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Porous Si (PS), a composite of Si and void, is known to scientific community ever since 

A. Uhlir reported his observation during electropolishing of Si in aqueous hydrofluoric 

acid in 1956. Until 1990, when Canham reported his discovery on PS that certain PS could 

show efficient visible photoluminescence at room temperature, the interest on PS was 

based on its possible use as a substrate material for heteroepitaxy. The discovery of 

Canham has altered the whole scenario from both basic science and applied areas of 

research. A plethora of research articles, following the discovery of PL from PS, is 

available in the literature. This is partly due to (i) the presence of Si, a well explored and 

technologically promising material both in crystalline and amorphous forms of matter, as a 

constituent (ii) ease and cost effective preparation technique and (iii) the intriguing 

efficient visible photoluminescence.  

Photoluminescence, though considered to be one of the key factors that have stimulated 

the research interest on PS, the mechanism of the phenomenon is yet a topic of intense 

debate. Also, the refractive index of PS, which is fundamental to the understanding of 

processes that involve the interaction of electromagnetic wave with matter, is often 

overlooked. The determination of refractive index of PS, or in general, any composite is 

not straight forward. A propagating electromagnetic wave undergoes scattering due to 

spatial variation of refractive index in the media. The existing procedures for the 

determination of refractive index from transmittance or specular reflectance spectral 

measurements inherently consider non-scattering medium, so their applicability to 

composite is questionable. Also, the calculation of refractive index through effective 

medium theories has its own drawbacks. Effective medium theories demand a prior 

knowledge of the optical constants and the occupied volume fractions of all the individual 

homogeneous components constituting the composite and their microscopic geometry to 

determine the effective refractive index of the system. Depending on the microscopic 

geometry, there exist several effective medium theories, each specific to a particular 
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microscopic geometry. In reality, no composite would satisfy all the necessities for the 

applicability of the theory. In PS, the situation is even complicated by the presence of 

several surface adsorbed chemical species on the exposed Si surfaces. Practically, it is 

impossible to identify all the chemical species, their optical constants and their occupied 

volume fractions in PS matrix. These features make the determination of optical constants 

in PS as a formidable task through effective medium theories. 

The present thesis proposes a data analysis procedure, which is not merely applicable to 

PS but to any composite or inhomogeneous films, for the determination of real part of the 

dispersion of refractive index n(�), thickness d and incoherent spectral scattering from the 

interference in transmittance or specular reflectance measurements. The proposal considers 

the qualities of practical thin films like compositional inhomogeneity resulting in the 

spatial variation of refractive index over the volume of the material, 

chemisorption/physisorption of foreign species on the vulnerable interfaces resulting in the 

refractive index of the interfaces different from the bulk of the material and rough 

interfaces. 

The proposed data analysis procedure for the determination of n(�) and d is used in the 

characterization of PS layers.  The PS layers are prepared on different resistive c-Si wafers 

(0.001, 0.01, 0.1, 1 and 50 � cm) under various current densities (1, 5, 25, 50, 75, 100 and 

150 mA/cm2) with pulsed current electrochemical etching process. As there existed no 

procedure to determine n(�) and d prior to this work, the thesis presents a systematic study 

on the effect of wafer resistivity and etching current density on n(�) and the etching rate. 

The study throws light on the dissolution kinetics of PS formation. 

Photoluminescence is one of the most extensively studied phenomena in PS. There exist 

many controversial ideas for the origin of PL from PS, yet it is widely believed that the 

effect of quantum confinement persists at the absorption. The present investigation shows 

a close correspondence of photoluminescence excitation spectrum of PS, which is 

primarily an alternative to absorption on opaque samples, to that of the absorption 

spectrum of bulk c-Si. It is from the close correspondence of these spectra, we remark that 

effect of quantum confinement is not significant in PS.  Following, the origin of PL is 

ascribed to surface states formed by hydrides and oxides bonded to the vulnerable exposed 

Si surfaces in PS matrix. A small correction in the traditional analysis of 

photoluminescence excitation spectrum is also pointed out to incorporate the spectral 
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reflectivity of the material in the case of solids. The blue shift of the photoluminescence 

peak centre with the increase in excitation energy is explained based on the 

quasithermalization and probability of occupation of carriers at the surface states. Several 

other common observations like increase in luminescence efficiency with aging and 

porosity are also explained. 

Raman scattering (RS) spectroscopy, yet another optical characterization tool, is used 

for the structural characterization of PS. In Si, the red shift accompanied with a spectral 

asymmetry in the broadening of �25� component of the one-phonon RS, in the absence of 

non-uniform heating, is a clear indication of the presence of low dimensional Si structures. 

There exists a plethora of experimental data in the literature on the one-phonon RS of PS 

with a red shift accompanied with a spectral asymmetry in the broadening that has been 

ascribed to the presence of low dimensional Si structure in the material. The RS 

measurements, reported in this thesis, are preformed with low laser power so as to 

minimize the effect of local heating on the spectra. The RS from PS layers, under these 

conditions, are nearly identical to bulk c-Si. The inference from the spectra contradicts the 

usual belief on the existence of Si nanostructures in PS matrix. 

However, on heavily B-doped Si wafers, where the RS by optical phonons is interfered 

by the continuum of intervalance electronic transitions, RS from PS show deviations in the 

asymmetric spectral broadening relative to the bulk counterpart. It is also observed that the 

deviation increases with the doping concentration and etching current density. This feature 

of RS from PS on heavily B-doped Si wafers is explained based on the effect of 

microstructure on the intervalance electronic transitions. 

The knowledge on the effect of etching current density on the refractive index, n and 

the etching rate, and the ease of controlling n and d of PS layers are exploited in preparing 

the multilayer of PS. A few photonic structures are prepared on heavily B-doped c-Si 

wafers and are characterized with specular reflectance spectroscopy near around the visible 

region of the electromagnetic spectrum. 

Organization of the thesis 

The thesis is organized in eight chapters. Chapter 1, which is the introduction, gives the 

overall literature perspective of PS, the motivation of the present work and an outline of 

the work contained in the present thesis. Chapter 2 details the preparation of PS both single 
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and multilayer and all the characterization tools used in the present thesis. Chapter 3 is 

dedicated to the development of data analysis procedure for the determination of refractive 

index and thickness of practical thin films from transmittance and specular reflectance 

measurements. Chapter 4 deals with the determination of refractive index and thickness on 

PS prepared with systematic variation of B-doping concentration and etching current 

density through the procedure developed in Chapter 3. Chapter 5 presents the studies on 

photoluminescence of PS, which leads to the understanding of the origin of 

photoluminescence in PS and many other common observations in the photoluminescence 

of the material. Chapter 6 presents a systematic study on Raman scattering from differently 

prepared PS layers. Chapter 7 is dedicated to multilayer photonic structures of PS. Finally, 

Chapter 8 summarizes the results and presents the future scope of the work. 
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c-Si     Crystalline silicon 

B-doping   Boron doping 

DBM     Dielectric Bragg Mirror 

EMT     Effective Medium Theory 

FTIR     Fourier Transform Infrared Spectroscopy 

HF     Hydrofluoric acid 

PL      Photoluminescence 

PLE      Photoluminescence Excitation 

PS      Porous Silicon 

QCM     Quantum Confinement Model 

RS      Raman Scattering 

SMC     Single Microcavity 

T-matrix   Transfer matrix 

UV-Vis-NIR   Ultraviolet visible near Infrared Spectroscopy 

 

�ext      Extinction coefficient 

�a      Absorption coefficient 

�s      Scattering coefficient 

�       phase modulation in propagating electromagnetic wave in a medium 

�, �     Refractive index dispersion between any two wavelengths 

�      Fraction of the coherent radiation that would travel in the regular    

      direction of propagation at an interface 

�      Angle of incidence of electromagnetic wave 

�       Wavelength or wavenumber 

�       Resistivity 

	      Interference fringe order for a particular fringe 


       Angular frequency of the electromagnetic wave incident on the material 
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'      Angular frequency of the electromagnetic wave emitted from the    

      material 

c      Speed of light  

d      Thickness of the film 

dOp     Optical thickness 

EF      Energy of electrons at the Fermi level 

J       Anodization current density 

K      Imaginary part of the refractive index of the substrate 

k      Imaginary part of the refractive index of the film 

m      Interference fringe order 

n      Refractive index 

neff     Effective refractive index 

R      Specular reflectance 

rij      Fresnel’s reflectance coefficient at an interface separating the medium i 

      and j 

s      Real part of the refractive index of the substrate 

T      Normal incidence transmittance 

tij      Fresnel’s transmittance coefficient at an interface separating the medium 

      i and j 
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 Understanding [1-3] of experimental observations and validation [4-8] of theoretical 

predictions have been the core of modern science development. Over the last century, with 

the advent of quantum mechanics, there have been renewed interests on the electrical, 

magnetic and optical properties of materials. Also, newer forms of the materials that have 

already been explored have come under close scrutiny [9-12]. One such material that has 

fascinated the material scientists by the end of the last century is porous Si (PS). This 

chapter presents the literature perspectives of PS, motivations behind the present work and 

the outline of the work contained in the present thesis.  

 

1.1 LITERATURE PERSPECTIVES OF POROUS SILICON 

 Porous Si (PS) was discovered during electropolishing of Si in aqueous hydrofluoric 

acid in 1956 [13]. The material’s dull and matte appearance had clearly distinguished it 

from the polished Si. By that time, as the interest was only to get a polished Si, this matte 

Si was considered to be an unwanted form of Si. A year after the first report on PS, similar 

films were prepared by stain-etching of Si in HF–HNO3 solutions [14]. Only later, detailed 

studies on the structure, composition and growth rate of both anodic [15] and stain-etched 
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[16] Si films were reported. Even after these detailed studies, the films were not 

considered as porous, but as Si nanostructures. It actually took little more than a decade to 

recognize the porous nature of the material [17]. Soon then, the ease with which the 

material could be converted to Si oxide film was realized [18]. The conversion of PS to Si 

oxide film was to insulate the electronic circuits [19-21]. The interest on PS was not 

limited to insulating the electronic circuits only. The surface roughness, which was 

initially the cause of negligence of PS, later found to be useful to serve as a substrate 

material in heteroepitaxy [22]. These were the perspectives of PS until 1990. 

 In 1990, a discovery of a phenomenon in PS, the efficient visible photoluminescence 

(PL) at room temperature [23], had changed the whole perspectives of the material. This 

discovery had urged to consider once again the material as Si nanostructures [23-27]. But 

this time, the interest was more on the basic science aspect [28-30] rather than the  

technological applications [31, 32]. A plethora of research publications, far greater than the 

publications on the material until 1990, emerged after the discovery of the efficient PL as  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Number of research publications on porous Si per 5 year interval for the past 40 years. 

The data are obtained from SciFinder®. 
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can be seen in Fig. 1.1. The large number of research publications following the discovery 

of efficient PL was partly due to (i) the presence of Si, a well explored and technologically 

promising material both in crystalline and amorphous forms of matter, as a constituent (ii) 

ease and cost effective preparation technique (iii) the intriguing efficient visible 

photoluminescence and (iv) the growing interest on the low dimensional structures. 

 PS would be considered as a form of low dimensional Si structure only when 

interpreting the experimental observations like PL [33-36] and Raman scattering (RS) [37-

41] spectrum. When dealing with the refractive index of the material, PS would be 

considered as a composite of Si particles and voids [42-45]. Effective medium theories 

(EMTs) have been used to determine the effective refractive index of PS [42-45]. In the 

literature, there even exists a detailed study on the choice of the EMT for the determination 

of the refractive index depending on the porosity of the material [45]. 

 On a different perspective, it was identified that dielectric multilayer structures can be 

made with ease in PS [46]. Many complex PS multilayer structures had been realized 

during the years [47-55]. In fact, the optical analogue of electronic Bloch oscillations, 

optical Bloch oscillations, was even shown by a few research groups in specially designed 

PS multilayer structures [56, 57]. 

 

1.2 MOTIVATIONS 

 Following the discovery of efficient visible PL from PS in 1990, many excellent 

original works [33-36, 58-67] and review articles [28-30] have been published on the 

structural and optical properties of PS. However, there are certain issues on the PL of PS 

and some on the composite nature of the material itself remain yet unresolved. In this 

section, the motivations behind the thesis work are given in detail. 

1.2.1 Mechanism of photoluminescence 

 Photoluminescence is although one of the key factors that have stimulated the research 

interest on PS, the mechanism of the phenomenon is yet a topic of intense debate. Canham, 

upon observation, was the first to suggest the quantum confinement model (QCM) to the 

efficient visible luminescence at room temperature [23]. Independently, Lehmann and 

Gösele ascribed the up-shift of the fundamental absorption edge of Si in PS to the effect of 

quantum confinement [68]. That was the very first convincing experimental evidence for 
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the QCM. Following that observation, many theoretical calculations [25-27] have been 

reported based on the QCM that could exactly retrace the experimental PL spectrum. 

However, many experimental observations in the PL of PS could not be explained by 

QCM. To mention a few, experimental observations such as temperature [69, 70] and 

pressure [71] dependence of PL peak energy, light-induced luminescence degradation [60] 

and results of heat and HF recycling [72] could not be explained on the lines of QCM. In 

fact, the temperature dependence of PL peak energy is claimed anomalous [69, 70] as the 

variation in PL peak energy deviate from that expected from quantum confinement 

concepts. Subsequently, many other models for the PL of PS have been proposed. The 

other proposed models suggest the visible luminescence is due to the presence of siloxene 

[73], hydride species [74], or hydrogenated amorphous Si [75, 76]. Of these models, the 

presence of siloxene has gained appreciation due the popularity of the visible 

luminescence in siloxene since 1922 [77]. Yet, the presence of siloxene and other forms of 

Si to the PL of PS is supported only by certain specific observations [76, 78]. This 

controversial scenario in the PL of PS has motivated to identify the origin of the 

phenomenon in PS. 

1.2.2 Shift of photoluminescence peak position with excitation energy 

 There is an intriguing feature in the PL of PS – the PL peak position blue-shifts with the 

increase of excitation energy [58]. This feature has also been observed in the PL of 

siloxene. This feature being common to both PS and siloxene is also one of the reasons to 

ascribe PL in PS to the presence of siloxene [67]. However, the understanding of the peak 

shift itself is not clear in both siloxene and PS. So, the understanding of the blue-shift of 

the PL peak position with the increase of excitation energy has been another motive behind 

the thesis work. 

1.2.3 Determination of refractive index and thickness of composite films 

 PS is a composite of Si particles and voids. Due to its composite nature, the material 

possesses refractive index of neither of its constituents. There exist EMTs for the 

determination of optical constants for composites [79-83]. The use of any EMT demands a 

prior knowledge of optical constants and occupied volume fractions of all the individual 

homogeneous components constituting the composite and their microscopic geometry. 

Depending on the microscopic geometry, there exist several EMTs, each specific to a 
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particular microscopic geometry. In reality, no composite would satisfy all the necessities 

for the applicability of the theory. In PS, the situation is even more complicated due to the 

presence of several adsorbed chemical species on the exposed Si surfaces. Practically, it is 

impossible to precisely identify all the chemical species, their optical constants and their 

occupied volume fractions in the material. These features make the determination of 

optical constants in PS films as a formidable task through EMTs. 

 The problem is not only in the theoretical determination of refractive index, but also in 

the experimental determination of the parameter. Composites being composed of several 

microscopic components are inherently inhomogeneous. Traditional determination 

procedures for refractive index and thickness are applicable only to homogeneous thin 

films [84-93] or films with weak inhomogeneity [94, 95], so that the incoherent scattering 

is not dominant in the magnitude of spectral transmittance or reflectance. A few proposals 

for the determination of refractive index and thickness of films with moderate 

inhomogeneity exist in the literature [43, 96-99]. However, those proposals are applicable 

only to specific cases due to certain limitations like requiring (i) optically thick films [98], 

(ii) additional measurements other than spectral transmittance and reflectance, which may 

sometimes be destructive [43], (iii) prior knowledge of dispersion of refractive index [99] 

and (iv) prior knowledge of incoherent spectral scattering due to inhomogeneity [99].  

 The non-existence of determination procedures for refractive index and thickness of 

inhomogeneous films, and PS system being one such case of the generality, has motivated 

to the theoretical formulation for the determination of refractive index and thickness of a 

general inhomogeneous thin film. 

1.2.4 Systematic studies on the variations of refractive index and growth rate with 

anodization conditions 

 In spite of the close scrutiny on the optical properties of PS, systematic studies on the 

variations of refractive index and growth rate are still absent. By knowing the effects of 

anodization conditions on refractive index and growth rate, the understanding of the 

formation kinetics of PS would be improved. Also, the knowledge of refractive index and 

growth rate is necessary to optimize the anodization conditions to prepare PS multilayer 

structures with good optical response. These have motivated to study systematically the 

variations of refractive index and growth rate with anodization conditions. 
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1.2.5 Systematic study on Raman scattering with anodization conditions 

 Unlike with the phenomenon of PL from PS, there are no controversial issues with the 

interpretation of RS from PS in the literature. For nearly two decades, RS studies on PS 

have been supporting the existence of nanometre sized Si particles in PS. However, the 

finding of the present investigation on the PL is inconsistent with the plethora of literature 

on RS from PS. This inconsistency has motivated for a systematic study on the RS of PS 

with anodization conditions so that the finding of PL investigation could be verified and 

also the true nature of the structure of PS could be identified.  

1.2.6 Multilayer PS structures 

 Generally, research on PS multilayer structures is with an application motive. Many 

complex PS multilayer structures have been prepared and shown to have properties like 

dielectric Bragg mirror, single microcavity, coupled microcavities, optical superlattices, 

etc. However, it has not been shown yet whether or not the single layer optical properties 

are affected with the preparation process of multilayer PS structures. A clear comparison 

of the optical response of multilayer PS structure with that of the expected response from 

the knowledge of single layer optical properties is missing. Such a comparison would not 

only show the effect of the preparation process on the structure, but also, whether or not 

the bulk and interfacial refractive indices are same for a composite. These have motivated 

to investigate multilayer PS structures. 

 

1.3 CONTENTS OF THE THESIS CHAPTERS 

 Following this introductory chapter is Chapter 2, which gives a quick review on the 

formation of PS and details of the preparation procedures and conditions of both single and 

multilayer PS used in this thesis. The chapter also contains the details of the measurement 

tools used for the investigations of both single and multilayer PS films and the processing 

of as-measured data to remove any instrumental response embedded with the data. 

 Chapter 3 describes a general theoretical formulation for the determination of refractive 

index and thickness of thin films. The chapter gives the complete parametrical dependence 

for the magnitude of specular reflectance and transmittance for inhomogeneous thin films 

with rough interfaces on opaque and transparent substrates, respectively. The chapter also 

discusses the specular reflectance of PS on c-Si substrate. 
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 After the descriptions on the determination of refractive index and thickness of thin 

films, Chapter 4 is the first results chapter of the thesis, which is on the determination of 

effective refractive index and growth rate of PS films prepared under many different 

anodization conditions. The determination of the parameters is made through the 

theoretical formulation described in Chapter 3. The variations of effective refractive index 

and growth rate with anodization conditions are explained on the basis of the effects of 

anodization conditions on the microstructure of PS. 

 Chapter 5 contains extensive studies on the PL of PS. A possible mechanism for the 

phenomenon, substantiated with the experimental observations, is given in the chapter. 

Also, the blue-shift of the PL peak position with the increase of excitation energy and a 

few other common observations in the PL of PS are explained in the chapter. 

 Chapter 6 presents a systematic study on the RS of PS prepared under the variations of 

anodization current density and B-doping concentration. The Fano effect, which is an 

interference phenomenon between the processes from discrete and continuum quantum 

eigenstates, is discussed in detail in the chapter on both bulk c-Si wafer and PS. 

 Chapter 7 is on the modulations of electromagnetic wave propagation in multilayer PS 

structures. The necessary factors that are to be considered in preparing multilayer PS 

structures are given in detail. Also, the chapter presents the comparison of optical 

responses of a few multilayer PS structures with theoretical simulations. 

 Chapter 8 is the final chapter of the thesis, which summarizes the contents of individual 

chapters and gives the final conclusion based on the work reported in this thesis. The 

chapter also lists the scope for future work from the present investigation. 
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 In this chapter, the preparation of porous Si (PS) (both single and multilayer) films and 

the various characterization tools used to study PS would be discussed in detail. The 

purpose of this chapter is to elucidate the utile details obtained through different 

experimental techniques and to ensure the comparability of results with the already 

existing reports in literature.  

 

2.1 PREPARATION OF POROUS SILICON  

 One of the reasons for the popularity of porous Si (PS) among the scientific community 

is the ease and cost effective preparation technique. Traditional route to the preparation of 

porous Si is the electrochemical etching of Si in aqueous hydrofluoric acid [1-3]. A 

schematic of the set-up used for the preparation of PS is shown in Fig. 2.1. Electrolyte, the 

mixture of HF (48% aqueous) and ethanol with 2:3 by volume, is taken in a vertical Teflon 

electrochemical cell. Monocrystalline Si (c-Si) (1.2 cm diameter), with the mirror-polished 

face exposed to the electrolyte, acts as an anode and a platinum ring (2.9 cm diameter), at a 

distance of 1 cm from the anode, acts as a cathode. Prior to use the c-Si wafer as the anode, 

a thick layer of Al is deposited on the textured back surface of the wafer, and annealed for  
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Figure 2.1 Cross-section of electrolytic cell used for the preparation of PS. Different parts are not 

to the scale for the sake of visibility. 

 

 

5 minutes at 525 ˚C under vacuum (~6 x 10-6 mbar). This processing of c-Si wafer, prior to 

use it as the anode, is necessary for a good ohmic contact with the rest of the circuit and 

also for the uniform distribution of electric field throughout the exposed Si surface. In the 

electrochemical process, the c-Si wafer, which is the anode, is being etched. So, henceforth 

in the thesis, the electrochemical process is addressed as anodization. 

 The anodization of c-Si wafer is due to the presence of holes and F- ions in the 

electrochemical system [4], which are sourced by the c-Si wafer and electrolyte, 

respectively. The time evolution of pore formation during the anodization process is 

illustrated in Fig. 2.2. Before the anodization current density is set, the holes and F- ions 

accumulate at the solid/liquid interface depending on their concentrations in the respective 

media. At a relatively low anodization current density to the system, due to inherent 

inhomogeneity in the carriers’ concentrations, the dissolution of Si atoms is effective on 

the regions where the carriers’ concentrations are more and are readily available for 

dissolution [5]. This results in the formation of depressions on the exposed Si surface. As 

the time elapses, more carriers get closer to those depressions and the dissolution  

proceeds in depth. This results in pore formation. The pores as formed permeate through  

�

�

Electrolyte (Mixture of HF and ethanol) 

Pt ring of 2.9 cm diameter (Cathode) 

Bulk c-Si of 1.2 cm diameter (Anode) 
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Figure 2.2 Time evolution of pore formation at relatively low anodization current density. In the 

initial phase of the anodization, the dissolution of Si atoms creates depressions on the exposed Si 

surface. As the time elapses, the depressions would form as pores. 

 

 

c-Si wafer and form a labyrinthine network of pores. On the other hand, at relatively high 

anodization current densities, the dissolution of Si atoms is more uniform over the exposed 

Si surface, where the Si atoms are evenly removed layer after layer, thereby resulting in 

electropolishing. 

 For the dissolution to be uniform, (whereby it is meant that the pore geometry and the 

porosity are same throughout the PS layer), there must be a constant supply of free holes 

and F� ions to the solid/liquid interface during the course of anodization. However, the 

 

  

Hole 
F� ion 
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transport of holes and F- ions is affected as the time elapses. In the initial phase of the 

dissolution process, the transport of holes and F� ions to the solid/liquid interface is 

affected by the electrical resistances of c-Si wafer and electrolyte, respectively. As the 

dissolution proceeds, the etching of Si atoms is predominant on the freshly exposed Si 

surfaces at the pore depths. So, the transport of holes, as they reach the solid-liquid 

interface through the bulk of the c-Si, is seldom affected by the labyrinthine network of 

pores. However, the F- ions travel through the pores and reach the pore depths to meet the 

holes in freshly exposed Si surfaces. So, the transport of F- ions, in addition to the 

resistance offered by the electrolyte, is also affected by the pore geometry. On a certain 

pore geometry, where the transport of the ions is seriously affected, the concentration of F- 

ions at the pore depths decreases as the time elapses. This condition would affect both the 

pore geometry and the porosity of the material in depth. To compensate the slow 

movement of the ions, a stop is introduced, in an otherwise constant current anodization. 

The concentration of F- ions in the electrolyte at the pore depths regenerates during the 

period of stop. When the introduced stop is periodic in the anodization current density, the 

electrochemical process is said to be pulsed current electrochemical process. 

 PS prepared by pulsed current electrochemical process has a better uniformity in depth. 

The PS layers reported in this thesis are mostly prepared by pulsed current electrochemical 

process at a frequency of 10 Hz and 60% duty cycle. To further improve the uniformity in 

depth, additional periodic intermittence of 3 sec is introduced. The frequency of stop for 

the additional intermittence has an increasing trend with current density. The etching time 

specified in the later part of this report is actually the total duration of the active cycle in 

the pulsed electrochemical process. The preparation details of single layer PS considered 

for various investigations in this thesis are given in Table 2.1. Three PS listed at the end of 

the Table 2.1, which are prepared under slightly different conditions from the rest of the 

PS, are mainly used for the investigation of photoluminescence of PS. Table 2.2 gives the 

details of preparation of multilayer PS. The PS layers thus obtained are rinsed with 

deionised water, instantly, and are then dried in ambient.  

 The etching processes for the preparation of both single and multilayer PS are carried 

out by a computer controlled constant current source (HIOKI 7020). The interfacing of 

constant current source with the computer is made through our own customised LabVIEW 

programs. 
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Table 2.1 Details of anodization for the preparation of single layer PS. 

 

Resistivity 
(Ω cm) 

Electrolyte 
HF : Ethanol              

Anodization 
current density 

(mA/cm2) 

Anodization 
time (min) 

Elapse 
between 

successive 
stops (sec) 

Pulse 

5K–12 K 2 : 3 

25 2.00 10 

Freq = 10 Hz  
 

and 60 %  
 

duty cycle 

50 1.00 06 

75 0.50 04 

>50 2 : 3 

25 1.50 10 

50 0.75 06 

75 0.50 04 

1–10 2 : 3 

05 2.00 10 

25 

1.50 

10 1.00 

0.75 

50 

1.00 

06 0.75 

0.50 

75 

0.75 

04 0.50 

0.25 

100 0.10 03 

150 0.10 02 

0.1–0.6 2 : 3 

05 2.00 10 

25 

2.00 

10 1.50 

1.00 

50 

1.00 

06 0.50 

0.75 
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Resistivity 
(Ω cm) 

Electrolyte 
HF : Ethanol              

Anodization 
current density 

(mA/cm2) 

Anodization 
time (min) 

Elapse 
between 

successive 
stops (sec) 

Pulse 

0.1–0.6 2 : 3 

75 

0.75 

04 

Freq = 10 Hz  
 

and 60 %  
 

duty cycle 

0.50 

0.25 

100 0.25 03 

150 0.20 02 

0.01–0.05 
 2 : 3 

25 0.50 10 

50 0.25 06 

75 0.20 04 

0.001–0.005 
 2 : 3 

01 4.00 
10 

05 3.00 

25 

2.00 

10 1.50 

1.00 

50 

1.50 

06 1.00 

0.75 

75 

1.00 

04 0.75 

0.50 

100 0.75 03 

150 0.50 02 

1–10 1 : 1 

80 5.00 

--- 

Freq = 20 Hz  
and 40 %  
duty cycle 

50 15.00 
--- 

80 5.00 
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Table 2.2 Details of anodization for the preparation of multilayer photonic structures on c-Si 

wafers of resistivity 0.001–0.005 � cm. High and low refractive index layers are denoted as H and 

L, respectively. By the end of every layer a stop for 3 sec is introduced for all structures. The 

superscripted Arabic numerals for the layer structures denote the number of times of repetition of 

the structure. 

 

 

2.2 CHARACTERIZATION MEASUREMENT DETAILS 

 The characterization tools used for the investigation of various optical processes in PS 

are mainly spectroscopic tools like UV-Vis-NIR spectroscopy, Fourier transform infrared 

spectroscopy, Raman spectroscopy, photoluminescence spectroscopy and 

photoluminescence excitation spectroscopy. The PS layers reported in this thesis are thin 

layers of thicknesses ranging from a few hundred nanometres to a few micrometers, and 

are supported by the bulk c-Si wafers from which the PS layers are made. All the 

measurements are preformed on commercial instruments with the PS facing the incoming 

radiation, and sampled near around the same region of the film. 

2.2.1 UV-Vis-NIR Specular Reflectance Spectroscopy 

 Bulk c-Si, on the rear side of the PS, strongly absorbs the electromagnetic radiation near 

around the visible region of the spectrum. So, UV-Vis-NIR spectroscopy is preformed in 

reflectance geometry rather than transmittance geometry. Reflectance spectroscopy is 

broadly categorized as specular and diffused reflectance spectroscopies. In the present 

thesis, UV-Vis-NIR spectroscopy is performed only in specular reflectance mode. 

 Specular reflectance spectra of PS prepared under different anodization conditions are 

recorded on two commercial dual beam spectrometers – PerkinElmer and Varian Cary 50. 

Photonic 
crystal Layer structure 

H layer L layer 
Current 
density 

(mA/cm2) 

Anodization 
time (sec) 

Current 
density 

(mA/cm2) 

Anodization 
time (sec) 

Bragg mirror 
[HL]5 

5 20 75 3 
[HL]15 

Microcavity [HL]5HH[LH]5 5 20 75 3 
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PS prepared from c-Si wafers of resistivity 0.001–0.005, 0.1–0.6 and 1–10 � cm are 

recorded on PekinElmer at 8˚ angle of incidence in the spectral range from 300 to 880 nm. 

The as-recorded spectra, in PerkinElmer, are relative to an internal mirror. Varian Cary 50 

is used to record the spectra on PS prepared from c-Si wafers of resistivity 0.01–0.05 and 

>50 � cm at 45˚ angle of incidence in the spectral range from 300 to 1100 nm. The 

multilayer PS structures are also characterized with Cary 50 at 45˚ angle of incidence. The 

as-recorded spectra, in Varian Cary 50, are relative to a reference mirror provided by the 

manufacturer. 

 With commercial dual beam spectrometers, the measurement of absolute transmittance 

of a material is a simple and routine task. However, with the majority of the spectrometers, 

the measurement of absolute reflectance is not so. The as-measured reflectance spectrum is 

with respect to a reference mirror either internal (as in the case of PerkinElmer) or external 

(as in the case of Varian Cary 50) and can mathematically be represented as 

 Rmeas(�) = Rabs(�) / Rref(�)                  (2.1) 

where Rmeas is the as-measured reflectance, Rabs is the absolute reflectance of the material, 

Rref is the absolute reflectance of the reference (mirror) and � is the frequency of radiation. 

 At this stage of measurement, the only known parameter is Rmeas.  The parameters Rabs 

and Rref are unknowns. To obtain Rabs, Rref has to be identified. This can be done by 

repeating the measurement on a material whose reflectance is already known, which is 

considered as the standard. The information obtained by doing so can mathematically be 

represented as 

Rmeas(�) = Rabs(�) / Rref(�)                  (2.2) 

where Rmeas is the as-measured reflectance of the standard and Rabs is the absolute 

reflectance of the standard. Equation (2.2) has been rearranged to obtain Rref, which is the 

only unknown in the equation, and also a necessary parameter to obtain the absolute 

reflectance of the material. 

In the present thesis, the material chosen as the standard to obtain the Rref is the mirror-

polished face of c-Si wafer. The as-measured reflectance spectra of the PS films are then 

corrected for any spectral dependence of the reference mirror. The UV-Vis-NIR specular 

reflectance spectra of PS layers presented in the later chapters of this thesis are all 

sam sam 

sam 

sam 

sam 

sam 

sam 

std std 

std std 
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corrected for the spectral dependence of the reference mirror. 

2.2.2 Fourier Transform Infrared Spectroscopy 

PerkinElmer Spectrum BX, a single beam infrared spectrometer working on the 

principle of Fourier transform, is used for infrared studies. The spectrometer is operated 

with a resolution of 4 cm-1 on both transmittance and reflectance geometry. In 

transmittance geometry, the infrared radiation falls on the PS sample at normal incidence. 

The spectra collected in the transmittance geometry are used to identify the chemical 

species in PS matrix.  

In reflectance geometry, the infrared radiation falls on the sample at an oblique 

incidence. The spectra, in the reflectance geometry, are collected at 17.5˚ and 25˚ angles of 

incidence from the surface normal. As discussed in UV-Vis-NIR specular reflectance 

spectroscopy, here too the as-measured reflectance spectra are relative to a reference 

mirror. The spectra are then corrected for any spectral dependence of the reference mirror. 

The FTIR specular reflectance spectra of PS layers presented in the later chapters of this 

thesis are all corrected for the spectral dependence of the reference mirror. The specular 

reflectance spectra of PS collected at two different angles of incidence are used to 

determine the thickness of the PS layers.  

2.2.3 Photoluminescence Spectroscopy 

Photoluminescence (PL) is an optical process whereby low energetic photons are 

emitted by the sample when excited with high energetic photons. AMINCO-Bowman 

Series 2 Luminescence spectrometer is used for the study of PL of PS. A 150 W Xenon arc 

lamp followed by a monochromator is the excitation source for the spectrometer. Both PL 

and photoluminescence excitation (PLE) spectra are recorded on the same spectrometer 

without disturbing the sample position. In the present thesis, the PL spectra are recorded at 

fixed excitation energy with the scan for the emission energies, whereas, the PLE spectra 

are recorded at fixed emission energy with the scan for the excitation energies. During the 

scans, the sample is oriented in such a way that the excitation radiation does not get 

through the emission slit. Besides, an optical filter, which blocks any radiation below 450 

nm, is used at the entrance of the emission slit to suppress the higher orders of the 

excitation radiations. All PL and PLE spectra are corrected for the relative excitation 

photon flux and the transmission of the optical filter. 
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2.2.4 Raman Scattering Spectroscopy 

Raman scattering is inelastic scattering of photons by the fluctuations such as atomic 

vibrations, charge density, spin density and so on in the material. Horiba JY Labram 

HR800 micro-Raman system is used to study Raman scattering in backscattering 

geometry. Of the inelastically scattered photons only Stoke shifted photons, which are 

lower in energy than the incident photons, are recorded. The resolution and the recorded 

spectral range of Raman shifts are 1 and 50–1200 cm-1, respectively. The monochromatic 

laser excitation wavelengths used to record Raman shifts are 488 and 632.8 nm. The 

Raman shifts reported in this thesis are relative to the corresponding monochromatic laser 

excitation wavelengths. While recording the Raman shifts, the excitation laser radiations 

are tightly focussed on the surface of the sample to a spot size of <5 �m. As the micro-

Raman system employs confocal optics to collect the Raman scattered photons from the 

sample, the recorded Raman shifts are basically dominated by the region covered by the 

plane of focus of the laser beam. 
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 Refractive index and thickness are generally considered to be the fundamental 

parameters in optical characterization of thin films. The inhomogeneity and interfacial 

roughness, which are the characteristics of practical thin films, complicate the 

determination of these fundamental parameters on such films. This chapter presents a 

general theoretical formulation for the determination of refractive index and thickness, 

which is completely based on the multiple beam interference pattern in specular 

reflectance and transmittance measurements. The theoretical formulation is general in the 

sense that it is not merely applicable to PS systems but to any thin film whether or not it 

contains inhomogeneity and interfacial roughness.  

 

3.1 MATHEMATICAL CONSTRUCTIONS OF SPECULAR REFLECTANCE 

AND TRANSMITTANCE FOR FILM–SUBSTRATE SYSTEM 

 On films with inhomogeneity and interfacial roughness, a propagating electromagnetic 

wave undergoes scattering. The scattering affects the magnitudes of specular reflectance 

and transmittance. This section presents the mathematical constructions of specular 

reflectance and transmittance for such thin films. 

THEORETICAL FORMULATION FOR THE  
DETERMINATION OF REFRACTIVE 

INDEX AND THICKNESS 
 

CHAPTER 
3 
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3.1.1 Waves at rough interfaces 

 Specular reflectance and transmittance of an electromagnetic wave from a smooth 

interface, separating the medium i and j, can be given by Fresnel’s coefficients rij and tij, 

respectively. In the case of rough interface, the specular reflectance rij' and the 

transmittance tij', in the amplitude, are given by [1] 

 rij' = �½ rij                        (3.1a) 

    tij' = �½ tij                        (3.1b) 

where �½ is the modulation in the amplitude due to interfacial roughness. �½, in general, is 

a complex number; the real part corresponds to the fraction of coherent radiation in the 

regular propagation direction and the imaginary part corresponds to the surface diffraction. 

For systems, where the interfacial roughness shows no regularity, as in Fig. 3.1, �½ is a real 

and positive number. Henceforth, the discussions on interfacial roughness would be based 

on the systems that show no regularity in roughness. In such systems, the intensity 

equivalent of �½ is denoted as �, the interfacial modulation coefficient, which corresponds 

to the intensity of coherent radiation in the direction of normal propagation. Then, the term

 

 

 

 

 

 

 

 

Figure 3.1 A schematic of an inhomogeneous film with rough interfaces on a thick substrate. 

� Air (n0 = 1) 

Film (n + ik) 

Substrate (s + iK) 
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(1-�) would signify both the loss of coherency and magnitude in the regular propagation 

direction at the interface. Numerical values of � would lie between 1 and 0 (1 is for a 

smooth interface and 0 is for a rough interface where there is a total loss of coherence). 

3.1.2 Waves in inhomogeneous medium 

 The amplitude E of a propagating electromagnetic wave, in an inhomogeneous medium, 

is given by [2, 3] 

 E = E0 exp[i(4π n d / � + i �ext d)]                  (3.2) 

where E0 is the amplitude at the entrance of the medium, n is the real part of the complex 

refractive index, αext is extinction coefficient, which is the sum of absorption and volume 

scattering coefficients αa and αs, respectively i.e., αext = αa + αs and d is the penetration 

depth. The volume scattering coefficient αs would correspond to the loss of both 

coherency and magnitude in the regular propagation direction. Unlike �, αs is not bound. 

However, there exists a lower bound – zero, which is for a homogeneous medium. For an 

inhomogeneous medium, αs is a positive non-zero number. 

3.1.3 Mathematical expressions for specular reflectance and transmittance of film-

substrate system 

 The practical situation of a film-substrate system is depicted in Fig. 3.1, where the film 

is considered to have both interfacial roughness and inhomogeneity with refractive index  

n + ik. A complete mathematical treatment of specular reflectance or transmittance of an 

electromagnetic wave, for the system shown in Fig. 3.1, would necessarily consider the 

superposition of multiple reflections at all the three interfaces (air/film, film/substrate and 

substrate/air interfaces) and the scattering due to interfacial roughness and inhomogeneity. 

Depending on the substrate’s optical properties and the transmittance or reflectance of the 

system, there exist several cases. In the following, the mathematical expressions for two 

major practical cases are shown:  

 3.1.3.1 Case I: Normal incidence transmittance of an inhomogeneous film on 

homogeneous transparent substrate 

 In this case, the substrate, onto which the film is deposited, is considered transparent 

with refractive index s and also homogeneous with optically smooth surfaces. By 
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homogeneous and smooth surfaces, it is meant that the incoherent scattering, due to 

inhomogeneity and surface roughness, is not dominant in the magnitude of spectral 

transmittance.  

Now, the normal incidence transmittance of the film-substrate system, for a plane wave, 

considering the superposition of multiple reflections at all the three interfaces and the 

scattering due to inhomogeneity and interfacial roughness of the film, is given by 

                              (3.3) 

where  

                            (3.4a) 

 

                            (3.4b) 

 

 x  =  exp [– αext d]                     (3.4c) 

    �T  =  4� n d / �                       (3.4d) 

and �I and �II are the interfacial modulation coefficients of the air/film and film/substrate 

interfaces, respectively. 

 On performing the algebra of Eq. (3.3), the transmittance of the film-substrate system 

would be given as 

                              (3.5) 

 
where 
 
AT = 64 s2 (n2 + k2) 

BT = [(n + 1)2 + k2] {[(s + n)2 + k2] (s + 1)2 – [(s – n)2 + k2] �2(s – 1)2} 

CT = {(n2 + k2 – 1) (s2 – n2 – k2) [(s + 1)2 – �2 (s – 1)2] + 4k2s [(s + 1)2 + �2(s – 1)2]} 2 cos�T  

– {k(s2 – n2 – k2) [(s + 1)2 – �2(s – 1)2] – ks (n2 + k2 – 1) [(s + 1)2 + �2(s – 1)2]} 2 sin�T   

DT = [(n – 1)2 + k2] {[(s – n)2 + k2] (s + 1)2 – [(s + n)2 + k2] �2(s – 1)2} 

 

 

2  

(n + 1) + ik 
 

t12 =  
2 (n + ik)  

(s + n) + ik 
 

t23 =  
2 s 

1 + s 
 

t31 =  

(n – 1) + ik  

(n + 1) + ik 
 

r12 =  
(s – n) – ik  

(s + n) + ik 
 

r23 =  
1 – s 

1 + s 
 

r31 =  

AT x �I �II  

BT + CT x (�I �II)½ + DT x2 
�I �II 

T =  

|t12 t23 (x �I �II)½ exp(i�T/2)|2 |t31|2  

|1 + r12 r23 x (�I �II)½ exp(i�T)|2 – �II |r31|2|r23 + r12 x (�I �II)½ exp(i�T)|2 
T =  
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Figure 3.2 Simulations of normal incidence transmittance of homogeneous film with smooth 

interfaces (continuous line) and inhomogeneous film with rough interfaces (broken line) on 

transparent substrate through Eq. (3.5). Numerical values of optical and scattering parameters are 

from Section 3.5 (Numerical simulations). 

 

 

 To give an idea on the effect of inhomogeneity and interfacial roughness on the 

transmittance, simulations of spectral transmittance, through Eq. (3.5), are shown in Fig. 

3.2. The optical and scattering parameters for the simulation of the spectra are given in 

Sec. 3.5 (Numerical simulations). 

3.1.3.2 Case II: Specular reflectance of an inhomogeneous film on strongly absorbing 

substrate 

 Unlike transmittance measurements, specular reflectance measurements are performed 

at oblique incidence due to the limitations of optics. At oblique incidence, it is necessary to 

consider the polarization state of the electromagnetic wave. However, at small angles from 

the surface normal, the magnitudes of reflectance and transmittance of s- and p- polarized 

waves show insignificant deviation from the normal incidence magnitudes. So, at near 
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normal incidence, the normal incidence Fresnel’s coefficients would suffice for the 

mathematical treatment of electromagnetic wave propagation.  

 In this case, since the substrate, onto which the film is deposited, is strongly absorbing 

with refractive index s + iK, the complexity in the mathematics is reduced by omitting the 

reflection from substrate’s back interface, i.e., substrate/air interface. A film deposited on a 

strongly absorbing substrate not only simplifies the mathematics, but also avoids the 

modulations in the measured reflectance spectrum due to substrate/air interfacial 

roughness and inhomogeneity of the substrate.  

 Now, considering the superposition of multiple reflections only within the film and the 

scattering due to inhomogeneity and rough interfaces of the film, the specular reflectance 

of the film-substrate system at a small angle of incidence � from the normal, for a plane 

wave, is given by  

                              (3.6) 

where  

                              (3.7) 

and r12, r23, x, �I and �II retain their mathematical forms and meanings as in Eq. (3.3). 

 On performing the algebra of Eq. (3.6), the reflectance of the film-substrate system 

would be given as 

                              (3.8) 

where 

AR = [(n + 1)2 + k2] [(n - 1)2 + k2] [(s + n)2 + (K + k)2] 

BR = 4 [{(s2 – n2 + K2 – k2) [(n2 + k2 + n) (n – 1) + k2] + 2 [(Kn –ks)k(n2 + k2 + 1)]} 2 cos�R  

          – {2 (Kn – ks) [(n2 + k2 + n) (n – 1) + k2] – (s2 – n2 + K2 – k2) k (n2 + k2 + 1)} 2 sin�R]  

                                                               + 

       [(n – 1)2 + k2] [{(s2 – n2 + K2 – k2) [(n2 + k2 – 1) (n – 1) + k2] – 4 (Kn – ks) k} 2 cos�R  

               – {2 (Kn – ks) (n2 + k2 – 1) – 2 (s2 – n2 + K2 – k2) k} 2 sin�R] 

CR = [(s – n)2 + (K – k)2] {16 (n2 + k2)  + [(n – 1)2 + k2]2 + 8 [(n (n – 1)2 + k2 (n – 2)]} 

(½ {(ni
2 – ki

2 – sin2
�j) + [(ni

2 – ki
2 – sin2

�j)2 + 4 ni
2 ki

2]½})½

  
�R =  

4� d 

� 

�I |r12 + r23 x (�I �II)½ exp(i�R)|2 
exp(i� )|2  

|1 + r12 r23 x (�I �II)½ exp(i�R)|2 
R =   

�1 [AR + BR x (�I �II)½ + CR x2 �I �II] 
exp(i� )|  

DR + ER x (�I �II)½ + FR x2 �I �II 
R =  
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DR = [(n + 1)2 + k2]2 [(s + n)2 + (K + k)2] 

ER = [(n + 1)2 + k2] [{(s2 – n2 + K2 – k2) (n2 + k2 – 1) – 4 (K n – k s) k} 2 cos�R 

               – {2 (s2 – n2 + K2 – k2) k + 2 (K n – k s) (n2 + k2 – 1)} 2 sin�R] 

FR = [(n + 1)2 + k2] [(n – 1)2 + k2] [(s – n)2 + (K – k)2] 

 To give an idea on the effect of inhomogeneity and interfacial roughness on the spectral 

reflectance, simulations of specular reflectance at 20˚ angle of incidence, through Eq. 

(3.8), are shown in Fig. 3.3. The optical and scattering parameters for the simulation of the 

spectra are given in Sec. 3.5 (Numerical simulations). 

 From the comparison of the simulations of both transmittance and reflectance of 

homogeneous and inhomogeneous films, it is observed that the inhomogeneity merely 

affects the magnitude of the spectra and not their interference fringe positions. This would 

mean that the conditions for interference are unaffected by the inhomogeneity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Simulations of specular reflectance of homogeneous film with smooth interfaces 

(continuous line) and inhomogeneous film with rough interfaces (broken line) on transparent 

substrate through Eq. (3.8) at an incident angle of 20˚. Numerical values of optical and scattering 

parameters are from Section 3.5 (Numerical simulations). 
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3.2 INTERFERENCE CONDITIONS 

The condition for interference fringes in the normal incidence transmittance spectrum 

under the assumptions that the scattering due to inhomogeneity and interfacial roughness 

and the absorption are weakly spectral dependent can be given as 

 2 d ni = m �i                         (3.9) 

where m is the interference fringe order and the subscript ‘i’ is to indicate the dispersion. 

When the film is deposited on a lower index substrate, i.e, s<n, m takes integer and half 

integer values for maxima and minima, respectively. When s>n, the condition for maxima 

and minima would be reversed. 

 With the same assumptions, the condition for interference fringes in the specular 

reflectance spectrum would be given as 

 2 d (½ {(ni
2 – ki

2 – sin2
�j) + [(ni

2 – ki
2 – sin2

�j)2 + 4 ni
2 ki

2]½})½ = m �i     (3.10) 

where the subscript ‘j’ is to indicate the interference fringe shift with �. When s<n, m takes 

integer and half integer values for minima and maxima, respectively, and would be 

reversed when s>n. 

 In the spectral region of interference fringes, k2 << n2 [4], so, Eq. (3.10) can be reduced 

to 

 2 d (ni
2 – sin2

�j)½ = m �i                    (3.11) 

 

3.3 DETERMINATION OF INTERFERENCE FRINGE ORDER, THICKNESS 

AND REFRACTIVE INDEX 

 Equations (3.9) and (3.11) are the governing relations for the spectral interference in 

transmittance and reflectance measurements, respectively. The parameters m, d and n in 

Eqs. (3.9) and (3.11) are to be determined. In the following, the mathematical steps in the 

determination of these parameters are presented only for the reflectance case. The 

determination procedures for the case of transmittance are given at the APPENDIX. 

3.3.1 Determination of the interference fringe order, m 

 As a first step towards the determination of optical constants, the interference fringe 

order m is to be determined for every maximum and minimum in the measured spectrum. 

In literature, there exist a few procedures for the determination of m. However, the existing 
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procedures either demand optically thick films [5] or destructive imaging techniques 

(cross-sectional imaging) [6]. Here, two non-destructive methods for the determination of 

m are suggested. The only prerequisite for the methods is to have a knowledge of whether 

the substrate’s refractive index s is greater or lower than the film’s refractive index n, i.e., 

s>n or s<n.  

3.3.1.1 Method I 

 Simulate a reflectance (transmittance) spectrum through Eq. (3.8) (Eq. (3.5) for 

transmittance) such that the simulated spectrum closely resembles the interference pattern 

in the measured spectrum. For the purpose of simulation, it is sufficient to consider an 

arbitrary n(�) and d, which are not necessarily appropriate to the system under 

consideration. Also, since the interference conditions in Section 3.2 are under the 

assumptions that the absorption and scattering are weakly spectral dependent, for the 

purpose of simulation, the system can be considered non-absorbing and homogeneous. For 

the simulated spectrum, m follows from Eq. (3.11) (Eq. (3.9) for transmittance). As the 

simulated spectrum closely resembles the measured spectrum, m for any maximum or 

minimum in the simulated spectrum could be assigned to the corresponding maximum or 

minimum in the measured spectrum.  

 It is noteworthy that m as obtained by this procedure is independent of the kind of n(�) 

and d used for the reproduction of the measured interference pattern. 

3.3.1.2 Method II 

 An alternate method, which is applicable only in optically thin region of the spectrum, 

i.e., the region of lower interference orders, is given in the following.  

 Consider the interference conditions in the specular reflectance spectrum for two 

adjacent interference orders 

 2 d (n1
2 – sin2

�)½ = � �1                   (3.12) 

    2 d (n2
2 – sin2

�)½ = (� – 0.5) �2                 (3.13) 

where � is the interference order, which is to be determined. 

 From Eqs. (3.12) and (3.13), � is given as 

                            (3.14) � =  
0.5 �2  

(�2 – �1) 
  –   

2 d (n1 – n2) 

 (�2 – �1) 

sin2
� 

n1 n2 
2 + 
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 In optically thin region of the spectrum, the denominator of second term, in Eq. (3.14), 

is several times greater than the numerator, and so Eq. (3.14) can be reduced to 

                            (3.15) 

where the subscript ‘0’ is to indicate the approximation.  

 �0 is clearly an overestimate of �. However, since we already know whether a 

particular interference order is integer or half integer (from the knowledge of whether s>n 

or s<n), the nearest lower integer or half integer is the interference order � for the 

particular fringe.  

3.3.2 Determination of film thickness, d 

 For the determination of d, minimum two spectral measurements with different angles 

of incidence, in the spectral region of interference fringes, are required. When the film is 

deposited on a transparent substrate, a normal incidence transmittance and an oblique 

incidence specular reflectance would suffice for the determination of d. When the film is 

deposited on an opaque substrate, specular reflectance at two different angles of incidence 

can be considered. Figures 3.4(a) and 3.4(b) show the simulated spectra for the 

determination of d for the film on transparent and opaque substrates, respectively. In the 

following, the necessary mathematical relations for a film on opaque substrate considering 

the reflectance measurements at two different angles of incidence are presented.

 

 

 

 

 

 

 

 

Figure 3.4 Simulated spectra for the determination of d for the film on (a) transparent and 

(b) opaque substrate. 
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(Necessary mathematical relations for the determination of d for the film on a transparent 

substrate are given in APPENDIX) 

 The interference conditions for the incident angles θI and θII at a particular interference 

fringe order � would be given as  

 2 d (n1
2 – sin2

�Ι)½ = � �1                   (3.16) 

 2 d (n1
2 + � – sin2

�ΙΙ)½ = � �2                  (3.17) 

where � is the interference fringe order at �1 and �2  and � compensates the dispersion of 

refractive index between �1 and �2. 

 From Eqs. (3.16) and (3.17), d would be given as  

                            (3.18) 

 

 Since Eq. (3.18) contains an undetermined parameter �, d is not calculable from Eq. 

(3.18). If � = 0, then, Eq. (3.18) reduces to  

                            (3.19) 

where the subscript ‘0’ is to indicate the approximation.  

 Now, d0 is although calculable and a close estimate of d, it can only be considered as a 

first step in the determination of d. A better estimation of d can be made through Eq. (3.18) 

once � is found.  

 For the determination of �, consider the interference condition, adjacent to the 

interference fringe order �, in the specular reflectance at θI, which follows from Eq. (3.9) 

as  

 2 d (n1
2 + � – sin2

�Ι)½ = (� + 0.5) �3                (3.20) 

where � compensates the dispersion of refractive index between �1 and �3. 

 From Eqs. (3.16) and (3.20), � would be given by  

                            (3.21) 

 In the spectral region of interference fringes (k2<<n2), the normal dispersion of

(� + 0.5)2 �3
2 – �2 �1

2
  

4 d2 
� =  

½ 

] 
�

2 (�1
2 – �2

2)  

4 (sin2θII - sin2θI - �) 
d =  [ 

½ 

] d0 =  [ 
�

2 (�1
2 – �2

2)  

4 (sin2θII - sin2θI) 
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refractive index can be given as   

                            (3.22) 

where G, H and p are constants whose values depend on the material and the subscript ‘i’ 

is used to indicate the dispersion. 

 Then, � would be given by 

                            (3.23) 

 Having shown the necessary mathematical relations, the determination of d is made by 

an iterative procedure. The flowchart of the iteration is shown in Fig. 3.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Flow chart of the iterative procedure for the determination of film thickness d. 
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3.3.3 Determination of the real part of the refractive index, n 

 Once m and d are determined, n for normal incidence spectral transmittance follows 

from Eq. (3.9) as 

                            (3.24) 

and for specular reflectance at an angle of incidence �j, n follows from Eq. (3.11) as 

                            (3.25) 

where d is the thickness of the film as obtained from the iterative procedure. 

 Equations (3.24) and (3.25) allow the determination of n only at discrete values of �. 

However, using numerical interpolation techniques n at all intermediate values of � can be 

determined. 

 

3.4 MATHEMATICAL CONSTRUCTION OF SPECULAR REFLECTANCE OF 

POROUS SILICON SYSTEM 

 Porous Si (PS) is a composite of Si and voids. Inherent to any composite are 

inhomogeneity and interfacial roughness. A schematic of PS on c-Si substrate is shown in 

Fig. 3.6. The determination procedures of n and d as described in the previous sections for 

films with inhomogeneity and interfacial roughness are applicable to PS systems also. 

However, due to its composite nature, there are a few conceptual differences in the 

mathematical construction of specular reflectance of PS system that are elaborated in the 

following subsections with reference to Fig. 3.6. 

 

 

 

 

 

 

 

Figure 3.6 A schematic of the cross-section of PS film on c-Si substrate. 
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3.4.1 Waves in PS media 

 The propagation of an electromagnetic wave in a composite media, where the size of 

the constituents and the average distance between the constituents are much less than the 

wavelength of the propagating wave, is described by an effective refractive index. In the 

case of PS, at optical wavelengths and above, the propagation of an electromagnetic wave 

can be described by an effective refractive index. Hence, the amplitude of the propagating 

electromagnetic wave E, in a PS medium, is given by 

 E = E0 exp[i(4π neff d / � + i �ext d)]                (3.26) 

where E0 is the amplitude of the wave at the entrance of the medium, neff is the real part of 

the effective refractive index, �ext is the extinction coefficient and d is the depth of 

penetration of the wave. Equation (3.26) is very similar to that of Eq. (3.2) with the only 

difference being n replaced by neff. 

3.4.2 Waves at PS interfaces 

 Specular reflectance and transmittance at the interfaces of non-composite materials are 

given by Fresnel’s reflectance and transmittance coefficients, respectively, which are the 

functions of bulk refractive indices of the materials on either side of the interface. 

However, in composite systems, specular reflectance and transmittance are associated with 

the optical constants and the occupied volume fractions of all the individual homogeneous 

components constituting the composite at the interfaces (air/film and film/substrate 

interfaces) and their microscopic geometry. In the case of PS, for the air/PS film interface, 

the specular reflectance r12' and transmittance t12' of an electromagnetic wave, with due 

considerations of the fractional occupancy of Si and voids and the surface roughness of the 

constituents (in this case, the roughness is only for Si), are given by 

 r12' = �I
½ r12                          (3.27a) 

 t12' = �I
½ t12                          (3.27b) 

and similarly, for the PS film/Si substrate interface, specular reflectance r23' and 

transmittance t23' are given by 

 r23' = �II
½ r23                         (3.28a) 

 t23' = �II
½ t23                          (3.28b) 

where rij and tij are the Fresnel’s reflectance and transmittance coefficients, respectively at 
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an interface separating the media i and j of two different refractive indices and ��½ is the 

modulated fraction of the coherent radiation in the regular propagation direction of the 

wave due to surface roughness at the interface �. 

3.4.3 Mathematical expression for the specular reflectance of PS system 

 A schematic of the cross-section of PS on c-Si substrate is shown in Fig. 3.6. A 

complete mathematical treatment of specular reflectance of an electromagnetic wave, for 

the system under consideration, would necessarily consider the superposition of multiple 

reflections at the interfaces of PS (air/PS film and PS film/Si substrate interfaces) and the 

scattering due to interfacial roughness and inhomogeneity. Since the underneath c-Si is 

strongly absorbing in the visible region of the spectrum and its rear face is textured, the 

reflection from substrate’s back interface, i.e., substrate/air interface is omitted. This 

reduces the complexity in the mathematics for the specular reflectance of PS film-Si 

substrate system. 

 Now, with these considerations the specular reflectance of the PS film-Si substrate 

system at an angle of incidence � from the normal, for a plane wave, is given by 

                            (3.29) 

where  

                              (3.30a) 

 x = exp[– �ext d]                        (3.30b) 

and r12, r23, �I and �II retain their meanings as in Eqs. (3.27) and (3.28). Equation (3.29) is 

functionally same as that of Eq. (3.6). However, as the bulk and interfacial refractive 

indices are different due to its composite nature, on performing the algebra of Eq. (3.29), 

the specular reflectance of the PS film-Si substrate system would be given as 

                            (3.31) 

 Equation (3.31) can be written in a similar form of Eq. (3.8) by replacing the reflectance 

coefficients r12 and r23 with their explicit mathematical functions in terms of the interfacial 

refractive indices. Doing so would merely increase the number of undeterminable 

�I |r12 + r23 x (�I �II)½ exp(i�)|2 
|2

|1 + r12 r23 x (�I �II)½ exp(i�)|2 
R =   

�I [r12
2 + 2 r12 r23 x (�I �II)½ cos� + r23

2 x2 �I �II] 

1 + 2 r12 r23 x (�I �II)½ cos� + r12
2 r23

2 x2 �I �II 
R =  

(neff
2 – sin2

�) ½  � =  
4� d 

� 

TH-1099_04612102



Chapter 3 

 38

parameters in the expression and increase its complexity. Besides, as the determination of 

refractive index and thickness is based only on the interference condition, any further 

expansion of Eq. (3.31) is not necessary.  

 The interference pattern of PS systems is entirely governed by the term � in Eq. (3.31). 

The functional form of � as given by Eq. (3.30a) can be shown to be very similar to that of 

�R in Eq. (3.7) when k2<<n2 with neff in place of n. As the interference condition in PS 

systems is same as that of an inhomogeneous film with rough interfaces, the determination 

procedures developed for n and d of an inhomogeneous film could be used for the 

determination of neff and d of PS systems. 

 

3.5 NUMERICAL SIMULATIONS 

 In order to test the accuracy of the proposed procedure, in the following, the 

determination of d for a modelled system is presented. Figure 3.7 shows a closer view of 

the interference pattern of the simulated reflectance spectra for 5˚ and 25˚ angles of  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 A closer view of the shift of the interference pattern with the change of angle of 

incidence in specular reflectance. 
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incidence. The complete spectra have already been shown in Fig. 3.4(b). The numerical 

values of the optical parameters (n, k and d) and the scattering due to inhomogeneity and 

interfacial roughness for the simulation of the spectra are given below 

 n = (3 x 105) / �2 + 2.6    (� in nm) 

            (� in nm) 

 s = 1.51 

 d = 1000 nm 

 1-�I = 7.5x109 / �4      (� in nm) 

 1-�II = 5.0x109 / �4     (� in nm) 

 αs = 5.0x1010 / �4      (� in nm) 

 The inputs for the determination of d and the results of the iterations are summarized in 

Table 3.1. In the iteration, the dispersion of refractive index between �1 and �3 is assumed  

 

 

Table 3.1 Summary of the results of the iteration in the determination of d. 

Inputs Outputs 

Interference 
orders 

Maxima/minima 
positions (nm) 

Angle of 
incidence (˚) 

Resulting d after every 
iteration (nm) Error (%) 

7 
 

�1 = 858.5 5 

d0 = 892.4  10.76 

d1 = 1052.7 5.27 

d2 = 999.1 0.09 

�2 = 852.0 25 

d2 = 1013.4 1.34 

d2 = 1009.3 0.93 

d2 = 1010.4 1.04 

7.5 �3 = 813.5 5 

d2 = 1010.1 1.01 

d2 = 1010.2 1.02 

d2 = 1010.2 1.02 

k = � x 10(1.5 x 10  / �  - 8) / (4�) 
6 2 
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to be proportional to 1/�.  It is observed in Table 3.1 that the results of the iterations 

oscillate, and finally converges to a value which is very close (~ 1% error) to the actual 

thickness of the film. To improve the accuracy in the determination of d, it would be 

sufficient to end the iteration process with d2, which is the closest estimate of d. 

 

3.6 SUMMARY 

 To summarize, a general theoretical formulation for the determination of refractive 

index n and thickness d of thin films through interference in spectral transmittance and 

reflectance is presented. The conceptual differences in the mathematical construction of 

specular reflectance of PS systems due to its composite nature and the applicability of the 

proposed determination procedures to PS systems have been discussed. The accuracy in 

the determination of d is then shown for a modelled system with simulated spectral 

reflectance for 5˚ and 25˚ angles of incidence. The accuracy in the determination of d is 

found to be within 0.09 % error.    
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 The procedures for determination of refractive index and thickness of thin films as 

described in Chapter 3 are used in the present chapter for PS films prepared under 

systematic variations of anodization current density, anodization time and B-doping 

concentration. The effect of anodization conditions on the refractive index and thickness 

would provide details on the modulations of microstructure and growth kinetics of PS with 

the anodization conditions.  

 

4.1 DETERMINATION OF THICKNESS AND REFRACTIVE INDEX OF PS 

 Although the determination procedures of refractive index and thickness follow from 

Chapter 3, when applied to real thin films, the procedures slightly get modified depending 

on the qualities of the thin films. In PS prepared on high B-doping concentration c-Si 

wafers (0.001–0.005 and 0.01–0.05 � cm), the interference pattern in the measured 

spectrum could readily be fitted with effective medium theory (EMT). However, in PS 

prepared on low B-doping concentration c-Si wafers (0.1-0.5, 1-10 and >50 � cm), the 

interference pattern in the measured spectrum could not be fitted with EMT. Depending on 

fitting and non-fitting of the measured interference pattern with EMT, the determination 
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procedures of refractive index and thickness slightly differ between PS prepared from high 

and low B-doping concentration c-Si wafers. In the following, the determination 

procedures of thickness d and effective refractive index neff of PS prepared on high and 

low B-doping concentration wafers are exemplified with two PS films, which are the 

representatives of the two cases. 

4.1.1 High B-doping concentration wafers (0.001-0.005 and 0.01-0.05 � cm) 

 Figures 4.1 and 4.2 show the measured specular reflectance spectra of PS prepared on 

c-Si wafers of resistivities 0.001–0.005 and 0.01–0.05 � cm, respectively. The anodization 

current densities used for the preparation of these PS are 25, 50 and 75 mA/cm2. The  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Measured specular reflectance of PS prepared on 0.001–0.005 � cm c-Si wafer using 

(a) 25 mA/cm2 current density for 60 sec (b) 50 mA/cm2 current density for 45 sec and (c) 75 

mA/cm2 current density for 30 sec. The spectra are recorded at 8˚ angle of incidence.
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Figure 4.2 Measured specular reflectance of PS prepared on 0.01–0.05 � cm c-Si wafer using (a) 

25 mA/cm2 current density for 30 sec (b) 50 mA/cm2 current density for 15 sec (c) 75 mA/cm2 

current density for 12 sec. The spectra are recorded at 45˚ angle of incidence. 

 
 
observed oscillations in the reflectance spectra are the multiple beam interference patterns 

similar to that of the simulations of Chapter 3. In all the spectra, the interference pattern 

fades with the decrease of wavelength, and disappears completely near around 400 nm. 

This fading of the interference pattern, in general, is due to incoherent scattering and 

absorption of electromagnetic radiation in the medium. In the present case of PS, it is 

largely due to the absorption of radiation in the medium. It is also observed in Figs. 4.1 

and 4.2 that the interference free reflectance decreases with the increase of anodization 

current density. This feature may indicate that the neff decreases with the increase of 

anodization current density in PS. These inferences are although correct, they are only 

qualitative in nature. A clear discussion on these aspects would be given in a later section 
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after the determination of neff and d of the PS films. 

 To exemplify the determination procedures of neff and d of these films, PS prepared on 

c-Si wafer of resistivity 0.001–0.005 � cm using 50 mA/cm2 current density for 45 sec, 

whose specular reflectance is shown in Fig. 4.1(b), is considered as a representative. As a 

first step in the determination procedure, the interference pattern in the measured 

reflectance spectrum is fitted through Eq. (3.31) using an EMT. The goodness of the fit 

can be seen in Fig. 4.3. The EMT used to fit the interference pattern is Bruggeman’s EMT 

with porosity and thickness as the fitting parameters obtained by trial and error method. At 

this stage of the analysis, mere resemblance of the interference pattern in the measured 

spectrum is sufficient. A perfect fit is not warranted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Theoretical fit to the interference pattern in the measured reflectance spectrum of PS 

prepared on 0.001–0.005 � cm resistivity c-Si wafer using 50 mA/cm2 anodization current density 

for 45 sec. The theoretical fit is obtained through Eq. (3.31) using Bruggeman’s EMT with porosity 

and thickness as the fitting parameters. The values of porosity and thickness used to fit the 

measured interference pattern are given at the inset. The interference orders that label the 

interference fringes have been determined through Eq. (3.11). 
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 The fitting of the interference pattern over a broad spectral range, as in Fig. 4.3, ensures 

that the interference condition has completely been satisfied. Then, through Eq. (3.11), m 

for every fringe is determined for the simulated spectrum, and has been labelled as shown 

in Fig. 4.3. As the interference condition is satisfied by the simulated spectrum, m for 

every fringe in the simulated spectrum could also label the corresponding interference 

fringe in the measured spectrum. It is noteworthy that n and d that are used to fit the 

interference pattern are not the physical parameters of the real film. 

 Following the determination of m for the measured spectrum, the RHS of Eq. (3.11), 

i.e., the product of m and the corresponding wavelength, having been scaled down by a 

factor of 2, is plotted against the corresponding wavelength, and has been shown as � in 

Fig. 4.4. Through the LHS of Eq. (3.11), Fig. 4.4 could be identified as the dispersion of 

optical thickness, dOp(�). The discrete data points (shown as �) in Fig. 4.4 are experimental 

points, and have implicit measurement errors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Measured and theoretically fitted dOp(�) of PS prepared on c-Si wafer of resistivity 

0.001–0.005 � cm using 50 mA/cm2 current density for 45 sec. 
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 To minimize the errors and to determine dOp(�) for all intermediate values of �, a curve 

fitting is performed through the LHS of Eq. (3.11). The fitting equation is given as 

 dOp = d (neff
2 – sin2

�)½                      (4.1) 

where 

                            (4.2a) 

 C = (1 – 2 nSi
2) – 3 P (1 – nSi

2)                 (4.2b) 

and P, nSi, d and dOp are porosity, real part of the refractive index of c-Si, physical 

thickness and optical thickness, respectively. The mathematical expression for neff as given 

by Eq. (4.2a) is from the Bruggeman’s EMT. The fitting parameters of dOp are again P and 

d. However, at this stage of the analysis, a good fit is desired. The fitting is done by Matlab 

using the command fsolve of optimization toolbox. The goodness of the fit to the discrete 

experimental points could be seen in Fig. 4.4.  

 With the above procedures, only the dOp(�), which is roughly the product of n(�) and d, 

is determined with a minimal error; n(�) and d are still undetermined. 

 Determination of d requires specular reflectance measurements at two different angles 

of incidence. Figure 4.5 shows the measured specular reflectance spectra of the 

representative PS at 17.5˚ and 25˚ angles of incidence. The interference orders that label 

the interference fringes in Fig. 4.5 are obtained from Method II of Chapter 3 (Section 

3.3.1.2). Let �3 (6638.16 cm-1) and �1 (5533.65 cm-1) of Fig. 4.5 denote �1 and �2 of  

Method II of Chapter 3, respectively. Substituting the values in Eq. (3.15), the interference 

order for �3 is estimated as 3.0036. As Eq. (3.15) overestimates the interference order, the 

actual interference order of �3 would be the nearest lower full integer, which is 3. If the 

interference order of �3 is 3, then the interference order of �1 and �2 would be 2.5.  

 Having determined the interference orders of �1, �2 and �3, the determination of d 

follows through the iterative procedure described in Chapter 3 (Section 3.3.2). The flow 

chart of the iteration has been shown in Chapter 3 in Fig. 3.5. The iteration for the 

determination of d is performed through a self-coded Matlab program with �1, �2  

and �3, and their corresponding interference orders and angles of incidence as inputs. The 

summary of the iteration is shown in Table 4.1. The thickness d of the representative PS is 

found to be 1.3798 �m. 

neff  = 
½ – C + (C2 + 8 nSi

2)½ 

4 
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Figure 4.5 Measured FTIR specular reflectance spectra of PS prepared on c-Si wafer  of resistivity 

0.001–0.005 � cm using 50 mA/cm2 current density for 45 sec at 17.5˚ and 25˚ angles of incidence 

in the spectral range 5000–7000 cm-1. The interference pattern shifts with the change of angle of 

incidence. The interference fringes are labelled with the interference fringe order. 

 
 
 
 
Table 4.1 Summary of the results of the iteration in the determination of d for PS prepared on c-Si 

wafer of resistivity 0.001–0.005 � cm using 50 mA/cm2 current density for 45 sec. 
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Figure 4.6 Measured and theoretically fitted dispersion of effective refractive index neff(�) of PS 

prepared on c-Si wafer of resistivity 0.001–0.005 � cm using 50 mA/cm2 current density for 45 

sec. 

 

 

 Following the determination of d, the theoretically fitted data points of dOp are 

considered for the determination of neff(�) through the relation 

                              (4.3) 

The neff(�) as obtained through the measurement and the fit are shown in Fig. 4.6. 

 Similar procedures have been followed for the determination of d and neff(�) of all PS 

prepared on c-Si wafers of resistivities 0.001–0.005 and 0.01–0.05 � cm. Table 4.2 

summarizes d and growth rate of PS prepared on c-Si wafers of resistivities 0.001–0.005 

and 0.01–0.05 � cm under the variations of anodization current density and time. The 

effects of B-doping concentration and anodization current density on neff(�) on these high 

B-doping concentration wafers are shown in Fig. 4.7.  
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Figure 4.7 Dispersion of effective refractive index neff(�) of PS prepared under various anodization 

current densities on c-Si wafers of resistivities (a) 0.001–0.005 � cm and (b) 0.01–0.05 � cm. 

 

 

 

Table 4.2 Summary of thickness and growth rate of PS prepared on c-Si wafers of resistivities 

0.001–0.005 and 0.01–0.05 � cm under various anodization current densities for various times. 
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(� cm) 

Anodization current 
density ( mA/cm2) 

Anodization time 
(min) 

Thickness 
 (µm) 

Growth rate 
(nm/s) 

0.001–0.005 

05  3.00 0.7981 4.4 

25 

1.00 1.0029 16.7 

1.50 1.5432 17.1 

2.00 2.0566 17.1 

50 

0.75 1.3798 30.7 

1.00 1.8188 30.3 

1.50 2.8837 32.0 

75 

0.50 1.2747 42.5 
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4.1.2 Low B-doping concentration wafers (0.1–0.5, 1–10 and >50 � cm) 

 Figures 4.8, 4.9 and 4.10 show the measured specular reflectance spectra of PS 

prepared on low B-doping concentration c-Si wafers of resistivities 0.1–0.5, 1–10 and >50 

� cm, respectively. The specular reflectance spectra in Figs. 4.8 and 4.9 are measured at 8˚ 

angle of incidence and the spectra in Fig. 4.10 are measured at 45˚ angle of incidence. The 

anodization current densities used for the preparation of these PS are 25, 50 and 75 

mA/cm2.  All the spectra show multiple beam interference patterns similar to that of the 

specular reflectance spectra of PS prepared on high B-doping concentration wafers shown 

in Figs. 4.1 and 4.2. The interference patterns in Figs. 4.8 and 4.9 fade with the decrease of  

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Measured specular reflectance of PS prepared on 0.1–0.5 � cm c-Si wafer using (a) 25 

mA/cm2 current density for 2 min and (b) 75 mA/cm2 current density for 45 sec. 
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100   0.75 2.4499 54.4 

150  0.50 2.3024 76.7 
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75 0.20  0.8283 69.0 
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Figure 4.9 Measured specular reflectance of PS prepared on c-Si wafers of resistivity 1–10 � cm 

using (d) 25 mA/cm2 current density for 1.5 min (e) 50 mA/cm2 current density for 45 sec (f) 75 

mA/cm2 anodization current density for 45 sec. 

 

 

wavelength, and completely disappear for shorter wavelengths. Also, the interference free 

reflectance in Figs. 4.8 and 4.9 decreases with the increase of anodization current density. 

These spectral features are very similar to the spectral features of PS prepared on high B-

doping concentration wafers shown in Figs. 4.1 and 4.2. However, in Fig. 4.10, which 

shows the reflectance spectra of PS prepared on c-Si wafers of resistivity >50 � cm, the 

interference patterns show no signature of fading with the decrease of wavelength, and 

retain even for shorter wavelengths. 

 The spectral features of these PS are although nearly as same as that of the PS prepared 

on high B-doping concentration wafers, the measured interference patterns in these PS 
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Figure 4.10 Measured specular reflectance of PS prepared on >50 � cm c-Si wafer using (a) 25 

mA/cm2 current density for 1.5 min (b) 50 mA/cm2 current density for 45 sec (c) 75 mA/cm2 

current density for 30 sec. 

 

could not be fitted with EMTs. An attempt to fit the measured interference pattern is 

shown in Fig. 4.11 to the specular reflectance of PS prepared on c-Si wafer of resistivity 

0.1–0.5 � cm using 25 mA/cm2 anodization current density for 2 min. The simulated 

spectrum could not be able to make a good fit to the measured interference pattern. This is 

not only the case of PS under consideration, but for all PS prepared on low B-doping 

concentration c-Si wafers (0.1–0.5, 1–10 and >50 � cm). 

 Due to the non-fitting of the measured interference pattern, the determination 

procedures of neff and d would be slightly different from the determination procedures of 

these parameters in PS prepared on high B-doping concentration wafers. To exemplify the
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Figure 4.11 Theoretical fit to the interference pattern in the measured reflectance spectrum of PS 

prepared on 0.1–0.5 � cm resistivity c-Si wafer using 25 mA/cm2 current density for 2 min. The 

theoretical fit is obtained through Eq. (3.31) using Bruggeman’s EMT with porosity and thickness 

as the fitting parameters. The values of porosity and thickness used to fit the measured interference 

pattern are given at the inset. 

 

 

determination procedures of neff and d of these films, PS prepared on c-Si wafer of 

resistivity 0.1–0.5 � cm using 25 mA/cm2 current density for 2 min, whose specular 

reflectance is shown in Fig. 4.8(a), is considered as a representative. 

 As a first step in the determination of neff and d, the interference fringe order is 

determined for every interference fringe in the specular reflectance similar to the case of 

PS prepared on high B-doping concentration wafers. However, in the present case, the 

procedure for determination is Method II of Chapter 3 (Section 3.3.1.2) rather than through 

the simulation of interference pattern. The procedure necessitates considering two adjacent 

interference fringes in the specular reflectance of the material. It would be better if the two 

adjacent interference fringes are in the optically thin region of the spectrum, i.e., in the 
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Figure 4.12 A closer view of the extreme interference fringes towards optically thin region in the 

measured specular reflectance of PS prepared on c-Si wafer of resistivity 0.1-0.5 � cm under 25 

mA/cm2 current density for 2 min. The spectral positions are marked for the purpose of the 

determination of interference orders. 

 

 

longer wavelength region. A closer view of the interference fringes that are considered for 

the determination of interference orders is shown in Fig. 4.12. The wavelength positions of 

the interference fringes are denoted as �1 (811 nm) and �2 (855 nm). Let �0 be the 

interference fringe order at �1. Substituting the values of �1 and �2 in Eq. (3.15), �0 is 

estimated to be ~9.7. As it has already been mentioned in Section 3.3.1.2 that Eq. (3.15) 

overestimates the interference fringe order, the actual interference fringe order at �1 would 

be the nearest lower full integer, i.e., 9. 

 Once the interference fringe order for a particular interference fringe is obtained, the 

interference fringe orders of the entire interference pattern could readily be obtained as the 

neighbouring interference fringe orders differ only by 0.5. With that conception, the 

interference orders for the remaining interference fringes are obtained. In Fig. 4.13, the 
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Figure 4.13 The interference fringe orders of the interference fringes in the measured specular 

reflectance of PS prepared on c-Si wafer of resistivity 0.1-0.5 � cm using 25 mA/cm2 current 

density for 2 min. The interference orders are obtained from the conception that the interference 

orders of the neighbouring interference fringes differ only by 0.5. 

 

 

interference orders as obtained by this procedure are shown by labelling the corresponding 

interference fringes in the reflectance spectrum of the representative PS. 

 The interference fringe order as obtained through Method II of Chapter 3 could 

sometimes be erroneous. The sources of error are the overestimation of the interference 

fringe order by Eq. (3.15) and the rounding off to the nearest lower full or half-integer 

depending on the interference condition for the system under consideration. Choosing the 

optically thin region of the spectrum is one possibility to avoid the erroneous estimate. 

However, it may not always be possible to record the spectrum until optically thin region 

for every film due to the practical limitations arising from the finite spectral range of 

commercial spectrometers. In the following, a procedure to check and to correct (if at all) 

for the error in the determination of interference order is presented.  
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 It is from practical experience that in weak and medium absorption and in transparent 

regions of the spectrum, n(�) has normal dispersion. As the investigations in this chapter 

are also limited to those spectral regions, neff(�) of PS is expected to have normal 

dispersion. From the LHS of Eq. (3.11), it is evident that the functional form of dOp(�) is 

same as that of n(�). So, dOp(�) as obtained from the RHS of Eq. (3.11) i.e., the product of 

interference fringe order and the corresponding wavelength, would show the normal 

dispersion when the determined interference order is correct. Figure 4.14 shows the dOp(�) 

through RHS of Eq. (3.11) for three different values of interference orders: with and 

without modifications in the determined interference orders. The dispersion of dOp is very 

sensitive to the changes in the interference orders, which could be inferred from Fig. 4.14. 

For the  
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Figure 4.14 Dispersion of optical thickness dOp(�) through the RHS of Eq. (3.11) with (a) one 

order lowered from the determined interference orders (b) no change in the determined interference 

orders and (c) one order raised from the determined interference orders. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15 Experimentally determined and spline interpolated optical thickness dispersion dOp(�) 

of PS prepared on c-Si wafer of resistivity 0.1–0.5 � cm using 25 mA/cm2 current density for 2 

min. 

 

 

present case, the dOp(�) as obtained with no change in the determined interference orders 

produces normal dispersion as can be seen in Fig. 4.14(b). So, the interference orders as 

determined are correct for the present case. The correctness of the determined interference 

order is checked by this procedure. If the dOp(�) as obtained from the determined value of 

interference order has not shown the normal dispersion, then those values of m would have 

been discarded. In that case, the other values of m for which dOp(�) shows normal 

dispersion would have been considered. 

 Experimentally, dOp(�) is obtainable only at discrete values of �. To determine the 

dOp(�) for all intermediate values of �, numerical interpolation (spline interpolation) is 
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performed. Figure 4.15 shows the spline interpolation for the discrete experimental dOp(�). 

The interpolation technique, in addition to provide the intermediate values of dOp(�), 

minimizes the error in the experimentally determined dOp(�). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16 Measured FTIR specular reflectance spectra of PS prepared on c-Si wafer of 

resistivity 0.1–0.5 � cm using 25 mA/cm2 current density for 2 min at 17.5˚ and 25˚ angles of 

incidence in the spectral range 5400–7000 cm-1. The interference pattern shifts with the change of 

angle of incidence. The interference fringes are labelled with the interference fringe orders 

determined through Method II of Chapter 3. 
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Table 4.3 Summary of the results of the iteration in the determination of d for PS prepared on 0.1–

0.5 � cm resistivity c-Si wafer using 25 mA/cm2 current density for 2 min. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 Experimentally determined and spline interpolated effective refractive index 

dispersion neff(�) of PS prepared on c-Si wafer of resistivity 0.1–0.5 � cm using 25 mA/cm2 current 

density for 2 min. 

 

 

 Determination procedures of d and neff(�) are same as discussed for PS prepared on high 

B-doping concentration wafers. However, for the sake of completion, the determination 

procedures have been discussed also here. Figure 4.16 shows the measured specular 

reflectance spectra of PS at 17.5˚ and 25˚ angles of incidence. The interference orders that 

label the interference fringes in Fig. 4.16 are obtained from Method II of Chapter 3. Then, 

the determination of d follows through the iterative procedure. The summary of the 

iteration with inputs and outputs is shown in Table 4.3. 

 With the determination of d, the spline interpolated data of dOp, shown in Fig. 4.15, 

have been used in Eq. (4.3) for the determination of neff(�). Figure 4.17 shows both the 
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experimentally determined (discrete) and spline interpolated (continuous) neff(�) of PS 

prepared on c-Si wafer of resistivity 0.1–0.5 � cm using 25 mA/cm2 current density for 2 

min. 

 Similar procedures have been followed for the determination of d and neff(�) of all PS 

prepared on c-Si wafers of resistivities 0.1–0.5, 1–10 and >50 � cm. Table 4.4 summarizes 

d and growth rate of PS prepared on c-Si wafers of resistivities 0.1–0.5, 1–10 and >50 � 

cm under the variations of anodization current density and time. The effects of B-doping 

concentration and anodization current density on neff(�) on these low B-doping 

concentration wafers are shown in Fig. 4.18. 
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Figure 4.18 Dispersion of effective refractive index neff(�) of PS prepared under various 

anodization current densities on c-Si wafer of resistivities (a) 0.1-0.5 � cm (b) 1-10 � cm and (c) > 

50 � cm. 

 
Table 4.4 Thickness and growth rate of PS prepared on c-Si wafers of resistivities 0.1–0.5, 1–10 

and >50 � cm under various anodization current densities for various times. 

Resistivity 
(� cm) 

Anodization current 
density ( mA/cm2) 

Anodization time 
(min) Thickness (µm) 

Growth rate 
(nm/s) 

0.1–0.5 

25  

1.00 1.1785 19.6  

1.50 1.8344 20.4  

2.00 2.2713 18.9  

50  

1.00  2.1254 35.4  

0.50  0.9837 32.8  

0.75  1.5991 35.5 

75  

0.75  2.1699 48.2 

0.50  1.4861 49.5  

0.25  0.7327 48.8  

100   0.25  1.0452 69.7 

150  0.20  1.1699 97.5 

1–10 

25 1.50  1.0235 11.4  

50 1.00  1.2353 20.6  

75 0.75  1.2854 28.6  

>50 

25 1.50 1.6554 18.4  

50 0.75  1.5898 35.3  

75 0.50  1.3899 46.3  
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4.2 EFFECTS OF ANODIZATION CONDITIONS ON GROWTH RATE AND 

EFFECTIVE REFRACTIVE INDEX OF PS 

 So far in this chapter, the effective refractive index neff, thickness d and growth rate of 

PS prepared under many different anodization conditions have been determined. In the 

following, the effects of anodization conditions on the growth rate and neff are discussed 

and provide details of the formation kinetics and microstructure of PS. 

4.2.1 Effects of anodization time on growth rate and effective refractive index of PS 

 Growth rate and refractive index of PS have not shown significant dependence on the 

anodization time as shown in Table 4.5 for PS prepared on 0.001-0.005 � cm resistivity c-

Si wafer.  This signifies that the formation kinetics of PS is unaffected during the course of 

the anodization process and the microstructure of PS is same throughout the material. Any 

change in formation kinetics and microstructure of PS would clearly have affected the 

growth rate and refractive index of PS, respectively. 

 

 

Table 4.5 Summary of growth rate and effective refractive index of PS prepared on c-Si wafers of 

resistivity 0.001-0.005 � cm using 25, 50 and 75 mA/cm2 anodization current densities for various 

times. 

Anodization current 
density (mA/cm2) 

Anodization time 
(min) Growth rate (nm/s) Effective refractive 

index neff at 700 nm 

25 

1.00 16.7 2.1799 

1.50 17.1 2.1791 

2.00 17.1 2.1793 

50 

0.75 30.7 1.9002 

1.00 30.3 1.8997 

1.50 32.0 1.8997 

75 

0.50 42.5 1.7334 

0.75 43.6 1.7324 

1.00 43.8 1.7335 

TH-1099_04612102



Studies on Growth Rate and Refractive Index of Porous Silicon 

 63

 

 

 

 

 

 

 

 

 

Figure 4.19 Effect of anodization current density on (a) growth rate and (b) effective refractive 

index of PS prepared on various c-Si wafer resistivities. 

 

 

4.2.2 Effects of anodization current density on growth rate and effective refractive 

index of PS 

 Figure 4.19(a) shows the variation of growth rate with anodization current density for 

PS prepared on many different c-Si wafer resistivities. With increasing anodization current 

density, the growth rate increases, and is nearly linear for all resistivities at least in the 

range of attainable anodization current density values. On the other hand, neff of PS 

decreases with the increasing anodization current density as shown in Fig. 4.19(b). For 

relatively small anodization current densities, the decreasing neff is nearly linear. However, 

as the anodization current density increases to higher values, the decrease in neff tends to 

saturate.  

 Based on these observations, the following inferences on the formation kinetics and 

microstructure of PS are made: (i) anodization current density affects both the formation 

kinetics and the microstructure of PS (ii) formation kinetics of PS is constantly being 

changed for all anodization current densities (iii) relative changes in the microstructure of 

PS are significant only at low anodization current densities (iv) at higher anodization 

current densities, the relative changes in the microstructure of PS are minimal.  

 The effect of anodization current density being different for the formation kinetics and 

the microstructure of PS is intriguing. Anodization current density has a direct effect only 
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on the formation kinetics of PS, as the transport of the carriers (holes and F� ions) is  

governed by the anodization current density. The effect on the microstructure is merely a 

consequence of the effect of anodization current density on the formation kinetics of PS.  

 In the formation of PS, hole transport is vital. Anodization current density affects both 

the velocity and the density of holes that involve in the formation of PS. At small 

anodization current densities, the microstructure of PS is not completely depleted of holes. 

The energy gained from the anodization potential may not be sufficient for the holes to 

overcome the resistance at certain regions of the microstructure. As a result, holes are 

trapped at those sites. When the anodization is performed with higher anodization current 

densities, holes gain more energy, and would move through the structure with ease. This 

change in the hole transport affects the microstructure of PS. But, still there would be some 

regions in the microstructure where the holes could get trapped. At some higher 

anodization current density called critical anodization current density, holes reach a state 

where the anodization potential may not provide enough energy to overcome the resistance 

offered by the microstructure of PS. Any further increase in the anodization current 

density, does not affect the microstructure of PS. However, to keep up the hole transfer 

rate with the anodization current density, the removal of Si atoms would be predominant at 

the pore depths or PS/c-Si wafer interface. This results in the increase of growth rate 

without any significant alteration in neff of PS. Hence, with the increasing anodization 

current density, there is a linear increase in the growth rate and a near saturation in neff.  

4.2.3 Effects of resistivity on growth rate and effective refractive index of PS  

 Resistivity of c-Si wafer strongly affects both the growth rate and refractive index of 

PS. Figure 4.20 shows the variation of growth rate with wafer resistivity for 25, 50 and 75 

mA/cm2 current densities. The variation of growth rate with wafer resistivity, unlike the 

variation with anodization current density, is non-monotonic. A similar variation has been 

observed for the refractive index of aged PS with wafer resistivity as shown in Fig. 

4.21(a). Although these PS layers have significant fractions of oxides and hydrides as 

constituents, the refractive index still provides details of the microstructure formed by Si 

and void regions. To substantiate the claim, Fig. 4.21(b) shows the effect of resistivity on 

the refractive index of freshly prepared PS. Based on these observations it is clear that 

when there is a change in the growth rate, there will be a corresponding change in neff. 
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Figure 4.20 Effect of wafer resistivity on the growth of PS for various anodization current 

densities. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21 Effect of wafer resistivity on the effective refractive index neff of (a) aged and (b) as-

prepared PS for various anodization current densities. neff of PS prepared on different resistive c-Si 

wafers are compared at 700 nm radiation. 
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4.3 SUMMARY 

 A systematic study on the growth rate and refractive index of PS under the variations of 

anodization current density and c-Si wafer resistivity is presented. The steps involved in 

the determination of thickness and refractive index are explicitly shown by considering 

two representative PS for the two cases – fitting and non-fitting of the interference pattern 

in the measured reflectance spectrum with EMT. With the determination of these 

parameters, the effects of anodization current density and wafer resistivity on growth rate 

and refractive index are understood based on the modulations in microstructure and the 

growth kinetics. 
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 Photoluminescence (PL) is one of the most extensively studied phenomena in porous Si 

(PS). Yet the mechanism [1-11] and certain features in the PL of PS like the blue-shift of 

the PL peak centre with the excitation energy [12, 13], the spectral features of 

photoluminescence excitation spectrum [14-16], etc. are not clearly understood. This 

chapter presents the studies on PL in PS towards an understanding of the basic mechanism 

and certain common spectral features in PL of PS. 

 

5.1 EXPERIMENTAL RESULTS ON PHOTOLUMINESCENCE OF PS 

 Efficient visible PL is not commonly observed on all PS prepared on many different c-

Si wafer resistivities. Amongst the PS considered for the present thesis work, the efficient 

visible PL is limited to PS prepared on high resistivity c-Si wafers. So, in this chapter, PS 

prepared from c-Si wafers of resistivities 1–10 � cm and above are only considered for the 

investigation. It is an observed fact that the spectral features of PL on many PS layers are 

very similar. So, in this chapter, the discussions are limited to five (05) PS samples, which 

are considered to be the representatives of different sets. Table 5.1 details the preparation 

conditions of the representative PS for a quick reference. 

STUDIES ON PHOTOLUMINESCENCE  
IN POROUS SILICON 

 

CHAPTER 
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Table 5.1 The details of the anodization process, electrolyte concentration, wafer resistivity, 

anodization current density, anodization time and sample conditioning of the representative PS. 

 

 

5.1.1 Photoluminescence spectra 

 Figures 5.1 and 5.2 show the PL spectra of the representative PS prepared under 

different anodization conditions at various excitations. The dependent parameters of the 

PL spectra in Figs. 5.1 and 5.2 can be given as [17]   

 

 

 

 

 

 

 

Figure 5.1 Measured PL spectra of aged PS prepared on c-Si wafers of resistivity 1–10 � cm 

under constant current anodization process using (a) 50 mA/cm2 anodization current density for 15 

min and (b) 80 mA/cm2 anodization current density for 5 min. 

Anodization 
process 

Electrolyte 
HF: 

Ethanol 

Resistivity 
(� cm) 

Anodization 
Current density 

(mA/cm2) 

Anodization 
time (min) 

Sample 
conditioning 

Constant current 1 : 1 1–10 
50 15  Aged  

(5 months in 
ambient) 80 5  

Pulsed current 
(20 Hz and 40% 

duty cycle) 
1 : 1 1–10 80 5 

As-prepared 

Aged 
 (5 months in 

ambient) 

Pulsed current 
(10 Hz and 60% 

duty cycle) 
2 : 3 

1–10 25 0.75  Aged  
(5 months in 

ambient) 5K–12K 25 2  

Aged  
(constant) 

Aged  
(constant) 

(a) (b) 

1.4 1.6 1.8 2.0 2.2 2.4 2.6
0

1

2

3

4

5

6

7

Excitation:

P
L 

In
te

ns
ity

Emission Energy (eV)

  3.94 eV
  3.54 eV
  3.31 eV
  3.10 eV
  2.92 eV

1.4 1.6 1.8 2.0 2.2 2.4 2.6
0

1

2

3

4

5

6

Excitation:

P
L 

In
te

ns
ity

Emission Energy (eV)

  3.82 eV
  3.54 eV
  3.31 eV
  3.10 eV
  2.92 eV

TH-1099_04612102



Studies on Photoluminescence in Porous Silicon 

 69

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Measured PL spectra of (a) as-prepared and (b) aged PS prepared under pulsed current 

(Freq = 20 Hz and Duty cycle = 40 %) anodization process on 1–10 � cm using 80 mA/cm2 

anodization current density for 5 min. Also, the PL spectra of PS prepared under pulsed current 

(Freq = 10 Hz and Duty cycle = 60 %) anodization process using 25 mA/cm2 anodization current 

density on c-Si wafers of resistivities (c) 1–10 � cm and (d) 5K–12K � cm for 45 and 160 sec, 

respectively. 

 

 

 IEm(�,�') = A(�) PES(�,�') PEm(�') �(�'),                (5.1) 

where IEm, A, PES, PEm, �, � and �' are the emission intensity, the exciton creation 

(absorption) probability, the probability that an exciton traps at an emission state, the 

probability that an exciton in the emission state returns back to the ground state by the 

emission of a photon, the instrument spectral response, excitation photon frequency and 

emission photon frequency, respectively.  
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 As the PL spectra have already been corrected for the excitation photon flux, Eq (5.1) is 

independent of the excitation flux. On the lines of Eq. (5.1), the spectra in Fig. 5.1 and 5.2 

are functions of �'. A small peak, near around 1.55 eV, is identified to be the spectral 

response of the instrument, and is believed not to affect the features of the spectra as a 

whole.  

 A few observations in Figs. 5.1 and 5.2, which are also repeatedly reported in the 

literatures related to PL of PS, are as follows: 

 PL from PS is a broad spectrum of nearly 1 eV spectral width between the onset and 

offset of the luminescence signal. The peak intensity of PL is strongly dependent on the 

excitation photon frequency �. In Figs. 5.1(a), 5.1(b), 5.2(a) and 5.2(b), the PL peak 

intensity is greater neither for high nor for low �. However, in Figs. 5.2(c) and 5.2(d), the 

peak intensity increases monotonically with increasing �. It is observed from Figs. 5.1(a) 

and 5.1(b) that the anodization current density also affect the PL peak intensity. This 

would mean that the microstructure of PS would influence the PL signal. With Figs. 5.2(a) 

and 5.2(b), it would be clear that not only the microstructure of PS, but mere storage in the 

ambient would also affect the PL signal. Apart from the variations in PL peak intensity, it 

is also observed in Figs. 5.1 and 5.2 that the PL peak centre blue-shifts with �. 

5.1.2 Photoluminescence excitation spectra 

 Photoluminescence excitation (PLE) spectroscopy is an alternative to absorption  

 

 

 

 

 

 

 

 

 

Figure 5.3 Measured PLE spectra of aged PS prepared on c-Si wafers of resistivity 1–10 � cm 

under constant current anodization process using (a) 50 mA/cm2 anodization current density for 15 

min and (b) 80 mA/cm2 anodization current density for 5 min. 
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Figure 5.4 Measured PLE spectra of (a) as-prepared and (b) aged PS prepared under pulsed current 

(Freq = 20 Hz and Duty cycle = 40 %) anodization process on 1–10 � cm using 80 mA/cm2 

anodization current density for 5 min. Also, the PLE spectra of PS prepared under pulsed current 

(Freq = 10 Hz and Duty cycle = 60 %) anodization process using 25 mA/cm2 anodization current 

density on c-Si wafers of resistivities (c) 1–10 � cm and (d) 5K–12K � cm for 45 and 160 sec, 

respectively. 

 

spectroscopy in opaque samples [18]. For PL studies, PLE spectroscopy is much more 

powerful tool than the absorption spectroscopy as it is only sensitive to the absorption that 

causes the luminescence. The broad spectral feature of PL of PS is exploited in PLE 

spectroscopy to record the spectra at various emission energies without much overlap. 

Figures 5.3 and 5.4 show the PLE spectra of the representative PS at various emission 

energies. The dependent parameters of the PLE spectra are same as that of the PL spectra, 

and can be given by Eq. (5.1). The only difference being that the PLE spectra are functions 
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of � rather than �'. 

 The spectra in Figs. 5.3(a), 5.3(b), 5.4(a) and 5.4(b) show very similar spectral features 

including a peak near around 3.4 eV. However, no such features are observed in the 

spectra in Figs. 5.4(c) and 5.4(d). The spectra in Figs. 5.4(c) and 5.4(d) are although very 

different, there is a distinct change in their spectral feature at 3.4 eV. The significance of 

3.4 eV in the PLE spectra would be discussed later in this chapter with its correspondence 

to the absorption spectra. 

 It is observed that the PLE spectra recorded at different emission energies on a 

particular PS show quite similar spectral features in spite of the large difference in their 

intensities. As PLE is related to the optical absorption of the material, this observation 

signifies that there could be perhaps only one underlying optical absorption mechanism for 

the broad PL from PS. 

 

5.2 THEORETICAL SIMULATION OF OPTICAL ABSORPTION  

 From Eq. (5.1), it is inferred that the PLE spectrum is only related, but not identical, to 

an absorption spectrum. The parameter PES being functions of both � and �', the spectral 

features of PLE are also affected by PES. To proceed any further in the understanding of 

the mechanism of PL of PS, the optical absorption of PS must be found separately. But, as 

due to the inhomogeneity of PS, experimental determination of optical absorption merely 

through spectral reflectance measurements is not possible. Theoretical simulation of 

optical absorption of PS is also not possible, since the imaginary part of the refractive 

index of PS is still undetermined.  

 However, the PLE spectra in Figs. 5.3 and 5.4 have a clue. The 3.4 eV, where the PLE 

spectral features change considerably, corresponds to the E1 transition of bulk c-Si [19]. It 

is nothing but the least of all direct bandgaps of bulk c-Si, and lies at the L point of the 

Brillouin zone. This observation has prompted to simulate the optical absorption through 

bulk c-Si optical constants. 

 For the purpose of simulating the optical absorption spectrum, the following equations 

have been used 

 A(�) = (1 – R(�)) (1 – e-�(�)d),                   (5.2) 
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Figure 5.5 Dispersions of (a) complex refractive index and (b) normal incidence reflectivity of 

bulk c-Si 

 

 

                            (5.3a) 

 � = 4�k�/c                        (5.3b) 

where n and k are the real and imaginary parts of the complex refractive index of bulk c-Si, 

respectively, R is the normal incidence reflectivity, d is the thickness, � is the frequency of 

radiation and c is the speed of light. Figures 5.5(a) and 5.5(b) show the dispersions of 

complex refractive index and normal incidence spectral reflectivity simulated through Eq. 

(5.3a) of bulk c-Si, respectively. 

 Equation (5.2) is although for normal incidence condition, the spectral features of 

optical absorption are not significantly affected even when it is averaged over all oblique 

angles of incidence (say, 0 to �/2) with equal proportions of s- and p- polarizations. So, Eq. 

(5.2) suffices in its simplest form for the simulation of optical absorption spectrum. 

However, in the literature, for the analysis of PLE spectrum, the absorption is taken to be 

(1–e-�d) [14, 15]. The (1–R) factor is generally omitted. It is evident from Eq. (5.2) that it is 

possible to omit (1–R) only if R=0 or at least show a weak spectral dependence. In the case 

of c-Si, at least in the spectral region of interest, R is strongly spectral dependent as can be 

in Fig. 5.5(b). So, in general, the reflectance with all possible oblique angles of incidence 

or at least the normal incidence reflectance as in Eq. (5.2) must be used for the simulation 

of optical absorption spectrum in the analysis of PLE spectrum for any solids.  
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Figure 5.6 Theoretical simulations of normal incidence optical absorption of thin films with bulk 

c-Si optical constants for various thicknesses and zero reflectance condition through Eq. (5.2). 

 

 

Theoretical simulations of optical absorption spectra through bulk c-Si optical constants 

for various thicknesses and zero reflectance condition are shown in Fig. 5.6. The spectral 

features of all the spectra are very similar below 3.4 eV. However, above 3.4 eV, which is 

the onset of strong absorption, the spectra show clear dependence on the thickness and 

reflectance of the film. 

 

5.3 COMPARISON OF SIMULATED OPTICAL ABSORPTION WITH PLE 

A comparison of simulated optical absorption with the measured PLE reveals that 

though the simulations have been with bulk optical constants of c-Si, the spectral features 

are very similar to that of the measured PLE of PS. It is from the close correspondence of 

these spectra, it is identified that the effect of physical quantum confinement is 

insignificant in PS. Moreover, if there were a significant quantum confinement effect, the 

L point absorption would be at much higher energies or at least different from the observed 

position in PLE spectra. 
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5.4 STRUCTURE OF PS 

So far in the discussion, the microstructure of PS is not considered. The intriguing 

observation that the PLE spectra of PS show similar spectral features as that of the 

absorption of bulk c-Si necessitates considering the microstructure of PS. In the following, 

two possible descriptions on the microstructure of PS are given for elucidation. 

Ever since the discovery of efficient visible PL, PS is believed to comprise quasi-

isolated small Si crystallites (since it is widely been prepared from c-Si wafer) of different 

shapes and sizes. This description of PS urges to believe that the outcome of the 

measurements like optical absorption, Raman scattering and photoluminescence 

spectroscopy is due to the sum of the independent contributions of the individual 

crystallites. An alternative description, which is guided by the formation kinetics of PS, 

would be as a c-Si structure with impregnated pores of different shapes and sizes that 

would make labyrinth permeation in crystalline matrix. Failing to convince the existence 

of isolated nanocrystallites in PS with the latter description, the outcome of the 

measurements is perceived as interdependent, and contributed by the entire structure. 

The latter description is supported by the present observations in PLE of PS. Further 

insight on the microstructure of PS is provided by infrared vibrational spectroscopic 

studies. Figure 5.7 shows the infrared vibrational spectra of a typical PS and bulk c-Si for  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 Measured normal incidence transmittance spectra of (a) c-Si of resistivity 1–10 � cm 

and (b) PS prepared by pulsed current electrochemical etching process on c-Si wafer of resistivity  

1–10 � cm using 80 mA/cm2 anodization current density for 5 min. 
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comparison. The vibrational spectrum of PS is very different from the bulk c-Si. The study 

reveals that PS not only contains Si with labyrinthine network of pores, but also contains 

some forms of hydrides and oxides as its constituents. The core of Si, the region in 

between the pores, in PS is defect free and also protected by the surrounding covalently 

bonded Si atoms from the attack of chemical species. However, the surfaces of Si, or pore 

walls, are vulnerable to the attack of chemical species. So the hydrides and oxides, which 

are found from vibrational spectroscopic studies, could presumably chemisorb to the 

vulnerable Si surfaces or the pore walls. 

To summarize, PS is described as c-Si structure with impregnated pores of different 

shapes and sizes that would make labyrinth permeation in crystalline matrix. The Si atoms 

at the pore walls are exposed to the ambient and are vulnerable to the attack of reactive 

chemical species like oxygen, hydrogen, etc. Hence, PS is not merely a composite of Si 

and voids, but also composed of certain chemical compounds such as hydrides and oxides 

of Si. Depending on the available Si surfaces, which is controlled by the anodization 

conditions, and the reactive chemical species present in the ambient, the fractional 

presence of the chemical compounds at the pore walls varies. 

 

5.5 MECHANISM OF PL IN PS 

Physical quantum confinement of excitons in PS is almost believed to be a fact for 

nearly two decades. Although there are numerous controversial proposals for the 

mechanism of PL in PS – for and against the quantum confinement model, the effect of 

physical quantum confinement is generally believed to exist in the creation of excitons 

(i.e., optical absorption). The present observations in PLE of PS contradict the usual belief 

on the existence of the effect of quantum confinement in the creation of excitons. So, a 

new proposal is necessary indeed for the mechanism of PL in PS.   

The optical absorption that causes efficient visible PL in PS is identified to be same as 

in the bulk c-Si. So, the refractive index of Si in PS must also be the same as in the bulk 

counterpart. At this point, it is necessary to note that the calculated refractive index of PS 

in Chapter 4 is the effective refractive index, or in other words, a parameter that merely 

denotes the phase modulation of a propagating electromagnetic wave in the medium. 

Whereas, the refractive index, in the present context, is the refractive index of Si regions in 

PS with no interference from the composite nature of the material. 
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Since the refractive index of Si in PS is same as in the bulk c-Si, the optical properties 

of Si in PS must also be the same as in its bulk counterpart. So, the efficient visible PL, 

which is absent in bulk c-Si, certainly cannot be a property of Si in PS. However, as the 

PLE spectra reveal the absorption characteristics of bulk c-Si, the Si in PS would probably 

mediate the process.  

In the discussions on the structure of PS (Section 5.4), it has been remarked that the Si 

dangling bonds at the pore walls are passivated by reactive chemical species like oxygen, 

hydrogen, etc. The passivation may introduce some electronic energy states that are not 

present in the bulk c-Si. Some of those electronic energy states could presumably the 

emission states for PL.  

Although the electronic energy states formed by oxides and hydrides could be the 

emission states for PL, unless the effect of oxides and hydrides on PL is shown explicitly, 

this would remain as a conjecture. A possible study to show explicitly the effect of oxides 

and hydrides on PL would be to compare the PL and the infrared vibrational spectral 

features of freshly prepared and aged PS.  

Figure 5.8 depicts the effect of aging on PL of PS. The PL intensity has enhanced by 

several folds and the PL peak has slightly blueshifted with aging. If the emission states are 

formed by chemisorbed species, there would certainly be some changes in the fractional  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 The effect of aging on the PL of PS recorded at (a) 3.81 eV and (b) 3.31 eV excitations. 

The PS is prepared by pulsed current electrochemical process on c-Si wafer of resistivity 1–10 � 

cm using 80 mA/cm2 anodization current density for 5 mins.  
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Figure 5.9 Measured normal incidence FTIR transmittance spectra of both as-prepared and stored 

in ambient conditions for 5 months prepared by pulsed current electrochemical etching of 1–10 � 

cm resistivity c-Si wafer with a current density of 80 mA/cm2 for 5 mins in the spectral range (a) 

500–1500 cm-1 and (b) 2000–2350 cm-1. The vibrational absorption modes are attributed as 

follows: 624 cm-1 to Si–H bending in Si3–SiH, 663 cm-1 to Si–H wagging, 827 cm-1 to SiO bending 

in O–Si–O, 856 cm-1 to SiH2 wagging, 906 cm-1 to SiH2 scissor, 948 cm-1 to SiH bending in Si2–H–

SiH, 979 cm-1 to SiH bending in Si2–H–SiH, 1034–1182 cm-1 to SiO stretching in O–SiO and C–

SiO, 2090 cm-1 to SiH stretching in Si3–SiH, 2116 cm-1 to SiH stretching in Si2–H–SiH, 2197 cm-1 

to SiH stretching in SiO2–SiH, and 2248 cm-1 to SiH stretching in O3–SiH. 

 

 

presence of different chemical species with aging. The infrared vibrational spectra, which 

are recorded near about the same time the PL measurements, are shown in Fig. 5.9. The 

strengths of absorption of Si3–SiH, Si–H and Si2H–SiH show considerable decrease, and 

whereas, O–Si–O, SiH2, O–SiO, C–SiO and O3–SiH show considerable increase in their 

strengths.  

Based on these observations, the mechanism of PL of PS would be given, in relation to 

the parameters of Eq. (5.1), as follows: 

The exciting photons, say, of frequency �, are strongly absorbed by Si in PS, although 

the chemisorbed species at the pore walls would also absorb the photons. The absorption 

of photons creates excitons (i.e., electron–hole pairs) of energy �� with a probability A. 

The excitons, with their kinetic energy supplied by the exciting photons, move through the 

solid, and, with a probability PES, reach the emission energy states �' formed by the 
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chemisorbed species at pore walls. The excitons at the emission states, with a probability 

PEM, transit to the ground state by the emission of a photon �'. 

 

5.6 UNDERSTANDING THE EXPERIMENTAL DATA 

Having proposed a mechanism for the PL of PS, in the following, the spectral features 

in the luminescence of PS are explained. 

5.6.1 Broad PL spectrum of PS 

The PL of PS is a broad spectrum, which encompasses approximately 1 eV, as can be 

inferred from Figs. 5.1 and 5.2. Since the PL is ascribed to the electronic energy states 

formed by the reactive chemical species at pore walls, the broad spectral feature is 

understood on the basis of the chemical environment at the pore walls. The FTIR 

transmittance spectrum of PS in Fig. 5.7(b) is considered for reference. The infrared 

absorption of the chemical species in PS is found to be relatively broad. The broadening of 

infrared absorption spectrum, in general, is affected by the bond angle, bond length and the 

surrounding chemical environment of the chemical species. If the deviations from the 

mean values of bond angle and bond length are more, then the width of the absorption 

peak would also be more. The width of the absorption peak would also increase when the 

absorbing chemical species are in many different chemical environments. The observed 

widened absorption peaks in PS are due to the above mentioned causes: bond angle, bond 

length and chemical environment differences.  

The bond angle, bond length and chemical environment differences not only affect the 

vibrational energy levels, but also the electronic energy levels of the chemical species. Due 

to these reasons, the PL of PS is spectrally broad. 

5.6.2 Excitation energy dependent peak position  

Photoluminescence peak position is one of the characteristics of a chemical species. In 

general, the PL peak position is unaffected with the change of excitation energy, although 

the intensity of luminescence is strongly affected. This is often considered to be one of the 

features that distinguish PL from scattering phenomena [20]. However, in PS, the PL peak 

position blue-shifts with the increase of excitation energy as can be seen clearly in Figs. 

5.1(a), 5.1(b), 5.2(a) and 5.2(b). This may cause some doubt whether the observed  
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Figure 5.10 Plot of energy difference between the excitation and PL peak position to the energy of 

excitation of PS prepared on c-Si wafers of resistivity 1–10 � cm. 

 

 

phenomenon is really PL. To clarify the point, in Fig. 5.10, the energy difference between 

the excitation and the PL peak position is plotted against the energy of excitation for two 

representative PS layers. The plots have a positive slope. If the phenomenon were 

scattering, the difference between the excitation and the PL peak centre would be a 

constant, and the plots would just be parallel to the excitation energy axis. 

The phenomenon, without doubt, is PL. Now, it is to understand the blue-shift of the PL 

peak position with the excitation energy. In literature, this feature has already been 

explained on the lines of quantum confinement model [21]. Until now, although there are 

several proposals for the mechanism of PL in PS, quantum confinement model is the only 

model that could able to explain the blueshift of the PL peak position with excitation 

energy. Since the present observations stand against the quantum confinement model, in 

the following, a new explanation, without contradicting the proposed mechanism of PL in 

PS, is presented. 

In Eq. (5.1), of the dependent parameters of PL intensity, PES is functions of both 

excitation � and emission �' frequencies. It is due to the fact that PES is itself proportional 

to the product of two other functions, which can be given as 

PES(�,�') = g(�') f(�,�')                     (5.4) 

where g is the density of states per unit energy interval at the pore walls and f is the 
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probability distribution function, which gives the probability of occupation of carriers at 

those states. Once again f is a function of both � and �'; it is f that is relevant to the present 

discussion. The functional form of f could be considered similar to Maxwell-Boltzmann 

distribution function, since the carriers occupy the emission states from the conduction 

band. For the following qualitative discussion, Maxwell-Boltzmann distribution function 

itself would suffice, which can be written as 

f(�,�') = N exp[-E(�')/kBT(�)]                   (5.5) 

where E is the energy of the state corresponding to �', T is the temperature, kB is the 

Boltzmann constant, N is the normalization constant and the terms in the parenthesis 

signify the functional dependences of the parameters. The temperature, in the present 

context, is not the lattice temperature, but, the excitonic temperature, which is the average 

kinetic energy of the excitons. 

The excitons, after being created, do thermalise, and reach a state of thermodynamic 

equilibrium. In this case, they reach a quasi-thermal equilibrium, where the excitons are in 

thermal equilibrium among themselves, but, not with the lattice [22]. So, the excitons carry 

the knowledge of excitation until they reach the emission states. This is the very reason, in 

Eq. (5.5), the temperature is explicitly shown as a function of �, the energy of excitation. 

As the excitation energy is increased, the excitonic temperature is increased, and thereby, 

the occupation probability of higher energetic states is favoured. This results in the blue-

shift of the PL peak position with the increase of excitation energy. 

5.6.3 Dissimilarities between PLE and absorption 

Although PLE is only related to the absorption, and also it is not expected for PLE to 

bear every minute detail of an absorption spectrum, the pronounced dissimilarities only on 

efficient luminescent PS (see Figs. 5.3(a), 5.3(b), 5.4(a) and 5.4(b) for PLE and Figs. 

5.1(a), 5.1(b), 5.2(a) and 5.2(b) for PL) have intrigued to devote a discussion on the issue.  

The PLE spectra in Figs. 5.3(a), 5.3(b), 5.4(a) and 5.4(b) are very similar and show a 

peak near around 3.4 eV. However, no such feature is observed in the simulation of 

absorption spectra with bulk optical constants of c-Si through Eq. (5.2) shown in Fig. 5.6. 

It is noteworthy that for the purpose of simulation only the specular reflectance at the 

interface is considered. So the simulation results are valid only if PS interface is smooth, or 

the diffused reflectance or incoherent scattering at the interface is negligibly small.  
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However, it is observed that the specular reflectance of efficient luminescent PS is 

weak. No multiple beam interference pattern is observed for these PS. On the other hand, 

the specular reflectance of weak luminescent PS (see Figs. 5.2(c) and 5.2(d) for PL and 

Figs. 5.4(c) and 5.4(d) for PLE) is much appreciable, which is evident from the multiple 

beam interference patterns. Based on these observations, it is inferred that the 

dissimilarities between the PLE of efficient luminescent PS and the simulated absorption 

spectra is due to poor consideration of the reflectance at the PS interface. To substantiate 

the claim, in the following, the incoherent spectral scattering is shown to have the spectral 

features of the PLE of efficient luminescent PS, qualitatively.   

Figure 5.11(a) shows the specular reflectance of a typical PS showing multiple beam 

interference pattern. The interference pattern is fitted through Eq. (3.8) with refractive 

index and thickness as determined through the procedures described in Chapter 3. The 

refractive index as determined in the spectral region of interference is extrapolated to the 

interference free reflectance through Bruggeman’s effective medium theory with the 

appropriate porosity as the input. The mismatch in the magnitudes between the measured 

and the fit is due to incoherent scattering, which is not considered in the fit. The measured 

reflectance R can be related to the simulated reflectance R0 through the following relation 

R = � R0                           (5.6) 

where � is the fraction of the coherent radiation in the direction of regular propagation.  

 

 

 

 

 

 

 

 

 

Figure 5.11 (a) specular reflectance and (b) incoherent spectral scattering of PS prepared on c-Si 

wafer of resistivity 0.001–0.005 � cm using 25 mA/cm2 anodization current density for 1 min. 
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Then, (1–�) is the incoherent scattering fraction. Since, R and R0 are known, it is a simple 

task to identify (1–�) for the system under consideration. Figure 5.11(b) shows the spectral 

dependence of (1–�) in the interference free region. The incoherent spectral scattering 

show a peak near around 3.4 eV similar to that of the PLE spectra of efficient luminescent 

PS. The incoherent spectral scattering is itself the spectral absorption of the material. Thus, 

the absence of a peak at 3.4 eV in the simulation of absorption spectrum is only due to 

poor consideration of reflectance at the interface. 

There is another feature in the PLE of efficient luminescent PS – the down steep of the 

spectra above 3.4 eV gradually flattens as the emission energy increases. This could be 

understood from PES, which is the only parameter that affects the spectral features of PLE, 

apart from the absorption. From Eq. (5.4), it is f, the probability distribution function, that 

is relevant to the present discussion. So, once again I would like to draw the attention on 

Eq. (5.5). As clearly pointed out in the discussion on the blueshift of the PL peak centre 

(Section 5.6.2), the occupation probability for higher energetic states is favoured at higher 

energetic excitations. So, as the emission energy increases, the intensity for higher 

energetic excitations also increases. Thus, the down steep of the PLE spectra above 3.4 eV 

is affected. 

5.6.4 Luminescence enhancement with anodization current density 

Figure 5.12 shows the effect of anodization current density on the PL of PS. The  

 

 

 

 

 

 

 

 

 

Figure 5.12 Measured PL of aged PS prepared by constant current anodization of c-Si wafers of 

resistivity 1–10 � cm using 50 and 80 mA/cm2 anodization current densities. 
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intensity of luminescence increases with anodization current density. In the earlier 

discussions, I have introduced one of the many parameters on which the intensity of 

luminescence is related – the electronic density of states of the chemisorbed species at pore 

walls. Although the knowledge of electronic density of emission states is crucial, it is 

merely useful for the intensity of luminescence inside the material. In practice, the 

intensity of luminescence is measured with the detector kept outside the material. So, it is 

necessary to consider a few more parameters in order to understand the effect of 

anodization current density on the intensity of luminescence. 

In Chapter 4, it has been shown that when the electrolyte concentration and the wafer 

doping are fixed, an increase in anodization current density decreases the effective 

refractive index neff. In the same chapter, the decrease in neff with anodization current 

density is interpreted as due to the increase in porosity. The increase in porosity is 

basically, from the microstructure viewpoint, due to the widening of pore diameter. In the 

following, the effect of these changes on the intensity of luminescence is elucidated. 

The widening of pore diameter increases the internal surface area of the material. This 

provides room for the chemisorption of more chemical species on the exposed Si surfaces. 

On these lines, the enhancement of luminescence with anodization current density seems 

obvious, but yet the enhancement is only internal. The argument is still lacking to 

convince, the increase in current density increases the luminescence outside the material. 

The Si in PS bears the bulk optical properties of c-Si. As the bandgap of c-Si is 1.12 eV, 

although indirect, it does significantly absorb the radiations below the bandgap energy. 

Surprisingly, the PL of PS is also in the region of medium absorption of Si. The measured 

luminescence is only those radiations that have overcome the absorption of Si in PS. With 

the increase in anodization current density, the Si volume fraction is decreased and 

thereby, the absorption of the emitted radiation is also reduced. Hence, the intensity of 

luminescence has enhanced with anodization current density. 

 

5.7 SUMMARY 

In summary, an extensive study on the PL of PS towards an understanding of the basic 

mechanism of the phenomenon is presented. The basic mathematical relation for the 

analysis of PLE spectrum is corrected to incorporate the spectral dependence of the 
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reflectance of the material. With the corrected mathematical relation, it is found that the 

PLE spectrum of PS has very similar spectral features as that of the absorption of bulk c-

Si. From the similarity between the spectra, it is identified that the efficient visible PL in 

PS is not due to the quantum confinement of excitons. Following, the microstructure of PS 

with an explicit show up of different chemical species in PS matrix is presented. Then, 

from the changes in luminescence intensity and peak centre with aging and the 

corresponding changes in the chemisorbed species in PS matrix, the PL in PS is ascribed to 

the electronic energy states formed by the chemisorbed species. 

After the proposal of the mechanism for the PL, a few common observations in the PL 

of PS like broad spectral feature, blue-shift of the PL peak centre with excitation energy, 

luminescence enhancement with anodization current density, etc. are explained on the lines 

of the proposed mechanism.  
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 In Chapter 5, the optical absorption of Si in PS is identified to be same as that of the 

bulk c-Si. This is a strong evidence that the size of Si regions in PS is large enough for any 

observable quantum confinement effects. However, although less probable, when the 

electronic wavefunctions overlap with the neighbouring Si regions, the tunnelling of 

electrons through the pores could also suppress the effects of quantum confinement, and 

the optical absorption of Si in PS would be same as that of the bulk c-Si. To identify 

whether or not the size of Si regions is in the realm of realization of quantum confinement 

effects, the technique must be sensitive only to the size of Si regions and not to the 

overlapping of electronic wavefunctions. Raman scattering (RS) is one such technique that 

could provide a direct evidence on the size of Si regions for the realization of quantum 

confinement effects [1-3]. 

 Raman scattering (RS) in PS has extensively been investigated ever since the discovery 

of PL from the material [4-10]. For nearly two decades, despite several controversial 

interpretations for PL of PS, the interpretation of RS is essentially the same – optical 

phonon confinement in small Si crystallites [4, 10-12]. Often in the literature, the results of 

RS are presented to substantiate the quantum confinement model of PL of PS [13-16].  

STUDIES ON RAMAN SCATTERING  
IN POROUS SILICON 

 

CHAPTER 
6 
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 However, the spectral features of RS are not only sensitive to the crystallinity, but also 

to the temperature [17-19]. When there is a temperature gradient in the sampling spot, the 

collected RS spectrum [20] would have very similar features as that of the quantum 

confinement of phonons. The temperature gradient in the sampling spot is unintentional 

with the use of high power lasers to record the RS. With the advent of micro-Raman 

technique, even at moderate laser powers, due to very high fluence, there could be laser 

heating of the focus spot [4].  

 This chapter presents a systematic study on the variation of RS of PS with B-doping 

concentration and anodization current density with less or no laser heating of the focus 

spot. The Fano effect, which is an interference phenomenon between the processes from 

discrete and continuum quantum eigenstates, is so far addressed only in bulk c-Si. In this 

chapter, the Fano effect is shown to exist even in PS. The variation of Fano pattern with B-

doping concentration and anodization current density is discussed in detail in this chapter. 

 

6.1 ONE-PHONON RAMAN SCATTERING IN PS 

 A typical RS spectrum of an undoped bulk c-Si is shown in Fig. 6.1. The intense, 

narrow and nearly a Lorentzian profile at around 521 cm-1 is the only one-phonon RS of 

bulk c-Si [21-24]. The symmetry components of the one-phonon RS of c-Si are �1, �12 and  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Measured Raman scattering spectrum of a bulk c-Si of resistivity >50 � cm recorded 

under 632.8 nm laser excitation (a) the complete spectrum and (b) closer view of the multiphonon 

RS.  
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�25� [24]. Of these symmetry components, �25� is the dominant contributor to the one-

phonon RS intensity [24]. For this reason, in the literature, the one-phonon Raman 

scattering is sometimes denoted as �25� component of the one-phonon RS even though no 

polarization optics is used to select the desired component [25, 26]. However, in the 

present thesis, the denotation of one-phonon RS does not accompany the symmetry 

components as no polarization optics is used in the measurement. 

 Only in bulk c-Si, the one-phonon RS is narrow, symmetric and centred at 521 cm-1. 

The spectral features are strongly affected with the changes in the crystalline structure of 

the material [1-3, 26]. A red shift accompanied with a spectral asymmetry in the 

broadening of one-phonon RS, in the absence of non-uniform heating, is a clear indication 

of the presence of low dimensional c-Si structures [1-3]. A typical one-phonon RS of low 

dimensional c-Si structure and bulk c-Si are shown in Fig. 6.2. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 A comparison of one-phonon RS spectral features of a nano-crystalline Si (top) with the 

bulk c-Si (bottom). The RS of nano-crystalline Si is simulated for 2.75 nm crystallite using the 

relation given in Ref [2]. 
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Figure 6.3 A comparison of the spectral features of RS in high (top) and low (bottom) B-doped c-

Si wafers. The resistivities of high and low B-doped c-Si wafers are 0.001–0.005 and >50 � cm, 

respectively. The spectra are recorded under 632.8 nm laser excitation. 

 

 

 The spectral features of one-phonon RS are also affected by the B-doping concentration 

[27-29]. Figure 6.3 shows the effect of B-doping concentration on one-phonon RS of bulk 

c-Si. The asymmetric line-shape of heavily doped c-Si is due to Fano effect [27-31]. The 

analysis of the asymmetry would be complicated when both Fano and quantum 

confinement effects coexist.  

 In the following, the discussions on the RS of PS are presented separately for PS 

prepared on low and high B-doping concentration wafers as the spectral features of RS are 

affected differently between low and high B-doped c-Si. 

6.1.1 Low B-doping concentration wafers (� >0.1 � cm) 

 Figures 6.4 and 6.5 show the measured one-phonon RS of PS prepared on low B-

doping concentration wafers using various anodization current densities and their 
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respective bulk c-Si wafers. All the spectra are normalized to unity for easy comparison of 

the spectral features. Also, the spectra on any particular B-doping concentration wafer are 

vertically displaced for the clear visibility of the spectral features in the one-phonon RS. 

 The one-phonon RS on c-Si wafers of different resistivities are all identical, which 

would mean that the Fano effect is completely negligible on these wafers, at least under 

632.8 nm laser excitation. It is also observed that the normalized spectra in Figs. 6.4(b), 

6.4(d), 6.5(b) and 6.5(d) fall on each other irrespective of the anodization current density. 

This would indicate that the one-phonon RS of Si in PS is identical to the respective bulk  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 Measured one-phonon RS of both PS prepared using many different anodization current 

densities and the respective bulk c-Si wafer of resistivities 0.1–0.5 and 1–10 � cm with (a) and (c) 

vertically shifted and (b) and (d) no vertical shift. The spectra are recorded under 632.8 nm laser 

excitation, and are normalized to unity. 
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Figure 6.5 Measured one-phonon RS of both PS prepared using many different anodization current 

densities and the respective bulk c-Si wafer of resistivities >50 and 5K–12K � cm with (a) and (c) 

vertically shifted and (b) and (d) no vertical shift. The spectra are recorded under 632.8 nm laser 

excitation, and are normalized to unity. 

 

 

c-Si and is not affected by the changes in the microstructure introduced by the anodization 

current density. The latter observation provides a direct evidence that the size of Si regions 

in PS must be sufficiently large for any observable quantum confinement effect. This 

observation, although contradicts the existing scenario [4-16], corroborates the inference 

from PLE measurements presented in Chapter 5. However, as the PS layers under 

investigation are very thin (< 3 �m), there is a possibility for a suspicion that the recorded 

spectra are probably not from PS, but, from the underneath bulk c-Si.  
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 Figure 6.6 shows the variation of RS intensity of PS with anodization current density 

for low B-doping concentration wafers. It is observed in Fig. 6.6 that the RS intensity in 

PS is several times greater than the bulk c-Si and has a decreasing trend with the 

increasing anodization current density for all B-doping concentration wafers. These 

features in RS intensity ensure that the recorded spectra are at least not from the 

underneath bulk c-Si. If spectra had been from the underneath bulk c-Si, the RS intensity 

would have lowered due to the intensity losses in PS medium, and with increasing 

anodization current density, the trend would have been opposite as the effective refractive 

index decreases. Yet these arguments do not bear evidence that the recorded spectra are  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6 Variations of the peak intensity of one-phonon RS of PS with anodization current 

density for different wafer resistivities. The 0 mA/cm2 corresponds to the respective bulk c-Si 

wafers. 
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from PS layers only. In order to affirm that the recorded spectra in PS are predominantly 

from PS layers, the features in Fig. 6.6 are to be understood through the physical properties 

of PS.  

 The decrease of RS intensity with the increasing anodization current density can be 

understood as due to the decrease of number of Si atoms per unit volume. Although RS is 

phenomenally the result of the interaction of photons with phonons, the process is 

mediated by electrons when visible photons are used [32]. The incident photons are at first 

absorbed by electrons which in turn interact with phonons resulting in RS. The initial 

photon-electron interaction improves with the strength of optical absorption. In Chapter 5, 

it has only been shown that the spectral features of the optical absorption of Si regions in 

PS are same as that of the bulk c-Si for all anodization current densities and not the 

strength of optical absorption. The strength of optical absorption is influenced by 

anodization current density. An increase of anodization current density decreases the 

number volume density of Si atoms, and thus decreases the strength of optical absorption. 

Hence, the RS intensity has decreased with the anodization current density as shown in 

Fig. 6.6.  

 The other feature in Fig. 6.6 is the large enhancement of RS intensity of PS relative to 

bulk c-Si wafer despite the decrease of number volume density of Si atoms in PS. This 

seems counteracts the decreasing trend of RS intensity with the anodization current 

density. In actual, the large enhancement of RS intensity is only because of effective RS of 

incident photons in PS due to its composite nature. In bulk c-Si wafer, nearly 35 % of the 

incident photons are lost in the specular reflectance for 633 nm wavelength [33], and only 

the remaining fraction of the photons enters into the medium. However, in PS, as the 

(effective) refractive index is much lower than the bulk c-Si, a larger fraction of the 

incident photons enters into the PS medium. Also, in c-Si wafer, although the absorption is 

stronger, it is spatially extended, whereas, in PS, due to multiple reflections at the 

boundaries of the Si regions and also within the interfaces of the film, the absorption is 

spatially confined. Hence there is a large enhancement of RS intensity in PS. 

6.1.2 High B-doping concentration wafers (� < 0.05 � cm) 

  Figure 6.7 shows the measured one-phonon RS of PS prepared under various 

anodization current densities on high B-doping concentration wafers together the 
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respective bulk c-Si wafers. The spectra are normalized to unity to compare the changes in 

spectral features with the anodization current density relative to the respective bulk c-Si 

wafers. 

 The spectral line-shape of the bulk c-Si of high B-doping concentration wafers is itself 

asymmetric, and the asymmetry increases in PS with the increasing anodization current 

density. The changes in the asymmetric line-shape with anodization current density are 

more pronounced with the increasing B-doping concentrations. Also, the asymmetric line-

shape and the peak position have very strong dependence on the wavelength of the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7 Measured one-phonon RS of both PS under many different anodization current 

densities and the respective bulk c-Si wafer of resistivities 0.001–0.005 and 0.01–0.05 � cm with 

632.8 nm laser excitation, and are normalized to unity.  
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Figure 6.8 Measured one-phonon RS of both PS under many different anodization current 

densities and the respective bulk c-Si wafer of resistivities 0.001–0.005 and 0.01–0.05 � cm  with 

(a) and (c) vertically shifted and (b) and (d) no vertical shift. The spectra are recorded under 488 

nm laser excitation, and are normalized to unity. 

 

 

exciting laser as can be seen on comparison of Fig. 6.7 with Fig. 6.8. 

 Based on these observations, it is inferred that the asymmetric spectral line-shape of PS 

is at least not because of the phonon confinement. If the asymmetry had been only due to 

phonon confinement, the wavelength of the exciting laser would not have affected the 

spectral line-shape. The asymmetry in the RS line-shape of PS only on high B-doping 

concentration wafers could possibly due to the Fano effect as in the respective bulk c-Si 

wafers. It is although possible that the Si regions in PS could have the optical properties of 

the respective bulk c-Si wafer, it has yet not been shown explicitly.  
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6.1.3 One-phonon RS peak intensity with B-doping concentration 

 It is an experimental fact that the peak intensity of the one-phonon RS varies with B-

doping concentration. Figure 6.9(a) shows the variation of RS intensity with B-doping 

concentrations (resistivity) for the bulk c-Si wafer. Figure 6.9(b) shows the corresponding 

variations in PS prepared under 25, 50 and 75 mA/cm2 anodization current densities. For 

all three anodization current densities, PS layers have shown similar variation in RS 

intensity. On comparison with bulk c-Si, there are some slight differences in the variations 

of RS intensity, in particular, at 50 � cm. At 50 � cm, the RS intensity of bulk c-Si is 

weaker than that of the neighbouring resistivities. However, in PS this feature is observed 

for 1–10 � cm resistivity. This is because the RS intensity in PS is influenced, in addition 

to the Si regions, by the microstructure and effective refractive index of the material. 

Despite of other influences, the general trend in the variation of peak intensity is still 

preserved in PS. This observation supports that the Si in PS retains the optical properties of 

the respective bulk c-Si wafer. 

 Prior to this work, as there is no report on the effect of B-doping concentration in the 

RS of PS, a detailed discussion of the line-shape asymmetry, in relation to the Fano effect, 

is presented in the following section. 

 

 

 

 

 

 

 

 

 

 

Figure 6.9 The variation of peak intensity of one-phonon RS of (a) bulk c-Si and (b) PS prepared 

using 25, 50 and 75 mA/cm2 anodization current densities with wafer resistivity. The RS for both 

bulk c-Si and PS are recorded under 632.8 nm laser excitation. 
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6.2 FANO EFFECT 

 Fano effect, in general, is a quantum interference phenomenon between the processes 

from discrete and continuum quantum eigenstates [34]. The spectral line-shape of the 

discrete process is symmetric. The interference of the continuum process would result in 

the line-shape asymmetry of the discrete process. A simple mathematical relation for the 

line-shape asymmetry due to Fano effect can be given as [30, 31] 

                              (6.1) 

where � = (�–�)/�, in which, � and �, are the measured and critical frequency, 

respectively. The parameters q2 and � have their physical meanings as the ratio of 

scattering probability of discrete to continuum and the square matrix element of the 

coupling between discrete and continuum eigenstates, respectively. In the analysis of line-

shape asymmetry through Eq. (6.1), q and � are generally the fitting parameters. 

 Extensive studies on the Fano effect in the RS of bulk c-Si already exist in the literature 

[30, 31]. In this section, prior to discuss the line-shape asymmetry of PS, the Fano patterns 

in the respective bulk c-Si wafers are discussed.   

6.2.1 Fano effect in RS of bulk c-Si 

 In the RS of c-Si, the Fano effect is due to the interference of electronic (continuum) 

and phononic (discrete) RS processes [27-31, 35]. 

 The valance band of p-type bulk c-Si consists of heavy, light and spin-orbit-split hole 

bands. Figure 6.10 shows a typical one dimensional or isotropic band structure of a p-type 

semiconductor. The electronic RS is due to the transition of an electron from the light hole 

band to the heavy hole band via an intermediate conduction band state [31, 35]. This 

electronic RS produces a continuum that extends between the energies ��m and ��M. For 

the bulk c-Si, the lower cut-off energy ��m is the smallest separation between the light and 

heavy hole bands at the Fermi wavevector kF, which is 	 
�0, where �0 = 44 meV is the 

spin-orbit splitting. The true band structure of c-Si is anisotropic. Owing to the anisotropy, 

the continuum extends to very high energies due to the flatness of the heavy-hole band in 

certain directions in the k space.  The phononic RS, on the other hand, is the creation or 

annihilation of a phonon at the centre of the Brillouin zone with a virtual intermediate state 

(q + �)2  

(1 + �2) 
I =  
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of an electron with its initial and final state unaltered [36]. That is to say the phononic RS 

is the discrete one-phonon RS which is about 65 meV for the bulk c-Si. 

 As the electronic RS continuum overlaps in energy with the phononic RS, there is an 

interference between the two RS processes which is the Fano effect. Due to this 

interference effect, the symmetric one phonon RS, which is observed in low B-doping 

concentration bulk c-Si, is asymmetrised. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10 A typical one-dimensional or isotropic band structure of a p-type semiconductor close 

to Brillouin zone centre. The Fermi energy EF is in the valance band. The incident photon of 

frequency � excites an electron from the light-hole band to the conduction band. The excited 

electron into the conduction band de-excites to heavy-hole band by the emission of a scattered 

photon ��. These intervanlance band electronic transitions give Raman spectrum with low and high 

frequency cut-offs denoted as �m and �M, respectively. 
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 Figure 6.11 show the measured RS of bulk c-Si for various B-doping concentrations 

under 632.8 and 488 nm excitation wavelengths. All the spectra are normalized to unity for 

easy comparison of spectral features. The background signal in the spectra, as can be seen 

in Figs. 6.11(b) and (c), is mainly due to inter-valance band electronic RS [37], and 

increases with the B-doping concentration. The Fano line-shape of bulk c-Si is affected by 

both B-doping concentration and the wavelength of exciting laser as can be seen Figs. 

6.11(a) and (c).  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11 Measured RS of bulk c-Si wafers for several B-doping concentrations under the laser 

excitations 632.8 nm (a) closer view of the line-shape asymmetry of one-phonon RS and (b) closer 

view of the background inter-valance band electronic RS and the mulitphonon RS and 488 nm (c) 

closer view of the line-shape asymmetry of one-phonon RS and (b) closer view of the background 

inter-valance band electronic RS and the mulitphonon RS. 
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Figure 6.12 Measured (discrete) and fit (continuous) of the Fano pattern of c-Si wafers of 

resistivities (a) 0.001–0.005 � cm and (b) 0.01–0.05 � cm for 488 nm (top) and 632.8 nm (bottom) 

laser excitations. 

 

 

 

 

Table 6.1 Values of q and � that fit the Fano line-shape of the measured RS of bulk c-Si wafer of 

resistivities 0.001–0.005 and 0.01–0.05 � cm for 488 and 632.8 nm excitations shown in Fig. 6.12. 

 

 

 

 For a quantitative understanding of the effects of B-doping concentration and exciting 

laser wavelength, the Fano line-shapes of bulk c-Si wafers are fitted with the Eq. (6.1). The 

goodness of the fit can be seen in Fig. 6.12, and the corresponding fitting parameters for 

the spectra are given in Table 6.1. The variations of q and � with B-doping concentrations 

and excitation wavelength are similar to that reported in the literature [30, 31]. The 

increase of � with the increasing B-doping concentration signifies that the coupling of 
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electronic RS with phononic RS increases with the increasing B-doping concentration. 

However, with the excitation wavelength no significant changes in � are observed. Based 

on this observation, it is inferred that the coupling of the processes could be an inherent 

material property. The parameter q, as it signifies the ratio of scattering probability of 

phononic RS to electronic RS, is decreasing with increasing B-doping concentration. Also, 

q decreases with the increasing excitation wavelength. This is because when the scattering 

frequency is farther from the energy bandgap of the material, the probability of phononic 

RS decreases relative to the electronic RS. 

6.2.2 Fano effect in RS of PS  

 From the variation in Raman intensity with the wafer resistivity, as shown in Fig. 6.9, it 

is inferred that the Si in PS retain the RS properties of the respective bulk c-Si wafer. Also, 

with the line-shape asymmetry in the RS of PS observed only in PS prepared on high B-

doping concentration c-Si wafers, it is believed that the line-shape asymmetry in the RS of 

PS is due to the Fano effect.  

 Figure 6.13 shows the measured RS of PS prepared on various B-doping concentration 

c-Si wafers with many different anodization current densities under 488 nm laser 

excitation wavelength. Under this excitation wavelength, the line-shape asymmetry is 

observed even for PS prepared on moderately B-doped (0.1–0.5 and 1–10 � cm) c-Si 

wafers, in which, the respective bulk c-Si wafers itself show no asymmetry. The line-shape 

asymmetry in the RS of PS gradually decreases with the decrease of B-doping 

concentration, and is completely absent in PS prepared on very low B-doping 

concentration wafer (>50 � cm). These variations in the line-shape asymmetry with the B-

doping concentrations are similar to that observed in bulk c-Si wafers. This observation 

further supports the claim that the line-shape asymmetry in the RS of PS is due to the Fano 

effect. 

 However, the line-shape asymmetries of RS of PS as shown in Figs. 6.7 and 6.13 are 

different from the respective bulk c-Si wafer and strongly influenced with the anodization 

current density. There could possibly two reasons for these observations: (i) the 

electromagnetic radiations are strongly absorbed by the Si regions in PS due to its 

composite nature and (ii) the changes in the B-doping concentration as the Si regions in PS 

are nearly depleted of holes in the process of anodization. 
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Figure 6.13 Measured one-phonon RS of both PS under many different anodization current 

densities and the respective bulk c-Si wafer of resistivities (a) 0.001-0.005 � cm (b) 0.01-0.05 � 

cm (c) 0.1-0.5 � cm (d) 1-10 � cm and (e) >50 � cm. The spectra are recorded under 488 nm laser 

excitation, and are normalized to unity. 
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 The line-shape asymmetry in the RS of PS is fitted with the Fano function of Eq. (6.1). 

The goodness of the fit could be seen in Fig. 6.14 for the PS prepared on the c-Si wafers of 

resistivity 0.01–0.05 � cm under 488 and 632.8 nm excitation wavelengths. Table 6.2 

gives the values of the fitting parameters to the measured spectra in Fig. 6.14 and also for 

the line-shape asymmetry in the RS of PS prepared on the c-Si wafers of resistivities 

0.001–0.005 and 0.1–0.5 � cm under 488 and 632.8 nm excitation wavelengths.  

 The parameter �, even in PS, is dependent only on the doping concentration, and is very 

nearly the same as that of the respective bulk c-Si wafer. A small unsystematic variation of 

� with the anodization current density observed for all three doping concentrations could 

be the fitting error.  The parameter q, on the other hand, in addition to its dependence on 

the doping concentration, is strongly dependent on the anodization current density, and 

even changes sign with the excitation wavelength. The change of sign in q has been found 

even for the bulk c-Si, but only for the wavelength well above the direct bandgap energy of 

c-Si [31]. The authors of Ref. [31] have given two possible explanations for this feature: (i) 

the change of c-Si band structure from bulk to surface bands and (ii) the significant 

contributions from the full anisotropic band structure for inter-valance band electronic 

transitions when above the critical points. In the case of PS, the former explanation could 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.14 Measured (discrete) and fit (continuous) of the line-shape asymmetry of RS of both PS 

and the respective bulk c-Si wafer of resistivity 0.01-0.05 � cm under the excitation wavelengths 

(a) 488 nm and (b) 632.8 nm. The line-shape asymmetry is fitted with the Fano function of Eq. 

(6.1). 
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Table 6.2 The best fit values of q and � for the asymmetric line-shape of PS prepared on c-Si 

wafers of resistivities 0.001–0.005, 0.01–0.05 and 0.1–0.5 � cm under 488 and 632.8 nm 

excitation wavelengths. The 0 mA/cm2 anodization current density corresponds to the respective c-

Si wafers. 

Resistivity 
(� cm) 

Anodization 
current density 

(mA/cm2) 

q � 

488 nm 632.8 nm 488 nm 632.8 nm 

0.001–0.005 

0 15.17 6.77 4.08 4.13 

1 29.02 7.13 4.12 4.16 

5 -103.89 8.79 4.33 4.07 

25 -22.36 11.74 4.60 4.28 

50 -10.70 937.05 5.55 5.63 

75 -12.31 27.72 5.54 4.86 

100 -11.02 13.04 6.07 4.45 

150 -8.12 13.80 7.81 4.35 

0.01–0.05 

0 76.75 29.14 2.05 2.15 

25 -30.45 77.96 2.77 2.30 

50 -23.00 76.86 2.96 2.36 

75 -17.13 106.46 3.20 2.32 

0.1–0.5 

0 353.39 --- 1.57 --- 

5 -137.00 --- 2.03 --- 

25 -40.30 --- 2.12 --- 

50 -69.38 --- 2.02 --- 

75 -67.73 --- 2.06 --- 

100 -121.73 --- 1.97 --- 

150 -157.11 --- 2.04 --- 
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fit well. It is an obvious fact that the surface atoms are more in PS than in the c-Si wafer. 

With the increase of anodization current density, the number of surface atoms in PS 

increases from the c-Si wafer value, reaches to a critical value, and then decreases slowly. 

The variations in q for PS prepared on 0.001–0.005 � cm resistivity c-Si wafer with the 

anodization current density are similar to that of the number of surface atoms when 

recorded under 632.8 nm excitation wavelength. 

 In summary, the line-shape asymmetry of RS of PS prepared on doped c-Si wafers is 

due to the Fano effect. The coupling between the phononic and electronic RS is same as 

that of the respective bulk c-Si wafers. However, as the surface atoms are increasingly 

dominant in PS, the inter-valance band electronic RS is via surface bands. 

 

6.3 SUMMARY 

 To summarize, a systematic study on the RS of PS with B-doping concentration and 

anodization current density variations is presented. The RS measurements reported in this 

thesis are preformed with low laser power so as to minimize the effect of local heating on 

the spectra. In low B-doping concentration wafers, the RS of PS is nearly identical to the 

bulk c-Si. The inference from the spectra contradicts the usual belief on the existence of Si 

nanostructures in PS matrix. The variation of RS intensity with the anodization current 

density is explained on the basis of composite nature of PS. 

 In high B-doping concentration wafers, the RS of PS is not identical to the respective 

bulk c-Si wafer. The Fano effect, which is the cause of line-shape asymmetry in bulk c-Si, 

is identified to be the cause of the line-shape asymmetry in the RS of PS also. For a 

quantitative understanding of the asymmetry, a curve fitting of the spectra is performed 

through the Fano function. Following, the effect of anodization current density on the line-

shape asymmetry is understood as due to the surface bands.  
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 So far, the thesis dealt with optical characterizations and optical responses and their 

interpretations of only single layer PS. This chapter presents the modulations in the 

electromagnetic wave propagation in multilayer PS structures. 

 The effective refractive index of PS has been found in Chapter 4 to depend only on the 

anodization current density when the other etching parameters like B-doping and 

electrolyte concentration are fixed. It has also been found in the same chapter that the 

anodization time affects only the thickness of the PS layer without any significant 

modifications on the microstructure of the material that has already been formed. That 

would mean the removal of Si atoms is predominantly at the PS/c-Si wafer interface. A 

modulation in the anodization current density in time would result in PS layers of different 

effective refractive indices in depth. These formation characteristics of PS are exploited in 

preparing PS multilayer structures with desired (effective) refractive indices and 

thicknesses. 

 PS multilayer structures are a class of dielectric multilayer structures. Dielectric 

multilayer structures have long been known in optics, and have a few commercial 

applications like optical filters, anti-reflection coatings, etc [1-4]. The specular reflectance 
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and transmittance of an electromagnetic wave on such structures can be calculated by 

transfer matrix (T-matrix) method [2-4]. 

 The fact that dielectric multilayer structures can be made with ease using PS is known 

from the very early years of the discovery of PL from the material [5]. Since then, several 

complex multilayer structures have been realized using PS like UV filters [6], dielectric 

Bragg mirror [7], wideband mirrors [8], omnidirectional mirrors [9, 10], Rugate filters [11-

13], coupled microcavity [14, 15], Fibonacci structure [16, 17], Thue-Morse structure [18, 

19], and Wainner-Stark ladder [20-22], to mention a few. The present chapter deals with 

the extent of modulations in single layer optical response in the course of preparing the 

multilayer structures. For this purpose only simple multilayer structures of the form 

alternating high and low refractive index layers are considered. The prepared multilayer 

structures are characterized using specular reflectance measurements. The spectra are then 

compared with the theoretical simulations using T-matrix method. 

 

7.1 CHOICE OF WAFER RESISTIVITY  

 Multilayer PS structures can be made on any resistivity c-Si wafer. However, as the 

structural and optical properties of PS are different on different resistivity c-Si wafers, for 

a good optical response and due to some practical constraints, only certain resistivity 

wafers are suitable for the preparation of multilayer structures. The factors that are 

considered for the choice of wafer resistivity to prepare multilayer PS structures are (i) 

good mechanical stability of the structure (ii) large variation in effective refractive index 

within the attainable anodization current density values (iii) low growth rate (iv) minimal 

effect of surface adsorbed chemical species on the effective refractive index and (v) less 

scattering and absorption losses. 

 It is from practical experience that the PS prepared on high resistivity c-Si wafers are 

very unstable especially when prepared using high anodization current densities. From the 

knowledge of optical characterizations of single layer PS, it has been found that the 

effective refractive index of those PS is largely contributed by the surface adsorbed 

chemical species that vary over time and also with the chemical species present in the 

ambient. These are the dominant factors that make the PS prepared on high resistivity c-Si 

wafers unsuitable for the preparation of multilayer structures. Of less dominant, the change 
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Figure 7.1 Effect of anodization current density on (a) effective refractive index at 700 nm 

radiation and (b) growth rate of PS prepared on various c-Si wafer resistivities. 

 

 

in effective refractive index over the attainable range of anodization current densities is 

small as can be seen in Fig. 7.1(a). Figure 7.1(a) is a reproduction of Fig. 4.19(b) for ready 

reference. 

 On the other hand, PS prepared on low resistivity c-Si wafers are very stable, and their 

effective refractive indices are unaffected by the surface adsorbed chemical species. PS 

prepared on both 0.001–0.005 and 0.01–0.05 � cm resistivity c-Si wafers bear these  

features. The variation in effective refractive index with anodization current density is also 

appreciable on both these wafers. However, when considering the growth rate with 

anodization current density, PS prepared on 0.001–0.005 � cm resistivity c-Si wafer is 

more suitable for the preparation of multilayer PS structures due to its slow growth rate as 

can be seen in Fig. 7.1(b). Figure 7.1(b) is a reproduction of Fig. 4.19(a) for ready 

reference. 

 

7.2 CHOICE OF REFRACTIVE INDEX AND GROWTH RATE 

 The necessary factors that are to be considered in preparing good optical response PS 

multilayer structures have already been given in the previous section (Section 7.1). The 

refractive index contrast between the layers should be high whereas, the growth rates of 

the individual layers should not be too high. The PS layers that satisfy these conditions are 
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Figure 7.2 Dispersions of effective refractive indices of PS prepared on c-Si wafers of resistivity 

0.001–0.005 � cm under 5 (top) and 75 (bottom) mA/cm2 anodization current density. The discrete 

data points shown as symbols are experimental points and the continuous lines are the fit through 

Bruggeman’s EMT. 

 
Table 7.1 Details of anodization current density and time for the preparation of high and low 

refractive index layers, and their thicknesses and growth rates. 

 

the layers prepared on c-Si wafers of resistivity 0.001–0.005 � cm using 5 and 75 mA/cm2 

anodization current densities. Figure 7.2 shows the dispersions of refractive indices and 

Table 7.1 gives the growth rates of these PS layers. If, instead of 75 mA/cm2, PS prepared 

using 100 mA/cm2 anodization current density is considered, the refractive index contrast 

would be good, but as the growth rate is too high, it would be difficult to control. 

Anodization current 
density  

(mA/ cm2) 
Anodization time (sec) Thickness (µm) Growth rate (nm/sec) 

5 210 1.0077 4.8 
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 The refractive indices and growth rates of PS for the two anodization current densities 

are determined using the procedure discussed in Chapter 3. Figure 7.2 shows the 

dispersion of refractive indices for 5 and 75 mA/cm2 anodization current density and the 

Table 7.1 shows the growth rates of these PS along with the details of preparation 

conditions. 

 

7.3 PS MULTILAYER STRUCTURES 

 The PS multilayer structures that are discussed in the following section consist of only 

two layers of differing optical properties – high and low refractive index layer. The high 

and low refractive index layers are prepared by 5 and 75 mA/cm2 anodization current 

density, respectively. The spectral feature in the reflectance of PS multilayer structures like 

dielectric Bragg mirror and single microcavity are discussed in relation to the theoretical 

simulations of the identical structure using T-matrix method. 

7.3.1 Dielectric Bragg mirror 

 Dielectric Bragg mirror (DBM) is a dielectric multilayer structure to produce nearly 100 

% reflectance for a band of wavelengths in the electromagnetic spectrum. A schematic of 

the cross section of DBM is shown in Fig. 7.3. In order to have the reflectance band 

centred at �0, the individual layers must have their optical thicknesses equal to �0/4.  

 

 

 

 

 

 

 

 

 

Figure 7.3 A schematic of the cross section of a free standing DBM of 5 periods. A period consists 

of one nH and nL layers. nH (nL) and dH (dL) are the refractive index and thickness of high (low) 

refractive index layers, respectively where dH = �0/4nH and dL = �0/4nL and �0 is the centre of the 

reflectance band. 
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Figure 7.4 Measured specular reflectance spectra (left) of PS DBMs are compared with the 

theoretical simulations (right) of identical structures. The theoretical simulations are performed 

using T-matrix method. The high refractive index layers are prepared with 5 mA/cm2 anodization 

current density for 20 sec and the low refractive index layers are prepared with 75 mA/cm2 

anodization current density for 3 sec. The estimated thicknesses of high and low refractive index 

layers are 86 and 109 nm, respectively. The DBM structure can be given in short as [HL]5 for (a) 

and (b) and [HL]15 for (c) and (d) where H and L denote high and low refractive index layers, 

respectively. 

 

 

 Two PS DBMs are prepared with differing number of periods – 5 and 15 periods. In 

Fig. 7.4, the measured specular reflectance spectra of PS DBMs are compared with the 

theoretical simulations of identical structures. For the purpose of simulation, the layers are 

considered to be homogeneous and transparent. So the magnitudes of the simulated spectra 
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are not affected by scattering and absorption, which are in real materials. The dispersions 

of refractive indices and thicknesses as obtained from single layer characterizations are 

used as inputs for the simulation. 

 It is observed in Fig. 7.4 that the prepared PS DBMs show strong reflection bands with 

their centres near around 800 nm. However, neither the reflectance band centre nor the 

width of the measured spectra clearly matches with the simulations. Also, the strong 

reflectance band in the prepared PS DBMs slightly blue-shifts with the increase of number 

of periods and in the simulation, no such shifts in the reflectance band with the increase of 

number of periods is observed. These mismatches in the band centre between the 

measurement and simulation and the blue-shift with the increase in number of periods 

would imply that the anodization process affects both the refractive index and thickness of 

multilayer structures. Only in the case of anodization with a fixed anodization current 

density, the removal of Si atoms is predominant at the PS/c-Si wafer interface. When there 

is a modulation in anodization current density, the higher anodization current density could 

remove the Si atoms from the layers that have already been anodized with lower 

anodization current density. In the process, the thicknesses of the layers prepared by both 

high and low anodization current densities and the refractive index of the layers prepared 

by low anodization current density are affected. However, the strong reflection band, 

which is the characteristic feature of a DBM, could still be retained very close to the 

predicted spectral range.  

 The mismatch in the reflectance band width between the measurement and simulation is 

a clear indication of the interfacial refractive index of PS layers is different from the bulk 

refractive index. In the simulations, it has been considered that the interfacial refractive 

index is same as that of the bulk of the layer despite an earlier note in Chapter 3 that in 

composite systems, the refractive indices at the boundaries are not same as that of the bulk 

of the material. It is only because the interfacial refractive indices could not be determined 

in the PS system and prior to this work, it has not been noted that the interfacial refractive 

indices could be different from the bulk of the material. These results could be considered 

as an explicit show up of the differences in the interfacial and bulk refractive indices. The 

wider band width of the measured spectra, in comparison with the simulated spectra, 

would imply that the actual reflectance at the boundaries of the layers is much stronger 

than that expected when the bulk and interfacial refractive indices are same. 
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7.3.2 Single microcavity 

 Single microcavity (SMC) is a specially designed dielectric multilayer structure that 

would forbid a band of wavelengths from propagating through the structure, but allows a 

very narrow region of the band centred at �0 to propagate through the structure. A 

schematic of the cross section of SMC is shown in Fig. 7.5. 

 The prepared PS SMC consists of 5 periods before and after the cavity layer. The 

refractive index of the cavity layer is same as that of the high refractive index layer with its 

thickness being doubled that of the high refractive index layer. In Fig. 7.6, the measured 

specular reflectance spectrum of PS SMC is compared with the theoretical simulation of 

identical structure. In this case also the layers are considered to be homogeneous and non-

absorbing and the dispersions of refractive indices and thicknesses as the inputs for the 

simulation. 

 In Fig. 7.6(a), the narrow dip near around 800 nm in the reflectance band of the 

measured spectrum is an indication of the electromagnetic wave propagation into the 

structure. This feature can also be seen in the simulated spectrum under identical structure 

as in Fig. 7.6(b), however, at a slightly different wavelength position (~ 753 nm). The 

cavity wavelength is at the centre of the reflectance band in the simulation, whereas it is  

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5 A schematic of the cross section of a free standing SMC with 2 periods before and after 

the cavity layer. nH (nL and nC) and dH (dL and dC) are the refractive index and thickness of high 

(low and cavity) refractive index layers, respectively where dH = �0/4nH, dL = �0/4nL and dC = �0/2nC 

and �0 is the centre of the reflectance band. 
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Figure 7.6 Measured specular reflectance spectra (left) of PS SMC is compared with the 

theoretical simulation (right) of identical structure through T-matrix method. PS SMC consists of 5 

periods before and after the cavity layer. The high refractive index layers are prepared with 5 

mA/cm2 anodization current density for 20 sec and the low refractive index layers are prepared 

with 75 mA/cm2 anodization current density for 3 sec. The estimated thicknesses of high and low 

refractive index layers are 86 and 109 nm, respectively. The cavity layer is prepared with 5 

mA/cm2 anodization current density for 40 sec. The SMC structure can be given in short as 

[HL]5HH[LH]5 where H and L denote high and low refractive index layers, respectively. 

 

 

off-centred in the measured spectrum. These differences in the cavity between the 

measurement and the simulation are due to the changes in the bulk refractive index of low 

refractive index layers and the thicknesses of both high and low refractive index layers 

with the anodization process as seen in the case of DBMs. In additions to the shift of the 

cavity wavelength, the strong reflectance band in the simulated spectrum is not as broad 

and as flat as in the measured spectrum. These differences between the spectra are due to 

the poor prediction of the reflectance at the interfaces of the layers as the bulk refractive 

indices of the layers are used for the interfaces as well. 

 

7.4 SUMMARY 

 To summarize, of the c-Si wafer resistivities, it is identified that PS prepared on 0.001-

0.005 � cm resistivity wafer is better suitable for the preparation of multilayer PS 

structures. The PS multilayer structures are of the form of alternating high and low 
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refractive index layers. Before preparing the multilayer structures, the high and low 

refractive index layers prepared using 5 and 75 mA/cm2 anodization current density, 

respectively are characterized for the refractive index and growth rate with the procedure 

described in Chapter 3. From the knowledge of refractive indices and growth rates of 

single layer PS prepared using 5 and 75 mA/cm2 anodization current densities, PS 

multilayer structures like DBMs and SMC are prepared. The measured specular 

reflectance spectra of the PS multilayer structures are compared with the theoretical 

simulations using T-matrix method. The measured reflectance spectra of PS multilayer 

structures do not match exactly with the simulations; however, the features like reflectance 

band in the case of DBM and a narrow spectrum of propagating electromagnetic wave in 

the case of SMC are clearly observed. The mismatches in the spectra between the 

measured and the simulations are understood based on the changes introduced in the 

microstructure of PS that have already been anodized with the low anodization current 

density when performing the anodization with high anodization current density and the 

interfacial refractive index being different from the bulk refractive index. 
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 Several investigations on the optical properties of PS exist in the literature. However, 

the present thesis differs from several of those investigations by comparing the measured 

data with the simulation, which is still not considered to be a very common practice. Based 

on these investigations, there are a few conclusions, which were not in the literature prior 

to this work. This chapter presents those conclusions and the future prospects of the 

investigations carried in the thesis work.  

 

8.1 THESIS CONCLUSIONS  

 The overall conclusions from the thesis chapters are given below:  

� Interference conditions of multiple beam interference pattern in thin films are 

unaffected by random inhomogeneity and interfacial roughness. When the 

determination procedures of refractive index and thickness are based only on the 

interference conditions, they are applicable to all thin films. 

� Optical absorption is strongly influenced by inhomogeneity and interfacial 

roughness. On materials with inhomogeneity and interfacial roughness, the optical 

absorption could be understood in relation to incoherent spectral scattering. 

CONCLUSIONS AND FUTURE SCOPES 
 

CHAPTER 
8 
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� Optical constants of Si in PS are same as that of the bulk c-Si. The porous nature of 

the material affects only the effective refractive index, but not the refractive index of 

the microscopic Si regions in PS. 

� Efficient visible PL of PS cannot be ascribed only to the chemisorbed reactive 

chemical species at the porewalls as they form the electronic states for the radiative 

recombination of the carriers. On the other hand, the Si regions in PS cannot be 

neglected as they posses the bulk optical properties of c-Si, where this phenomenon 

is not possible due to its indirect bandgap of 1.12 eV. The absorption states are the 

electronic states of bulk c-Si and the emission states are the electronic states of the 

reactive chemical species at the porewalls. As the phenomenon requires both the 

presence of c-Si regions and the reactive chemical species, PL is an emergent 

property due to the composite nature of PS.  

� The studies on single layer optical properties of PS could only provide a qualitative 

picture of the optical response of multilayer PS structures. 

 

8.2 SCOPE FOR FUTURE 

 A few scopes for future based on the present investigation are given below 

� Development of determination procedures for interfacial refractive indices of 

practical thin films. 

� Development of determination procedures for incoherent spectral scattering and 

extinction coefficient to explore newer scattering phenomena. 

� Studies on the microstructure of PS with high resolution microscopes.  This study, 

together the knowledge of the variations of growth rate and effective refractive index 

of PS with anodization current density and B-doping concentrations, would throw 

light on the formation kinetics of PS. 

� Studies on the structural and optical properties of PS prepared on polycrystalline Si 

wafers. This study would be interesting as the carriers’ transport is affected, in 

addition to the pore geometry, by the grain boundaries. Due to this additional spatial 

restriction in the transport of carriers, quantum confinement effects may visually be 

seen. 
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 The mathematical steps in the determination of interference fringe order m and the 

thickness d for the case of transmittance geometry are given here. 

 

Determination of interference fringe order, m 

 Consider the interference conditions in the normal incidence transmittance spectrum for 

two adjacent interference orders 

 2 d n1 = � �1                       (A.1) 

 2 d n2 = (� – 0.5) �2                     (A.2) 

where � is the interference order, which is to be determined. 

 From Eqs. (A.1) and (A.2), � is given as 

                            (A.3) 

 In optically thin region of the spectrum, the denominator of second term, in Eq. (A.3), is 

several times greater than the numerator, and so Eq. (A.3) can be reduced to 

                            (A.4) 

where the subscript ‘0’ is to indicate the approximation.  

APPENDIX 
 

0.5 �2  

(�2 – �1) 
�0 =  

� =  
0.5 �2  

(�2 – �1) 
  –   

2 d (n1 – n2) 

 (�2 – �1) 
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Determination of film thickness, d 

 For the determination of d, two spectral measurements at two different angles of 

incidence are necessary. In the following, the mathematical formulae are given for the case 

of one normal incidence transmittance and one oblique incidence reflectance 

measurements.  

 The interference conditions for the transmittance and the reflectance at a particular 

interference fringe order � would be given as  

 2 d n1
 = � �1         (Transmittance)           (A.5) 

 2 d (n1
2 + � – sin2

�Ι)½ = � �2    (Reflectance)            (A.6) 

where � is the interference fringe order at �1 and �2  and � compensates the dispersion of 

refractive index between �1 and �2. 

 From Eqs. (A.5) and (A.6), d would be given as  

                              (A.7) 

 

 Since Eq. (A.7) contains an undetermined parameter �, d is not calculable from Eq. 

(A.7). If � = 0, then, Eq. (A.7) reduces to  

                              (A.8) 

where the subscript ‘0’ is to indicate the approximation.  

 Now, d0 is although calculable and a close estimate of d, it can only be considered as a 

first step in the determination of d. A better estimation of d can be made through Eq. (A.7) 

once � is found.  

 For the determination of �, consider the interference condition, adjacent to the 

interference fringe order �, in the normal incidence transmittance, which is given as  

 2 d (n1
2 + �)½ = (� + 0.5) �3    (Transmittance)           (A.9) 

where � compensates the dispersion of refractive index between �1 and �3. 

 From Eqs. (3.16) and (3.20), � would be given by  

                            (A.10) 
(� + 0.5)2 �3

2 – �2 �1
2

  

4 d2 
� =  

½ 

] 
�

2 (�1
2 – �2

2)  

4 (sin2θI - �) 
d =  [ 

½ 

] 
�

2 (�1
2 – �2

2)  

4 sin2θI  
d0 =  [ 

TH-1099_04612102



Appendix 

 125

 Considering the refractive index dispersion of the form 1/�p, � would be given as 

                            (A.11) 

 Equations (A.7), (A.8), (A.10) and (A.11) are the necessary mathematical formulae for 

the determination of d. These equations are used in the iteration to obtain d. The flow chart 

of the iteration is given in Fig. A.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1 Flow chart of the iterative procedure for the determination of film thickness d. 
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