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Abstract: 

This chapter describes the motivation of the thesis and basic 

concepts about the photonic crystal. Mainly focussed on one 

dimensional photonic crystals and the related band diagrams, various 

parameters that effect on stop band are briefly explained.  
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1.1 Motivation  

The twentieth century has witnessed most of the revolutionary 

discoveries among them, one is electronic devices in the history of mankind. 

They have given a new dimension to the scientific world that has been racing to 

build electrical components that are smaller in size and that can transfer more 

information with high speed. In order to do this, higher frequencies must be used, 

which means abandoning traditional electronic circuits. We are just starting to 

realize the immense capabilities that can be harnessed at these higher frequencies, 

especially in the optical range. As optical fibers are not capable of guiding light 

around small radius turns, which strongly limits their capabilities in some areas 

and the optical computer is not even close to being developed. In order to make 

the advancements that are necessary in this field, an understanding of how one 

would control and manipulate these optical frequencies must be sought and 

Photonic band gap materials (PBG) are expected to play an important role in this 

direction.  

Photonic crystals are periodically structured electromagnetic media, 

generally possessing photonic band gaps, which are ranges of frequency for 

which light cannot propagate through the structure [1]. Photonic crystals offer 

unique ways to tailor light and the propagation of electromagnetic waves. 

Analogy to electrons in atomic crystals, electromagnetic waves propagating in a 

structure with a periodically modulated dielectric constant are organised into 

allowed photonic bands which are separated by gaps in the frequency spectrum 

where propagation is forbidden. For example, in an emission material, 

spontaneous emission is suppressed for photons of frequency lying in the 

photonic band gap, offering novel approaches for manipulating the 

electromagnetic field and creating high efficiency light-emitting structures [2 - 4]. 

Erbium-doped materials are of great interest in optoelectronics due to 

the Er
3+

 emission at 1.535 µm, a standard telecommunications wavelength. One 
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technique for increasing the luminescence yield of erbium is to produce 

resonating structures such as Fabry–Perot microcavities that incorporates an 

active layer.  The main goal is to develop appropriate material systems and 

devices to exploit at the best the luminescence properties of erbium. Er
3+

 - 

activated confined structures at different scales thus offer interesting solutions.  It 

has seen a remarkable increase in the experimental efforts to control and enhance 

emission properties of emitters by tailoring the dielectric surrounding of the 

source. Strong confinement produced by high-Q cavities can modify both the 

spectral line width and luminescence life time of the erbium emission as well as 

enhance emission intensity and directivity [5]. These structures are of tremendous 

interest and are being widely studied for their applications in integrated optics.  

Combining photonic crystals and nonlinear optics, leads to enhancement 

in the nonlinear optical response and thus towards the new applications in 

nonlinear optical devices. This can be achieved when a defect layer includes 

nonlinear optical materials, it is expected that strong enhancement of optical 

nonlinearity by several orders of magnitude can be obtained in the defect layer. 

The nonlinear optical effects are usually limited to the high optical intensity 

regime due to the weak nonlinear optical response of most naturally occurring 

materials. The possibility of PBG materials with optical tunability afforded by the 

intensity-dependent properties of nonlinear materials, would offer unprecedented 

control over the flow of light, and therefore is of great interest for PBG device 

applications.  

Planar waveguides are key platform on which to construct integrated 

optical (IO) circuits, with multiple functions such as optical switches, amplifiers, 

interferometers, detectors etc. Along with SiO2, other glass material which is 

suitable for IO is GeO2. In particular GeO2 based glasses are interesting due to 

lower Tg (glass transition temperature) and phonon energy than SiO2. Germania 

allows fabrication of highly photorefractive planar waveguides [6] and drawing 

fiber with smaller absorption losses in the middle IR range as compared to silica 

glass [7]. For these reasons it is of technological and scientific importance to 
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develop a particular fabrication protocol to obtain optical waveguides based on 

GeO2 system that exhibits low attenuation coefficients and simultaneously embed 

GeO2 nanocrystals with a particular phase. In order to produce active rare earth 

nanocrystals in a glass matrix, heat treatment using a furnace has been commonly 

used, but a potential candidate for reaching future technology nodes is the laser 

annealing (LA) process. LA allows one to modify the structural features of the 

films and consequently the optical and spectroscopic properties such as 

luminescence and optical losses in the planar waveguides.  

1.2 Photonic bandgap (PBG) materials  

Photonic crystals are periodically arranged dielectric structures which 

can control the flow of photons like semiconductor crystals [1]. PBG materials, 

also called photonic crystals (PCs) have allowed and forbidden frequency bands. 

Electromagnetic (EM) waves of frequencies within the allowed bands can 

propagate through the PCs, but propagation of EM waves with frequencies within 

the forbidden band cannot occur. Depending on the periodicity arrangement, PCs 

may be broadly classified as one-dimensional (1D), two-dimensional (2D) and 

three-dimensional (3D) which are shown in Figure 1.1. 1D PBG structures 

usually consist of a stack of layers with alternating high and low refractive 

indices. 2D PBGs can either be planar structures, with a periodic pattern in two 

directions, or PBG fibers (often called PC fibers [8]), such as the hollow core, or 

‘holey’ fibers, or the depressed index solid core PBG fibers, where there is a PBG 

in the cladding. 3D PBGs have a refractive index which is periodic in three 

dimensions and are generally of the opal, or inverse opal type. If a structural 

defect is introduced in the PC, the defect states will appear in the PBG [9]. 



Chapter 1 

6 

 

 

Figure 1.1: Simple examples of one-, two- and three-dimensional photonic 

crystals. The different colors represent materials with different dielectric 

constants. The defining feature of a photonic crystal is the periodicity of 

dielectric material along one or more axes. 

In 1887, Lord Rayleigh was the first who studied the propagation of 

electromagnetic waves in connection with the peculiar reflective properties of a 

crystalline mineral with periodic “twinning” planes [10]. These correspond to 

one-dimensional photonic crystals and identified the fact that they have a narrow 

band gap prohibiting light propagation through the planes. This band gap is 

angle-dependent, due to the differing periodicities experienced by light 

propagating at non-normal incidences, producing a reflected color that varies 

sharply with incident angle. A similar effect is responsible for many other 

iridescent colors in nature, such as butterfly wings, the sea mouse and precious 

opals.  

During 1970’s, EM wave propagation in 1D periodic structures have 

been thoroughly explored by Yeh, Yariv and Hong [11]. Later, the study of 

spontaneous emission suppression in periodic structures by V. P. Bykov [12] in 

1972 and extension of this work through complete photonic band gap structures 

by E. Yablonovitch [13] who tried to suppress the spontaneous emission in lasers, 

by embedding active medium in 3D periodic medium and S. John [14], the 

research objective was localization of light; which led to increasing interest in 

photonic crystals (PC). They first proposed the idea of photonic band structure: 
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the idea is that an extended medium with a periodically modulated permittivity 

would exhibit structure in the photon energy-momentum dispersion relation, 

analogous to the energy gaps observed in electronic dispersion in crystalline 

solids owing to the periodically modulated atomic potential and predicted the 

existence of full band gap for the first time, and thus marked the birth of “3D 

photonic crystals”. After the pioneering work of Yablonovitch and John, since 

many researchers have tried to realize PBGs both experimentally and 

theoretically, with different type of structures such as fcc [15 - 17], diamond [17], 

yablonovite [18, 19], woodpile [20], in the optical frequency regions [21].  

 

Figure1.2: Schematic illustration of inhibited electron-hole 

recombination by PBG crystal. The left side depicts a band gap in the electronic 

dispersion, while the right depicts the photonic dispersion relation for a PBG 

crystal designed to suppress spontaneous emission from electron-hole 

recombination [22]. 

PCs have the dielectric periodicity, whose length scale is proportional to 

the wavelength of light in the band gap, is the electromagnetic analogue of a 

crystalline atomic lattice. The term “photonic band gap” is analogous to a 

semiconductor band gap (between the valence and conduction bands); in which 

electrons of certain energies may not propagate in any direction as shown in 
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Figure 1.2 [22]. The periodicity of the potential of an atomic lattice prevents 

electrons having energies falling within a certain band from propagating [23]. In 

the same way, periodic structures composed of materials with different dielectric 

constants prevent electromagnetic waves of a certain band of frequencies from 

propagating; caused by destructive interference of the scattered waves from the 

interfaces which results in complete or almost complete reflection for photons of 

few range of frequencies. 

As illustrated in Figure 1.2, if a photonic band gap is to occupy the  

electronic band edge, then the photon produced by electron-hole  recombination  

would have no place to go. The spontaneous radiative recombination of electrons 

and holes would be inhibited. As can be imagined, this has far-reaching 

implications for semiconductor photonic devices.  

1.3 Applications of photonic crystals  

Two of the most prominent applications of the photonic band gap are the 

localization of light at defects, and the inhibition of radiation. Yablonovitch [13] 

describes how the photonic band gap can control spontaneous emission by 

examining Fermi’s golden rule. The density of the final states in spontaneous 

emission is the density of modes available to the photon emitted. If the photonic 

bandgap does not provide a mode to the photon, there will be no spontaneous 

emission [13].  

The designed defect in photonic crystals is a very important issue. Most 

applications of photonic crystals are based on how to introduce the defects in the 

photonic crystals engineering, one can control, trap, or change the wave 

propagation. Basic photonic crystals defects are of two types, point defect and 

line defect. The material property variation at one point or several points in the 

periodic structures forms the point defect. For example, in 1D photonic crystals, 

the usual methods to create defects include changing the size of the layers. The 

point defect sometimes behaves like a cavity that has a very high Q factor which 

results in narrow emission from PC that act as a microcavity laser. The line 
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defects are sometimes treated as photonic crystal waveguide. The wave modes 

within the photonic bandgap are confined in the photonic crystal waveguide. The 

bends made by photonic crystal waveguide have proved to be valuable. If the 

bends and photonic crystals are designed properly, certain frequency components 

can propagate with very low loss, even it has 90 degree bend [24]. 

 

Figure 1.3: Applications of the photonic crystals 

One of the main advantages of the photonic crystal technology is the 

possibility of the full integration of optical devices on all optical chips that can 

operate at much higher frequency and consume less power than today's electronic 

silicon chips. The application of these chips together with optical 

interconnections makes it possible to create novel optical systems such as, for 

example, optical computers with extremely high speed of digital data processing 

[25]. Other applications of photonic band gaps include the construction of perfect 

dielectric mirrors, resonant cavities (lasers), and waveguides that are capable of 

guiding light through very sharp turns [1].  
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1.4 PBG Theory 

Understanding the relationship between electronic band structure and 

photonic band structure requires an examination of the basic equation governing 

the motion of electron and photons: the Schrödinger equation [26, 27] and 

Maxwell’s Equation [28]. When applied to the problems of electrons in 

crystalline solids and photons in periodic dielectric media, respectively, analogies 

between the two governing relations become apparent. To make the most of these 

analogies, it is important to look at both the similarities and the differences. The 

following discussion has been adapted from reference [29]. 

The behavior of the electron wave function ψ(r) is described by the 

Schrödinger equation, 

   
2

2 (r) (r) E (r)
2

E E

e

V
m

 
      
 

    (1.2)                                                 

       This implies to (r) E (r)E EH


     

While Maxwell’s curl equation can be combined (in the absence of sources) to  

yield the following equation for the magnetic field (r)H  :  

                       
2

2

1
(r) (r)

(r)
H H

c
 





 
   
 

            (1.3)                                                            

    This implies to 
2

2
(r) (r)H H

c
 





   

In the case of crystalline solids, the atomic potential is periodic, i.e.  

     (r R) V(r)V                    (1.4)                                                          

where R is a vector representing the displacement between any pair of lattice 

sites. Solutions of both eigen value problems take the form of Bloch waves, 
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consisting of a wave (~ .ik re ) multiplied by a periodic amplitude (r)u  sharing the 

same periodicity of the lattice, 

                                 (r R) (r)u u               (1.5)                                                             

It should be noted that the choices of formulating the photonic eigen 

value problem in terms of the magnetic field (r)H  instead of electric field (r)E  

is not made arbitrarily. The Maxwell operator as defined above is Hermitian, 

guaranteeing that eigen modes are orthogonal and eigen values are real and 

facilitating techniques for finding solutions in numerous ways. If we eliminate H 

rather than E between the two Maxwell curl equations, the resulting modified 

Maxwell operator is not Hermitian. The formal similarities allow us apply to 

photonic crystals many of the concepts of solid state physics [30]; forbidden 

energy gaps, the reciprocal space, Brillouin zones, conduction and valance bands, 

donor and acceptor impurity states, and localization. 

1.5 One dimensional photonic crystals  

A one dimensional (1D) photonic crystal is a periodically layered 

structure made up of materials with different dielectric constant. The simplest and 

most common type of 1D photonic crystal composed of quarter wave stacks of 

two dielectrics with different refractive indices which is called Bragg mirror 

(BM) or distributed Bragg reflector (DBR). BM consists of a stack of alternating 

high and low refractive index dielectric layers and exhibits a frequency region of 

high reflectivity. The optical thickness of each layer of the BM is / 4nd  , 

where n and d are the refractive index and thickness of a layer respectively, and λ 

is the wavelength of maximum reflectivity. This forbidden frequency range is 

also called a ‘stop band’. Moreover, when the BM structure has a defect, such as 

a missing layer, this will cause the occurrence of an allowed state (‘pass band’) 

localized inside the stop band at the resonance wavelength, λ.   
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1.5.1 Band diagrams 

The schematic of a quarter wave stack which consists of alternating 

layers of different dielectric materials is shown in Figure 1.5. In a quarter wave 

stack the gap to midgap frequency ratio is related to the refractive indices of its 

constituent materials as given below [31]. 

1

1 2 21 1

11 2

2

1
4 4

sin sin

1m

n

n n n
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                                       (1.6)    

Here   and m  are width and central frequency of band gap; 1n  and 2n  are the 

refractive indices of alternating layers with period ‘ a ’. Figures 1.4 (b) - (d) 

represents the dispersion relations of multilayer films with different RICs (RIC 

= 1 2:n n ). These band diagrams were calculated using RSoft’s BandSOLVE 

commercial software, which implements the plane wave expansion method [32].  

In all cases, each layer has the same width of / 2a . The frequency is 

expressed in dimensionless units of / 2 /a c a   ; where and c  are 

wavelength and velocity (in free space) of light. In the case of RIC = 3.6:3.5 

(Figure 1.4 (b)), a very narrow band gap (shaded region) is opened between the 

first two bands (n = 1, 2) and further increased RIC between the alternating layers 

has resulted in a wider band gap (figure 1c and 1d) which confirms the band gap 

width is proportional to RIC.  
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Figure 1.4: a) A multilayer film of 1D PC containing alternating layers with 

refractive index 1n  and 2n  with period ‘ a  ’. The dispersion relations are 

calculated for different multilayer films with refractive index contrast (RIC) of b) 

3.6:3.5, c) 3.6:3 and d) 3.6:1. The ordinate is plotted in dimensionless units: 

/ 2 /a c a   ;  and c  are wavelength and velocity (in free space) of light. In 

all the cases each layer has a width of / 2a .  Shaded region indicate the photonic 

bandgap. 

1.5.2 Study of the DBR parameters  

The principle of operation can be understood that each interface between 

the two materials contributes a Fresnel reflection. For the design wavelength, the 

optical path length difference between reflections from subsequent interfaces is 

half the wavelength; in addition, the amplitude reflection coefficients for the 

interfaces have alternating signs. Therefore all the reflected components from the 
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interfaces interfere constructively, which results in a strong reflection. The 

reflectivity achieved is determined by the number of layer pairs and by the 

refractive index contrast between the layer materials. The reflection bandwidth is 

determined mainly by the index contrast. The schematic diagram of DBR is 

shown in Figure 1.5. 

 

Figure 1.5: Schematic diagram of Bragg mirror. 

The reflectivity of the DBR can be calculated using the theoretical formula, 
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Figure1.6: experimentally calculated reflectivity spectrum of DBR containing 9 

pairs of SiO2 and TiO2 layers. 

Where nH is the high refractive index layer, nL is the low refractive index layer, ns 

is the refractive index of the substrate, n0 is refractive index of the environment, p 

is the number of  4/  layer pairs. The reflectivity spectra shown in the Figure 

1.6, is obtained experimentally for DBR containing 9 pairs of SiO2 and TiO2 

layers in NIR region. From the Figure 1.6, it is observed that 99.80 % is the 

maximum reflectivity obtained from the DBR. Using the equation 1.7, we have 

obtained 99.92 % reflectivity, which is a good agreement between theoretical and 

experimental results.  

There are few parameters like number of periods in DBR, thickness of 

the each layer and refractive index contrast will effect on the parameters 

reflectivity and full width half maximum (FWHM).  
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1.5.2.1 Refractive index ratio nH/nL 

The ratio /L Hn n  is called the refractive index contrast that influences on 

the width (FWHM) and the sharpness of the DBR bandgap. The increase of the 

refractive index contrast leads to the widening of the bandgap [33]. This effect 

can be observed from the Figure 1.7 which is a simulated result, where the 

reflectivity spectra of three λ/4 DBRs with different nH/nL ratio show a bandgap 

with different width. We can also observe that the band edges become sharper 

when the ratio increases.  

 

Figure 1.7: Reflectivity spectrum for three different multilayers with three 

different refractive indices at normal incidence. 

1.5.2.2 Number of periods 

The number of periods (N) influences on different characteristics of the 

bandgap. The increase in the number of periods N leads to an increase of the 

reflectivity within the bandgap, and enlarges its width. The band edges also 

become sharper. From the Figure 1.8, this effect can be observed and this result is 
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obtained from the simulations. It shows three λ/4 DBR with nH=2.3, nL=1.46 for 

different number of periods N. We can observe that when N increases, the band 

edges of the filter become sharper and the reflectivity tends to the unity 

exponentially with N [34].  

 

Figure 1.8: Reflection spectrum of a λ/4-DBR with nH=2.3, nL=1.46 and 

number of periods 8, 12 and 20. 

1.5.3 Microcavity 

It is possible to fabricate a particular class of interferometers, named 

microcavities, by using two parallel reflectors separated by a spacer layer. 

Usually the reflectors used are λ/4 DBR. The reflectivity spectrum of 

microcavities consists of a wide high reflectivity bandgap with a narrow pass-

band in its centre. The wavelength at which this pass band (also called 

transmission peak) is situated, its width and its reflectivity level depend on 

different parameters. The schematic diagram of the microcavity is shown in 

Figure 1.9.  
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Figure 1.9: Schematic diagram of Microcavity  

 

Figure 1.9: The reflection spectra of microcavity with Er
3+

 doped active 

layer in NIR region. The spectra obtained at 50
0
 incident angle. 
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1.5.4 Study of the Microcavity parameters 

The microcavity consists of two λ/4 DBR with N periods where Hn  = 

2.3 and 
Ln  =1.46. The optical thickness of the layers are / 4 H H L Ln d n d    

with λ=1534 nm. The defect layer thickness is λ/2 and is SiO2 doped with Er
3+

, 

its refractive index is 1.46dn  . Figure 1.9 shows the experimentally obtained 

reflectivity spectrum for the microcavity in near infrared (NIR) region.  

1.5.4.1 Thickness of the defect layer   

The optical thicknesses of the DBRs are usually λ/4, the optical 

thickness of the defect layer can be either λ or λ/2. In both cases, the transmission 

peak is centered at wavelength λ. Also the transmission peak will be centered in 

the bandgap and the reflectivity is almost zero at particular wavelength. However, 

the bandgap of the microcavity with the λ/2 spacer is slightly wider than the one 

with thickness λ and the side lobes closer to the bandgap show a lower 

reflectivity.  

1.5.4.2 Refractive index of the defect layer  

The refractive index of the defect layer can be one of the indices used in 

the DBRs (nH, nL) of the microcavity or a different value.  

1.5.4.3 Number of periods of the DBR 

The width of the transmission peak depends on the number of periods N 

of the DBRs of the microcavity. When N increases, the transmission peak 

becomes narrower, the reflectivity of the bandgap increases and its edges are 

sharper.  
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1.6 Choice of the materials  

The materials which are prepared with metals do not scale well into 

optical frequencies.  At high frequencies metals become more and more lossy.  

These dissipative losses allow for virtual modes, even at frequencies that would 

normally be forbidden. Therefore it makes sense to consider structures made of 

positive dielectric constant materials, such as glasses and insulators, rather than 

metals.  These materials can have low dissipation, even all the way up to optical 

frequencies. This property is ultimately exemplified by optical fibers, which 

permit light propagation over many kilometres with negligible losses. Such 

positive-dielectric-constant materials can have an almost purely real dielectric 

response with low resistive losses.  If these materials are arrayed into a three-

dimensionally periodic dielectric structure, a photonic band gap should be 

possible, employing a purely real, reactive, dielectric response.  

Oxide-based dielectric materials are particularly suitable for fabricating 

PBG structures because they have wide transparency from the ultraviolet to the 

near infrared (NIR). Furthermore, oxide-based dielectric materials have good 

resistance to temperature, corrosion and radiation as well [35 - 37]. There are 

different materials available which can be suitable for the fabrication of 

multilayer structures. We have chosen SiO2, TiO2 dielectric materials for the 

fabrication.  
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Table 1.1: Materials available and their refractive index at 633nm 

Name of the 

Material 

Refractive 

index 

SiO2 1.456 

TiO2 2.24 

SnO2 1.923 

HfO2 1.913 

InGaAs 3.855 

Ta2O5 1.796 

PMMA 1.489 

MgF2 1.377 

ZnS 2.55 

 

1.7 Planar waveguides  

An optical waveguide is a device which can confine light energy and 

transport from one region of space to another with low power loss. Usually total 

internal reflection (TIR) phenomenon is utilized to design such an agreement. 

Optical waveguides are structures with three layers controlling light confinement 

and propagation in a well defined direction inside the central layer (Figure 1.10).  

 

Figure 1.10: Planar optical waveguide 

Light confinement is carried out by successive total reflections on the 

two interface guides - substrate and guide - cladding. Light propagation is 
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governed by an interference phenomenon which occurs inside the guide between 

two waves; one of them undergoes two successive total reflections. For a better 

understanding of the guided wave propagation, we will recall the main principles 

of these two phenomena, total reflection and interference, inside a transparent 

plate with parallel faces [38]. 

 The integration of optical waveguides into very high-speed circuit boards 

holds great promise and is the subject of many development efforts. Where 

copper reaches its limits at high frequency transmissions due to the signal 

attenuation, cross-talk, limited bandwidth, and great complexity and design effort 

to assure signal integrity, optic signal transmission offers significant advantages.  

Planar waveguide structures used for the devices such as solid state 

lasers, solid state amplifiers, and nonlinear wavelength converters provide many 

attractive features for these devices. High intensity operation, thanks to 

confinement of light in a thin waveguide makes the device be compact and 

operate in efficient. In addition, large planar surface for heat reduction leads to a 

low thermal resistance of the device, and consequently, make it operate in high-

power. Moreover, simple structure of planar waveguide device allows usage of 

wafer-processing for mass production, and consequently, makes the device cost 

very low. Taking these attractive features into account, we have been developing 

planar waveguide lasers and amplifiers for a wide variety of applications.  

1.8 Fabrication processes  

Various technologies have been employed for the fabrication of 1D PCs 

and planar waveguides, including ion-exchange [39], sol–gel [40 - 42], chemical 

vapour deposition [43], electron beam evaporation [44], pulsed laser deposition 

[45] and RFMS [46]. The sputtering technique plays an increasing role in the 

development of optical materials for application in integrated optics. The 

materials studied in this thesis have been fabricated by RFMS. 
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1.8.1 RF Sputtering technique 

Sputtering is extensively used in the semiconductor industry to deposit 

thin films of various materials in integrated circuits processing. Thin anti-

reflection coatings on glass, planar waveguides, etc. which are useful for 

photonic applications are deposited by sputtering. This technique is also used to 

fabricate thin film sensors, photovoltaic thin films (solar cells), metal cantilevers 

and interconnects etc. More details about sputtering technique can be found in 

Chapter 3. 

1.9 Organization of the thesis  

The thesis is organized into seven chapters. The results obtained in the 

context of 1D PCs and planar waveguides are briefly described in each of the 

chapters. 

Chapter 1 gives a general introduction to photonic crystals and then 

mainly on 1D PCs related to basic concepts and planar waveguides. It also 

describes the motivation behind the research undertaken as a part of this thesis. 

Chapter 2 is devoted for the discussion on the details of various 

experimental techniques that were carried out in this dissertation. 

Chapter 3 describes the detailed protocol for the fabrication of one 

dimensional photonic crystals using rf sputtering. Visible and near infrared 

wavelength photonic crystals were prepared. The primary results on one 

dimensional photonic crystals such as transmittance, angle dependant reflection 

measurements and polarization dependant spectral characteristics were discussed 

and some of them are compared with theoretical results using simulations.  

Chapter 4 involves the study of 1-D Er
3+

 doped dielectric microcavity. 

The cavity is constituted by an Er
3+

 doped SiO2 active layer inserted between two 

Bragg reflectors consisting of ten pairs of SiO2/TiO2 layers. SEM microscopy is 

employed to show the quality of the sample, the homogeneities of the layer 
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thickness and good adhesion. NIR transmittance and variable angle reflectance 

spectra confirm that the presence of a stop-band from 1500 nm to 2000 nm with a 

cavity resonance centered at 1749 nm at 0° with a quality factor Q of about 890. 

The influence of the cavity on the 
4
I13/2 → 

4
I15/2 emission band of Er

3+
 ion is also 

demonstrated. 

Chapter 5 is devoted for the enhanced nonlinear optical response in one 

dimensional photonic crystals (1D) with ZnO defect. 1D photonic crystal 

containing ZnO defect layer was fabricated by rf sputtering technique. SEM 

images and the transmission spectra of this photonic crystal revealed a defect 

mode resonance and a broad photonic band gap. Open aperture z-scan 

measurements shows that the Z-scan curve of the detuned resonant photonic 

crystal exhibited a larger transmittance dip as compared to a single layer of ZnO 

reference. Nearly 21 times increase in the nonlinear absorption was observed for 

the photonic crystal structure when compared to a single layer of the ZnO 

reference. The enhancement of the nonlinear absorption in the detuned resonant 

photonic crystal is due to the strong confinement of the optical field around the 

defect layer. We have observed good optical limiting behaviour in photonic 

crystal which is due to the large enhancement of the optical field leading to 

stronger nonlinear absorption in the photonic crystal structure. 

Chapter 6 GeO2 based planar optical waveguides were characterized 

using a protocol combining radio frequency sputtering technique and CO2 laser, 

positron irradiation effects. The effects of pulsed CO2 laser irradiation on the 

optical and structural properties of the waveguides are evaluated by different 

techniques such as m-line, micro-Raman spectroscopy and atomic force 

microscopy (AFM). Amorphous GeO2 planar waveguides were fabricated by 

radio frequency magnetron sputtering system on v-SiO2 substrate. After pulsed 

CO2 laser annealing, an increase of the refractive index of approximately 0.04 at 

1.5 µm and a decrease of the attenuation coefficient from 0.9 to 0.5 dB/cm at 1.5 

µm was observed. Raman spectroscopy and AFM results put in evidence that 

after an adapted pulsed CO2 laser annealing, the system showed a crystalline 
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environment in which the phase of the crystalline GeO2 varies with varying 

irradiation time. Moreover, positron annihilation spectroscopy was used to study 

the depth defect profiling of the as prepared and laser annealed samples. The 

obtained results allowed us getting information on the structural changes 

produced inside the waveguides films of approximately 1 m thickness after the 

irradiation process. In addition, a higher density value for the amorphous GeO2 

samples was obtained. 

Chapter 7 summarizes the results obtained in this dissertation work and 

future implications and perspectives of the work carried out are discussed in 

brief.  
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Abstract:  

We have used different experiments for the characterization of 

photonic crystals and planar waveguides. In this chapter, we briefly 

describe the experimental techniques, some of them are commercial 

set up such as spectrophotometer for the preliminary studies of 

photonic crystals, m-line spectroscopy which is based on prism 

coupling technique was used for the measurement of optical 

properties, scanning electron microscopy (SEM) for the surface 

morphology of multilayer films, and the Raman spectrometer. Some 

of the techniques which were set up in the lab, such as room 

temperature photoluminescence measurement and a modified Z-Scan 

technique were briefly described.   
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2.1 Introduction  

Optical spectroscopic techniques are widely used in the study of optical 

properties of different materials including multilayer films and planar 

waveguides. These different techniques are usually based on measuring 

absorption, emission of light that contains information about properties of the 

materials. Commonly used techniques include electronic absorption (UV-Vis-

NIR), photoluminescence (PL) and Raman scattering techniques. Other more 

specialized techniques include nonlinear optical techniques such as Z-scan 

technique for third order nonlinear optical properties measurement. Also, some 

other techniques, such as field emission scanning electronic microscopy 

(FESEM) and atomic force microscopy (AFM) techniques will provide the 

information about surface morphology of materials like multilayer films. In this 

chapter, several common optical and spectroscopic techniques are explained with 

emphasis on their principle of operation as well as spectral interpretation. The 

main objective is to explain how one can get useful physical information about 

the materials under study from the optical, spectroscopic and nonlinear optical 

properties that measured experimentally.  

2.2 Optical and spectroscopic techniques  

2.2.1 Absorption spectrophotometer   

UV-visible spectroscopy is one of the simplest and most useful optical 

techniques for studying optical properties of the materials. The transmission and 

reflection optical characteristics are carried out using a commercial Ultra Violet-

Visible- Near Infrared (UV-Vis-NIR) double-beam spectrophotometer (JASCO 

V-670). The spectrophotometer uses two light sources, a deuterium (D2) lamp for 

ultraviolet region and a halogen lamp for visible and near infrared region. It 

utilizes a unique, single monochromator design covering a wavelength range 

from 190 nm to 2700 nm. The monochromator features dual gratings: 1200 
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grooves/mm for the UV/Vis region; 300 grooves/mm for the NIR region. A PMT 

detector is provided for the UV/Vis region and a Peltier-cooled lead sulphide 

(PbS) detector is employed for the NIR region. Both gratings and detector are 

automatically exchanged within the user selectable 750 nm to 900 nm range.   

The light from the source lamp gets reflected from mirror 1 and beam 

passes through slit 1(S1) and hits a diffraction grating. The grating can be rotated 

allowing for a specific wavelength to be selected.  At any specific orientation of 

the grating, only monochromatic (single wavelength) beam successfully passes 

through slit 2 (S2). A filter (F) is used to remove unwanted higher order 

diffraction beam. The light beam hits a second mirror (M2) before it gets split by 

a half mirror (M3) (half of the light is reflected, the other half gets transmitted). 

One of the beams is allowed to pass through a reference sample (air in the present 

case), the other passes through the sample. The intensities of the light beams are 

then measured at the end as shown in Figure 2.1. The photometer computes the 

ratio of the sample signal to the reference signal (I/Io) to obtain the transmittance. 

The spectrometer is provided with three different measurement 

accessories: 1) variable angle transmittance, 2) fixed angle and 3) variable angle 

reflectance. The schematic of the beam path in the spectrometer is shown in the 

Figure 2.1. The optical path of the fixed angle (5°) reflectance measurement 

accessory in the path of the sample beam is presented in Figure 2.1 (b). We have 

used an aluminium mirror for standard reference. 
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Figure 2.1: a) Schematic of the optical setup of the commercial JASCO 

spectrometer for a) transmission and b) fixed angle (5°) reflection geometry. W1: 

Halogen lamp, D2: Deuterium lamp, S: Slit, F: filter, G: grating, BS: Beam 

splitter, M: Mirror, A: Accessory, Sam: Sample, Ref: Reference beam, D: 

Detector.  

 

Figure 2.2: Schematic of the beam path of the absolute reflectance measurement 

accessory for JASCO spectrometer. 

 The polarization dependent studies are carried out in the reflection 

geometry and their spectral characteristics are compared with s-, p- and 

unpolarized light. The schematic of the absolute reflectance measurement 

accessory is shown in Figure 2.2. The sample, reflecting mirror and detector are 

mounted on a single rotational stage. Absolute reflectance is measured by 

rotating this stage to determine the angle of the light incident upon the sample. 
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The detector is equipped with an integrating sphere and thus it permits 

measurement of the relative reflectance of a diffusely reflecting sample. The 

polarization of the beam is selected using Glan-Taylor prism polarizer. This 

accessory allows recording the reflectance from 5-70° only.  

2.2.2 M-Line spectroscopy  

M-line spectroscopy is mainly based on the prism coupling technique 

that analyzes the mode angles of a thin film to determine the thickness and index 

of refraction of the film and also measurement of optical losses in waveguides [1, 

2]. If two or more modes are measured, and they are the first modes (m = 0, 1, 

2…), then a reliable measurement of the index and thickness of the film can be 

made. The schematic of the m-line technique based on prism technique is shown 

in Figure 2.3. 

2.2.2.1 Refractive index and thickness measurement 

 

Figure 2.3: Measurement principle for thin film 

A conventional Metricon model 2010 apparatus is shown in Figure 2.4. 

The excitation sources (two He-Ne lasers with 632.8 and 543.5 nm lines plus an 

external tunable argon laser with emission at 457, 477, 488, 496 and 514 nm) 

permit to measure the refractive index at several wavelengths. For the optical 

characterization in the NIR region, a second Metricon apparatus with the 632.8, 

1330 and 1540 nm lines and with losses measurement option is used.  Both TE 
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and TM modes can be measured inserting a polarisation rotator ( / 2 ) on the 

beams.   

 

Figure 2.4: Schematic of the m-line system. 

The sample to be measured (Figure 2.3) is brought into contact with the 

base of a prism by means of a pneumatically-operated coupling head, creating a 

small air gap between the film and the prism. A laser beam strikes the base of the 

prism and is normally totally reflected at the prism base onto a photo detector. At 

certain discrete values of the incident angle, called mode angles, photons can 

tunnel across the air gap into the film and enter into a guided optical propagation 

mode, causing a sharp drop in the intensity of light reaching the detector. To a 

rough approximation, the angular location of the first mode (dip) determines film 

index, while the angular difference between the modes determines the thickness 

and index to be measured completely independently. The number of modes 

supported by a film of given index increases with film thickness. For most 

film/substrate combinations, a thickness of 100-200 nm is required to support the 

first mode, while films in the one micron range can support as many as four or 
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five modes. If the film is thick enough to support two or more propagation modes 

(typically 300 nm - 500 nm), the Model 2010 calculates thickness and index for 

each pair of modes, and displays the average and standard deviation of these 

multiple estimates. 

2.2.2.2 Loss measurement  

This option measures loss of optical waveguides by scanning a fiber 

optic probe and photo detector down the length of a propagating streak to 

measure the light intensity scattered from the surface of the guide. The 

assumption is that at every point on the propagating streak the light scattered 

from the surface and picked up by the fiber is proportional to the light which 

remains within the guide. The best exponential fit to the resulting intensity vs 

distance curve yields the loss in dB/cm. This method offers the advantages of 

quickness (typical measurement time, including the exponential fit, is 2-3 min) 

and simplicity (absolutely no sample preparation beyond creation of the layers 

which form the guide is required). The loss measurement set up is shown is 

Figure 2.5. 

Power attenuation coefficients for waveguide can be obtained by an exponential 

fit of equation  

10
0( ) 10

z

I z I




  

where z is the distance in the longitudinal direction (in cm) and I(z) is the 

intensity along the z direction (averaged with respect to the stripe width).  



Experimental techniques and details 

39 

 

  

Figure 2.5: Loss measurement equipment 

2.2.3 Room temperature photoluminescence measurement  

At the fundamental level, the principle underlying in photoluminescence 

(PL) spectroscopy is very similar to that of electronic absorption spectroscopy. 

They both involve electronic transition of initial and final states coupled by the 

electric dipole operator. The main difference is that the transition involved in PL 

is from a higher energy level or state to a lower energy level. A typical PL 

spectrum is just a plot of the PL intensity as a function of wavelength for a fixed 

excitation wavelength. 

The laser used for this measure is a continuous Argon green laser 

operating at 514.5 nm. We could use a pumping source with an energy around 

7000 cm
-1

 but a laser source set at this energy would not be in the visible domain 

and it would be obviously very difficult to align the measurement device. Thus, 

we keep the 514.5 nm laser source. The source is chopped at a define frequency 

and focused on the sample to excite the rare earth ions inside. The luminescence 

emitted by the sample is measured perpendicularly to the laser source (in order to 

avoid measuring it) and focused on the monochromator. The monochromator 

selects the light transmitted at a defined wavelength, and then the signal is 

detected by the photo multiplier tube (PMT) which counts the photons and 

converts the optic signal into an electric signal which is fed to a lock-in amplifier. 

At the same time, the frequency of the reference triggered signal of the chopper is 
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transmitted to the lock-in amplifier. The photoluminescence signal is extracted 

from the PMT by synchronous detection by the lock-in amplifier. The signal is 

finally transmitted to the computer which can finally reproduce the luminescence 

spectrum.  

 Figure 2.6 shows the home made room temperature PL set up for 

collecting the emission from the materials in NIR region. The Argon laser is used 

at 514.5 nm (which corresponds to an Er
3+

 Absorption wavelength) with an 

energy power around 180 mW. The monochromator uses a single diffraction 

grating of 600 lines/mm optimized to 1.5 µm. The width of the monochromator 

slits is chosen at 1 mm (corresponding to a resolution of 2 nm) which is the 

maximum for a measure and adapted for the wide Er spectra. The spectra is 

recorded between 1400 and 1700 nm in the range on the 
4
I13/2 →

4
I15/2 transition of 

Er
3+

 with an acquisition step of 0.5 nm and an integration time of 2 sec. 

 

Figure 2.6: Schematic of the NIR region room temperature photoluminescence 

measurement set up.  
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 The intensity of luminescence with respect to the time is measured with 

a digital oscilloscope in order to calculate the lifetime of the luminescence into 

the sample. This measurement indicates if the layer is fully densified or not. The 

decay measurement is exploited with the software “Origin”. An exponential fit of 

the curve is realized with the formula: 0

x

y ae y


   with a=1 and y0=0, so, the 

lifetime value τ can be obtained. 

2.2.4 Micro-Raman spectrometer 

Raman spectroscopy is a light scattering technique, and can be thought 

of in its simplest form as a process where a photon of light interacts with a 

molecule in the sample to produce scattered radiation of different frequency. If 

frequency of scattered photon is less than the incident photon, then it is known as 

Stokes scattering. If frequency of scattered photon is greater than the incident 

photon then it is called anti-Stokes scattering. Raman spectroscopy is extremely 

information rich, for example it is useful for chemical identification, 

characterization of molecular structures, effects of bonding, environment and 

stress on a sample.  

In Raman experiments, the sample is irradiated with monochromatic 

light and the scattered light is traditionally observed at right angles to the incident 

radiation. However, in modern confocal Raman microscopes, the scattered 

signals are recollected by a microscope objective in 180° geometry. Selection of 

appropriate light source for micro-Raman spectroscopy is of great importance 

because the Raman signals are usually much weaker than the excitation intensity. 

For strong scattering material only one Raman scattered photon can be explored 

for every 10
7
 incident photons. Further a coherent light source (laser) is preferred 

due to its high power, monochromatic and collimated beam nature. The most 

commonly used laser sources in Raman applications are  
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Figure 2.7: Schematic of a micro-Raman spectrometer. 

He - Ne, Ar
+
 ion and diode lasers delivering at 632.8 nm, 514.5 nm and 785 nm 

respectively. 

In the present work Raman scattering measurements were performed 

with a LabRAM HR800 micro-Raman spectrometer manufactured by HORIBA 

Jobin Yvon. It includes a variety of optical components arranged as illustrated in 

Figure 2.7. A collimated laser beam is sequentially passed through several optical 

components including the spatial filter, optical density filters, an edge filter which 

serves as a dichroic mirror, and the microscope objective lens which focuses the 

beam on the core sample. An automated x-y motorized stage allows moving the 

sample to acquire Raman spectra at each position. The scattered radiation 

emanating from the sample is collected through the same objective lens and is 

passed through the edge filter for elimination of the excitation line. A controllable 

slit and a confocal hole are used before the Raman radiation reaches the 

spectrograph. The spectrograph utilizes two gratings with 600 and 1800 

lines/mm. The spectrograph focuses the scattered wavelength spectrum on a CCD 

camera. All these optical components are controlled through a graphical user 

interface on a computer attached to the system.  
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2.3 Nonlinear optical properties measurement:  

2.3.1 Z-scan technique  

The Z-scan technique is a single beam technique, which allows the 

determination of the real and imaginary parts of the third order susceptibility [3].  

This technique is a simple, sensitive, single beam method that uses the principle 

of spatial beam distortion to measure both the sign and the magnitude of 

refractive nonlinearities of optical materials. The experiment uses a Gaussian 

beam from a laser in tight focus geometry to measure the transmittance of a 

nonlinear medium through a finite aperture in the far field as a function of the 

sample position Z, from the focal plane. In addition to this, the sample 

transmittance without an aperture is also measured to extract complementary 

information about the absorptive nonlinearities of the sample.  

 

Figure 2.8: Schematic of a Z-scan setup. (a) Open aperture; (b) Closed aperture. 
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2.3.2 Open-aperture Z-scan for absorptive nonlinearity 

In the above discussion a purely refractive nonlinearity was considered 

assuming that absorptive nonlinearities are absent.  The presence of multi-photon 

(two or more) absorption suppresses the peak and enhances the valley, while 

saturation of absorption produces the opposite effect.  The sensitivity of the 

experiment to refractive nonlinearities is entirely due to the aperture.  The 

removal of the aperture will make the Z-scan sensitive to absorptive 

nonlinearities alone. The schematic of an open aperture Z-scan is as shown in 

Figure 2.8 (a). 

2.3.3 Closed-aperture Z-scan for sign and refractive nonlinearity 

Consider, for instance, a material with a negative nonlinear refraction 

and of thickness smaller than the diffraction length 2

0 /  of the focused beam 

being positioned at various positions along the Z-axis as shown in Figure 2.8 (b). 

This situation can be regarded as treating the sample as a thin lens of variable 

focal length due to the change in the refractive index at each position (n = n0 + 

n2I). When the sample is far from the focus and closer to the lens, the irradiance 

is low and the transmittance characteristics are linear. Hence, the transmittance 

through the aperture is fairly constant in this region. As the sample is moved 

closer to the focus, the laser irradiance increases, which inducing a negative 

lensing effect. A negative lens before the focus tends to collimate the beam. This 

causes the beam narrowing leading to an increase in the measured transmittance 

at the aperture (assuming a negative nonlinearity). A negative lens after the focus 

tends to diverge the beam resulting in the decrease of transmittance. As the 

sample is moved far away from the focus, the transmittance becomes linear in Z 

as the irradiance becomes low again. Thus the curve for Z versus transmittance 

has a peak followed by a valley for a negative refractive nonlinearity. The curve 

for a positive refractive nonlinearity will give rise to the opposite effect, i.e. a 

valley followed by a peak.  
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2.4 Surface morphology and compositional analysis 

2.4.1 Field emission-scanning electron microscopy (FESEM) 

The scanning electron microscopy is a versatile technique, which reveals 

the detailed information about the surface morphology and composition analysis 

of natural and manufactured materials. In our study, we have used FESEM for the 

obtaining cross sectional image of multilayer structures.  Compared with 

conventional scanning electron microscopy (SEM), field emission SEM 

(FESEM) produces clearer, less electrostatically distorted images with spatial 

resolution down to several nanometers.  

A field-emission cathode in the electron gun of a scanning electron 

microscope provides narrower probing beams at low as well as high electron 

energy, resulting in both improved spatial resolution and minimized sample 

charging and damage. A high energy (typically 10-30 keV) electron beam, 

emitted from a tungsten tip is focused to a spot size of 1 nm to 5 nm by the 

condenser magnetic lenses. The focused beam passes through a pair of scanning 

coils, which raster the beam across the surface. The secondary electrons emitted 

from the sample are detected by a scintillator-photomultiplier device and the 

resulting signal is rendered into a two-dimensional intensity distribution that can 

be viewed and saved as a digital image. The most common imaging mode 

monitors low energy (<50 eV) secondary electrons which originates within a few 

nanometers from the surface. 

2.4.2 Atomic Force Microscopy  

Atomic Force Microscope (AFM) is a high-resolution microscopy 

technique which produces precise topographic images of a sample by scanning 

the surface with a nanometer-scale probe. A unique advantage of AFM is that it 

enables imaging with minimal sample preparation, in air or liquid environment. 

 AFM operates by measuring attractive or repulsive forces between a tip and the 

sample. In its repulsive "contact" mode, the instrument lightly touches a tip at 

http://photometrics.net/analytical-techniques/scanning-electron-microscopy-sem
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the end of a leaf spring or "cantilever" to the sample. As a raster scan drags the 

tip over the sample, some sort of detection apparatus measures the vertical 

deflection of the cantilever, which indicates the local sample height. Thus, in 

contact mode the AFM measures hard-sphere repulsion forces between the tip 

and sample. In noncontact mode, the AFM derives topographic images from 

measurements of attractive forces; the tip does not touch the sample.  
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Abstract:  

One dimensional photonic crystals containing stop band in 

visible and near NIR regions, are prepared using rf sputtering 

technique. The detailed protocol for the fabrication of one 

dimensional photonic crystals using rf sputtering is discussed. The 

optical properties of one dimensional photonic crystals such as 

transmittance, angle dependant reflection measurements and 

polarization dependant spectral characteristics are discussed. Some 

of the results compared with theoretical simulations.  
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3.1 Introduction  

One dimensional (1D) photonic crystals have been produced and used 

widely for a long time as, for instance, anti reflection coatings, notch filters, 

microcavity lasers, optical switches, nonlinear optical devices and so on. Due to 

their many applications, the fabrication of photonic crystals and planar 

waveguides has become a challenging tool for many researchers. The control of 

photon modes by using photonic crystals may open up a key technology for 

future photonic devices [1] that could satisfy the demand for faster computers and 

optical communications. According to dimensionality, photonic crystals can be 

classified mainly into three categories: one-dimensional (1D), two-dimensional 

(2D), and three-dimensional (3D). Since the period of the structure should be 

comparable to the wavelength of the light, it is difficult to fabricate 3D PCs for 

use in the visible region in certain materials because of their small lattice constant 

[2, 3]; which can be easily overcome in the infrared region [4]. Because of the 

structural simplicity and the ease of fabrication with thin film deposition 

techniques, 1D photonic crystals are very attractive for practical applications. The 

position and width of the photonic crystals are mainly determined by refractive 

index contrast of the constituent materials of photonic crystals. Oxide-based 

dielectric materials are particularly suitable for fabricating photonic bandgap 

(PBG) structures because they have wide transparency from the ultraviolet to the 

near-infrared [5, 6]. Among these oxide base materials, because of the ease of 

availability of the targets, we have opted SiO2 and TiO2 for the fabrication of 

multilayer structures.  

The high reflectivity of one dimensional Bragg mirror is a well known 

phenomenon that has been studied for a long time. However, it is just recently 

that the required conditions to obtain omnidirectional reflection for arbitrary 

polarizations with 1D photonic crystals have been recognized [7]. Winn et al. 

have shown theoretically [8] and experimentally [7] that a perfect PBG (omni-
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PBGs), which was once thought to exist only in 3D PCs, can be obtained for both 

transverse electric (TE) and transverse magnetic (TM) polarizations even in a 1D 

photonic crystal. This fact has great scientific and practical importance because it 

offers a possibility to control the propagation of light (from soft X-rays to 

microwave) in 1D photonic crystals with a rather simple multilayer structure at 

an arbitrary angle of incidence. Much interest has been shown and many efforts 

have been put in to investigate these omni-PBGs in 1D photonic crystals 

consisting of dielectric multilayers [9 - 14]. This chapter devoted for the 

fabrication of one dimensional photonic crystals using rf sputtering technique. 

Optical properties were discussed and some of the results were compared with 

theoretical results based on transfer matrix method (TMM).  

3.2 Fabrication of one dimensional photonic crystals  

If two dielectric materials with low (L) and high (H) indices of 

refraction, nL and nH respectively, are alternatively stacked and each layer has an 

optical thickness of a quarter wavelength (λ/4, λ is the free space wavelength). 

This dielectric stack can reflect both polarizations of specific wavelength band 

for all angles of incidence, i.e., it may form an omni directional reflector. Such a 

structure is referred to as distributed Bragg reflector (DBR). Since propagation of 

light in the wavelength band centered at λ is not allowed inside this structure and 

its refractive index is periodic along the stack normal, this constitutes a 1D PBG 

structure. Due to their increasing applications in the field of telecommunications, 

optoelectronics, nonlinear optical devices etc, the fabrication of PBG structures 

has become challenging tool for the researchers. Though various techniques have 

been used to fabricate one dimensional photonic crystals and microcavities, few 

methods are discussed below. 

3.2.1 Sol – gel technique 

The sol–gel method, which is a wet chemical fabrication technique, is a 

good technique to fabricate the planar microcavities. The sol–gel process is based 

on a chemical transformation of liquid alkoxide precursors into solid state 
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products by hydrolysis and polymerization reactions at room temperature. The 

advantages of this technique are the high optical quality of the deposited films 

and the large variety of materials which can be formed as thin layers. This 

flexibility is related to the incorporation process of the doping materials. These 

materials are included in liquid phase during the sol fabrication and are 

physically encapsulated in the layer when it polymerizes, assuring homogeneous 

repartition of the dopants in the thin film. But there are some disadvantages 

occurring with sol–gel process such as cracks will be forming in the films due to 

internal stress, etc. The sol–gel process allows the fabrication of good quality 

microcavities doped with materials such as semiconductor nanocrystals or 

organic molecules that are difficult to include with vapour phase methods [15 – 

17].  

3.2.2 Electron beam evaporation 

E-beam evaporation is a process in which a source material is heated 

above its boiling/sublimation temperature and evaporated to form a film by the 

evaporated atoms on the substrate surface. This evaporation method is similar to 

thermal evaporation. A noticeable advantage of e-beam evaporation over thermal 

evaporation is the possibility to add a larger amount of energy into the source 

material. This yields a higher density film with an increased adhesion to the 

substrate. Because the electron beam only heats the source material and not the 

entire crucible, a lower degree of contamination from the crucible will be present 

than in the case of thermal evaporation. By using a multiple crucible E-beam gun, 

several different materials can be deposited without breaking the vacuum.  

In e-beam evaporation technique, an electron beam is aimed at the 

source material causing local heating and evaporation. With the source material 

placed in the crucible a filament below the crucible is heated. By applying a large 

voltage, electrons are drawn from the cathode filament and focused as a beam on 

the source material by several bending magnets. The beam is swept across the 

surface of the source material to heat all of the material. By using a multiple 
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crucible E-beam gun, several different materials can be deposited without 

breaking the vacuum. This technique is also called low temperature electron-

beam evaporation and acts a powerful and straightforward fabrication technique 

for molecular-based fully integrable microcavity resonators. In this way, it is 

possible to fabricate 1D photonic crystals [18]. 

3.2.3 Radio Frequency Magnetron Sputtering Technique (RFMS)  

Sputtering is extensively used in the semiconductor industry to deposit 

thin films of various materials in integrated circuits processing. Thin anti 

reflection coatings on glass, which are useful for optical applications, are 

normally deposited by sputtering. Because of the low substrate temperatures 

used, sputtering is an ideal method to deposit contact metals for thin film 

transistors. This technique is also used to fabricate thin film sensors, photovoltaic 

thin films (solar cells), metal cantilevers and interconnects, etc. With the use of 

multi target facility, it is easier to fabricate multilayer structures of different 

dielectric materials. In the present work,  we have demonstrated that radio 

frequency magnetron sputtering (RFMS) technique is a suitable technique for the 

fabrication of 1D photonic crystals, dielectric microcavities and that it is a cheap 

and versatile technique to deposit alternating layers of different materials with 

controlled refractive index and thickness [5, 6].  

Sputter deposition is a physical vapour deposition process for depositing 

thin films. Sputtering means ejecting material from a target and depositing it on a 

substrate such as a silicon wafer. The target is the source material. Targets and 

substrates are placed in a vacuum chamber and is pumped down to a prescribed 

pressure. Sputtering starts when a negative voltage is applied to the target causing 

a plasma or glow discharge. Positive charged gas ions generated in the plasma 

region are attracted to the negatively biased target plate at a very high speed. This 

collision creates a momentum transfer and ejects atomic size particles from the 

target. These particles are deposited as a thin film into the surface of the 

substrate.  
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Sputtering can be done either in DC or RF modes. DC sputtering is done 

with conducting materials. If the target is a non conducting material, the positive 

charge will build up on the material and it will stop sputtering. RF sputtering can 

be done for both conducting and non conducting materials. This technology uses 

powerful magnets to confine the “glow discharge” plasma to the region closest to 

the target plate. That vastly improves the deposition rate by maintaining a higher 

density of ions, which makes the electron/gas molecule collision process much 

more efficient. 

 

Figure 3.1: Schematic diagram for rf sputtering process. 

A Radio Frequency magnetron sputtering (RFMS) system consists of a 

vacuum chamber, a target (cathode) and a substrate table (anode) as shown in 

Figure 3.1. A radio frequency oscillating voltage is applied between the target 

and substrate. During the sputtering process plasma is created in the chamber and 

ions (Argon ions in the present case) out of plasma are accelerated towards a 

target consisting of the material to be deposited. Material is detached 

(‘sputtered’) from the target and afterwards deposited on a substrate in the 
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vicinity. The process is realized in a closed chamber, which is pumped down to a 

vacuum base pressure before deposition starts. 

              

Figure 3.2: Targets used for fabrication of SiO2 and TiO2 thin films 

Deposition is performed by sputtering alternatively changing the targets 

of SiO2 and TiO2 which are shown in Figure 3.2. The following steps are 

involved in the fabrication of 1D photonic crystals and microcavity in visible and 

NIR regions.      

 Before the deposition process, the substrates should be cleaned inside the 

small vacuum chamber using IR lamp at 120 °C for 30 min. In this 

process the gas particles on the substrates will be completely removed 

inside the vacuum chamber.  

 Once the base pressure inside the deposition chamber reaches ~ 10
-7

 mbar, 

it is possible to start the deposition process.  

 The applied power for the SiO2 and TiO2 targets are 150 W and 130 W 

respectively.      

 Now, allow the Argon gas into the deposition chamber which has base 

pressure ~ 10
-7

 mbar and we have set the working pressure ~ 5.4x10
-5

 

mbar.  

 Before the deposition, the targets are exposed to pre-sputtering in order to 

remove the impurities on the targets. This procedure is followed while 

preparing all the layers. 

 First, we prepared SiO2 layer and then the target was changed for TiO2 

layer. We fabricated the first Bragg mirror, which contains certain number 

of SiO2 and TiO2 layers.  
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 For the defect layer, we placed the metallic pieces of Erbium on the SiO2 

target and then deposited the layer (this is in the case of NIR 

microcavity).  

 Fabricate the second Bragg mirror following the same steps as for the first 

Bragg mirror. 

 

Figure 3.3: FESEM cross sectional image of the one dimensional 

photonic crystal with 10 bilayers in visible region. The dark regions 

correspond to SiO2 layer and lighter regions correspond to TiO2 layers. 

 

 

Figure 3.4: FESEM cross sectional image of one dimensional photonic 

crystal with ZnO defect layer containing 37 layers in visible region. The 

dark regions correspond to SiO2 layer and bright regions correspond to 

TiO2 layers. The brightest region corresponds to ZnO defect layer. 
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Figure 3.3 and Figure 3.4 shows the cross sectional images for one 

dimensional photonic crystal and microcavity in the visible region, which were 

fabricated using RFMS technique.   

Due to the increase of the interest in the area of PBG materials, 

wavelengths ranging from visible to near infrared [19, 20], it requires an accurate 

design of the structures [21] and the definition of a flexible experimental protocol 

that is capable of applicable to different materials and spectral range. The 

thickness of the processed film during the deposition procedure is monitored by a 

quartz crystal microbalance (QCM) which is used for monitoring the growth rate 

during the sputtering [22]. Thickness monitor was calibrated for the two kinds of 

materials by a long deposition process (24 h of deposition) and by directly 

measuring the thickness of the deposited layer by an m-line apparatus [6, 23]. 

The final resolution on the effective thickness obtained by this quartz 

microbalance is about 4 Å.  

3.3 Dispersion Relations 

In the present work, we are working with SiO2 and TiO2 whose 

refractive index is 1.46 and 2.3 respectively at 633nm. The band diagram shown 

in the Figure 3.5 is related to the refractive index contrast values which are given 

above. Each layer has the same width of / 2a . In the dispersion diagram, there 

are two regions called stop band and pass band. If the index contrast between 

dielectric materials is large enough and if the scattering from a periodic structures 

interferes constructively, then there are no propagating modes, irrespective of 

propagation direction within some frequency range is called stop band or PBG.  
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Figure 3.5: The dispersion relation for multilayer films with refractive index 

contrast (RIC) 1.46:2.24.  

These band diagrams were calculated using RSoft’s BandSOLVE 

commercial software, which implements the plane wave expansion method. 

On the other hand, destructive interference will allow the light to 

propagate freely through the periodic material for a band of frequencies; this is 

called pass band. The low frequency and high frequency band edge of PBG are 

frequently called the dielectric and air bands, analogous to the valence and 

conduction bands in solids. Because of the scalability of the Maxwell equations, 

one can design the PCs operating in the optical regime with micron size or any 

other regions with corresponding sizes depending on the goal. This can be 

inferred from the Bragg condition ( 2 sina  , where a  width of unit is cell 

and   is incident angle).  

3.4 Optical properties  

The transmission and reflection measurements were carried out using 

UV-Vis-NIR spectrophotometer (JASCO V-670). In the transmission geometry, a 

beam with the dimensions 1x6 mm
2
 at normal incidence was adopted to measure 
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the spectrum from 300 nm to 3000 nm, and fixed angle reflection geometry 

presents the circular beam with diameter of 2 mm
 
for the photonic crystals in 

visible and NIR regions.   

3.4.1 Transmission and reflection measurements  

The transmittance spectra at different wavelengths in visible region are 

shown in Figure 3.6. The spectra were collected at normal incidence and the 

incident light was unpolarized. Photonic crystals related to spectra 1 and 2, 

containing 18 layers and that related to spectra 3 contains 20 layers. The 

spectrum 3 in Figure 3.6 exhibits a broad rejection band ranging from about 530 

nm to about 710 nm, the spectrum 2 exhibit rejection band ranging from 550 nm 

– 750 nm and the spectrum 1 exhibits from 580 nm – 780 nm. The spectra1 and 2 

represent 0.11% minimum transmission band and spectrum 3 shows 0.06% 

minimum transmission band. All these spectra show around 80% attenuation with 

the maximum transmission losses at the values where minimum transmission 

occurs. 
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Figure 3.6: The transmission spectra of 1D photonic crystals in visible region. 

The small oscillations on the either side of the stop band indicate the Fabry-Perot 

fringes. 

Modified Bragg’s law for photonic crystals is given by  

2/122 )sin(2   effnd , where λ is the wavelength at which the transmission is 

minimum or the reflection is maximum and neff is effective refractive index, d is 

the thickness of unit cell and θ is the incident angle. The wavelengths, at which 

minimum transmission occurs, were calculated using Bragg’s law. The calculated 

values are in good agreement with the experimental values.  
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Table 3.1: Comparison of experimental values and theoretically 

calculated values of minimum transmission band for visible region photonic 

crystals 

Spectra 

related PC 

Minimum Transmission band 

Expt. (nm) Bragg’s law (nm) 

Spectrum 1 610 (0.11%) 612 

Spectrum 2 634 (0.11%) 637 

Spectrum 3 666 (0.06%) 666 

 

Figure 3.7: Reflection spectra for the photonic crystal in NIR region at normal 

incidence.  

The reflection spectra in NIR region collected at the normal incidence 

angle is shown in Figure 3.7. The corresponding photonic crystal contains 18 

layers with SiO2 layer thickness of 210 nm and TiO2 layer thickness of 120 nm. 

The stop band presents from 780 nm to 1080 nm with FWHM of about 280 nm.  
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The visible region transmission spectrum of the microcavity is shown in 

Figure 3.8. The photonic crystal contains 37 layers with ZnO defect layer. The 

spectra exhibit a broad rejection band ranging from about 535 nm to about 700 

nm, and a resonance transmission band peaks at 655 nm, which falls nearly in the 

middle of the photonic crystal stop band. The transmission peak within the PBG 

corresponds to the cavity resonance wavelength related to the half wave layer 

inserted between the two Bragg mirrors. 

 

Figure 3.8: The transmittance spectra of one dimensional photonic crystal with 

defect layer in visible region.   

Different parameters, like thickness of the spacer layer, refractive index 

of the spacer layer and number of periods in each distributed Bragg reflector 

(DBR) of microcavities will influence on the reflection/transmission spectrum of 

the microcavity. We could not work on all the above parameters at one stop band 

region. The detailed report about the above parameters is given in Chapter 1.   
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3.4.2 Effect of number of layers on stop band 

The refractive indices of SiO2 and TiO2 at 632 nm are 1.457 and 2.3, 

respectively. Figure 3.9 displays the experimentally measured transmittance 

spectra of the photonic crystals consisting of SiO2 and TiO2 bilayers with 

different number of layers N. As N increases, a PBG phenomenon, as indicated 

by a small transmittance, develops at the designed wavelength. If N becomes 

large, the stop band appears more prominently. Figure 3.8, shows that a perfect 

stop band can be obtained in the photonic crystal with 10 bilayers.  

 

Figure 3.9: Transmittance vs Wavelength for different number layers N with 

normal incidence, the spectra are in NIR region. 



 Fabrication by rf sputtering and optical characterization of one dimensional photonic crystals 

63 

 

This shows that when N is small, the transmittance in the stop band is 

large. The transmittance decreases with increasing N. At smaller N’s, the 

transmission in the stop band decreases rapidly. As N increases further, the 

transmittance tends to be saturated to a small value. As Figure 3.9 shows, nearly 

zero transmission can almost be achieved when N>20. This means that one may 

get a perfect stop band in 1D photonic crystals with more than 10 bilayers. This 

result is consistent with the arguments given above. Before measuring the 

transmission spectrum, we have measured the thickness of the constituent layers 

by using the prism coupling technique [18, 23]. The nominal thicknesses of the 

SiO2 and TiO2 layers were 320 nm and 165 nm, respectively.  

Table 3.2: Calculated minimum transmission for different layers 

No. of layers Stop band(nm) Min. transmission 

(%) 

10 1440 - 2220 4.2 

20 1540 - 2120 0.03 

 40 1570 - 2070 0.006 

The calculated parameters are tabulated above for the photonic crystal containing 

40 layers, have the minimum transmission of 0.006% which is very close to zero 

value. From Figure 3.9, it is clear that, 

1. As the number of layers increases, the band edges become sharper and 

sharper.  

2. Also, it can be seen that on the either side of the band gap the Fabry-Perot 

fringes gets increased as the number of layers increases, which can be 

attributed to the maximum number of reflections from the interface of the 

multilayer stack.   

3. With increasing number of layers, N, the reflectivity (minimal 

transmission) increases while the band width (FWHM) of the reflection 

band decreases.  
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Figure 3.10: plot for transmittance vs. number of layers. 

It is clearly indicates from the Figure 3.10 that, the minimum 

transmission will decrease exponentially as the number of layers increases.  

3.4.3 Variable angle reflection measurements  

As discussed in chapter 1, the reflectivity of a multilayer structure 

composed of two different materials with refractive indices n1, n2 depends on the 

number of layers, N, the refractive index contrast, / nL Hn n  (assuming nL < 

nH), the polarisation of the incident light, the thickness of the individual layers 

Ld , Hd  and the angle of light incidence. The reflectance behaviour of stacks of 

transparent, dielectric layers with distinct refractive indices results from the 

interference of light reflected from the different optical interfaces in the stack [14, 

16].  
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Figure 3.11: Angle resolved transmission spectra of one dimensional photonic 

crystal in (a) visible and (b) NIR regions. The incident light is unpolarized. 

The reflectivity spectra of a 1D photonic crystal at different incidence 

angles, in visible and NIR regions are shown in Figure 3.11. As the angle of 

incidence increases, the stop band move towards the shorter wavelengths. In case 

of visible region photonic crystal, a stop band is obtained between 470 nm to 575 

nm with more than 99% reflectance at 10°, with a gap to mid-gap ratio (the ratio 

of the FWHM of the stop band and the wavelength corresponding to the 

maximum reflectivity), which characterizes the quality of a stop band [7], of 

/   = 29.1%.  

 From the Figure 3.12, it is seen that, with the increase of incident 

angle, the stop band reflectivity decreases. Using modified Bragg’s law, for each 

incident angle, the calculated maximum reflectivity positions match well with the 

values obtained from experimental results.  
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Figure 3.12: Plot shows reflectivity vs. incident angle 

Angle resolved reflectance plots for a microcavity in the visible and NIR 

regions are shown in Figure 3.12. In NIR region, within the broad stop band (its 

FWHM is 450 nm), a narrow pass band appears at 1703 nm for 20° incidence 

angle, which corresponds to the resonant optical mode of the cavity defect layer. 

Similarly, in the visible region, within the broad stop band (its FWHM is 150 

nm), narrow pass band appears at 654 nm for 5°, which corresponds to the 

resonant optical mode of the cavity defect layer.  

The resonance behavior of the microcavity is strongly dependent on 

incident angle. From the Figure 3.13, in the visible and NIR regions, it is shown 

that with increasing the incident angle, the resonance peak shifts towards the 

lower wavelengths along with the stop band. The resonance tuning may be useful 

for modulation of signals. 
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Figure 3.13: Angle resolved transmission spectra of the microcavity in (a) visible 

and (b) NIR regions. The incident light is unpolarized.  

3.4.4 Thickness measurement 

1D photonic crystals were prepared using SiO2, TiO2 thin films. The 

Fabry-Perot fringes can be observed on either side of the stop band in both 

reflection and transmission spectra as shown in Figure 3.8. These oscillations 

appear due to the interference of light reflected from the different optical 

interfaces in the multilayer stack. These fringes indicate the homogeneity of 

thickness and effective refractive index of the photonic crystal within the 

illuminated area. The experimental results could be comparable with the 

theoretical data to know the thickness parameters, but calculating them from the 

analytical expression would be more appropriate in order to determine the quality 

of the photonic crystals. From the spectral separation of the Fabry-Perot fringes, 

the thickness of the sample can be quantified. The amplitude of the local 

reflectance maxima due to Fabry-Perot resonances, will appear at [24]  

effhnm 2                                                                                                          (1) 

Where m is the resonance order, λ is wavelength, h is the total thickness of 

photonic crystal and neff is the effective refractive index of the photonic crystal. 

Plotting the inverse wavelength as a function of the resonance order, a linear 
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relation is obtained. In Figure 3.13, the plot shows m vs 1/ λ for the photonic 

crystal in NIR region. From the slope (=1/2hneff), the thickness of the sample can 

be calculated. The calculated thickness values for different layers of photonic 

crystals has been compared with the thickness values obtained with SEM 

measurements, which is shown in table 3.3. The calculated results are in good 

agreement with the SEM results. 

 

Figure 3.14: Plot for fringe order m vs 1/λ for NIR region photonic crystal. 

Square symbol represents the experimental values and line represents the linear 

fit based on equation 1. 
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Table 3.3: Comparison of thickness values obtained with equation 1 and SEM 

analysis. 

photonic 

crystal 

Name 

No. of 

Layers 

Wavelength 

region 

Total 

thickness 

(SEM) 

Total 

thickness 

(Slope) 

PCQ66 20 Visible 2.1µm  2.3 µm  

PCQ08 20 NIR 4.9 µm  5.14 µm 

PCQ10 40 NIR 9.8 µm  10.8 µm 

 

3.4.5 Transfer Matrix Method (TMM) for 1D photonic crystals  

The transfer matrix method is a method to analyze the propagation 

of electromagnetic waves through a stratified (layered) medium [25]. This is the 

most widely used method for the mathematical study of wave transmission in 

one-dimensional structures because it allows the calculation of reflectivity and 

transmission spectra [25], emission spectra [26] and guided modes [27].  

To study the reflection and the transmission of electromagnetic radiation 

through a multilayer structure with the TMM method, we consider a one-

dimensional structure consisting of alternative layers of different refractive 

indices coupled to a homogeneous medium characterized by refractive index n0 at 

the interface. Figure 3.15 shows this structure, where n1 and n2 are the layer’s 

refractive indices, h1, h2 are thicknesses of the respective layers and h (=h1+h2) is 

the period of the structure.   

http://en.wikipedia.org/wiki/Electromagnetic_wave
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Figure 3.15: Schematic of a one dimensional periodic structure. A(x) represent 

the amplitude of the right travelling wave and B(x) that of the left travelling one. 

Note that A(x) and B(x) are not continuous at the interfaces. It is a periodic 

structure made of two layers, 1 and 2. The thickness of each layer is hm, nm is the 

refractive index and h is the period. The structure is coupled to a homogeneous 

medium characterized by n0 (initial medium) and nS (final medium). 

The dielectric periodic structure is defined by,   
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with (x) n(x h)n   . sn is the substrate refractive index, 0n   is that of the incident 

medium and mn  is the refractive index of the m
th
 layer. Layer thicknesses are 

related to mx  by 1m m mh x x    ( 1,2,........2m N ). The electric field of a general 
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plane wave solution can be written as ( t z)(x)eiE E   , where the electric field 

distribution (x)E  can be written as 

2 2
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where mxk  is the x   component of the wave vectors cos /mx m mk n c   and m  

is the ray angle in each layer. mA  and mB  represent the amplitude of the plane 

waves at interface mx x  (see Figure 3.14). If the two general amplitudes of 

(x)E are represented as column vectors, the plane waves at different layers can be 

related by  
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where matrices Dm are the dynamical matrices given by  
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and mP  is the propagation matrix, that can be written as  
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where N is the number of periods in the structure.  

for TE wave 

for TM wave 
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3.4.5.1 Reflectance and Transmittance of the periodic structures  

The reflectance and transmittance of monochromatic plane waves 

through the multilayer structure are calculated from the matrix elements. If the 

light is incident from medium 0, the reflection and transmission coefficients are 

defined as   

0

0 0sB

B
r
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                                       (b) 

Using the matrix equation (a) and following the definitions in Equation (b), we 

obtain,  
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If both the bounding media (0, s) are pure dielectric with real ns and n0,  

Transmittance T is given by  
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Figure 3.16 shows transmittance spectra of one dimensional photonic 

crystal containing 9 bilayers. The solid curve (red colour) represents experimental 

data and the dotted curve (blue colour) obtained using simulations in the NIR 

region. The theoretical model for the simulations adopted from the transfer 

matrix method (TMM) which is explained above. For the experimental data, the 
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stop band appears from 780nm to 1050nm with corresponding thickness values, 

dH = 90 nm, dL = 185 nm for TiO2, SiO2 respectively. Thickness values were 

measured using SEM analysis and the same parameters are used for the 

simulations. 

 

Figure 3.16: Transmission spectra for one dimensional photonic crystal in NIR 

region. Solid (red) curve represents experimental and dotted (blue) curve 

represents simulation results. 

Although the agreement is satisfactory, there are some discrepancies 

between the experiment and the simulation. First, the overall value of the 

transmittance is slightly smaller in the measured spectrum than in the simulated 

spectrum. This could be attributed to the surface and the interfacial roughnesses 

of the sample. The surface and the interface of our sample are far better than 

being optically flat; however, it is still not enough to avoid light scattering 

completely. The scattering at the interface may reduce the intensity of the 

transmitted light, lowering the measured transmittance. Second, there are slight 

mismatches of the locations of stop band and also transmittance maxima and 
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minima. This may be due to the values of the refractive indices used in the 

simulation. In the simulation, we used the values, which are measured with m-

line spectroscopy using single layer films of SiO2 and TiO2. However, the actual 

refractive indices of the constituent layers could be different from those of the 

single layers because of the stress and/or strain induced by the lattice mismatch 

between adjacent layers and the interfacial roughness. 

3.4.6 Polarization dependence of spectral characteristics 

The polarization dependant spectral characteristics for 1D photonic 

crystal and microcavity are carried out in reflection geometry using s- and p-

polarized light. First we discuss here, about one dimensional photonic crystal 

with 10 pairs. The FWHM at near normal incidence remains constant irrespective 

of polarization as well as for the unpolarized light. In case of polarization 

dependant studies, some interesting features can be observed as shown in Figure 

3.17. 
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Figure 3.17: Angle resolved reflectance spectra of a 10 pair DBR on silica 

substrate in visible region, for: (a) s- and (b) p-polarizations. 

With increasing angle, the reflection band width increases for the s-

polarization, but decreases for the p-polarization, and the central wavelength of 

the stop band shifts toward shorter wavelength. These observations agree with the 

theoretical predictions [5].  Whereas, in case of unpolarized light, as the incident 

angle increases, FWHM decreases slowly. For small enough layer numbers there 

is a significant difference between s and polarization, and consequently 

unpolarized light becomes partly polarized upon reflection from a multilayer. The 

difference between s and p vanishes for a large number of layers in the stack.  

The reflectance spectra obtained at =45° and 60° for s- and p- polarized 

light is shown in Figure 3.18. Here it is clearly evident that the FWHM of 
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reflection spectra is different for different polarization which is an important 

property.  

 

Figure 3.18: Polarization dependence at 45
0
 and 60

0
 in visible region. 

The resonance observed in Figure 3.19 is dependent on the incidence 

angle. The resonance shifts toward shorter wavelength for both polarizations, 

with increasing angle. However, for s-polarization, the depth of the resonance is 

gradually reduced with the angle, for p- polarization, it increases.  
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Figure 3.19: Angle resolved reflectance spectra of a microcavity on silica 

substrate in visible region, for: (a) s- and (b) p-polarizations.  

 

Figure 3.20: Plot shown for FWHM vs internal angle at different polarizations 

for visible region photonic crystals. 
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Figure 3.20 represents how the FWHM of multilayer stacks varies with s- , p- 

polarized and unpolarized light.  

3.5 Conclusions  

We have successfully fabricated 1D photonic crystals with controlled 

thickness covering from visible to NIR regions. Transmission and variable angle 

reflectance measurements were studied. Some of the results were compared with 

theoretical results based on TMM. Polarization dependant angle resolved 

reflections measurements were studied on DBR and microcavity in the visible 

region.  
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Abstract: 

Rare earth-activated 1D photonic crystals were fabricated by 

RF-sputtering technique. The Bragg reflector consists of twenty 

SiO2/TiO2 bilayers, designed with a stop band in the near infrared 

region. The cavity is constituted of an Er
3+ 

doped SiO2 active layer 

inserted between two such Bragg reflectors. Scanning electron 

microscopy is employed to put in evidence the quality of the sample, 

the homogeneities of the layers thickness and the good adhesion 

among them. Near infrared (NIR) transmittance and variable angle 

reflectance spectra confirm the presence of a stop band from 1500 nm 

to 2000 nm with a cavity resonance centered at 1749 nm at 0° and a 

quality factor of 890. The influence of the cavity on the 
4
I13/2→

4
I15/2 

emission band of Er
3+

 ion is also demonstrated. 
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4.1 Introduction 

  Photonic crystals are periodic dielectric structures, possessing 

photonic band gaps [PBG]: the frequency range in which light cannot propagate 

through the structure [1- 3]. As mentioned in Chapter 1, an important application 

of PBGs is made possible by the controlled introduction of defects, along which 

light may propagate within the stop band, in a manner similar to the impurity 

levels of doped semiconductors. Fabry–Perot microcavity is an example for a 1D 

structure [4 - 7], which may be achieved by the introduction of an extra layer or 

the suppression of a layer, within a multilayer stack as is seen in Figure 4.1. The 

microcavity has the resonance mode within the stop band of the same structure. 

The reflectance minimum corresponding to the microcavity resonance inside the 

stop band appears at λ=2nd. The quality factor (Q) of a microcavity is given by: 






Q                (4.1) 

where λ is resonance wavelength and  is full width half maximum (FWHM). 

  

 

Figure 4.1: Schematic view of 1D microcavity with Bragg mirrors on either side 

of a low refractive index defective layer. 
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The recent developments of optically confined structures have opened 

new possibilities in the field of both basic and applied physics, in a large area 

covering communication, health, biology, energy and environment monitoring 

technologies [8 - 10]. On this scenario, rare earth-activated glasses have become 

one of the key materials in photonic systems because of their relevance for the 

development of optical amplifiers [11] and effort was directed to develop 

appropriate material systems and configurations to exploit at the best the 

luminescence properties of rare earth ions like Er
3+

 [12, 13]. The last decade has 

seen a remarkable increase in the experimental efforts to control and enhance the 

emission properties of emitters by tailoring the dielectric surrounding of the 

source [8, 12 - 14]. With this aim, several approaches, using nanocomposite 

materials or specific geometries, such as planar interfaces, photonic crystals, solid 

state planar microcavities, dielectric nanospheres and spherical microresonators 

have been proposed. Among these systems, planar microcavity resonators, also 

called one dimensional (1D) photonic crystals, are the simplest photonic bandgap 

(PBG) device exploitable to manage the spectroscopic properties of luminescent 

species such as rare earth ions [15 - 17] and quantum dots [18].  

                Oxide based dielectric materials are particularly suitable for fabricating 

PBG structures because they have wide transparency from the ultraviolet to the 

NIR. Furthermore, oxide based dielectric materials have good resistance to 

temperature, corrosion and radiation as well [19 - 21]. Various techniques have 

been employed to fabricate Fabry-Pérot dielectric microcavities where 

reproducible deposition of thin dielectric layers, that constitute distributed Bragg 

reflectors (DBRs) are mandatory to achieve a high quality factor (Q). Processes 

like ion implanting [15], sol–gel [17, 18], electron-beam evaporation [22] and 

sputtering [16, 20] can be successfully employed for the fabrication of 

microcavities based on oxide dielectric materials. However, to reach high Q 

factor using dielectric material, where the refractive index difference between the 

different materials is not as high as for the semiconductors. The real time control 

of the deposition process is mandatory to allow a precise tailoring of the 

deposition rate and obtain good uniformity in thickness. Moreover, an increasing 
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interest in shifting the rejected wavelengths in different zones ranging from 

visible to NIR [12, 21], requires an accurate design of the structures [23] and the 

definition of flexible experimental protocol capable to adapt itself to different 

materials and spectral range. A possible way to monitor the thicknesses of the 

processed film during the deposition procedure is represented by the quartz 

crystal microbalance (QCM) which could be used for monitoring the growth rate 

in physical vapor deposition and sputtering processes [24]. Sputtering methods 

are widely used in industrial process because high quality films can be obtained 

at low temperature substrates [25]. We have also demonstrated as the rf 

sputtering is a suitable technique for fabrication of dielectric microcavities and it 

is a cheap and versatile technique to deposit alternating layers of different 

materials with controlled refractive index and thickness [16]. With these 

advantages, as well as the possibility to incorporating QCM, rf sputtering process 

is a extremely appropriate candidate to fabricate high quality and homogeneous 

1D photonic crystals.  

                     In this chapter, we discuss a reproducible fabrication protocol based 

on rf-sputtering technique and optical, spectroscopic and morphological 

characterization of the realized high quality Er
3+

- activated dielectric microcavity 

consisting of alternating silica and titania films. A radical improvement of the 

fabrication and diagnostic methodologies are reported, leading to novel 

quantitative and qualitative results in terms of quality factor, morphology, and 

extended spectroscopic functionalities of the microcavity.   

4.2 Experimental  

            Erbium doped dielectric microcavity is composed of alternating high and 

low refractive index dielectric layers, SiO2 and TiO2 respectively, with an optical 

thickness of / 4  (λ=1.749 µm) [8, 9]. SiO2/TiO2 one dimensional photonic 

crystals with SiO2 doped Er
3+

 defect layer was prepared by multi target rf 

sputtering technique [9]. The samples were deposited on silicon and v-SiO2 

substrates. The substrates were cleaned inside the rf sputtering deposition 
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chamber by heating at 120 °C for 30 min just before the deposition procedure. As 

a first step, Bragg mirrors were prepared. The Bragg mirrors formed by a stack of 

quarter wave layers of SiO2 and TiO2. In the pre-sputtering stage the face of the 

substrates is exposed to the plasma for 10 min. The residual pressure, before the 

deposition, was about 1.1x10
-6 

mbar.  

During the deposition process, the substrates were not heated and the 

temperature of the sample holder during the deposition was 30 °C. The sputtering 

occurred with an Ar gas pressure of 5.4x10
-3

 mbar; the applied rf power was 150 

W and 130 W and the reflected powers 0 W for silica and titania targets, 

respectively. Sputtering deposition of the films was performed by sputtering 

alternatively with 15x5 cm
2
 titania target and a 15x5 cm

2
 silica target. For the 

defect layer a 15x5 cm
2
 silica target, on which metallic Erbium pieces were 

placed, was employed. The deposition time, necessary to reach the appropriate 

thickness of the Bragg mirror layers was 2 h 30 min for titania target and 1 h 20 

min for silica target. The deposition time necessary to reach the appropriate 

thickness of the silica defect layer, to obtain cavity resonance centred at 1.749 

µm, was 2 h 40 min.  

Particular attention was paid to the reproducibility of the single layers. 

To monitor the thickness of the layers during the deposition, two quartz 

microbalances Veeco instruments thickness monitor model QM 311, faced on the 

two targets were employed. Thickness monitor was calibrated for the two kinds 

of materials by a long deposition process (24 h of deposition) and by directly 

measuring the thickness of the deposited layer by an m-line apparatus [16, 26]. 

The final resolution on the effective thickness obtained by this quartz 

microbalance is about 4 Å. 

                  The compositional analysis was performed using energy dispersive 

spectroscopy (EDS), employing an Oxford model INCA PentaFETx3 apparatus. 

EDS measurement was employed in particular to quantify the Erbium
 
content in 

the active layer. Scanning electron microscopy (SEM) was used to analyze the 

morphology of the multi layer films and thickness of each layer. The cross 
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section of the microcavity was analyzed by a FEG model JEOL JSM-7001F 

apparatus at 15 kV after covering the films with a 20 nm gold layer.  

The transmittance and reflectance spectra in the NIR region of the 

sample was obtained by using a double beam Varian - Cary spectrophotometer 

with a resolution of 0.1 nm. The reflectance is also performed at different angles 

of incident light, in order to check the evolution of the photonic bandgap with the 

direction of the incident light. An evaporated aluminum mirror is used as the 

background for the reflectance measurements.  

Photoluminescence (PL) spectroscopy was performed using the 514.5 

nm line of an Ar
+
 ion laser as excitation source. The luminescence was dispersed 

by a 320 mm single-grating monochromator with a resolution of 1 nm. The light 

was detected with the help of a Hamamatsu photomultiplier tube and standard 

lock-in technique. More details about the experimental setup can be found in 

Chapter 2 and also from the reference [16]. In fact, the excitation angle must be 

chosen in order that not entire laser beam is reflected by the DBRs, and a part of 

the excitation light reaches the active defect layer. The angle of collection of 

luminescence is chosen in order to superimpose the cavity resonance to the Er
3+

 

emission.  

                Schematic diagram of the excitation and detection geometries employed 

for a reliable assessment of the influence of the cavity on 1.5 µm emission band 

of Er
3+

 ion is shown in Figure 4.2 (a & b). The sample is fixed on a rotation stage 

in order to obtain the best angle resolution. In order to compare the emission from 

active ions in the microcavity and also the reference sample, we have used the 

same geometry for both the samples. 
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Figure 4.2 (a): configuration employed for the Er
3+

- activated reference sample. 

The effectiveness of a dielectric microcavity is determined by its Q-

factor, in particular for active systems, where the luminescence features are 

crucial. To allow a direct comparison of the Er
3+

 luminescence intensity between 

the photonic crystal and the single active layer, a reference sample was 

fabricated. The reference sample was deposited on SiO2 substrate during the 

same deposition run for the fabrication of the photonic crystal. It was therefore 

obtained employing the same fabrication protocol and targets used for the 

photonic crystal and so the layers that constitute the samples exhibit the same 

thickness and composition. Thus, in the reference sample the second Bragg 

reflector that should be placed above the active layer, is not present. In this way 

the luminescence from the reference sample can be emitted without any cavity 

effect but the excitation laser light that will come from the substrate through the 

Bragg mirror toward the active layer will be affected by the presence of the 

multilayer structure in the same way for the both photonic crystal and reference 

samples.   
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Figure 4.2 (b):  configuration employed for the Er
3+

- activated 1D microcavity. 

As a result, the total amount of excitation laser light that reaches the 

active layer is the same for both the samples, as far the experimental conditions 

allow. Photoluminescence measurements were performed paying particular 

attention to the excitation and detection angles and the experimental condition 

adopted for the photonic crystal and reference sample was, as far as possible, the 

same. Figure 4.2 (a) and 4.2 (b) show the schematics of the excitation and 

detection geometries employed for the Er
3+

-activated reference sample and the 

1D cavity, respectively. 

 

4.3  Results and Discussions 

 

4.3.1 Structural and Optical properties of first Bragg mirror 

 

Figure 4.3 shows the SEM cross sectional image of the first Bragg mirror. 

The Bragg mirror is constituted of ten SiO2/TiO2 doublets making the total 

number of layers stacked to fabricate this mirror to 20. The thickness of each of 
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the SiO2 and TiO2 layers measured on the image is about 325 ± 5 nm and 175 ± 5 

nm respectively. From Figure 4.3, for both the materials the thickness fluctuation 

from one layer to the other is estimated at not more than ± 5 nm. The time period 

of the sputtering is optimized over several samples in order to obtain the  

 

 

Figure 4.3: Cross sectional image of the Bragg mirror obtained with the SEM 

showing 20 layers, 10 each of SiO2 and TiO2 deposited on Si substrate. The scale 

bar is of one micron. 

stop band centered at the 1.75 μm region, which is of current interest. SiO2 target, 

having a higher sputtering yield is sputtered for 1 h 20 min and TiO2 with a lower 

sputtering yield is sputtered for 2 h 30 min. The samples are found to be 

comparatively thicker and uniform at the centre (in an area of about 1 cm
2
) and 

gradually thin down towards the edges, as the plasma is concentrated at the centre 

during the deposition process. Hence care is taken to perform all the 

characterization nearer to the centre of the sample.  

The transmission spectrum of the first Bragg mirror performed using the 

Cary – Varian 5000 spectrophotometer is shown in the Figure 4.4. The ultra-low 

transmission band lies from about 1480 nm to 1950 nm with a 0.01 % minimum 

transmission through most parts of the stop band. The 470 nm wide stop band is 
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centred at 1725 nm which coincides with the Er
3+ 

 
4
I13/2 → 

4
I15/2 emission peak at 

higher angles.  

 

Figure 4.4: Transmission spectrum of the Bragg mirror with 10 doublet 

layers. The reflection window of the mirror lies from 1480 nm to 1950 nm. 
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Figure 4.5: Reflectance spectra collected for the Bragg mirror containing 10 

doublets using a variable angle reflection measurement system at 20°, 30° and 

40° angle of incidence. 

The angle dependent reflectance plots for the Bragg mirror at 20°, 30° 

and 40° angle of incidence using a variable angle reflection measurement system 

are shown in Figure 4.5. A gap to mid-gap ratio (the ratio of the FWHM of the 

stop band and the wavelength corresponding to the maximum reflectivity), which 

characterizes the quality of a stop band of Δλ/λmax = 523 nm/1707 nm = 30.6 % is 

obtained at 20° of incidence. Similar values are obtained at 30 and 40 degrees of 

incidence too. 

The dependence of the quality of the Bragg mirror on the number of 

alternating layers is seen in Figure 4.6. The film with 5 bilayers has a low 

transmission of about 4.3 % at the stop band. But, the film with 10 bilayers has a 

lower transmission of 0.02 % at the stop band with sharp band edges. The 

number of bilayers has hence bettered the optical transmission properties of the 
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Bragg mirror. However, with the increasing number of layers there exists a 

possibility of cracks being developed in the film due to internal stress.    

 

Figure 4.6: Comparative study of transmission spectra of Bragg mirrors with 5 

and 10 bilayers. The sample with 10 bilayers is observed to have lower 

transmission in the stop band and sharp band edges. 

4.3.2 Structural and Optical properties of microcavity 

 

The cavity is constituted by an Er
3+

 - doped SiO2 active layer inserted 

between two Bragg reflectors, each one consisting of ten pairs of SiO2/TiO2 

layers. SEM images of the cross section of the 1D microcavity are shown in the 

Figure 4.7 (a) and 4.7 (b). The central λ/2 layer corresponds to the SiO2 doped 

Er
3+ 

active layer. The dark regions correspond to the SiO2 layer and the bright 

regions correspond to the TiO2 layer. The substrate is located at the bottom of the 

images and the air on the top. It is possible to identify the defect layer and the 

two Bragg reflectors. The SEM analysis allows to measure the thickness for the 
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Bragg mirrors of 320 ± 5 nm and 170 ± 5 nm for the silica and titania layers, 

respectively, and a thickness of 625 ± 5 nm for the Er
3+ 

- doped SiO2 active layer.  

 

Figure 4.7(a): Image for a length of the sample of about 16 µm  

From Figure 4.7 (b) it is possible to note how the deposition technique 

allows us having a good uniformity of the thickness as well as a perfect adhesion 

of the films on extent of the order of tens of micrometers in length. EDS 

measurements indicate that the Erbium content in the active layer is about 0.6 ± 

0.1 mol%. A uniform thickness over a large area and, a low layer to layer 

thickness variation has been observed.     

 

  Figure 4.7(b):  Image for a length of the sample of about 60 µm. 
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The NIR transmission spectrum for the microcavity is shown in Figures 

4.8 and 4.9. The transmittance spectra were measured at zero degree of incident 

angle. In Figure 4.8 it is possible to note that as the spectral reflectance range, i.e. 

the stop band, ranges from 1490 nm to 1980 nm. A sharp peak in the 

transmittance spectrum appears at 1749 nm. It corresponds to the cavity 

resonance wavelength related to the half wave layer inserted between the two 

Bragg mirrors.  

 

Figure 4.8: Transmission spectrum of the microcavity with twenty doublets 

Bragg mirror. The reflection windows of the mirrors lie from about 1490 nm to 

1980 nm. The cavity resonance corresponds to the sharp maximum at 1749 nm, 

at the centre of the stop band.  

The transmittance spectrum in Figure 4.9, obtained with a resolution of 

0.1 nm, shows the sharp resonance line. The full width at half maximum 

(FWHM), calculated by a fit with a Gaussian curve, is 1.97 nm, corresponding to 

a Q factor of the cavity (Q), of about 890, according to the equation 4.1.  
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This value is one of the highest Q factor obtained so far for Erbium 

activated SiO2 - TiO2 system at 1.5 μm.  

 

Figure 4.9: Spatially resolved transmission measurement of the cavity resonance. 

The line width of the resonance is 1.97 nm resulting in a cavity Q factor of 890. 

Figure 4.10 shows the angle dependent Bragg reflection for the sample 

with a dip due to the cavity centered at 1708 nm for 20° angle of incidence. As 

the angle increases, the stop band shifts linearly to shorter wavelengths as 

observed with the Bragg mirror [7]. This is in accordance with Bragg’s law [27],       

2 2 1/22 ( sin )effd n                                                                                          (4.2) 

where, λ is the free-space wavelength of light, d is the period (= h1+h2) of the PC, 

neff  is the effective refractive index which can be calculated from the formula  

                                               

22

2222
)(

TiOSiO

SiOSiOTiOTiO

eff
dd

dndn
n




  
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Here, 
2TiOn  is Refractive Index (RI) of TiO2 thin film and 

2SiOn is the RI of SiO2 

thin film; 
2SiOd  is the thickness of SiO2 thin film and 

2TiOd  is the thickness of 

TiO2 thin film and θ is the angle of incidence. Considering neff = 1.82, and the 

position of the dip (λ) in Figure 4.10 for each angle of incidence (θ), the value of 

d is calculated using equation 4.2 and is tabulated in the Table 4.1. An average 

value of d = 515 nm is obtained, which is close to 495 ± 5 nm found from the 

SEM image. This formula holds good only at lower incident angles.   

 

Figure 4.10: Reflectance spectra collected for the 1D PC using a variable angle 

reflection measurement system at 20°, 30°, 40° and 50° angle of incidence. 
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Table 4.1: The defect peak positions obtained from Figure 4.10 at different 

angles of incidence, the‘d’ values calculated from Equation 4.2. 

Angle of incidence (in 

degree) 

Defect peak position 

(nm) 

Calculated ‘ d ’ 

value (nm) 

0 1749 492 

10 1730 498 

20 1710 543 

30 1660 543 

4.3.3 Spectroscopic properties of microcavity 

Figure 4.11 shows the luminescence spectra of the 
4
I13/2  →

4
I15/2 

transition of the Er
3+

 ions observed for the 1D photonic crystal and for the 

reference sample composed by the  single Er
3+ 

- doped SiO2 active layer, with 

only one Bragg mirror. 

 

Figure 4.11:  
4
I13/2→

4
I15/2 photoluminescence spectra of the cavity activated by 

Er
3+

 ion in 1D photonic crystal ( ) and of the single Er
3+

 - doped SiO2 

active layer with first Bragg mirror ( ). The light is recorded at 50° from the 

normal on the samples upon excitation at 514.5 nm. 
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The excitation geometry as shown in Figure 4.2 has been used for the PL 

measurements. The excitation angle kept fixed at 20° for the plots shown in 

Figure 4.11. The luminescence from the cavity and from the Er
3+

 - doped single 

SiO2 layer with one Bragg reflector was detected at 50° with solid angle of 10
-1

 

sr. All angles are measured with respect to the normal to the sample surface. Both 

the cavity and the Er
3+ 

- doped single SiO2 layer with first Bragg reflector were 

excited with the 514.5 nm line of an Ar
+
 ion laser with an excitation power of 180 

mW. The Erbium emission from the reference sample is centered at 1538 nm 

with a FWHM of 29 nm and exhibits the characteristic shape of Er
3+

 ion in silica 

glass [8]. The position of the cavity resonance is strongly dependent on the 

detection angle. For a detection angle of 50°, the cavity resonance corresponds to 

the maximum of the Erbium PL of the Er
3+

 - doped SiO2 active layer with the first 

Bragg. The peak luminescence intensity of Er
3+

 ions is enhanced by a factor 56, 

in respect to that detected for the reference at the corresponding wavelength. The 

Er
3+

 
4
I13/2→

4
I15/2 PL line shape is strongly narrowed by the cavity and exhibits a 

FWHM of 5 ± 0.5 nm (Figure 4.11). The Er
3+ 

emission is enhanced when the 

wavelength corresponds to the cavity resonant mode and weakens for the other 

emission wavelengths.  

To bring out the evidence on the effect of detection angle on the 

emission features of the photonic crystal, we have repeated the luminescence 

measurements with different detection configuration. In Figure 4.12, we report 

the angle dependent reflectance spectra obtained at 20°, 30°, 40° and 50° angle of 

incidence and the luminescence spectrum obtained by detecting the luminescence 

at 50° from the normal incidence. The position of the cavity resonance shifts with 

the detection angle and when the resonance corresponds to the wavelength of the 

emission band of the Er
3+

 ions the emission peak is observed from the sample and 

is aligned with the minimum of the reflectance. 
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Figure 4.12: Angle dependence reflectance spectra and luminescence spectrum 

obtained detecting the luminescence at 50° from the normal incidence. 

The reflectance spectrum of the microcavity is largely dependent on 

thickness and index variations of the individual layers. In a microcavity, the 

defect layer accommodates a resonant optical mode whose line width is 

determined by the reflectance of the adjacent mirrors. We calculated the Q value 

from PL spectra, which is 342. The reflectance (R) of each DBR is deduced from 

this Q value [5], with the relation  

2(1 )

(1 )

R
Q

R





 

Q value of 342 leads to R=98.8%. Thus, by measuring Q, we obtain a direct 

indication of the thickness and index of the films accurately. 

The microcavity resonance is strongly dependent on the detection angle; 

for a detection angle of 50° angle, the cavity resonance corresponds to the centre 

of the Erbium PL line as is shown in Figure 4.13. At larger collection angles, the 



 High Quality factor Er
3+

- activated dielectric microcavity 

101 

 

cavity resonance moves away from the PL peak towards the emission tail. 

Keeping the excitation angle constant at 20
0
, for the 514.5 nm laser line, the 

detection angle is varied from 50° to 62°.  

 

Figure 4.13: PL spectrum of the cavity at different angles of detection and fixed 

excitation angle using the back excitation geometry. 

The PL spectrum is collected at intervals of 2 degrees. In agreement with 

the reflectance spectra of Figure 4.10, the PL peak shifts to lower wavelengths at 

higher angles. Also, at larger angles of detection, the emission at 1538 nm does 

not get completely subdued due to its high peak intensity in comparison to the 

emission tail. However, the luminescence peak position is observed to shift from 

1538 nm (at 50°) to 1524 nm (at 62°) leading to a 14 nm wide tuning range 

within the stop band.  

4.4 Conclusions  

A valuable protocol based on rf sputtering technique was developed for 

the fabrication of Er
3+

 activated 1D photonic crystals. The cavity is constituted by 
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an Er
3+

 - doped SiO2 active layer inserted between the two Bragg reflectors 

consisting of ten pairs of SiO2/TiO2 layers. Scanning electron microscopy was 

used to measure directly the thickness of the layers and put in evidence the 

homogeneities of the layers and their good adhesion. NIR transmittance and 

variable angle reflectance spectra confirm that the presence of a stop band from 

1500 nm to 2000 nm with a cavity resonance centered at 1749 nm at 0°, a FWHM 

1.97 nm, corresponding to a quality factor (Q) of about 890. The effect of the 

cavity on the 
4
I13/2  →

4
I15/2 emission band is demonstrated by the narrowing of the 

emission band as well as by the enhancement of the Er
3+

 PL intensity. The latter 

effect is verified by the observation that the peak luminescence intensity from the 

photonic crystal is 54 times higher than that of the reference sample under the 

same excitation condition. In conclusion, three important outcomes characterize 

this work: 1) fabrication protocol leading to a specific control of compositional, 

optical and geometrical parameters allowing high Q factor and luminescence 

enhancement; 2) extent of the stop band and the resonance to longer wavelengths 

leading to potential new functionalities; 3) the reference sample fabrication and 

the employed geometry allowed a reliable assessment of the influence of the 

cavity and we believe that this method can be largely employed so that the errors 

on luminescence enhancement measurement due to the different configurations 

may be drastically reduced. 
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Abstract:  

Enhanced nonlinear optical response was observed in one 

dimensional photonic crystals with ZnO defect. One dimensional 

photonic crystals containing ZnO defect layer was fabricated by rf 

sputtering technique. The transmission spectra of this photonic 

crystal revealed a defect mode resonance and a broad photonic band 

gap. Open aperture Z-scan measurements shows that the Z-scan 

curve of the detuned resonant photonic crystal exhibited a larger 

transmittance dip as compared to a single layer of ZnO reference. 

Nearly 21 times increase in the nonlinear absorption was observed 

for the photonic crystal structure when compared to a single layer of 

the ZnO reference. The enhancement of the nonlinear absorption in 

the detuned resonant photonic crystal is due to the strong 

confinement of the optical field around the defect layer. We have 

observed good optical limiting behaviour in photonic crystal which is 

due to the large enhancement of nonlinear absorption in the photonic 

crystal structure. 
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5.1 Introduction  

Since the photonic crystals can efficiently control the propagation of the 

electromagnetic wave, they have led to tremendous interest in recent years and 

many applications have been suggested, such as filters, wave guides, optical 

switches and so on [1 - 3]. In addition to micro lasers and waveguides, we need 

nonlinear optical devices which operate at very low power for future optical 

processing technology [4]. As far as the photonic crystals with optical 

nonlinearities are concerned, for the future practical applications of photonics, it 

is necessary to find nonlinear optical materials with high optical nonlinearity and 

fast time response. Such a device can reduce the intensities needed to achieve the 

required nonlinearity. A second option would be to enhance the local fields so 

that requirement on the external field reduces. Here we demonstrate the field 

enhancement in a one dimensional (1D) photonic crystal, which in turn can be 

used as an optical limiter. Optical limiting in two-dimensional photonic crystals 

was proposed and experimentally examined using a thermal nonlinearity [5]. 

Scalora et al. [6] first proposed 1D photonic band gap (PBG) optical limiters 

based on a nonlinear shift of the band edge. Recently, experimental results were 

also reported in 1D metallo-dielectric [7] and in 3D colloidal photonic crystals 

[8].  

               When a defect layer is inserted at the centre of the photonic crystal 

structure, a localized optical mode appears in the PBG as a defect level, and light 

can be strongly confined within the defect layer of the PBG. The localization of 

light leads to an increase in the optical electric field in the defect layer. If a 

nonlinear material is used as defect medium, it is expected that strong 

enhancement of optical nonlinearity by several orders of magnitude can be 

obtained in the defect layer, owing to the highly localized field [9]. Many bulk 

materials have been studied with widespread applications in optoelectronics and 

they display attractive nonlinear characteristics based on Kerr nonlinearity, two- 

or three-photon absorption (TPA) [10] and optical solitons [11]. Very little work 
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has been done on an important application such as optical limiting using a 

combined structure of the strong nonlinear absorbing material and the field 

confinement properties of the PBG structure [12, 13]. Due to an effective 

localization of electric field in the defect layer of a 1D PBG structure, the 

performance of an optical limiter can be improved by introducing the bulk 

nonlinear material into the PBG structure as a defect. High third order 

nonlinearity and large nonlinear absorption of ZnO has attracted many 

researchers to use this material for many prospective optical devices, such as 

optical switches and optical phase conjugators [14]. Therefore, the study of 

enhancement of optical nonlinearities in ZnO defect contained in a 1D photonic 

crystals are important for practical applications in optical limiting devices and all-

optical switching elements, which involve intense fields. 

            In this chapter, we will be describing the fabrication of SiO2/TiO2 1D 

photonic crystal with ZnO as a defect layer using rf sputtering and try to 

demonstrate the nonlinear optical properties by carrying out the nanosecond Z-

scan studies.   

 

Figure 5.1: Schematic diagram for 1D microcavity with ZnO defect 
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5.1.1 Nonlinear Optics  

Nonlinear optics is the study of phenomena that occur as a consequence 

of the modification of the optical properties of a material system by the presence 

of intense light. Typically, only laser light of sufficient intensity can modify the 

optical properties of a material system. Nonlinear optical phenomena are 

“nonlinear” in the sense that they occur when the response of a material system to 

an applied optical field depends on the strength of the optical field in a nonlinear 

manner.  

In the case of linear (i.e., at low intensities) optics, the induced 

polarization P  depends linearly on the electric field strength E in a manner that 

can often be described by the relationship, 

(1)

0P E                                                                                                       (5.1)                                                                                                             

where the proportionality constant )1(  is known as linear susceptibility, 0  is the 

permittivity of free space. The attenuation of an optical beam propagating in an 

absorbing medium can be described as  

I
dz

dI
                                                                                                      (5.2)                                                                                     

where I is the beam intensity, z is the propagation length along the beam 

propagation direction, and α is a absorption coefficient for a given medium. The 

physical meaning of Eq. (5.2) is that the decrease of beam intensity in a unit 

propagation length is linearly proportional to the intensity itself. From the 

equation (5.2), we can obtain a well known Beer-Lambert law expression 

zeIzI  )0()(                                                                                   (5.3) 

In case of nonlinear optics, when a medium is subject to an intense electric field 

such that due to an intense laser pulse, the polarization response of the material is 

not adequately described by equation (5.1). Assuming that the polarization of the 
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medium is still weak compared to the binding forces between the electrons and 

nuclei, polarization can be expressed in a power series of the field strength E  

.................)3()2()1( EEEEEEP                                                     (5.4)                                                                    

The quantities )2(  and )3( are known as the second- and third order nonlinear 

optical susceptibilities, respectively.  )2(  involves in the processes like, second 

harmonic generation (SHG), difference frequency generation (DFG) etc. )3(  

involves in multiphoton absorption processes. As )2( vanishes for a 

centrosymmetric system and for the materials of the present study, we will 

consider only effects due to )3(  as the smallest nonlinear effect.  

5.1.1.1 Nonlinear absorption 

Nonlinear absorption refers to the change of transmittance of a material 

as a function of intensity or fluence. The high intensities can induce profound 

changes in the optical properties of a material leading to a nonlinear response of 

the real and imaginary parts of polarization. The imaginary part of the nonlinear 

polarization is associated, for instance, with multiphoton transitions and will 

exhibit a n-photon resonance when two level of an atomic or molecular system 

can be connected by n optical quanta.  

5.1.1.2 Multiphoton absorption  

TPA involves a transition from ground state (1) of a material to a higher 

lying state (2) by the simultaneous absorption of two photons via an intermediate 

virtual state, as schematically shown in Figure 5.2.  
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Figure 5.2: Schematic energy level diagram for (a) Two-photon absorption 

(TPA); (b) Multi-photon absorption. 

In this case, the attenuation of the incident light is described by 

2I
dz

dI
                                                                                    (5.5) 

where β is the two-photon absorption coefficient. 

Multiphoton absorption involves a transition from the ground state to a 

higher lying state by the simultaneous absorption of three or more number 

photons via multiple numbers of virtual states. Energy level diagrams of 1-photon 

to n-photon absorption are shown in the Figure 5.2(b). 

In this case, the attenuation of the incident light is described by 

n

n I
dz

dI
                                                                                                        (5.6)                                                                                                              

Where n is the n-photon absorption coefficient. 

( )
( )n

n

dI z
I z

dZ
                                                                               (5.7)
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               5.16)                   

where I00 is the peak intensity (at z = 0), Iin is the intensity at sample position, 

2

0
0Z




  is  Rayleigh range, ω0 is the beam waist at the focal point (Z = 0), dz is 

a small slice of the sample and Iout(z) is output intensity of the sample. The Z-

scan technique was introduced by Sheik-Bahae et al. [15] for accurate and 

sensitive measurements of nonlinear absorption (2 = ) and refraction by 

translating a sample along the optical axis of a focused Gaussian beam.  

A smart optical limiter is needed that is transparent for low input 

intensities and clamps throughput at high input intensities, and is effective over a 

wide band of wavelengths. Optical limiters (OL) are one of the most important 

types of devices used to control the amplitude of high intensity optical pulses. 

These devices work due to intrinsic properties of the materials used for their 

fabrication. An ideal optical limiter has a linear transmittance at low input 

intensities, but above the threshold intensity (Ith) (at which non linear absorption 

takes place) its transmittance becomes constant. The ideal behavior of such a 

device is shown in Figure 5.3. In literature people have reported the OL studies 
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with semiconductor, metal, organic nanoparticles and graphene composites [16-

18]. A wide variety and well known nonlinear optical phenomenon like 

multiphoton absorption, excited state absorption, self-focusing or defocusing and 

nonlinear scattering are exploited for achieving OL [18-19].  

Nonlinear absorption

 

Figure 5.3: An ideal optical limiter. 

5.1.1.3 Nonlinear refraction 

The change in the refractive index or spatial distribution of the refractive 

index profile of a medium due to the presence of an intense optical field is called 

the nonlinear refractive index (n2). The refractive index in the presence of this 

type of nonlinearity can be represented as 

Innn 20                                                                                                       (5.17)           

where n0 is the usual refractive index, and )3(

2

0

2

2

12




cn
n   is an optical constant 

that characterizes the strength of the nonlinearity. Some of the processes that can 

occur as a result of the intensity dependent refractive index of our interest are 

self-focusing, and self-phase modulation. 



 Enhanced nonlinear optical response in one dimensional photonic crystal with ZnO defect layer 

117 

 

5.2 Experimental  

SiO2/TiO2 1D photonic crystal with ZnO defect layer was prepared by 

using multi target rf sputtering technique using silica and silicon substrates. The 

sample deposited on silicon was employed for scanning electron microscopy 

(SEM) measurements and the sample deposited on silica substrate was employed 

for transmittance and nonlinear absorption measurements. The substrates were 

cleaned inside the rf sputtering deposition chamber by heating at 120° C for 30 

min just before the deposition procedure. Sputtering deposition of the films was 

performed by sputtering alternatively a 15x5 cm
2
 titania target and a 15x5 cm

2
 

silica target. For the defect layer, a 15x5 cm
2
 ZnO target was used. The 

deposition time necessary to reach the appropriate thickness of the Bragg mirror 

layers was 50 min for titania target and was 30 min for silica target. The 

deposition time necessary to reach the appropriate thickness of the ZnO defect 

layer, to obtain cavity resonance centered at 0.545 µm, was 36 min. The residual 

pressure, before the deposition, was about 8.5x10
-7

 mbar. During the deposition 

process, the substrates were not heated and the temperature of the sample holder 

during the deposition was 30° C. The sputtering occurred with an Ar gas pressure 

of 5.4x10
-3

 mbar; the applied rf power was 150 W and 130 W with a reflected 

power 0 W for silica and titania targets, respectively. The applied rf power was 

90 W for ZnO target.  

       Field emission scanning electron microscopy (FESEM) was used to analyze 

the morphology of the multi layer films and thickness of the each layer. The 

surface of the films was analyzed by a Carl - Zeiss Ultra 55 model apparatus at 

15 kV by covering the films with a 2 nm gold layer. M-line spectroscopy was 

employed to obtain the refractive index and thickness of single layers of SiO2, 

TiO2 and ZnO films. The optical absorption of ZnO reference, visible region 

transmittance spectrum and variable angle reflectance spectrum of the cavity 

were obtained by using a double beam JASCO V-670 spectrophotometer. The 

variable angle Z-scan set up was used to measure the optical limiting and 

nonlinear optical absorption studies of the photonic crystal with ZnO defect and 
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ZnO reference. The ns laser source, which is a frequency doubled Nd: YAG laser 

(INDI-40, Spectra-Physics) with a 6 ns pulse duration and a repetition rate of 10 

Hz at a 532 nm wavelength was employed for the Z-scan measurements. Open 

aperture Z-scan studies were carried out by focusing the input beam on to the 

sample using a lens of 120 mm focal length which gives ~27 µm spot size at the 

focus in ns regime. The transmitted light was collected with a large area silicon 

photodiode. The peak intensity, I00, estimated at the focus in the Z-scan 

experiments was 1.16 GWcm
-2

 for open aperture mode and 2.67 GWcm
-2

 for 

closed aperture mode. To allow a direct comparison of the nonlinear optical 

properties between the photonic crystal and the single active layer a reference 

sample was fabricated. The reference sample was deposited on a SiO2 substrate 

during the same deposition run for the fabrication of the photonic crystal. The 

reference sample was therefore obtained by employing the same fabrication 

protocol and the targets used for the photonic crystal so that the defect layer in 

the 1D photonic crystal and the reference sample have the same thickness and 

composition. 

5.3 Results and discussions 

5.3.1 Refractive index profile 

The simulated result of refractive index profile for the microcavity is 

shown in Figure 5.4. Y - Axis represents refractive index value and X - Axis 

represents thickness of the microcavity. Microcavity contains 43 layers with ZnO 

defect layer. The refractive index values used in the simulations were obtained 

with m-line technique. The refractive index values at 633 nm for SiO2, TiO2 and 

ZnO are 1.46, 2.30 and 2.01 respectively.  
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Figure 5.4: Refractive index profile for the microcavity. 

5.3.2 Structural and optical properties of first Bragg mirror 

Figure 5.5 shows the SEM cross sectional image of the first Bragg 

mirror. The Bragg mirror is constituted of 21 SiO2/TiO2 layers. The thickness of 

each of the SiO2 and TiO2 layers measured on the image is about 100 ± 5 nm and 

45 ± 5 nm respectively. From Figure 5.5, for both materials the thickness 

fluctuation from one layer to the other is estimated at not more than ± 5 nm. The 

time period of the sputtering is optimized over several samples in order to obtain 

the stop band centered at 545 nm region, which is of current interest.  

SiO2 target, having a higher sputtering yield is sputtered for 30 min and 

TiO2 with a lower sputtering yield is sputtered for 50 min. The samples are found 

to be comparatively thicker and uniform at the centre (in an area of about 1cm
2
) 

and gradually thin down towards the edges, as the plasma is concentrated at the 

centre during the deposition process. Hence care is taken to perform all the 

characterization nearer to the centre of the sample.  
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Figure 5.5: SEM cross sectional image of first Bragg mirror with 21 layers. Dark 

regions correspond to SiO2 and bright regions correspond to TiO2. 

 

Figure 5.6: Transmission spectrum of the Bragg mirror with 21 layers. 

The reflection window of the mirror lies from 430 nm to 580 nm. 
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The transmission spectrum of the first Bragg mirror performed using the 

Jasco V-670 spectrophotometer is shown in the Figure 5.6. The ultra-low 

transmission band lies from about 450 nm to 550 nm with a 0.04 % minimum 

transmission through most parts of the stop band and contains 140 nm wide stop 

band.   

5.3.3 Structural and optical properties of microcavity 

The cavity is constituted by ZnO active layer inserted between two 

Bragg reflectors, each one consisting of 21 pairs of SiO2/TiO2 layers. SEM image 

of the cross section of the 1D photonic crystal with ZnO defect is shown in 

Figure 5.7. The dark regions correspond to SiO2 and bright regions correspond to 

TiO2 layers. It is possible to identify the defect layer and the two Brag reflectors. 

From the SEM images, we estimated thicknesses of silica and titania layers as 

100 ± 5 nm and 45 ± 5 nm respectively. ZnO defect layer thickness is found to be 

160 ± 5 nm. The refractive indices at 633 nm of silica, titania and ZnO layers, 

measured by m-line spectroscopy on the single films, are 1.46 ± 0.001, 2.30 ± 

0.02 and 2.01 ± 0.02 respectively. The thickness of the single layer films 

measured by m-line spectroscopy is in good agreement with the measurement 

made with SEM analysis.  
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Figure 5.7: SEM micrograph of the 1D microcavity cross section. The bright and 

the dark areas are TiO2 and SiO2 layers, respectively; the defect layer can be 

recognized at the centre. The substrate is located on the bottom of the image and 

the air on the top. 

The visible transmission spectrum is shown in Figure 5.8. The 

transmittance spectra were measured at 0° of incident angle. One can notice that 

the spectral reflectance range, i.e. the stop band, ranges from 420 nm to 590 nm. 

A sharp peak in the transmittance spectrum appears at 545 nm, which 

corresponds to the cavity resonance wavelength related to the half wave layer 

inserted between the two Bragg mirrors. To understand the position of the defect 

mode resonance, we performed a numerical simulation of the transmission 

spectra of multilayer structures [20, 21]. The optical constants used in the 

calculation of the transmission spectra were derived through m-line data. The 

calculated transmission spectra are close to the measured transmission spectra, as 

seen in Figure 5.8. This established that we could describe the observed 

transmission spectra using the optical transfer matrix formalism.  
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Figure 5.8: Transmittance spectrum of the microcavity with 43 layers. 

Experimental and simulation results on transmittance spectrum of the 

microcavity in the region between 400 and 600 nm. The stop band lies from 430 

nm to 590 nm.  

The transmittance spectrum presented in the Figure 5.9, obtained with a 

resolution of 0.1 nm, shows the sharp resonance line. The obtained FWHM for 

the resonance peak, with its maximum at 545 nm, is 1.08 nm which gives a 

quality factor (Q) of about 505.  
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Figure 5.9: Experimentally obtained transmission spectrum of the cavity 

resonance correspond to the sharp maximum at 545 nm. The incident light is 

unpolarized. 

5.3.4 Variable angle reflectance characteristics of microcavity 

Figure 5.10 shows the variable angle reflection spectra for 1D photonic 

crystals with ZnO defect layer in the visible region. The spectra shown in Figure 

5.10 (a) corresponds to the microcavity containing 40 layers of SiO2, TiO2, and 

ZnO defect layer. It is evident that the defect resonance appears at 594 nm at 10° 

incident angle. While moving to higher angle side, the stop band shifts towards 

the lower wavelengths region [22] and also the defect resonance shifts towards 

lower wavelengths region. The aim of the experiment is that, microcavity should 

transmit 532 nm wavelength light which should be due to defect resonance and 

study the nonlinear enhancements. In the case of, the spectra in Figure 10 (a), at 

50° incident angle, the defect resonance presents at 532 nm light, but it transmits 

only 0.05% of 532 nm incident light. In case of spectra b, which is shown in 
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Figure 5.9 (b), microcavity contains 36 layers of SiO2, TiO2 and ZnO defect 

layer. The defect resonance appears at 532 nm while moving to 70° incident 

angle and it allows 0.06% of light.  

 

Figure 5.10: Variable angle reflectance spectra of the microcavity containing a) 

41 layers with b) 37 layers. The spectra are measured at different incident 

angles. 

We have prepared some series of samples, which contains ZnO defect 

layer. The variable reflection spectra shown in Figure 5.11, relates to the 

microcavity containing 42 layers of SiO2, TiO2 layers and ZnO defect layer. It is 

evident that at zero degree incident angle, the cavity positioned at 545 nm, while 

moving to higher angles, the stop band shifts towards the shorter wavelengths. At 

30° angle, the cavity resonance peak appears at 532 nm and plays major role in 

transmission properties of the incident light as we measure the nonlinear 

absorption by using variable angle Z-scan set up with 532 nm laser light. At this 

position, the sample transmits 0.1% of incident light wavelength 532 nm. At the 
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position of 30° angle, we refer the photonic crystal with ZnO defect as “detuned 

resonant photonic crystal”. Among these three microcvities, we have chosen the 

sample which transmits maximum incident light of 532 nm.  

 

Figure 5.11: Variable angle reflectance spectra of the photonic crystal 

containing 43 layers with ZnO defect. The spectra are measured at 0°
 
and 30° 

angles. 

5.3.5 Optical absorption of ZnO 

The absorption spectra of ZnO reference film is shown in Figure 5.12. It 

can be seen that the absorbance of the ZnO film is high at short wavelengths 

nearly 360 nm and low at long wavelengths > 380 nm. The intrinsic absorption in 

a semiconductor occurs for wavelengths in the vicinity of the energy gap. This 

absorption band of ZnO, leads to a strong two photon absorption for the 

excitation wavelength at 532 nm.  
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Figure 5.12: Optical absorption spectra of ZnO reference film. 

5.3.6 Nonlinear optical properties  

 
Figure 5.13: 532 nm light transmission through the photonic crystal with defect 

layer as a function of incident angle. 
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The spectra shown in Figure 5.13, describe the transmittance of 532 nm 

incident laser light as a function of the incident angle. The measurement was 

carried out during the Z-scan experiment, the sample was kept at focus and the 

transmittance was collected for different incident angles. At 30° incident angle, 

the 532 nm falls at the defect resonance and due to the defect mode transmission, 

we can see maximum light transmission from the photonic crystal. From the 

variable angle reflection spectra (Figure 5.11), the resonance mode move towards 

532 nm while moving the higher angle side. This measurement is an evident that 

the system allows maximum light at 30° incident angle.  

5.3.6.1 Nonlinear absorption and refraction 

The nonlinear optical absorption of the samples was carried out with an 

open aperture angle dependant Z-scan technique. Assuming a spatial and 

temporal Gaussian profile for laser pulses and utilizing the open aperture (OA) Z-

scan theory for TPA, we have the general equation for OA normalized energy 

transmittance, which can be obtained using equation (5.16), giving n = 2 and we 

have  

)))/(1/((1

1
2

000

)(
zzIL

T
eff

TPAOA





         (5.17)                    

Here   is the effective TPA coefficient, I00 is the peak intensity at the centre of 

the focus, z is the sample position, 
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Figure 5.14: Schematic of the open aperture variable angle Z-scan set up for 

recording the nonlinear absorption.  PC – Photonic crystal, L1,L2 –lens and D- 

detector. 

Figure 5.15 shows the normalized transmission of a Z-scan curve as 

function of distance from the focal point when 532 nm laser light made to 

incident at an angle of 30° for both microcavity and ZnO reference samples 

obtained at the same input intensity of about 1.6 GW/cm
2
 in the open aperture 

mode. The data obtained with Z-scan measurement was fitted with the theoretical 

equation (5.17). The best fit produced an effective nonlinear absorption 

coefficient (Iβ) is 9.6x10
3
 cm

-1
 for the photonic crystal and 1.76x10

3
 cm

-1
 for 

ZnO reference sample. It is observed that nonlinear absorption for the photonic 

crystal was increased by 21 times when compared with single layer of ZnO 

reference film. This is attributed to the strong confinement of the optical field 

around the defect layer. Therefore the Z-scan curve of the detuned resonant 

photonic crystal produces larger two photon absorption value as compared with 

that of ZnO reference film.  

Figure 5.16 shows the intensity dependant Z-scan curves for the 

photonic crystal with ZnO defect layer. It is clearly shows that, as the input 

intensity increases, the nonlinear absorption also increase. The damage threshold 

for the photonic crystal is ~ 2 GW/cm
2
. 



Chapter 5 
 

130 

 

 

Figure 5.15: Z - Scan traces showing the normalized transmission of the ZnO 

reference (tetragon) and 1D photonic crystal with ZnO defect (circles) samples at 

532 nm as a function of the distance from the focal point. The intensity at the 

focus was 1.6 GW/cm
2
. The solid lines represent the fit obtained by numerical 

calculations. 
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 Figure 5.16: Intensity dependant Z-scan curves for photonic crystal with 

ZnO defect layer. 

 

Figure 5.17: Closed aperture curve for the photonic crystal with ZnO defect. 
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Figure 5.17 shows the closed aperture curve for the photonic crystal with 

ZnO defect layer.  It means that photonic crystal shows the nonlinear refraction. 

From the closed aperture signature, it shows that photonic crystal with ZnO 

defect shows a positive nonlinearity. The nonlinear refraction values obtained 

[15] with the equation  

0

2
2 IL

n
eff


                                 (5.18)                               

where  is the phase shift, can be obtained by fitting the experimental closed 

aperture data with this equation: 
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  and 

0

Z
x

Z
 , Z0 is the 

Rayleigh range.   is incident light wavelength and Leff is effective length of the 

sample, I0 is the input intensity at the focus. The nonlinear refraction value 

obtained for the photonic crystal with ZnO defect, from the equation is, n2 = 5.4 x 

10
-11

 cm
2
/W. In case of ZnO reference sample, at a particular intensity, we have 

not observed any closed aperture signature at the same operating intensity.  

5.3.6.2 Optical limiting 

The nonlinear optical response of the 1D photonic crystal with ZnO defect 

layer was further explored by studying its optical limiting properties, where the 

optical power limiting devices are designed to control the transmission of 

intensity of a system. At low powers, the device displays linear transmittance 

until a set threshold is reached, after which point the transmitted intensity 

becomes nearly a constant. Such devices have attracted interest due to 

applications in providing protection from laser damage to eyes and optical 

sensors. In addition, the efficient control of optical limiting devices can lead to 

applications requiring pulse generations and shaping [23].  
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Figure 5.18: Optical limiting curves photonic crystal and ZnO reference 

as function of Normalized Transmittance vs Input fluence (J/cm
2
). 

Optical limiting studies were carried out for the photonic crystal and ZnO 

reference sample using the same experimental conditions is shown in above 

Figure 5.18. It shows the normalized transmittance vs. input fluence for both 

photonic crystal and reference sample which represents the optical limiting 

behaviour of the photonic crystal and ZnO reference sample. Figure 5.19 shows 

the corresponding plots of the output energy (J/cm
2
) as function of the input 

energy density (J/cm
2
) and the red and black color spectra represent photonic 

crystal with ZnO defect layer and ZnO reference sample respectively. The linear 

transmittance for ZnO reference sample is 90% and for photonic crystal, it is 

79%, which is due to the scattering losses in the Bragg reflectors. From Figure 

5.19, we see that, for the photonic crystal, with increasing the input fluence, the 

output eventually begins to clamp.  
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Figure 5.19: Optical limiting curves for photonic crystal and ZnO reference as a 

function of output fluence (J/cm
2
) vs input fluence (J/cm

2
). One dimensional 

photonic crystal output is shown to clamp at 2.3 (J/cm
2
) indicating that optical 

limiting response from photonic crystal. 

The output fluence at which the photonic crystal structure starts clamp, 

is called optical limiting threshold, is 2.3 J/cm
2
, while for the ZnO reference 

sample; we don’t observe such behaviour because of the negligible nonlinearity 

at the given input intensity. The thickness of the ZnO reference film is nearly the 

same as that of the defect layer in the photonic crystal. It can be seen that the 

photonic crystal structure shows good optical limiting behaviour whereas the 

reference sample doesn’t show it, which is due to the properties of the photonic 

bandgap of the photonic crystal and shows a very good promise as an optical 

coating on glass surface that can lead to a good optical limiter, switch, modulator 

or as band pass filter. 
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5.4 Conclusions 

A valuable protocol based on rf sputtering technique is developed for the 

fabrication of 1D photonic crystal with defect layer. The cavity is constituted by 

ZnO defect layer between the two Bragg reflectors containing 21 pairs of 

SiO2/TiO2 layers. Scanning electron microscopy was used to measure directly the 

thickness of the layers and put in evidence the homogeneities of the layers and 

their good adhesion. The visible range transmittance and variable reflectance 

spectra confirm that the presence of a stop band from 420 nm to 590 nm with a 

cavity resonance centered at 545 nm for normal incidence of light. Nonlinear 

optical properties of photonic crystal with ZnO defect layer and ZnO reference 

sample were measured by variable angle Z-scan technique. We have observed 

that large enhancement in the nonlinear absorption of the photonic crystal as 

compared with ZnO reference. This effect is verified by the observation that the 

nonlinear absorption for the photonic crystal nearly increases by 21 times when 

compared with the reference sample under the same excitation conditions, which 

is attributed to the local field enhancement around the defect layer. As a result, 

we observed that photonic crystal shows good optical limiting behaviour, which 

has potential applications towards nonlinear optical devices. 
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Abstract:  

GeO2 based planar optical waveguides were characterized 

using a protocol combining radio frequency sputtering technique and 

CO2 laser, positron irradiation effects. The effects of pulsed CO2 laser 

irradiation on the optical and structural properties of the waveguides 

are evaluated by different techniques as m-line and micro-Raman 

spectroscopy and atomic force microscopy (AFM). Amorphous GeO2 

planar waveguides were fabricated by Radio Frequency magnetron 

sputtering system on v-SiO2 substrate. After pulsed CO2 laser 

annealing, an increase of the refractive index of approximately 0.04 

at 1.5 µm and a decrease of the attenuation coefficient from 0.9 to 0.5 

dB/cm at 1.5 µm was observed. Raman spectroscopy and AFM results 

put in evidence that after an adapted pulsed CO2 laser annealing, the 

system showed a crystalline environment in which the phase of the 

crystalline GeO2 varies with varying irradiation time. Moreover, 

positron annihilation spectroscopy was used to study the depth defect 

profile of the as prepared and laser annealed samples. The results 

obtained allowed getting information on the structural changes 

produced inside the waveguides films of approximately 1 m 

thickness after the irradiation process. In addition, a density value for 

the amorphous GeO2 samples was also obtained. 
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6.1 Introduction 

 GeO2-based glasses have demonstrated to be one of the most promising 

candidates for a high-functionality material platform for integrated optics. 

Germania glass exhibits a lower Tg (~ 790 K) and a lower phonon energy (~ 900 

cm
-1

) than SiO2 based glasses. GeO2 glass has attracted particular attention as a 

potential material for optical fibers with less transmission loss than SiO2 fibers [1, 

2]. Moreover, GeO2 glasses are transparent in the near infrared region and their 

refractive index allows fabrication of confined structures. Finally, Germania 

allows fabrication of highly photorefractive planar waveguides [3] and drawing 

fiber with smaller absorption losses in the middle IR range as compared to silica 

glass [4]. However, the tailoring of the synthesis and optimization of a particular 

phase of GeO2 crystals is very important as this material exhibits several 

polymorphs [5]. For these reasons it is of technological and scientific importance 

to develop a particular fabrication protocol to allow obtaining optical waveguides 

based on GeO2 system that exhibit low attenuation coefficients and 

simultaneously embedded GeO2 nanocrystals with a particular phase.  

Various techniques can be used to fabricate these particular kind of 

nanostructured systems called glass ceramic in planar format [6] like, as 

examples, sol-gel technique with top-down and bottom-up approach [7], and 

physical vapor deposition [8]. Recently, we have also demonstrated that radio 

frequency magnetron sputtering (RFMS) is a suitable technique to fabricate 

amorphous optical planar waveguides based on the SiO2-HfO2 and SiO2-GeO2 

binary systems with appropriate optical features for developing the applications 

at 1.5 µm [9, 10].  

In order to produce active rare earth nanocrystals in a glass matrix, heat 

treatment using a furnace has been commonly used, but a potential candidate for 

reaching the future technology is the laser annealing (LA) process. For laser 

annealing several types of lasers have been used, which differs primarily in 
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wavelength (e.g. XeCl at 308 nm, frequency doubled Nd-YAG at 532 nm, Nd-

YAG at 1064 nm and CO2 at 10.6 µm) [11, 12]. It was reported that CO2 laser 

annealing can reduce scattering losses in Corning 7059 glasses [13, 14] and ZnO 

[15] thin-film waveguides fabricated on thermally oxidized silicon substrates; 

losses as low as 0.05 dB/cm for Corning 7059 glass waveguide [13] and 0.01 

dB/cm for ZnO waveguides [15] have been achieved by this technique.   

 During the last few decades, the positron annihilation technique has been 

proven to be one important technique for modifying the properties of materials, 

and it has developed into a powerful and versatile tool in material preparation [16 

- 18].  When an energetic positron enters the medium, it diffuses inside the 

material and gets thermalized within a few picoseconds. Then the positron either 

annihilates via a free annihilation process or forms a bound state with an electron, 

positronium (Ps), and subsequently annihilates. The simplest and most readily 

used antimatter probe is the positron (the antiparticle to the electron), as its 

resulting gamma photons carry information about the localization sites of the 

probe and thus about the electrons of the solid under investigation. When a 

positron is injected into materials, it will eventually annihilate with an electron 

with the complete conversion of the pair’s combined mass, m, into high-energy 

photons with total energy E, given by Einstein’s famous formula 2mcE  .  

 Recently, positron annihilation spectroscopy (PAS) has been 

successfully applied to measure the free-volume [19], for surface and interface 

studies in nanoscale polymeric films [20], free volume in a bulk metallic glass 

[21], characterization of defects in Si and SiO2 [18] and also it is a useful 

technique for modifying the photoluminescent structures of porous silicon [22]. 

Moreover, with its unique sensitivity to the atomic level free volume in thin 

films, PAS is emerging as a promising tool to measure depth profiling in thin 

films through Doppler broadening spectroscopy [23, 24].  
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 In this chapter, we develop a fabrication protocol for GeO2 planar 

waveguides and studied the changes in optical and structural properties by 

combining CO2 laser and positron irradiation effects.   

6.2 Experimental  

6.2.1 Planar waveguide fabrication 

Pure GeO2 planar waveguide was prepared by RFMS technique. The 

wave guiding film was deposited on a silica substrate. In order to improve the 

adhesion of the films, the substrate was cleaned inside the chamber by heating at 

120 °C for 30 min just before the deposition procedure. Sputtering deposition of 

the film was performed by using a 15x3 cm
2
 Germania target. The residual 

pressure, before deposition, was about 1.6x10
-6

 mbar. During the deposition 

process, the substrates were not heated. The sputtering was carried out with an Ar 

gas at a pressure of 5.4x10
-3

 mbar; the applied rf power was 80 W and the 

reflected power was 0 W. The deposition time, necessary to reach the appropriate 

thickness for one propagating mode at 1.5 µm was 1 h 58 min.  

6.2.2 CO2 Laser irradiation  

As prepared GeO2 planar waveguides has been used for the irradiation 

with pulsed CO2 laser. We have used S50 TEA CO2 laser which is a mixture of 

CO2: N2: He gas concentrations fixed at 33%:33%:33% percentages. The pulsed 

laser was used with energy 0.8 J per pulse and having 5 Hz repletion rate and 380 

ns pulse width, 10.6 µm wavelength with a beam diameter of 1.5 cm. The 

experimental set up used for laser irradiation is shown in the Figure 6.1. The laser 

beam is allowed to incident on the sample directly. Special care was taken to 

irradiate all over the sample. As the laser beam diameter used for laser annealing 

is 1.5 cm and it is necessary to avoid the irradiation of the beam on the place 

where irradiation was made. We have used the iron plate which contains a 

circular hole with the same diameter of the laser beam. This has been done in 

order to have a comparison between the irradiated sample and unirradiated 
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sample. We have used single substrate on which the half part was irradiated and 

the other half was left as unirradiated.  The samples were irradiated in air with 

1.3W medium power and the irradiation times were varied from 1 h to 2 h.  

 

Figure 6.1: Experimental set up for CO2 laser annealing 

6.2.3 Optical and structural properties  

The thickness of the waveguide and the refractive index at wavelengths 

543.5, 632.8, 1319 and 1542 nm were measured in TE and TM polarizations, by 

m-line apparatus (Metricon model 2010) based on the prism coupling technique. 

The losses at 632.8, 1319 and 1542 nm were evaluated by collecting the light 

intensity scattered out of the waveguide plane for the TE0 mode using a fiber 

scanner [25]. 

Raman scattering measurements were performed at room temperature in 

a wave number range between 100 and 1000 cm
-1

 using a microprobe setup 

(Horiba-Jobin-Yvon, LabRam Aramis) consisting of a He-Ne laser operating at 

633 nm and 20 mW power, a narrowband notch filter, a 46 cm focal length 

spectrograph using a 1800 grooves/mm grating and a charge-coupled device 

(CCD) as detector. Exciting radiation at 632.8 nm was focused onto the sample 

surface with a spot size of about 1 m
2 

through a 100X objective with NA = 0.9. 

To avoid unwanted laser-induced transformations, neutral filters of different 
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optical densities were used, whenever necessary. The resolution was about 0.35 

cm
-1

/pixel. The compositional analysis was performed using energy dispersive 

spectroscopy (EDS), by using a Noran Instruments model Voyager apparatus. 

Standard AFM technique has been used to measure the surface roughness of the 

samples before and after laser annealing.  

6.2.4 Positron irradiation  

Doppler Broadening Spectroscopy – Positron Annihilation Spectroscopy 

(DBS - PAS) measurements were performed with an electrostatic slow positron 

beam [17, 26]. The beam was tunable in the 0.05 – 25 keV energy (E) ranges. In 

GeO2, these positron implantation energies correspond to a probed film thickness 

ranging from about 0.1 nm to approximately 2 m. The positron beam was 

coupled to two high purity germanium detectors (HPGe), 45% efficiency, a 1.4 

keV resolution at 511 keV, in a 180° configuration. At each positron implantation 

energy, the 511 keV gamma line was acquired with a micro spectrum method and 

stabilized by a software procedure [27] 

6.3 Results and discussions  

6.3.1 Optical properties  

The thickness of the waveguide is around 1µm and support one TE and 

TM mode at 1319 and 1542nm. No evident change in the thickness was observed 

after the laser irradiation. The refractive indices measured in TE and TM 

polarizations are equal within the experimental uncertainty, so that film 

birefringence can be considered negligible. Moreover, the laser irradiation does 

not induce changes between the refractive indices measured in TE and TM 

polarizations. So, we can affirm that under these condition the CO2 laser 

annealing does not induce birefringence in these systems.  
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Table 6.1: Optical parameters for as prepared sample and after CO2 laser 

irradiation for 2h. 

Laser 

wavelength(nm) 

Refractive Index thickness 

(µm) 

Attenuation co-

efficient(dB/cm) TE TM 

632 Before LA 1.614±0.01 1.616±0.01 1.1±0.1 1.9±0.2 

After LA 1.652±0.01 1.653±0.01 1.1±0.1 1.1±0.2 

131

9 

Before LA 1.590±0.01 1.590±0.01 1.0±0.1 1.4±0.2 

After LA 1.631±0.01 1.634±0.01 1.0±0.1 0.7±0.2 

154

2 

Before LA 1.585±0.01 1.585±0.01 1.0±0.1 0.9±0.2 

After LA 1.623±0.01 1.624±0.01 1.0±0.1 0.5±0.2 

Comparing the refractive indices in the GeO2 waveguides before and 

after the CO2 laser irradiation, we observe an increase of about 0.04 (2.48%) with 

the irradiation for all the considered wavelengths. Similar results were obtained 

in other systems treated with CO2 laser irradiation [28]. Table 6.1 reports the 

optical parameters for as prepared sample and after CO2 laser irradiation for 2h. 

We have observed that laser annealing can lead to waveguides with a lower 

attenuation coefficient than that obtained for the as prepared sample. In fact, we 

observe an attenuation coefficient at 1542 nm of 0.5 dB/cm, for the irradiated 

system while the same parameter for the system before laser annealing is 0.9 

dB/cm. The decrease in the attenuation coefficient for the CO2 laser irradiated 

systems has been attributed by Dutta et al [14] to the reduction of the surface 

irregularities. As shown in Table 6.1, these studies show a reduction of the 

attenuation coefficient with the CO2 laser irradiation at all the considered 

wavelengths.  

6.3.2 Structural properties  

6.3.2.1 EDS and Raman analysis 

EDS analysis was used to monitor the composition of the all samples, 

that as deposited and those submitted to the laser annealing treatments. The 
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results confirm that the composition of the sample is not affected by the laser 

irradiation and the correct ratio between germanium and oxygen is always 

present.  

In Figure 6.2, the Micro Raman spectra measured at room temperature 

for GeO2 planar waveguide before and after laser irradiation for different times 

are reported.  

 

Figure 6.2: Micro Raman measurements carried out at room temperature for 

GeO2 planar waveguide before and after CO2 laser irradiation for different time. 

The Raman spectra observed for the as prepared GeO2 waveguide before 

irradiation is typical of a GeO2 amorphous system. In fact, the broad peak at 440 

cm
-1

 clearly indicates the amorphous nature of the GeO2 film [29]. After 1 h of 

CO2 laser irradiation, the Raman spectra indicate the presence of a rutile-like 

GeO2 crystalline phase. The peaks observed in the Raman spectra for after 1h 

CO2 laser irradiation sample are in good agreement with those reported in the 
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literature [29]. The peak at 302 cm
-1

 corresponds to Ge optical phonons, related 

to the Ge–Ge bond [30].  

After 2 h of CO2 laser irradiation, the Raman spectrum obtained from 

the GeO2 planar waveguide shows the presence of a trigonal GeO2 crystal phase. 

The peaks at 124, 168 and 263 cm
-1

 correspond to the complex translation and 

rotation of GeO4 tetrahedra [31]. The peak at 882 cm
-1

 is assigned to Ge-O 

stretching motion with tetrahedral GeO4 units [32]. A shift in the band at 444 cm
-

1
 is due to symmetric Ge-O-Ge stretching [32]. The peaks observed at 490 and 

603 cm
-1

 are D1 and D2 defect bands from the Silica substrate. All the bands in 

the spectrum  obtained for the  GeO2 waveguide after 2 h of CO2 laser irradiation 

are in good agreement with those of GeO2 calcinated under a temperature of T = 

1050 °C [33].  

6.3.2.2 AFM analysis 

The AFM images of a 1.98 x 1.91 µm
2
 area obtained for the as prepared 

sample (A) and for that submitted to 2h of CO2 laser irradiation (B) are shown in 

Figure 6.3. AFM analysis gave the roughness as 1.1 nm in the as prepared sample 

and a roughness of 0.7 nm for the waveguide after 2h of CO2 laser irradiation. 

This result is in agreement with the reduction of the attenuation coefficient with 

the laser annealing. 
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A 

 

B 

Figure 6.3: AFM images Of 1.98 x 1.91 µm
2
 areas of the samples in the 

conditions: (A) as prepared and (B) after 2 h of CO2 laser irradiation. 

 

Moreover, the AFM image of Figure 6.3 (B) shows the presence on the 

surface of the sample of structures of nanometer sized particles ranging from 10 

to 50 nm. These structures are due to the presence of GeO2 nanocrystals. It is 

interesting to note that, although the presence of these scattering points can 

increase the attenuation coefficient [14], the protocol developed for the CO2 

irradiation allows reducing the total value of the attenuation coefficient. 
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Figure 6.4: Representative profiles of sample Ge O2.  

From the AFM measurement, we have measured the surface roughness 

values for as prepared, 10 min and 2h irradiated GeO2 planar waveguides and are 

shown in the Figure 6.4. It clearly indicates that the surface roughness value 

decreases as the irradiation time increases which is attributed to the thermal 

diffusion within the GeO2 thin film. The surface roughness values shown in table 

6.2, which was measured at two different areas. The increase in the surface 

roughness when measured over large areas is attributed to the presence of the 

nanoparticle formation. The 10 min irradiated sample still shows the surface 

roughness almost same as the prestine sample, which we believe that could be 

mainly due to (1) the AFM scan is from altogether a different area than what is 

recorded for the prestine sample and (2) the irradiation time is too small to induce 

major changes in the overall area. 
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Table 6.2: Surface roughness values for the sample as prepared and after 

laser irradiation. 

  

 

 

 

 

6.3.3 Effect of positron irradiation 

Positrons injected in a solid with energy ranging from a few eV to some 

keV slow down in few picoseconds (1-3 ps at 300 K) depositing an equivalent  

thermal energy within the material. Then, after a certain diffusion length, 

positrons become efficiently trapped in open volume structures and there they 

annihilate with electrons. The high specific trapping rate of positron for open 

volumes present in a solid makes this particle a very efficient non-destructive 

probe for characterizing variations in open volumes or defects from mono 

vacancies up to voids. The annihilation characteristics are determined by the local 

electronic environment of the annihilation site (i.e., positron trap) [34].  

For mono-energetic positrons, the stopping profile can be well-described 

by a derivative of a Gaussian function [18, 35]. The mean positron implantation 

depth z   is related to the positron implantation energy E  by the equation:  

1.640
z E nm


                                      (1)                                              

where E is expressed in keV and the material density ‘ρ’ in g/cm
3 

[18]. When 

using Doppler Broadening Spectroscopy (DBS), the 511 keV annihilation peak is 

usually characterized by two line shape parameters S and W. The shape parameter 

S represents a fraction of positrons annihilating with low-momentum electrons 

Irradiation 

time 

Roughness in 

1.98x1.91 µm
2 

Roughness in 

7.68x7.98 µm
2
 

As prepared 1.1 nm 1.2 nm 

10 min 1.3nm 1.2nm 

120 min 0.7nm 1.3nm 
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and is defined as the ratio between the counts in a central area of the annihilation 

peak, 511 0.85E keV  , and the counts in the total area of the photo peak, 

511 4.25E keV  . The wing parameter W represents the fraction of positron 

annihilating with high-momentum electrons: it is defined as the ratio between the 

counts in the wing regions of the annihilation peak, 1.6 511 4keV E keV   , 

and the counts in the total area of the photo peak. The narrowing of the 511 keV 

annihilation line indicates that more positrons are getting annihilated with 

electrons of low momentum; this behavior is reflected in an increase of the S 

values and a decrease of the W ones, respectively.  

In the present work, from the DBS spectra the S and W parameters were 

estimated with a statistical error of about 0.1% (more than 2.5  10
5
 counts under 

each annihilation spectrum). Usually, to analyze DBS data, shape line parameters 

are normalized to that of the substrate bulk (Sb and Wb, respectively); that is Sn = 

S/Sb and Wn = W/Wb. In this work, Silica was used as the substrate material.   

In Figure 6.5, the positron depth profiling obtained for the as prepared 

and for the 2 h CO2 laser irradiated GeO2 waveguides samples are shown, 

specifically, the normalized shape parameter Sn as a function of the positron 

implantation energy. For the sake of clarity, in the figure only two S curves are 

shown; i.e., the Sn curve corresponding to 1h CO2 laser irradiated sample was 

omitted.  

To analyze the positron depth profiling of all the studied GeO2 

waveguides, the experimental data were fitted using a procedure based on the 

solution of the stationary positron diffusion equation (VEPFIT program [36]). 

The equation requires an input of the positron implantation profile. Experimental 

data obtained from the measurements of the as prepared film were well fitted 

considering two layers plus the silica substrate. On the other hand, in the case of 

the irradiated samples it was found that the data of both waveguides could be 

satisfactory fitted using three layers plus the silica substrate. To fit the positron 

depth profiles it is necessary to have the density of different layers including that 
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of the substrate (see the relation between depth and density given in equation 1). 

For silica the density value used was 2.1 g/cm
3
. However, taking advantage of 

having precise measurements of the layer thicknesses of each deposited germania 

films that we have obtained using an m-line apparatus; the Sn versus E curves 

were analyzed considering the density values of the GeO2 films of each sample as 

guess parameters. Under these assumptions, a summary of the main results 

obtained is presented in table 6.3. Taking into account the density values reported 

in the table and using equation (1), we transformed energy units, in keV, to nm. 

So, in the upper abscissa axis of Figure 6.6, the positron mean implantation depth  

is shown. From fitting, the characteristic values obtained for the silica substrate 

are Sb = 0.529  0.001 and Wb =0.186 ± 0.001.  

In the as prepared film, positrons detect first a thin superficial layer of 

about 10 nm which is characterized by a very high Sn value of 1.006. This thin 

layer is followed by another layer of GeO2 which we have labelled as layer II. 

This is characterized by a Sn = 0.952 and an uniform structure up to the silica 

substrate.  

With the laser irradiation, the superficial layer reduces to half of its 

initial thickness and the uniform second layer observed in the as prepared film 

splits now into two regions, named layers II and III respectively. The first region 

is structurally similar to the second layer of the non irradiated sample having 

about the same Sn value (~ 0.95). In the sample irradiated during 1 h, the 

thickness of the second layer is around 300 nm; and in the case of the sample 

irradiated for 2 h, the thickness decreases to approximately 170 nm. On the other 

hand, the second region (i.e., layer III) is characterized by higher Sn value ((~ 

0.96) than the previous one and it extends up to silica surface.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
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Figure 6.5: Normalized shape parameter Sn as a function of the positron 

implantation energy for the as prepared and after 2 h CO2 laser irradiated GeO2 

samples. In the upper scale the mean positron implantation depth is reported. 

Solid lines represent the best fit obtained using the VEPFIT program (see text). 

The vertical dash-dotted line points out the interface limit between the film and 

the silica substrate. 
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Table 6.3: Sn values characterizing each layer in the as deposited and the two 

irradiated samples, as obtained using the usual fitting procedure of the positron 

depth profiles. The density value of the GeO2 film was used as a guess parameter 

into the frame of the VEPFIT analysis (see text). The thickness of each layer is 

taken by taking into account the thickness of the silica interface layer (equal to 

983 nm) from the surface. 

Sample 

Layer I 

 = 3.15 g/cm
3
 

Layer II 

 = 3.15 g/cm
3
 

Layer III 

 = 3.15 g/cm
3
 

Bulk 

 = 

2.1 

g/cm
3
 

Sn 

Wn 

depth 

(nm) 

Sn 

Wn 

boundary 

depth 

(nm) 

Sn 

Wn 

boundary 

depth 

(nm) 

Sn 

Wn 

before 

irradiation 

1.006 

1.057 
11 ± 2 

0.952 

1.104 
983 ± 20 - - 

1.000 

0.998 

after 1h 

irradiation 

1.003 

1.052 

2 ± 

0.2 

0.946 

1.123 
320 ± 25 

0.966 

1.076 
983 

0.999 

1.005 

after 2h 

irradiation 

0.980 

1.043 

5 ± 

0.1 

0.950 

1.0999 
175 ± 32 

0.960 

1.087 
983 

1.000 

0.997 

 

It is worth noting that a simultaneous analysis of Sn and Wn values in a 

plot Sn(E) vs. Wn(E) provides information about the nature of the positron 

trapping sites [37]. Specifically, this plot can provide complementary information 

on the defects and is usually used to verify the change of defect species or the 

chemical composition surrounding the defects. The different trapping layers are 

characterized by (S, W) coordinates instead of a single S-value. For example, for 

the high-energy implantation all positrons annihilate in the silica substrate.  
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Figure 6.6: Sn-Wn plot for GeO2 planar waveguide before and after CO2 laser 

irradiation for different times (values of both parameters are reported in Table 

P.1). To obtain this plot, the implantation energy was used as a running 

parameter.  

In the Sn –Wn plane this is seen from the clustering of the experimental 

data around the point with coordinates (Sb-Silica, Wb-Silica) = (1.0, 1.0). In Figure 

6.7, a Sn-Wn plot for the as prepared and CO2 laser annealed waveguide samples 

using the implantation energy as a running parameter is shown. In the figure, 

different regions were evident from the circles. For all the GeO2 films, when 

comparing with the (Sn, Wn) values of the tiny layer I the parameter values 

corresponding to layers II and III are characterized by the lowest Sn and highest 

Wn values, respectively. Besides, in the figure it can be seen that the (Sn, Wn) data 

obtained for the last two layers are positioned along a straight line. This behavior 

points out that the open volume defects detected in layers II and III are the same 

type.  

The structural changes in the GeO2 films with the irradiation are 

illustrated in the scheme plotted in Figure 6.7. For all the samples and the 
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different layers we have obtained values of the positron diffusion length (L+) 

range between 5 nm and 25 nm.   

 

Figure 6.7: Scheme of the nanostructural transformation of the GeO2 films as a 

function of the layer thickness and the irradiation time. As shown in this scheme, 

besides the silica substrate ( = 2.1 g/cm
3
) different layers in the GeO2 films are 

detected by positron annihilation spectroscopy. From the fitting of the positron 

data reported in Figure 6.5, a density value of  = 3.15 g/cm
3
 for the GeO2 is 

obtained. 

6.4 Conclusions  

GeO2 planar waveguides were successfully fabricated using RF 

sputtering technique. The changes in the structural properties on planar 

waveguides were studied by combining CO2 laser and positron annihilation 

spectroscopy technique. After the adopted CO2 laser annealing, the refractive 

index of the waveguides increases and the attenuation coefficient decreases. This 

is interpreted as due to decrease in the surface roughness by thermal diffusion. 

Raman and AFM results give an evidence for the formation of nanocrystals 



Chapter 6 

158 

 

inside GeO2 matrix after laser irradiation. PAS technique was used to measure the 

depth profile of the laser irradiated samples.   
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7.1 Conclusions  

It has been of major interest in recent research to produce faster optical 

processing for many telecommunications applications and other applications such 

as optical limiting devices. Most applications of photonic crystals are based on 

how to introduce the defects in the photonic crystals engineering, one can control, 

trap, or change the wave propagation.  

This thesis is focused on fabrication and their characterization of one 

dimensional photonic crystals with the defect layer for the telecommunication 

and nonlinear optical device applications. Also as a primary test, we have 

fabricated pure GeO2 planar waveguides and consequently CO2 laser and positron 

irradiation effect on optical and structural properties. Further it can be extended 

to the system Erbium doped GeO2 planar waveguides for 1.5 µm 

telecommunication applications. In the variety of technologies employed for the 

fabrication of one dimensional photonic crystals and planar waveguides, we have 

used radio frequency magnetron sputtering technique and as active films SiO2 

and TiO2 for photonic crystals and GeO2 for planar waveguides were chosen.  

In conclusion, we present the fabrication protocol for one dimensional 

photonic crystals using rf sputtering technique. Thin films of SiO2 and TiO2 were 

used to fabricate photonic crystals with defect (microcavity) and without defect 

(Bragg mirror) layer and the stop band contains in the visible and near infrared 

regions. The position, width, depth, and shape of the stop band strongly depend 

on the periodicity, symmetry properties, refractive index contrast, and internal 

lattice structure of the unit cell. These effects were studied by observing the 

transmission and reflection measurements. One of the important properties of 

photonic crystals is angle resolved reflection measurements. As the incident angle 

increases the stop band move towards the lower wavelength regions. Variable 

angle reflection geometry was used to study the angle resolved spectral 

characteristics for Bragg mirror and also for microcavity.    
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The Fabry-Perot fringes on either side of the stop band can be observed 

in both transmission and reflection spectra as explained in the chapter 3 and these 

oscillations are due to the interference of light reflected from the front and back 

surface of the each interface of the dielectric layer. These fringes indicate the 

homogeneity of the thickness and effective refractive index of the photonic 

crystal within the illuminated area. The total thickness of the photonic crystal was 

calculated using these Fabry-Perot fringes. Transfer matrix method was explained 

to calculate the transmission and reflection properties of Bragg mirror and some 

of the results were compared with experimental results.  

Another important property of photonic crystals is the polarization 

dependence. In the case of TE polarization, the stop band width increases as the 

incident angle increases where as in case of TM polarization, it reduces. 

Similarly, the microcavity affects the polarization of light on at the stop band and 

the height of cavity resonance decreases in case of TE polarization, where as in 

case of TM polarization, gradually increases.  

Erbium-doped materials are of great interest in optoelectronics due to 

the Er
3+

 emission at 1.535 µm, a standard telecommunications wavelength. With 

this aim, the Bragg reflector consists of twenty SiO2/TiO2 bilayers, designed with 

a stop band in the near infrared region. The cavity is constituted of an Er
3+ 

doped 

SiO2 active layer inserted between two such Bragg reflectors.  Scanning electron 

microscopy was used to measure directly the thickness of the layers and put in 

evidence the homogeneities of the layers and their good adhesion. NIR 

transmittance and variable angle reflectance spectra confirm that the presence of 

a stop band from 1500 nm to 2000 nm with a cavity resonance centered at 1749 

nm at 0°, a FWHM 1.97 nm, corresponding to a quality factor (Q) of about 890. 

The effect of the cavity on the 
4
I13/2  →

4
I15/2 emission band is demonstrated by the 

narrowing of the emission band as well as by the enhancement of the Er
3+

 PL 

intensity. The latter effect is verified by the observation that the peak 

luminescence intensity from the photonic crystal is 56 times higher than that of 

the reference sample under the same excitation condition. In conclusion, three 
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important outcomes characterize this work: 1) fabrication protocol leading to a 

specific control of compositional, optical and geometrical parameters allowing 

high Q factor and luminescence enhancement; 2) extent of the stop band and the 

resonance to longer wavelengths leading to potential new functionalities; 3) the 

reference sample fabrication and the employed geometry allowed a reliable 

assessment of the influence of the cavity and we believe that this method can be 

largely employed so that the errors on luminescence enhancement measurement 

due to the different configurations may be drastically reduced.  

Another important application of photonic crystals is the localization of 

light. We have prepared one dimensional photonic crystal with ZnO defect layer. 

We have observed that photonic crystal containing ZnO defect layer exhibits 

large enhancement in the nonlinear absorption when compared with that of ZnO 

reference sample. Enhancement in the nonlinear absorption can be attributed to 

the strong confinement of the optical field around the defect layer. Bragg mirror 

consists 21 layers of SiO2, TiO2 dielectric films. The cavity is constituted of 

nonlinear ZnO defect layer inserted between two such Bragg reflectors. SEM 

analysis shows surface morphology of multilayer films. Transmission spectra 

reveal that there is a broad stop band from 430 nm to 560 nm. Variable angle 

reflection spectra show that the defect resonance appears at 532 nm at 30
0
 

incident angle. Angle dependant Z-scan technique was used to measure nonlinear 

optical properties of photonic crystals and ZnO reference sample. Open aperture 

Z-scan measurements shows that the Z-scan curve of the detuned resonant 

photonic crystal exhibited a larger transmittance dip as compared to a single layer 

of ZnO reference. Nearly 21 times increase in the nonlinear absorption was 

observed for the photonic crystal structure when compared to a single layer of the 

ZnO reference. We have observed good optical limiting behaviour in photonic 

crystal which is due to the large enhancement of nonlinear absorption in the 

photonic crystal structure. 

Pure GeO2 planar waveguides were fabricated using rf sputtering 

technique. Combining CO2 laser and positron irradiation effects, optical and 
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structural properties of planar waveguides were studied. The effects of pulsed 

CO2 laser irradiation on the optical and structural properties of the waveguides 

are evaluated by different techniques as m-line and micro-Raman spectroscopy 

and atomic force microscopy (AFM). After pulsed CO2 laser annealing, an 

increase of the refractive index of approximately 0.04 at 1.5 µm and a decrease of 

the attenuation coefficient from 0.9 to 0.5 dB/cm at 1.5 µm was observed. Raman 

spectroscopy and AFM results put in evidence that after an adapted pulsed CO2 

laser annealing, the system showed a crystalline environment in which the phase 

of the crystalline GeO2 varies with varying irradiation time. Moreover, positron 

annihilation spectroscopy was used to study the depth of the defect profile for the 

as prepared and laser annealed samples. The results obtained allowed getting 

information on the structural changes produced inside the waveguides films of 

approximately 1 m thickness after the irradiation process. In addition, a density 

value for the amorphous GeO2 samples was also obtained. 

7.2 Future perspectives 

Work is under way to improve the fabrication of GeO2 planar 

waveguides doped with rare earth ions for telecommunication applications. As 

discussed above, CO2 irradiation affects optical and structural properties of pure 

GeO2 planar waveguides. In this way it is possible to produce GeO2 nanocrystals.  

The drive toward advanced photovoltaic (PV) devices that overcome 

single junction efficiency limits necessitates the mitigation of losses incurred by 

the transmission of sub bandgap photons in conventional solar cells [1]. Er - 

doped up conversion (UC) phosphors such as NaYF4 show a remarkable ability to 

sequentially absorb multiple long-wavelength (e.g., 1550 nm) photons to which a 

Si solar cell is transparent and emit above the Si band edge (with peaks at 980 

nm, 810 nm, 660 nm, 550 nm etc.) [2]. But their performance is limited by 

narrow absorption line widths and small absorption cross sections; the efficiency 

of UC saturates such that only a negligible net power conversion efficiency gain 

has been reported for a coupled UC–PV system [3].  
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Electromagnetic (EM) waves travelling in dispersive media are subject 

to deviation between their phase velocity 
pV  and group velocity 

gV . Slow light 

modes are possible in photonic crystals (PCs), in which spatial periodicity of the 

refractive index induces high dispersion. In a distributed Bragg reflector (DBR) 

the prototypical 1D photonic crystal regular variation of the optical thickness of 

multiple alternating layers results in wavelength dependent interference behavior 

manifesting as discrete bands of al-lowed and disallowed EM modes.  

Using SiO2 and TiO2 thin films, one dimensional photonic crystals will 

be fabricated. Each layer is doped with Er
3+ 

and design the Bragg mirror in such a 

way that the band edge should fall exactly at the position of the Erbium emission. 

In principle, an Er-doped DBR with a band edge positioned near the 1550nm 

(
4
I15/2→

4
I13/2) first excited state transition of  Er would demonstrate slow light 

enhancement effects on the intensity of light emitted as a result of UC in Er. 
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