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ABSTRACT 

 
The present research work was aimed towards the fabrication and characterization of nc-Si, 

SiOx and SiC semiconductor thin films via PLD technique in order to study the effect of 

substrate temperature and background gas pressure on their stoichiometry, crystallinity, linear 

as well as nonlinear optical (NLO) and photoluminescence (PL) properties.  

The nc-Si thin films fabricated via PLD as a function of substrate temperature (Ts) 

displayed polycrystalline nature. Raman maps confirmed that the films were comprised of nc-

Si domains embedded in a-Si matrix. The static refractive index was found to be in the range 

of 3.3- 3.9 while optical band gap energy was varying non-monotically from 1.35 to 1.56 eV 

as a function of Ts. The crystallinity as well as optical properties were observed to be 

influenced by Ts. The SiOx films having stoichiometry, x=0.03 to 2.1, were fabricated via 

PLD simply by controlling the background pressure of oxygen during deposition in the range 

of 10
-4 

to 0.5 mbar. XRD spectra confirmed the polycrystalline nature of these films. The 

SiOx films exhibited the micron-sized clusters containing nc-Si embedded in otherwise 

uniform background composed of oxidized amorphous Si. The average crystallite size of nc-

Si was observed to be reducing from around 18.3 to 3.2 nm with increasing O2 pressure. 

Their static refractive index was found to reduce from 3.57 to 1.57 while band gap energy 

blue shifted from ~ 1.55 to 2.80 eV with increasing O2 pressure.  Laser excited PL spectra 

were observed for films fabricated at O2 pressure of  0.01, 0.1 and 0.5 mbar only, exhibiting 

peaks around 1.43, 1.53 and 2.51 eV, respectively. These PL spectra possessed multi-

component peaks originated due to quantum confined nc-Si as well as oxygen related defects; 

NBOH and Vo centers. 

Amorphous SiC thin films were deposited onto fused silica by PLD at various Ts (RT 

to 750 °C) to study its effect on their structural and linear optical properties. A transition from 
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Si-rich SiC to nearly stoichiometric SiC was observed with increasing Ts which resulted in 

decrease in the refractive index from 3.00 to 2.64 and blue shift in the optical band gap from 

1.59 to 2.33 eV. The structural disorders in these films tend to decrease with increasing Ts. 

The third order NLO characteristics of all the PLD thin films of Si, SiOx and a-SiC 

was performed by modified Z-scan set up  using cw He-Ne laser at 632.8 nm wavelength. 

The NLA coefficient, β and NLR coefficient, n2, were determined from open aperture (OA) 

and closed aperture (CA) Z-scan, respectively. The OA Z-scan of the nc-Si, SiOx and SiC 

thin films showed feature of strong reverse saturation absorbtion while the CA Z-scan 

indicated the presence of self focusing property in all the films, which corresponds to positive 

nonlinear refraction. The values of third order optical suceptibility,  χ
(3)

, in nc-Si films of the 

order of 10
-1 

esu. The values of  χ
(3)

 for SiOx was observed to be of the order of 10
-1 

to 10
-3

esu 

with increasing oxygen content while for that of a-SiC films was ~ 10
-3 

esu. The optical 

limiting (OL) property was exhibited by the nc-Si and SiOx thin films where the OL threshold 

varies inversely with ß.  

Finally, in order to grow the nanostructures of Si locally on Si wafer, direct laser 

ablation of c-Si wafer was performed in air. The structural and compositional modification of 

c-Si wafers as a function of irradiated laser fluence was studied. The laser ablation resulted in 

the formation of crater, containing crystalline central region surrounded by the micron sized 

cauliflower-like clusters of a-Si embedded in SiO2 matrix (a-Si:SiO2). These nanostructured 

a-Si:SiO2 exhibited luminescence in far red region. The effect of laser fluence on the RT PL 

properties and its possible origin were also discussed. 
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Chapter 1 

Introduction 
 

 

 

The semiconductor nanostructure research has created enormous global interest over the 

past decades for its fascinating properties which helped in realizing devices usable in 

several day-to-day life applications. The most studied semiconductors in nanoscale 

dimensions include Si, C, Ge, ZnO, TiO2, GaAs, CdS, CdSe, GaN etc. and these have 

been extensively explored as potential material for nanoscale electronics, optoelectronics, 

chemical/bio/optical sensors/detectors, energy harvesting and environmental purification 

owing to their size related interesting physical properties [1-3]. Silicon (Si) continues to 

be the most popular functional material for commercial electronic applications due to the 

following benefits: (i) the most abundant semiconductor on Earth; (ii) high stability and 

non-toxic nature; (iii) high carrier mobility; (iv) the well-established fabrication 

techniques; and (v) flexibility to create hetero-structures with other nanostructured 

materials. Si has a face-centered diamond cubic structure with lattice constant of 5.431 Å 

and belongs to the space group of Fd-3m. Excellent optical, electrical, and mechanical 

properties made Si an ideal material for optoelectronics, renewable power source as solar 

cells, optical communication and integrated microelectronics [4-7]. Silicon is realized to 

be the best material for fabricating photovoltaic solar cells among various proposed 

materials till date. But crystalline silicon (c-Si) has some shortcomings due to its high 

price and low absorption coefficient in visible light spectrum, for photovoltaic 

applications. The bulk crystalline silicon is inefficient photo-emitter due to its indirect 

optical band gap of 1.12 eV. This is a considerable weakness in contrast to some fabulous 

optical properties of c-Si viz; the successful realization of Raman lasing [8, 9] and the 

demonstration of ultrafast electro-optic modulation [10, 11]. In order to achieve full Si-
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based optoelectronic integration, high performance in all aspects of optical functionality 

is highly desired. This would pave the way to integrated low-cost Si-based devices. 

Compared to Si, Silicon carbide (SiC), another semiconductor material, possesses 

superior chemical, mechanical and thermal robustness and is most suitable for high-

power, high-frequency, and high-temperature applications [12]. In addition, SiC can be 

used to fabricate metal-oxide-semiconductor (MOS) device for extreme conditions [13]. 

The Si-based materials have also been reported to exhibit non-linear optical (NLO) 

properties both in bulk and nanostructured forms. The enhanced NLO in Si-based nano-

materials have attracted much attention in the recent years since they can be potentially 

applied in many kinds of optoelectronic devices because of its compatibility with well 

established Si-based micro-electronics technology. 

 

1.1 Silicon nanostructures and thin films: 

Nanocrystalline silicon (nc-Si) has some advantageous features in contrast to its 

bulk form. It absorbs light better than c-Si and exhibits better electronic properties. The 

crystalline, micro/polycrystalline and amorphous forms of film-based Si solar cells have 

not been able to surpass the efficiency of its bulk counterpart due to reduced net 

absorption of the former. Therefore, implementation of light-trapping schemes like 

nanopatterning, quantum confinement (QC) and surface-induced effects in Si 

nanostructures could offer interesting features that might boost the photovoltaic energy 

conversion efficiency and overcome the restraints that lead to the Shockley–Queisser 

limit [14, 15]. A variety of nanostructured silicon, viz. nano-crystalline Si (nc-Si), nano 

structured amorphous Si (a-Si), nc Si or a-Si embedded in amorphous SiO2 matrix and 

porous Silicon (po-Si), have been studied intensively over the past decade which 
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exhibited visible and near infrared photoluminescence (PL) owing to enhanced electronic 

transition probability [16, 17]. The nanostructured Si can be of the forms of free standing 

nanoparticle, direct nano-patterning on Si, nanorod or as films etc. For light emission 

applications involving nc-Si, excitonic and defect related emissions are most common. It 

has been reported that the excitonic emission from Si nanocrystals exhibit blue shift with 

decreasing crystal size and its intensity increases [18]. This observation indicates the 

increase of the band gap and the enhancement of the radiative recombination rate, due to 

QC effect while the transition remains indirect. Though in excitonic emission, there is an 

advantage of size-related wavelength tunability, yet it suffers from the low efficiency of 

phonon-assisted recombination and hence devices based on this emission channel remain 

a challenge till date. Defect related emission (oxygen or carbon-related) has been proven 

to be more successful, and light emitting devices with higher efficiencies have been 

reported using SiOx and Si1-xCx thin film structures [19-22]. However, no light emitting 

devices based on Si nanocrystals have reached the market till date. Visible PL from 

nanostructured Si films, as well as its oxides, carbides and nitrides grown by various 

deposition techniques has been reported in the literature [17, 19, 21-24]. Though different 

forms of Si based films were fabricated by various deposition techniques, yet in some 

cases, it is important to produce local nanostructured area directly on a silicon-based 

device or on assembled integrated chip. The local etching of a Si based film can be 

performed by irradiating it with nano second pulsed laser with a high precision in air or 

any other suitable ambient to produce various photoluminescent nanostructures of Si and 

SiOx (which has Si nanoparticles embedded in a silicon oxide matrix/Si:SiO2) [7]. By 

changing oxygen content (x), the compositional, structural, morphological, and optical 

properties of SiOx can be tuned. The SiOx thin films can be potential candidate for the 
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fabrication of tunable light-emitting silicon-based devices [19, 25]. SiOx layers have been 

also used as protective coatings in metallic mirrors, antireflection coatings, or low 

refractive index layers in the mid infrared range [26-28].  These films can also be used as 

insulating dielectric films, passivation layers, and interlayers in microelectronics [29-31].  

The Si-based films have been fabricated by thermal evaporation [32], RF 

sputtering [33], variety of chemical vapor deposition (CVD) techniques [34, 35], and 

pulsed-laser deposition (PLD) [36] etc. The PLD technique offers the advantage of low 

temperature deposition for fabrication of Si and SiOx thin films.  The ability to control the 

size and structure of Si nanoparticles as well as the oxygen content in the surrounding 

SiO2 matrix by PLD technique might allow the fabrication of band gap engineered SiOx 

films having tunable linear as well as nonlinear optical properties desired for various 

optoelectronic device applications. 

 

1.2 Silicon carbide thin films: 

SiC is another very useful Si-based material which is more robust than Si for 

microelectronics and optoelectronics devices. It possesses high breakdown field, excellent 

thermal conductivity, chemical inertness, high electron mobility, high thermal stability 

and mechanical hardness [37-39]. It exists in numerous polytypes, viz; cubic(C), 

hexagonal (H) and rhombohedral (R). Among these polytypes, 3C-SiC, 4H-SiC and 6H-

SiC are the more important for technological applications due to some superior physical, 

chemical, electronic and optical properties [12]. These polytypes of SiC have indirect 

wide band gap ranging from 2.7 to 3.3 eV [37, 40]. This wide band gap gives it a very 

high breakdown field (about 10 times higher than that of Si or GaAs)[41]. It has optical 

phonons of high energy in the range of 100–120 meV [42] which leads to a high electron-
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saturation drift velocity of 2×10
7
 cm/s in 6H-SiC [43], high acoustic velocity of 13730 

ms
-1

 [44] and a high thermal conductivity of 4.9 W/K cm [38]. It posses high temperature 

stability and is preferred over other semiconductor for radiation detectors under 

hazardous environment [45, 46]. Due to strong bonding in SiC, it is a very hard substance 

having Young‟s modulus around 400 GPa [47] and hence can be used as tools for cutting 

and abrasion. Bulk SiC shows weak optical emission at room temperature on account of 

its indirect band gap. But nanostructured SiC due to QC effect and its higher light-

emission efficiency can have potential applications as emitters in blue and UV spectral 

range [48]. Band gap of nc-SiC can be also tuned by changing the size of the 

nanostructures. Luminescent SiC films can be fabricated by incorporating various defects 

(dislocations, oxygen and hydrogen related defects and surface states) during the growth 

process [49]. The nc-SiC also exhibits greater elasticity and strength as compared to that 

of bulk SiC [50].  

Another technologically useful low-cost SiC material is its amorphous form. 

Amorphous hydrogenated silicon carbide (a-Si1-xCx:H) was first prepared by Anderson 

and Spear in 1976 [51] by the glow discharge technique. Since then, amorphous SiC (a-

SiC) films continued to be of considerable interest for both fundamental understanding as 

well as technologically in electronic and optoelectronics devices. The ratio of Si to carbon 

(C) as well as hybridization of C-C bonds in the film is responsible in shaping up the 

structural, electrical and optical properties of the a-Si1-xCx films. The optical band gap and 

refractive index of the film are function of its carbon content (x). By varying the carbon 

concentrations in a-Si1-xCx the optical band gap can be tuned over a wide range (1.6-2.8 

eV) [51]. This makes a-SiC thin films a potential candidate for applications in many kinds 

of optoelectronic devices with spectral tunability, such as tunable light-emitting diodes, 
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image sensors, solar cells and wide spectral range photodetectors [52-56]  The a-SiC thin 

films have been used as a protective coating for extreme UV optics due to its high 

reflectivity in this spectral region [57]. It can effectively be used as a thermally stable 

surface passivation material for highly efficient thin film silicon-based photovoltaic 

devices [58]. Furthermore, a-SiC films are chemically and mechanically stronger and 

more durable in terms of temperature resistance than a-Si films. As such, a-SiC films can 

be applied in silicon micromachining [39]. It is also foreseen as a robust material for the 

NLO applications [59]. 

Amorphous SiC films have been prepared by the glow discharge technique [51], 

reactive sputtering [60], R.F. sputtering [61, 62], chemical vapor deposition (CVD) [63-

65] and more recently via PLD [66-68]. The structural and electrical properties of these 

films depend on the deposition conditions. PLD offers the advantages of fabrication of 

stoichiometric as well as non-stoichiometric thin films in a single step by controlling the 

deposition parameters without the use of any hazardous gas. The structural and crystalline 

quality of the films fabricated via PLD process depends on substrate, laser wavelength, 

laser fluence, target-to-substrate distance, background ambient gas and substrate 

temperature [64, 66, 69, 70]. Therefore, there is a need to optimize some of these PLD 

parameters to tune the stoichiometry of a-SiC films for obtaining band gap engineered 

SiC films with possible tunable photoluminescence as well as linear and non linear 

optical properties. 

 

 A brief description of the PLD technique, employed for fabrication of various Si-

based thin films in the present thesis work, is given in the following section. 
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1.3 Pulsed laser deposition technique: 

PLD is a versatile deposition technique because of its ability to ablate any material 

to yield thin films of desired composition and thickness ranging from few nanometers to 

hundreds of microns [71, 72]. A wide variety of thin films of metals, metal oxides, 

semiconductors, ceramic, composite etc. have been reported to be fabricated via PLD [70, 

72-78]. The composition of the thin film can be controlled by the composition of target 

material, laser power, target-substrate distance and the background gas and its pressure in 

PLD technique. The crystalline films can be deposited even at room temperature easily by 

this technique [79, 80]. PLD technique was first proposed by Smith and Turner in 1965 

immediately after the advent of high power lasers [81]. Later on, it has emerged as a 

powerful deposition tool for the fabrication of various materials, multilayer, 

nanostructures since 1980„s. The schematic diagram of PLD system is shown in Figure 

1.1. It consists of a multiport vacuum chamber having a programmable target holder, 

substrate holder and viewport for focusing the laser beam onto the target. The PLD 

 

Figure 1.1 Schematic of Pulsed Laser Deposition set-up. 
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chamber is initially evacuated to a base pressure of ~ 10
-6

 mbar and if required it can be 

pressurized with the desired background gas. The focusing of a high power laser beam 

(laser intensity ~ 10
9
 – 10

11
 W/cm

2
) onto the target results in the formation of Laser 

induced plasma (LIP) of target material. The LIP plume comprises of highly energetic 

electrons, ions and atoms/molecules of target material. This plume expands adiabatically 

and cools down while moving forward towards the substrate placed few tens of mm apart 

from target and gets deposited on it. When the condensation rate is higher than the rate of 

particles supplied by ablation, thermal equilibrium condition can be reached quickly and 

then film grows on the substrate surface at the expense of the direct flow of the particles 

from LIP. When the target is placed in a non-inert gaseous ambient then the surrounding 

gas molecules also undergo ionization/ dissociation/ plasma formation via multiphoton 

absorption of laser energy in the vicinity of focal spot as well as via interaction of highly 

energetic plasma plume of the target material. Both these plasmas (target plasma and 

background gas plasma) undergo adiabatic cooling and under suitable dynamics undergo 

the reaction phase to form the molecular species [82-84]. In such situation, it is termed 

sometime as reactive PLD. Usually the substrate holder is fitted with a substrate heater to 

raise the substrate temperature up to 800
o
 C or more during the film growth. Based on the 

requirements, the PLD chamber can be pressurized by various types of working gases 

using appropriate gas inlet ports. The role of the background gas is also to thermalize the 

highly energetic plasma species, to compensate for the loss of an elemental component 

from the plasma plume of the target within deposited film and hence prohibiting the 

formation of non-stoichiometric films [85, 86] apart from reactive PLD for the formation 

of new molecules. The laser beam steering system for focusing the laser on to the target is 

placed out side the vacuum chamber and hence avoiding the contamination of expensive 
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high damage threshold optics. The multiple-target holder assembly can also be adopted 

for the PLD system for the growth of multicomponent/multilayer/hetero-structure thin 

films [73]. 

In general, the growth process of the film is very complicated. However it can be 

classified into three modes; Volmer-Weber growth (island only), Frank-van der Merwe 

growth (layer-by-layer) and Stranski-Krastanov growth (layer-plus-island) [70, 

87].  In Volmer–Weber (VW) growth, adatom–adatom interactions are stronger than 

those of the adatom with the surface, leading to the formation of three-dimensional (3D) 

adatom clusters or islands.
 
Growth of these clusters results in rough surface of the films 

grown on the substrate. But during Frank–van der Merwe (FM) growth, adatom-substrate 

interaction being stronger than adatom-adatom interactions, this adatoms attach 

preferentially onto surface sites during the growth in the form of atomically smooth 

layers, resulting layer-by-layer growth. The third mode, Stranski–Krastanov growth is an 

intermediary process characterized by both 2D layer and 3D island growth. Transition 

from the layer-by-layer to island-based growth occurs at a critical layer thickness which is 

highly dependent on the chemical and physical properties of substrate and adatoms. 

Depending upon the substrate surface energy, lattice orientation and dynamics of the laser 

induced target plasma; these atoms /molecules condense and deposit in the form of thin 

film, following any of the three modes, onto the surface of a cleaned substrate. The 

nucleation process depends on the interfacial energies between the three phases present – 

substrate, the condensing material and the vapor. Nucleation-and-growth of films being 

crystalline, amorphous or both depends on the density, kinetic energy, degree of 

ionization, and the type of the depositing material, as well as the substrate temperature 

and its physical-chemical properties. The two main thermodynamic parameters for the 
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growth mechanism are the substrate temperature Ts and the supersaturation m. They 

can be related by the following equation, ln( / )B s em k T R R  , where kB is the Boltzmann 

constant, R is the actual deposition rate, and Re is the equilibrium value at temperature Ts 

[88]. The growth of the crystalline film depends on the surface mobility of the adatom. 

Normally, the adatom will diffuse through several atomic distances before sticking to a 

stable position over the freshly formed film. The surface temperature of the substrate 

determines the adatom‟s surface diffusion ability. High temperature favours rapid and 

defect free crystal growth, whereas under low temperature or large supersaturation, 

crystal growth may be overwhelmed by energetic particle impingement, resulting in 

disordered or even amorphous structures. Hence, the substrate temperature and kinetic 

energy of the arriving species toward substrate are key factors determining the degree of 

crystallinity of the films in PLD.  

 

1.4 Characterization of Si-based Thin Films: 

The physical properties of the thin films can be studied by variety of 

characterization tools. The structural characterization of the thin films to unveil their 

crystalline nature and bonding structure can be performed by X-Ray Diffraction (XRD) 

technique and micro Raman spectroscopy. Raman mapping offers the additional 

advantage of probing the film locally for any structural inhomogeneity present in the film. 

Fourier transform infrared (FTIR) spectrum measures the vibrational modes of the 

molecules. It is a very handy tool for identification of a variety of materials, their bonding 

structures and estimation of respective bond densities. Scanning Electron Microscopy 

(SEM) and Field-effect Scanning Electron Microscopy (FESEM) images can be captured 

to investigate the surface morphology of thin films. The atomic composition of the thin 
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films can be determined using the Electron Diffraction X-Ray spectroscopic (EDX) 

technique attached with SEM or FESEM instrument. For the lattice structure 

characterization and crystalline size determination of nanostructures and films, 

Transmission Electron Microscopy (TEM) images can be recorded and analyzed. UV-

Vis-NIR transmission spectra of films can be studied to determine the optical constants, 

film thickness and band gap of the films. Film thickness can also be measured using step 

profilometer. Spectroscopic Ellipsometric (SE) measurements is another optical 

characterization technique which can also be used to determine refractive index, 

extinction coefficient, thickness, absorption coefficient and optical band gap of single 

layer as well as multilayer thin films. PL spectra of the thin film are recorded to 

investigate the photo-emission properties, band structures and defect levels present in 

films.  

 

1.5 Third order Nonlinear optical properties of nc-Si, SiOx and a-SiC thin films: 

The NLO properties of materials have been utilized for optical switching, optical 

waveguide, optical limiting, harmonic generation and information storage [89]. Self-

focusing observed due to positive nonlinear refraction phenomena may be useful in 

reducing the optical beam-spot size below the diffraction limit and hence can be applied 

for enhanced density of optical data storage [90]. The NLO response of bulk crystalline Si 

and SiO2 is poor restricting its applications in devices [91].  The NLO susceptibilities 

enhances manifold in nanoscale dimensions due to manifestations of quantum size 

effects. The enhancement of NLO coefficients is attributed to the increase of oscillator 

strengths because of the quantum confinement-induced localization of electron–hole pairs 

[59]. The NLO coefficient can be size dependent for the particle size less than or close to 
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its excitonic Bohr radius [59, 92]. Several forms of Si-based materials such as silicon 

nanoparticles in suspensions [93], porous silicon [94, 95], nanostructured Si formed by 

etching and deposited on quartz substrates [96, 97] or embedded in silica matrix [92, 98] 

and SiC have been reported to exhibit NLO behaviour.  

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 and beam distortion measurements [99-103]. 

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

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

wave propagation analysis. Z-scan technique involves comparatively simple experimental 

setup. The Z-scan technique, proposed by Sheik-Bahae et al. in 1989, is a single beam 

scan method based on the spatial beam distortion during beam propagation through the 

nonlinear medium [102]. In this technique, the sample is translated longitudinally along 

the optic axis around the focal plane of a focused laser beam. The translation of the 

sample leads to the change of irradiance at the sample, resulting in changes 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. The 

experimental setup and basic theory are briefly explained in Chapter 2, Section 2.1.  
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1.6 Organization of Present Thesis: 

The present research work was aimed towards the fabrication and characterization 

of Si, SiOx and SiC semiconductor thin films via PLD technique along with the 

fabrication of a-Si:SiO2 nanostructures by direct laser ablation of Si target. The effect of 

substrate temperature and background gas pressure on the stoichiometry and crystallinity 

of the thin films via PLD have been carried out, which in turn control their optical 

properties. The room temperature (RT) photoluminescence properties of some of these 

films and their possible origins were also investigated. The effect of film stoichiometry on 

the third order NLO properties and optical limiting (OL) properties under cw-laser 

irradiation has also been investigated. The NLO properties of thin films under cw-laser 

irradiation are dependent on its linear absorption coefficient and optical band gap, which 

can be tuned by changing the stoichiometry and crystallinity of the films. Hence, the 

major objective of the NLO studies of the Si, SiOx and SiC films were to understand how 

film stoichiometry and crystallinity affect their NLA as well as NLR properties so as to 

achieve tunable NLO coefficients and optical limiting property in these films. 

 The thesis organization and overview of various chapters is mentioned below: 

Chapter 1, “Introduction”, presents the overview of the literature survey on Si, SiOx and 

SiC thin films, basics of PLD technique, various characterization tools for analyzing 

structural, compositional and the linear as well as nonlinear optical properties of these 

thin films.  

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

SiOx and SiC thin films. The various commercialized instruments used for the 

characterization of PLD films are documented in this chapter. It also briefly discusses the 

modified Z-scan setup developed in house to measure the NLO coefficients of all the Si-
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based films documented in the thesis. The experimental set-up assembled for studying the 

OL properties is also sketched in this chapter. 

Chapter 3, “Fabrication of lumunescent Si:SiO2 nanostructures by direct laser 

irradiation of Si wafer in air ”, describes the structural and compositional modification of 

polished c-Si wafers by pulsed laser irradiation. The effect of laser fluence on their 

photoluminescence properties and its possible origin are discussed. 

Chapter 4, “Fabrication and charecterization of PLD Si and SiOx thin films”, presents the 

fabrication via PLD as well as structural and optical charecterization of Si thin films as a 

function of substrate temperature. The effect of O2 pressure on structural and optical 

properties along with PL properties of SiOx thin films are also presented. 

Chapter 5, “Fabrication and charecterization of PLD amorphous SiC thin films”, 

discusses the effect of substrate temperature on structural and optical properties of PLD 

SiC thin films.  

Chapter 6 “Third order Nonlinear optical properties of PLD nc-Si, SiOx and SiC thin 

films”, discusses the measurement of non-linear absorption coefficient, nonlinear 

refractive index and third order optical susceptibilty of Si, SiOx and a-SiC thin films. The 

OL properties of these films are also presented. 

The last chapter of the thesis, Chapter 7 is the concluding chapter and it provides salient 

features of the present research work along with the possibilities of future research. 
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Pulsed laser deposition (PLD) offers the advantages of fabrication of 

stoichiometric as well as non-stoichiometric thin films in a single step by controlling the 

deposition parameters [1-8]. It does not require any hazardous gas and hence environment 

friendly. The growth as well as the structural and crystalline properties of deposited thin 

films are governed by the kinetics of the laser produced plasma species which in turn can 

be controlled by a number of deposition parameters like laser wavelength, laser fluence, 

target-to-substrate distance, background ambient gas and substrate temperature [1, 2, 9-

11]. Therefore, these parameters are to be optimized to obtain desired quality films. The 

present research work was aimed towards the fabrication and characterization of Si, SiOx 

(nc-Si:SiO2) and SiC thin films of sub micron thickness via PLD technique and to study 

the effect of substrate temperature and background gas pressure on their stoichiometry 

and crystallinity, which in turn control their optical properties. The room temperature 

(RT) photoluminescence properties of these films and their possible origins were also 

investigated. The a-Si:SiO2 nanostructures were also fabricated directly on crystalline Si 

(c-Si) wafer by irradiating it with focused beam of a high power pulsed laser. This 

nanostructures thus formed are free from any contamination. The structural, 

compositional and photoluminescence properties of these structures as a function of laser 

fluence were studied.  The nonlinear absorption (NLA) and nonlinear refractive index 

(NLR) coefficients of the films were measured by modified Z-scan setup developed in-

house [12]. The effect of film stoichiometry on the third order nonlinear optical (NLO) 

properties and optical limiting (OL) properties of these films were also discussed.  
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2.1 Experimental setup for fabrication of a-Si:SiO2 via direct laser irradiation of 

silicon wafer: 

 

Figure 2.1 Schematic of experimental setup for direct laser irradiation of silicon. 

 

 

The polished crystalline Si (100) wafers were irradiated by loosely focusing a second 

harmonic (532 nm) of a Q switched high power Nd: YAG laser (Quanta-System, HYL-

101) having pulse duration of 8 ns and repetition rate of 10 Hz, in air at room temperature 

as shown in Figure 2.1. The laser beam was steered by a 90° prism focused by a convex 

lens of focal length of 25 cm and irradiated on the c-Si wafer at an incident angle ~ 30˚ 

(to avoid back reflection going back to the laser). The focal spot of laser beam onto the Si 

target was elliptical with major and minor axes of ~ 1.9 mm and 1.6 mm, respectively. 

The focusing of high power laser onto Si target in air results in the breakdown of the 

material as well as the atmospheric air in the neighborhood of focal region. This produces 

Si and oxygen ions which reacts and get deposited back onto the target around the 

periphery of the focal spot to yield a-Si:SiO2 nanostructures. The laser fluence of 0.35, 

0.67, 1.43 and 2.67 Jcm
-2

 was used for irradiation. The laser ablation was carried out for 

10 min at all laser fluences except that of at 2.67 Jcm
-2

 where ablation duration was 

reduced to 5 min in order to avoid piercing of Si wafer. 
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2.2 Pulsed laser deposition (PLD) setup for fabrication of Si, SiOx and SiC thin 

films: 

The schematic of PLD setup and its photograph used for deposition of Si and SiOx 

thin films is shown in Figure 2.2 and Figure 2.3, respectively. It consists of 12" diameter 

ultra-high vacuum compatible multiport stainless steel ablation chamber and a high power 

laser as two major components. The Si target was mounted on the motorized target 

carrousel and was inserted inside the ablation chamber through one of the 150 CF port.  

Figure 2.2 Schematic of PLD setup. 

The substrate (glass and silicon) was mounted on the substrate holder assembly having 

provision for resistive heater to control the substrate temperature in a programmable 

manner till 800 °C. The substrate holder assembly was mounted on another 150 CF port 

of the ablation chamber opposite to the target carrousel. The target to substrate separation 

was maintained around ~3 cm. The vacuum chamber was evacuated to a base pressure 
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~10
-6

 mbar before deposition, using turbo molecular pump (Pfeiffer, Hi Pace 300 C) 

connected to the bottom 100 CF port of the ablation chamber, as shown in Figure 2.1.  

 

Figure 2.3 Photograph of PLD setup 

The turbo molecular pump was backed by the rotary pump (Pfeiffer, DUO 10 MC). The 

pressure inside the ablation chamber was monitored using a compact cold cathode gauge 

(Pfeiffer, IKR 251) for low pressure regime (10
-2

 mbar – 10
-7

 mbar) and pirani gauge 

(Pfeiffer, PCR 280 and Hind HiVac, HPS-2) for high pressure regime (10
3
 mbar - 10

-3
 

mbar). The same Q-switched Nd:YAG laser (as mentioned in previous section 2.1)  was 

focused onto the target by a convex lens of focal length of 35 cm. The focusing of the 

laser beam produces the laser induced plasma of target which expands in the presence of 

background gas and finally gets deposited onto the substrate placed parallel to the target. 

The Si films were deposited under vacuum (~10
-6

 mbar) as a function of substrate 
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temperatures from room temperature (RT) to 700 °C. The SiOx films were deposited in 

presence of oxygen gas ambient at a pressure ranging from 10
-4

 to 0.5 mbar at 400 °C. 

For this, the ablation chamber was pressurized with the desired pressure through a 

separate port via gas flow controller as shown in Figure 2.2 and also marked in Figure 

2.3. The gas flow rate was maintained in the range of 20-30 standard cubic centimeters 

per minute (sccm). For the deposition of SiC films similar PLD chamber having diameter 

of 18" (operated with non-corrosive gases only) was used to avoid any contamination. 

The SiC films were deposited at various substrate temperatures (RT to 750 °C) under 

vacuum (~10
-6

 mbar).  

 

2.3 Characterization of thin films: 

A variety of diagnostic techniques were employed to characterize the PLD thin 

films of Si, SiOx and SiC as well as a-Si:SiO2 nanostructures are detailed below.  

2.3.1 Stylus Profilometer 

In the present PLD system the substrate was placed intact on the substrate holder 

during deposition with the help of the two clips. These clips acted as masks and provided 

the substrate-film step. The profilometer (Veco Dektak 150) was scanned linearly at five 

different locations by a Diamond-tipped stylus across this step. The thickness of the films 

was calculated by taking the average over all the scanned locations of the film.  

2.3.2 Scanning Electron Microscope and Energy Dispersive X-ray spectroscopy: 

The surface morphology of the a-Si:SiO2 nanostructures and SiOx films was 

studied by Scanning Electron Microscope (SEM), model Leo 1430VP, operated at an 

accelerating voltage of 1 keV. The elemental composition was identified by Energy 

Dispersive X-ray (EDX) spectra recorded by Oxford energy dispersive spectrometer 
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attached to the SEM instrument. The films were coated with very thin gold layer prior to 

loading them inside the vacuum column to avoid the charging effect during measurement. 

2.3.3 Field emission scanning electron microscopy: 

The surface morphology of the PLD SiC films was also captured by Field 

Emission Scanning Electron Microscope (FESEM) (ZEISS sigma), operated at an 

accelerating voltage of 3 to 5 keV, in order to capture images at larger magnification as 

compared to that of SEM images. The films were coated with very thin gold layer prior to 

loading them inside the vacuum column to avoid the charging effect during measurement. 

The elemental composition of SiC films was identified by Energy Dispersive X-ray 

(EDX) spectra attached to this instrument. 

2.3.4 Transmission electron microscopy: 

The Transmission Electron Microscope (TEM) is a very powerful tool to analyze 

the quality, shape, size and distribution of particles, crystallinity, dislocations and grain 

boundaries. To capture the TEM images of films, it is generally deposited onto the 

uncoated Cu mesh grid. But in our case as the films were thick (> 250 nm), they were 

scratched out mechanically and transferred to Cu mesh grid. The measurements were 

performed with TEM (Jeol, JEM 2100) using electron source at an accelerating voltage of 

200 keV. The TEM images and SAED pattern were analyzed for accessing the 

nanostructures, crystalline quality and estimation of inter-planner spacing using build in 

software “Gatan digital micrograph”.  

2.3.5 X-ray Diffraction: 

X-ray Diffraction (XRD) technique was employed to investigate the crystal 

structure of the PLD thin films. The XRD patterns were recorded in thin film mode by 
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commercial Seifert 3003TT X-ray Diffractometer employing Cu-K (1.5418 Å) radiation 

at the grazing angle of incidence maintained between to 1°-2°. 

2.2.6 Raman spectroscopy:  

Raman shift corresponds to vibrational energy which are unique for each material 

and hence used to identify the molecules and their structural properties. Raman 

spectroscopy has been used to identify the amorphous or crystalline nature of the film. 

For Si-based materials, it has also been used to determine nanocrystal size distribution as 

well as for stress estimation. Raman spectroscopy had been extensively used in this work 

to unveil the bonding structure and crystallinity of all the films fabricated as well as that 

of a-Si:SiO2 nanostructures. Raman spectra of the samples were recorded by the micro-

Laser Raman spectrometer (Horiba Jobin Yvon, LabRam HR800) using a holographic 

grating of 1800 groves/mm. Ar-ion laser (488 nm and 514 nm) was used as an excitation 

source. The laser beam was focused on the sample, using 100X microscopic objective 

lens, to a spot size of ~1μm diameter on the film surface. The spatial resolution of the 

Raman spectrometer was 1 μm and spectral resolution was less than 1 cm
-1

. Raman maps 

at several locations of the given film were also recorded to unveil various bonding 

structures present locally in structurally heterogeneous PLD Si and SiOx films. 

2.2.8 Fourier transform infrared spectroscopy:  

Infrared spectroscopy is based on the absorption of infrared radiation by 

vibrational levels of molecule in a material. The vibrational energy levels are unique for a 

material and hence the infrared spectrum also serves as a fingerprint for a particular 

material. In the present work, a single beam Fourier Transform Infrared (FTIR) 

spectrometer (Perkin Elmer BX) was used to record the IR transmission spectra of PLD 

films to assess various bonding present in the films and nanostructures. For FTIR 
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measurement, PLD films were deposited onto undoped silicon (100) wafer. The 

spectrometer was operated with a resolution of 4 cm
-1

 and the spectra were averaged over 

twenty scans for each sample.  

2.2.9 UV-Visible-Near Infrared spectroscopy  

Transmission spectra of Si, SiOx and SiC films deposited on glass substrates were 

recorded using a dual beam UV-Visible-Near Infrared (UV-Vis-NIR) spectrometer 

(Shimadzu -UV3101 PC). The Swanepole‟s envelop technique was employed to estimate 

the refractive index (n), absorption coefficient (α) and thickness (d) of the thin films from 

the respective transmission spectra exhibiting the interference fringes [13]. In this 

method, the transmission maxima and minima observed in the transmission spectra are 

interpolated to envelop all maxima and minima, represented as Tmax and Tmin, respectively 

as shown in Figure 2.4. The refractive index (n) of the films at each experimentally 

observed transmission maxima and minima in the weakly absorbing region can be 

calculated using the expression given below [13], 

                                  [  (     
 )   ]

   
                                              (2.1) 

                     where          
         

,        -
 
  
   

 
                                            (2.2)       

      Here ns is the refractive index of the substrate (ns=1.52 for fused silica). The 

calculated values of n, at various values of λ, were plotted as a function of (1/λ
2
) and least 

square fitted to Cauchy dispersion relation (truncated up to second term), 

                                                           
  

  
                                                           (2.3) 

where A0 and C0 are two Cauchy‟s parameter. A0 is also denoted as static refractive index 

n0.  The thickness (d) of the films can be calculated using the following expression, [13] 

                                                       
    

 (         )
                                                        (2.4) 
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where na  and nb are refractive indices corresponding to the wavelengths λa and  λb of 

adjacent maxima or minima respectively and finally average thickness, davg was obtained.                                                                                                    

 

Figure 2.4 UV-Vis-NIR transmission spectrum of PLD Si (~430 nm thickness) thin film 

exhibiting Tmax and Tmin curves. 

 

In amorphous materials, the absorption coefficient when plotted as a function of 

photon energy basically exhibit two regions- Tauc region and Urbach region, as depicted 

in Figure 2.5. The Tauc region is towards the higher photon energy side of absorption 

spectrum where absorption coefficient is parabolic w.r.t photon energy. While the Urbach 

region is situated toward the low photon energy side of low absorbing spectral region. In 

Urbach region the absorption coefficient shows an exponential dependence on photon 

energy and is given by [14], 

                                                      .
  

  
/                                                 (2.5) 

where αo is a constant and EU  is Urbach energy which gives the measure of the width of 

the tails of localized states in the forbidden gap of the amorphous materials. The 

absorption coefficient of the films, in low absorbing spectral region, can be calculated 

using the following expression [13]: 
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The absorption coefficient estimated from equation (2.6) can be plotted as a function of 

photon energy. From equation (2.5), the plot of ln(α) vs. hʋ exhibiting a linear relation 

within the Urbach region of absorption spectrum and the EU for the films can be 

calculated from the slope of this plot. 

 

Figure 2.5 Absorption coefficient of a PLD nanocrystalline Si film (~330 nm) exhibiting 

Tauc region and Urbach region. 

 

For highly absorbing spectral region, α is given as [13], 

                                                 
 

 
  

(   ) (    
 )

      
                                                 (2.7) 

where T0 is the transmission in the strongly absorbing region where envelop curve for 

Tmax and Tmin merges together (Figure 2.4). The absorption coefficient, α, is related to 

photon energy (hν) by the following equation [14],  

                                                         (   )   (     )
 

                                        (2.8)          
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where B is the Tauc slope ( or B parameter), Eg is the energy of the optical band gap and 

m is the power factor dependent upon type of electronic transition (m=1/2, 3/2 and 2 for 

direct, forbidden and indirect transitions, respectively) determined by the nature of the 

material. For amorphous materials, indirect transitions are valid, m=2, and hence 

absorption coefficient in Tauc region is given as [15] 

                                                             (   )
 

   (     )                                            (2.9) 

The linear region of the Tauc plot, (αhν)
1/2 

vs. hν, which lies in highly absorbing region is 

generally used to estimate the optical band gap of the films. The intercept estimated by 

extrapolating the linear region of the (αhν)
1/2 

vs hν  plot on the hν axis gives the optical 

band gap, Eg for the amorphous thin films. 

2.2.10 Spectroscopic Ellipsometry  

Spectroscopic Ellipsometer (SE) is an optical instrument in which plane waves of 

light having known wavelength and polarization are directed onto a sample surface, and 

the change in polarization state of the wave upon specular reflection is analyzed to obtain 

the structural and the optical properties of the sample. In this technique, the change in 

polarization state of the reflected light with respect to the incident light is measured as a 

function of frequency (or wavelength) as well as angle of incidence. Figure 2.6 shows the 

schematic depicting reflection of polarized light on film-substrate surface during SE 

measurement and geometrical interpretation of ellipsometric parameters (ψ, Δ). The p- 

and s- polarized light waves are the parallel and perpendicular components of the electric 

field vector of the light wave with respect to the plane of incidence. Here,   ⃗⃗  ⃗  and   ⃗⃗⃗⃗  are 

incident and reflected electric field vectors, respectively, with Φ being the angle of 

incidence.    ⃗⃗⃗⃗  ⃗ and     ⃗⃗ ⃗⃗  ⃗ are incident and reflected electric field vectors for s-polarization 
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Figure 2.6 Schematic depicting reflection of polarized light on film-substrate surface and 

geometrical interpretation of ellipsometric parameters (ψ, Δ). 

 

while    ⃗⃗ ⃗⃗  ⃗ and     ⃗⃗ ⃗⃗ ⃗⃗  are that of p-polarization, respectively. The parameters „Ψ‟, depicted in 

Figure 2.6, is the angle whose tangent gives the ratio of the reflection coefficients of 

electric field components along the p and s polarizations, and is given by,      
|  |

|  |
, 

where|  |  
|    ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  |

|   ⃗⃗ ⃗⃗ ⃗⃗  |
 and |  |  

|    ⃗⃗ ⃗⃗ ⃗⃗  ⃗|

|   ⃗⃗ ⃗⃗  ⃗|
  are the amplitude of Fresnel reflection coefficient for p- 

and s- polarizations, respectively. For linearly polarized light incident at 45°, |   ⃗⃗ ⃗⃗  ⃗|  |   ⃗⃗⃗⃗  ⃗| 

and hence      
|  |

|  |
 
|    ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  |

|   ⃗⃗ ⃗⃗ ⃗⃗  |
. The another parameter „Δ‟ gives the difference between 

the phase shifts of electric field components for p and s polarizations upon reflection 

given by Δ= δp - δs, where δp and δs are the phase of reflected p- and s- polarized light 

waves, respectively. The change in polarization are expressed in terms of two parameters, 

ψ and Δ, defined by the following equation [16, 17], 

                                        
  

  
 |

  

  
|   (     )                                    (2.10) 
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The ellipsometric parameters, Δ and tan ψ, are the directly measurable quantities which 

are recorded as a function of wavelength at various angle of incidences. In the particular 

case of an abrupt interface between two semi-infinite media, the ellipsometric data are 

related to the complex dielectric function ε by the following relation [16, 17], 

                            *  ,(   ) (   )-      +                               (2.11) 

where       ∑       and    ∑       with ɛ1,i and ɛ1,i are real and imaginary part of 

dielectric function of i
th

 oscillator. Using equation 2.10 and 2.11, real and imaginary part 

of dielectric constant, ε1 and ε2, can be expressed as a function of Δ and tan ψ. Using 

appropriate optical models and layered structure, the ε1 and ε2 values are simulated and 

compared with the measured ε1 and ε2 spectra. The unknown parameters in the optical 

model, such as film thickness, refractive index, extinction coefficient or parameters of the 

dispersion relation are varied and computed to obtain a “best fit” to the experimental data. 

The best fitted results will minimize RMSE value as given in equation 2.12 below, and 

then the physical parameters are obtained. 
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  ]
 
                       (2.12) 

where, the superscripts “exp” and “cal” represent the experimentally measured and 

simulated values, respectively. Here w1 and w2 are weighted terms while     
   

 and     
   

 

are experimental errors in the determination of ε1 and ε2. In equation (2.12), p and q are 

the numbers of the measured data points and fitted model parameters, respectively.  

The basic models relevant to the present work are Lorentz model, Tauc-Lorentz 

model and Tauc-Lorentz-Lorentz model. The Lorentz oscillator model is a classical 

dispersion model which assumes that the material can be described as a collection of non-
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interacting oscillators.
 
For this model, the imaginary part of the dielectric function ε2 as a 

function of photon energy E is given by 
 
[16, 17], 

                                            
 ( )  

   
   

(  
    )      

                                                       (2.13) 

where E0 is the oscillator position, A is the oscillator amplitude and C is the broadening of 

the Lorentz oscillator. The Tauc–Lorentz (TL) oscillator model is widely used dispersion 

model to describe the optical properties of the amorphous materials having band structure 

and was proposed by Jellison and Modine [18]. It was formulated by combining the Tauc 

expression,   
 ( )  (    )

 
   , for ε2 near the band edge with the single classical 

Lorenz oscillator and is given by, [16, 17, 19] 
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(     
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                                  (2.14) 

where Eg is the band gap of the material. In the present work, a model with a combination 

consisting dispersion laws of Tauc-Lorentz and Lorentz gave the best fit for Si films In 

this approach, the imaginary part of dielectric function ε2 is considered to be the 

combination of TL oscillator model (for E0 > Eg), and a Lorentz oscillator. Thus, the 

imaginary part of the dielectric function ε2 in Tauc Lorentz-Lorentz (TLL) model is 

defined as, 

                                                    ( )    
  ( )    

 ( )                                           (2.15) 

The real part of the dielectric function ε1 for the Lorentz, Tauc–Lorentz and TLL 

oscillator models can be obtained by the Kramers–Kronig integration of the ε2 functions 

described by the equations (2.13, 2.14 and 2.14)  [16, 17],
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where ε∞ represents the value of real part of the dielectric function ε at infinite energy and 

it is an additional fitting parameter in the oscillator model, the P stands for the Cauchy 

principal part of the integral. 

In the present thesis, the SE measurements for PLD Si films were carried out over 

the spectral range of 1.32–5.00 eV for incident angles ranging from 50° to 77° using 

Variable Angle Spectroscopic Ellipsometer (Semilab SOPRA:GES-5E) equipped with 

goniometer. The data was analyzed for incident angles of 65°, 70°, and 75° only. Data 

acquisition and analysis was performed using spectroscopy ellipsometry analyzer (SEA) 

software. In order to represent a mixed amorphous–crystalline phase for Si films, the 

Bruggeman‟s effective medium approximation (BEMA) was used [17, 20, 21]. The 

optical band gap, refractive index, extinction coefficient and thickness of the films were 

estimated from SE studies and compared with those of of UV-Vis-NIR transmission 

spectra studies.  

 

2.4 Modified Z-Scan set-up for measurement of the third order NLO coefficients of 

Si, SiOx and SiC thin films: 

In Z-scan technique, the sample is translated longitudinally along the optic axis of 

a focused Gaussian laser beam. The translation of the sample leads to the change of 

irradiance in the sample, resulting in changes 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 focus. 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 
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Figure 2.7 Schematic of modified Z-scan setup. 

 

Figure 2.8 Photograph of modified Z-scan setup. 

 (NLR) coefficient, respectively. In the present work, modified Z-scan technique was used  

to measure the NLA and NLR coefficients of PLD films, [12]. Figure 2.7 and 2.8 show 

the schematic of the modified Z-scan setup assembled in lab and its photograph. In this, a 

32 mW cw He-Ne laser (Melles Griot, 05-LHP-927, 632.8 nm) was focused by a convex 

lens of the focal length of 5 cm on the thin film sample. The transmitted beam from the 

sample was imaged on a CCD detector (PCO, PixelFly), kept at a distance of ~25 cm 
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from the focusing lens. A neutral density (ND) filter was placed in front of CCD to avoid 

its saturation. An iris diaphragm of aperture size ~6 mm was placed before the ND filter 

to suppress the scattered light entering into the CCD. The beam waist at the focus of the 

lens was estimated to be ~21.8 μm. The transmitted power before the sample was around 

~ 28 mW, which corresponds to a peak intensity of ~7.5 ×10
3
 W/cm

2
. But the intensity 

entering the thin film sample is estimated as 7.5 ×10
3 

(1-R) W/cm
2
 where R is the 

reflectance of the sample. The thin film was scanned to 15 mm on either side of the focus 

along beam direction in a step size of 1 mm, marked as –Z to +Z in Figure 2.7, and the 

transmitted beam imaged simultaneously by CCD as a function of z.  

Z-scan experiments were conducted for determining the sign and magnitude of 

real and imaginary parts of third-order nonlinear susceptibility (χ). The intensity 

dependent nonlinear absorption and refraction are expressed by the equations,  ( )  

     and  ( )       , where α is the linear absorption coefficient, n is the linear 

refractive index, β is the nonlinear absorption coefficient, n2 is nonlinear refarctive index 

coefficient and I the intensity of the laser beam incident on the sample. For OA Z-scan, 

the transmitted inetnsity was obtained by integrating the grey values of the recorded 

images using Matlab. The CA Z-scan data was obtained  by implementing a software 

aperture over the OA Z-scan images using the Matlab program for S=0.4 (where S is the 

ratio of transmittance intensity with aperture to that of without aperture). Thus, both open 

and  closed aperture Z-scan data could be retrived by this single scan recording via CCD. 

In a Z-scan experiment, in accordance with Sheik-Bahae formalism (SBF), under the 

approximation that the sample thickness is less than the Rayleigh length, z0, the far-field 

transmission intensity measured as a function of sample position (z) w.r.t the focal plane 

of the lens, accounting for purely intensity dependent nonlinear absorption and nonlinear  
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refraction are given by [22],  

 

                                                           
 

(     )
                                                   (2.17) 

                                                        
   

(     )(     )
                                            (2.18)                                     

where, Top and Tcl are the normalized transmittance for OA and CA Z-scan, respectively, 

with c =βILeff / 2
3/2

, a = 2πn2ILeff / λzo, b = 1/zo
2
 and Leff is the effective thickness of the 

thin film given by equation , 

                                                               
     (   )

 
                                              (2.19) 

where, α is the linear absorption coefficient and d is the film thickness. The normalized 

OA Z-scan transmittance curves exhibiting minimum transmission at focus indicates the 

presence of strong reverse saturation absorption (RSA). The experimental data points for 

OA Z-scan were fitted to the transmission profile given by equation (2.17) and β was 

calculated from the best fitted constant „c‟. The normalized transmittance through the 

closed aperture was normalized and fitted to equation (2.18). In the CA Z-scan, if the 

normalized transmission curves displays a transmittance minimum (valley) prior to focus 

followed by a  transmittance maximum (peak) after focus, then it indicates the self 

focusing property, corresponding to a positive nonlinear refractive index n2. On the other 

hand if peak apears prior to valley then it indicates the self defocusing property 

corresponding to negative nonlinear refractive index.The n2 can be calculated by fitting 

the data of the CA Z-scan measurment to equation (2.18). The Rayleigh length zo is given 

by, 

                                                                                   (2.20) 

where wo is the beam diameter at the focus (z=0) which was estimated using the relation, 

2

0
0

w
z
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                                                                                                      (2.21) 

where f is the focal length of the lens ( = 5 cm), D is the laser beam diameter coming out 

of the laser (≈ 1.45 mm) and λ is the laser wavelength (= 632.8 nm). From this the value 

of z0 comes out to be ~ 2.45 mm. The thickness of the films, in the present work, is less 

than 600 nm and hence it satisfies the thin film approximation. 

The linear and nonlinear refractive indices (n and n2 respectively) can be 

expressed as,                     , where, n and k (extinction coefficient) 

represent the real and imaginary parts of the complex linear refractive index while n2 and 

k2  that of real and imaginary part of the complex nonlinear refractive index, respectively. 

From these, the real and imaginary part of third order NLO susceptibility, χ
(3)

R and  χ
(3)

I, 

was calculated using the following  equations [23, 24],  

                                     
( )(   )      

  

    
(       )                                        (2.22)                                                             

                                      
( )(   )      

  

    
(       )                                       (2.23)   

where, the linear extinction coefficient, k = (αλ/4π) and imaginary part of the nonlinear 

refractive index k2  = (βλ/4π). Finally the magnitude of third order susceptibility is 

calculated from following,            

                                                           ( )  √.  
( )
/
 

 .  
( )
/
 

                               (2.24) 

2.5 Optical limiting set-up: 

Optical limiting (OL) is a property exhibited by nonlinearly absorbing material 

where it has a linear transmission till certain incident laser power and beyond which the 

output begins to saturate [25, 26]. The point of onset of deviation from linearity of the 

plot of output laser power transmitted from the sample versus input laser power is termed 

0
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as optical limiting threshold. To test the optical limiting (OL) capability of all the thin 

film samples documented in the thesis, the experimental setup very similar to the OA Z-

scan geometry was assembled and shown in Figure 2.9. The laser beam from a cw He:Ne  

 

Figure 2.9 Schematic of optical limiting measuring set-up. 

laser (Melles Griot, 05-LHP-927, 632.8 nm) was transmitted through a ND filter placed 

immediately after the laser and then focused on a sample by a 5 cm lens. The input power 

of the laser incident on the sample was varied by placing ND filters, of OD ranging from 

0.1-1, immediately after the laser. Another ND filter was placed before the CCD to avoid 

its saturation. The laser beam transmitted through the sample was imaged on CCD. From 

the CCD images, the transmitted beam intensity was measured by integrating the grey 

values of the images. Prior to recording the OL data, CCD was calibrated by illuminating 

with a known power of laser later of which was measured from power meter (Melles 

Griot, 13PEM001). The plot of transmitted laser power as a function of incident laser 

power gives the OL curve. 

2.6. Conclusion:  

In this chapter, the experimental setup used for direct laser irradiation of Si wafer 

to fabricate a-Si:SiO2 nanostructures locally as well as the PLD system for fabrication of 
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thin films of Si, SiOx and SiC are presented. The various characterization techniques 

employed to study the structural, compositional and optical properties of PLD films are 

also presented briefly. Finally, the in-house developed modified Z-scan setup and OL 

setup employed to study the NLO properties of PLD films are also discussed. 
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Chapter 3 

Fabrication of lumunescent Si:SiO2 

nanostructures by direct laser 

irradiation of Si wafer in air 

 

 
The nanostructured silicon, viz.; nano-crystalline (nc) Si, nanostructured amorphous Si 

(a-Si), nc Si or a-Si embedded in amorphous SiO2 matrix, porous silicon (po-Si) etc. 

shows intense visible and near infrared photoluminescence (PL) [1-3]. PL properties 

make nanostructured Si potential candidate as emitters for field-emission based devices 

such as high-definition displays as well as other vacuum microelectronics devices [4], 

MEMS based memory devices [5] and light emitting devices [6]. The nanostructured Si-

based thin films can be fabricated by magnetron sputtering [7], chemical vapor deposition 

[8], pulsed laser ablation [9, 10] etc. In some cases, it is desirable to grow nanostructured 

area locally on a silicon-based device or on assembled integrated chip. The nc-Si 

structures can be grown directly on Si substrate by direct irradiation of laser [2] or via 

chemical etching [11]. The local etching of a Si based film can be performed by nano 

second pulsed radiation from a laser with a high precision. It does not require any 

hazardous chemical and hence is contamination free as well as environment friendly. In 

the present chapter, the fabrication of a-Si:SiO2 nanostructures via direct pulsed laser 

ablation of Si wafer  and its room temperature PL properties are described. 

3.1 Experimental details: 

The a-Si:SiO2 nanostructures were fabricated on polished crystalline Si (100) wafers by 

irradiating it with a loosely focused beam of second harmonic (532 nm) from a Q 

switched high power Nd: YAG laser (pulse duration of 8 ns and repetition rate of 10 Hz) 

in air at room temperature (RT) as shown in Figure 2.1, Chapter 2. The laser beam was 
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steered by a prism and irradiated on the target at an incident angle ~ 30˚ to avoid back 

reflection. The focal spot of laser beam onto the Si target was elliptical with major and 

minor axes of ~ 1.9 mm and 1.6 mm, respectively. The focusing of high power laser onto 

Si target in air results in the breakdown of the material and the atmospheric air in the 

neighborhood of focal region forming the laser produced plasma plume. This produces Si 

and oxygen ions which reacts and get deposited back onto the target around the periphery 

of the focal spot to yield a-Si:SiO2. The effect of laser fluence on the fabrication of a-

Si:SiO2 was studied by varying the fluence in the range of 0.35 – 2.67 Jcm
-2

. The Raman 

spectra of a-Si:SiO2 were recorded at room temperature (RT) by micro-Raman 

spectrometer in back scattering geometry. The 488 nm line of Ar ion laser was used as an 

excitation source. The same laser was also used for PL studies of these samples. The 

surface morphology of the laser irradiated region was recorded by Scanning Electron 

Microscope (SEM) and the compositional analysis was performed by Energy Dispersive 

X-Ray (EDX). Fourier Transform Infrared (FTIR) transmission spectra of all the samples 

were recorded to get the confirmation of the presence of SiO2 in the vicinity of focal 

region. Transmission Electron Microscopic (TEM) images were recorded for analyzing 

the size distribution of a-Si particle within the whitish clusters formed in the peripheral 

region of laser ablated crater. SAED patterns were also recorded for all the samples.   

3.2 Results and discussions: 

3.2.1 Study of morphological, structural and photoluminescence property of laser 

irradiated Si target at a laser fluence of ~ 1.46 Jcm
-2

 after 6,000 laser shots: 

Figure 3.1 shows SEM image of the laser irradiated spot onto Si target at a laser 

fluence of 1.46 Jcm
-2

 after 6000 shots of laser. A central dark crater-like region 

surrounded by white clusters is clearly visible in the SEM image. Similar features were 
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observed at all other values of laser fluences. The crater size and amount of white cluster 

kept on increasing as a function of laser fluence from 0.35 to 2.67 Jcm
-2

. 

 

Figure 3.1 SEM image of laser irradiated Si target at a laser fluence of ~ 1.46 Jcm
-2

 after 

6,000 shots. 

 

The magnified view of whitish region is shown in Figure 3.2(a). It shows the formation 

of cauliflower like structure having size distribution from 10 to 20 µm. The Raman 

spectrum (200-700 cm
-1

) of these structures is shown in the Figure 3.2(b). It displays a 

prominent band (400-550 cm
-1

) and a shoulder toward the low energy tail (350-400 cm
-1

) 

of this band. The 400-550 cm
-1

 band with broad peak at around 483 cm
-1

  (FWHM  ~ 

105.6 cm
-1

)  is attributed to first-order scattering of vibrational TO  phonon modes  of 

amorphous silicon [12, 13]. For comparison the Raman spectrum of unexposed Si target 

displaying a sharp intense peak at 521 cm
-1

, a characteristic of bulk crystalline Si, is also 

shown in Figure 3.2(b). It arises from the first-order Raman scattering of the longitudinal 

optical (LO) and the transverse optical (TO) phonon modes which are degenerate at the 

Brillouin zone centre in crystalline Si [14]. Figure 3.2(c) shows the RT PL spectrum of 
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above sample. It displays a broad asymmetric PL ranging from 1.6 – 2.2 eV, having band 

tail towards the blue region, with a peak around 1.82 eV [3, 14].  

 

Figure 3.2 (a) SEM image, (b) Raman spectrum and (c) RT Photoluminescence spectrum 

of whitish clusters formed at a laser fluence of 1.46 Jcm
-2 

(6000 laser shots). 

 

Figure 3.3 (a) SEM image, (b) Raman spectrum and (c) RT Photoluminescence spectrum 

of dark central region formed at a laser fluence of 1.46 Jcm
-2 

(6000 laser shots). 

 

Figure 3.3(a), 3.3(b) and 3.3(c) shows magnified SEM image, Raman spectrum 

and PL spectrum of central dark region of the same sample, respectively. The SEM image 

displayed formation of micron sized rippled structures termed as laser-induced periodic 

surface structures (LIPSS) [15]. Its Raman spectrum exhibited a sharp high intense peak 

at 521 cm
-1

 similar to that of a bare target as shown in the Figure 3.2(b). No detectable PL 

was observed in the dark central regions as evident from Figure 3.3(c). The central dark 
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region surrounded by whitish region was formed by the re-deposition and nucleation of 

material onto the target from the expanding laser produced plasma plume. The laser beam 

spot being Gaussian has an intense central region with relatively less energy at periphery. 

The central region receives larger energy density and hence reaches higher temperatures 

compared to peripheral regions. Due to larger thermal diffusion length in the central 

regions the depth of molten mass is comparatively more. Therefore, central region has 

much larger amount of melt volume at relatively higher temperature compared to regions 

at periphery. In central region, the material has enough time to re-crystallize from the 

melt due to increased recalescence and higher temperature, hence providing sufficiently 

long period of cooling. The peripheral region, having low temperature and smaller 

amount of melt volume, cools much earlier to allow hardly any re-crystallization and  

hence resulted into the formation of amorphous phase [16, 17].  

3.2.2 Compositional analysis of a-Si:SiO2 nanostructures as a function of laser 

fluence: 

Figure 3.4(a), 3.4(b), 3.4(c) and 3.4(d) show the EDX spectra of whitish region 

formed around the periphery of the laser irradiated spot at laser fluences of 0.35, 0.67 and 

1.46 Jcm
-2

 after irradiation with 6000 shots and at 2.67 Jcm
-2

 after 3000 shots 

respectively. These spectra showed the presence of silicon and oxygen in the 

nanostructures indicating the SiO2 matrix formation [18]. The atomic proportion of O2 

was found to have increased gradually from 44.9 % to 70.9 % with increasing laser 

fluence. The higher laser fluence favours the formation of larger amount of SiO2 due to 

the breakdown of more and more ambient air at higher laser fluence. The reaction of ions 

of Si and oxygen in laser produced plasma results in subsequent SiO2 formation during  
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cooling phase of plasma followed by the re-solidification onto the target surface.  

 

Figure 3.4 EDX spectra of whitish area of sample fabricated at laser fluences of 

(a) 0.35 Jcm
-2

, (b) 0.67 Jcm
-2 

and (c) 1.46 Jcm
-2

 with 6000 laser shots and (d) 2.67 Jcm
-2

 

with 3000 laser shots. 

 

3.2.3 Structural characterization of a-Si:SiO2 nanostructures as a function of laser 

fluence: 

To study the effect of laser fluence on the formation of a-Si embedded in SiO2 

matrix, the Raman spectra of all the samples prepared at laser fluence of 0.35, 0.67 and 

1.46 Jcm
-2

 after irradiation with 6000 shots and at 2.67 Jcm
-2

 after 3000 shots were 

recorded. At 2.67 Jcm
-2

 after 6000 shots a hole was drilled on the target, so its spectra 

could not be recorded. Figure 3.5 shows the de-convoluted Raman spectra of the 
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periphery (white region) of the samples fabricated at (a) 0.35, (b) 0.67 Jcm
-2

 (c) 1.46 Jcm
-

2
 and (d) 2.67 Jcm

-2
 to unveil the multiple peaks present in the spectra. After de-

convolution five distinguishable peaks have been observed in Raman spectra of white 

region formed at a laser fluence of 0.35 Jcm
-2

 as shown in Figure 3.5(a). These five peaks 

observed at 615 cm
-1

, 512 cm
-1

,  478 cm
-1

, 433 cm
-1

 and  333 cm
-1

 had been designated as 

peak 1, peak 2, peak 3, peak 4 and peak 5, respectively. Peak 1 is the least intense which 

corresponds to defect peak D2 of SiO2 matrix. Peak 2 observed at 512 cm
-1

 could be due 

to presence of small fraction of nc-Si. Peak 3 had the maximum intensity with broad 

FWHM~67 cm
-1

 peaking around 478 cm
-1

 which is attributed to first-order scattering of 

vibrational TO phonon modes of a-Si [12, 13]. Peak 4 observed at around 433 cm
-1

 has 

maximum FWHM of 116 cm
-1

 with peak intensity nearly half of that of peak 3. This peak 

is attributed to the six-membered rings (Si2O4) and presence of five-, seven- and higher 

member rings is responsible for broadening of this band [19]. Moreover, a blue shift of 

this peak is related to decrease of Si-O-Si bridging angle between different tetrahedral 

units forming the SiO2 matrix. Finally, a broad peak 5 observed at 333 cm
-1

 is attributed 

to combination of LA and LO like modes of amorphous silicon [12, 13]. Similar Raman 

peaks were observed for the samples prepared at laser fluences of ~ 0.67, 1.46 and 2.67 

Jcm
-2

. In Figure 3.5(b), 3.5(c) and 3.5(d), D2 peak was absent. In Figure 3.5(d), an 

additional peak at 491 cm
-1

 assigned as peak 2 was observed. This peak corresponds to D1 

peak of SiO2 which though present in other spectra could not be de-convoluted due to 

close proximity and broadness of vibrational TO phonon modes of a-Si present around 

480 cm
-1

. D1 and D2 peaks are associated with in-phase breathing motions of oxygen 

atoms in three- and four- membered rings respectively [19]. Thus Raman spectra revealed 

the presence of both a-Si and disordered SiO2 in the whitish micro-clusters. The data of 
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various de-convoluted peaks and respective FWHM of Raman spectra of whitish region 

formed around the periphery of the irradiated Si target at different laser fluences are listed 

in Table 1. The last column of the table lists the assignments of peaks to corresponding 

Raman active vibrational modes. The Raman spectra of dark central region of each 

sample exhibited sharp Lorenzian peak at 521 cm
-1

, corresponding to Raman active mode 

of c-Si. While at few places a red shift w.r.t. this peak was also observed, which is a 

characteristic feature of nanocrystalline Si (nc-Si). 

 

Figure 3.5 The de-convoluted RT Raman spectra of whitish clusters of a-Si:SiO2 

formed at laser fluences of (a) 0.35 Jcm
-2

, (b) 0.67 Jcm
-2 

and (c) 1.46 Jcm
-2

 with 6000 

laser shots and (d) 2.67 Jcm
-2

 with 3000 laser shots. 
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Table 3.1. Peak centers and FWHMs of de-convoluted RT Raman spectra of whitish 

clusters of a-Si:SiO2 formed as a function of laser fluences along with appropriate peak 

assignments. 

 

Laser 

Fluences 

(Jcm
-2

) 

Peak 

No. 

Raman 

Peaks 

(cm
-1

) 

FWHM 

(cm
-1

) 

Peak Assignments 

0.35 1 615 30 D2 localised 3 membered Siloxine ring 

2 512 44 Red shifted LO and TO phonon modes of 

c-Si (Signature of nc-Si) 

3 478 67 TO  phonon modes  of a- Si 

4 433 116 6 membered ring in Silica network 

5 339 203 Combination of LA and LO modes of a-Si 

0.67 1 519 32 LO / TO phonon modes of nc-Si 

2 483 47 TO  phonon modes  of a- Si 

3 445 77 6 membered ring in Silica network 

4 360 119 Combination of LA and LO modes of a-Si 

5 301 43 LA phonon modes  of a- Si 

1.46 1 515 45 LO / TO phonon modes of nc-Si 

2 482 65 TO  phonon modes  of a- Si 

3 443 68 6 membered ring in Silica network 

4 380 37 LO modes of a-Si 

2.67 1 518 30 LO / TO phonon modes of nc-Si 

2 491 41 D1 localised 4 membered Siloxine ring 

3 471 47 TO  phonon modes  of a- Si 

4 441 74 6 membered ring in Silica network 

5 384 50 LO modes of a-Si 
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Figure 3.6 shows the FTIR transmission spectra of laser irradiated region in c-Si 

wafer at all the laser fluences. The baseline correction was done w.r.t the FTIR 

transmission spectrum of unirradiated intrinsic c-Si target.  The intensity of absorption 

band (a) located around 458 cm
-1

 which is attributed to rocking vibration of Si-O, 

increases with increasing  laser fluence. For samples fabricated at higher laser fluences of 

1.46 and 2.67 Jcm
-2

, absorption bands marked as (b) and (c) evolved at 652 cm
-1

 and 789 

cm
-1

, respectively. The band at 652 cm
-1

 is attributed to Si-Si stretching vibration in a-Si. 

The band at 789 cm
-1

 is due to in plane Si-O-Si bending vibration in SiO2 matrix. The 

absorption band ranging from 1000 cm
-1

 to 1300 cm
-1

 was the most prominent absorption 

feature observed in all these samples. This spectral region consisted of the most intense 

absorption band designated as (d) with a broad shoulder leveled as (e). The absorption  

 

Figure 3.6 FTIR transmission spectra of whitish clusters of a-Si:SiO2 formed at different 

laser fluences. 
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band (d) located around 1074 cm
-1

 for samples prepared at 0.35 Jcm
-2

 showed a gradual 

blue shift with increasing laser fluence. It shifted to 1081 cm
-1

 at maximum laser fluence 

of 2.67 Jcm
-2

. The absorption shoulder found to be slightly blue-shifted with increasing 

laser fluence, from 1189 cm
-1

 to 1192 cm
-1

. Both of these bands showed an increase in 

absorption intensity with increasing laser fluence and at higher fluences the shoulder 

becomes more pronounced. The absorption band at (d) is attributed to the in phase bond-

stretching vibrations along Si-O bond and that of (e) are due to out-of-phase bond-

stretching vibrations along Si-O bond [20]. The FTIR spectra for sample, prepared at 

laser fluence of 2.67 Jcm
-2
, exhibited an additional absorption band marked as ‘*’ around 

930 cm
-1

, attributed to Si-OH stretching vibration. The absorption bands associated with 

the rocking (a), bending (c) and stretching (d, e) vibration modes of the Si–O–Si bonds in 

SiO2 reconfirms the formation of SiO2 matrix in the Si target. The increase in absorption 

dip with the laser fluence further indicates the increase in proportion of SiO2 in 

confirmation with the EDX results (Figure 3.4).  

 

3.2.4 Surface morphology characterization of a-Si:SiO2 nanostructures as a function of 

laser fluence: 

 

Figures 3.7 displays the SEM images of whitish region formed around the 

periphery of the samples prepared at laser fluences of (a) 0.35, (b) 0.67 and (c) 1.46 Jcm
-2

 

after irradiation with 6000 shots as well as that of (d) 2.67 Jcm
-2

 after 3000 shots. The 

images showed micron sized cauliflower-like clusters with a nanostructured envelop in all 

the samples. 
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Figure 3.7 SEM images of whitish clusters formed at different laser fluences (a) 

0.35 Jcm
-2

, (b) 0.67 Jcm
-2 

and (c) 1.46 Jcm
-2

 with 6000 laser shots and (d) 2.67 Jcm
-2

 with 

3000 laser shots. 

 

3.2.5 TEM analysis of a-Si:SiO2 nanostructures as a function of laser fluence: 

Figure 3.8 (a-d) show TEM micrographs and Figure 3.8 (e-h) show the 

corresponding SAED pattern of whitish clusters formed at different laser fluences. From 

these images, it was observed that at lowest laser fluence densely packed nanosized 

clusters of variable size were formed while at high laser fluences the particle were 

relatively less dense and more distinct. From the corresponding SAED pattern shown in 

Figure 3.8 (e-h), it was observed that diffraction pattern of these nanostructures displayed 

diffuse ring, a characteristic of the amorphous material. The inset of Figure 3.8 (c) shows  
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Figure 3.8 TEM 

micrographs (a-d) and 

corresponding SAED 

pattern (e-h) of whitish 

clusters formed at 

laser fluences of 0.35 

Jcm
-2

, 0.67 Jcm
-2 

and 

1.46 Jcm
-2

 with 6000 

laser shots and 2.67 

Jcm
-2

 with 3000 laser 

shots, respectively. 

Inset in (c) shows the 

HRTEM of 

nanostructures formed 

at laser fluence of 1.46 

Jcm
-2

. 
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Figure 3.9 Histograms depicting the particle size distribution estimated from TEM 

images of whitish clusters formed at laser fluences of (a) 1.46 and (b) 2.67 Jcm
-2

.  

 

the HRTEM of white clusters formed at 1.46 Jcm
-2

. It can be seen from the inset image 

that the clusters composed of nanospheres of nearly 15 nm diameter which was 

amorphous in nature as no crystal plane was visible. Hence there is hardly any significant 

formation of nanocrystallites within the whitish clusters of all these samples. These 

results are consistent with those of Raman studies which claimed that whitish clusters are 

basically composed of a-Si: SiO2. The Figure 3.9 (a) and Figure 3.9 (b) show the 

histograms depicting the particle size distribution estimated from TEM images of whitish 

clusters formed at laser fluences of (a) 1.46 and (b) 2.67 Jcm
-2

. It has been observed that 

with increased laser fluences from 1.46 Jcm
-2

 to 2.67 Jcm
-2

, the average size of spherical 

nanoclusters decreased from nearly 12 nm to 5 nm. 

3.2.6 Photoluminescence studies of a-Si:SiO2 nanostructures as a function of laser 

fluence :  

The PL spectra of the whitish region of all the samples fabricated at different laser 

fluence are shown in Figure 3.10. The room temperature PL spectra for all these samples 

show an asymmetric broad luminescence band having peak at around 1.82 eV. The 

TH-1680_10612114



 

Chapter 3: Fabrication of lumunescent Si:SiO2 nanostructures by direct laser irradiation 

of Si wafer in air. 

61 | P a g e  
 

multiple peak fitting of PL spectra using Gaussian lineshape function are shown in Figure 

3.10.  After de-convolution, two peaks could be clearly distinguished on each of these 

curves as shown in Figure 3.11, one is low energy peak (peak 1) ranging from 1.6 – 1.8 

eV and other is high energy peak (peak 2) ranging from 1.6 – 2.4 eV. The low energy 

peak was less intense as compared to that at higher energy in each spectrum. From Figure 

3.12, plot of PL peak energy as a function of laser fluence, it is observed that the low 

energy PL peak had undergone a slight blue shift from 1.66 to 1.75 eV with increasing 

laser fluence while that for high energy peak was relatively constant at around 1.83 eV for 

all fluence except for white clusters formed at 2.67 Jcm
-2

 for 3000 laser shots whose PL 

peak 2 was observed at 1.95 eV. The origin of PL in the present case could be two fold. 

The bulk a-Si gives a near-infrared PL around 1.3–1.4 eV at room temperature due to 

 

Figure 3.10 RT Photoluminescence spectra of whitish clusters of a-Si:SiO2 formed at 

different laser fluences~ 0.35 Jcm
-2 

(6000 shots), 0.67 Jcm
-2 

(6000 shots), 1.46 Jcm
-2

 

(6000 shots), and 2.67 Jcm
-2 

(3000 shots). 
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structural disorder and can get blue shifted to 2.7 eV in nanostructured form [21, 22]. The 

blue shift in peak 1 of the PL spectra of all the samples, w.r.t that of documented for bulk 

a-Si, is attributed to the nanostructured a-Si of size less than 20 nm as observed in TEM 

results (Figure 3.8) [23]. Unlike nc-Si, visible PL and related blue shift with decrease in 

size could not be explained by quantum confinement model in a-Si. This blue-shift in PL 

peak energy can be attributed to spatial confinement [22] in nanostructured a-Si clusters 

which depends on the statistical distribution of available bandtail states [3, 24]. With the  

 

Figure 3.11 Curve-fitted and de-convoluted RT Photoluminescence spectra of whitish 

clusters of a-Si:SiO2 formed at different laser fluences (a) 0.35 Jcm
-2 

(6000 shots),(b) 0.67 

Jcm
-2 

(6000 shots), (c) 1.46 Jcm
-2

 (6000 shots), and 2.67 Jcm
-2

 (3000 shots) showing two 

peak centers (in eV). 

TH-1680_10612114



 

Chapter 3: Fabrication of lumunescent Si:SiO2 nanostructures by direct laser irradiation 

of Si wafer in air. 

63 | P a g e  
 

reduction of the structure size, electron-hole (e-h) pairs get confined in a small dimension 

resulting in decrease of the available band-tail states. Hence, probability of e-h 

recombination is higher between the deeper states in the proximity to mobility edges of 

transition bands. Consequently, the lowest energy accessible for recombination of the e-h 

pairs is greater than that of bulk a-Si. The broad line width of the PL spectra, which were 

observed for all samples, could be mostly due to the statistical distribution of states in a-

Si:SiO2, though a distribution of structure sizes may also contribute  further to broaden 

the peak [21]. Peak 1 also showed small but gradual blue shift with increase in laser 

fluence. A PL peak shift from 1.50 eV to 1.75 eV has been reported for a-Si spherical 

nanostructures of diameter from nearly 12 nm to 4 nm [22]. But in present case, PL peak 

is observed to be blue shifted from 1.71 eV to 1.75 eV for a-Si spherical nanostructures of 

average size of 12 nm and 5 nm formed in whitish clusters at laser fluence of 1.46 Jcm-
2
 

and 2.67 Jcm
-2

 respectively. This reduction in particle size with increasing laser fluence 

can be explained in the following manner. At low laser fluence, the LPP was composed of 

less Si atoms while the plasma temperature and pressure were also low. So, the nucleation 

sites are very few. These nuclei continue to grow until nearby silicon clusters are 

completely consumed. The small number of nuclei formed accommodates all the 

surrounding Si clusters, forming large sized particles. With increase in laser fluence, 

plasma plume attains relatively high temperature and particle density resulting formation 

of large number of nucleation sites. Therefore, though there is an increment in Si atoms at 

high laser fluence the nucleation sites are too numerous, leading to formation of small 

sized nanostructures [25]. This decrease in size with laser fluence can also be explained in 

context of increase in O2 content with laser energy. With the increase in laser fluence and 

subsequent oxidation of Si, oxygen content increases and more Si are consumed reducing  
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Figure 3.12 Plot showing variation of PL peak energy of peak 1 (at low energy) and peak 

2 (at high energy) versus increasing irradiating laser fluence. 

 

the size of a-Si clusters embedded in SiO2 matrix. As the presence of SiO2 is confirmed 

by EDX, FTIR and Raman spectra, the peak 2 in PL spectra could be due to oxygen 

defects [26]. Basically, excess O2 and O2 deficiency are major variety of oxygen defects 

which contribute to PL. The PL originating from oxygen deficient defect like ODC(I), 

ODC(II), E’ center etc. were reported to have peak within 2.2-4.8 eV while excess 

oxygen related defect PL were reported to be observed between 1.8-2.0 eV [26, 27]. The 

PL spectra of white clusters for sample irradiated at laser fluence of 2.67 Jcm
-2

 showed 

high energy peaks (Peak 2) at 1.95 eV and that of other samples around 1.83 eV. The 

potential candidate for such PL could be the defect states like non-bridging oxygen hole 

center (NBOHC), interstitial O2
-
, O3

-
 and their respective neutrals. NBOHC has 

absorption bands peaking at 1.97 and 4.8 eV while that of defect states due interstitial O, 

O2 and O3 is around 4.8 eV. So, as the excitation photon energy used in PL studies is 2.54 

eV (488 nm) only, the probable reason for PL emission peaking around 1.83 eV could be 
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due to absorption of 2.54 eV photon resulting into electronic excitation to energy states 

formed by NBOHC defect corresponding to 1.97 eV absorption band and subsequent de-

exitation from low lying emission level [26].  

 

Figure 3.13 (a) Variation of atomic percentage of O/Si (from EDX) and peak 2 PL 

intensity as a function of irradiating laser fluence and (b) variation in PL intensity of 

peak 2 as a function of atomic % of O/Si (from EDX). 

 

In Figure 3.13(a), the variation of ratio of the atomic percentages of oxygen to 

silicon (O/Si) from EDX and PL intensity of peak 2 of white micro-clusters with 

increasing laser fluence are shown. The ratio of the atomic percentages of oxygen to 

silicon increased from nearly 1.52 to 2.4 with increasing laser fluence from 0.35 to 2.67 

Jcm
-2

. The increase in oxygen content with increasing laser fluence could be explained by 

the fact that with increasing laser fluence from 0.35 to 2.67 Jcm
-2

 the plasmas of Si and 

air get more ionized and denser enhancing the probability of oxidation of Si. The intensity 

of peak 2 is plotted as a function of O/Si from EDX in Figure 3.13(b). It has been 

observed that PL intensity of peak 2 varies non- monotonically, first increased with 

increasing oxygen content in the a-Si:SiO2 matrix and then decreased. With increasing 

laser fluence, deposited energy increases which may strain the undisturbed Si2O7 network 
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(≡Si─O─Si≡) finally breaking it to give ≡Si● (E’ center) and ●O─Si≡ (NBOHC). The 

increased oxidation in a-Si:SiO2 matrix with  increasing laser fluence oxidizes ≡Si●  to 

convert them into ●O─Si≡  creating additional NBOHC defects. This enhances the PL 

intensity with increasing laser fluence till 1.46 Jcm
-2

 [27, 28].  At 2.67 Jcm
-2

, the 

oxidation of white clusters was too large that it might have passivated the defects 

reducing the PL intensity. Hence the origin of PL corresponding to peak 2 is attributed to 

electronic transition from states formed by NBOHC defects.    

3.3 Conclusions 

Micron sized amorphous silicon clusters embedded within SiO2 matrix, a-Si:SiO2, were 

fabricated by direct laser irradiation on crystalline Si target in air. The amorphous nature 

of the clusters was confirmed by Raman spectra as well as SAED patterns. Further both 

Raman and FTIR spectra showed the presence of a-Si and amorphous SiO2. The EDX 

results showed increase of oxidation of Si with increasing laser fluence which is also 

confirmed by gradual increase in infrared absorption corresponding to Si-O-Si stretching 

vibration mode. These nanostructures exhibited an intense room temperature broad band 

PL ranging from 1.6 eV to 2.2 eV consisting of two peaks. The origin of luminescence in 

these structures is attributed to nanostructures of a-Si and NBOHC defects in SiO2 matrix. 

This broad band luminescent property of a-Si: SiO2 within visible range via such a simple 

fabrication technique may find applications in optoelectronic devices.  
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Chapter 4 

Fabrication and Characterization of 

PLD Si and SiOx films 

 

 

The thin films of Silicon (Si) and non stoichiometric silicon oxide (SiOx) are 

nowadays an indispensable part of optoelectronics, photovoltaic, optical and non-linear 

optical (NLO) devices [1-5]. The band gap of nanocrystalline Si (nc-Si) thin films 

depends on crystallite size due to quantum confinement (QC) effect and hence 

photoluminescence emission from it can be tuned over a wide range of visible spectrum 

[2]. The SiOx (0≤x≤ 2) films generally contain nc-Si embedded in a silicon oxide (SiO2) 

matrix and hence also termed as nc-Si:SiO2. The structural, optical  and NLO properties 

of these films can be modulated by controlling the oxygen content (x) as well as the size 

of the nanocrystallites embedded in it [3]. It is foreseen as a potential candidate for the 

fabrication of light-emitting silicon-based devices [6]. The SiOx layers have been used as 

protective coatings on metallic mirrors, antireflection coatings and low refractive index 

layers in the mid infrared spectral range [7-9]. It can also be used as insulating dielectric 

films, passivation layers, and interlayers in microelectronic devices [10, 11]. The thin 

films of Si and SiOx  have been fabricated by thermal or e-beam evaporation [12, 13], 

R.F. sputtering [14, 15], chemical vapor deposition [16, 17], pulsed laser deposition 

(PLD) techniques etc. [18, 19]. Among all the deposition techniques, PLD offers the 

advantages of fabrication of stoichiometric as well as non-stoichiometric thin films in a 

single step by controlling the deposition parameters. It does not require any hazardous gas 

and hence environmental friendly.  

In this chapter fabrication and characterization of Si and SiOx semiconductor thin 

films via PLD technique are presented. The effect of substrate temperature and O2 

ambient pressure on the stoichiometry and crystallinity, which in turn control their 
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structural as well as optical properties are studied. The room temperature (RT) 

photoluminescence properties of SiOx films and their possible origins are also 

investigated.  

 

4.1 Experimental Details: 

The Si films were deposited by PLD technique onto Corning glass by varying 

substrate temperatures; RT, 200 
0
C, 400 

0
C, 600 

0
C and 700 

0
C. A pulsed high power Q-

switched Nd:YAG laser ( 532 nm, 10 ns duration, 10 Hz) was focused, to provide  a laser 

fluence of 2.5 J/cm
2
, onto the Si (100) target under vacuum (~10

-6
 mbar) for depositing 

the films as discussed in section 2.2 of Chapter 2. The films were deposited for 30 

minutes duration. SiOx films were fabricated onto glass substrate via reactive PLD by 

ablating a c-Si target under oxygen ambient at deposition pressures of 10
-4

, 10
-3

, 10
-2

 and 

0.5 mbar at a constant substrate temperature of 400 °C, keeping other deposition 

parameter fixed and are listed in Table 4.1. All these samples were characterized by XRD 

for analyzing their crystallinity using the Cu Kα line at a glancing incidence angle of 1.5°. 

The 2θ was scanned in between 20° and 70° in an angular step of 0.03°. The Raman 

spectra of Si and SiOx thin films were recorded using micro-Raman setup in back 

scattering geometry. The 488 nm line of Ar ion laser was used as an excitation source. 

The Raman mapping was performed by scanning over an area of 30×30 µm
2
 with a step 

size of 1×1 μm
2
 area.  The UV-Vis-NIR transmission spectrum of the films was recorded 

in the wavelength range from 200 to 3000 nm. The Swanepoel’s envelop method was 

used to estimate the refractive index (n) and thickness of the films as described in 

Chapter 2 [20]. The thickness of the thin films was also measured by stylus profilometer 

for comparison. The optical band gap of the films was estimated using Tauc plot after 

calculating absorption co-efficient from their respective UV-Vis-IR transmission spectra. 
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The Si films were also been subjected to ellipsometric measurements and the results are 

compared with that of obtained from UV-Vis-NIR spectra. SEM and EDX of SiOx films 

were performed for the surface morphology as well as the compositional analysis, 

respectively. In addition, the steady-state PL spectra of the SiOx films were recorded at 

RT using a commercial fluorimeter (Thermo Spectronic, FA-357) equipped with charge 

coupled detector. A diode laser providing wavelength of 405 nm is used as excitation 

source. The high-magnification surface morphologies and structures of the samples were 

studied by TEM, UHRTEM and SAED pattern. 

 

4.2  Effect of substrate temperature and O2 pressure on Si-based thin films via 

PLD:  

The range of deposition parameters over which Si and SiOx films were fabricated 

are listed in Table 4.1. In the following subsections the effect of substrate temperature and 

oxygen gas pressure is detailed. 

 

Table 4.1: Deposition parameters for the fabrication of Si-based films: 

 

Laser fluence 

(Jcm
-2

) 

Deposition 

duration (min) 

Ambient 

pressure 

(mbar)/type 

Substrate 

temperature (°C) 

Substrate 

2.5 30 ~10
-6

 RT Corning 

glass 200 

400 

600 

700 

10
-4

/ O2 400 
Glass 

(microscopic 

slide) 

 

10
-3

/ O2 

10
-2

/ O2 

10
-1

/ O2 

0.5/ O2 
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4.2.1  Effect of substrate temperature on the properties of Si films: 

 

The substrate temperature (Ts) controls the surface energy during nucleation of 

film and hence its variation may play a vital role in shaping up the structural and 

corresponding optical properties of Si films. Hence Si films were initially fabricated as a 

function of Ts. The Si films were deposited on Corning glass substrate at various Ts; RT, 

200 °C, 400°C, 600 °C and 700 °C. The other deposition parameters were kept fixed and 

are listed in Table 4.1.  

 

4.2.1.1 Structural properties of nc-Si thin films: 

Figure 4.1 shows the XRD spectra of the Si thin film deposited at various Ts from RT to 

700 
o
C. All the samples exhibited characteristic XRD peaks for the Si (111), Si (220) and 

Si (311) planes at 2θ ~ 28.45˚, 47.37˚ and 56.2˚, respectively [21]. It was observed that 

intensity of these peaks showed non-monotonous behavior as a function of Ts, initially 

increasing with Ts from RT to 400
 o
C and thereafter slightly decreased with increasing Ts 

till 700
 o

C. Figure 4.1 (b) exhibits the plot of integrated intensity for XRD peaks 

corresponding to Si (111), Si (220) and Si (311) as a function of Ts, indicating  the  

 

Figure 4.1 (a) XRD spectra of the substrate and PLD nc-Si thin films fabricated at 

different Ts and (b) Plot of integrated intensity of respective peaks as a function of Ts. 
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Table 4.2 XRD peak positions, corresponding FWHMs and respective Si crystallite size 

for the Si thin films as a function of Ts. 

 

 

increase in crystallinity of the films with increasing Ts. The peak positions and 

corresponding full width half maxima (FWHM) of all the XRD peaks of the films 

deposited as a function of Ts are listed in Table 4.2. The average crystallite size (Dds) was 

calculated from the prominent Si [111] peak and using Debye-Scherrer’s formula, 

    
  

        
 , where K is the shape factor (0.9), hkl is the FWHM of XRD peak and λ is 

the wavelength of Cu-kα radiation used for recording XRD spectra. The values of D are 

also listed in Table 4.2. 

Figure 4.2 (a) shows microscopic images (30µm × 30µm) of Si thin films 

deposited at Ts = 400 
0
C. It clearly exhibits the formation of localized micron sized 

clusters against uniform background. In the PLD technique, the laser ablated material 

comprising of laser induced plasma (LIP) of target material (Si plasma in present case) 

was formed along with the direct ejection of molten droplets. The LIP of Si target, 

containing Si ions, neutrals and electrons, expands and cools down to finally deposit on 

the substrate rendering the smooth background of the film. The molten droplets deposited 

directly on the substrate appear in the form of micron sized clusters against uniform 

background [22, 23]. To unveil the structural inhomogeneity of the localized clusters and 

the background of the film, Raman map was recorded. Figure 4.2 (b) exhibits the Raman 

Substrate 

Temperature

, Ts ( 
o
C) 

Si[111] Si[220] Si[311] Dds (nm), 

(Debye-

Scherrer’s ) 

Peak 

position 

(˚) 

FWHM 

(˚) 

Peak 

position 

(˚) 

FWHM 

(˚) 

Peak 

position 

(˚) 

FWHM 

(˚) 

RT
 

28.43 0.43 47.35 0.46 56.18 0.51 19.0 

200
 

28.45 0.38 47.35 0.42 56.20 0.46 21.5 

400 28.43 0.40 47.35 0.44 56.18 0.50 20.5 

600 28.46 0.44 47.36 0.46 56.20 0.54 20.5 

700 28.42 0.54 47.33 0.64 56.12 0.79 13.5 
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map of 30µm × 30µm region of Si thin films. The Raman map was recorded over two 

different ranges; Raman shift from 500 - 525 cm
-1

 represented in green colour and that of 

460-490 cm
-1

 in black colour. It is very clear that the Raman shift of the clusters lies in 

former range while that of the background in the later range. Figure 4.2 (c) shows the 

respective Raman spectra of both the regions, clusters in green and background in black 

for Si thin films deposited at Ts= 400°C. The Raman spectrum of cluster within the film 

shows a sharp highly intense peak at 520.5 cm
-1

. The peak is asymmetric toward lower 

wavenumber side and red shifted w.r.t that of bulk c-Si at 521 cm
-1

 and hence is a feature 

of nanocrystalline Si. It arises from the first-order Raman scattering of the longitudinal 

optical (LO) and the transverse optical (TO) phonon modes which are degenerate at the 

Brillouin zone center [24, 25]. The Raman spectrum of the film background, Figure 4.2 

(c), (black in colour) displays one prominent band (400-550 cm
-1

) with a highly intense 

peak around 480 cm
-1 

and shoulders toward the lower wavenumber (350-400 cm
-1

). 

Another relatively less intense broad band in the range of 100-280 cm
-1

 having peak 

around 160 cm
-1

 has also been observed. These bands corresponds to Raman active TO, 

LO, longitudinal acoustic (LA) and transverse acoustic (TA) (marked in figure) phonon 

modes of amorphous Si (a-Si) [25]. Hence from the Raman studies it can be inferred that 

 

Figure 4.2 (a) Optical micrograph images (30µm × 30µm), (b) corresponding Raman 

mapping and (c) Raman spectra of micron sized clusters and background of nc-Si thin 

film deposited at Ts of 400 ˚C. 
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the thin films were composed of clusters of nc-Si embedded in otherwise uniform 

background of a-Si. The Raman maps of all the other films also exhibited similar 

behavior. Figure 4.3(a-e) shows the (i) optical micrograph images, (ii) Raman spectra of 

micron sized clusters and (iii) Raman spectra of background of the Si thin films deposited 

at Ts of (a) RT, (b) 200 ˚C, (c) 400 ˚C, (d) 600 ˚C and (e) 700 ˚C, respectively. The 

microscopic images, Figure 4.3 (a-i) - (e-i), of all the samples displayed the micron sized 

clusters embedded in smooth background. The Raman spectra of the clusters within each 

film, Figure 4.3 (a-ii) – (e-ii),  exhibited a sharp highly intense peak asymmetric towards 

lower wavenumber side and was red shifted w.r.t. the peak arising at 521 cm
-1

 for that of 

bulk c-Si indicating the feature of nc-Si [26]. In addition, the Si films deposited at RT 

and 700 ˚C (Figure 4.3a-ii and 4.3e-ii), shows the presence of weak broad peaks 

corresponding to TA, LA, LO and TO Raman modes of amorphous Si within the clusters. 

The Raman spectra of the background, Figure 4.3 (a-iii)-(e-iii), were de-convoluted into 

multiple peaks using Gaussian lineshape to analyze different bonding structures in the 

thin films. The de-convoluted spectra showed the presence of broad peaks corresponding 

to longitudinal acoustic (LA), transverse acoustic (TA), LO, TO and 2-LA phonon modes 

of a-Si in all the samples [24, 25]. The corresponding peak positions are mentioned in the 

respective figures. The film deposited at Ts of 700 ˚C showed a sharp intense peak at 

519.2 cm
-1

 corresponding to nc-Si [26].  This red shift of 1.8 cm
-1

, w.r.t. Raman modes of 

c-Si, was used to estimate the average cryatal size of nc-Si present in this film and was 

found to be ~ 5.3 nm [26]. This nano-crystalline feature depicted by background matrix 

of this particular film could be due to the crystallization of Si from LIP forming the 

background region which is fabricated at high substrate temperature. At higher substrate 

temperature, the surface energy was sufficiently high, providing required surface mobility 

to the adatoms so that they can diffuse through several atomic distances before sticking to  
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Figure 4.3 (i) Optical micrograph, (ii) Raman spectra of micron sized crystalline clusters 

and (iii) Raman spectra of background amorphous matrix along with respective de-

convoluted spectra of the PLD nc-Si thin films deposited at Ts of (a) RT, (b) 200 ˚C, (c) 

400 ˚C, (d) 600 ˚C and (e) 700 ˚C. 
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stable positions making long range ordered structures enhancing crystalline growth of the 

film. 

 

4.2.1.2. Linear optical properties of Si thin films: 

The UV-Vis-NIR transmission spectra of the Si films deposited at RT and other 

elevated Ts of 200 ˚C, 400 ˚C, 600 ˚C and 700 ˚C are shown in Figure 4.4. The 

transmission spectra of all the films exhibited interference fringes in far red to NIR 

spectral range and sharp absorption edge in the wavelength range of 500-750 nm. The 

Swanepoel’s envelop method was employed for estimation of thickness, refractive index 

and absorption coefficient of these thin films [20]. In this method, two curves joining the 

transmission maxima (Tmax) and transmission minima (Tmin) in the transmission spectra 

are interpolated to get the values of Tmax and Tmin as a function of wavelength (λ) as 

described in section 2.2.9 of Chapter 2. The refractive index n for the Si films was 

calculated using the equation 2.1 [20], where n is a function of Tmax and Tmin. These 

calculated values of n as a function of λ (at transmission maxima and minima) were fitted 

 

Figure 4.4 UV-Vis-NIR Transmittance spectra of SiOx thin films deposited at different Ts. 
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Figure 4.5 Plot of refractive index as a function of wavelength for nc-Si films deposited 

at different Ts. Inset shows static refractive indices (n0) for nc-Si thin films deposited as a 

function of Ts. 

 

to Cauchy dispersion relation (equation 2.3). The n was plotted as a function of 

wavelength in the region 500-3000 nm for each film and is shown in Figure 4.5. In this 

figure, the symbols represent the values of the n estimated from envelop method 

(equation 2.1) while the continuous line corresponds to the respective fitted curves using 

Cauchy dispersion relation (equation 2.3). The values of refractive index decrease with 

the increasing wavelength thus displaying normal dispersion behavior. The inset of 

Figure 4.5 shows the variation of static refractive index, n0 (Cauchy parameter, A0) as a 

function of deposition temperature from RT to 700 ˚C. It showed that the n0 of the film 

deposited at RT was found to be around 3.9 while that for films fabricated at elevated 

temperatures it decreased to around 3.4 for 250 ˚C. Thereafter it slightly rises to 3.6 for 

400 ˚C film and then finally decreases to 3.3 for the film deposited at 700 ˚C [27]. The 

static refractive index of a-Si films has been reported to be in the range of 3.5-4.5 and 

that of polycrystalline Si films to be ~ 3. For nc-Si films it varies from ~ 2.8 to 4 

depending on the proportion of amorphous content in these films [28, 29]. Thus, the 
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higher value of n0 observed for the film deposited at RT is due to higher amorphous 

content as compared to those of other films. The film deposited at 700 ˚C exhibited 

minimum refractive index as the film was composed of nc-Si only as indicated in its 

Raman spectrum (Figure 4.3-e). The thickness (d) of the films was calculated by 

Swanepoel’s envelop method using the equation 2.4 [15]. The thickness of films, dstep, 

was also measured using step profilometer and found to be nearly similar to that of 

estimated with envelop method. The d for all these films deposited at Ts of RT, 200, 400, 

600 and 700 ˚C were found to be nearly 480, 448, 363, 300 and 348 nm, respectively. It 

is also observed that with increase in Ts from RT to 600 ˚C, the film thickness estimated 

from envelop method gradually decreases from around 480 nm  to 300  nm and then 

slight increases to 348 nm with further increase in Ts to 700 ˚C. The decrease in film 

thickness with increasing Ts from RT to 600 ˚C could be due to temperature dependent 

erosion. The surface adatoms created by the particle bombardment from laser induced 

plasma are much loosely bounded to the surface compared to that of existing within a 

lattice structure. Hence they are more likely to effuse out at a temperature lower than 

actual sublimation temperature of the material [30]. The erosion rate increases with the 

increasing substrate temperature and results in subsequent thinning of the deposited film 

[31]. The absorption coefficient of these films was estimated from equation 2.7. The 

variation of (αh)
1/2 

versus h for all the films were plotted in Figure 4.6. The optical 

band gap, Eg was obtained from the intercept of the linear region of this plot on the 

haxis. The inset of Figure 4.6 displays the variation of Eg as a function of substrate 

temperature. The band gap was observed to be decreasing from 1.35 eV to 1.31 eV for 

films fabricated from RT to Ts= 400 ˚C and then increased to 1.56 eV at Ts of 700 ˚C. 

The presence of nc-Si clusters as well as a-Si matrix in the Si films, as confirmed by 

Raman studies, can affect the band structure of these thin films. This variation can be 
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Figure 4.6 Tauc plots for determining optical band gap of nc-Si films and the inset shows 

the variation of optical band gap (Eg) of the films with increasing Ts. 

 

explained in terms of crystallinity of the films. The bulk crystalline Si has an optical band 

gap of around 1.12 eV and that of bulk a-Si varies from 1.4-1.6 eV [32]. With increase in 

Ts from RT to 400 ˚C, the crystallinity increased and hence band gap drops from 1.35 eV 

to 1.31 eV. But with further increase in Ts, crystallinity decreased resulting in the increase 

in band gap. The band gap of Si film fabricated at 700 ˚C was observed to be around 1.56 

eV which is close to the band gap of ~1.53 eV arising from quantum confined nc-Si of 

average size of 5.3 nm as estimated from Raman studies [33]. 

            The PLD Si films were also subjected to spectroscopic ellipsometer which 

measures the pseudo dielectric function, ɛ, in terms of ellipsometric parameters; ρ, ψ and 

Δ as described in section 2.2.10 of Chapter 2 of the present thesis. The real and imaginary 

parts, ɛ1 and ɛ2 of ɛ are determined by suitable structured dispersion model from which 

the refractive index, extinction coefficient, optical band gap and layer thickness are 

determined. In the present work, the fitting of  ε1 and  ε2 spectra of these Si films was 
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performed by considering a two layered structure with a perfectly flat top surface 

composed of  silicon oxide (SiO2) and a thick main dispersion  layer of Si having Tauc 

gap (Eg) grown onto corning glass (SiO2) substrate for each samples. Several dispersion 

laws were used for the main thin film layer in order to fit the ε1 and ε2 spectra with 

minimum RMSE values. Finally a model having a combination of dispersion laws of TL 

and Lorentz, depicted by equation 2.15, gave the best fit for Si films. Figure 4.7(a) and 

4.7(b) shows the real and imaginary part of the measured and fitted pseudo-dielectric 

function,  ε1 and  ε2 spectra w.r.t the photon energy (E) in the range of 1.4–5.0 eV for Si 

films deposited at various Ts measured by SE at υ = 70˚. The experimentally measured ε2 

spectra of Si thin films deposited at Ts of RT and 400 ºC display a broad peak around 3.3 

eV and 3.35 eV, respectively. This broad distribution of ε2 spectra with maximum photon 

energy at around 3.2-3.6 eV is a feature of a-Si [34]. There is a marked increase in peak 

value of ε2 for the film deposited at 400 º
 
C as compared to that of at RT, indicating the 

reduction in void formation at elevated temperature within the a-Si structure. In contrast 

to these two samples, film deposited at 700 ºC displays two broad peaks at photon energy 

of 3.3 eV and 4.1 eV in ε2 spectra confirming its polycrystalline nature having micron- or 

nano-sized crystallites [34]. These peaks are attributed to a convolution of direct 

electronic transitions in Si resulting optical absorption in the UV region [34]. The fitted 

parameters, thicknesses of top surface layer of SiO2 and main layer of Si, optical band 

gap (along with that of obtained via UV-vis-NIR spectra), refractive index, values of 

RMSE and regression coefficient R
2
 are listed in Table 4.3. The Eg estimated from UV-

Vis-NIR spectra is in good agreement with SE results. The film thickness obtained from 

both SE and profilometer are also in good agreement. The R
2
 value for film deposited at 

700 °C is below 0.9. Also the fitted curve for this particular sample is deviated from the 

experimental one. This is due to the presence of mixed phases of a-Si and polycrystalline  
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Figure 4.7 Measured ellipsometric spectra for (a) real (ε1) and (b) imaginary (ε2) parts 

of dielectric functions of Si films deposited at various Ts. The solid lines depict the fitted 

curves. 

 

 

Table 4.3 Measured film thickness and optical properties of thin Si films measured by 

means of SE and compared with other relevant techniques. 

 

Substrate 

Temperature, 

Ts (°C) 

SE Film 

thickness, 

dstep (using 

profilometer) 

(nm) 

 

Optical 

Band gap, 

Eg (eV) 

 

Refractive 

index, 

n 

(λ = 632 

nm) 

SE 

Errors 

SiO2 

surface 

layer 

thickness 

(nm) 

Bulk 

layer 

thickness 

(nm) 

SE 

 

UV-

Vis-

NIR 

RMSE R
2 

RT 2.8 476 452-468 1.34 1.35 4.76 0.9 0.96 

400 3.6 358 355-368 1.25 1.26 4.64 1.3 0.95 

700 3.6 348 350-361 1.52 1.56 4.07 1.9 0.87 

Si in the sample. Therefore, the numerical simulations of ε1 and ε2 spectra for the sample 

deposited at 700 °C were performed using BEMA. In this, the two layered structure 

similar to that of above was assumed. For the intermediate bulk layer, the effective 

complex dielectric function, ε, of the total system was assumed to be composed of n 

number of phases mixed together and are modeled in BEMA as, ∑   
 
   

    

     
  , where 

εi and fi are the dielectric function and volume fraction of phases i [35, 36]. 
 
In the present 
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case, there are two phases; i=1 for a-Si (amorphous Si) and i=2 for poly-Si 

(polycrystalline Si). Figure 4.8(a) and 4.8(b) shows the real and imaginary part of the 

pseudo-dielectric function, ε1 and ε2 spectra, along with BEMA fitted curves, for Si films 

deposited at 700°C measured by SE at υ = 65 ˚, 70˚ and 75˚ within the photon-energy 

range of 2.5–5 eV. The layered structure used in BEMA modeling is depicted in the inset 

of Figure 4.8 (a) where the thickness of each layer and respective refractive index at 

λ=632 nm as obtained via BEMA are also mentioned. The thickness of the top SiO2 layer 

was ~1.47 nm and that of intermediate layer was ~ 340 nm which matches with that of 

obtained by profilometer listed in Table 4.3. These three spectra, for υ = 65 ˚, 70˚and 75˚, 

were simultaneously fitted to minimize error, thus RMSE and R
2
 values in this case are 

0.3 and 0.99, respectively confirming the good agreement with the experimental data. 

 

Figure 4.8 Measured ellipsometric spectra for (a) real (ε1) and (b) imaginary (ε2) parts 

of dielectric functions of Si film deposited at 700 °C at different angle of incidence, Φ = 

65°, 70° and 75°. The solid lines depict the fitted curves using BEMA. Inset of figure (a) 

and (b) show the layered structure used in BEMA modeling and Tauc plot of α (hν) 

estimated using BEMA, respectively. 

 

Using BEMA the constituent concentration of a-Si and poly-Si, i.e. fa-Si and fp-Si, were 

evaluated and found to be 0.2 and 0.8, respectively. The inset of the Figure 4.8 (b) shows 

the Tauc plot for α (hν), estimated from values of k (hν) calculated from best fitted ε1 and 
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ε2 spectra using BEMA. The optical band gap of the Si film fabricated at Ts of 700°C was 

found to be ~ 1.52±0.03 eV which is again nearly in agreement with that of obtained 

from UV-Vis-NIR spectrum, Table 4.3. Figure 4.9 shows the evolution of both refractive 

index, n(λ) and extinction coefficient, k(λ) for all the Si films deposited at RT, 400 °C and 

700 °C obtained from SE data. For the comparison n(λ) and k(λ) spectra of both bulk a-Si 

and poly-Si available from SE software package, SEA, is also displayed in both these 

figures. It clearly confirms that the films deposited at RT and 400 °C are by and large 

composed of a-Si while that at 700 °C is dominated by polycrystalline Si. In present case, 

the value of the refractive index (within visible to infrared region) is slightly reduced 

compared to that of bulk a-Si and the falling edge of the extinction coefficient is shifted 

towards shorter wavelengths with the increase in Ts, as evident from Figure 4.9. This 

observed behavior is indication of change in the silicon film structure from amorphous to 

nano-crystalline Si at higher deposition temperature [29, 37] as was also confirmed by 

Raman studies, Figure 4.3. 

 

 

Figure 4.9 (a) The refractive index and (b) extinction coefficient as a function of 

wavelength of the Si films deposited at RT, 400 and 700 ºC. 
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4.2.2  Effect of background oxygen pressure during deposition on the properties of 

SiOx films: 

The structural, morphological, and optical properties can be modulated easily by 

changing the stoichiometry of SiOx film. The control over the size and structure of Si 

nanoparticles as well as the oxygen content in the SiOx films enable the fabrication of 

suitable structures with desired electrical and optoelectronic properties for device 

applications. Keeping this in mind, SiOx thin films with varied oxygen concentration 

were deposited by ablating c-Si wafer in O2 ambient via PLD at O2 pressure ranging from 

10
-4 

to 0.5 mbar. The other deposition parameters were kept fixed and listed in Table 4.1.  

4.2.2.1 Structural and Compositional properties of SiOx thin films: 

Figure 4.10 shows the XRD spectra of the SiOx thin films deposited in presence of O2, 

pressure from 10
-4

 to 0.5 mbar and also that of a bare glass substrate. All the thin films 

exhibited characteristic XRD peaks for the Si (111), Si (220) and Si (311) planes at 

around 2θ ~ 28.45˚, 47.37˚ and 56.2˚, respectively reflecting the polycrystalline nature of 

these films [21]. It is observed that intensity of these peaks gradually increased with  

 

Figure 4.10 XRD spectra of the substrate and PLD SiOx thin films fabricated at various 

ambient O2 pressure. 

TH-1680_10612114



Chapter 4: Fabrication and Characterization of PLD Si and SiOx films 

86 | P a g e  
 

Table 4.4 XRD peak positions, corresponding FWHMs and respective Si crystallite size 

(D) for the SiOx thin films as a function of O2 pressure. 

decreasing O2 pressure. The peak positions and corresponding full width half maxima 

(FWHM) of observed peaks in the XRD spectra and crystallite size of Si within the films 

(calculated for Si(111) peak) as a function of O2 pressure are listed in Table 4.4. There 

were hardly any significant changes observed in any of these parameters with the 

deposition pressure. 

Figure 4.11(a-c) and Figure 4.11(d-f) show SEM images and EDX spectra of the 

SiOx thin films deposited at O2 pressure of 10
-4

, 10
-2

 and 0.5 mbar, respectively. The SEM 

images clearly show micron sized clusters (droplets) embedded otherwise against the 

uniform background in all the films. The number of clusters on the film surface increases 

with increasing O2 pressure. During PLD, the laser ablated material comprising of LIP of 

Si and oxygen plasma was formed along with the direct ejection of molten droplets. The 

LIP containing Si and oxygen ions, their neutrals and electrons expands, reacts and cools 

down to finally deposit on the substrate rendering the smooth background of the film. The 

molten droplets deposited directly on the substrate appear in the form of micron sized 

clusters against uniform background [22, 23]. The molten droplets during their dynamics 

through LPP could not be oxidized easily as their surfaces were only available for 

oxidation excluding the bulk of the structure. The chances of their oxidation are feeble as 

 

O2 

pressure 

(mbar) 

 

Si[111] 

 

Si[220] 

 

Si[311] 

 

crystallite 

size Dds 

(nm) 

 

 

Peak 

position  

 

FWHM 

 

 

Peak 

position 

 

 

FWHM 

 

 

Peak 

position 

 

 

FWHM 

 

10
-4

 28.47° 0.38° 47.35° 0.43° 56.25° 0.47° 20.8 

10
-3

 28.45° 0.44° 47.35° 0.5° 56.20° 0.54° 18.6 

10
-2

 28.45° 0.42° 47.35° 0.47° 56.20° 0.52° 19.2 

10
-1

 28.44° 0.40° 47.36° 0.46° 56.20° 0.52° 20.2 

0.5 28.48° 0.42° 47.38° 0.48° 56.20° 0.55° 19.5 
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they were hardly ionized. The EDX spectra showed the presence of silicon and oxygen in 

the thin film indicating the SiO2 matrix formation [38]. The EDX spectra, Figure 4.11 (d-

f), were recorded over various regions of each film and hardly any significant changes in 

the composition, was observed within the given film, indicating that stoichiometry of the 

films is uniform throughout. The formation of SiO2 is due to the reaction of Si and oxygen 

in laser produced plasma (LPP) during adiabatic cooling followed by the nucleation and 

growth onto the substrate surface. The atomic percentage of oxygen is found to be 3.5 

(±1) %, 13.5 (±2) % and 68.2 (±2) % for the SiOx thin films corresponding to x=0.03, 

0.15 and 2.1, deposited at O2 pressure of 10
-4

, 10
-2

 and 0.5 mbar, respectively. Thus, 

increase in O2 concentration in the SiOx thin films with increasing deposition pressure is 

due to the increase in oxygen in LPP facilitating the formation of more Si-O bonds before 

deposition. 

 

Figure 4.11 SEM images (a-c) and corresponding EDX spectra (d-f) of SiOx thin films 

deposited at O2 pressure of 10
-4

, 10
-2

 and 0.5 mbar, respectively. 
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Figure 4.12 (a-c) display optical microscopic images (30µm × 30µm) and Figure 

4.12 (d-f) corresponding Raman maps of SiOx thin films deposited at O2 pressure of 10
-4

, 

10
-2

 and 0.5 mbar, respectively. The microscopic images exhibit nearly spherical clusters 

embedded against uniform background. The number of clusters in the films increases 

though their size decreases with increase in O2 pressure, which is consistent with SEM 

images (Figure 4.11). The Raman maps shown in Figure 4.12 (d- f) were recorded over 

two different ranges; Raman shift from 500 - 525 cm
-1

 represented in green colour and 

that of 460-490 cm
-1

 in black colour. It is very clear that the Raman shift of the clusters 

 

Figure 4.12 Optical micrograph (a-c), corresponding Raman map (d-f) and 

Raman spectra of micron sized clusters and background (g-i) of SiOx thin films deposited 

at O2 pressure of 10
-4

, 10
-2

 and 0.5 mbar, respectively. 
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lies in former range while that of the background in the later range. Figure 4.12 (g-i) 

show the respective Raman spectra of both the regions, clusters in green and background 

in black colour. The Raman spectra of clusters in the films deposited at O2 pressure of 10
-

4
, 10

-2
 and 0.5 mbar, Figure 4.12 (g-i), show a sharp highly intense peak around 520.7, 

519.5 and 517.4 cm
-1

, respectively. The peaks are asymmetric toward lower wavenumber 

side and red shifted w.r.t that of bulk c-Si at 521 cm
-1

, thus indicating the presence of nc-

Si. This peak arises from the first-order Raman scattering of the longitudinal optical (LO) 

and the transverse optical (TO) phonon modes which are degenerate at the Brillouin zone 

center [24, 25]. The Raman spectra of the film background, Figure 4.12 (g-i), (black in 

colour) display one prominent band (400-550 cm
-1

) having intense peak around 480 cm
-1

 

and shoulders toward the lower wavenumber (350-400 cm
-1

). Another relatively less 

intense broad band in the range of 100-280 cm
-1

 having peak around 160 cm
-1

 has also 

been observed. These bands correspond to Raman active TO, LO, longitudinal acoustic 

(LA) and transverse acoustic (TA) phonon modes of amorphous Si (a-Si) [25]. Hence, 

from the Raman studies it can be inferred that the thin films were composed of clusters of 

nc-Si embedded in otherwise uniform background comprising of a-Si and SiO2 (as 

revealed in EDX results). The formation of micron-sized clusters consisting of nc-Si is 

due to the direct deposition of molten droplets of Si ablated from the target. 

For details, the Raman spectra of the cluster region of all the SiOx thin films 

fabricated at different O2 pressures (plotted with Y-offset), in the range of 510-530 cm
-1

, 

are enlarged in Figure 4.13. The observed red shift w.r.t 521 cm
-1 

peak of bulk c-Si, was 

0.3, 0.8, 1.5, 1.8 and 3.6 cm
-1

 for the films fabricated at O2 pressure of 10
-4

, 10
-3

, 10
-2

, 10
-1

 

and 0.5 mbar, respectively. The red shift and asymmetric broadening of these peaks could 

originate due to quantum confinement (QC) effect of phonon, tensile strain, laser heating 

or combinations of all these. In order to avoid the effect of laser heating, the Raman 
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spectra of the samples were recorded at a very low excitation intensity of 0.01 mW/μm
2
. 

From XRD studies using William-Hall method [39], it was found that the strain observed 

were compressive and of the order of 100 MPa and it corresponds to a Raman shift of less 

than 0.1 cm
-1

. Thus, the effect of strain on the Raman spectra, in the present case, is ruled 

out and only possible contribution could be due to QC effect.  Unlike bulk crystals, where 

only optical phonons at wave vector, q = 0 (zone center) are allowed, in the nanocrystals, 

additional phonon modes corresponding to the discrete allowed wave vectors, q > 0 (due 

to Heiseignberg uncertainity principle) also contribute in vibrational excitations. This 

results in asymmetric broadening of the TO mode toward lower wave number region of 

 

Figure 4.13 Enlarged view of Raman spectra of micron sized clusters of SiOx thin films 

deposited at O2 pressure of 10
-4

 mbar to 0.5 mbar. Peak position of TO mode of bulk c-Si 

is marked as broken line at 521 cm
-1

. 

 

Raman spectrum, depicting the feature of nc-Si in the micron sized clusters of SiOx film. 

In order to understand the Raman spectrum of Si nanocrystals several models have been 

developed [40, 41]. The simplest model was originally proposed by Richter, Wang, and 

Ley [40] and is referred to as RWLM which is appropriate for Si nanocrystals of 
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dimension larger than 3 nm.  For smaller nc-Si, bond-polarizability model (BPM) [41] is 

more appropriate. The size of the Si nanocrystallites in the SiOx films can be estimated 

using the observed red shift in wavenumber of the nc-Si Raman peak. The relation 

between average crystal size (D) and observed Raman shift of nc-Si with respect to that 

of crystalline Si  at 521 cm
-1

, Δω (in cm
-1

), is given by [26],                                                   

                                                             (
 

  
)
   

                                                  (4.1) 

where A=52.3 cm
-1

 and 47.41 cm
-1

, γ=1.586 and 1.44 for RWLM and BPM respectively, 

and a=0.543 nm, the lattice parameter of c-Si. The estimated values of D from equation 

4.1 using RWLM as well as BPM, are plotted as a function of O2 pressure in Figure 4.14. 

It indicated that the average crystallite size of nc-Si gradually reduced from around 14 to 

2.9 nm (using RWLM) and 18 to 3.2 nm (using BPM) with increasing O2 pressure from 

10
-4

 mbar to 0.5 mbar, respectively. The nc-Si size estimated by both these models needs 

to be complemented by other observations and then only conclusion on best suited model 

can be made. 

 

 

Figure 4.14 Variation of crystal size (D) of nc-Si present withinthe micron sized clusters 

of SiOx thin films as a function of O2 pressure.  
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Figure 4.15 De-convoluted Raman spectra of background amorphous matrix of SiOx thin 

films deposited at O2 pressure of (a) 10
-4

, (b) 10
-3

, (c) 10
-2

, (d) 10
-1

 and (e) 0.5 mbar, 

respectively. Open circle and solid lines represents experimental data and fitted data 

respectively. (f) the variation of ITA/ITO and FWHM of TO Raman peak of SiOx films as a 

function of different O2 pressure. 

 

Figure 4.15 shows normalized Raman spectra (open circle) of the background 

amorphous matrix of SiOx thin films deposited at O2 pressure of (a) 10
-4

, (b) 10
-3

, (c) 10
-2

, 
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(d) 10
-1

 and (e) 0.5 mbar. These spectra were de-convoluted by multiple peak-fitting 

using Gaussian lineshape and peak positions (in cm
-1

) are mentioned on the right side of 

each spectrum. In the Raman spectrum of SiOx film deposited at O2 pressure of 10
-4

 mbar, 

Figure 4.15 (a), several peaks were observed. The five significant peaks, observed at 477 

cm
-1

, 411 cm
-1

, 325 cm
-1 

and 170 cm
-1 

along with 129 cm
-1 

corresponds to TO, LO, LA 

and TA Raman modes of a-Si respectively [25]. The Raman spectra of the background 

matrix of all other films, Figure 4.15 (b-e), also exhibited similar features. The Raman 

spectra of amorphous background matrix of SiOx thin films deposited at O2 pressure of  

0.5 mbar (Figure 4.15-e) showed an additional prominent broad shoulder peaking at 441 

cm
-1

 (marked as ‘*’). This additional peak is attributed to the six-membered rings (Si2O4) 

and presence of five-, seven- and higher member rings is responsible for broadening of 

this band [42]. The signature of this peak was absent in other films due to lower oxygen 

content as was indicated in EDX spectra of film, Figure 4.11. The ratio of the integrated 

intensity of TA to TO modes (ITA/ITO) provides the measure of bonding disorder in the a-

Si material. Figure 4.15 (f) shows the variation of ITA/ITO and full width at half maximum 

(FWHM) of the TO mode (ΓTO) as a function of deposition O2 pressure. An increase in 

ITA/ITO was observed from 0.19 to 0.36 with increasing deposition O2 pressure from 10
-4

 to 

0.5 mbar. The peak position (ωTO) and ΓTO of the TO mode are associated with the force 

constant of the stretching vibration and the bond-angle deviation in tetrahedrally bonded 

Si atoms. On the other hand, the TA mode is associated with bond bending which reflects 

dihedral angle variations. Hence, the increase in ITA/ITO with increasing oxygen pressure 

reflects an enhancement in variation of bond bending w.r.t. the stretching vibrations, 

indicating the increase in structural disorder in the films [25]. The r.m.s bond angle 

deviation Δθ from the tetrahedral angle of 109°28″ is related to ΓTO, and given 

by ΓTO= 15 + 6Δθ [43]. A small and gradual increase in ΓTO  from 66 cm
-1

 to 71 cm
-1

 was 
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observed, which reflects increase in Δθ from 8.5° to 9.1°, for films fabricated at O2 

pressure from 10
-4

 to 10
-2

 mbar. Thereafter, ΓTO increases sharply to 77 cm
-1

 giving Δθ ~ 

10.3° at O2 pressure of 0.5 mbar. Hence the increasing trend of ΓTO   and corresponding 

Δθ, with increasing O2 pressure also indicates the increase in bonding disorder in the 

films with the increase in oxygen content. 

 

4.2.2.2 Linear optical properties of SiOx thin films: 

The UV-Vis-NIR transmission spectra of the SiOx films, shown in Figure 4.16, 

depict sharp absorption edge in the wavelength range of 270-640 nm. In general it was 

observed that the transmittance of the SiOx films increases with increasing O2 pressure. 

The increase in the transmittance with the increase in O2 pressure can be attributed to 

shift in film stoichiometry from Si rich to oxygen rich resulting reduction in the optical 

density of the films with increasing O2 content. Figure 4.17 shows the transmission 

spectrum of SiOx thin film deposited at 10
-4

 mbar of O2 pressure whose maxima and 

minima are enveloped by curves Tmax and Tmin, plotted by interpolation as per 

 

Figure 4.16 UV-Vis-NIR Transmission spectra of SiOx thin films deposited at different 

O2 pressure 
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Figure 4.17 UV-Vis-NIR transmission spectrum of SiOx thin film deposited at 10
-4

 

mbar of O2 pressure showing Tmax and Tmin curves plotted by interpolation to envelop 

transmission maxima and minima. 

 

Swanepoel’s envelop method, discussed in Chapter 2. The refractive index n for the SiOx 

films was calculated using equation (2.1) [20]. These calculated values of n as a function 

of λ (at transmission maxima and minima) were fitted to Cauchy dispersion relation (eq. 

2.3). Figure 4.18 shows the refractive indices for all the five SiOx thin films as a function 

of wavelength exhibiting normal dispersion behavior [27]. The inset shows the variation 

of   ( 
             

              
) and n0 of the SiOx films (estimated by envelope method), as a 

function of O2 pressure.  The values of n0 was found to decrease from 3.57 to 1.57 with 

increase in O2 pressure from 10
-4 

to 0.5 mbar, the corresponding   increase in x  from 0.03 

to 2.1, respectively. This refractive index change is attributed to the shift in stoichiometry 

from Si-like to SiO2-like material [44]. The thickness, d, of the films was estimated from 

equation (2.4) [15], using Swanepoel’s envelop method and also measured using step 

profilometer (dstep). Both the results are in agreement with each other. The film thickness 

estimated by the envelop method for the films fabricated at O2 pressure of 10
-4 

, 10
-3 

, 10
-2

, 

10
-1

 and 0.5 mbar were found to be  452, 578, 585, 590 and 519 nm, respectively. The 
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Figure 4.18 Refractive index as a function of wavelength for SiOx films deposited at 

various O2 pressure. Inset shows variation of x in SiOx films and corresponding static 

refractive index as a function of O2 pressure. 

 

increase in thickness of the films with increasing O2 pressure is due to confinement of 

LPP which in turn increases the particle flux resulting in higher deposition rates and 

hence increasing the thickness but at 0.5 mbar, pressure was too high causing over 

confinement of the plasma and thus restricting the incoming particle flux from LPP 

towards the substrate resulting in reduction in film thickness.  

The absorption coefficient was estimated from equation (2.7) and variation of 

(αh)
1/2 

as a function of h for all the films were depicted in Figure 4.19 (a). The optical 

band gaps, Eg was obtained from the intercepts of the linear region of this plots on the 

haxis. Figure 4.19 (b) shows a gradual blue shift in Eg from 1.55 - 2.80 eV of the films 

fabricated with increasing ambient O2 pressure from 10
-4

 to 0.5 mbar, respectively. 

Though a small increase of Eg from 1.55 to1.62 eV was observed in films fabricated at 

low pressure range from 10
-4

 to 10
-2

 mbar but it rises sharply to 2.80 eV for the film 

fabricated at 0.5 mbar. The nc-Si present in the SiOx films, as confirmed by Raman  
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Figure 4.19 (a) Tauc plots for determining optical band gaps of SiOx films and (b) 

variation of optical band gaps (Eg) of SiOx films as a function of different O2 pressure. 

 

studies, can affect the band structure of the thin films. Though a crystalline bulk Si have 

an indirect band gap of 1.12 ev , but the nc-Si can have larger band gap which can be of 

quasi direct nature and size dependent due to quantum confinement (QC) effect. A blue 

shift in optical band gap is observed with decrease in nanocrystal size. The optical band 

gap of quantum confined spherical nc-Si is given as [33],  

                                                            
      

                                               (4.2)                                                                                                                                                

where, Eg (bulk) is optical band gap of bulk c-Si and D is the size of Si nanocrystals in Å. If 

the optical band gap is assumed to be solely determined by QC of nc-Si, the expected Eg 

of nc-Si in the present case can be determined from D estimated using equation (4.1). 

Figure 4.19 (b) also displays the variation of optical band gap (Eg) of the SiOx thin films 

with increasing O2 pressure estimated from equation (4.2) in which crystallite size (D) 

was determined from  equation (4.1) using RWLM (□) as well as BPM (Δ). In Figure 

4.19 (b), the ratio of atomic percentage of oxygen to that of Si (x = O/Si), measured from 

EDX spectra, is also plotted as a function of O2 pressure. It shows similar variation as that 

of optical band gap. Hence, optical band gap of SiOx films varies almost proportionally 
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with x. Some mismatch between band gap estimated from Tauc plot and that considering 

only the contribution of the QC of nc-Si was observed which can be explained in the 

following manner. The nc-Si clusters were thinly distributed over the a-Si:SiO2 matrix as 

depicted in Raman maps, Figure 4.12 (d-f). Thus the background of the films, i.e. a-

Si:SiO2 matrix, actually determines the optical band gap of the SiOx films. This 

observation enumerates the efficacy of Raman map in analyzing structurally 

inhomogeneous films containing nc-Si. 

The absorption coefficient, α, for each SiOx thin films, in the weakly to medium 

absorption spectral region, is given by equation (2.6) and are shown in Figure 4.20 (a). In 

these films, the absorption coefficient near the band edge showed an exponential 

dependence on photon energy and this dependence can be represented by equation (2.5). 

The ln(α ) vs. hʋ curves shown in Figure 4.20 (b) displays a linear region. From the slope 

of these linear regions the Urbach energy, EU, was estimated. EU is interpreted as the 

width of the tails of localized states, associated with the amorphous state, in the forbidden 

gap. Figure 4.21 displays the variation of Urbach energy (EU) and B factor (Tauc slope) 

with increasing O2 pressure from 10
-4

 to 0.5 mbar. The increase in EU from 336 meV to 

400 meV with the O2 pressure from 10
-4

 to 0.1 mbar was small, but thereafter it acquires a 

value of 660 meV at 0.5 mbar. It has been reported that the EU is related to the local 

structural disorder in the films [45]. The absorption band falls exponentially with 

decreasing photon energy at band edges in distorted amorphous materials, equation (2.5). 

A material with higher structural disorder has a larger tail in the absorption edge. The 

larger EU at higher O2 pressure is related to larger band tails, indicating increase in 

structural disorder with increase in oxygen content in the SiOx thin films. The B factor 

decrease from 781 (cm.eV)
-1/2

 to 607 (cm.eV)
-1/2

 for thin films deposited at O2 pressure of 

10
-4

 to 0.01 mbar, then it increases marginally to 611 (cm.eV)
-1/2 

for film fabricated at O2  
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Figure 4.20 (a) Plot of absorption coefficient as a function of photon energy for SiOx thin 

films deposited at different O2 pressure and (b) showing the plot of ln α vs hʋ of SiOx thin 

films. 

 

 

Figure 4.21 Variations of EU and B parameter of SiOx thin films fabricated with 

increasing O2 pressure from 10
-4

 to 0.5 mbar. 

 

pressure of 0.1 mbar and finally decreases abruptly to 317 (cm.eV)
-1/2

 for that at 0.5 mbar. 

As the increase in B parameter is related to the reduction in overall structural disorder in 

the films [45], the observed decrease in B parameter with increasing deposition pressure 

of oxygen reconfirms the fact that with the increment in oxygen content in the films, the 

bonding structure becomes more disordered. These results are consistent with Raman 
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results (Figure 4.15-f) which also established the fact that the structural disorder depicted 

by ITA/ITO, increases with increase in oxygen content in the SiOx thin films. 

 

4.2.2.3 Photoluminescence studies of SiOx films:  

There are three main mechanisms accounting for PL emission in SiOx films. 

These are related to near band edge emission (NBE), quantum confinement effect-

induced (QCE) optical emission, and emission from defect states. The PL peak arising 

due to the NBE lies around the optical band gap of the material. For a QCE PL emission, 

blue shift of the peak occurs with the decrease in size of the nanocrystals [46]. Lastly, for 

the defect states-related PL, the peak positions remain unchanged irrespective of the band 

gap of the films. In the present case, the SiOx films consists of nc-Si embedded in a-

Si:SiO2 matrix, hence it is expected to have several O2 related defects. The O2 deficient 

defects like ODC(I), ODC(II), E’ center etc. exhibit PL peaks within 2.2-4.8 eV while 

defect states formed by non-bridging oxygen hole center (NBOHC); interstitial O2
-
, O3

-
 

and their respective neutrals show PL around 1.7-2 eV in Si based materials [47]. Figure 

4.22 shows the RT PL spectra, in the range of 1.2-3 eV, for all the PLD SiOx thin films 

deposited in presence of various O2 pressure. All the PL spectra were recorded at a fixed 

excitation laser power of 20 mW. There was hardly any signature of PL for the films 

deposited at lower O2 pressure of 10
-4 

and 10
-3 

mbar.  These films contain nc-Si of lager 

dimensions (Figure 4.14) as compared to the exitonic Bohr diameter of Si nanocrystals (~ 

9 nm) [48], thus making them less likely to exhibit QCE PL. Moreover, these two films 

hardly contained any oxygen, and thus PL originated from oxygen related defects was 

also absent. A less intense symmetric broad band PL peak, EPL, around 1.43 eV was 

observed for SiOx film deposited at 10
-2

 mbar O2 pressure. The estimated average size of 

nc-Si present within the micron sized clusters of this film was ~ 6 nm using BPM model 

(Figure 4.14). The band gap of QC nc-Si, Eg(QC), obtained using eq. (4.2) for this film was 
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Figure 4.22 PL spectra of SiOx thin films fabricated at different O2 pressure from 10
-4

 to 

0.5 mbar. 

 

found to be 1.44 eV (Figure 4.19(b)) which matches with the peak energy of its PL 

emission (~1.43 eV), i.e. EPL = Eg(QC). Hence, the origin of PL in this case is attributed to 

emission due to transition between energy states produced by QC Si nanocrystals. For the 

films deposited at higher O2 pressures of 0.1 and 0.5 mbar, highly intense broad PL peaks 

were observed having peaks around 1.52 eV and 2.45 eV, respectively. Both these PL 

spectra exhibit multiple structures and hence were de-convoluted into multiple peaks 

using Gaussian lineshape to understand their possible origin. The de-convoluted PL 

spectrum of SiOx thin films deposited at 0.1 mbar of O2 pressure, Figure 4.23(a), shows 

four peaks at 1.38 eV (FWHM ~0.15 eV), 1.53 eV (FWHM~ 0.34 eV), 1.76 eV 

(FWHM~ 0.36 eV) and 2.36 eV (FWHM~ 0.51 eV). The most intense PL peak observed 

at 1.53 eV in this sample matches with its corresponding Eg(QC) value, obtained using eq. 

(4.2), confirming its origin from QC nc-Si of average size ~ 5.2 nm. The relatively weak 

PL at 1.38 eV could also be due to QC nc-Si of larger sizes, as observed in TEM images 

discussed in later part of this section. The PL peak at 1.73 eV could be attributed to 
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NBOHC. The NBOHC (●O─Si≡) has been reported to have absorption bands peaking at 

1.97 and 4.8 eV while that of interstitial states of O, O2 and O3
 
are around 4.8 eV [47]. As 

the excitation photon energy, used for PL measurement, was 3.06 eV (λ~405 nm) which 

could only be absorbed by NBOHC defect state corresponding to 1.97 eV absorption 

band, causing electronic excitation to higher energy and subsequent de-excitation 

resulting PL at 1.73 eV in the SiOx film. The green PL emission around 2.36 eV observed 

in this film is attributed to the neutral oxygen vacancy (VO) related defects present in the 

SiO2 matrix [49]. The general schematic of possible PL mechanism involved in emission 

from the SiOx film is shown in Figure 4.23(b). As discussed earlier (Figure 4.19(b)) the 

band structure in the SiOx film, comprising of nc-Si embedded in a-Si:SiO2 matrix,  has 

two kinds of band gaps, one is the Eg (ETauc~2.11 eV, in case of SiOx film fabricated at 0.1 

mbar) due to background matrix and other one due to QC in nc-Si, Eg(QC) (~ 1.53 eV). On 

excitation with 3.06 eV photons, electron-hole pairs are generated within the energy 

bands of SiOx films. The photo-generated electrons (e
-
) and holes (h

+
) undergoes 

thermalization to reach the lowest states of conduction band (Ec) and highest states of 

valence band (Ev) respectively, of both a-Si:SiO2 as well as nc-Si [50]. Most of the 

carriers after thermalization to band edges of a-Si:SiO2 might undergo non-radiative 

transition to the low lying band edges of QC nc-Si as well. While thermalizing, some of 

the e
-
 could be trapped by V0 defect states and had undergone radiative transitions 

emitting    
  (~ 2.36 eV) photons. The carriers thermalized to band edges of QC nc-Si via 

different non-radiative channels undergo recombination via radiative transition yielding 

   
  

 peaking at 1.53 eV. Moreover some excited carriers while thermalizing along the 

energy bands of of both a-Si:SiO2 as well as nc-Si or via non-radiative down transitions 

get trapped in 1.97 eV absorption band of NBOHC defects followed by another non-

radiative transition to low lying emission level. From there they get de-exited emitting 
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Figure 4.23 (a) De-convoluted PL spectra of SiOx thin film fabricated at O2 pressure of 

0.1 and (b) the energy level schematic of possible PL mechanism while (c) shows de-

convoluted PL spectra of the film fabricated at O2 pressure of 0.5 mbar. 

 

photons    
 having peak energy of 1.73 eV [47, 51]. The PL spectrum of SiOx thin films 

deposited under 0.5 mbar of O2 pressure (Figure 4.23(c)) also shows three component 

peaks at 1.92 eV (FWHM~ 0.42 eV), 2.42 eV (FWHM~ 0.52 eV) and 2.8 eV (FWHM~ 

0.5 eV). The PL peaks at 1.92 eV and 2.42 eV could be attributed to transitions from 

NBOHC and VO defect levels yielding    
 and    

  photons respectively, Figure 4.23(b), 

as similar energy level structure exists in this film as well. Due to increased oxygen 

content in SiOx films fabricated at 0.5 mbar as compared to that for 0.1 mbar, the VO 

defects might have increased and it resulted into comparatively stronger PL peak at 2.42 

eV in highly oxidized film. The intense PL peak exhibited at 2.8 eV (Figure 4.23(c)) for 

this sample is attributed to defects related to nanostructured a-SiO2 matrix [47, 52].  
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The effect of increasing excitation laser power on PL emission of SiOx film 

fabricated under 0.1 mbar O2 pressure was studied as this particular sample exhibited the 

most intense PL emission due to QC effect. Figure 4.24 shows the PL spectra of this thin 

film as a function of excitation laser power from 5 to 100 mW. With increase in 

excitation laser power the shape of PL spectra remained unchanged though there was a 

slight shift in its peak position and change in intensity. The variation of peak position and 

integrated intensity of    
  

 peak (~1.53 eV) was plotted as a function of excitation laser 

power in Figure 4.25. The PL peak position was observed to be nearly constant around 

1.52 eV at incident laser power of 10 to 15 mW then it shifted slightly to 1.53 eV at 20 

mW and remained nearly constant till 30 mW. After that it gradually blue shifted to 1.57 

eV at 80 mW and then remained unchanged till 100 mW. The origin of the observed blue 

shift could be due to oxidation of nc-Si in atmosphere caused by increased laser heating 

with increasing incident cw-laser power. With increased laser heating the exterior of Si 

nanocrystals embedded in the film could have been oxidized resulting into reduction in 

the crystallite size, thereby exhibiting slight blue shift in PL due to QC effect. There was 

a sharp increase in integrated intensity of this PL peak with the incident laser power from 

10 to 20 mW. Then, beyond that it increases slowly and reaches a maximum at 60 mW, 

after which it remains nearly constant till 70 mW displaying saturation behavior followed 

by slight decrease till 100 mW. The initial sharp increase in PL intensity with excitation 

laser intensity is due to increase in e-h pair generation, which is a linear function of 

incident photon density, electronic density of states of valence band and optical 

absorption cross section, followed by subsequent photon emission via radiative 

recombination. At high excitation intensity, the PL saturation behavior is expected as 

maximum emissivity of nanocrystals is limited by one photon per e-h pair [53]. This 

behavior can be explained by power law behavior of the PL intensity (IPL) described for 
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Si nanocrystals by the following equation [53],  

                                                     
     

            
                                               (4.3)   

 

 

Figure 4.24 PL spectra of SiOx thin film fabricated at 0.1 mbar O2 pressure as a function 

of excitation laser power. 

 

Figure 4.25 Variation of QC PL peak position (   
  

) and corresponding integrated 

intensity in SiOx thin film fabricated at O2 pressure of 0.1 mbar as a function of excitation 

laser power. 
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where N is the total number of luminescent nanocrystals, τR (hʋ) is the radiative lifetime 

of an e-h pair, σ is the cross section for absorption of photons, and Iex is the intensity of 

the exciting laser light. At low intensity, σIexτR <<1 and hence IPL is linearly proportional 

to Iex while at high excitation intensity, 1+σIexτR ~ σIexτR making IPL independent of Iex. 

But Figure 4.25 also shows slight quenching of PL beyond Iex = 70 mW which could be 

due to excessive laser heating causing oxidation, thereby increasing certain oxygen 

defects which traps the photo-excited electrons facilitating more non-radiative transitions. 

 

 

Figure 4.26 (a) TEM image with inset containing corresponding SAED pattern and (b) 

UHRTEM of selected region of SiOx thin film fabricated at O2 pressure of 0.1 mbar. 

 

Figure 4.26(a) shows the TEM image of SiOx thin film deposited at 0.1 mbar of 

O2 pressure. It reveals the presence of darker nano-sized clusters embedded in grayish 

matrix. The SAED pattern of the dark region (marked by a rectangular box) is shown in 

the inset of the Figure 4.27(a). It clearly exhibits well-ordered intense diffractions spots 

depicting the crystalline feature. The diffraction spots corresponding to Si (111), Si (220) 

and Si (311) were observed and also detected by XRD measurements, Figure 4.10. For 

further analyses of the crystalline phase present in those nanostructures, UHRTEM was 

recorded and shown in Figure 4.26(b). It confirmed the presence of nearly spherical 
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nanocrystals of diameter of ~ 5 nm along with few larger nanocrystals. The magnified 

image showed the presence of lattice planes with d = 2.98 Å which corresponds to [111] 

planes of Si. The presence of Si nanocrystals of size nearly around 5 nm within this film 

as probed by TEM supports average size (~5.2 nm) of Si nanocrystals determined by 

using eq.(4.1) from Raman spectra (Figure 4.14) by BPM.  Both these results reinforce 

the fact that it was indeed the QC nc-Si embedded in amorphous matrix which was 

responsible for exhibiting intense PL peak at 1.52 eV in the PL spectrum observed for 

SiOx films deposited at 0.1 mbar O2 pressure. 

 

.4.3  Conclusions: 

In the first part of this chapter, the effect of substrate temperature on structural as well 

as linear optical properties of PLD nanocrystalline Si thin films, were studied. XRD 

spectra, exhibiting characteristic peaks for the Si (111), Si (220) and Si (311) planes, 

confirmed the polycrystalline nature of the films. The Raman maps showed the formation 

of nc-Si clusters embedded in uniform background composed of amorphous Si. The static 

refractive indices were found to be in the range of 3.3 - 3.9 and observed to be dependent 

on the substrate temperature. Band gap of the Si thin films were found to be controlled by 

crystallinity of the films which in turn was found to be dependent on substrate 

temperature. But SE studies showed that the Si film deposited at 700 °C was 

nanocrystalline while that deposited at lower Ts were overwhelmingly amorphous. Both 

the n(λ) and k(λ) spectra of the Si films showed their optical properties to be changing 

from a-Si-like to poly-Si-like with increasing Ts. The optical band gap, refractive index 

and film thickness estimated from SE were found to be in good agreement with UV-Vis-

NIR results. 
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In the second part of this chapter the effect of oxygen pressure on the PLD SiOx thin 

films is presented. The Raman maps showed that the SiOx films were grown with nc-Si 

clusters embedded in uniform background composed of amorphous Si and SiO2. The 

XRD showed that the SiOx films were polycrystalline in nature. The films was found to 

be composed of Si and O2 as confirmed by EDX where atomic percentage of O2  

increased from 3.5 % to 68 % for films deposited under O2 pressure of 10
-4

 mbar to 0.5 

mbar, respectively. The optical properties were studied by UV-Vis-IR transmission and 

absorption spectroscopy. The static refractive index of SiOx films were found to be 

decreasing from 3.57 to 1.57 with increasing oxygen content. The optical band gap of the 

films calculated using Tauc plot was found to be blue shifted from 1.55 eV to 2.80 eV 

approximately with increasing O2 pressure. The increasing oxygen content in the films 

increased the structural disorder, depicted by increase in both Urbach energy studied from 

absorption spectra and ITA/ITO from Raman spectra.  Laser excited PL were only observed 

for films fabricated at oxygen pressure of  0.01, 0.1 and 0.5 mbar  only, exhibiting peak 

around 1.43, 1.53 and 2.51 eV. These PL spectra exhibited multi-component peaks 

originated due to quantum confined nc-Si as well as oxygen related defects like NBOH 

and Vo centers. The presence of nc-Si responsible for QC PL peak was also confirmed by 

TEM and UHRTEM images. This chapter also highlights the efficacy of Raman mapping 

over XRD and ellipsometry in analyzing the structure of heterogeneous films containing 

nc-Si clusters embedded against a-Si or a-SiO2 matrix. 
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Chapter 5 

Fabrication and characterization of 

PLD amorphous SiC films 

 

 

 

Amorphous (a-SiC) and nanocrystalline silicon carbide (nc-SiC) thin films have 

potential applications in solar cells, light-emitting diodes, image sensors, photodiodes etc. 

[1-4]. Amorphous SiC is being also used as a durable thermally stable surface passivation 

material for high efficiency thin silicon photovoltaic applications [5]. The ratio of atomic 

percentage of silicon to that of carbon as well as hybridization of C-C bonds in the film 

are responsible in shaping up the structural, electrical and optical properties of the a-Si1-

xCx films. By varying the x in the a-Si1-xCx or nc-Si1-xCx films, the optical band gap can 

be tuned over a wide range [6]. Anderson et al. [7] showed that the optical band gap of 

the a-Si1-xCx:H films increases from about 1.6 eV to 2.8 eV with carbon content from x= 

0 to x =0.7 and decreases thereafter to 2.2 eV with further increase in x. Similar trend in 

the variation of optical band gap was observed by Shimada et al. [8] for reactive sputtered 

films where it was varying from 1.7-1.4 eV within full range of x, but the maximum band 

gap of 2.2 eV was observed for x = 0.4. The fabrication of SiC films have been reported 

by various techniques. Among them, PLD technique can be considered to be favorable for 

deposition of SiC films for being capable of control over stoichiometric as well as ease of 

growing the crystalline film at low temperature due to high kinetic energy of ablated 

neutral and ions which can easily enhance the surface diffusion, nucleation, chemical 

bonding and sticking probability. The quality of the films fabricated via PLD process 

depends on substrate, laser wavelength, laser fluence, background gas and substrate 

temperature [9, 10]. In the present chapter the effect of substrate temperature on the 

stoichiometry with consequent modification on their optical properties are reported.  
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5.1  Experimental details: 

A schematic of PLD system used for the deposition of SiC thin films is shown in 

Figure 2.1 (Chapter 2). The thin films were deposited on fused silica as well as undoped 

crystalline Si (100) substrates simultaneously via PLD by focusing a 2
nd

 harmonic of a Q-

switched Nd:YAG laser (pulse duration - 10 ns and repetition rate - 10 Hz) at a laser 

fluence of ~ 6 J/cm
2 

on polycrystalline SiC sputtering target for 30 minutes under  

vacuum (~ 10
-6

 mbar). The films were deposited from room temperature (RT) to 750 °C 

of substrate temperature. The target was continuously rotated and rastered during 

deposition so as to provide fresh surface for every laser shot. The surface morphology of 

SiC films was captured by FESEM images. TEM images were captured to observe the 

nanoparticle formation while the SAED pattern were recorded for analyzing the 

modification in crystalline structure of the thin films as a function of Ts. XRD 

measurements were carried out with the Cu Kα line of an X-ray diffractometer at a 

grazing incidence angle of ω = 1° in thin film mode. The 2θ was scanned in the range of 

20° to 70° in an angular step of 0.02°. Raman spectra of these thin films were recorded by 

micro-Raman setup by exciting with 488 nm line of Ar ion laser. The bonding structures 

and bond density of Si-C bonds in the films were studied from FTIR spectra. For 

recording the FTIR spectra, SiC thin films were deposited onto undoped c-Si wafer along 

with fused silica. The compositional analysis was performed by EDX diffraction. The 

transmission spectra of SiC thin films were recorded by a UV-Vis-NIR spectrometer 

within the wavelength range of 250 nm to 3000 nm to estimate the refractive index (n), 

absorption co-efficient and thickness (d) and optical band gap of these thin films as 

discussed in the sub-section 2.2.9, Chapter 2. The thickness of the films was also 

measured by stylus profilometer.  
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5.2  Effect of substrate temperature on the properties of SiC films: 

As the substrate temperature controls the surface energy during nucleation of film, 

the substrate temperature variation may play vital role in shaping up the structural and 

corresponding optical properties of a film. Hence a-SiC films were fabricated as a 

function of substrate temperature at RT, 250 °C, 500 and 750 °C, under vacuum (~10
-6

 

mbar) at a laser fluence of ~ 6 Jcm
-2

. All these films were deposited for 30 minutes 

duration.  

 5.2.1  Surface morphology of PLD a-SiC thin films by FESEM images: 

Figure 5.1 shows the FESEM images of a-SiC thin films fabricated, on c-Si 

substrate, at Ts of (a) RT, (b) 250
o
C, (c) 500

o
C and (d) 750

o
C, and the inset shows the 

corresponding images at higher magnification. The images of different regions of each 

thin film were captured and the morphology was found to be uniform over the surface for 

all the samples irrespective of the imaged region. The images revealed the particulate 

formation on the surface of the film with gradual increase in particle size with the 

increasing Ts. The a-SiC thin film deposited at RT showed some blemishes (white 

regions) over otherwise uniform background. Magnified image showed the presence of 10 

nm sized particles in it. The film deposited at 250 
o
C also showed uniformly distributed 

particles of slightly larger size. At elevated Ts the granular structure of the surface 

becomes more prominent. The surface of thin films deposited at 500 
o
C and 750 

o
C 

displayed irregular shaped particles distributed uniformly over the entire film surface. The 

particle size of these thin films, grown at elevated Ts, was observed to be increased to 

around 20 nm. The observed increase in particle size in the thin films with increasing Ts 

could be due to the increase in surface energy enhancing the surface diffusion and hence  

coalescing several nucleated sites forming larger sized particles. 
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Figure 5.1 FESEM images of PLD a-SiC thin films fabricated at (a) RT, (b) 250
o
C, (c) 

500
o
C and (d) 750

o
C, respectively. The inset shows the corresponding images at higher 

magnification. 

 

5.2.2          TEM images and SAED patterns of PLD a-SiC thin films: 

Figure 5.2 (a) and (b) show TEM images of a-SiC thin films deposited at RT and 

750 
o
C, respectively. Insets show corresponding SAED patterns. TEM image of the film 

deposited at RT showed cluster of irregular shaped nano-sized particles having sizes less 

than 10 nm. The SAED pattern, in the inset of Figure 5.2 (a), shows diffused diffraction 

pattern confirming the amorphous nature of the film. The TEM image of the film 

fabricated at an elevated temperature of 750 
o
C (Figure 5.2-b) reveals the presence of 

larger nanosized clusters  of size around 20-30 nm embedded in grayish matrix. The 

SAED pattern of these particles shows diffraction ring superimposed with symmetric 

diffraction spots indicating the nano-crystalline nature of the film at elevated Ts which is 

also supported by XRD results (Figure 5.3) discussed in the next section.  
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Figure 5.2 TEM images of PLD a-SiC thin films deposited at (a) RT and (b) 750 
o
C. Inset 

shows corresponding SAED patterns. 

 

 

5.2.3       Structural and compositional studies of PLD a-SiC thin films: 

Figure 5.3 shows the XRD spectra of the SiC thin films fabricated at Ts of RT, 

250°C, 500 °C and 750 °C on fused silica. No prominent sharp peaks of crystalline SiC 

were observed for films deposited at RT and 250 °C indicating the amorphous nature of 

the films. A broad and weak characteristic XRD peak at 2θ ~ 35.7 
o 
was observed for SiC 

thin films deposited at elevated Ts of 500 °C and 750 °C,  which corresponds to [111] 

plane of  the 3C-SiC having cubic lattice structure [10].  The broad band feature ranging 

from 2θ ~ 20
o
 to 30

o
 was observed in all the films due to the fused silica substrate. The 

size of SiC crystallite, estimated using Debye Scherrer’s formula, was observed to be 

nearly around 9.2±0.6 nm for the film deposited at 750°C. 
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Figure 5.3 XRD spectra of PLD SiC thin films fabricated at different substrate 

temperatures (Ts) from RT to 750 °C. Inset shows the zoomed view of 3C-SiC (111) XRD 

peak for SiC deposited at 750 °C. 

 

 

Figure 5.4 (a) shows the Raman spectra (Y-offset) of PLD deposited a-SiC thin 

films fabricated at Ts  of  RT, 250°C, 500 °C and 750 °C. These Raman spectra showed 

three obvious broad bands in the regions of 200-600 cm
-1

, 700-1100 cm
-1 

and 1300-1600 

cm
-1

. The first band corresponds to various Raman modes of amorphous silicon (a-Si) 

(stretching of Si-Si bonds) [11] or Raman active acoustic phonon modes of a-SiC [12, 13] 

or both. The second band corresponds to Raman optical modes of SiC. In the literature, it 

has been reported that the main Raman peaks (sharp lorenzian) for crystalline SiC are 

centered at around 790 and 960 cm
-1

, corresponding to the transverse (TO) and 

longitudinal (LO) optical modes respectively, of the cubic 3C-SiC (β SiC). Any other 

crystal lattice symmetry for SiC that displays either hexagonal or rhombohedral lattice 

symmetry is called as α-SiC. The α-SiC structure shows satellite peaks around 766 cm
-1 

[12]. In the present case, the Raman band being broad indicates that the SiC network is 
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Figure 5.4 (a) Raman spectra of PLD a-SiC thin films at different Ts and (b) 

corresponding C-C band of Raman spectra. 

 

amorphous and is highly disordered in nature. The third band corresponds to Raman 

active modes arising due to highly disordered C-C bonds [13]. An increase in peak 

intensity of C-C band is observed with increasing Ts, as shown in Figure 5.4 (b). The 

Raman spectrum of sample deposited at Ts of 750 
o
C (figure 5.4(b)) showed maximum 

enhancement of C-C peak intensity relative to those of the other samples. To analyze the 

multiple peak features arising from the bonding structure in the SiC thin films, the Raman 

spectra for all the samples were de-convoluted and fitted to multiple peaks of Gaussian 

lineshape. The de-convoluted Raman spectra of all the a-SiC thin films are shown in the 

Figure 5.5 (a-d). The wavenumbers for each and every peak are listed on the right hand 

side of the respective figure. In the Raman spectrum of a-SiC thin film deposited at RT 

(Figure 5.5 (a)), the prominent peaks were observed at 212, 328, 490, 702, 861, 981 and 

1415 cm
-1

. The broad multi-peak pattern below wavenumber of 600 cm
-1

 could be due to 

overlapping of Raman modes of a-Si (TO, LO, LA and TA) and acoustic Raman modes 

of a-SiC [12, 13].  The peak at 498 cm
-1

 (TO mode) was of maximum intensity. The other 
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broad bands observed at ~702, 861 and 981 cm
-1

 corresponds to optical modes (TO and 

LO) of the a-SiC. Another prominent broadband peak was observed around 1417 cm
-

1
which is attributed to the random covalent network of tetrahedral-trigonal bonding 

consisting of mixed phase of sp
3
-sp

2
 amorphous C with distorted bond angles and bond 

lengths [13]. The Raman spectrum of SiC thin film deposited at 250 °C, Figure 5.5 (b), 

displayed the prominent peaks at 196, 308, 498, 715, 869, 982 and 1417 cm
-1

. These 

features correspond to Raman modes of a-Si, a-SiC and C-C similar to that of the sample 

fabricated at RT. Here also, the peak corresponding to Si-Si bond observed at 498 cm
-1

 

was prominent one and that corresponding to C-C bond was comparatively of low 

intensity. For the film deposited at 500 °C (Figure 5.5 (c)), similar peaks but with 

different relative intensities were observed. In this film, the peak at 1426 cm
-1

 was 

observed to have higher intensity than that of the earlier two samples indicating the 

presence of higher amount of C-C bonds compared to that of fabricated at lower Ts. For 

this film, optical modes (TO and LO) of the a-SiC were observed at ~698, 851 and 981 

cm
-1

. Figure 5.5 (d) shows the Raman spectrum of SiC thin film deposited at 750 °C 

where prominent peaks were observed at 220, 338, 497, 704, 877, 989 and 1438 cm
-1

. For 

this film, peaks corresponding to optical modes (TO and LO) of the a-SiC were observed 

at ~704, 877 and 989 cm
-1

. The peak at 1438 cm
-1

 was prominent among all other de- 

convoluted peaks, Figure 5.5 (d), indicating the presence of higher amount of C-C bonds 

in it compared to all other films fabricated at lower Ts. The Raman peak positions of C-C 

band in all samples were shifted more toward the 1332 cm
−1

 diamond mode than the 1580 

cm
-1 

 of G band of perfect graphite crystal indicate relatively higher sp
3 

content [13]. This 

large red shift of C-C band observed w.r.t the G band at 1415 cm
-1

, 1417 cm
-1

, 1427 cm
-1

 

and 1438 cm
-1

 for the thin films fabricated at Ts of RT, 250 °C, 500 °C and 750 °C, 
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Figure 5.5 De-convoluted Raman spectra of PLD a-SiC thin films at Ts–(a) RT, (b) 250 

°C, (c) 500 °C and (d) 750 °C. The peak positions (in cm
-1

) are listed on right side 

(colour coded) in the graphs. 

 

respectively, could also be due to the presence of heavier Si atoms attached to C atoms 

and highly disordered C- C bonds [14]. Also, the regular blue shift of C-C Raman peak 

observed from 1415 cm
-1

 to 1438 cm
-1

 with increasing Ts from RT to 750 °C, respectively 

is attributed to the replacement of heavier and weakly bonded Si atoms attached to C-C 

matrix by lighter and strong bonded C atoms as well as the increase in sp
2
 carbon 

bonding. The sp
2
 bonded carbon could be dispersed in film matrix as very small clusters 

or isolated sp
2
 bonds which results in increase in sp

2
/sp

3
 ratio [14]. The integrated peak 

intensities of acoustic Raman modes of a-SiC (ISiC, LA+TA) overlapped with Raman modes 
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of a-Si (Ia-Si) together, optical modes of a-SiC (ISiC, LO+TO) and that of C-C (IC-C) with 

respect to the total integrated intensity were estimated for each thin film from 

deconvulated spectra (Figure 5.5) and plotted as a function of Ts in Figure 5.6.  In this 

plot, it was observed that with the increase in Ts from RT to 750 °C, the Ia-SiC, LA+TA + Ia-Si  

decreases from 0.47 to 0.34 and Ia-SiC, LO+TO  is almost constant at  around 0.29-0.3 and IC-

C gradually increases from around 0.1 to 0.21. Hence SiC content was almost invariant 

w.r.t Ts whereas there is an increment in C-C bonds indicating the change in 

stoichiometry of a-SiC films from Si-rich to more stoichiometric SiC with increasing Ts. 

 

Figure 5.6 Normalized integrated intensities of acoustic modes of a-SiC (ISiC, LA+TA) 

overlapped with Raman modes of a-SiC, optical modes of a-SiC (ISiC, LO+TO) and C-C (IC-

C) in a-SiC films as a function of substrate temperature, Ts. 

 

Figure 5.7 shows the dependence of FTIR absorbance spectra of SiC thin films, as 

a function of substrate temperature, deposited on undoped c-Si. A broad absorption peak 

was observed in the range of 500-1200 cm
-1

 peaking around 760 cm
-1

 in all the samples. 

From this, the absorption coefficient (α) for these films was determined using the Beer- 

 Lambert’s law: 
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                                    ( )       (
 

 
)                                                   (5.1) 

where d is the film thickness and A is the absorbance. The inset of the Figure 5.7 shows 

the FTIR absorption coefficients of each sample as a function of wavenumber depicting 

the multiple peak structure corresponding to different vibrational modes. The de-

convoluted FTIR spectra of a-SiC films fabricated at different Ts were fitted with 

Gaussian functions and are shown in Figure 5.8. In Figure 5.8 (a), three peaks were 

observed at 760 cm
-1

, 982 cm
-1

 and 1076 cm
-1

, where first peak is attributed to stretching 

vibration of Si-C bond and other two correspond to in phase Si-O-Si stretching vibrations 

[15]. It has been reported that the peak position and the shape of the absorption peak of 

the stretching vibration mode of Si-O-Si depend on the composition. It shifts from around 

~ 940 cm
-1

 to 1083 cm
-1

 for SiOx structure with x varying from 0.1 to 2 due to the 

increase in the oxygen content. For larger value of x, (x>1.2), a shoulder appears 

around1150 cm
-1

, which becomes more and more pronounced when the oxygen content 

increases [16, 17]. So, peaks at 982 cm
-1

 and 1076 cm
-1

 could arise from similar Si-O-Si 

stretching but with later arising from more oxidized domain of smaller proportion. For 

other samples (Figure 5.8b-d), similar peaks corresponding to stretching vibration modes 

of Si-C and Si-O-Si were observed. The peak positions and respective peak assignments 

are marked in the figures. The integrated intensity of absorption coefficient of Si-O-Si 

vibration was found to be drastically decreasing at elevated substrate temperature while 

that of Si-C was increasing gradually. Hence with increasing Ts, a-SiC thin films were 

getting devoid of oxygen. Figure 5.9 shows the variation of FTIR peak position attributed 

to Si-C bonding and corresponding FWHM with Ts. The peak is shifted gradually from 

760 cm
-1

 to 770 cm
-1

 while the FWHM decreased from 267 cm
-1

 to 228 cm
-1

 with 

increasing Ts from RT to 750
o
C, respectively. The shift in vibrational frequency of an IR  
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Figure 5.7 FTIR absorbance spectra of PLD a-SiC thin films fabricated at Ts from RT to 

750 °C. The inset shows the corresponding absorption coefficients (Y-axis scale = 10
4
 

cm
-1

). 

 

active Si-C bond is due to the inductive effects of the nearest neighboring atoms. Mohr et 

al. [18] had reported that the various Si-C stretching modes of IR spectra observed 

between 650 and 780 cm
-1

 could be explained by back bonding variations. When a Si 

atom tetrahedrally bonded to another three Si atoms and a single C atom, it has IR active 

peak at 650 cm
-1

 due to their stretching vibration. The back bonding of C to Si is expected 

to shift the peak to higher wavenumber, while the effect of back bonding of C to C 

isexpected to have little effect. Hence when Si atom is bonded with all four tetrahedrally 

placed C atoms, which is more ordered  SiC structure, its IR peak due to stretching 

vibration is blue shifted to 780 cm
-1

[18]. Hence with increasing Ts the a-SiC thin films 

become more ordered as indicated by the blue shift in FTIR peak and their narrow 

FWHM. The concentration of the bond density which is directly proportional to the 
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 Figure 5.8 Absorption coefficient of PLD a-SiC thin films fabricated at different Ts - (a) 

RT, (b) 250
o
C, (c) 500

o
C and (d) 750

o
C, respectively. 

 

 

Figure 5.9 Variation of FTIR (a) peak wavenumber and (b) corresponding FWHM of Si-

C peak in a-SiC thin films as a function of Ts. 
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integrated intensity of absorption of the band is given by the following relation [15], 

                                                       ∫ (
 ( )

 
)                                                     (5.2) 

where No is the proportionality constant and α(ω) is the absorption coefficient at a 

wavenumber ω. For Si-C the value of No is 2.13 × 10
19

 cm
-2

. This relation was used to 

estimate the bond density from the FTIR measurements. Figure 5.10 shows the variation 

of estimated Si-C bond density (NSi-C) with Ts. The bond density of SiC thin films 

increases with increasing Ts and attains a maximum of 13.3 × 10
22

 cm
-3

 at 500
o
C  and 

then slightly reduces to 12.2 × 10
22

 cm
-3

 at 750
o
C.  The increase in NSi-C of the samples at 

higher Ts could be because of the increased probability of recombination of Si and C 

atoms due to increased surface mobility at higher surface temperatures. Hence from FTIR 

results it can be inferred that at high temperature of 500
o
C and 750

o
C, a-SiC with better 

stoichiometry and improved crystallinity was formed. This is also confirmed by Raman 

spectra (Figure 5.5), XRD results (Figure 5.3) as well as SAED patterns, Figure 5.2. 

 

 

Figure 5.10 Variation of Si-C bond density of PLD a-SiC thin films as a function of Ts. 
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Figure 5.11 EDX spectra of PLD a-SiC films deposited at Ts of (a) RT, (b) 500°C and (c) 

750°C respectively, while (d) shows the variation of atomic percentages of Si, C and O 

with increasing Ts. 

 

Figure 5.11(a), 5.11(b) and 5.11(c) show the EDX spectra of a-SiC films 

deposited at Ts of RT, 500°C and 750°C, respectively. These spectra show the presence of 

silicon (Si), carbon (C) and oxygen (O) with respective atomic percentage listed at upper 

right corner of each spectrum. The variation of atomic percentages of Si, C and O with Ts 

is depicted in Figure 5.11(d). The spectra were recorded at several locations within an 

approximate area of 100 μm × 200 μm in each film. A small change (±2-3%) was 

observed in atomic percentages of the Si and C. With the increasing Ts from RT to 750 

°C, the atomic percentage ratio C/Si was observed to be increasing from 0 to 1.25 

indicating transition of stoichiometry of the a-SiC films from Si-rich to nearly 

stoichiometric a-SiC films. The content of oxygen which was already minimal was 

observed to reduce with increasing Ts. 
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5.2.4      Linear optical properties of PLD a-SiC thin films: 

The UV-Visible transmission spectra of the PLD a-SiC films deposited on fused 

silica substrate as shown in Figure 5.12, exhibit the interference fringes indicating good 

quality optically flat films. The refractive index (n), extinction coefficient (k) and 

thickness (d) of the a-SiC films were determined from the respective transmission spectra. 

The transmission spectra of the a-SiC films exhibited an absorption edge in the 

wavelength range of 250-600 nm. As the transmission fringes were visible for all the 

films, Swanepole’s envelop method [19] was employed for estimation of refractive index 

and thickness. Figure 5.13 shows the UV-Vis-IR transmission spectrum along with 

interpolated transmission maxima (Tmax) and transmission minima (Tmin) for SiC thin film 

deposited at 750 °C as an example. Here, Tmax and Tmin, at each wave length, is taken from 

interpolated envelop data coinciding every experimentally observed maxima and minima 

of transmission spectra. 

 

 

Figure 5.12 UV-Vis-IR transmission spectra of PLD a-SiC thin films deposited at 

different Ts. 
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Figure 5.13 UV-Vis-NIR transmission spectrum of PLD a-SiC thin film deposited at 750 

°C substrate temperature along with interpolated Tmax and Tmin curves. 

 

 Table 5.1 Static refractive indices (n0), film thicknesses estimated by envelop method (d) 

and measured by step profilometer (dstep) for PLD a-SiC thin films as a function of Ts. 

 

 

 

 

 

 

The static refractive index (n0) and film thickness were estimated using equation 2.1 and 

2.4, respectively as discussed in Chapter 2. The thickness of films dstep was also measured 

directly using step profilometer. The n0, d and dstep are listed in the Table 5.1. The 

variation of n as a function of wavelength in the spectral range of 250 nm-3000 nm is 

shown in Figure 5.14. The refractive index decreases with the increasing wavelength 

indicating normal dispersion behavior. The value of n0 is found to be decreasing from 

2.99 to 2.55, with the increase in the Ts from RT to 750 °C. As the growth temperature 

Ts (ºC) n0  d (nm) dstep (nm) 

RT 2.99 255 215-245 

250 2.85 360 322-330 

500 2.63 300 288-297 

750 2.55 330 320-336 
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increases the film composition is found to be changing from Si-rich to near stoichiometric 

SiC, hence refractive index decreases. 

 

 

Figure 5.14 Variation of refractive index as a function of wavelength for PLD a-SiC 

films deposited at different Ts. 

 

The absorption coefficient estimated from equation (2.6) for the a-SiC thin films 

was plotted as a function of photon energy in Figure 5.15 and the inset shows the ln(α) 

vs. hʋ plots for all the samples. A gradual shift of absorption edge toward higher photon 

energy was observed with increasing Ts. The plot has a linear region within 1.5 to 3 eV 

which corresponds to Urbach tail of absorption coefficient. The slope of this linear region 

was calculated by least square fitting and corresponding Urbach Energy (EU) was 

estimated for all the films. The α for Tauc region was estimated using equation 2.7 and 

(αhʋ)
1/2 

vs. hʋ was plotted for all the films as depicted in Figure 5.16 (a). The intercept 

estimated by extrapolating the linear region of the (αhʋ)
1/2 

vs. hʋ plot on the hʋ axis gave 

the optical band gap, Eg for the SiC thin film. A gradual blue shift in Eg from 1.58 (±0.02)  
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Figure 5.15 Plot of absorption coefficient as a function of photon energy for PLD a-SiC 

films deposited at different Ts. Inset shows the plot of ln α vs hʋ at different Ts. 

 

to 2.32(±0.03) eV was observed in the films with increasing substrate temperature from 

RT to 750 °C as shown in the Figure 5.16 (b).The observed blue shift of band gap can be 

explained on basis of ratio of C/Si content of films. With increasing growth temperature, 

the film composition changes from Si- rich to near stoichiometric a-SiC, as confirmed by 

Raman studies (Figure 5.4) as well as EDX studies (Figure 5.11d) and hence the optical 

band gap increases. The maximum optical band gap reported for sp
3
 rich a-C films is 

around 3 eV and that of stoichiometric a-SiC is around 2.3 eV. These are much higher 

than that of a-Si (1.5-1.6 eV at RT). The thin film deposited at RT which was Si-rich, 

though had more sp
3
 fraction of carbon in it, but Si content was much larger than C as 

evident from Raman spectrum (Figure 5.4a) as well as EDX results, Figure 5.11. The 

valence band maxima and conduction band minima was dominated by Si–Si bonding and 

antibonding levels, respectively hence it reflects Si like low optical band gap. In the film 

deposited at 750 °C, where ratio of Ic-c to ISi-Si increased, the conduction band minima was 
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determined by Si–C and C-C antibonding levels. The energy of the Si–C and sp
3
 rich C-C 

antibonding level is higher than that of Si–Si antibonding level (indicated by the large 

optical band gaps of c- SiC as well as sp
3
 rich C) resulting in higher optical band gap of 

the a-SiC film deposited at 750 °C. 

 

Figure 5.16 (a) Tauc plots for determining optical band gap (Eg) of a-SiC films deposited 

at different Ts and (b) variation of Eg of PLD a-SiC thin films with Ts. 

 

 

Figure 5.17 shows the changes in EU and B parameter (equation 2.9) with 

increasing Ts. It has been reported that the EU and the B parameter are related to the local 

and overall structural disorder in the films, respectively [20]. The EU of the a-SiC thin 

films decreases gradually from 760 to 600 meV with the increase in Ts. The decrease in 

EU at higher Ts reflects the steep fall of absorption curve resulting smaller band tails. A 

material with higher structural disorder has a larger tail in absorption edge. Hence smaller 

band tail in a-SiC, deposited at higher Ts, reflect relatively low structural disorder. The B 

parameter first slightly decreased from 502 (eVcm)
-1/2 

for film deposited at RT to 480 

(eVcm)
-1/2

 for that of deposited at 250 °C and then gradually increased to 540 (eVcm)
-1/2 

for Ts = 750 °C. In most of the earlier published results, it has been reported that B 

parameter of a-SiC films reduces as C content increases beyond stoichiometric point of  
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Figure 5.17 Variations of EU and B parameter of PLD a-SiC thin films fabricated with 

increasing Ts from RT to 750
o
C. 

 

SiC (C-rich SiC film). Sussman et al. [21] had reported that a decrease in the B parameter 

is due to a pronounced widening of the localized tail states as the carbon concentration is 

increased. This widening of the localized band tail states, in turn, is indicative of the 

increased disorder in the film [20, 22, 23]. In present case, the B parameter increased with 

increasing Ts indicating definite reduction in disorder. This could be due to the fact that 

the films fabricated at lower Ts were Si-rich a-SiC thin films which have higher structural 

disorder due to lack of stoichiometry.  With increasing Ts there was a transition of a-SiC 

films from being Si-rich to nearly stoichiometric a-SiC, but not C-rich and hence less 

disordered as indicated by higher value of B parameter, which is in confirmation with 

XRD, Raman spectra as well as EDX spectra.  

 

5.3 Conclusion: 

Nanostructured amorphous SiC thin films were fabricated by PLD technique as a 

function of Ts. The role of Ts in changing the structural, composition, optical properties 
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and surface morphology of a-SiC PLD thin films were studied. The SiC thin films 

showed amorphous feature as confirmed by XRD and Raman studies. The thin films 

exhibited slight improvement in crystallinity at higher Ts as reflected by the appearance of 

XRD peak corresponding to ß-SiC (111) plane. The stoichiometry of a-SiC films was 

observed to be changing from Si-rich to more stoichiometric a-SiC with increasing Ts 

from RT to 750 °C as confirmed by Raman spectra as well as EDX spectra. The refractive 

index in UV-Vis-NIR region measured from the transmission spectra is found to be 

decreasing with increasing Ts. Band gap calculated using Tauc plot was found to be blue 

shifted from 1.59eV to 2.33eV with increasing growth temperature which is due to the 

gradual increase in carbon content at elevated temperatures and transforming them to near 

stoichiometric a-SiC. FTIR results showed that the films basically composed of Si-C 

bonds and that fabricated at elevated temperatures were more ordered. TEM images 

showed increase in particle size while SAED pattern confirmed slight improvement in 

crystallinity of films with increase in Ts. The FESEM results showed the uniform growth 

of nanostructure with particles size increasing with increase in Ts.  
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Chapter 6 

Third order Nonlinear optical 

properties of PLD Si, SiOx and a-SiC 

thin films 

 

 
 

Nanostructured Si-based materials have exhibited some superlative linear and 

nonlinear optical properties in the recent years which have attracted attention for potential 

applications in variety of optoelectronics devices. It also has the advantage of 

compatibility with well-established Si-based micro-electronics technology. Nonlinear 

optical (NLO) materials are being recently explored with great interest for potential 

applications in optical switching, optical waveguide, optical limiting (OL), harmonic 

generation, information storage etc. [1]. Self-focusing displayed due to positive nonlinear 

refraction phenomena may be useful in reducing the optical beam-spot size below the 

diffraction limit and hence can be applied for enhanced density of optical data storage [2]. 

The bulk crystalline Si, SiC and SiO2 possess weak NLO effect thereby restricting its 

applications [3, 4]. In the nano scale dimensions, spatially confined exitons are formed 

due to quantum confinement effect, and have been reported to play a major role in the 

enhancement of nonlinear optical property of nanocrystalline thin films [4, 5]. A 

nonlinear media can also exhibit OL behaviour by means of various nonlinear optical 

mechanisms which includes self-focusing, induced scattering, induced-refraction, induced 

aberration, excited state absorption, two-photon absorption, photo-refraction and free-

carrier absorption [6]. The optical limiters are suitable for laser pulse shaping 

applications, passive mode locking, pulse smoothening, safety devices for sensors or eyes 

etc. [7, 8].
 
Though several forms of Si-based materials and SiC, as described in Section 

1.5 of Chapter 1, have been reported for NLO behaviour but the OL property has rarely 

TH-1680_10612114



 

Chapter 6: Third order Nonlinear optical properties of PLD Si, SiOx and a-SiC thin films. 

138 | P a g e  
 

been reported. The NLO behavior of the Si-based films, controlled by its linear 

absorption and optical band gap, is reported to be dependent on the film microstructures, 

deposition technique and host dielectric [9, 10]. The NLO properties of thin films have 

been investigated experimentally by various techniques [11-15]. Among them, Z-scan 

technique has emerged as a very handy tool for measurement of third order nonlinear 

absorption (NLA) and nonlinear refraction (NLR) coefficients [15].  

In Chapter 4 and 5 it was demonstrated that crystalline structure, surface 

morphology, stoichiometry and the linear optical properties of nc-Si, SiOx and SiC thin 

films via PLD are influenced by deposition parameters, hence it is expected that the NLO 

properties will also display some dependence on these parameters. Therefore in this 

chapter, the measurement of the NLO coefficients using modified Z-scan setup under cw 

laser irradiation, of various nanostructured Si-based films (nc-Si, SiOx and a-SiC) 

fabricated by PLD over a range of deposition parameters are presented. The NLA 

coefficient (β) and NLR coefficient (n2) of these thin films have been measured by open 

aperture (OA) and closed aperture (CA) Z-scan, respectively. The third order optical 

susceptibility of each film was estimated from β and n2. The OL studies were also carried 

out for these films. Finally a comparison of stoichiometric dependent third order 

susceptibility is made toward the end of this chapter.  

 

6.1  Experimental details: 

The third order NLA and NLR coefficient of PLD films was measured using modified Z-

scan setup. The Z-scan set-up and OL set-up are detailed in Chapter 2. Both of these are 

briefly summarized below. For NLO studies, Si, SiOx and a-SiC films were deposited by 

the PLD as detailed in Chapter 2 and the deposition parameters for the fabrication of Si 
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along with SiOx and a-SiC thin films are listed in Table 4.1 (Chapter 4) and Table 5.1 

(Chapter 5), respectively. In the modified Z-scan set-up, used in present thesis, a He-Ne 

laser was focused on the PLD 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 of the lens in a step size of 

1 mm and at each step images of transmitted beam is recorded by CCD. The recorded 

CCD image of the transmitted beam through the thin film positioned at 10 mm from the 

focal point is shown in Figure 6.1 (a) for OA Z-scan and (b) corresponding masked 

image for CA Z-scan for S~ 0.40 by implementing a software aperture [16]. 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 [16]. These 

OA and CA Z-scan data were fitted to equations, 2.17 and 2.18, to obtain the β and n2 

values of the thin films. 

 

Figure 6.1 CCD image of transmitted beam through PLD nc-Si film, fabricated at 

Ts=400 °C, positioned at 10 mm from the focal point: (a) open aperture and (b) closed 

aperture Z-scan for S~0.40. 

 

The OL experimental setup used was very similar to the open Z-scan geometry 

but the input power here was varied by using ND filters and sample was positioned fixed 
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at focus of the lens. The 32 mW power laser beam was used. The incident laser power on 

the sample was varied by ND filters. The images of transmission beam for each film as a 

function of input powers were recorded by CCD and finally output power was estimated 

after calibrating the CCD with the direct input laser beam. The plot of output power as a 

function of input power displayed the OL behavior. 

 

6.2 Effect of substrate temperature on the third order NLO response and OL 

property of PLD nc-Si thin films: 

In this section the results of the third order NLO and OL properties, under cw 

laser irradiation of nc-Si films fabricated via PLD are described.  

 

6.2.1 Third order NLA and NLR coefficients of PLD nc-Si films: 

The physical origin of NLR in any sample can be electronic, molecular, electrostrictive or 

thermal in nature. In the present case, in the Z-scan measurements a cw-laser was used, 

therefore optical nonlinearity induced in the films could be dominated by thermal effect. 

Figure 6.2(a-e) shows the normalized transmittance plot for OA Z-scan as a function of 

the sample position (z) w.r.t focus of the lens for nc-Si thin films deposited at substrate 

temperature (Ts) of (a) RT, (b) 200 
0
C, (c) 400 

0
C, (d) 600 

0
C and (e) 700 

0
C. The 

normalized OA Z scan transmittance curves for all the films exhibit minimum 

transmission at focus indicating the presence of strong reverse saturation absorption 

(RSA) in each of these Si films. The experimental data points of OA Z scan were fitted to 

the transmission profiles given by SBF, equation (2.17) [15] and β was calculated from 

the best fitted constant ‘c’. Figure 6.2(f) shows variation of ß as a function of Ts. Figure 

6.3(a-e) show the normalized transmittance plot for CA Z-scan as a function of the 
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sample position (z) w.r.t focus of the lens for nc-Si thin films deposited at different Ts (a) 

RT, (b) 200 
0
C, (c) 400 

0
C, (d) 600 

0
C and (e) 700 

0
C. All the CA z-scan spectra, show 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 n2 was calculated from the CA 

Z-scan measurment after fitting to equation (2.18) and shown in Figure 6.3(f) as a 

function of Ts. The measured value of Rayleigh length, zo for the He:Ne laser focused by 

convex lens of focal length 5 cm in the present case is ~ 2.45 mm. The measured valley-

to-peak separation, ∆zpv, is ~ 4.2 mm, close to 1.71z0 confirming the third order 

nonlinearity. Similar effects of RSA and self-focusing in refraction for Si films under cw 

laser and pulsed laser radiations has been reported by other researchers [17]. As the cw-

laser was used in Z-scan experiment, the origin of optical nonlinearity is attributed mainly 

to the thermal effects. The nc-Si thin films being an indirect band gap material, the 

probability of optical transition is a function of phonon population density also. The rise 

in sample temperature, caused by cw laser heating, leads to shrinkage in the band gap of 

silicon and increase in phonon density [3, 17].  In the focal region, the laser intensity 

being maximum results in maximum laser induced heating in the sample. But while 

moving away from the focal region, on either side, laser induced heating gets curtailed 

due to the gradual fall of laser intensity. Therefore, the generated phonon density within 

the material is larger at the focus compared to that of at other locations. Hence the 

probability of phonon mediated optical absorption in this indirect band gap Si thin film is 

maximum (minimum transmission) at focus while the absorption decreases as the sample 

moves away from focus on either side, resulting RSA. Another major contribution for 

RSA could be phonon assisted free carrier absorption. Moreover, as the Gaussian beam 
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from a cw laser propagates through an absorbing sample, light is absorbed and 

immediately gives rise to local heating producing spatially varying temperature field. The 

refractive index which depends linearly on temperature forms a spatially varying 

 

Figure 6.2 Open aperture Z-scan Normalized Transmittance curve of nc-Si thin films 

deposited at substrate temperature of (a) RT, (b) 200 °C, (c) 400 °C, (d) 600 °C and (e) 

700 °C while (f) shows variation of ß as a function of substrate temperature. 
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Figure 6.3 Closed aperture Z-scan Normalized Transmittance curve of nc-Si thin films 

deposited at substrate temperature of (a) RT, (b) 200 °C, (c) 400 °C, (d) 600 °C and (e) 

700 °C while (f) shows variation of n2 as a function of substrate temperature. 

 

 

refractive index region forming a thermal lens and hence the films exhibited self-focusing 

effect [18, 19]. The β and n2 of the nc-Si thin films  as a function of deposited Ts is  
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Figure 6.4 Variation of nonlinear absorption coefficient (ß) and nonlinear coefficient of 

refraction (n2) of nc-Si thin films as a function of Ts.  Dotted lines are not fitted lines but 

are only guide for eyes. Inset shows the variation of linear absorption coefficient (α) at λ 

= 632 nm, with increasing Ts. 

 

 

depicted again in Figure 6.4. The value of ß for the nc-Si films was observed to be 

decreasing from 22.9
 
cm/W to 13.8 cm/W as Ts increases from  RT to 400 ˚C, then it 

slightly increases to 15.8 cm/W for Si film deposited at 600 ˚C while finally decreasing to 

12 cm/W at 700 ˚C.  The n2 for the nc-Si films was observed to be decreasing from 4.5 × 

10
-4 

cm
2
/W to 3.1 × 10

-4
 cm

2
/W as Ts increases from  RT to 200 ˚C, then it becomes 

nearly invariant with increasing Ts while finally decreasing to 1.9 × 10
-4

 cm
2
/W at 700 ˚C. 

This change in the values of ß and n2 of Si films as a function of Ts can be corelated with 

the linear absorption coefficient, α (at λ = 632.8 nm) which changes in similar manner 

with increasing Ts as shown in the inset of Figure 6.4. The decrease in α reduces laser 
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heating in the films resulting in reduced production of phonon. This decline in phonon 

density reduces the probability of optical absorption in these indirect band gap Si thin 

films resulting in the decrease in RSA coefficient, ß, with decreasing α and vice versa. 

The effective thermal nonlinear refractive index of the medium can be written as [19], 

                                  
   (

  

  
) (

  

 
)
 

(
 

 
)                                                    (6.1)                                                                                                                                                                  

where k = DρCp , D is thermal diffusivity, ρ is material density and Cp is specific heat of 

the thin films. For small changes of linear refractive index w.r.t. temperature (dn/dT), the 

n2 solely depends on the ratio of α/k. In the present work, the values of α in these thin 

films were found to change with the Ts, explaining the similar trend of n2 as a function of 

Ts. 

 The real and imaginary part for χ
(3)

 of all the nc-Si thin films were calculated from 

the respective values of n0, n2 and ßeff obtained from the experiments using equations 

(2.22) and (2.23). The calculated values of n0, n2, α, ß, χ
(3)

R and χ
(3)

I for the PLD nc-Si thin 

films deposited at different Ts are listed in Table 6.1. The significant large nonlinear third 

order optical susceptibility was observed in the nc-Si thin films in present case as 

compared to that of bulk Si. For all the films, positive nonlinearity was observed. The 

χ
(3)

R and χ
(3)

I observed were of the order of 10
-1

 esu and 10
-2 

esu, respectively, which is 

10
9
 times higher than that of observed in bulk Si [3]. This can be attributed to limitations 

imposed by the quantum size effects. In smaller dimension the oscillator strength 

enhances and interaction of the local electric field of the light with nanostructures in these 

films becomes stronger. The observed values of χ
(3)

R and χ
(3)

I of the nc-Si thin films 

fabricated by PLD  were one order of magnitude higher than that of polycrystalline 300 

nm Si thin film  reported by Choi et al [17]. 
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Table 6.1.  n2, α,  ß ,  χR
(3)

 ,  χI
(3)

 and  χ
(3)

  for the PLD nc-Si thin films deposited at 

different Ts. 

 

6.2.2 Optical limiting in PLD nc-Si thin films: 

The materials with large nonlinear RSA can be used as optical limiters. An ideal optical 

power limiter has a linear transmission below a particular threshold and above this the 

output becomes constant. This property could be used for providing safety to sensors or 

eye. The OL can be achieved by means of various NLO mechanisms, including self-

focusing, self-defocusing, induced scattering, induced-refraction, induced aberration, 

excited state absorption, two-photon absorption, photo-refraction and free-carrier 

absorption in nonlinear optical media [6]. The OL behavior of all the films was studied 

under cw laser illumination using the set-up shown in 2.10. Figure 6.5 shows the 

characteristic optical limiting curves for the nc-Si films deposited at various Ts. In the 

present case, the OL is due to RSA induced by local heating caused by absorption of laser 

in these semiconducting films [6]. It is shown clearly in Figure 6.4 that at low incident 

laser power, the output varies linearly with input power and deviates from it displaying 

the signature of saturation at higher laser powers. The point of onset of deviation from 

linearity of the plot of output laser power versus input laser power is termed as optical 

limiting threshold. The deviations from linearity began at around 8 mW for all the films 

Substrate 

Temperature, 

Ts (
0
C) 

Non  linear 

Refractive 

index, n2 

( cm
2
/W)  

× 10
-4 

Linear 

absorption 

coefficient, α 

(cm
-1

)  

× 10
4
 

Nonlinear 

absorption 

coefficient, ß   

(cm/W)  

χR
(3) 

 (esu)  

× 10
-1

 

χI
(3) 

(esu)  

× 10
-1

 

χ
(3)  

(esu) 

× 10
-1

 

RT 4.50±0.20 9.45 22.99±0.88 2.68 0.97 2.86±0.15 

200 3.09±0.21 7.04 14.94±0.65 1.45 0.48 1.53±0.14 

400 3.33±0.30 5.75 13.80±0.80 1.85 0.50 1.92±0.23 

600 3.12±0.41 5.27 15.84±1.23 1.32 0.43 1.39±0.23 

700 1.87±0.21 3.50 12.05±1.05 0.63 0.24 0.67±0.09 

TH-1680_10612114



 

Chapter 6: Third order Nonlinear optical properties of PLD Si, SiOx and a-SiC thin films. 

147 | P a g e  
 

except that of deposited at 700 ˚C for which threshold was observed at slightly higher 

power of around 12 mW. This is due to the fact that this particular sample, fabricated at 

700 ˚C had minimum value of ß. 

 

 

 

 

Figure 6.5 Optical limiting response of nc-Si films deposited at various Ts. The variation 

of OL threshold as a function Ts is depicted by broken red line. 
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6.3 Effect of oxygen pressure on the third order NLO response and OL property of 

PLD SiOx thin films: 

The SiOx films fabricated via PLD comprised of nc-Si embedded in SiO2 matrix 

as was confirmed by Raman and EDX studies, Chapter 4. Therefore these films are 

expected to exhibit NLO properties similar to that of nc-Si films as described in Section 

6.2. The stoichiometry of SiOx films was found to be dependent on background oxygen 

pressure during PLD and hence it is expected that same may get reflected in NLO 

properties too. In this section stoichiometric dependent NLO propertries of SiOx (x~0.01 

to 2.14) films is detailed along with their OL properties.  

 

6.3.1 Third order NLA and NLR coefficients by modified Z-scan technique: 

The normalized OA Z-scan transmittance curves for all the SiOx films, reported in 

Chapter 4, are shown in Figure 6.6 (a).  Except the film deposited under O2 pressure of 

0.5 mbar (Figure 6.6-e), all the other films clearly exhibited minimum transmission at 

focus indicating the presence of strong reverse saturation absorption (RSA). The 

experimental data points for open Z-scan were fitted to the transmission profile given by 

equation (2.17) and β was calculated from the best fitted constant ‘c’. The β values for the 

SiOx thin films as a funtion of O2 pressure are listed in Table 6.2. In the CA Z-scan, 

Figure 6.6(b), normalized transmission curves showed a transmittance minimum (valley) 

prior to focus followed by a  transmittance maximum (peak) after focus for all the films, 

indicating positive nonlinear refraction coefficient. The value of n2 was calculated by 

fitting the data of the closed aperture Z-scan measurment to equation (2.18) and are listed 

in Table 6.2 as a function of O2 pressure. The measured valley-to-peak separation, ∆zpv ~ 

4.2 mm which amounts to ~1.71 times of Raleigh length (z0 ~ 2.45 mm) indicating the 
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presence of third order nonlinearity [15]. The similar NLO behavior; self-focusing and 

reverse saturation absorption had been reported for Si films (fabricated by PECVD) under 

femto second and cw laser radiation [4, 17] as well as PLD films of nc-Si as discussed in 

the previous Section 6.2. The rise in sample temperature, caused by cw laser heating 

resulting in the RSA effect similar to that of Si films discussed in the Section 6.2. 

 

Figure 6.6 Z scan spectra of SiOx films (a) Open aperture and (b) Closed aperture 

(Symbols: measured data points, continuous line: fitted curve). 

 

The values of  ,χ
(3)

R,  χ
(3)

I and χ
(3)

calculated using equations (2.22), (2.23) and 

(2.24) respectively, for the PLD SiOx thin films as a function of O2 pressure are listed in 

Table 6.2. For all the films, positive nonlinearity was observed. The values of χR
(3)

 and  

χI
(3)

 observed were of the order of 10
-1 

- 10
-3 

esu and 10
-2 

- 10
-3 

esu, respectively, with 

increasing oxygen content, and is 10
9
 times higher than that of observed in bulk Si [3]. 

This again can be attributed to limitations imposed by the quantum size effects as 

described for the case of nc-Si films in Section 6.2 [5]. The observed values of χR
(3)

 and 

χI
(3)

 of SiOx thin films fabricated at O2 pressure of 10
-3 

to 0.1 mbar were of the same order 

of magnitude as that of 300 nm thick  polycrystalline Si film  reported by Y. Choi et al.  
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Table 6.2 n2, α, ß, χR
(3)

,  χI
(3)

 and  χ
(3)

  for the PLD SiOx thin films deposited at different O2 

pressure. 

 

                                                                           

 

Figure 6.7 Variation of nonlinear absorption coefficient (ß) and nonlinear coefficient of 

refraction (n2) of SiOx thin films with increasing O2 pressure (broken lines are not fitted 

lines but are only guide for eyes). Inset shows the variation of linear absorption 

coefficient (α) at λ = 632 nm, with increasing O2 pressure. 

 

Oxygen 

pressure 

(mbar) 

Nonlinear 

Refractive index, 

n2 

( cm
2
/W) × 10

-5 

Linear 

absorption 

coefficient, α 

(cm
-1

) × 10
4
 

Nonlinear 

absorption 

coefficient, 

ß   (cm/W)  

χR
(3)

 (esu) 

× 10
-3

 

χI
(3) 

(esu) × 

10
-3

 

χ
(3) 

(esu) 

× 10
-3

 

10
-4 

44.18±7.30 5.09 21.44±3.37 219.79 67.29 229.8±44.06 

10
-3

 19.92±3.80 2.12 9.23±1.61 48.49 13.08 50.22±10.62 

10
-2

 8.41±1.58 1.91 8.31±1.52 19.04 10.24 21.61±4.52 

10
-1

 6.61±1.53 0.43 2.08±0.46 8.08 1.36 8.19±2.07 

0.5 1.98±0.63 0.28 - 1.52 -- 1.52±0.61 
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[17]. But the observed values of these NLO coefficients of the SiOx thin films deposited 

at lower O2 pressure of 10
-4 

mbar, in the present case, was one order of magnitude higher. 

Figure 6.7 shows the variation of values of ß and n2 of SiOx thin films with 

increasing O2 pressure. The β for the SiOx films was observed to be decreasing from 

21.44 cm/W to 2.08 cm/W, with increase in O2 pressure from 10
-4 

to 10
-1 

mbar. The 

values of n2 for the SiOx films was observed to be decreasing from 44.18 × 10
-5

 cm
2
/W to 

1.98 × 10
-5

 cm
2
/W, with increase in O2 pressure from 10

-4 
to 0.5 mbar. The decline in the 

values of ß and n2 with increasing deposition O2 pressure can be corelated with the linear 

absorption coefficient, α, at λ = 632.8 nm (Figure 4.18 (a), Chapter 4) which also 

decreases from 5.09 × 10
4
 cm

-1
 to 0.28 × 10

4
 cm

-1 
with increasing O2 pressure from 10

-4 
to 

0.5 mbar, respectively, as shown in the inset of Figure 6.6 and is also presented in 

Chapter 4. This decrease in linear absorption with increase in O2 pressure is solely due to 

the stoichiometric changes of the SiOx films from Si-rich to oxygen rich. The decrease in 

α reduces the linear absorption induced heating in the films resulting in reduced phonon 

density. This decline in phonon density reduces the probability of optical absorption in 

the indirect band gap of SiOx thin films resulting in the decrease in RSA coefficient, ß. 

The Z-scan for these thin films was performed under cw laser illumination which can 

induce considerable heating in the samples producing thermally induced optical 

nonlinearities in SiOx thin films as discussed in section 6.4 and equation (6.1).       

 

6.3.2 Optical limiting in PLD SiOx thin films: 

Figure 6.8 shows the optical limiting response of the SiOx films deposited at 

various O2 pressures from 10
-4

 to 0.5 mbar. The variation of OL threshold is marked in 

red line. The OL threshold of SiOx films was found to be increasing from 0.34 to 1.86 
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kW/cm
2
 with increasing O2 pressure from 10

-4 
to 10

-1 
mbar, where x changes from 0.03 to 

0.85 respectively. For the film fabricated at 0.5 mbar, no clear signature of OL was 

observed, as SiOx films fabricated at this pressure did not display any measureable 

nonlinear absorption behavior. The increase in OL threshold of the SiOx films with 

increase in oxygen pressure is attributed to decrease in their β which is caused by the shift 

in stoichiometry of the films from Si-rich (x~0.03) to oxygen rich (x~0.85).  

 

 

Figure 6.8 Optical limiting response of SiOx thin films. The red line shows the OL 

threshold variation as a function O2 pressure. 
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6.4 Effect of substrate temperature on the third order NLO properties of a-SiC thin 

films: 

In Chapter 5 the effect of deposition temperature (Ts) on the properties of PLD a-SiC 

films were presented. It is also expected that the NLO properties of these films may also 

exhibit some dependence on Ts. Figure 6.9 and Figure 6.10 show the normalized 

transmittance plot for open and closed aperture Z-scan as a function of the sample 

position w.r.t focus of the lens for a-SiC thin films deposited at various Ts. The OA Z-

scan of all the films show  minimum transmittance at  the focus thus dispalying RSA, an 

indication of NLA. The NLA coefficient, , was calculated from the nomalized  

 

Figure 6.9 Open Z-scan Normalized Transmission intensity for a-SiC thin films deposited 

at Ts = (a) RT, (b) 250 
0
C, (c) 500 

0
C and (d) 750 

0
C. 
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Figure 6.10 Closed Z-scan Normalized Transmission intensity of PLD a-SiC thin films 

deposited at Ts = (a) RT, (b) 250 
0
C, (c) 500 

0
C and (d) 750 

0
C. 

 

transmittance data of the OA Z-scan measurement after being fitted to the equation 

(2.17). In the CA Z-scan, normalized transmission curves  show a transmittance minimum 

(valley) prior to focus followed by a transmittance maximum (peak) after focus for all the 

films confirming the presence of positive nonlinear refractive index in these films. The 

CA Z-scan data was fitted to the equation (2.18). The measured valley-to-peak separation 

of 4.2 mm is ~ 1.7 times of Raleigh length (z0 = 2.45 mm), confirms the presence of 

positive third order non linearity in the SiC films. The calculated values of n2, α, ß,  χR
(3)

,  

χI
(3)

 and χ
(3)

 for the PLD a-SiC thin films as a function of Ts are listed in Table 6.3. The 

χ
(3)

 observed were of the order of 10
-3 

esu which is 10
10

 times higher than that of bulk SiC 
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under femtosecond laser irradiation [20]. This can be attributed to limitations imposed by 

the quantum size effects as described in section 6.2. Also values of χ
(3)

R observed in this 

report were 10
4
 times higher than that of nanocrystalline SiC under ns-pulsed Nd-YAG 

laser irradiation as reported by Brodyn et al. [5]. In the present work, a gradual reduction 

in n2 was observed with increasing Ts (Table 6.3).  The values of α of these thin films 

were found to decrease with the increasing Ts, Figure 5.15 , Chapter 5, due to transition 

of the film from Si-rich to near stoichiometric a-SiC, and hence resulting in the decrease 

of the n2 (equation 6.1) of the a-SiC films with increasing Ts. In this case also the 

contribution of thermally induced nonlinearity is dominating one due to the cw laser 

induced heating. 

 

Table 6.3 n2, α, ß,  χR
(3)

,  χI
(3) 

and  χ
(3)

  for PLD a-SiC thin films deposited at different Ts. 

 

 

 

Figure 6.11 shows a comparison of values of χ
(3)

  for all the sets of band gap 

engineered PLD Si-based thin films deposited over a range of parameters. These values of 

χ
(3)

  were solely dependent on the linear absorption coefficient which was controlled by 

Substrate 

Temperature, 

Ts 

(
0
C) 

Non  linear 

Refractive index, 

n2 ( cm
2
/W) × 10

-5
 

Linear 

absorption 

coefficient, 

α (cm
-1

) × 

10
4
 

Non linear 

absorption 

coefficient, ß   

(cm/W) 

χR
(3 

(esu)  

× 10
-2

 

χI
(3) 

(esu) × 

10
-4

 

χ
(3) 

(esu) 

× 10
-2

 

RT 7.68±2.22 4.64 0.75±0.23 1.73 8.4 1.73±0.50 

250 7.55±1.97 4.16 0.81±0.23 1.59 8.5 1.59±0.41 

500 5.64±1.53 2.15 0.75±0.20 1.01 6.7 1.01±0.27 

750 3.14±0.87 1.39 0.34±0.08 0.58 2.8 0.58±0.16 
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stoichiometry and crystallinity of the films, later two of which were dependent on the 

deposition parameters of PLD technique. 

 

 

 

Figure 6.11 χ
(3)

 values for the different band gap engineered PLD Si-based thin films 

deposited under different deposition parameters. 

 

6.5 Conclusion: 

The third order NLO properties of Si, SiOx and a-SiC thin films deposited via 

PLD were studied using modified Z-scan technique under cw He-Ne laser irradiation. The 

origin of optical nonlinearity in all these PLD Si-based thin films; Si, SiOx and a-SiC, is 

due to the thermal effect induced by cw laser illumination. The OA Z-scan of all the Si-

based thin films in present case indicated strong RSA while CA Z-scan exhibited self-

focusing property confirming the positive NLR. The values of β for the nc-Si films was 

observed to be of the order of 10 cm/W. The n2 for the Si films was observed to be of the 
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order of 10
-4

 cm
2
/W. A large third order NLO susceptibility of the order of 10

-1 
esu was 

observed in these PLD nc-Si films, which is 10
9 

times higher as compared to that of a 

bulk Si. The optical limiting was observed in all these nc-Si films where limiting 

threshold power was observed to be increasing with growth temperature due to decrease 

in values of ß. 

The SiOx (~0.03 – 2.14) films fabricated as a function of background O2 pressure, from 

10
-4 

to 0.5 mbar also exhibited third order NLO. The value of β was observed to be 

decreasing from 21.4 - 2.0 cm/W, with increase in the O2 pressure, changing x from 0.01 

to 2.14. The value of n2 was found to be decreasing from 44.2 × 10
-5

 - 1.9 × 10
-5

 cm
2
/W, 

with similar increase in O2 pressure. The significantly large NLO susceptibility of the 

order of 10
-1

-10
-3 

esu was observed in these films.  The SiOx films except the one 

containing maximum oxygen content exhibited OL. The OL effect in these films were 

due to RSA and optical limiting threshold was found to increase with increasing oxygen 

content. Thus these results indicate that a tunable NLO and OL films can be fabricated by 

controlling the stoichiometry of SiOx films which in case of PLD technique can be 

performed simply by controlling the background oxygen pressure.  

The values of ß and n2 for PLD a-SiC thin films were found to be decreasing from 

0.75 - 0.34 cm/W and 7.68 - 3.14 × 10
-5

 cm
2
/W respectively with increasing Ts from RT 

to 750 °C, following similar decreasing trend of α. This is due to the change in 

stoichiometry from Si-rich to nearly stoichiometric a-SiC with increasing Ts from RT to 

700° C during deposition. The NLO susceptibility of the order of 10
-2 

esu was observed in 

these films.  
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Chapter 7 

Conclusions 
 

 

The present research work was aimed towards the fabrication and characterization 

of nc-Si, SiOx and SiC semiconductor thin films via PLD technique in order to study the 

effect of substrate temperature and background gas pressure on their stoichiometry and 

crystallinity, which in turn control structural as well as optical properties. In addition a-

Si:SiO2 nanostructures were also fabricated by direct laser irradiation of Si wafer as a 

function of laser fluence.  The room temperature (RT) photoluminescence properties of 

these films and nanostructures along with their possible origins were investigated. The 

effect of film stoichiometry on the third order NLO properties and optical limiting (OL) 

properties were studied as well.  

Initially, the a-Si:SiO2 nanostructures were fabricated directly on crystalline Si (c-

Si) substrate by irradiating it with nearly focused beam of a second harmonic (532 nm) of 

a Q switched high power Nd: YAG laser (pulse duration of 8 ns and repetition rate of 10 

Hz). The laser ablation was performed in air at RT as a function of laser fluence 

approximately from 0.35 to 2.67 Jcm
-2

. This resulted in the formation of crater-like 

central crystalline region surrounded by the micron sized cauliflower-like clusters of a-Si 

embedded within SiO2 matrix. The amorphous nature of the clusters, which were 

composed of a-Si as well as amorphous SiO2, was confirmed by Raman spectra, FTIR 

spectra and SAED patterns. The EDX spectroscopy results showed increase in oxidation 

of Si with increasing laser fluence which was also confirmed by infrared absorption of Si-

O-Si stretching vibration mode. TEM images showed that with increasing laser fluence, 

the size of the nanoparticles decreases while their SAED pattern indicated the amorphous 

structure. These nanostructures exhibited an intense RT broad band PL ranging from 1.6 

to 2.2 eV with twin peaks around red region. The origin of luminescence in these 
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structures was attributed to nanostructures of a-Si and predominantly to non-bridging 

oxygen hole center (NBOHC) defects in SiO2 matrix. The PL peak intensity was found to 

be a function of oxygen content.  

The nc-Si thin films were fabricated onto Corning glass substrate by PLD at a 

laser fluence of ~ 2.5 Jcm
-2

 under vacuum (~10
-6

 mbar) as a function of substrate 

temperatures (Ts), from RT to 700 ˚C. The effect of Ts on the structural as well as linear 

and nonlinear optical properties was studied. These films were polycrystalline in nature as 

was confirmed by the characteristic XRD peaks for the Si (111), Si (220) and Si (311) 

planes. The Raman maps indicated the presence of nc-Si clusters embedded in uniform 

background of amorphous Si for the films deposited at RT and 200 ˚C to 600 ˚C of 

substrate temperature. The film deposited at 700 ˚C exhibited nc-Si feature by and large. 

The thickness, refractive index and absorption coefficient of films were measured from 

interference pattern of the UV-Vis-NIR transmission spectra using Swanepoel’s envelop 

method. The thickness of the films was found to be in the range of 480-348 nm. The static 

refractive index were found to be in the range of 3.3- 3.9. The optical band gap of the Si 

thin films was observed to be in the range of 1.3-1.55 eV for the Ts from RT to 700 ˚C, 

respectively. The thickness, optical constants and band gap of the films were also 

estimated from Spectroscopic Ellipsometry spectra using Tauc-Lorentz-Lorentz 

dispersion model along with BEMA and were observed to be consistent with the values 

obtained from UV-Vis-NIR spectroscopic studies.  

The direct laser ablation of c-Si target resulted in photoluminescent a-Si:SiO2 

structures. But from the device point of view it is also required to be grown in the form of 

thin film geometry. Therefore, the films of nc-Si:SiO2 (or simply SiOx) were fabricated 

via PLD on glass substrate. All the films were deposited at a laser fluence of ~ 2.5 Jcm
-2

 

and substrate temperature of 400 °C for 30 min duration. The stoichiometry of the SiOx 
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films was controlled by background pressure of oxygen during deposition in the range of 

10
-4 

to 0.5 mbar. XRD spectra confirmed the polycrystalline nature of these films. The 

EDX results indicated the increase in oxygen content, x= 0.03 to 2.1, with increasing O2 

pressure from 10
-4

 to 0.5 mbar, respectively. Scanning electron microscopic images of 

SiOx films exhibited the micron-sized clusters embedded in otherwise uniform 

background. The Raman maps confirmed that these micron-sized clusters contained nc-Si 

embedded in uniform matrix composed of oxidized amorphous Si. The average crystallite 

size of nc-Si, estimated from Raman shift of nc-Si, was observed to be reducing from 

around 18.3 nm to 3.2 nm (using bond-polarizability model) with increasing O2 pressure 

from 10
-4

 mbar to 0.5 mbar, respectively. The static refractive index was found to reduce 

from 3.57 to 1.57 while band gap energy blue shifted from 1.55 to 2.80 eV approximately 

with increasing O2 pressure in these films. This is due to shift in stoichiometry from Si-

rich to oxygen rich SiOx films. Urbach energy estimated from absorption spectra and 

ITA/ITO obtained from Raman spectra of amorphous Si matrix was found to increase with 

increasing oxygen content in SiOx films indicating increase in the structural disorders in a 

material.  Laser excited PL spectra were observed for films fabricated at oxygen pressure 

of  0.01, 0.1 and 0.5 mbar only, exhibiting peak around 1.43, 1.53 and 2.51 eV, 

respectively. These PL spectra have multi-component peaks originated due to quantum 

confined nc-Si as well as oxygen related defects; NBOH and Vo centers. The QC-related 

PL peak was observed to be blue shifted for smaller sized crystallites. These studies also 

emphasizes on the efficacy of Raman mapping to probe structural heterogeneity of Si-

based thin films which helped in explaining the origin of multicomponent structure in the 

PL spectra.  

Nanostructured amorphous SiC thin films of sub-micron thickness were also 

fabricated onto fused silica and undoped c-Si substrates by PLD technique at Ts of RT, 
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250 °C, 500 °C and 750 °C with a laser fluence of 6 J/cm
2
 under vacuum (~ 10

-6
 mbar). 

The SiC thin films showed amorphous feature as confirmed by XRD and Raman studies. 

The thin films exhibited slight improvement in crystallinity at higher Ts as reflected by the 

appearance of small XRD peak corresponding to ß-SiC (111) plane. The stoichiometry of 

a-SiC films was observed to be changing from Si-rich to more stoichiometric a-SiC with 

increasing Ts from RT to 750 °C as confirmed by Raman spectra as well as EDX spectra. 

The thickness of the films was found to be in the range of ~255-330 nm. The refractive 

index in UV-Vis-NIR region measured from the transmission spectra is found to be 

decreasing from 3 to 2.64 with increasing Ts. The band gap was found to be blue shifted 

from 1.59 to 2.33eV with increasing growth temperature which is due to the gradual 

increase in carbon content at elevated temperatures resulting in change in stoichiometry 

from Si- rich to near stoichiometric a-SiC films. The FTIR results showed that the films 

basically composed of Si-C bonds and that fabricated at elevated temperatures were more 

ordered. TEM images showed increase in particle size while SAED pattern confirmed 

improvement in crystallinity of films with increase in Ts. The FESEM images displayed 

the uniform growth of nanostructure with particles size increasing with increase in Ts. 

The third order NLO characteristics of all the PLD thin films of Si, SiOx and a-

SiC was performed by modified Z-scan set up  using cw He-Ne laser at 632.8 nm 

wavelength. The nonlinear absorption (NLA) coefficient, β and nonlinear refraction 

(NLR) coefficient, n2, were determined from open aperture (OA) and closed aperture 

(CA) Z-scan, respectively. Finally from these coefficients the NLO susceptibilities of the 

films were calculated. The OA Z-scan spectra of all the three kinds of films; nc-Si, SiOx 

and a-SiC, showed feature of strong reverse saturation absorbtion (RSA) and their CA Z-

scan spectra indicated self-focussing property. The value of β of nc-Si films was observed 

to be of the order of 10 cm/W. The n2 values for the nc-Si films was estimated to be of the 
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order of 10
-4

 cm
2
/W.  These high NLO coefficients had resulted significantly large values 

of χ
(3)

 of the order of 10
-1 

esu in the nc-Si films, which is 10
9 

times higher as compared to 

that of a bulk Si. The optical limiting (OL) property was also observed in the nc-Si thin 

films. The values of ß for SiOx thin films decreased from 23.5 cm/W to 1.64 cm/W while 

n2 decreased from 28.3 × 10
-5

 cm
2
/W to 1.70 × 10

-5
 cm

2
/W with the increase in O2 

pressure from 10
-4

 to 0.5 mbar, respectively. The values of χ
(3)

 for SiOx was observed to 

be of the order of 10
-1 

to 10
-3 

esu with increasing oxygen content. The SiOx films also 

exhibited OL properties where the OL threshold (varies inversely with ß)  increases with 

increasing oxygen content. The NLO behaviour of a-SiC films was similar to that of SiOx 

films with χ
(3)

 observed to be of the order of 10
-3 

esu, which is two order of magnitude 

smaller than that of Si films. The origin of the optical nonlinearity in all the samples 

reported in the thesis was overwhelming due to thermo-optic effects, induced by cw laser 

irradiation. Hence the behavior of ß and n2 of these films as a function of deposition 

parameters were observed to vary in the manner similar to that of linear absorption 

coefficient as a function of respective deposition parameters.  

 

Future scopes: 

The films exhibiting photoluminescence can be subjected to time-resolved PL and 

temperature dependent PL studies for detailed understanding of the possible emission 

mechanism involved. 

The a-SiC films can be used to fabricated nanocrystalline SiC film by annealing 

them at high temperatures under vacuum and their structural as well as PL property can 

be extensively studied. In PLD stoichiometry the films can be controlled by the 

background gas pressure. Therefore, SiC films can be fabricated in presence of some inert 
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gas environment and thus stoichiometric dependent linear, nonlinear and PL properties 

can be studied to obtain the optimized parameter of the film for device application. 

The third order optical nonlinearity of nc-Si, SiOx and SiC thin films using cw laser is 

presented in this thesis. These films can also be subjected to nanosecond and femtosecond 

laser for studying their NLO behavior. Apart from this, the nc-Si and Si-rich SiOx films which 

exhibited strong RSA can be tried for optical switching and modulation applications. 
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