or partial alloying, it would have resulted in modifying 

the electron-electron thermalization process. Since the coating is only on the top 

surface the electron-electron thermalization process which happens inside Ag is not 

expected to be changed.  

  At the end of thermalization, the electrons will be at a much higher temperature 

compared to that of the lattice. At later times the electrons will deliver the heat to the 

lattice through electron-phonon interaction. At the end of this electron-lattice 

thermalization, the overall temperature of electrons reduces since the specific heat 

capacity of the lattice is much higher than the electrons. This shows up as the decay of 

T/T in the transient measurement [204-206]. The as grown Ag nanoparticle showed 

an electron-lattice thermalization time of the order of 2.4 ps. While after coating with 

ZnO the electron-lattice thermalization time was found to decrease slightly. This 

could be due to scattering of electrons at the Ag-ZnO interface [205,207]. Such 

scattering at interfaces and lattice defects are expected to increase the electron-lattice 

coupling [208]. Further studies on charge transfer characteristics in these composites 

is useful in realizing their other applications like photovoltaics, water splitting etc. 
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6.7 Summary 

 Large scale synthesis of ZnO nanorods was realized by low cost hydrothermal 

method. These nanorods were decorated with Au nanoparticles of different 

concentrations by photo-reduction of Au salt of varied concentrations. Au 

nanoparticles in pure metallic form were formed on the ZnO nanorods. Crystalline 

quality of ZnO nanorods was found to not much affected by annealing at high 

temperatures (up to 600oC) unlike core-shell nanoparticles. Photocatalytic response of 

Au decorated ZnO nanorods (with optimum loading of Au nanoparticles) produced 

larger degradation rate constant compared to pure ZnO nanorods. These Au decorated 

ZnO nanorods were further used for degradation of different dyes and their mixtures. 

Degradation of rhodamine dyes (Rh6G, RhB) was found to be slower compared to 

MB and MO dyes. For rhodamine dyes, the peak absorbance decay varied from 

exponential to linear at low dye concentration of 30 µM, which occurred ≥ 50 µM for 

MB and MO dyes. In the mixed solution, the degradation rate was found to decrease, 

when MB was mixed other dyes. At high pH condition (~pH12), faster degradation of 

MB within 10-20 min. lead to selective degradation of MB dye. Transient studies on 

Ag and Ag-ZnO nanoparticle films shows a slight reduction in electron-lattice 

thermalization time. This is attributed to the increased electron-lattice coupling at the 

interface between Ag and ZnO.          
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This thesis addresses simplified growth methods based 

on pulsed laser ablation for Au and Ag-Au alloy NP films 

and colloidal Ag NPs with tunable optical response 

suitable for SERS at multiple excitation wavelengths. 

Effect of different morphological parameters, 

particle-particle and particle-substrate interactions on 

variation of LSPR response of NP films has been 

determined using effective medium theory and verified 

with experimental results. By varying film thickness or 

altering alloy composition, LSPR tuning can be controlled 

close to SERS excitation wavelength to obtain maximum 

SERS signal for trace detection of 500 nanomolar Rhodamine 6G dye. The produced SERS 

substrates has potential for trace molecular detection for food safety, narcotics, explosives etc.      

Au-ZnO nanocomposites have been shown to be promising for various light harvesting 

applications. In this work, optimum conditions for photocatalytic degradation of different dyes 

and their mixtures with Au-ZnO core-shell and 

Au NP decorated ZnO nanorods has been 

determined. Study with different scavengers 

revealed hydroxyl radical playing prominent role 

in dye degradation. pH strongly influenced 

surface charge characteristics of photocatalyst, 

as a result cationic dye has shown faster 

degradation at high pH, even in case of binary 

mixture with anionic or zwitterionic dyes 

leading to selective degradation. Using 

Langmuir Hinshelwood model, concentration 

range of different dyes for the limiting cases for first and zeroth order degradation kinetics has 

been determined. These environmental friendly Au-ZnO NPs with the adopted scalable synthesis 

and dye degradation in low power UV light shows this method can be cost effective for 

treatment of dye effluents.  

Fig. Densely packed Ag-Au NP films 

and Ag NP for SERS based detection 

of Rh6G dye [500 nM].   

Fig. Au-ZnO NPs for photocatalytic degradation 

of MB dye and binary mixtures. Degradation is 

selective at high pH and simultaneous at low pH.   
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