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Abstract 

 

 The present thesis was aimed towards the fabrication and characterization of semi-

transparent nanostructured copper thin films via pulsed laser deposition technique. The 

linear and nonlinear optical properties and surface plasmon resonance of Cu thin films 

have been studied and these properties were correlated with the size and shape of the 

nanoparticles, surface morphology, growth dynamics and stoichiometry of the film.  

 The two sets of nanostructured Cu thin films were fabricated via pulsed laser 

deposition. The first set is deposited at room temperature as a function of deposition 

duration (4, 6 and 8 minutes) followed by gradual annealing up to 400°C. The second set 

of the films deposited directly at the substrate temperature of 400°C for the duration of 6 

to 45 minutes.  

The particle size distribution, surface characteristic parameters, surface scaling 

behaviour, power spectral density function, activation energy etc. of these films were 

estimated using atomic force microscopy images. The fractal nature of the as-deposited  

room temperature Cu film was marginal and extreme fractal but the post annealed films to 

a final temperature of 400ºC, the fractal nature changed to Brownian fractal irrespective 

of deposition time which signifies self-affine nature of the film surface.  

The films deposited directly at 400ºC showed the self-affine surface up to the 

deposition time of 20 minutes and for longer deposited time the films reflected the 

mounded surface growth. The surface scaling behaviour of these films was studied from 

the analysis of height-height correlation function extracted from corresponding atomic 

force microscopy images and the scaling exponents; roughness exponent(𝛼′), growth 

exponent(𝛽′) and dynamic exponent(1/𝑧′) of the films were estimated.  From the values 

of the scaling exponents, it was inferred that the growth dynamics of the films was 

governed by shadowing mechanism due to angular nature of deposited flux arriving on 

the substrate from laser induced plasma and highly sticking substrate (deposition 

performed at substrate softening temperature ~ 400ºC).   

The plasmonic features of the films were observed by recording the absorption 

spectra via UV-visible spectrometer. The SPR peaks of Cu films exhibited both 

longitudinal and transverse mode where the peak energies were found to be dependent on 

size, shape and aspect ratio of the Cu nanoparticles. The Bruggeman effective medium 
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approximation theory was applied to determine the film composition whereas the 

formation of the interfacial layer and plasmonic behaviour of these copper thin films 

deposited on the glass substrate as a function of deposition time were investigated via 

spectroscopic ellipsometry spectra. It was observed that as-deposited films followed the 

two oscillators (one Lorentz and one Gauss) dispersion model whereas gradually 

annealed films to a final temperature of 400°C satisfied the four oscillators (one Lorentz 

and three Gauss) model. SPR peaks estimated from spectroscopic ellipsometer analysis 

complemented well with that of observed in UV studies. 

The third order nonlinear optical properties of nanostructured Cu thin films were 

carried out by using modified Z-scan technique under cw He-Ne laser at 632.8 nm 

wavelength. The Cu thin film deposited at a substrate temperature of 400°C having 

particle size less than 14 nm, exhibited reserve saturation absorption behaviour whereas 

all the other samples deposited at elevated temperature displayed saturation absorption 

behaviour having values of nonlinear absorption coefficient in the range of ~ 11 to 68 

cm/W. The nonlinear refractive index coefficient of all the thin films showed a self-

focusing properties where the value of n2 was observed to be in the range of ~ 1.40 × 10-4 

to 4.53 × 10-4 cm2/W. These coefficients were observed to be dependent on the deposition 

temperature and the size of the nanoparticles. Finally, the viability of nanostructured Cu 

thin film as surface enhanced Raman scattering substrate for metallic single wall carbon 

nanotube was also tested. 
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Chapter 1 

Introduction 

Nanostructured metallic thin films are a great potential candidate towards tunable 

optical devices, plasmonic devices, optoelectronic [1], integrated circuit chips [2], 

microprocessors [3], solar cells, [4] sensors [5] etc. The performance of the nanostructured 

metallic thin film based devices is highly dependent on the surface roughness, thickness, 

volume fraction of the constituent species of metal, composition of the interfacial layer 

between the substrate and film apart from linear and nonlinear optical properties, plasmonic 

behaviour and electrical properties [6-11]. The nanostructured thin films of noble metals 

(Cu, Ag, Au), fabricated onto the suitable dielectric like glass, exhibit the surface plasmons 

(SPs) phenomena [12-16]. SPs are the collective oscillations of the free electrons at the 

metal-dielectric interface and confined on the metallic surface which decays exponentially 

in the neighbouring media [14]. The resonant interaction between electrons near the surface 

of the metal and the electromagnetic field of the incident radiation results in a phenomenon 

called surface plasmon resonance (SPR) [17]. SPR form the root for near-field 

spectroscopy, surface enhanced Raman spectroscopy (SERS), enormously large data 

storage, sensors, solar cells etc. [14, 18-20]. Thus it can be utilized to fabricate fast 

plasmonics circuits, bio-sensors, plasmonic chips, photonic devices, waveguides, etc. [1, 2, 

21-23]. The SPs has many applications in bio-sensing and healthcare [24, 25], 

optoelectronic and microelectronics [3, 26, 27], chemical and biological sensors [28-30], 

thermal therapy [31] etc.  The response time of SPR is of the order of picosecond [32]. The 

SPR properties depend on the kind of metal nanoparticles and their size, shape, type of 

surrounding dielectric and interfacial layer between metal-dielectric interface [11, 33, 34]. 

The optical properties of nanostructured thin film, also depends on the type of surface 
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growth and related parameters e.g. roughness, correlation length, type of surface etc. [11, 

33-36]. Noble metal nanoparticles such as gold (Au), silver (Ag), and copper (Cu) have 

been studied extensively because of their large plasmonic properties, nonlinear optical 

(NLO) response, photoluminescence (PL) and physicochemical properties etc. [1, 2, 12, 

28, 37-52].  

The nanostructured films also possess large optical nonlinearity. The optical 

nonlinearity plays an important role in making fast photonic and electronic devices [53]. 

The noble metal nanoparticles embedded in dielectric have been studied extensively 

because of their large third-order optical nonlinearity [50] and fast response time which 

leads to its potential application in all-optical switching devices [54]. The SPs has a 

significant role in enhancing the optical nonlinearity of the nanostructured thin films [49]. 

The nonlinearity of the noble metals is basically due to the contribution of intraband 

transition, interband transition and hot electron formation [55]. 

Among various noble metals, Cu is one of the most suitable and extensively used 

material because of its high thermal and electrical conductivity and low electro-migration 

rate [56, 57]. Cu has a large number of interband energy levels in the range of 1.2 – 5.6 eV 

[58-61]. These interband transitions are responsible for SPs, PL etc. in the Cu nanoparticles 

[52, 62-65]. The nanostructured Cu thin film can exhibit saturation absorption (SA) and 

reverse saturation absorption (RSA) behaviour [12, 49, 66], thereby it can be used as optical 

limiters [67]. Cu also finds application in the area of medicine, electronics, optics, 

manufacturing of lubrication nanofluids, filler, conductive films, antimicrobial, antiseptic 

material, metallic inks, wound dressing and biocidal properties, gas sensors, catalytic 

process, high-temperature superconductors, high-speed devices, solar cells [68-74] etc. It 

is an excellent candidate for making interconnects in the integrated circuit on the dielectric 

substrate [75].  
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1.1.  Surface Plasmon Resonance  

The surface plasmons (SPs) are the collective oscillations of the free electrons 

associated with metal at metal-dielectric interface [17]. SPs are confined on the metallic 

surface with an exponentially decaying field in the neighbouring media [14] as shown in 

figure 1. Figure 1.1 (a) illustrate the formation of SPs at the metal-dielectric interface. 

Figure 1.1 (b) represents pictorially the exponentially the local electric field near the 

surface with distance in a direction normal to the interface along with the penetration depth 

of SPs wave, 𝛿𝑑and 𝛿𝑚 into the dielectric and metal, respectively. 

 

Figure 1.1 (a) Schematic illustration of electromagnetic wave and surface charges at the 

interface between the metal and dielectric material and (b) penetration depth of SPs field 

around the interface.  

  There are two types of decaying field in the surface plasmon waves; radiative and 

non-radiative. The radiative decay of SP is dominant in the films having rough surface due 

to the scattering of incident light while the non-radiative decay of SP is due to the 

absorption of radiation and is more pronounced in the films having  smooth surface [76]. 

The resonant interaction between the electrons near the surface of the metal and the 

electromagnetic field of the incident radiation results in a phenomenon called surface 

plasmon resonance  (SPR) [77]. It has a typical response time of the order of a picosecond 

[32]. In the nanostructured thin film, the generation of SPs is the accumulative effect of the 
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scattering and absorption of light on the surface [78]. The peak position, bandwidth and the 

intensity of the SPR spectra depend on the nanoparticles size, shape and the surrounding 

medium [33, 34]. According to the classical Mie theory, the peak position of the SPR shifts 

toward red/blue with increase/decrease in the size of the spherical shaped nanoparticles 

[79]. However, this theory fails to explain the shift of the SPR peak towards red with the 

decrease in the nanoparticles size below 20 nm [16]. As the size of the nanoparticles 

decreases below 20 nm, the scattering rate of the free electrons increases  resulting in a 

decrease in the SPR frequency (red-shift) [80]. Aggregation and wide size distribution of 

nanoparticles are also responsible for red shift in the SPR peak position [81]. For the non-

spherical shaped particles, the shift in the SPR peaks; transverse and longitudinal modes, 

for depend on the aspect ratio of the particles [33]. It has been reported that for prolate 

geometry, as the aspect ratio increases, the transverse mode (TM) is blue-shifted (higher 

energy) whereas longitudinal mode (LM) is red-shifted (lower energy). But the shift in TM 

is quite small as compared to that of the LM and vice-versa for oblate geometry [16, 33].  

The bandwidth of SPR plays a significant role in deciding the specific application of the 

nanostructured metallic thin film. For example; larger bandwidth is favourable for 

plasmonic solar cells as it enhances the absorption efficiency whereas narrow bandwidth is 

good for plasmonic sensing application [82, 83]. Broadening in the bandwidth is associated 

with the damping of coherent motion of free electrons [43]. This damping occurs due to the 

electron-electron, electron-phonon and electron-defect scattering processes. The defects 

arise due to grain boundaries, impurities and dislocations [84]. The broadening of SPR band 

as well as its asymmetric nature are also due to wide size distribution of nanoparticles and 

irregularity in the shapes within the given film [15]. It increases linearly with the density 

of nanoparticles and surface roughness of the film [15, 85]. It is also inversely proportional 

to the size of the nanoparticles, d, because of the dominance of the collisional interaction 
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of the conduction band electrons with the particle surface which reduces the effective mean 

free path [16]. The relation between bandwidth of SPR and particle size is giving by 

following equation  [84].  

𝛤 (𝑑) = 𝛤0 +
𝐴𝑣𝑓

𝑑
                                                                  (1.1) 

where A is the scattering process, Гo is the damping constant and vf  is the velocity of 

conduction band electrons at the Fermi energy [16]. The excitation of SPR in the metal 

nanoparticles is of great importance because it induces a strong enhancement of the electric 

field in the near-field region leading to SERS [86], enhancement in NLO signals [49], 

fluorescence enhancement [87], superlens [88], plasmonic lens [89], plasmonic circuit [1], 

plasmonic chip [2], waveguide [90, 91], refractive index measurement [92], biomolecular 

interaction detection [5], single molecule spectroscopy [93], nanoscale lasing [94], 

quantum computing [95], plasmon assisted photolithography [96], photocatalysis light 

harvesting [97], biochemical sensor [25, 28] and possible conversion of solar to chemical 

energy [98]. The major advantage of plasmonic based devices is that their properties can 

be easily tuned by changing the size of the nanoparticles and the neighbouring dielectric 

medium. 

1.2 Fabrication of nanostructured metallic thin film  

 Some of the technique for preparing the nanostructured metal thin films are 

summarized in table 1.1 along with their salient feature and some of the shortcomings. Out 

of these technique, the pulsed laser deposition (PLD) technique is devoid of all the above 

limitations and can be implemented for the deposition of any kind of thin film with 

precision. PLD technique is used to fabricate variety of nanostructured ultra-thin film of 

metals [99-101], semiconductors [102-104], ceramic [105], composite [105] etc. This 

technique is very useful for the fabrication of the plasmonic thin films [12, 105-108]. The 

film thickness, size and shape of the  nanoparticles,  comanding  the  plasmonic  properties,  
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can be controlled by deposition parameters easily [12, 33]. 

Table 1.1: Some common techniques for preparation of nanostructured metallic thin films 

S.No. Technique Advantages Limitations Reference 

1 Thermal 

Evaporation 

Simple and 

Common 

Technique 

Poor control on quality 

of film 

[109-111]  

2 Molecular Beam 

Epitaxy (MBE) 

Better control on 

quality of film 

Expensive [112, 113] 

3 Sputtering Large varieties can 

be fabricated 

Stoichiometry of target 

not preserved 

[114] 

4 Chemical Vapour 

Deposition 

(CVD) 

Popular and cheap 

technique for non-

metallic  films 

Deposition of metallic 

films requires large 

substrate temperature 

(>700 C). Deposited 

films may have 

impurities and defects 

due to volatile 

decomposition of the 

molecules of the gases 

involved 

[115-117] 

5 Atomic Layer 

Deposition 

(ALD) 

Very precise for 

few atoms layer 

deposition 

Slow and expensive. 

There is risk of 

contamination from 

residues from 

precursors as it is 

chemical based 

technique 

[118, 119] 

6 Pulsed Laser 

Deposition 

(PLD) 

Any kind of film 

can be deposited 

with precision with 

total control of 

physical and 

chemical 

properties. No 

chances of 

contamination. 

Better suited for small 

area film deposition 

[99-101] 

 

  The advantages of PLD over other fabrication techniques are (a) control over the 

physical and chemical properties of the thin film by proper choice of deposition parameters; 

laser wavelength, pulse duration, laser fluence, deposition temperature, background gas 

pressure, target to substrate distance, etc. (b) single-step process, free from any 

contamination as it does not require any additional chemicals in the entire process, (c) 
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stoichiometric growth of thin films, (d) growth of multicomponent and multilayer thin films 

[105, 108, 120-126] and (f) fabrication of thin films is possible even at room temperature 

(RT) because of the high kinetic energy of plasma species, evolving from laser induced 

plasma, getting deposited onto the substrate, compared to that of other techniques [105]. 

The one of the obvious limitation of the  PLD technique for the deposition of large area 

film can be now overcome by rastering of the substrate or scanning the laser beam over the 

target or both [99, 127]. In the present thesis PLD technique is adopted for the deposition 

of nanostructured semi-transparent thin films of Cu and is detailed in section 2.1, chapter 

2.     

1.3 General characterization tools for metallic nanostructured thin films 

The variety of characterization tools have been implemented to investigate the 

physical properties of the metallic nanostructured plasmonic thin films. The crystalline 

structure of the metallic thin films is studied via X-Ray Diffraction (XRD). SPR properties 

of the nanostructured metallic thin films can be directly investigated via UV-Vis-NIR 

spectrometer. Atomic Force Microscopy (AFM) is employed to determine the particle size 

distribution and to investigate the growth dynamic of the thin film. Field-Effect Scanning 

Electron Microscopy (FESEM) images can used to investigate the surface morphology of 

thin films. The atomic composition of the thin films can be determined using the Electron 

Diffraction X-Ray (EDX) spectroscopic technique. Spectroscopic Ellipsometry (SE) can 

be applied to determine refractive index, extinction coefficient, thickness, absorption 

coefficient, stoichiometry, interfacial layer thickness and its composition (percentage of 

oxide formation in case of the metallic thin film, a major source of contamination). Laser 

micro Raman spectrometer can be used to investigate the surface-enhanced Raman 

scattering (SERS) effect. Some  of  these  tools  used   in   the   present   thesis   for   the 

characterization of the PLD Cu thin films are detailed in section 2.2, chapter 2. 

TH-2125_126121002



Chapter 1: Introduction 

8 | P a g e  
 

1.4 Optical nonlinearity in nanostructured metallic thin film 

 Metal nanoparticles embedded in dielectric medium exhibits large third order 

nonlinearity [12, 49, 128] which leads to the applications in all-optical switching devices, 

electronic and optical devices, mode locking in laser, optical limiting, optical data storage, 

chemical and biological sensors etc. [1, 53, 128-134]. The nonlinear optical properties of 

nanostructure metallic thin films depend on the average nanoparticle size, surface 

roughness and surrounding environment [36, 55, 135]. The optical nonlinearity present in 

the metallic nanostructured thin films could be due to three types of mechanisms; (1) 

intraband transition, (2) interband transition and (3) hot electron formation [55, 62].  

 There are several reports on NLO behaviour in the nanoparticles of noble metals 

(Ag, Au and Cu) and metal alloys embedded into various dielectric matrix. The Ag 

nanoparticles embedded in SiO2 matrix showed the saturation absorption behaviour at 

wavelengths of 532 nm and 1064 nm, and exhibited negative value of nonlinear refractive 

index coefficient (n2) [136]. The Au nanoparticles embedded in the three different 

dielectric; Al2O3, SiO2 and ZnO respectively display SA behaviour. Nanoparticles in Al2O3 

and SiO2 matrix exhibit positive nonlinear refractive index (NLR) coefficient, whereas that 

of negative NLR in ZnO [137]. The Cu nanoparticles deposited on the glass substrate below 

the softening temperature exhibits saturation absorption (SA) behaviour whereas that of 

deposited above the softening temperature it shows reserve saturation absorption (RSA) 

[49]. The Cu film deposited above glass softening temperature behaves like optical limiters 

[49]. The linear and nonlinear optical properties of the nanostructured Cu thin film display 

distinct behaviour in the different dielectric matrix [128]. The noble metal alloy formed by 

the binary mixture of Ag and Au in different proportion, exhibits the saturation absorption 

while  it  changes  the  behaviour  at  higher  laser  intensity  and  possess  negative  nonlinear  

absorption (NLA) coefficient [138]. 
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A variety of techniques have been developed to measure the NLO properties of 

materials. These techniques include nonlinear interferometry, degenerate four-wave 

mixing, ellipse rotation, Z-scan technique, beam distortion measurements etc. [139-143]. 

The first three techniques are sensitive but require relatively complex experimental setup 

whereas the beam distortion measurement is relatively less sensitive and requires detailed 

wave propagation analysis. Z-scan technique has comparatively simple experimental setup 

[144]. This technique proposed by Sheik-Bahae et al. in 1989, is a single beam scan method 

and based on the spatial beam distortion during beam propagation through the nonlinear 

medium [142]. It is based on the spatial broadening and narrowing of the Gaussian beam 

in far field because of optical nonlinearity present in the sample. The translation of the 

sample around the focus of the laser beam leads to a change in irradiance in the sample, 

resulting in change in the intensity-dependent optical properties. The intensity transmitted 

through the sample is recorded as a function of sample location (z) with respect to the focal 

plane. The plot of transmitted intensity as a function of z gives the information about the 

order of the nonlinearity as well as its sign and magnitude. The technique includes open 

aperture (OA) and closed aperture (CA) Z-scan measurements which determine nonlinear 

absorption (NLA) coefficient and nonlinear refractive index (NLR) coefficient, 

respectively. In the present thesis, the modified Z-scan set-up employed for the 

measurement of NLO properties of the thin film and is described in section 2.2.5, chapter 

2.    

The variation of SPR and NLO properties of the PLD Cu thin film as a function of 

surface growth parameters and volume fraction of the constituent species of the metal are 

not commonly reported in the literature. The properties of thin film are strongly influenced 

by the surface growth parameters, constituent species and its volume fraction which in turn 

can be controlled by annealing of the film along with the deposition parameter [145-152]. 
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In the present thesis, it was explored that the annealing can change the constituent species 

as well as the Fermi energy level of the metal nanoparticle apart from the change in surface 

morphology, size and shape of the nanoparticles. It was also found that the film deposited 

near the softening temperature of the substrate, form an interfacial layer which also affected 

the SPR and NLO properties.   

1.5  Organization of Present Thesis: 

 The present thesis work was aimed towards the fabrication and characterization of 

semi-transparent nanostructured Cu thin films via PLD technique. The SPR properties of 

the deposited Cu thin film depend on the average particle size, shape, surface morphology 

and volume fraction of the constituent species. These parameters can be tuned by varying 

the substrate temperature and deposition time. The Cu thin film deposited at RT did not 

show any plasmonic signal in visible region. So, the room temperature (RT) deposited films 

were annealed resulting into a change in the surface morphology, composition and size of 

nanoparticles which in turn enhanced the plasmonic properties in the visible region. The 

effect of the interfacial layer, thickness of the film and volume fraction of constituent 

species on the plasmonic properties of nanostructured Cu thin film have been investigated 

via SE.  Roughness and other surface growth parameters play an important role in linear, 

SPR and nonlinear properties, and have been investigated via AFM using height-height 

correlation function (HHCF) and power spectral density function (PSDF) analysis. The 

effect of size of deposited Cu nanoparticle and film annealing temperature on the third order 

NLO properties under continuous wave (cw) laser irradiation has been investigated. The 

SERS properties of nanostructured Cu thin film via PLD is tested on metallic single-wall 

carbon nanotubes (M-SWCNT).  

The overall organization of the thesis is listed below:       
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Chapter 1, “Introduction”, presents the overview of the literature survey on the subject. 

Various characterization tools for analyzing structural, compositional and the linear as well 

as nonlinear optical properties of these thin films are also touched upon briefly. 

Chapter 2, “Experimental Details”, describes the PLD setup used for fabrication of semi-

transparent nanostructured Cu thin films. The various commercial instruments used for the 

characterization of PLD films are documented in this chapter. The modified Z-scan setup 

developed in house to measure the NLO coefficients is also discussed. 

Chapter 3, “Effect of deposition time and annealing temperature on growth parameters 

and optical and SPR properties of PLD semi-transparent nanostructured Cu thin films 

deposited at RT”, includes the effect of deposition time and annealing temperature on the 

volume fraction of constituent species, fractal analysis, roughness and SPR properties and 

their correlation. 

Chapter 4, “Effect of deposition time on interfacial layer, optical and SPR properties and 

scaling behaviour of PLD semi-transparent nanostructured Cu thin films deposited at 

400°C”, discusses the variation of SPs properties, thickness and composition of interfacial 

layer and surface growth parameters of Cu thin films with the deposition time. 

Chapter 5, “Third order nonlinear optical properties of the PLD semi-transparent 

nanostructured Cu thin films”, discusses the measurement of the non-linear absorption and 

nonlinear refractive index coefficient of Cu thin films and their dependence on the size of 

the nanoparticle. 

Chapter 6, “PLD Cu thin films as a viable SERS substrate for carbon nanotubes”, 

demonstrates the application of PLD Cu thin film as a viable SERS substrate for M-

SWCNT. 
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The last chapter of the thesis, Chapter 7, is the concluding chapter, summaries the salient 

features of the present research work along with the possibilities of future expansion.  
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Chapter 2 

Experimental Details 
 

 There are various techniques documented in literature for the deposition of metallic 

thin films [1-4]. Among them, the pulsed laser deposition (PLD) technique is quite flexible 

for fabrication of plasmonic thin films of the noble metals having very high melting point. 

PLD is a single step process, free from any contamination and it does not required any 

hazardous gas and hence environment friendly [5-8]. In the present thesis, PLD technique 

was used to deposit the nanostructured copper (Cu) thin films at room temperature (RT) as 

well as at 400ºC as a function of deposition time. In order to study the effect of annealing 

on the plasmonic and other properties of the Cu thin film, RT films were gradually annealed 

up to a temperature of 400°C.  These plasmonic films via PLD were characterized by UV 

visible-Near Infrared (UV-Vis-NIR) spectroscopy, Atomic force microscopy (AFM), 

Spectroscopic ellipsometer (SE) and X-ray diffraction (XRD). The nonlinear absorption 

(NLA) and nonlinear refractive index (NLR) coefficients of the thin films were measured 

by modified Z-scan setup developed in house. The surface enhanced Raman spectroscopy 

(SERS) capability of thin films was tested on carbon nanotube.  

 In this chapter, the experimental details of PLD setup, SE setup, modified Z-scan 

setup and all the other characterization tools employed for PLD films are presented. 

2.1  Pulsed laser deposition (PLD) setup 

 The schematic and the photograph of the experimental PLD setup used for 

deposition of the plasmonic Cu nanostructure thin films is shown in figure 2.1 and 2.2 

respectively. It consists of a 18ʺ diameter ultra-high vacuum compatible multiport stain 
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steel ablation chamber. The Cu target was mounted on the motorized controlled-carrousel 

stage and was inserted inside the ablation chamber through one of its 150 CF port. The 

target was continuously rastered in a programmable manner to maintain the reproducibility 

on shot-to-shot basis of laser pulses. The substrate was mounded on the substrate holder 

assembly, having provision for resistive heating to control the substrate temperature in a 

programmable manner, through another 150 CF port opposite to the target carrousel port. 

 

Figure 2.1: Schematic of PLD setup. 

Prior to the deposition, chamber was evaluated to a base pressure of ~ 10-6 mbar via turbo 

molecular pump (Pfeiffer, Hi Pace 700) connected to the bottom 100 CF port of the ablation 

chamber, as shown in figure 2.1. The turbo molecular pump was backed by a rotatory pump 

(GE Motors, F 144). The pressure inside the ablation chamber was monitored using the 

compact full range gauge (Pfeiffer, D 35614). A Q-switched Nd:YAG laser was steered by 

TH-2125_126121002



Chapter 2: Experimental details 

 

27 | P a g e  
 

a high damage threshold right angled prism (omitted in the figure) and focused using the 

plano-convex lens (f= 35 cm) on to the Cu target as shown in figure 2.1. 

 

Figure 2.2: Photograph of PLD setup. 

The laser ablated material from the target was deposited on to the glass (coverslip) substrate 

placed at a distance in between 5 - 6.5 cm from the target and parallel to it. The RT films 

were fabricated via PLD under vacuum (~ 10-6 mbar) by third harmonic (~ 355 nm) of a Q-
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switched neodymium-doped yttrium aluminum garnet (Nd:YAG) laser (Model No.-

Quanta-Ray, INDI-HG) for the deposition time of 4, 6 and 8 minutes at a laser fluence of 

~ 3.5 J/cm2. For each and every deposition time, five films were fabricated. All these fifteen 

films were divided into five sets, each set containing three films, one each deposited at 4, 

6 and 8 minutes as listed in table 2.1.  

Table 2.1: Deposition parameters for the fabrication of Cu thin films. 

Sample Deposition duration 

(minutes)  

Ambient 

pressure (mbar) 

Gradual annealed up 

temperature  

Substrate 

Set 1 4, 6 and 8  

(deposited at RT 

via third harmonic 

Nd:YAG laser) 

~ 10-6 As-deposited Coverslip 

(glass) Set 2 100°C 

Set 3 200°C 

Set 4 300°C 

Set 5 400°C 

 

Set 1 was kept for the characterization of as-deposited films. Set 2 was annealed at 

100°C. The sets 3 to 5 were gradually annealed in the temperature range of 200°C to 400°C 

respectively in a step of 100°C. At each temperature, film was maintained for four hours 

and then cooled down to RT and after couple of hours the temperature was raised to next 

higher level (100°C – 200°C, 200°C – 300°C etc.). The temperature was raised in a 

programmable way at the rate of 5°C per minutes from RT to required temperature (100°C, 

200°C, 300°C and 400°C). Thereafter, the temperature was maintained for 4 hours and 

finally it was cool down at the rate of 1.7°C per minutes till RT.  The entire annealing 

process for each and every film was performed under vacuum (~10-6 mbar). In this way the 

effect of both, the deposition time and annealing temperature (post deposition) were 

studied.  

 The best SPR properties were observed for the film finally annealed at a temperature 

of 400ºC. Therefore another set of films was fabricated at a substrate temperature of 400ºC 
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directly for the deposition time of 6, 7, 8, 9, 10, 20, 30 and 45 minutes in order to study the 

affect of longer duration of deposition on the properties of nanostructured Cu PLD films. 

After the deposition, films were maintained at 400ºC under vacuum for 120 minutes in 

order to remove the any strain developed during deposition. This set of films was fabricated 

by second harmonic of Nd:YAG (Model No.- Quanta System, HYL-101) laser at 532 nm 

and rest of the deposition conditions were maintained same as that of the films deposited 

at RT.            

2.2 Characterization of PLD thin films           

 All the samples fabricated via PLD in the present thesis were subjected to several 

characterizations as briefed below: 

2.2.1 Atomic force microscopy (AFM) 

 To relate the dependence of optical properties of the films with their surface 

morphology, size and shape of the nanoparticles and surface growth parameters (micro-

roughness, fractal analysis, correlation length, activation energy etc.) all the films were 

subjected to atomic force microscopy (AFM) (Model No. - Agilent, 550 series). The AFM 

was used in non-contact mode using silicon cantilever to image the surface morphology. 

The growth dynamics and other growth parameters from the AFM images were assessed 

via open source Gwyddion software and WXSM software [9, 10].   

2.2.2 X-Ray Diffraction (XRD)  

X-ray diffraction technique was employed to investigate the crystal structure of the 

PLD thin films. The XRD pattern was recorded in the thin film mode by commercial Rigaku 

TTRX III X-ray diffractometer employing Cu Kα (1.5418 Å) radiation at a grazing angle of 

incidence of ω = 1°. 
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2.2.3 UV visible-Near Infrared (UV-Vis-NIR) spectroscopy 

 To study the SPR properties of all the PLD semitransparent films of Cu, absorption 

spectra of these films deposited on glass substrate were recorded using a dual beam UV 

visible-Near Infrared spectrometer (Model no.- Shimadzu- UV 3101 PC). From these 

spectra the plasmonic (surface plasmon resonance (SPR)) peaks were identified. The peak 

position and bandwidth of the SPR and peak due to the interband transitions are identified 

via multiple fitting of the absorption spectra of these PLD films with skew-symmetric bi-

Gaussian and Gaussian analytical equation respectively. 

2.2.4 Spectroscopy Ellipsometry (SE)     

The optical properties, interfacial layer thickness and its composition of all the PLD 

film Cu thin films were examined by variable angle spectroscopy ellipsometer equipped 

with goniometer (Model no.: Semilab GES5-E). Figure 2.3 and 2.4 show the schematic of 

working principle of a spectroscopic ellipsometer and the photograph of the model 

employed respectively. In this, a linearly polarized light beam falls on a sample under 

investigation and the amplitude ratio (𝑡𝑎𝑛𝜓) and phase shift (Δ) between parallel (p) and 

perpendicular (s) components of the light reflected from the surface are recorded as a 

function of wavelength and the angle of incidence, where 𝜓 and Δ are the ellipsometer 

angles related to the complex reflectance ratio of the two polarization components of light 

given by equation 2.1 below [11]. 

                                                          𝜌 =
𝑟𝑝

𝑟𝑠
= 𝑡𝑎𝑛(𝜓) 𝑒(𝑖𝛥)            (2.1) 

where 𝑟𝑝and 𝑟𝑠 are the Fresnel reflection coefficients of p and s  polarized light respectively.  

The pseudo dielectric constants of the sample are calculated using the simple 

ambient substrate optical model and expressed as [11, 12] 
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                        𝜀 = 𝜀1 + 𝑖𝜀2 = 𝑠𝑖𝑛2(𝜑) [1 + (
1−𝜌

1+𝜌
)

2

𝑡𝑎𝑛2(𝜙)]                                    (2.2) 

                                    𝜀1 = 𝜀∞ + ∑ 𝜀1,𝑖𝑖  & 𝜀2 = ∑ 𝜀2,𝑖𝑖                                                  (2.3) 

where 𝜀1,𝑖 & 𝜀2,𝑖 are real and imaginary part of dielectric function of ith oscillator,  𝜙 is the 

angle of incidence and the quantity 𝜀∞ (usually 1 ≤ 𝜀∞ ≤ 10) is the contribution from the 

residual polarization due to the positive charged background of the ionic cores [13]. The 

real and imaginary parts of the dielectric constant (pseudo) are obtained using equation 

(2.2) & (2.3) and consequently the refractive index (n) and extinction coefficient (𝑘′) are 

calculated by using the following relations [11]. 

                                       𝑛 = [(𝜀1 + (𝜀1
2 + 𝜀2

2)1 2⁄ )/2]
1 2⁄

                                            (2.4) 

                                       𝑘′ = [(−𝜀1 + (𝜀1
2 + 𝜀2

2)1 2⁄ )/2]
1 2⁄

                                         (2.5) 

The SE measurement for the PLD Cu thin films were carried out over the spectral 

range from 1 to 4 eV (in the wavelength range of 300 to 1200 nm) for incident angle, 𝜙,  

ranging from 50° to 77°. The analysis of the SE data was performed via spectroscopy 

ellipsometry analyzer (SEA) software. In SEA, accuracy of the result depends on the Root 

Mean Square Error (RMSE) which should be least for the best fitting. The Levenberg-

Marquardt regression algorithm was used for minimizing the value of RMSE [11], defined 

as   

          𝑅𝑀𝑆𝐸 = √
1

2𝑁−𝑚
∑ [(

𝑓1,𝑚𝑒𝑎𝑠
𝑖 −𝑓1,𝑐𝑎𝑙𝑐

𝑖

𝜎1,𝑚𝑒𝑎𝑠
𝑖 )

2

𝑤1 + (
𝑓2,𝑚𝑒𝑎𝑠

𝑖 −𝑓2,𝑐𝑎𝑙𝑐
𝑖

𝜎2,𝑚𝑒𝑎𝑠
𝑖 )

2

𝑤2]𝑁
𝑖=1                     (2.6) 

where N is the number of measured data points, m is the number of fitted model parameters, 

𝑓𝑚𝑒𝑎𝑠
𝑖  and 𝑓𝑐𝑎𝑙𝑐

𝑖  are the ith measured and calculated ellipsometric quantities, 1 for 𝑡𝑎𝑛𝜓 and 

2 for cosΔ, 𝜎𝑚𝑒𝑎𝑠
𝑖  and 𝜎𝑐𝑎𝑙𝑐

𝑖  are the point-wise experimental errors belonging to the ith  f 1  
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and f 2 measurements respectively, w1 and w2 are user defined weight factors. 

 

Figure 2.3: Reflection of polarized light on film surface and geometrical interpretation of 

SE parameters (ψ, Δ). 

 

Figure 2.4: Photograph of SE (model no.: Semilab GES5-E). 
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The analysis was carried out by screening several realistic physical models and appropriate 

layer structure so as to obtain the best fit, having minimum value of RMSE. The best fitted 

model are described in section 3.4.2, chapter 3 and section 4.5.2, chapter 4. 

2.2.5 Modified Z-scan setup 

To study the NLO properties of PLD thin films of Cu, the modified Z-scan 

technique was employed [14, 15]. Figure 2.5 and 2.6 show the schematic of the modified 

Z-scan setup assembled in house and its photograph, respectively. 

 

Figure 2.5: Schematic of modified Z-scan setup. 

 

Figure 2.6: Photograph of modified Z-scan setup. 
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A cw He–Ne laser (Melles Griot, 05-LHP-927, 632.8 nm), power 35 mW, was 

focused using a plano-convex lens (f = 5 cm) onto the Cu film. The intensity of the laser 

beam at the focal point was estimated to be 1.46 × 103 W/cm2. The transmitted beam 

through the sample as a function of sample position with respect to the focus was imaged 

on a charge-coupled device (CCD), model PCO PixelFly, interfaced to a computer. An iris 

diaphragm of diameter 1.8 mm was placed in front of the laser to suppress the back-

reflected light from the surface of the lens entering into the laser. Another iris diaphragm 

of 8 mm diameter was placed after the lens to avoid any unwanted scattered light entering 

into CCD. Neutral density filters were placed in front of CCD to prevent its saturation.  The 

images of the transmitted beam were recorded by scanning the sample up to 15 mm on 

either side of the focal position of the lens. In this set-up, information about the open as 

well as closed aperture (CA) Z-scan can be deduced simultaneously from only one set of 

scanned images. The open aperture (OA) transmission, obtained by integrated intensity 

over the entire image as a function of distance with respect to focal point, gives the 

information about the absorptive nonlinearity present in the sample and hence nonlinear 

absorption coefficient can be determined [15]. The information about the CA Z-scan was 

obtained by implementing a suitable synthetic aperture through a MATLAB programme in 

the central region of the images of OA Z-scan. The integrated intensity of these partially 

masked images was the measure of the nonlinear refractive index coefficient [15]. The 

measurement details on NLA and NLR coefficients using this modified Z-scan setup are 

mentioned in Chapter 5. 

2.3 PLD nanostructured semitransparent Cu thin film as a viable SERS template        

 The viability of surface enhanced Raman spectroscopy of PLD nanostructured Cu 

thin film was tested on the metallic single wall carbon nanotube (M-SWCNT). Overall five 
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samples were prepared to test the efficacy of Cu thin films for SERS as displayed in figure 

2.7. The sample no. 1-3 were prepared on the glass substrate. In order to compare the effect 

of substrate, two more samples, 4 and 5 were prepared on silicon (Si) substrate.  

 

Figure 2.7: Schematic of SERS samples on glass and Si substrate.   

For the sample 1 and 2, PLD Cu thin film was deposited on glass substrate at RT and at 

400°C respectively for one minute duration via 3rd harmonic (355 nm) of Nd:YAG laser 

keeping rest of the parameters same as described in section 2.1. The well dispersed solution 

of M-SWCNT was prepared in Dimethylformamide (DMF) and drop casted on the top of 

the Cu films and dried. For the sample 3, the M-SWCNT was drop casted on the bare glass 

substrate first and then Cu thin film was deposited on it at 400°C exactly in the same manner 

as described above. Sample 4 and 5 were exactly similar to those of sample 1 and 2 

respectively except that these were prepared on the Si substrate. Raman spectra of all these 

five samples were recorded using micro-laser Raman spectrometer (Model No. Horiba 

Jobin Yvon, LabRam HR800) operating at a wavelength of 514 nm of Ar ion laser. The 

laser beam was focused on the sample, using 100X microscopic objective, to a spot of 

~1μm diameter on the film surface. Each and every sample was probed at four different 
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locations. For the comparison of the enhancement factor, the Raman spectra of M-SWCNT 

drop casted onto the bare glass/Si substrate were also recorded.  

2.4 Conclusions 

 In this chapter, the PLD system for fabrication of semitransparent nanostructured 

Cu thin film on the glass substrate at RT and at glass softening temperature (~ 400°C) have 

been detailed. The various characterization instrument used to study the structural and 

linear and nonlinear optical properties of PLD films are stated briefly along with the 

preparation of the samples for SERS.  
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Chapter 3 

Effect of deposition time and annealing 

temperature on growth parameters and 

optical and SPR properties of PLD 

nanostructured Cu thin films deposited at 

RT 
 

 The surface plasmon resonance (SPR), linear and nonlinear optical (NLO) 

properties etc. of thin film are effected by the growth process [1-4] , hence it is important 

to have a proper insight onto growth mechanism. The vast variety of thin films are 

fabricated via physical vapour deposition process (e.g. Pulsed laser deposition (PLD), 

evaporation, sputtering etc.) [5-7].  Normally, growth of the films at room temperature (RT) 

via physical vapour deposition can be described as a three-stage process. The first stage 

involves nucleation process forming an initial distribution of stable clusters/nuclei from 

deposited ad-atoms. In the next stage, the clusters grow by capturing atoms from the 

supersaturated ad-atom phase forming the islands till it form the continuous network. 

Finally, when the adatoms concentration achieves its equilibrium value, the growth of the 

film continues and thereby increasing the thickness [8, 9]. The RT deposited thin films are 

of limited use due to weak adhesion to the substrate surface and presence of substantial 

void area which significantly affects the growth and the performance of unmatured metal 

nanoparticles [10, 11]. To overcome these shortcomings, either the film is deposited at 

suitable elevated temperature or the as-deposited RT films are gradually annealed to boost 

surface diffusion and adhesion to the substrate along with improving the uniformity of the 

film. During annealing, the surface modification of the nanostructured thin film can be very 
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complicated and difficult to explain in straightforward manner [11]. The annealing results 

in increase in the surface energy of the nanoparticles causing enhancement of the diffusion, 

adsorption and desorption process of the adatoms on the surface of the thin film [8, 9, 12]. 

The initiation of diffusion process toward interface (lower concentration side of the 

deposited material) increases the probability of making a bonding with the substrate. This 

is a desirable process particularly for the metal film deposited on the glass/dielectric surface 

for the plasmonic application. There is also the possibility to the change in the percentage 

of the constituent species or phase of the deposited material. Lastly the modification of the 

Fermi energy levels of the metal nanoparticles in case of films made up of bare metal and 

subsequently affecting the SPs signal generated at the metal/dielectric interface, linear and 

NLO properties of the film [3, 13]. Consequently, it can influence the efficiency of the thin 

film based devices particularly involving the metallic thin film such as plasmonic and 

photonic devices [14, 15], plasmonic chip [16], microprocessors [17], sensors [18], solar 

cells [19] etc. 

In this chapter, effect of deposition time and annealing temperature on the optical 

and SPR properties and their correlation with the growth parameters of semi-transparent 

nanostructured PLD Cu thin films are presented.  

3.1 Experimental details 

Nanostructure metallic Cu thin films were grown onto glass (coverslip) substrate 

using PLD technique at RT as detailed in Section 2.1, Chapter 2. The films were deposited 

for the duration of 4, 6 and 8 minutes. For each and every duration five films were deposited 

in order to study the effect of annealing temperature as listed in table 2.1 (section 2.1, 

chapter 2). All these samples (a total of 15) were characterized by atomic force microscopy 

(AFM) for studying the size and shape of nanoparticles, surface morphology and to assess 
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the surface growth parameters (micro-roughness, correlation length, fractal dimension, 

activation energy etc.) via power spectral density function (PSDF). The absorbance of the 

films was measured directly using UV-vis-NIR spectrometers to identify the plasmonic 

peak. The optical properties of the Cu nanoparticles, the constituent species of the film, 

interfacial layer thickness and film thickness have been studied by spectroscopic 

ellipsometry (SE).  

3.2 Surface morphology and growth dynamics of the PLD Cu thin films as a 

function of annealing temperature and deposition time  

 The effect of deposition time and annealing temperature on the surface morphology 

and growth dynamics of PLD Cu thin films were gauged from AFM images.  

3.2.1 Surface morphology of the PLD Cu thin film via AFM images  

The 2D and 3D-AFM images (scan area 2µm × 2 µm) of as-deposited as well as post 

annealed PLD deposited Cu thin films are shown in figure 3.1 and 3.2 respectively. The 

shape of the nanoparticles for the as-deposited film was columnar and changed to conical 

with broad base after annealing as shown in figure 3.2. It was observed that the films 

deposited of 4 and 6 minutes duration, the root mean square (RMS) roughness (w) increases 

with the annealing temperature from 0.29 to 12.22 nm and 1.35 to 9.59 nm respectively 

films. It is due to an increase in the mobility of adatoms after getting surface energy at 

elevated temperature during the annealing of the film. Thus, the increase of the mobility, 

causes the surface diffusion [20] and agglomeration of smaller sized particles forming the 

bigger sized particles which in turn leads to an increased in the roughness of the films [21]. 

However, for the film deposited for 8 minutes duration, there is hardly any effect of 

annealing on the surface roughness (from 1.18 to 1.20 nm) and this is due to the fact that 

the larger deposition duration results in closely packed nanoparticles distributed uniformly 
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Figure 3.1: 2D- AFM images of PLD Cu thin film deposited for (a) 4 minutes, (b) 6 

minutes and (c) 8 minutes; (i) as-deposited and post annealed at  (ii) 100°C, (iii) 200°C, 

(iv) 300°C and (v) 400°C. 
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Figure 3.2: 3D- AFM images of PLD Cu thin film deposited for (a) 4 minutes, (b) 6 

minutes and (c) 8 minutes; (i) as-deposited and post annealed at (ii) 200°C and (iii) 

400°C. 

over the surface (figure 3.1 (c) and 3.2 (c)). The cluster formation and diffusion (both lateral 

and vertical) on the surface of thin film are dependent on the surface area of the substrate, 

density of the nanoparticles, material properties, and annealing temperature [8, 9, 12]. The 

rate of heating as well as cooling during annealing process and temperature play a major 

role in the formation of the nanoparticles cluster on the film surface. The slow heating and 

cooling rate result in the uniform distribution of size and shape of the nanoparticle and 

better surface morphology on the thin film. The rapid heating/cooling rate near glass 
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softening temperature may develop the nano range cracks on the surface and formation of 

the clusters with arbitrary shape and size due to random diffusion of nanoparticles on the 

film surface. These defects influence the optical and electrical properties of the thin film 

[22, 23]. Annealing of the film provides the thermal energy to the nanoparticles resulting 

surface diffusion. The diffusion on the surface of the film, explained by classical mean-

field theory, is defined as, 𝑁 ∝ (1/𝐷)1/3 , where N  is the surface density of nanoparticles 

and  D is the surface diffusion coefficient [12]. Thus the high density of nanoparticles on 

film surface reduces the diffusion and vice versa. This was exactly observed in the present 

case as displayed in the AFM images of figure 3.1. The particles are thinly distributed in 

the as-deposited films for 4 and 6 minutes and with the increase in annealing temperature 

up to 200°C, the film surface modified to relatively uniform distribution of the particles 

indicating the large diffusion. Whereas for the as-deposited film for 8 minutes, the 

nanoparticles are uniformly distributed and didn’t display any significant changes after 

annealing. Same is reflected into the void distribution in all the three films as shown in 

figure 3.3.   
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Figure 3.3: Variation of percentage of void area on the film surface as a function 

of annealing temperature. 
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The percentage of void for the as-deposited RT films of 4, 6 and 8 minutes duration 

was ~ 52%, 28% and 22% respectively. Except for the film deposited at 4 minutes, the 

percentage of void was reduced drastically after annealed the film to finally 400°C as 

compared to that of the as-deposited film. It was due to the diffusion process on the surface 

which fills the void area. The 4 minutes as-deposited RT film had more percentage of void 

area on the substrate surface, so during diffusion process, the smaller clusters experienced 

less obstacle to diffuse forming the bigger cluster consequently leaving more void space in 

this film even after final by annealed to 400°C.  

The particle size distribution was estimated from 2D AFM images using open 

excess image J software. The estimated particle size (or lateral size) was averaged over 

three different locations on the surface of each film and is shown in figure 3.4 (a-c).  

 

Figure 3.4: Particle size distribution of PLD nanostructured Cu thin films deposited for 

(a) 4 minutes at 400 °C, (b) 6 minutes (i) RT and (ii) 400 °C, (c) 8 minutes (i) RT and (ii) 

400 °C and (d) Comparison of average particle size as a function of deposition time for 

as-deposited and post annealed film at 400ºC. 
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The comparison of the average particle size as a function of deposition time for as-

deposited (at RT) and post annealed films to a final temperature of 400°C is shown in figure 

3.4 (d). It was observed that the average size of the nanoparticles of the as-deposited film 

for 4 minutes duration was less than 10 nm whereas that of the 6 and 8 minutes duration 

film was 27 and 38 nm respectively. After gradual annealing to a final temperature of 

400°C, the average particle size of 4 and 6 minutes films has grown  to 288 and 259 nm 

respectively whereas that of for 8 minutes film remained unchanged. The increase in the 

size of the nanoparticles was again due to the surface diffusion phenomena which was 

larger for the film deposited for 4 and 6 minutes duration (annealed films) than that of the 

8 minutes duration film. Due to the diffusion, the smaller particles coalesces to form the 

bigger particles. However, for 8 minutes duration film, the density of the nanoparticles was 

large (~ 22% void) which hardly left any space for the redistribution during annealing, 

hence the size distribution remained unchanged.  

3.2.2 Growth dynamics of the PLD nanostructure Cu thin film via PSDF 

 The growth dynamics of the films was unveiled from AFM images only. The micro-

roughness (MR), correlation length (CL), growth exponent, fractal dimensions (FD), 

diffusion coefficient (D) and activation energy (Ea) for PLD grown films were obtained 

from PSDF of the corresponding AFM images [24-26].  The behaviour of surface 

height, ℎ(𝒓′, 𝑡), at a point 𝑟′ (shown in figure 3.5 (a)) is related  to correlation length (ξ) 

which represents the short-range lateral behaviour of the surface as shown in figure 3.5 (b) 

for one dimension. Beyond the correlation length, the surface height is not correlated. To 

measure the long-range behaviour, the PSDF, also known as the structure function, is used. 

The PSD is related to a Fourier  transform of the surface heights, defined in reciprocal space 

as [27]  
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           𝑃(𝒌, 𝑡) ≡
1

(2𝜋)𝑑′ |〈ℎ(𝒓′, 𝑡)𝑒−𝑖𝒌.𝒓′
〉|

2
                                                (3.1) 

The advantage of the PSDF spectrum is that it directly gives information about the type of 

surface growth (self-affine or mounded). It shows the characteristics peak, km =2π/λ (λ= 

wavelength, figure 3.5 (b)) for mounded surface only and for self-affine surface such peak 

is missing [28].   

 

Figure 3.5: (a) 2D-AFM images of PLD Cu films and (b) definitions of various scaling 

parameters; mean height h, interface width w, lateral correlation length ξ, and 

wavelength λ. 

In the present works, the measurement has been performed at three distinct positions 

within the scan area of 2 μm × 2 μm. The PSDF spectra have been recorded separately for 

each scan using open source Gwyddion software [29]. To calculate the surface 

characteristic parameters (fractal dimension, micro-roughness etc.) using PSDF spectra, an 

appropriate analytical model was applied [27]. As an example, the recorded PSDF spectra 

of PLD Cu film, deposited for 8 minutes duration and final by annealed to 400°C, is shown 

in figure 3.6, from the AFM image of Cu thin film, as a function of spatial frequency. This 

spectrum can be divided into two distinct regions; (1) the higher frequency region providing 

information about roughness exponent, FD, surface diffusion etc. and (2) The lower  
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Figure 3.6: PSDF spectrum extracted from AFM image of 8 minutes duration 

nanostructure PLD Cu thin film.  

frequency region giving information about MR, CL, activation energy (Ea) etc. The higher 

frequency region of the PSDF graph was fitted with fractal model, which obeys the inverse 

power law [30] 

                                           𝑃𝑆𝐷𝑓𝑟𝑎𝑐𝑡𝑎𝑙(𝑘; 𝐾′, 𝜈) =
𝐾′

𝑘𝜈+1                                                 (3.2) 

where K' is the spectral strength, k is the spatial frequency, 𝜈 =  𝑑′ + 2𝛼′; is the spectral 

indices of the fractal surface, d' is the dimension of the system (𝑑′=2), and 𝛼′is the 

roughness exponent. The fractal PSD model is valid only for the self-affine surface. The 

fractal dimension, Df, is related to the slope ν in a log-log plot as [31, 32] 

                                                            𝐷𝑓 =
7−𝜈

2
                                                            (3.3) 

Depending in the range of Df, fractals can be classified into three categories; marginal 

fractals 0 < Df  < 1, Brownian fractal 1 < Df  < 2 and extreme fractal 2 < Df  < 3 [26, 33]. 

Fractal provides the complete quantitative information about the surface morphology and 
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surface diffusion in the thin films. Additionally, the Hurst exponent (HE), defined as HE= 

3-Df, describes the raggedness of the film surface after the surface diffusion [33]. The 

higher value of Hurst parameter corresponds to smooth diffusion of the nanoparticles on 

the surface of the film. 

 The lower frequency region, (above knee),  figure 3.6 of the PSDF graph was fitted 

with Gaussian function to extract the information about the nanoparticles on the surface 

[26, 34] 

               𝑃𝑆𝐷𝑘𝑛𝑒𝑒(𝑘; 𝜎𝑠ℎ𝜏𝑠ℎ𝑘𝑠ℎ) = 𝜋𝜏𝑠ℎ𝜎𝑠ℎ
2 𝑒𝑥𝑝[−𝜋2𝜏𝑠ℎ

2 (𝑘 − 𝑘𝑠ℎ)2]                         (3.4) 

where, 𝜎𝑠ℎ , 𝜏𝑠ℎand 𝑓𝑠ℎcorrespond to micro roughness, correlation length and shift in the 

PSD maximum respectively. 

The PSDF spectra for all the PLD deposited nanostructured Cu thin films, at various 

annealing temperature and deposition time, have been fitted with the analytical model 

described by equation 3.2 and 3.4 in higher and lower frequency region respectively are 

shown in figure 3.7. The growth/surface characteristic parameters extracted from the fractal 

and Gaussian models are listed in table 3.1. The micro roughness (MR), 𝜎𝑠ℎ, of the film 

describes the roughness of island or nanoparticles. It was observed that MR of the PLD Cu 

thin film initially increases from as-deposited RT to 100°C and thereafter it decreases at 

200°C of annealing temperature. With the further increase in the annealing temperature 

from 300°C to 400°C, the MR of the film increases drastically for all the three deposition 

durations. This indicates that there are different diffusion rates for below and above 200ºC 

of annealing temperature. This is further confirmed by the activation energy analysis 

describe towards the end of this section. The rate of the surface diffusion during annealing 

can be measured by Hurst exponent (HE). The higher Hurst value corresponds to a smooth 

diffusion (listed in table 3.1). 
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Figure 3.7: PSDF spectra of PLD Cu thin film for (a) 4 minutes, (b) 6 minutes and (c) 8 

minutes, as a function of spatial frequency. 

Table 3.1: Growth parameters extracted from PSDF as a function of annealing 

temperature and deposition time. 

T 

(
o
C) 

4 minutes 6 minutes 8 minutes 

𝜎𝑠ℎ (nm) 𝐷𝑓 HE 𝜎𝑠ℎ (nm) 𝐷𝑓 HE 𝜎𝑠ℎ (nm) 𝐷𝑓 HE 

As-deposited 0.27 2.71 0.28 0.95 1.09 1.90 0.89 1.22 1.77 

100 0.44 2.5 0.46 1.50 1.07 1.92 -- -- -- 

200 0.34 1.60 1.39 0.64 1.10 1.90 0.38 1.19 1.81 

300 0.72 1.69 1.30 2.42 1.58 1.89 0.75 1.65 1.34 

400 8.57 1.64 1.35 5.44 1.42 1.57 3.79 1.72 1.28 
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The value of fractal dimension, Df, value for the as-deposited film of 4 minutes 

duration is 2.71 indicating the extreme fractals whereas that of deposited for 6 and 8 

minutes indicate the Marginal fractal nature. However, after gradual annealing to a final 

temperature of 400°C, the nature of fractal changed to Brownian fractal having Df values 

of 1.64, 1.42 and 1.72 irrespective of the deposition time. Since for higher deposition 

duration (8 minutes), the density of the nanoparticles increases which slows down the 

surface diffusion and so the excessive surface energy is likely to modify the Fermi energy 

level of the nanoparticles [12, 35].  

 

Figure 3.8: Diffusion coefficient (D) of the PLD Cu thin film for (a) 4 minutes, (b) 6 

minutes and (c) 8 minutes, as a function of 1/T (K-1). 
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The coefficient of surface diffusion is proportional to the square of the correlation 

length or diffusion length. The activation energy of the thin film has been assessed from 

the surface diffusion coefficient which is defined as [12, 24] 

                                  𝐷 = 𝐷𝑜𝑒𝑥𝑝 (−
𝐸𝑎

𝑘𝐵𝑇
)                                                          (3.5) 

where 𝐷𝑜is the temperature-independent pre-exponential, Ea is the activation energy, kB is 

the Boltzmann constant and T is the annealing temperature. The activation energy of the 

film provides the quantitative information on the amount of the thermal energy (during 

annealing) is used to modify the Fermi energy level of the nanoparticles and diffusion on 

the surface [12, 36]. The variation of the diffusion coefficient with the annealing 

temperature for all the samples is shown in the figure 3.8, and fit to equation 3.5. In order 

to estimate calculate the activation energy of the film. A negative activation energy, Ea, of 

~ -0.091 and -0.258 eV was observed up to annealing temperature of 200°C for 4 and 6 

minutes films respectively, and then it became positive having values of ~ 1.850 and 1.521 

eV for annealing temperature of 400°C. The as-deposited 8 minutes duration film showed 

negative activation energy, Ea ~ -0.060 eV and there was hardly any effect of annealing for 

this film. The negative value of activation energy signifies the surface diffusion process 

whereas that of the positive value indicates that the change in chemical potential (Fermi 

energy) of the nanoparticles is dominant [37].  

3.3 Surface plasmon resonance properties of semi-transparent nanostructured Cu 

thin films  

 The absorption spectra of the PLD deposited Cu thin films in the spectral range of 

1 eV to 4 eV for the 4, 6 and 8 minutes deposition duration of the as-deposited (RT) and 

gradual annealed films are shown in figure 3.9 (a-c). The position of SPR peaks as a 

function of deposition time is shown in figure 3.9 (d). None of the as-deposited films 
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displayed any prominent absorption peak, indicating the absence of SPR. The Cu thin film 

deposited for 4 minutes duration displayed longitudinal mode (LM) as well as transverse 

mode (TM) SPR peaks, only after final annealing temperature of 400°C, around 1.77 eV 

(700 nm) and 2.39 eV (518 nm) respectively. The film deposited for 6 minutes duration at 

RT and post annealed to 100°C, 200°C, 300°C were showing the weak signature of SPR 

peak at 2.35 eV (528 nm), 1.84 eV (673 nm) and 1.81 eV (685 nm) respectively.  This 

sample after finally annealed to 400°C film, exhibited the LM and TM SPR peaks around 

1.68 eV (734 nm) and 2.39 eV  (521 nm) respectively. 

 

Figure 3.9: Absorption spectra of PLD nanostructured as-deposited at RT and gradually 

annealed to 400°C Cu thin film for deposition time of (a) 4 minutes, (b) 6 minutes, (c) 8 

minutes and (d) Variation of SPR peak position as a function of the annealing 

temperature. 
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 The Cu thin film deposited for 8 minutes duration exhibited small signature of SPR 

after post annealing from 100°C to 300°C. However, the SPR peak did not shift much 

within the temperature range of 100°C-300°C, exhibited peak around ~2.37 eV (523 nm). 

This sample after finally annealed to 400°C, exhibited the LM and TM SPR peaks around 

1.63 eV (760 nm) and 2.37  eV (523 nm) respectively. From above, it is concluded that the 

films annealed at 400°C exhibited strong plasmonic properties.  

 

Figure 3.10: Absorption spectra of semi-transparent PLD nanostructured Cu thin film 

gradually annealed to a final temperature of  400°C for the deposition time of (a) 4 

minutes, (b) 6 minutes and (c) 8 minutes. 

The recorded absorption spectra of the all the samples, exhibited the broad peak between 

the energy range of 3 - 4 eV and is due to the interband transition. This is further confirmed  
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by the SE analysis. The absorption spectra of PLD deposited nanostructured Cu films, after 

gradual annealing to a final temperature of 400°C, show the multiple peaks apart from 

prominent SPR peak and so de-convoluted with skew-symmetric bi-Gaussian and Gaussian 

analytical equation [38, 39] and is shown in this inset of figure 3.10. The additional peaks 

correspond to the interband transition of the Cu nanoparticles. The various peaks obtained 

after de-convolution of the absorption spectra are listed in the table 3.2.  

Table 3.2: De-convoluted peaks of the absorbance spectra of annealed films up to 400°C 

with deposition time. 

 

The first peak (E01) is due to the interband transition energy of the Cu nanoparticles 

for all the samples [40, 41]. The second (E02) and third (E03) peaks are due to the TM and 

LM of SPR of the Cu nanostructured thin films as mentioned earlier. The forth peak (E04), 

observed only in 6 minutes deposited film, corresponds to another SPR peak which could 

be due to the shape of the nanoparticles (figure 3.2 (b-(v))) [42]. However, the fifth peak 

(E05) is due to the presence of the different copper species formed during annealing of the 

films (such as the diatomic Cu, copper oxides etc.) discussed in the next section 3.4. For 

the nanoparticles having shape other than spherical, the position of the SPR peaks 

(transverse and longitudinal) depend on its aspect ratio [43]. It has been reported that for 

prolate geometry, as the aspect ratio increases, the TM is blue-shifted (higher energy) 

whereas LM is red-shifted (lower energy) [42]. The shift in the TM is small (negligible) for 

prolate geometry as compared to that of LM [42]. In the present case, the shape of the 

Deposition 

time 

(minutes) 

Aspect 

ratio  

Peak_1 

E
01

 (eV) 

Peak_2 

E
02

 (eV) 

(TM) 

Peak_3 

E
03

 (eV) 

(LM) 

Peak_4 

E
04

 (eV) 

Peak_5 

E
05 

(eV) 

4 6.38 3.42±0.019 2.39±0.004 1.76±0.002 --- 2.89±0.037 

6 6.90 1.33±0.060 2.38±0.014 1.69±0.036 1.89±0.030 2.02±0.010 

8 9.04 0.80±0.073 2.37±0.005 1.63±0.026 --- --- 
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nanoparticles was nearly columnar, similar to the prolates geometry (figure 3.2). Therefore, 

as the aspect ratio increases with the deposition time, table 3.2, the shift in E02 peak, (TM 

of SPR), is not significant whereas the E03 peak (LM of the SPR), moved toward lower 

energy. It is concluded that the SPR peak position is dependent more on the shape of the 

nanoparticles compared to that of the size. Relatively distinct appearance of SPR peaks for 

finally annealed film at 400°C indicates that the film is of self-affine in nature as also 

concluded in section 3.2 [44, 45].  

3.4 Optical properties of as-deposited and gradually annealed PLD nanostructure 

Cu thin film via spectroscopy ellipsometer  

The annealing of films near the glass softening temperature (~ 400°C) diffuses the 

particles from the film towards the substrate or vice versa forming an interfacial layer of 

oxide in the present case and may influencing the plasmonic properties of these films 

strongly. Therefore in order to access the plasmonic properties, it is necessary to have an 

idea of the interfacial layer thickness and its stoichiometry.  Therefore the as-deposited RT 

and post gradually annealed to a final temperature of 400°C of 4, 6 and 8 minutes films 

were subjected to SE analysis in order to study the influence of deposition time and 

annealing temperature on the interfacial layer thickness and its composition along with 

other optical properties (e.g. SPR, other oscillators etc.).   

3.4.1 Layer structure considered for ellipsometric analysis via BEMA 

The analysis of SE data requires an appropriate layer structure and model for the 

sample. In the present system of PLD Cu thin film, the assumed layer structure using 

Bruggman effective medium approximation (BEMA) model [46, 47] for the estimation of 

the volume fraction and the type of the constituent species of the semi-transparent PLD Cu 

thin film is shown in figure 3.11 (a) and (b) for the as-deposited film at RT and that of the 
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post annealed (at 400ºC) films respectively. The enlarge view of main PLD Cu layer 

consisting of nanoparticle of Cu (NP Cu), void for as-deposited film and NP Cu, diatomic 

Cu (Cu (II)), Cu2O and void for annealed film with in the probe area is also shown below 

the respective layer structure in figure 3.11.  

 

Figure 3.11: Schematic of the assumed layer structure of PLD Cu thin film (a) as-

deposited RT and (b) post annealed film at 400ºC. 

The first bottom most dielectric layer in both the sets (unannealed and annealed) is of glass 

substrate (coverslip) having a thickness of 105 nm, which is much larger compared to that 

of the film thickness.  The second layer in the as-deposited case,  figure 3.11 (a), above the 

substrate comprised of the main layer of PLD Cu nanostructured thin film which is a 

combination of the plasmonic NP Cu and void. However, in case of post annealed film, the 

second layer is a combination of the plasmonic NP Cu, Cu (II) and copper oxide (Cu2O) 

along with the voids (empty space) in between these species. The space above the top layer  
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and below the substrate is void in both the cases as shown in figure 3.11.    

3.4.2  Bruggeman Effective medium approximation for PLD Cu thin film 

To determine the type of the constituent species in the thin film, the numerical 

simulation of the ellipsometer spectra were performed using BEMA assuming a two 

layered structure as shown in figure 3.11. In BEMA, the effective complex dielectric 

function, 𝜀,  of the thin film composed of n number of species, can be written as [47]  

                                ∑ 𝑓𝑖
′ 𝜀𝑖−𝜀

𝜀𝑖+2𝜀
= 0𝑛

𝑖                                                     (3.6) 

where 𝜀𝑖and 𝑓𝑖
′are the dielectric function and volume function of ith species (or phase) i 

respectively, contained in the entire probed volume. For as-deposited film, i = 1 and 2 

corresponding to NP Cu (plasmonic_I) and voids only. For post annealed film i = 1 to 4 

corresponding to Cu2O (cuprous oxide), Cu (II), void and NP Cu (plasmonic_II) 

respectively. The values of 𝜀𝑖  ; 𝜀𝐶𝑢2𝑂, 𝜀𝐶𝑢 (𝐼𝐼)and 𝜀𝑣𝑜𝑖𝑑were taken directly from the system 

generated file (from SEA software) [48] whereas for 𝜀𝑃𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐_𝐼 𝑎𝑛𝑑 𝜀𝑃𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐_𝐼𝐼 for as-

deposited and annealed film, respectively, were determined using the suitable dispersion 

law formed with a combination of Lorentz [47] and Gauss [49] oscillators (L-G). This 

multi-oscillator model for as-deposited RT film can be expressed as [38, 50]   

     𝜀𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐_𝐼 =  𝜀𝐿𝑜𝑟𝑒𝑛𝑡𝑧 + 𝜀𝐺𝑢𝑎𝑠𝑠 + 𝜀∞                                            (3.7) 

It consists of combination of one Lorentz oscillator (𝜀𝐿𝑜𝑟𝑒𝑛𝑡𝑧) and one Gauss oscillators 

(𝜀 𝐺𝑎𝑢𝑠𝑠) describing the interband transition and transverse mode of the SPR (near UV 

region) respectively whereas the quantity 𝜀∞ (usually 1 ≤ 𝜀∞ ≤ 10) corresponds to 

contribution of the residual polarization due to the positive charged background of the ionic 

cores [51]. For the post annealed PLD nanostructured Cu thin film, dielectric function, 

𝜀𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐_𝐼𝐼, was determined using a dispersion law formed by the combination of one 
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Lorentz and three Gauss oscillators (L-G). The multi-oscillator model for gradually 

annealed film can be expressed as [38, 50] 

     𝜀𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐_𝐼𝐼 =  𝜀𝐿𝑜𝑟𝑒𝑛𝑡𝑧 + ∑ 𝜀𝑗 𝐺𝑎𝑢𝑠𝑠
3
𝑗=1 + 𝜀∞                                 (3.8) 

The contribution of interband transition in 𝜀𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐_𝐼𝐼 was modeled using one Lorentz 

oscillator 𝜀𝐿𝑜𝑟𝑒𝑛𝑡𝑧 while two Gauss oscillators 𝜀𝑗 𝐺𝑎𝑢𝑠𝑠(𝑗 = 1, 2) describing the TM and 

LM of SPR and contribution due to oxide was modeled using the third Gauss oscillator 

which takes into account its effect on the plasmonic nanoparticles of Cu. 

Figure 3.12 (a) and (b) illustrate the experimental data and the fitted curve via 

BEMA model of ellipsometric functions; tan ψ and cos Δ as a function of energy 

respectively for the physical models described by equation 3.6, 3.7 and 3.8 discussed in 

section 3.4.1 for which the RMSE value was least. The values of RMSE with deposition 

time and annealing temperature are listed in table 3.3.  

    

Figure 3.12: The experimental and fitted graph of PLD nanostructured Cu thin film as 

the function of energy (a) tan𝜓 and (b) cos𝛥. 

The estimated values of percentage of the constituent species with deposition time for as-

deposited and post annealed films (finally to 400°C) from BEMA are listed in table 3.4 and 
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Table 3.3: RMSE values with the deposition time. 

S.No. Deposition time (minutes) Unannealed/ Annealed RMSE 

1 4 Unannealed 0.0052 

Annealed 0.0050 

2 6 Unannealed 0.0081 

Annealed 0.0031 

3 8 Unannealed 0.0069 

Annealed 0.0026 

 

Table 3.4: Thickness and percentage of the constituent species for as-deposited  films with 

the deposition time.  

Deposition 

Time (minutes) 

Thickness  

(nm) 

% 

NP Cu 

% void % void 

via 

AFM 

4 11.50±0.001 42.00 58.00 58.00 

6 17.70±0.003 66.00 34.00 28.00 

8 30.60±0.001 73.18 26.82 22.00 

 

Table 3.5:  Thickness and percentage of the constituent species for post annealed films (up 

to 400°C) with the deposition time.  

Deposition 

Time (minutes) 

Thickness  

(nm) 

% 

NP Cu 

% 

Cu(II) 

% Cu2O % void % void 

via 

AFM 

4 11.45±0.002 38.90 0.75 --- 60.35 52.00 

6 18.80±0.001 74.28 14.70 11.01 --- 5.00 

8 32.40±0.002 48.44 34.16 17.39 --- 9.00 

 

3.5 respectively. The as-deposited (RT), unannealed, Cu thin films have large void 

percentage compared to that of the annealed films (except 4 minutes film). The percentage 

of void estimated from SE in the as-deposited film was 58 %, 34 % and 26% for 4, 6 and 8 
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minutes deposited film respectively. The presence of substantial void space in between the 

nearby nanoparticles suppressed the plasmonic signal of the 4 minutes deposited film as 

compared to that of 6, 8 minutes annealed films (figure 3.9). It was observed that the void 

percentage of the as-deposited film decreases with an increase in the deposition time 

whereas the thickness of the film increases, table 3.4. There is a reasonable agreement in 

the measured percentage of void area using ellipsometer with those of AFM (figure 3.3). 

In the process of annealing, the sufficient amount of surface energy has been absorbed by 

Cu film which modifies the nucleation site, energy level and the phase of the species [12, 

52-54].  Therefore, in these films there is a change in the percentage of composition of 

various species along with the percentage of voids (table 3.5).  

The 4 minutes deposited post annealed film has least density of metallic 

nanoparticles compared to that of the other films deposited for 6 and 8 minutes. In this film, 

~60% void, ~0.75% copper species (𝜀𝐶𝑢(𝐼𝐼) ) and ~ 38% plasmonic nanoparticle of Cu 

(εplasmonic_II) were found to be present. While the post annealed film deposited for 6 minutes 

has ~14% copper species (𝜀𝐶𝑢(𝐼𝐼) ), ~11% cupric oxide (𝜀𝐶𝑢2𝑂  ) and ~74% plasmonic 

nanoparticle of Cu (𝜀𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐_𝐼𝐼  ). However, the film deposited for 8 minutes duration, the 

percentage of the plasmonic NP Cu was reduced to ~49% while 𝜀𝐶𝑢(𝐼𝐼)  and 𝜀𝐶𝑢2𝑂  were 

found to be ~34.50% and ~17.50% respectively. The voids in both these films were absent, 

whereas AFM data predicated a low percentage of voids 5 % and 9 % respectively. Both 

these techniques, AFM and SE confirm the drastic reduction of voids due to annealing. The 

measured thickness of the Cu thin film for as-deposited and annealed films are also listed 

in table 3.4 and 3.5. The film thickness increased with deposition time and there is hardly 

any effect of annealing on it.  The value of oscillator energies for all the oscillators are 

listed in the table 3.6 and 3.7, for as-deposited and final post annealed film at 400°C 

respectively as a function of deposition time.       
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Table 3.6: Oscillator energies for as-deposited films with deposition time. 

Deposition time 

(minutes) 

E01 

(eV) 

E02 

(eV) 

4 4.82±0.08 3.44±0.03 

6 5.12±0.35 3.56±0.04 

8 4.80±0.18 3.52±0.01 

 

Table 3.7: Oscillator energies for post annealed films up to 400°C with deposition time. 

Deposition time 

(minutes) 

E01 

(eV) 

E02 

(eV) 

E03 

(eV) 

E04 

(eV) 

4 5.69±1.09 1.85±0.12 1.32±0.02 3.43±0.11 

6 2.89±0.29 1.70±0.01 2.28±0.08 1.98±0.01 

8 0.80±0.40 1.63±0.01 2.32±0.02 1.98±0.01 

 

The first oscillator energy (Eo1, Lorentz oscillator) for the as-deposited films for 4, 

6 and 8 minutes duration is 4.82 eV, 5.12 eV and 4.80 eV respectively, corresponds to the 

interband transition peak [55, 56]. The second oscillator energy (Eo2, Gauss oscillator) of 

all these samples is within the range of 3.44 eV- 3.56 eV, corresponding to the SPR peak 

near UV region [57]. It was observed that the values of both the oscillator energies (Eo1, 

Eo2) was nearly constant (within error) with deposition time. The absorption spectra (figure 

3.9) of the corresponding film also confirmed the existence of these oscillator peaks. 

The annealing of the nanostructured Cu thin film could be responsible for 

coalescence and aggregation of the nanoparticles of Cu which result into a shift in the Fermi 

energy and splits it into the new energy levels [57-59]. This is confirmed by SE analysis 

for the annealed films. The first oscillator energy (Eo1, Lorentz oscillator) of the post 

annealed films for 4, 6 and 8 minutes duration, table 3.7, is in the range of 5.68 ± 1.09 eV 

- 0.80 ± 0.40 eV, corresponds to the interband transition peak. It showed the subtle shift 

towards the lower energy with an increase in the deposition time. The modification of the 
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interband energy level was due to the change in the size and shape of nanoparticles, 

agglomeration of Cu atom and formation of new Cu species (e.g. Cu (II)) [40, 57]. The 

second oscillator (Eo2, Gauss model) corresponds to the longitudinal mode of the SPR [60]. 

It is found to be  in the range of 1.63 eV – 1.85 eV, shifted towards lower energy with an 

increase in the aspect ratio of the Cu nanoparticles, table 3.2 [42]. The third oscillator (Eo3, 

Gauss model) of the post annealed film corresponds to another SPR peak (transverse mode) 

within the range of 1.32 to 2.32 eV which arises due to the non-spherical shape of the 

nanoparticles [60]. The forth oscillator energy (Eo4) for the 4 minutes deposited  annealed 

film was 3.43 eV and that of for 6 and 8 minutes deposited film was 1.98 eV. The E04 peak 

energy (~3.43 eV) of the 4 minutes duration gradually annealed film signifies the second 

interband transition peak energy [41]. However, the Eo4, peak energy of the 6 and 8 minutes 

duration films are attributed to the oxide formation (11% in 6 minutes and 17% in 8 

minutes, table 3.5) and is closed proximity of the band gap energy of Cu2O which is 

reported to be around 2.1 – 2.4 eV  [61]. On comparison with table 3.2 and table 3.7, it can 

be concluded that some of the oscillator energies estimated from ellipsometer analysis is 

nearly matched with the absorption peak obtained from UV visible analysis. 

Figure 3.13 shows the evolution of linear refractive index and excitation coefficient 

of the plasmonic copper thin film obtained from SE in the energy range of 1.2 eV to 4.0 

eV. The copper nanostructured thin film exhibits higher refractive index compared to that 

of the bulk copper [62]. It was also observed that the refractive index of the gradually 

annealed nanostructured Cu thin films is more than that of the as-deposited films. It is due 

to the agglomeration, increase in the surface roughness which increases the scattering on 

the surface resulting in the higher refractive index. The spectra of the excitation coefficient 

extracted from the BEMA for as-deposited and gradually annealed films were nearly 

similar to that of the UV visible spectra  (figure 3.8)  further  confirming  that  the  applied  
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layer structured and BEMA is best for these type of PLD Cu nanostructured thin films.    

     

Figure 3.13: Refractive index and excitation coefficient of the PLD nanostructured Cu 

thin films as a function of photon energy (eV) for different deposition time (a) as-

deposited and (b) post annealed. 

3.4.3 Estimation of the thickness of the top oxide layer and interfacial layer on the 

post annealed films of Cu  

 The formation of oxide layer on the top surface of the film and interface between 

glass and Cu NPs layer have been reported in the literature [63-65]. In this section the 

thickness of top oxide layer and interfacial layer is estimated from the SE data by applying 

the appropriate dispersion law along with the proper layer structure for the post annealed 

(finally at 400ºC) Cu thin films. 

3.4.3.1   Layer structure considered for ellipsometric analysis using dispersion law 

The five layers structure incorporated for semitransparent Cu thin film of the 

gradual annealed to a final temperature of 400 °C is shown in figure 3.14.  The first 

dielectric layer is of glass substrate (coverslip) having a thickness of ~105 nm, which is 

very large compared to that of the Cu film under investigation. The second layer above the 

substrate comprises of Cu2O interface which is formed due to the formation of bonds 

between free copper ions (deposited by laser) and oxygen molecule residing at the interface 
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of the glass substrate (except 4 minutes). The third layer is the main copper nanoparticles 

(Cu NPs) layer on which an appropriate dispersion law is to be applied. The fourth layer is 

of the Cu (II) which is diatomic Cu atom formed due to the annealing of the Cu 

nanoparticles. Finally, the top fifth layer is of the oxide (CuO/ Cu2O) which is formed due 

to the contamination of copper surface in the presence of open atmosphere. The space above 

the top layer and below the substrate (first layer) is void. 

 

Figure 3.14: Schematic of the assumed layer structure for ellipsometric analysis using 

dispersion law.  

3.4.4.2   Effect of deposition time on the top oxide layer and interfacial layer of the 

post annealed nanostructured PLD Cu thin film   

 The dispersion law applied here is also a combination of one Lorentz and three 

Gauss (L-G) model, equation 3.8, section 3.4.  It is observed that the single Drude model 

or single Lorentz model or combination of the Drude-Lorentz- Gauss model for the present 

Cu thin film is not appropriate because after regression these gave large RMSE values. On 

the other hand, the L-G dispersion model is found to be more appropriate (minimum 

RMSE) for present Cu thin film. Figure 3.15 shows the experimentally estimated values of 
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ellipsometric parameters; 𝑡𝑎𝑛𝜓 and 𝑐𝑜𝑠Δ  and those of fitted ones, using L-G oscillator 

dispersion law, equation 3.8 for the layer structure of figure 3.14. The thickness of each 

layer with the deposition time estimated from these analyses is listed in table 3.8. It is 

observed that overall the thickness of the film and that of the Cu NP layer and Cu (II) layer 

increases with the deposition time. 

 

Figure 3.15: The experimental and fitted of PLD nanostructured post annealed Cu thin 

film as the function of energy for the layer structure illustrated in figure 3.14 (a) tan𝜓 

and (b) cos𝛥. 

For 4 minutes duration film, the interfacial layer is missing while for 6 and 8 

minutes duration film, the thickness of interfacial layer is ~1.7 and 5.0 nm respectively 

indicating the diffusion of the particles towards the substrate.  This is agreement by fractal 

analysis (section 3.2.2).  For 4 minutes duration film, a Cu (II) layer mixed with the void is 

observed while in the remaining two samples the void is absent. The similar observation 

was also found in the BEMA analysis of the respective films (section 3.4.2) as well as that 

of the AFM result (section 3.2.1).  The energy of all the four oscillators (equation 3.8) 

obtained in this case is listed in table 3.9. The constituent species of the Cu and its oscillator 

energies, estimated from the BEMA analysis, table 3.7, nearly matches with the dispersion 

model coupled to five layer structure.  
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Table 3.8: Top oxide, Cu species and interfacial layer thicknesses of post annealed films 

with deposition time measured via ellipsometry. 

Deposition 

time (min.) 

Overall 

thickness of 

film (nm) 

Cu NPs 

layer 

thickness 

(nm) 

Cu (II)  

layer 

thickness 

(nm) 

Top oxide 

layer 

thickness  

(nm) 

Interface 

thickness 

(nm) 

4 12.60±0.002 6.67±0.03 1.36±0.03 

(mix. with 

void) 

4.59±0.03 

(CuO) 

--- 

6 18.70±0.001 13.0±0.10 2.7±0.03 1.3±0.03 

(Cu2O) 

1.7±0.01 

8 29.09±0.032 14.7±0.10 5.7±0.01 3.6±0.03 

(Cu2O) 

5.0±0.01 

 

Table 3.9: Fitting parameter of all the four oscillator energies of post annealed films to a 

final temperature of 400°C with deposition time using dispersion model. 

 

However, the recorded ellipsometer parameters (tan ψ and cos Δ) fit well for earlier 

assumed layer structure (figure 3.12), compared to that of present layer structure of five 

layers (figure 3.15). Hence, for the study of plasmonic properties and stoichiometry of the 

as-deposited and post gradual annealed films, the BEMA model is more appropriate but 

one has to apply the metallic layer structure in order to assess the interfacial layer which 

influence the plasmonic properties. 

Deposition 

time (minutes) 

E01 

(eV) 

E02 

(eV) 

E03 

(eV) 

E04 

(eV) 

4 6.67 ±1.83 1.86 ±1.20 1.32 ±0.80 3.59 ±0.07 

6 2.90 ±0.29 2.48 ±0.01 1.58 ±0.06 1.96 ±0.01 

8 0.647 ±0.11 2.51 ±0.03 1.49 ±0.06 1.99 ±0.01 
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3.5 Conclusions 

 It was observed that the none of the as-deposited (at RT) films exhibited SPR peak 

while finally post annealed to 400°C, showed both LM and TM SPR peaks. From the PSDF 

analysis, it was found that after annealing, the film surface (fractal nature) and Fermi level 

of the Cu nanoparticles have undergone a change apart from the size and shape of the 

nanoparticles. The SE analysis further confirmed the changes in the properties of deposited 

Cu nanoparticles and stoichiometry after annealing. It was observed that the as-deposited 

RT films fit well with the two oscillators (one Lorentz and one Gauss) model whereas the 

annealed films followed the four oscillators dispersion (one Lorentz and three Gauss) 

model. In the present case, the properties of the films were best described by only BEMA 

model. In the BEMA analysis, it was found that for as-deposited film, the percentage of 

void was large and was decreased with increasing the deposition time. In the case of 

annealed film, the percentage of void was negligible (expect 4 minutes film) but the other 

new copper species (Cu (II) and oxides) were evolved which influence the SPR properties 

of plasmonic Cu film. 
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Chapter 4 

Effect of deposition time on interfacial 

layer, optical and SPR properties and 

scaling behaviour of PLD semi-

transparent nanostructured Cu thin films 

deposited at 400°C 
In the previous chapter 3, it was observed that room temperature (RT) films 

annealed finally at the glass softening temperature of 400°C exhibited the improved 

plasmonic properties. Therefore a natural next step is to test the properties of pulsed laser 

deposition (PLD) Cu film directly deposited at 400°C.    

In the present chapter, the nanostructured semi-transparent Cu thin films grown 

onto glass substrate via PLD technique directly at a substrate temperature of 400°C, as a 

function of deposition time are presented. The particle size distribution and growth 

dynamics of these films via height-height correlation function (HHCF) and power spectral 

density function (PSDF) were obtained from AFM images. The absorption spectra were 

recorded for detecting the surface plasmon resonance (SPR) signal. The films were 

subjected to spectroscopy ellipsometer (SE) for the assessment of refractive index, 

excitation coefficient, thickness of film, interfacial layer and top oxide layer and their 

structure.   

4.1 Experimental details   

 Semi-transparent metallic Cu thin films were grown onto glass (coverslip) substrate 

using PLD technique detailed in Section 2.1, Chapter 2. The second harmonic of a Q-

switched Nd:YAG laser (pulse duration - 10 ns and repetition rate - 10 Hz), at a laser 
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fluence of ~ 4 J/cm2 was focused onto the Cu target under vacuum (~ 10-6 mbar). The films 

were deposited for 6, 7, 8, 9, 10, 20, 30 and 45 minutes duration at a substrate temperature 

of 400 ºC. After the deposition, all the films were annealed at 400 °C under vacuum for 

120 minutes in order to remove any strain developed during deposition. These annealed 

thin films were subjected to X-ray diffractometer operated at a wavelength of 1.5407 Å of 

Cu K  line for measurement at a glancing incidence angle, ω = 1° and the scanning range 

(2θ) was 20° - 70° with an angular step of 0.02°. In order to study the surface morphology, 

size and shape of nanoparticles, the dynamic scaling behaviour and growth mechanism of 

Cu films fabricated via PLD technique, all the films were subjected to AFM measurement. 

The absorbance of the films was measured directly from UV-visible spectrometer for 

identifying the plasmonic peak and correlated with the scaling parameters. The optical 

properties, interfacial layer thickness and its oxide phase, were examined via variable angle 

SE.  

4.2 Structural properties of PLD nanostructured Cu thin films 

 The XRD spectra of PLD nanostructured Cu thin films deposited on the glass 

substrate at a temperature of 400°C for various deposition time from 6 to 45 minutes are 

shown in figure 4.1. The XRD peaks observed at 43.33° and 50.29° correspond to the Cu 

(111) and Cu (220) planes, respectively with former being more intense [1]. Figure 4.1 

clearly shows the increase in the intensity of both these peaks with the deposition time 

which is due to the increase in thickness thus facilitating the participation of larger number 

of diffracting planes. The crystallite size was estimated from the full width half maxima 

(FWHM) of the most intense peak of (111) plane by Debye Scherrer’s formula [2]. The 

figure 4.2 shows the nearly linear increase in the size of Cu crystallites from 3.2 nm to 30.3 

nm with increasing deposition time from 6 to 45 minutes respectively. 
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Figure 4.1:  XRD spectra of PLD Cu thin films deposited on glass substrate for 

deposition time, 6 -45 minutes.  

 

Figure 4.2: The variation of crystallite size with deposition time. 
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4.3 Surface morphology and dynamics scaling behaviour of PLD Cu thin films 

from AFM images 

The surface morphology of the films was characterized by AFM to unveil the 

surface microstructures and its growth dynamics [3]. Figure 4.3 (a-h) shows the AFM 

images (scan area 2µm × 2 µm) of all the films for the deposition time of 6 - 45 minutes, 

respectively. The initial visualization of AFM images indicates the uniform distribution of 

grains over the film surface. Initially, for the lower deposition time, the grains were 

observed to be of spherical in shape. With increasing deposition time or growth time, the 

repeated impinging of particle flux from incoming laser induced plasma towards the 

substrate, the nucleation sites increased followed by coalescence of smaller size grains to 

form bigger particles along with the formation of columnar structure shown in figure 4.3 

(i) for the film deposited for 45 minutes duration. Eventually, at 30 and 45 minutes duration, 

relatively large sized and densely packed grains were formed as is evident from figure 4.3 

(g) and 4.3 (h) respectively. The estimated size of the nanoparticles was ranging from ~14 

to ~123 nm for the deposition time of 6 to 45 minutes respectively. The particle size 

distribution was estimated from 2D AFM images using open excess image J software. The 

estimated particle size (or lateral size) was averaged over three different locations on the 

surface of each film and is shown in figure 4.4 (a - h). The variation of the average particle 

size as a function of deposition time of PLD Cu film is shown in figure 4.4 (i). To unveil 

the growth process and the dynamic scaling behaviour, the scaling exponents; root mean 

square (RMS) roughness or interface width (w) and local slope (m) of the islands were 

calculated from AFM images. These quantities were obtained from HHCF, H(r, t). It is 

defined by the statistical average of the mean square of height difference between the pair 

of points, separated by r and is written as [3]:  
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Figure 4.3: AFM images of PLD Cu films for the deposition time of (a) 6 minutes, (b) 7 

minutes, (c) 8 minutes, (d) 9 minutes, (e) 10 minutes, (f) 20 minutes, (g) 30 minutes, (h) 45 

minutes and (i) 3-D image of Cu thin film deposited for a duration of 45 minutes. 

                     𝐻(𝒓, 𝑡) = 〈|ℎ(𝒓 + 𝒓’ , 𝑡) − ℎ(𝒓’, 𝑡)|2〉                                         (4.1) 

where ℎ(𝒓′, 𝑡) is the surface height at a point 𝒓′ and that of ℎ(𝒓 + 𝒓′) at  (𝒓 + 𝒓′), as marked 

in figure 4.3 (a) as an example. From the AFM images HHCF was directly evaluated by 

averaging over three distinct regions of large extent, much larger than r in order to avoid 

edge effects.  
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Figure 4.4: Particle size distribution of PLD nanostructured Cu thin films deposited at 

400 °C for (a) 6 minutes, (b) 7 minutes, (c) 8 minutes, (d) 9 minutes, (e) 10 minutes, (f) 20 

minutes, (g) 30 minutes, (h) 45 minutes and (i) variation of average particle size as a 

function of deposition time. 

The HHCF, can also be defined by exponential correlation model, which satisfies 

the requirement for self-affine surface and manifests anisotropic scale invariance, given by 

[4] 

                                   

   𝐻(𝑟) = 2𝑤2 [1 − 𝑒𝑥𝑝 [− (
𝑟

𝜉
)

2𝛼′

]]                                           (4.2)   
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For r << ξ, from equation (4.1) 

                                                   𝐻 (𝑟 < 𝜉) = 2𝑤2 (
𝑟

𝜉
)

2𝛼′

                                         (4.3) 

and for r >> ξ,  

                                                       𝐻 (𝑟 ≫ 𝜉) = 2𝑤2                                               (4.4) 

where w is the interface width, 𝛼′ is the local roughness scaling exponent, and ξ is the 

lateral correlation length. 

 

Figure 4.5: Log-Log plot of HHCF, H(r, t) as a function of distance r fitted to eq. (4.2) 

for Cu thin films on glass substrate for deposition times of 6-45 minutes along with bare 

substrate.  

The Log-Log plot of 𝐻(𝒓, 𝑡), obtained from AFM images, as a function of distance ‘r’ 

along with curve fitted to equation (4.2) for all the films deposited for various interval of 

time (t) is shown in figure 4.5. The measured value fits well to equation (4.2) (R2 > 0.97). 

The HHCF can be clearly divided into two distinct regions of r << ξ and r >> ξ. For longer 

deposition time of 20, 30 and 45 minutes, an oscillatory behavior was observed for r > > ξ  
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indicating the formation of the mounded surface [4]. It is clear from figure 4.5 that the value 

of 𝐻(𝒓, 𝑡)increases as Cu film thickness increases (with increasing growth time), indicating 

the increase in the RMS roughness. From the best fitting of experimental HHCF curves 

using equations (4.2), 𝑤, 𝜉 as well as 𝛼′ were determined for each film. The variation of 

𝑤, 𝜉 and 𝛼′ as a function of deposition time on the log-log scale is shown in figure 4.6 (a), 

(b) and (c) respectively.  Figure 4.6 (a) shows the increase in the value of 𝑤 from 0.65 to 

7.48 nm for the films grown from 6 to 45 minutes respectively further confirming the 

increase in roughness of the film with the increasing growth time ‘t’. The increasing nature 

of ξ with t, as shown in figure 4.6 (b), indicates the lateral growth of the islands. The lateral 

growth could be attributed to the increased in crystallite size (figure. 4.2) with increasing 

deposition time. The parameters 𝑤 and 𝜉 showed power law dependence as 𝑤 ~ 𝑡𝛽′
and 

𝜉 ~ 𝑡1/𝑧′
respectively having values of 𝛽′ = 1.07±0.11and 𝑧′ =1.42±0.21. Figure 4.6 (c) 

predicts that there is a slight decrease in the value of 𝛼′ from 0.88 for 6 minutes deposited 

film to 0.86 for that of 10 minutes and beyond this it increases to 0.95 for 20 minutes and 

thereafter the changes are insignificant. This affirms that the local roughness decreases 

while the RMS roughness/interface width (defined by w) increases with increasing 

deposition time (film thickness). In order to quantify the dynamics of the roughness, ξ 

versus w for all the samples were plotted (on log-log scale) and shown in figure 4.7 (a). 

The relation between w and ξ can be worked out as 𝑤 ~ 𝜉𝛾, where the value of exponent, 

γ, was found to be 1.50 ± 0.54 comparable to that obtained from the values of 𝛽′ and 

1/𝑧′ (𝛾 = 𝑧′𝛽′). The value of γ can predict the competition between lateral and vertical 

growth. The observed value of γ > 1 indicates the faster vertical growth compared to lateral 

growth and is also related to the roughness of the film surface. In order to identify the mode 

of the growth, local slope (𝑚 ~
𝑤1/𝛼′

𝜉
) as a function of deposition time was plotted and is 
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shown in figure 4.7 (b). The dependence of m on time indicates the non-stationary growth 

in the present case. The upward shift of the 𝐻(𝑟)with deposition time, figure 4.5, further 

signifies the non-stationary growth of the film [4, 5].    

 In the PLD process (near substrate softening temperature), the particle flux from 

laser produced plasma impinging on the substrate was of diverging nature having non-

uniform distribution of particles. 

 

Figure 4.6: Variation in (a) surface roughness w, (b) correlation length ξ, and (c) 

roughness exponent 𝛼′ with the deposition duration, t. 
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Figure 4.7: Plot of (a) w versus ξ and (b) local slope m as a function of deposition time, t. 

Thus the growth process is dominated by shadowing effect apart from non-

equilibrium growth. Another unique feature of this technique is the large kinetic energy of 

the particles striking the substrate, and so the deposition can be performed at relatively low 

substrate temperature with minimal re-emission [6]. Thus, the growth model best suited for 

the PLD films was that of proposed by Drotar et al. in which the surface under shadowing 

(roughening effect) and zeroth-order sticking coefficient corresponding to minimal 

reemission (s0=1 and sn=0 for n>0) were considered. It is described by stochastic continuum 

growth equation [6], 

         
𝜕ℎ

𝜕𝑡
= 𝑣𝛻2ℎ(𝑟, 𝑡) − 𝑘𝛻4ℎ(𝑟, 𝑡) + 𝑠0𝐹0(𝑟, 𝑡)√1 + |𝛻ℎ|2 + 𝜂(𝑟, 𝑡)),            (4.6) 

The first term on the right-hand side (𝑣𝛻2ℎ) represents the evaporation dynamics 

where surface relaxation was achieved by annealing mechanism, the second term (𝑘𝛻4ℎ) 

accounts for smoothening by surface diffusion due to the curvature-induced chemical 
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potential gradient, in the third term F0 contains information about the shadowing effect, as 

well as the nature of the incoming particle flux given by 𝐹0 =

∫ ∫ 𝑅(𝜃, 𝛷)[𝑠𝑖𝑛𝜃(𝑖̂𝑐𝑜𝑠𝛷 + 𝑗̂𝑠𝑖𝑛𝛷) + 𝑗̂𝑐𝑜𝑠𝜃]
𝜃𝑚𝑎𝑥

0

2𝜋

0
. 𝑛̂(𝑟)(𝑠𝑖𝑛𝜃)𝑑𝜃𝑑𝛷 , where θ is the 

local polar angle, Φ is the local azimuthal angle and R(θ ,Φ) is the distribution of the 

incoming flux and 𝑛 ̂ is the unit vector normal to the substrate. The factor√1 + |∇ℎ|2 in the 

third term represents growth normal to the local surface and the last term in equation (4.6), 

𝜂(𝑟, 𝑡), is the noise in the system. The values of  𝛽′ and 1/𝑧′ via Monte Carlo simulations 

in 2+1 dimensions from the equation (4.6) was reported to be 1 and 0.93±0.1 respectively 

[6]. These values were in close proximity to that of obtained in the present case from HHCF 

analysis. In the PLD process, the impinging particles, from laser produced plasma plume 

on the substrate, arrive within the angular range of 0° to ±𝜃1/2 (~𝑐𝑜𝑠−1(1/2)𝑝) [7], where 

𝜃1/2 is the angle between normal to the target surface and the direction where flux density 

becomes half of maximum and p varies from 7-20 depending on laser spot size on the target, 

laser fluence and degree of ionization of plasma [7, 8]. In the present work, on Cu target 

the laser spot size was of ~1 mm diameter and laser fluence was ~ 4 J/cm2. The 

corresponding value of p ~ 7-8 gives rise to θ1/2 ~ 22-23° [7]. The glass substrate used has 

a melting point of ~550 °C and deposition temperature was kept at 400 °C, close to the 

softening temperature, which have resulted in a very high sticking coefficient, s0~1. These 

deposition conditions favouring large shadowing and high sticking coefficient for substrate 

satisfy the requirement for the surface growth model given by equation (4.6) [6].  Under 

the dynamic scaling, ∆=
𝛽′

𝛼′⁄ − 1
𝑧′⁄  , but in the present case, Δ = 0.37 indicates the 

presence of anomalous scaling behavior and the surface is not self-affine. This is 

understandable as the growth of the film in PLD is under strong influence of shadowing 

and thus dynamic scaling no longer holds [9]. Interestingly, the calculated exponents 
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(𝛼′, 𝛽′, 1/𝑧′) are quite close to the exponents predicted by the model of mound formation 

[6, 10]. The oscillating behavior of the HHCF in the region where r >> ξ, figure 4.5, also 

indicates the formation of mounded surface particularly for thicker films (deposited for 

duration, t = 20, 30 and 45 minutes).  

Further, the formation of mound surface by power spectral density function (PSDF) 

analysis was investigated for the PLD films deposited from AFM images. The PSDF [4] 

(detailed was discussed in section 3.2.2, chapter 3) for these films is shown in figure 4.8. 

It displays P(k) versus k plot extracted from the respective AFM images of Cu films 

deposited on glass substrates for duration of 6, 8, 10, 20, 30 and 45 minutes. The PSDF 

shows a characteristics peak, km =2π/λ (λ= wavelength) for mounded surface and is absent 

for self-affine surface [4]. The characteristic peak was absent in the PSDF spectra of the 

films deposited for 6 to 10 minutes duration, figure 4.8 (a-c), indicating the self-affine film 

surface. The PSDF of the films deposited for duration longer than 10 minutes show 

characteristics peak depicting mound formation. With increasing time, the peak feature of 

mounded surface becomes more prominent and km (~1/ξ) reduces indicating increase in 

average separation between the islands. Inset in figure 4.8 shows corresponding 2D fast 

Fourier transform (FFT) images. It clearly shows a bright ring like structure in k-space for 

films deposited for longer duration, 30 and 45 minutes, further supported the mound growth 

[11]. From these observations, it is clear that the growth of the Cu film, initially, for the 

shorter duration of deposition is of predominantly self-affine surface but as deposition 

progresses film surface becomes mounded with the well-defined characteristic wavelength. 

The formation of mounds on any surface are basically due to different growth effects such 

as step-edge barrier, diffusion effect, shadowing, and re-emission, which could be local or 

non-local in nature. In the present case, the non-local phenomena of strong shadowing 

owing to the directional nature of PLD along with high sticking condition of substrate (the  
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deposition performed at glass softening temperature) favours mound formation in Cu films.  

 

Figure 4.8: PSDF, P(k) as a function of k ( in reciprocal space) for Cu thin films 

deposited on glass substrate for the deposition time of (a) 6 minutes, (b) 8 minutes, (c) 10 

minutes, (d) 20 minutes, (e) 30 minutes and  (f) 45 minutes. Inset shows corresponding 2D 

FFT pattern of the AFM images. 
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The PLD Cu thin films deposited at 400°C (near glass softening temperature) for 

the duration of < 10 minutes has self-affine while for > 10 minutes duration has mounded 

film. The self-affine films have exhibited better optical (linear and SPR) properties in the 

visible region compared to that of mounded film which is confirmed by UV-vis-NIR and 

SE analysis discussed in the next section. Also, due to the high sticking coefficient in the 

present case, there was the high probabilities for diffusion the nanoparticles towards the 

substrate further affecting SPR properties of PLD Cu films. 

4.4 Effect of deposition time and scaling parameters on the SPR properties of semi-

transparent nanostructured PLD Cu thin films  

 Metal nanoparticles having plasmonic properties possess characteristic SPR peak 

at which incident light is strongly absorbed or scattered. Figure 4.9 (a) and (b) show the 

absorption spectra of Cu films grown for deposition time from 6 minutes to 45 minutes via 

PLD. All these spectra exhibit the characteristic SPR absorption peak with asymmetric tail 

towards longer wavelength and broad bandwidth. All these absorbance spectra were fitted 

with bi-Gaussian lineshape function [12] and are shown in figure 4.9 (a) and (b) as solid 

lines for estimation of SPR peak positions and respective bandwidths. For the particle size 

below 20 nm (films deposited for 6 and 7 minutes) there is an increase in the SPR peak 

energy from ~1.56 to 1.60 eV (793 to 772 nm) with the increasing particle size from ~14 

to 16 nm. For the particle size greater than 20 nm there is a decrease in SPR peak energy 

from ~1.59 to 1.34 eV with the increasing particle size from ~23 to 123 nm. For the 

nanoparticles of size below 20 nm, the red shift rather than the blue shift with the decrease 

in the size could be due to two possible reasons: (1) the scattering rate of conduction 

electron increases from the surface of the nanoparticles as the size of nanoparticles 

decreases and (2) surface damping constant of the SP increases as the size of nanoparticles 

decreases resulting in decrease of the SPR frequency, i.e., the red shift of SPR with 
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decreasing size [13-15]. For the Cu nanoparticles of size above the 20 nm, the red shift in 

the SPR peak is in accordance with the classical electrodynamics theory [16]. It is attributed 

to the retardation effect as well as the contribution due to the multipolar (quarter and 

octupole) terms [17]. Retardation is due to the phase difference between the field 

propagating from two different regions of the nanoparticles and it is dominant for coupling 

of large nanoparticle chains. The SPR peak position and bandwidth as a function of particle 

size (d) and interface width (w) are shown in figure 4.9 (c)-(f) respectively. The surface 

roughness, w, of the film is also responsible for the shift in SPR peak energy and it 

decreases with w and similar trend was observed in the present case as shown in figure 4.9 

(d).  

The broadening of the SPR bandwidth increases abruptly initially from 0.90 to 1.34 

eV with increase in particle size from 14 to 26 nm respectively and then it falls down to 

0.78 eV with further increase in particle size to 123 nm as shown in figure 4.9 (e). The 

similar trend was observed in the variation of bandwidth with w as shown figure 4.9 (f).The 

broadening of SPR band as well as asymmetric nature are due to wide size distribution of 

nanoparticles within the film, irregularity in its shapes, and increase in surface roughness 

of the film [18-20]. The bandwidth of SPR has been reported to increase with decreasing 

particle size exhibiting inverse size effect [15] while it increases in proportion to r.m.s 

roughness and density of the nanoparticles [19, 21]. In the present case, SPR bandwidth 

increased for the films deposited from 6 minutes to 10 minutes due to increase in interface 

width (or r.m.s roughness) from 0.6 nm to 1.51 nm even though the particle size, d, 

increased from 14 to 26 nm. However, the film deposited for 20 to 45 minutes (d >30 nm) 

had shown an overall decrease in SPR bandwidth with an increase in d from 54 to 123 nm 

satisfying the inverse size effect. Thus w and d play important role in shaping up the SPR 

bandwidth of the plasmonic nanostructured Cu thin films.  
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Figure 4.9: Absorption spectra of semi-transparent Cu thin films on glass substrate of the 

deposition duration (a) 6 - 10 minutes and (b) 20- 45 minutes. Variation of peak position 

as a function of (c) particle size (d) and (d) interface width (w). Bandwidth of SPR as a 

function of (e) particle size (d) and (f) interface width (w). 
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4.5 Analysis of PLD semi-transparent Cu thin films via Spectroscopic 

Ellipsometer 

  In the section 4.3, it was concluded that the film deposited at 400°C temperature 

(near glass softening temperature) has very high sticking coefficient, so~1. Therefore, there 

is a large probability for the diffusion of the Cu adatoms toward the substrate forming an 

oxide interfacial layer in between the metal and glass interface. The formation of oxides at 

the interface affects the optical and electronic properties [22-24]. The interfacial layer, the 

composition of PLD main layer and plasmonic behaviour of these semi-transparent 

nanostructured copper thin films deposited on the glass substrate as a function of deposition 

time from 6 to 10 minutes were investigated by SE and are presented in this following 

subsections.  

4.5.1 Layer structure considered for ellipsometric analysis   

 For the estimation of optical constants and thickness of the various layers of the 

film via SE, appropriate physical model was applied and fitted to the ellipsometric 

parameters (detailed in section 3.4, chapter 3,).  Layer structure incorporated in the present 

case of the semi-transparent copper thin film is shown in figure 4.10. This layer structure 

exhibited the minimum root mean square error (RMSE) value. The first dielectric layer 

(from the bottom) is of glass substrate (coverslip) having a thickness of ~105 nm, which 

was very large compared to that of the Cu films under investigation. The second layer above 

the substrate comprises of Cu2O/CuO interface which was formed due to the formation of 

bonds between free copper ions (deposited by laser) and oxygen molecules residing at the 

interface of the glass substrate. The third layer is the main nanoparticles of copper (NP Cu) 

layer on which an appropriate dispersion law is to be applied. Finally, the top fourth layer 

is of the cuprous oxide (Cu2O) film which was formed due to the contamination of copper 
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surface in the presence of an open atmosphere. In the present case, the top layer of Cu2O is 

assumed to be perfectly planar because the roughness of the top layer estimated via AFM 

was ≤1.6 nm. The space above the top layer and below the substrate is void. 

 

Figure 4.10: Schematic of the assumed layer structure. 

4.5.2 Dispersion law for the assessment of layer thickness 

 For the analysis of ellipsometric data, the substrate, interfacial layer and oxide layer, 

n & ḱ system generated file (from SEA software) [25] was implemented but for the main 

nanostructured Cu metallic layer (figure 4.10), an appropriate dispersion law was applied. 

The four oscillators model (combination of one Lorentz and three Gauss model) similar to 

that of described earlier (section 3.4, chapter 3), was found to be the most appropriate 

(giving the minimum value of RSME) for analyse of these thin films and is described by 

equation 3.8 and rewritten below [26] 

                                   𝜀𝑒𝑓𝑓 =  𝜀𝐿𝑜𝑟𝑒𝑛𝑡𝑧 + ∑ 𝜀𝑗 𝐺𝑎𝑢𝑠𝑠
3
𝑗=1 + 𝜀∞                                         (4.7) 

Here, the contribution of interband transition was modeled using Lorentz oscillator, 

𝜀𝐿𝑜𝑟𝑒𝑛𝑡𝑧, whereas the two of the Gauss oscillators (𝜀𝑗 𝐺𝑎𝑢𝑠𝑠 (j = 1, 2)) describe the transverse 

and longitudinal modes of SPR [27, 28], and contribution of oxide (in fused via interfacial 

layer and the top layer) was modeled using the third Gauss oscillator which takes into 
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account of its effect on the plasmonic nanoparticles of Cu. Figure 4.11 shows the plot of 

experimentally obtained values of ellipsometry parameters; 𝑡𝑎𝑛𝜓 and 𝑐𝑜𝑠Δ  as a function 

of energy along with the fitted one, using L-G oscillator dispersion law, equation 4.7. The 

values of RMSE with deposition time for the above stated formulation are listed in table 

4.1.  Further these RMSE values were least for the top layer comprising of Cu2O for all the 

films, the interfacial layer of CuO for the films deposited for 6 and 7 minutes and that of 

Cu2O for the remaining films. The extremely low values of RMSE as well as excellent 

matching of the fitted values with the experimental data confirmed the validity of the model 

considered in the present system. The thickness of each layer with the deposition time 

obtained from these analyses are listed in table 4.2.     

Table 4.1: RMSE values with the deposition time. 

 

 

 

 

 

Figure 4.11: The estimated and fitted graph of Cu thin films via PLD with the energy (a) 

tan𝜓 and (b) cos𝛥. 

Deposition time (min.) RMSE 

6 0.00648 

7 0.00443 

8 0.00372 

9 0.00259 

10 0.00267 
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The formation of oxide layers on the top surface of the film and interface between glass 

and NP Cu layer have also been reported in the literature [29-31]. 

Table 4.2: Top oxide and interfacial layer thicknesses with deposition time measured via 

ellipsometry. 

Deposition time 

(min.) 

Top oxide layer 

thickness (nm) 

Cu NPs layer 

thickness (nm) 

Interface thickness 

(nm) 

6 2.58±0.11 30.23± 1.50 0.538±0.027 (CuO) 

7 2.88±0.14 34.34±1.70 0.543±0.027 (CuO) 

8 2.47±0.12 37.91±1.80 0.374±0.018 (Cu2O) 

9 2.73±0.13 43.08±2.10 0.252±0.012 (Cu2O) 

10 3.29±0.16 47.93±2.30 0.607±0.030 (Cu2O) 

 

The thickness of the top oxide layer and interfacial layer are small and does not 

follow any specific trend. However, there is a change in the phase of the oxide in the 

interfacial layer with the deposition time or alternatively with the thickness of the film. The 

formation of the interfacial layer depends on the number of free copper ions interacting 

with free oxygen molecules on glass surface [32]. As the thickness of the copper film 

increases with the deposition time, the probability of availability of free copper ions on  the 

substrate increases and subsequently facilitating the formation of oxygen deficient phase 

Cu2O [8].  

Figure 4.12 (a) and (b) show the real (𝜀1) and imaginary  (𝜀2)  part of the pseudo 

effective dielectric constant for all the  films, obtained by  considering  the layer structure 

of figure 4.10 and the dispersion model described by equation 4.7. The spectra for  𝜀2 

clearly exhibit the peak around 1.22- 1.83 eV further confirming the formation of oxide 

layer [30]. The energy of all the four oscillators (equation 4.7) obtained for Cu thin film are 

listed in table 4.3.  
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Figure 4.12: Effective dielectric constant of the deposited copper film considering the 

native oxide top and the interface layer (a) real part ε1 and (b) imaginary part ε2. 

Table 4.3:  Values of all the four oscillator energy with the deposition time. 

The first oscillator energy (Eo1, Lorentz model) contributes to the interband 

transition. The reported value of interband transition energy of Cu lies the range of 2.1 to 

5.1 eV [33]. However, it was also reported that the interband transition or d-band transition 

peak of metal is shifted towards lower energy as the size of the nanoparticles decreases 

[34]. In the present case, the interband oscillator peak energy shows a subtle shift towards 

the lower energy from 2.24 eV to 1.70 eV on the reduction of particle size from 26.04 nm 

to 14.22 nm. The second oscillator (Eo2, Gauss model) corresponds to the transverse mode 

of the SPR due to the columnar shape of the nanoparticles (figure 4.3 (i)) having the energy 

within the range of 1.75 eV to 1.84 eV [15, 28]. The third oscillator (Eo3, Gauss model) 

corresponds to the longitudinal mode of the SPR which varies with the size of the 

Deposition time (min.) Eo1 (eV) Eo2 (eV) Eo3 (eV) Eo4 (eV) 

6 1.71±0.013 1.75±0.013 1.50±0.050 2.01±0.025 

7 1.72±0.009 1.84±0.029 1.63±0.108 2.03±0.017 

8 1.89±0.018 1.83±0.030 1.62±0.196 2.03±0.014 

9 2.03±0.020 1.83±0.018 1.58±0.145 2.02±0.009 

10 2.24±0.023 1.79±0.009 1.47±0.010 2.02±0.006 
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nanoparticles and nearly matching with the absorbance peak obtained from the UV-visible 

transmission spectrum (figure 4.9). There was not much variation in the fourth oscillator 

peak energy (Eo4, Gauss model) and its value was around 2.01-2.03 eV. It is attributed to 

the oxide formation on the top of Cu film and is in agreement with the band gap energy of 

Cu2O which was reported to be around 2.1 – 2.4 eV [35]. Figure 4.13 shows the evolution 

of linear refractive index and extinction coefficient of plasmonic Cu NPs thin layer over 

the energy ranging from 1.3 to 5 eV. Plasmonic Cu nanoparticles embedded in the glass 

substrate exhibits larger refractive index compared to that of the bulk copper [36]. The 

extinction coefficient of plasmonic Cu nanoparticles layer shows a peak near around 1.88-

1.80 eV for all the samples and follow the similar trend as that of the absorption spectrum 

of Cu thin film (figure 4.9) [30]. The shift in the absorption peak, asymmetric tail and 

broadening in the extinction coefficient (absorption spectrum) was due to the presence of 

oxide in the Cu film apart from wide size distribution of nanoparticle [37].  

 

Figure 4.13: The plasmonic copper thin films deposited at different deposition time (a) 

linear refractive index and (b) extinction coefficient as a function of energy. 

4.5.3 Application of Bruggeman Effective medium approximation (BEMA)  

The layer structure considered for the estimation of the type of the constituent 

species and their volume fraction using Bruggman effective medium approximation 
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(BEMA) model [38] for the semi-transparent PLD Cu thin film is shown in figure 4.14. In 

this case, above the glass substrate, the main layer of PLD Cu nanostructured film is 

considered to be a combination of the plasmonic nanoparticle of Cu (NP Cu), copper oxide 

(Cu2O) and voids.  

 

Figure 4.14: Schematic of the assumed layer structure of PLD Cu thin film deposited at 

400°C substrate temperature.  

4.5.4 Layer thickness, percentage of composition and oscillator energies as a 

function of deposition duration for PLD Cu thin film via BEMA 

 To determine the type of the constituent species and optical properties of the thin 

film, the numerical simulation of the ellipsometer spectra were performed using BEMA 

(detailed was discussed in section 3.4, chapter 3) for the layered structure as shown in 

figure 4.14. In the present case, the constituent species are Cu2O (cuprous oxide), plasmonic 
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nanoparticles and void. The values of dielectric constant; 𝜀𝐶𝑢2𝑂, and 𝜀𝑣𝑜𝑖𝑑were taken 

directly from the system generated file (from SEA software) whereas for the NP Cu, 

𝜀𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 , using the suitable dispersion law formed with a combination of Lorentz and 

Gauss oscillators (L-G) (section 3.4, chapter 3, equation 3.8). Figure 4.15 illustrates the 

experimental and fitted data for the physical model discussed in section 4.5.3 for which the 

values of RMSE is least. The estimated value of percentage of the constituent species with 

the deposition time for the PLD Cu films from BEMA is listed in table 4.4 and 4.5 

respectively.  

 

Figure 4.15: The experimental and fitted graph of PLD nanostructured Cu thin film as 

the function of energy (a) tan𝜓 and (b) cos𝛥. 

In the BEMA analysis, it was observed that the film thickness measured by 

dispersion law is nearly matching with that of obtained in previous section 4.5, table 4.2. 

The percentage of void and Cu2O were observed to be very small. It signifies that all the 

deposited films are highly dense packed which was also confirmed by 2D AFM images 

(figure 4.3). The estimated oscillators energy values are also nearly matching with the 

results obtained from dispersion law only. But the fitted curve for 𝑡𝑎𝑛𝜓 and cos Δ shows 

the deviation with respect to the corresponding experimental values, figure 4.15 as 

compared to that of figure 4.11. 
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Table 4.4: Thickness and percentage of the constituent species for films deposited at 400°C 

with the deposition time measured via ellipsometry. 

Deposition 

Time (minutes) 

Thickness 

(nm) 

% 

NP Cu 

% Cu2O % 

void 

6 33.00±0.08 100.03 -0.03 --- 

8 43.86±0.01 99.90 0.02 --- 

10 52.15±0.06 97.30 0.07 2.63 

 

Table 4.5: Fitting parameter of oscillator energy for all the oscillator model for films 

deposited at 400°C with deposition time. 

Deposition time 

(minutes) 

E01 

(eV) 

E02 

(eV) 

E03 

(eV) 

E04 

(eV) 

6 1.46±0.12 1.73±0.02 1.45±0.03 2.00±0.05 

8 1.79±0.01 1.85±0.07 1.65±0.28 2.03±0.03 

10 2.43±0.15 1.78±0.02 1.48±0.13 2.02±0.05 

 

4.6 Conclusions 

In this chapter properties of PLD semi-transparent Cu films deposited at a 

temperature of 400°C are presented.   The XRD spectra showed the dominating peak 

corresponding to Cu (111) and relatively week peak corresponding to Cu (220) with 

average crystallite size increasing from 3.6 to 29.5 nm with increasing deposition time. 

From HHCF analysis (obtained from AFM images), the interface width (RMS roughness), 

w, was observed to scale with depositing time (t) as, ~𝑡1.07±0.11 while lateral correlation 

length ξ grows as 𝑡0.70±0.10affirming the faster vertical growth compared to the lateral 

growth. The average roughness exponent 𝛼′was observed to be nearly 0.95. The results 

showed that shadowing instability model for deposition with no remission explains well 

the growth of PLD Cu films onto SiO2. The strong shadowing effect is attributed to the 

directional nature of PLD. The high sticking probability was due to the deposition taking 
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place at around softening temperature of the substrate. From the analysis of PSDF and 2D 

FFT, the evolution of the PLD Cu films follows strong shadowing assisted mound-like 

growth. The high sticking probability has certainty to diffuse the incoming nanoparticles 

towards the substrate and form a Cu oxide interfacial layer and was confirmed by SE 

analysis. The shift and broadening of the SPR peak were due to the change in the size and 

shape of the nanoparticles as well as the formation of the oxides layer at the top surface and 

between the metal-glass interfaces. From the analysis of surface morphology, the scaling 

behaviour, the growth model of the film deposited can be predicated ex-situ which is not 

only helpful in understanding the nucleation process but also plays an important role in 

correlating with the physical properties of the thin film. All this information will prove to 

be very useful to assess the device performance. The dispersion model was observed to be 

best fitted to assess the thickness of the top oxide layer and interfacial layer. By applying 

BEMA the percentage of composition of Cu NP, Cu2O and voids are obtained. But 

otherwise the deviation in 𝑡𝑎𝑛𝜓 and cos Δ were large as compared to that of obtained via 

dispersion model only.  
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Chapter 5 

Third order nonlinear optical properties 

of the PLD semi-transparent 

nanostructured Cu thin films 
 

 The large nonlinear signal and fast response time of the metallic nanostructured thin 

film can be of potential applications in fast optoelectronics devices, optical switches, 

optical limiters, optical computing, optical memories, and nonlinear spectroscopy [1-9]. 

Additionally, metal nanoparticles embedded in the glass/dielectric exhibit second-

harmonic generation (SHG), third-harmonic generation (THG) [10-13], sum-frequency 

generation (SFG), self-focusing  and defocusing, multi-photon absorption [2, 5, 14, 15], 

nonlinear Raman stimulated scattering [16, 17] , optical parametric amplification (OPA) 

[18, 19], self-phase modulation (SPM) [20-22], optical solitons [23], four-wave mixing 

(FWM) [24, 25] etc. The origin of optical nonlinearity in the metallic nanostructured thin 

films is due to intraband transition, interband transition, and hot electrons formation [5, 14]. 

The intraband transition is due to the oscillations of free electrons and depends on the size 

and shape of the nanoparticles but it dominates only for the size below 20 nm [26]. The 

interband transition is due to the bound electron transition from inner core d- band to 

conduction band and is dependent on the size of the nanoparticles [27]. In the noble metals 

(Au, Ag, Cu), the contribution of the interband transition plays a significant role in the 

optical nonlinearity [26, 28]. The nonlinear optical (NLO) effect via hot electrons is 

normally independent of size and shape of the nanoparticles. However, there are some 

reports which show that the tuning of the size and shape of the nanoparticles could effect 

the formation of hot electron [29, 30]. The formation of the hot electrons modifies the 
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density of the conduction band electrons which in turn alter the dielectric constant of metal 

nanoparticles affecting the optical nonlinearity of the nanostructured metal thin film [31]. 

Moreover, the hot electrons contribution becomes dominant compared to that of the 

intraband and interband transition under the continuous wave (cw) pump laser instead of 

the pulsed laser. In the case of photon energy of the incident laser beam being shorter than 

the interband transition threshold, the energy transfer to the electron gas occurs through 

free carrier absorption, without perturbing the d-band electrons [26, 28]. The NLO 

properties of the nanostructured metallic thin films are influenced by the mismatch between 

the photon energy of incident laser (pump) and SPR peak and pulse duration (for pulsed 

laser) of pump laser apart from nanoparticle size, shape and surface roughness [26].         

In this chapter, the measurement of the third order optical nonlinearity of pulsed 

laser deposited (PLD) nanostructured copper (Cu) thin films using modified Z-scan setup 

is documented. In the modified Z-scan setup, the photodiode of the conventional Z-scan is 

replaced by a charge-coupled device (CCD) camera, thereby improving the sensitivity of 

the technique [32]. The effect of size of the nanoparticles and substrate temperature on the 

NLA and NLR coefficient of the nanostructured Cu thin films is detailed in this chapter.  

5.1 Experimental details 

 For NLO studies, both the sets of PLD Cu thin films, deposited at room temperature 

(RT) and gradually annealed and another set deposited directly at elevated substrate 

temperature of 400°C, chapter 2, section 2.1, were subjected to modified Z-scan for the 

NLO characterization. In the modified Z-scan set-up, employed in present thesis (chapter 

2, section 2.2.5), a continuous wave (cw) Helium-Neon (He-Ne) laser was focused on the 

PLD Cu thin film using a convex lens of focal length of 50 mm. The film was translated 

from -15 mm to +15 mm w.r.t. focal plane on both the sides of the lens in a step of 1 mm 
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and transmitted beam was imaged on CCD. The recorded CCD images of the transmitted 

beam through the thin film positioned at 10 mm from the focal point is shown as an example 

in Figure 5.1 (a) for OA Z-scan and (b) corresponding masked image for CA Z-scan for S~ 

0.40 (where S is the ratio of transmitted intensity with aperture (closed aperture (CA)) to 

that of without aperture (open aperture (OA))) by implementing a software aperture [32]. 

The transmitted intensity through the film at each location (z) was obtained by integrating 

the grey values of the recorded respective CCD image using a Matlab program. The 

corresponding data for CA was obtained from the cropped images for S~ 0.4. From these 

images, the value of nonlinear absorption (NLA) and nonlinear refraction (NLR) 

coefficients were measured.  

 

Figure 5.1: CCD image of transmitted beam through PLD nanostructured Cu film, 

fabricated at a substrate temperature of 400 °C, positioned at 10 mm from the focal 

point: (a) open aperture and (b) closed aperture for S~0.40. 

5.2 Estimation of NLA and NLR coefficients 

 The intensity dependent absorption coefficient, 𝛼(𝐼), and refraction index, 𝑛(𝐼), are 

expressed by, 𝛼(𝐼) = 𝛼 + 𝛽𝐼 and 𝑛(𝐼) = 𝑛 + 𝑛2𝐼 , where α is the linear absorption 

coefficient (obtained from SE measurement), n is the linear refractive index (obtained from 

SE measurement), β is the nonlinear absorption coefficient, n2 is nonlinear refractive index 
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coefficient and I the intensity of the laser beam incident on the sample [19]. The 

experimental open and closed aperture transmission curves were fitted to following 

equations (5.1) and (5.2) to obtain the values of β and n2,  respectively [14, 33]. 

                            𝑇𝑜𝑝𝑒𝑛(𝑧) = 1 ±
𝛽𝐼𝑜𝐿𝑒𝑓𝑓

23/2[1+(𝑧/𝑧𝑜)2]
                                                 (5.1) 

                       𝑇𝑐𝑙𝑜𝑠𝑒𝑑(𝑧) = 1 +
4𝑛2𝐼𝑜𝐿𝑒𝑓𝑓(𝑧/𝑧𝑜)𝑘

[1+(𝑧/𝑧𝑜)2][9+(𝑧/𝑧𝑜)2]
                                          (5.2) 

where 𝑇𝑜𝑝𝑒𝑛 and 𝑇𝑐𝑙𝑜𝑠𝑒𝑑are the normalized transmission for OA and CA  Z-scan 

respectively. In the equation (5.1), the -ve sign is for reverse saturation absorption (RSA) 

and that of +ve sign for saturation absorption (SA) [32]. The 𝐼𝑜, 𝐿𝑒𝑓𝑓, 𝑧𝑜, and 𝑘 represent 

peak intensity at the focal plane, effective sample thickness, Rayleigh length, and 

magnitude of wave vector respectively. The 𝐿𝑒𝑓𝑓is the effective thickness of the film given 

by equation, 

                    𝐿𝑒𝑓𝑓 =
1−exp (−𝛼𝐿)

𝛼
                                         (5.3) 

where, L is the film thickness. 

  In the CA Z-scan, if a transmittance minimum (valley) prior to focus followed by a 

transmittance maximum (peak) after focus occur then this type of valley-peak signature 

indicates the self-focusing property, which corresponds to the positive nonlinear refractive 

index coefficient, n2. On the other hand if the peak prior to focus followed by a valley after 

focus appear then it is the indication of the self-defocusing property, corresponding to 

negative value of n2. The Rayleigh length, 𝑧𝑜, is given by [34], 

                                𝑧𝑜 =
𝜋𝑤𝑜

2

𝜆
                                                    (5.4) 

where 𝑤𝑜is the beam diameter at the focus (z = 0) which was estimated using the relation, 

                     𝑤0
2 =

𝑓𝜆

𝐷
                                                                (5.5) 
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where f is the focal length of the lens (5 cm), D is the laser beam diameter coming out of 

the laser (~ 1.40 mm) and λ is the laser wavelength (632.8 nm). From this, the value of 

𝑧0comes out to be ~ 2.50 mm. The thickness of the films, in the present work, is less than 

60 nm and thus it satisfies the thin film approximation [19].  

5.3 Effect of annealing temperature and deposition time on the third order NLR 

coefficient of PLD nanostructured Cu thin films 

Figure 5.2 shows the normalized transmittance plot for CA Z-scan as a function of 

the sample position (z) w.r.t focus of the lens for nanostructured Cu thin films deposited at 

RT and then finally annealed up to 400°C for the deposition duration of (a) 4 minutes, (b) 

6 minutes and (c) 8 minutes (section 2.1, chapter 2). All these CA Z-scan spectra (Figure 

5.2(a-c)), demonstrate a transmittance minimum (valley) prior to focus followed by a 

transmittance maximum (peak) after focus. This valley-peak signature indicates the self-

focusing property, which corresponds to positive nonlinear refractive index n2. The value 

of n2 was calculated from the CA Z-scan data after fitting to equation (5.2). The measured 

valley to-peak separation, Δ𝑧𝑝−𝑣, is close to 1.7𝑧𝑜, confirming the third order optical 

nonlinearity [32]. In the nanostructured Cu thin film, both self-focusing and de-focusing in 

refraction has been reported in literature [26, 28].   

In the present case of nanostructured metal thin film, the incident laser photon 

energy (~1.96 eV) lies far away from the SPR peak, a non-resonant regime, thus the positive 

nonlinearity is arising from the hot electron contribution. But on tuning the laser photon 

energy near to the SPR peak, resonant regime, the sign and magnitude of the nonlinearity 

undergo a change due to the complex nature of the local field [26, 28, 35]. In the present 

case, the Z-scan measurements, a cw-laser was used, therefore optical nonlinearity induced  
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in the films could be dominated by hot electron formation particular in non-resonant regime 

[36]. 

 

Figure 5.2: CA normalized transmittance curve of nanostructure Cu thin films deposited 

at RT and then gradual annealed for 100°C, 200°C, 300°C and 400°C for the deposition 

time of (a) 4 minutes, (b) 6 minutes and (c) 8 minutes. 

The fractal nature and roughness of the film also play a significant role on the NLO 

properties of the nanostructured metal films [37, 38].  In the present set of films, the 

Gaussian beam from a cw He-Ne laser (wavelength ~ 632.8 nm (~1.96 eV)), far from both 

the transverse and longitudinal SPR peaks position of the deposited films (detailed in 

section 3.3, chapter 3), propagates through the sample. The sample absorbs the laser light 

and immediately gives rise to local heating which results in the generation of a large amount 

of electrons in the conduction band (hot electrons). The number of hot electrons thus 
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formed is proportional to the local temperature changes on the film surface due to the laser 

heating. This change in the electron distribution near the Fermi level thus affects the 

nonlinear properties of the film. The change in the refractive index depends on the 

distribution of electrons near the Fermi level which in turn varies linearly with change in 

local temperature [29]. Due to the Gaussian nature of the He:Ne laser beam, a gradient in 

temperature and hence a spatially varying refractive index region forming a thermal lens. 

This results in the self-focusing effect (figure 5.2) [31, 39]. The variation of the NLR 

coefficient as a function of annealing temperature and deposition time are shown in figure 

5.3 (a) and (b) respectively. The measured values of NLR coefficient for all the samples 

are listed in table 5.1.  

 

Figure 5.3: (a) NLR coefficient of PLD deposited nanostructured Cu thin film as a 

function of annealing temperature and (b) NLR coefficient of gradually post annealed to 

400°C PLD Cu thin  film as a function of deposition duration. 

The films deposited for the duration of 4, 6 and 8 minutes at RT do not display any optical 

nonlinearity. It was observed that the 4 minutes duration film annealed at 100°C also did 

not show any optical nonlinearity. However, after gradual annealing for 200°C and above 

it, 300°C and 400°C, it exhibited the nonlinear refraction. The value of n2 for the film 

annealed up to 200°C and 300°C were (0.99 ± 0.27) × 10-4 cm2/W and (0.57 ± 0.18) × 10-
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4 cm2/W respectively. After annealing finally up to 400°C, the value of NLR coefficient 

was enhanced to (1.40 ± 0.39) × 10-4 cm2/W. 

Table 5.1: NLR coefficient of post annealed PLD Cu thin films. 

Deposition 

duration 

(minutes) 

NLR coefficient (n2) (cm2/W) × 10-4 

Annealing temperature (°C) 

100 200 300 400 

4 --- 0.99 ± 0.27 0.57 ± 0.18 1.40 ± 0.39 

6 1.73 ± 0.62 1.71 ± 0.37 1.70 ± 0.35 2.24 ± 0.40 

8 1.72 ± 0.33 1.73 ± 0.28 2.83 ± 0.52 3.98 ± 0.63 

 

The changes in the NLO coefficient as a function of annealing temperature due to 

the change in the shape and size of the nanoparticles as well as modification of the electron 

density near Fermi level. It was observed that from the RT to a final annealing temperature 

of 400°C, the shape of the nanoparticles changed from columnar to conical with the broad 

base while the size of nanoparticle changed from ~ 10 nm to 288 nm (section 3.2, chapter 

3). Moreover, the distribution of electrons in the d-band near the Fermi level (responsible 

for hot electron formation) was modified at higher annealing temperature. The activation 

energy (section 3.2.2, chapter 3) and SE analysis (section 3.4, chapter 3) confirmed the 

change in electron distribution near the Fermi level of post annealed films. It was observed 

that the activation energy of film annealed to 400°C is positive which signified the 

modification in the Fermi level. Similarly, in the SE analysis, four oscillators dispersion 

model was fitted well for annealed films while that of for RT films, two oscillators model, 

further confirming the modification of distribution of electrons near Fermi level. Hence 

resulted into an increase in the NLR coefficient at higher annealing temperature [29, 31, 

40].  

The 6 minutes deposited film after gradually annealed  for  100°C,  200°C,  300°C  
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and any effect of annealing temperature up to 300ºC on the NLR coefficient and its value 

remained ~1.71 ± 0.37 × 10-4 cm2/W. But the film annealed to a final temperature of 400ºC 

exhibited the higher value of NLR coefficient and is found to be (2.24 ± 0.40) × 10-4 cm2/W. 

It was again due to the change in the size and shape of the nanoparticle (size less than 4 

minutes film) which give rise to more than one plasmonic peaks (section 3.3, chapter 3). 

The absorption peaks around 1.70 ± 0.04 and 1.89 ± 0.03 eV of this film (table 3.2) lying 

close to the energy of incident laser beam, (1.96 eV for 632.8 nm) result in enhanced 

absorption, thereby increased in local heating resulting in generation of more hot electron 

and hence enhancement in the NLR coefficient.  

The value of the NLR coefficient for 8 minutes duration deposited films increases 

with the annealing temperature. While the size distribution of the nanoparticles for as-

deposited and annealed to a final temperature of 400°C was almost similar (section 3.2, 

chapter 3). In this case, annealing modified the electron distribution near the Fermi energy 

level and also changed the percentage of the constituent species rather than size and shape 

of the nanoparticles as confirmed by the activation energy and SE analysis (section 3.2 and 

3.4 respectively). The size of the nanoparticles in this film is ~ 38 nm, less than that of 4 

and 6 minutes deposited films and thus the 8 minutes duration film possess large electron 

density, resulting in higher NLR coefficient [40]. Moreover, the 8 minutes duration as-

deposited RT film displayed self-affine surface and which was further improved on gradual 

annealing as observed from fractal analysis (section 3.2.2, chapter 3). The self-affine fractal 

surfaces exhibits better NLO properties [37, 38]. Hence the film deposited for 8 minutes 

duration exhibited better NLO behaviour compared to that of deposited for 4 and 6 minutes 

as shown in figure 5.3 (b).  

None of these above samples (a total of 15, chapter 2) showed any nonlinear 

absorption. It could be due to the shape and size of the metal nanoparticles and polarization 
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direction of the incident probe beam which has been reported in the literature [26, 41, 42]. 

For the films finally annealed to temperature of 400°C, the shape of the nanoparticle was 

conical with broad base (section 3.2, chapter 3) and showed longitudinal as well as 

transverse SPR (section 3.3, chapter 3). The transverse mode of SPR is responsible for 

RSA while the longitudinal mode of SPR is responsible for SA. The incident laser 

wavelength lying in between both these SPR peaks result into the SA as well as RSA, thus 

cancelling out the overall NLA [26].  

5.4 Effect of particle size on the third order NLA and NLR coefficients of PLD 

nanostructured Cu thin films deposited at a substrate temperature of 400°C  

The best SPR and NLO properties were observed at annealing temperature of 

400ºC. Therefore another set of films was fabricated at 400ºC directly as described in 

section 2.1, chapter 2. All these films exhibited the SPR properties as discussed in detail, 

section 4.4, chapter 4. Figure (5.4) and (5.5) exhibit the OA and CA Z-scan spectra, 

respectively, for the Cu thin films deposited for 5 to 10 minutes duration via PLD at 400°C 

and annealed further at 400°C for 120 minutes. The nonlinear absorption coefficient, β and 

nonlinear refractive index coefficient, n2, were estimated from the Z-scan data using the 

equations (5.1) and (5.2) respectively. The required linear refractive index ‘n’ and linear 

absorption coefficient ‘α’ were obtained from the spectroscopic ellipsometric (SE) 

measurement and are listed in table 5.2 at a wavelength of 632.8 nm. The estimated values 

of NLA and NLR coefficients are also listed in table 5.2. The change in the NLA and NLR 

coefficients as a function of particle size (or deposition time) are shown in figure (5.6) and 

(5.7) respectively. Unlike gradually annealed films deposited at RT, the films deposited 

directly around the glass softening temperature of 400ºC exhibited SA behaviour except 

the one deposited at 5 minutes. The Cu film deposited directly at 400°C for 5 minutes 

duration exhibited RSA (figure 5.4). As already mentioned, the magnitude of NLA depends 
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on the shape and size of nanoparticles, surface morphology, SPR peak position, intensity 

and the wavelength of the incident laser beam.  In this set of films, the shape of the 

nanoparticles is nearly spherical (section 4.3, chapter 4) and exhibited only the longitudinal 

mode of SPR having energy below (table 4.3, section 4.5.2, chapter 4) the incident photon 

energy (~1.96 eV) of He:Ne laser. The film deposited for the duration of 5 minutes 

exhibited RSA because the longitudinal SPR peak lies near ~1.45 eV (855 nm) which is far 

from the energy of the incident laser beam (~1.96 eV). Moreover, the average particle size 

for 5 minutes deposited film was less than 20 nm, so, both the intraband and interband 

contributions are dominant compared to that of hot electron formation [26, 28] and hence 

it displayed the RSA behaviour.  

All the other films from 6 to 10 minutes having SPR peaks around the wavelength 

of the incident laser beam, exhibited the SA behaviour. The value of the nonlinear 

absorption coefficient initially increased from 11.03 to 68.95 cm/W with the increase in 

size of nanoparticles from ~12 to 16 nm (deposition time from 5 to 7 minutes) then there 

was a marginal fall down in its values, 62.33 and 61.62 cm/W for the film deposited for 8 

and 9 minutes duration respectively. Finally for the film having average particle size of 26 

nm (deposition for 10 minutes duration), there is a drastic fall in the value of β to 26.47 

cm/W. This behaviour could be due to the tuning of the gap of electronic intraband and 

interband which increases with decrease in the size of the nanoparticles; an increase in the 

gap between the bands decreases the absorption probability (linear and nonlinear) of the 

material [27, 28]. Also, the smaller size can increase the scattering probability on the 

surface electron of the nanoparticle and subsequently reduces the absorption probability 

which decreases the NLA coefficient [42]. But for the particle size ~26 nm, the contribution 

due to intraband and interband transition was less as well as more off resonant SPR peak 
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(~1.48 eV (833 nm)) to that of incident laser beam hence the value of NLA coefficient was 

decreased.  

   

   

   

Figure 5.4: OA Z-scan normalized transmittance curve of nanostructure Cu thin 

films deposited at 400°C for the deposition time of (a) 5 minutes, (b) 6 minutes, (c) 7 

minutes (d) 8 minutes (e) 9 minutes and (f) 10 minutes.  
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Figure 5.5: CA Z-scan normalized transmittance curve of nanostructure Cu thin films 

deposited at 400°C for the deposition time of (a) 5 minutes, (b) 6 minutes, (c) 7 minutes 

(d) 8 minutes (e) 9 minutes and (f) 10 minutes. 

Moreover, the amount of hot electrons slowly increases with increasing in the size of the 

metal nanoparticle but simultaneously decreases the energy efficiency of these hot electrons 
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 [29]. Hence the NLO coefficient is decreased as reflected in our result. 

 

Figure 5.6: NLA coefficient of PLD deposited nanostructured Cu thin film at 400°C as a 

function of particle size. 

 

Figure 5.7: NLR coefficient of PLD deposited nanostructured Cu thin film at 400°C as a 

function of particle size. 
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Table 5.2: List of linear and nonlinear optical constants of Cu thin metal film.    

Deposition 

time 

(minutes) 

Average 

particle 

size (nm) 

Linear 

absorption (α 

cm
-1

) × 10
5
  

n
o 

(at 632.8 

nm) 

NLA coefficient  

(β
 
cm/W) 

NLA 

coefficient  

(n2 
cm2/W) × 

10
-4
 

5 12 1.56 2.85 11.03±2.10 

(RSA) 

1.71±0.22 

6 14 2.34 2.48 44.94±4.88 (SA) 1.81±0.28 

7 16 2.20 2.30 68.94±8.67 (SA) 2.63±0.39 

8 23 2.28 2.35 62.33±8.19 (SA) 4.28±0.58 

9 23 2.17 2.27 61.62±6.53 (SA) 4.53±0.56 

10 26 2.50 2.38 26.47±3.50 (SA) 3.35±0.40 

 

All the Cu films deposited at 400°C exhibited self-focusing behaviour 

corresponding to positive n2.  The n2 of Cu thin films was increased from 1.71×10−4 to 

4.54×10−4 cm2/W with the size of the nanoparticles from 12 to 23 nm, but for larger sized 

nanoparticles 26 nm, it was decreased slightly to 3.35 × 10−4 cm2/W as shown in figure 5.7.  

5.5 Conclusions   

 The effect of annealing temperature, substrate temperature and particle size on the 

third order NLO property of PLD nanostructured Cu thin films is presented in this chapter. 

The NLR and NLA coefficients of PLD Cu thin films were measured by modified Z-scan 

technique under cw He-Ne laser irradiation. A cw-laser was used, therefore optical 

nonlinearity induced in the films is dominated by hot electron formation due to the laser 

heating. The films deposited at RT did not show any optical nonlinearity. The value of NLR 

coefficient (n2) was observed to be increased with increase in the annealing temperature 

from 100ºC to 400ºC. The films annealed to a final temperature of 400ºC possessed self-

affine surface, showed large NLR coefficient and it increases with the deposition time. The 

CA Z-scan curves showed valley–peak signature indicating the self-focusing property, 
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positive nonlinear refractive index coefficient. The value of n2 was of the order of ~10-4 

cm2/W in all the cases. The gradual annealed film didn’t display any NLA. The films 

deposited directly at 400ºC showed both NLA and NLR. In this case, NLA coefficient 

increases with the particle size initially, attain a maximum value of 68.94 cm/W for a 

particle size of ~16 nm and then it falls down with further increases in particle size.  
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Chapter 6 

PLD Cu thin films as a viable SERS 

substrate for carbon nanotubes 

 

Nanostructured metallic plasmonic thin films, are gaining importance due to variety 

of applications as described in pervious chapters. Surface enhanced Raman scattering 

(SERS) is the one of the very important application based on SPs particularly for molecules 

possessing weak Raman signals or are in trace quantities [1]. Strongly enhanced Raman 

signals have been documented for the molecules interacting with metallic nanoparticles and 

this phenomena is known as SERS [2, 3]. The enhancement in the Raman spectrum of the 

molecules interacting with the metallic nanoparticles, is attributed to either of the two 

phenomenon (i) Electromagnetic SERS (EM-SERS) effect, which is due to the resonant 

interaction between optical fields and the electronic excitations in the metallic 

nanostructures and (ii) Chemical SERS effect, which is due to the interaction between the 

molecules and metal surfaces [4-6]. SERS is strongly influenced by the surface morphology 

of the metallic film being used as SERS substrate. The flat surface of the metallic film is 

not suitable to enhance the Raman signal [7, 8]. Apart from surface morphology, the SERS 

depends on the type of substrate on which metal nanoparticles are grown as well as on its, 

size and shape [9-11].  

In the present chapter, the plasmonic interaction of copper (Cu) nanoparticles with 

metallic single wall carbon nanotube (M-SWCNT) for SERS is reported. SWCNTs, is 

referred to the carbon nanotubes (CNTs) having diameters ranging from 0.7 nm to 2 nm. 

Depending on the diameter and chirality, the SWCNT may be either metallic or 

semiconducting in nature [12]. Samples enriched in metallic SWCNTs (M-SWCNTs), are 
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inherently more useful for the development of efficient plasmonic devices [13, 14]. 

Recently, the researchers have experimentally reported the observation of Luttinger-liquid 

plasmon phenomena in M-SWCNT [15]. The hybrid CNT-Cu composite material shows 

1000 times higher conductivity than that of pristine nanotubes whereas the ampacity is 

found to be 100 times higher than that of pure Cu [16]. CNT-Cu composite has been shown 

to be of great potential in fabrication of faster electro-optical switches and electronic inks 

with high conductivity [17]. The characteristic Raman bands of SWCNT; radial breathing 

mode (RBM), D, G and G´ are highly sensitive to small changes in the electronic nature of 

the nanotubes [18, 19]. Thus, the presence of metallic nanoparticles in the vicinity of 

SWCNT enhances drastically the Raman signal via plasmonic interaction [20].   

The effect of substrate on the SERS properties of Cu thin film was also presented 

in this chapter. For this, PLD Cu thin films were deposited on to the glass as well as on the 

silicon (Si) substrate at room temperature (RT) and 400°C to act as the SERS substrate for 

M-SWCNT.  The SERS signals for all the prominent bands; RBM, D, G and G´ bands are 

detailed in this chapter. 

6.1 Experimental details 

The five samples; three on glass and remaining two on Si, were prepared to study 

the efficacy of Cu thin film for SERS. The detailed configuration of these samples are 

illustrated in chapter 2, section 2.3, figure 2.7 and is repeated in figure 6.1 for quick recall. 

For the comparison, the drop casted M-SWCNT on bare glass as well as on Si substrate 

was annealed at 400°C. Raman spectra of all the samples were recorded using laser micro 

Raman spectrometer operating at a wavelength of 514 nm of Ar ion laser. The sample was 

probed at four different locations. 

TH-2125_126121002



Chapter 6: PLD Cu thin films as a viable SERS substrate for carbon nanotubes 

127 | P a g e  
 

 

Figure 6.1: Schematic of SERS samples on glass and Si substrate. 

6.2 Surface enhanced Raman scattering from the carbon nanotubes 

interacting with Cu nanoparticles on glass substrate 

 Figure 6.2 (a), (b) and (c) exhibit the Raman spectra of the M-SWCNT for samples 

1, 2 and 3 respectively prepared on PLD Cu thin film at RT and 400°C. In all the three 

cases the four Raman bands; RBM, D, G and G´ bands around at 160-190 cm-1, 1300-1400 

cm-1, 1550-1600 cm-1 and 2600-2700 cm-1 respectively are clearly observed and labelled in 

the figure 6.2. Figure 6.2 (d) shows the comparison of the intensity of Raman signal for 

samples 1 and 2 along with the bare M-SWCNT on glass substrate (without Cu). A 

significant enhancement is observed in the Raman signals from sample 2 as compared to 

that of sample 1 with respect to the M-SWCNT on bare glass substrate. However, there is 

no enhancement in the Raman signal of sample 3 with respect to the M-SWCNT on bare 

glass substrate. In the present case, observed SERS effect on metal coated substrate (sample 

1 and 2) is influenced by SPs due to the presence of Cu nanoparticles and is attributed to 

the EM-SERS [5]. The Cu film deposited at elevated temperature exhibit the pronounced 

plasmonic properties compared to that of RT as illustrated in chapter 3 and 4.  
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Figure 6.2: Raman spectra of (a) Sample 1, (b) Sample 2, (c) Sample 3 and (d) 

comparison of the intensity of RBM, D, G and Ǵ bands of M-SWCNT for sample 1 and 2. 

 Thus the Raman enhancement factor is more in sample 2 as compared to that of 

sample 1. Figure 6.3 (a-c) portrait the enlarged view of RBM, G, and G´ band for sample 

1 as well as sample 2. The percentage enhancement in Raman signal of these bands is 

shown in figure 6.3 (d). The RBM band, in sample 2 exhibits nearly 70% increase in the 

intensities. The other bands, D, G and Ǵ bands are enhanced more than 80% as shown in 

figure 6.3 (d). Figure 6.4 shows the comparison of sample 2 and 3. The enhancement in 

sample 3 for the three Raman bands of M-SWCNT is much lower compared to that of the 

sample 2. Histogram in the figure 6.4 (d) compares the relative enhancement in the 

individual peaks of sample 2 and 3. The first  three bands; RBM, D and G band, in sample 
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2 exhibit more than 90% increase in the intensities whereas G´ band has undergone nearly 

120% enhancement, figure 6.4 (d). 

 

Figure 6.3: Comparison of the intensities of each Raman modes in sample 1 and sample 

2; (a) RBM, (b) G band, (c) G' band respectively and (d) the percentage enhancement in 

the individual peaks.  

The G´ band of SWCNTs is very sensitive to the charge transfer and it exhibits the 

red or blue shift depending on electronic interaction and mechanical strain on the SWCNTs 

in presence of the functional nanoparticles [21, 22]. In the sample 2, the G' band undergoes 

a blue shift of ~2 cm-1, further indicating strong interaction and plasmonic coupling 

between the copper nanoparticles and M-SWCNTs. The red shift in its G' band is ~ 0.4 cm-

1 in sample 3, indicates the M-SWCNT is under stress which could be due to the formation  
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Figure 6.4: Comparison of intensities of each Raman modes in sample 2 and 3. (a) RBM, 

(b) G band, (c) G´ band respectively and (d) the percentage enhancement in the 

individual peaks. 

of  Cu layer above the SWCNT in sample 3. Finally, it is concluded that the sample 2 is the 

best configuration for the Raman enhancement of the M-SWCNT compared to that of 

sample 1 and 3. The RBM peaks of sample 2 were fitted with the multiple Lorentzian 

function and resulted into five distinguished peaks at 156 cm-1, 160 cm-1, 170 cm-1, 180 cm-

1 and 188 cm-1 respectively. The corresponding diameter of the M-SWCNT can be obtained 

from the relation [12] 𝜔𝑅𝐵𝑀  =  234/𝑑′′  +  10, where 𝜔𝑅𝐵𝑀 is Raman shift of RBM band 

and 𝑑′′ is the diameter of M-SWCNT, and is found to be in the range of 1.38 nm to 1.60 

nm.   
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6.3 Surface enhanced Raman scattering from the carbon nanotubes interacting 

with Cu nanoparticles on Si substrate  

 To study the effect of substrate, two more samples were prepared on Si substrate 

while keeping rest of the parameters same.  Figure 6.5 (a) and (b) exhibit the Raman spectra 

of the M-SWCNT for sample 4 and 5 respectively prepared on PLD Cu thin film at RT and 

400°C respectively.  

 

Figure 6.5: Raman spectra of (a) Sample 4, (b) Sample 5 and (c) RBM, D, G and Ǵ 

bands of M-SWCNT for sample 4 and 5. 

All the Raman bands; RBM, D, G and G´ band at 160-190 cm-1, 1300-1400 cm-1, 1550-

1600 cm-1 and 2600-2700 cm-1 respectively are clearly observed and are labelled in the 

figure 6.5. Figure 6.5 (c) shows the comparison of the intensity of Raman signal for 
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samples 4 and 5 along with the bare M-SWCNT on Si. It was observed that there is no 

significant enhancement in the Raman intensity with respect to the M-SWCNT on the bare 

Si substrate. Hence, it is concluded that the Cu film deposited on Si is not a viable substrate 

for SERS. 

6.4 Conclusions 

 SERS samples were fabricated in five different configurations for identifying the 

best suitable SERS substrate. The enhancement in the Raman signal was maximum for 

sample 2 in which Cu film was deposited at 400ºC via PLD and then M-SWCNT was drop 

casted on it. Blue shift in G´ band in this film further confirms the strong plasmonic 

interaction between the copper nanoparticles and M-SWCNTs. There is no significant 

enhancement in the Raman signal for M-SWCNT on Cu coated Si substrate. Thus the PLD 

nanostructure Cu thin film on glass acts as a good SERS substrate. From the Raman shift 

of RBM peaks, the diameter of the SWCNT was found to be in the range of 1.38 nm to 

1.68 nm.  
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Chapter 7 

Conclusions  

The present thesis work was aimed towards the fabrication of semi-transparent 

nanostructured copper (Cu) thin films via pulsed laser deposition (PLD) technique 

exhibiting the surface plasmon resonance (SPR) and nonlinear optical (NLO) properties 

and the correlation of these with surface structure, growth dynamics, size and shape of the 

nanoparticles within the film. The viability of these films as surface enhanced Raman 

spectroscopy (SERS) substrate for metallic single-wall carbon nanotubes (M-SWCNT) is 

also explored.  

The atomic force microscopy (AFM) was used to estimate the particle size and 

RMS roughness. The surface characteristics and scaling behaviour of these Cu films were 

studied via height-height correlation function (HHCF) and power spectral density 

function (PSDF) from the AFM images. The SPR signals in the films were recorded via 

absorption spectra in UV-visible range of 1 to 4 eV. The Bruggeman effective medium 

approximation (BEMA) theory was applied to determine the composition of the 

nanoparticles of copper (NP Cu), oxides and voids whereas the thickness of the interfacial 

layer and plasmonic behaviour were investigated by applying the appropriate dispersion 

model via spectroscopic ellipsometer (SE). The multiple oscillators (including SPR) were 

also unveiled from SE data.  

None of the Cu films deposited at room temperature (RT) for the deposition 

duration of 4, 6 and 8 minutes showed plasmonic behaviour. But, after gradually 

annealing to a final temperature of 400ºC, these films exhibited plasmonic behaviour. It 

was observed that the size of the nanoparticle for 4 and 6 minutes duration films were 

TH-2125_126121002



Chapter 7: Conclusions  

 

136 | P a g e  
 

increased with increasing the annealing temperature whereas that of for 8 minutes 

duration film remained unchanged. The nature of surface fractal, assessed from the power 

spectral density function (PSDF), was changed with annealing temperature and the post 

annealed films to a final temperature of 400ºC, exhibited Brownian fractals. In the SE 

analysis, BEMA model was applied and the best fitted model for as-deposited films was 

of two oscillators model (one Lorentz and one Gauss) whereas that of post annealed to 

400ºC fitted with four oscillators model (one Lorentz and three Gauss). Also, the void 

percentage was negligible in the annealed films (except 4 minutes duration) but the other 

new copper species (Cu (II) and oxides) were evolved. The measured thickness of the 

films was found to be in the range of ~11 nm to ~32 nm for the deposition time of 4 to 8 

minutes respectively.   

It was observed from above that the films annealed to a temperature of 400ºC 

displayed the best plasmonic properties. Therefore another set of films were directly 

deposited at 400ºC for the deposition time of 6 to 45 minutes in order to study the effect 

of film thickness on the properties of nanostructured Cu PLD films. The film thickness 

was found to be ranging from ~33 to 280 nm for the deposition time of 6 to 45 minutes 

respectively. The AFM images of film were recorded to study the film growth 

mechanism. The estimated average size of the nanoparticles was ranging from ~14 to 123 

nm for the deposition time of 6 to 45 minutes respectively. The scaling exponents α, ß, 1/z 

and γ and surface characteristic of the films were determined from HHCF.  These values 

of exponents conveyed that the growth dynamics of PLD Cu films can be best described 

by combination of local and non-local models under shadowing mechanism and highly 

sticking substrate. In the SE analysis of 6 to 10 minutes duration films, four oscillators 

model was found to be the most appropriate similar to that of gradually annealed films. 
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The SPR peaks obtained from the UV- visible spectra matched well with that of obtained 

via SE. The interfacial and top oxide layer thicknesses and its oxide nature were also 

determined from SE analyses.  

The effect of substrate temperature and particle size on the third order NLO 

property of PLD nanostructured Cu thin films were carried out by using modified Z-scan 

technique under cw He-Ne laser irradiation. The as-deposited RT films did not exhibit 

any NLO behaviour. The post annealed films exhibited the NLO behaviour and the value 

of nonlinear refractive index (NLR) coefficient was observed to be increasing with the 

annealing temperature. All the annealed films exhibited the self-focusing properties and 

the observed value of NLR was of the order of 10-4 cm2/W. None of these annealed films 

showed nonlinear absorption (NLA) behaviour. The films deposited directly at a substrate 

temperature of 400ºC exhibited both NLA and NLR behaviour. The film deposited for 5 

min duration exhibited reserve saturation absorption (RSA) behaviour whereas all the 

other samples displayed saturation absorption (SA) behaviour. The nonlinear absorption 

coefficient (β), estimated from the open aperture Z-scan data, was found to initially 

increase from 11.03 to 68.95 cm/W with the increase in size of nanoparticles from 12 to 

16 nm, respectively, and thereafter it decreased with the further increase in particle size 

and goes down to 26.47 cm/W for the particle size of ~ 26 nm.  The similar behaviour 

with particle size was exhibited for the NLR coefficient of these films which exhibited 

self-focusing properties having the magnitude of the order of 10- 4 cm2/W.  

Finally, it is observed that the structural and plasmonic properties of films 

deposited for 4 and 6 minutes duration directly at 400ºC substrate temperature and that of 

post annealed films to 400ºC (originally deposited at RT)  does not show much similarity. 

But the 8 minutes duration film for both the cases exhibited similar structural and 

plasmonic properties because both the films were highly dense and had similar average 

TH-2125_126121002



Chapter 7: Conclusions  

 

138 | P a g e  
 

particle size. Therefore the properties of these thin films are compared in table 7.1. Thus 

one can conclude that it is important to treat the metallic films around the softening 

temperature of the glass for proper binding with the substrate to obtain the plasmonic 

properties.   

Table 7.1: Compared the common features of the 8 minutes duration gradually annealed 

to 400ºC and directly deposited at 400ºC films 

S.No. Characterization 

of PLD Cu thin 

films 

8 minutes duration as-deposited 

and gradually annealed to a 

final temperature of 400ºC 

8 minutes duration deposited 

directly at 400ºC 

1 Thickness ~ 32 nm ~ 40 nm 

2 Fractal nature Self-affine Self-affine 

3 Surface 

morphology 

 Particle size- ~ 38 nm 

 No surface diffusion 

 Surface roughness – 1.2 

nm 

 Dense surface 

 Particle size- ~ 23 nm 

 No surface diffusion 

 Sticking coefficient ~ 1 

 Surface roughness – 1.18 

nm 

 Dense surface 

4 SPR  Peak position- ~ 1.63 eV 

 Relatively narrow peak 

 Peak position- ~ 1.59 eV 

 Broad peak 

5 Ellipsometer  Four oscillators dispersion 

 Oscillator energies- 0.80, 

1.63, 2.32 and 1.98 eV 

 Void percentage < 5% 

 Four oscillators 

dispersion 

 Oscillator energies- 1.63, 

1.83, 1.89 and 2.02 eV 

 Void percentage < 5% 

6 Nonlinearity  NLR coefficient (n2)- 

3.98± 0.63 × 10-4 cm2/W 

 Self-focusing 

 NLR coefficient (n2)- 

4.28± 0.58 × 10-4 cm2/W 

 Self-focusing 
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The viability of nanostructured Cu thin film via PLD for SERS substrate was 

tested on metallic single wall carbon nanotube (M-SWCNT). For this, the SERS samples 

were fabricated in five different configurations. The Cu film deposited on the glass 

substrate at 400ºC for one minutes duration via PLD and the M-SWCNT drop casted on 

the top displayed the maximum enhancement of 90 % in the Raman signal as compared to 

that of the M-SWCNT drop casted on bare glass. But when Cu coated Si was used as 

substrate no such enhancement in the Raman signal of M-SWCNT was observed.  

Future scopes 

The plasmonic peak energy of the PLD Cu thin films was observed to be in the range 

of 1.3 to 2.4 eV. This can be further tuned and enhanced easily by varying the size and 

shape of the nanoparticles and forming the periodic structures on the film.  Therefore it is 

proposed to draw the periodic structure on these Cu films via laser lithography in future 

which will enable propagation of the plasmonic as well as electrical signal simultaneously 

along a single device. 

The third order optical nonlinearity of nanostructured PLD Cu thin films using cw 

laser is also reported in this thesis. The similar studies are to be taken up for Ag and Au 

nanostructured thin films. The plasmonic systems are also foreseen as a fast optical 

devices such as second- (SHG) and third-harmonic generation (THG), nonlinear phase 

control, nonlinear switching and routing etc. Therefore there is a need to characterize the 

nonlinear optical properties of these films with nanosecond and femtosecond laser.   

Further, the nonlinear response of metallic thin films can be increased by making the 

pattern on the film surface through lithography. These studies will be undertaken in 

future.  
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