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Chapter 3 

Simulation programs for the analysis of 
multilayer media 

 
 In this chapter, we present the software realized for the mathematical 
study and design of multilayers. Although different methods exist for the 
simulation of these structures, all the programs presented here are based on the 
transfer matrix method. Firstly, the transfer matrix method is explained in detail 
and its mathematical bases are presented. This method is compared with two 
other ones that can be also used for this purpose. After that, the realized 
simulation programs based on the transfer matrix method are explained in 
detail. Their selectable variables and the optical properties calculated with each 
one are presented. Finally, the performance of the programs is evaluated by 
comparing the simulated optical responses of widely reported multilayer 
structures (Distributed Bragg Reflectors and microcavities) with the ones 
obtained in the literature. 
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3.1. Mathematical methods for the analysis and 
simulation of multilayers 

 The development of methods for analyzing the multilayers is essential, 
if we want to understand their fundamental properties. Any experimental 
exploration of the multilayers must be accompanied by a quantitative theoretical 
analysis so that the most interesting cases can be identified, the experimental 
measurements interpreted, and stable designs for successfully operating devices 
be found. This section provides an outline of the most widely used numerical 
techniques that make it possible to determine the optical properties of 
multilayers. The first, the Transfer Matrix method is the method used for the 
analysis of the multilayers presented in this work, for this reason it is presented 
in detail whereas the rest of methods are briefly explained. 

 

3.1.1. Transfer Matrix Method (TMM) 

 This is the most widely used method for the mathematical study of 
wave transmission in one-dimensional structures because it allows the 
calculation of band diagrams [149], reflectivity and transmission spectra [150], 
emission spectra [44], guided modes [126] and the modelization of porosity and 
thickness gradients [85].  

To study the reflection and the transmission of electromagnetic 
radiation through a multilayer with the TMM method, we consider a one-
dimensional structure consisting of alternating porous silicon layers of different 
refractive indices coupled to a homogeneous medium characterized by 
refractive index n0 at the interface. Fig. 3.1 shows this structure, where n1 and n2 

are the layers refractive index, h1 and h2 are the thicknesses of the respective 
layers and Λ is the period of the structure (Λ= h1 +h2).    
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Fig. 3.1. Schematic of a multilayer system. A(x) represent the amplitude of the right-
traveling-wave and B(x) that of the left-traveling 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 Λ is the period.  The 
structure is coupled to a homogeneous medium characterized by n0 (initial medium) and 
nS (final medium). 

 
 
 The dielectric structure is defined by 
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with n(x)=n(x+Λ). ns is the substrate refractive index, n0 is that of the incident 
medium and nm is the refractive index of the m layer. Layer thicknesses are 
related to xm by  hm=xm-xm-1  (m=1..2N). 
  The electric field of a general plane-wave solution can be written as 
E=E(x)ei(ωt-βz) , where the electric field distribution E(x) can be written as 
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where kmx is the x component of the wave vectors kmx =ωnm cosθm/c and θm  is 
the ray angle in each layer. Am and Bm represent the amplitude of the plane 
waves at interface x=xm (see Fig. 3.1). 

If the two general amplitudes of E(x) 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 Pm is the propagation matrix, that can be written as  
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The relation between A0, B0 and As’, Bs’ can thus be written as 
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where N is the number of periods in the structure.  
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3.1.1.1. Reflectance and transmittance of the multilayer 

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 
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Using the matrix equation (3.6) and following the definitions in Eq. (3.7), we 
obtain 
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Reflectance is given by   
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provided medium 0 is lossless. 

 If the bounding media (0,s) are both pure dielectric with real ns and n0, 
transmittance T is given by  
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3.1.1.2. Bloch waves and band structures 

 Wave propagation in periodic media is very similar to the motion of 
electrons in crystalline solid. In fact, formulation of the Kroning Penny model 
used in elementary band theory of solids is mathematically identical to that of 
the electromagnetic radiation in periodic layered media. Thus, some of the 
physical concepts used in solid-state physics such as Bloch waves, Brillouin 
zones and forbidden bands can also be used here. A periodic layered medium is 
equivalent to  a one-dimensional lattice that is invariant under lattice translation. 
In other words n2(x+Λ)= n2(x), where Λ is the period 
 According to the Floquet theorem, solutions of wave equations for a 
periodic medium are of the form [151]  EK(x,z)= EK(x)e-iβz e-iKx, where 
EK(x+Λ)= EK(x). The subscript K indicates that the function EK(x) depends on 
K. The constant K is known as the Bloch wave number. The problem is thus 
that of determining K and EK(x). 
 In term of our column vector representation and from Eq. (3.2), the 
periodic condition EK(x+Λ)= EK(x) for the Bloch wave is simply 
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From the matrix expression (3.3), the unit cell of the periodic multilayer can be 
defined as 
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It follows from this equation and Eq. (3.11) that the column vector of the Bloch 
wave satisfies the following eigenvalue problem: 
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The phase vector eiKΛ is thus the eigenvalue of the translation matrix (S,T,U,V) 
and is given by  

eiKΛ= (1/2)(S+V) ± {[(1/2)(S+V)]2-1}1/2     (3.14) 
 
The eigenvectors corresponding to this eigenvalues are obtained from Eq. (3.13) 
and are 
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times the arbitrary constant. The Bloch waves that result from Eq. (3.15) can be 
considered as the eigenvectors of the translation matrix with eigenvalues e±iKΛ

 

given by Eq. (3.14). The two eigenvalues in Eq. (3.14) are the inverse of each 
other since the translation matrix is unimodular. Eq. (3.14) gives the dispersion 
relation between ω, β and K for the Bloch function, 

 K(β,ω)= (1/Λ) cos-1[(1/2)(S+V)]     (16) 

Regimes where /(1/2)(S+V)/<1 correspond to real K and thus to propagation 
Bloch waves; when /(1/2)(S+V)/>1, however, K=mπ/Λ+iKi which has an 
imaginary part Ki so that the Bloch wave is evanescent. These are the so-called 
forbidden bands of the periodic medium. The band edges are the regimes where 
/(1/2)(S+V)/=1. 

 The dispersion relation can be also written as 
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In order to study the omnidirectional band gap of a multilayer, the 
dispersion relation is calculated for all incidence angles, obtaining the projected 
band structure (PBS).   
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3.1.1.3. Advantages and drawbacks of the TMM 

 The TMM has many advantages. It is a very useful algorithm, very 
appropriate for reflectivity and transmission calculations of multilayer 
structures. It can take in values for the refractive index that are either real or 
complex. A real refractive index represents a lossless material whereas a 
complex refractive index can represent either one of two types of materials. If 
the imaginary part of the complex refractive index is negative then the material 
is absorptive. If it is positive then this is an indication of having a gain medium. 
 The TMM can also handle any number of layers in a multilayer structure. 
In addition, these layers can be ordered in any manner and there is no 
requirement that they should be periodic. Even if they are periodic, the unit cell 
that is repeated does not have to be composed of two layers only, but any 
number of layers. There is also no restriction on the thickness of any layer. The 
thickness and the refractive index of each layer can be defined independently. 
This makes the TMM most suitable for modelling structures formed by different 
periodic multilayers stacked together, since they are not fully periodic. 
 The TMM can handle structures having a high index contrast between 
their two composite materials contrast material systems. This makes the TMM 
suitable for modelling multilayer structures, which usually have a high index 
contrast between their composite materials. 
 The TMM has also some drawbacks. For example, it assumes that the 
plane perpendicular to the direction of propagation is infinite, meaning that each 
layer in a multilayer structure extends infinitely in both of its dimensions. Of 
course, this is unrealistic, so the layers that are modelled have to be wide 
enough to avoid errors from this assumption. The TMM calculates the field 
throughout the structure by propagating it from one layer to the other by matrix 
relations. As such, it depends greatly on the computational speed and is 
therefore limited by it. It lacks a mathematical expression that can relate the 
field between multiple layers, which would reduce the mathematical 
calculations required and consequently the computational time.  
 Another drawback of the TMM is that it is limited to continuous wave 
propagation and cannot handle pulse propagation. To model pulses, the TMM 
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must be combined with the Fourier Transform. Pulses are better modelled with 
other techniques such as the Finite Difference Time Domain method. 
   
 

3.1.2. Plane Wave Method  

 Another way to calculate photonic band structures is to adapt the 
methods of electronic band structure calculations to the case of photonic 
crystals. The plane wave expansion method can be classified as one of the 
numerical techniques borrowed from solid state physics. However, it had to 
undergo various adjustments before it could be carried over to the photonic 
case. These adjustments reflect the differences between photonic and 
conventional crystals, such as the fact that the electromagnetic field is 
inherently vectorial by nature or that the “scattering potentials” of photonic 
atoms are known beforehand and do not have to be determined self-consistently. 

The plane wave method is used to solve periodic electromagnetic 
problems, among them the modelization of periodic structures, because accurate 
and reliable results are obtained [152]. It is widely used to find the Bloch 
frequencies of infinite periodic structures [125,153,154].  

This method uses the Fourier expansion in terms of harmonic functions 
(modes), defined by the reciprocal space vectors. By applying the Fourier 

expansion in terms of Bloch waves ikr
kk (r)eu(r)H = , the Maxwell’s equations 

are converted to an eigenvalue and eigenvector problem: 
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  is the Maxwell’s operator.  The uk(k) function is a 

periodic function that follows the structure periodicity.  

  The plane wave method is one of the first methods used, because it is 
easy to understand and computationally very straightforward to implement. It 
can be used to solve periodic problems in one, two and three dimensions. 
However, it has some serious limitations which restrict its usefulness. First, the 
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method fixes the wave vector k
r

and then determines the eigenfrequencies for 

this k
r

, so the method runs into difficulties if the dielectric constant is itself a 
function of frequency. Hence, structures that include metallic or other dispersive 
materials are beyond the scope of the plane wave method. Second, the key step 
in the method is the matrix diagonalization, so the computer time required 
scales like N3, where N is the number of plane waves used in the expansion. 
This scaling law is inefficient and renders the calculations impossibly time 
consuming when a large number of plane waves is required for more complex 
structures [155].  
 
 

3.1.3. Finite Difference Time Domain  

The finite difference time domain (FDTD) approach overcomes all the 
drawbacks of the plane wave method. It was first described by Yee in 1966 
[156] and so has been known to the electrical engineering community for 40 
years. The methodology and computational schemes for a variety of photonic 
problems can be found in the excellent book by Taflove [157].  

The FDTD method is a general method for numerically solving the 
time-dependent Maxwell’s equations in real space, approximating the space and 
time derivatives with finite differences. With the appropriate choice of the 
points at which the various field components are to be evaluated, the set of 
finite difference equations can be solved and the solution will satisfy the 
boundary [156]. 

It is a widely used technique for solving electromagnetic problems and 
has many advantages: the method is a direct solution of Maxwell's time-domain 
equations, consequently, it is a complete full-wave solution that contains no 
approximations; it is extremely general in the materials and geometries that it 
can analyze; and, finally, the memory requirements of FDTD are significantly 
less than other methods, like PWM [158].   

The principal disadvantage of the classical implementation of FDTD is 
that all structures must conform to a Cartesian grid; consequently, all curved 
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surfaces must be modeled by a "stairstep" approximation, which can introduce 
errors in the results. 
  
 

3.2. Development of the simulation programs 

 The simulation and study of the optical behavior of multilayer structures 
has been carried out with two programs especially developed. The optical 
behavior of multilayers is characterized by the reflectivity, transmission and 
absorption spectra, as well as by the band diagram. Omnidirectional mirrors are 
also characterized by the projected band structure (PBS), which determines the 
band diagram for all incident angles and for both polarizations. 
 The realized programs calculate all these characteristics using the transfer 
matrix method [151]. All the graphs that are presented in the next sections have 
been calculated using these simulation programs.  
 
 

3.2.1. Program for the calculation of reflectivity, transmission, 
and absorption spectra. 

 The main objective of this program is to study the optical response of a 
multilayer before its fabrication. The simulated structures can be either all-
dielectric or metallo-dielectric multilayers. The program is based on the transfer 
matrix method.  In Fig. 3.2 we can observe the main program window, where 
the user can define all the parameters required for the simulation. These 
parameters are: 

  Incidence angle: Angle between the propagation direction of the 
incident wave and the normal to the surface of the layers. This angle (θ) 
can go from 0 to 90 degrees. 

  Refractive index of the ambient medium: the ambient medium is the 
medium from which the incident wave arrives to the surface of the 
multilayer. 
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  Refractive index of the substrate: the substrate can be either a material 
in case that the multilayer is stacked to the wafer or a medium if the 
multilayer is a membrane detached form the substrate.  

  Data plotted: reflectivity, transmission, absorption or any combination 
of them. 

  Wavelength range: the initial and the final values of the wavelength 
range to be studied and the step, all of them in nanometers. 

 Graphs: the data calculated is plotted in two different graphs, one for TE 
polarization and the other for TM polarization. Each graph or both can 
be also plotted in a separate window selecting the check box “Plot in a 
separate window”, where the user can change the properties of the plot in 
the same way that any Matlab plot.  

 
 

Fig. 3.2. Main program window. The schematic of a multilayer is presented to visually 
indicate the user the parameters that can be adjusted. The default values of the 
parameters can be observed. 
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 Number of bilayers: number of periodic multilayers stacked together 
that form the multilayer structure. This number can range from 1 to 6 
bilayers. When the user chooses the number of bilayers of the structure, 
one frame for each bilayer appears in the program window with the 
parameters to be adjusted: refractive indices and thicknesses of the two 
layers and number of periods. An example with three bilayers is shown 
in Fig. 3.3. 

  Bilayer frame: The parameters of each periodic bilayer are determined in 
this frame. These parameters are the thicknesses and refractive indices 
of the two materials that form the bilayer and the number of periods. 
The refractive index can be either constant (real or complex) or variable 
with the wavelength, in which case different materials can be selected 
from the popup menu n layer variable?: silver (Ag), aluminium (Al), 
gold (Au), copper (Cu), water (H2O), magnesium fluoride (MgF2), nickel 
(Ni), silicon nitride (Si3N4), and silicon dioxide (SiO2). The variable 
refractive indices used for these materials have been obtained from [159].  
The possibility to determine up to six different periodic bilayers stacked 
together makes it possible to simulate different multilaye 

 Sum TE-TM: The spectrum of a wave containing both polarizations is 
plotted in a separate graph when this check box is selected. 

 Write a text file: Enables the possibility to save the data plotted in one or 
both graphs to a text file. 

  Header: The text file with the results of the simulation can be written 
with or without a header. Selecting this check box, the text file is written 
with a header.  

 Load Graph: Selecting this checkbox, the data from a text file can be also 
plotted with the simulated results. With this option, it is possible to 
compare simulations with measurements and different plots in an easy 
way. 

  Calculate: Once all the parameters for the simulation have been selected, 
the program is executed pushing this button. 
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Fig. 3.3. Main program window. In this case the user has selected to simulate a structure 
formed by three bilayers.  

 
 Fig. 3.4 shows the simulation of a multilayer with two bilayers. The first 
bilayer consists of the repetition of two dielectric materials with constant 
refractive indices whereas the second bilayer is formed by a dielectric layer with 
constant refractive index and a silver layer. The refractive index of the silver 
layer is variable with the wavelength and the best way to simulate this material 
is to select its refractive index in the popup menu. The reflectivity spectrum of 
the multilayer is plotted in the graphs. We can also observe the difference 
between the TE and TM polarizations when the incidence angle is 50 degrees. 
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Fig. 3.4. Example of the simulation of a multilayer consisting of two periodic bilayers 
stacked together. In Bilayer 2 the second layer is silver, for this reason the 
corresponding refractive index variable with wavelength has been selected. 

  
 

3.2.2. Program for the calculation of photonic band diagrams 

 The main objective of this program is to study the band diagram of a 
multilayer before its fabrication. It also compares the band diagram with the 
reflectivity or transmission spectra of the multilayer to confirm that there is an 
agreement between the calculated band diagram and the spectrum of the 
multilayer and to observe the influence of the finite number of periods on the 
bandgap edges. The program can also calculate the projected band structure 
(PBS) of the studied multilayer, which represents the band diagrams for all 
incidence angles from 0 to 90 degrees. This program is also based on the 
transfer matrix method.  
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 In Fig. 3.5 we can observe the main window of this simulation program, 
where the user can define all the parameters for the simulation. The band 
diagram is a characteristic of infinite periodic multilayers therefore for the 
calculation of the band diagram and the PBS, the only required parameters are 
the ones presented in the frames named “Infinite periodic structure” and “Band 
diagram”:  
 

  Refractive index of the layers: denoted by n 1st layer and n 2nd layer. 
  h1/period: Thickness of the first layer normalized to the period 

thickness. Thus, h1/period can range from 0 to 1. The thickness of layer 2 
is calculated from h1 using: h2=period-h1. 

  Maximum value of the normalized frequency: maximum value of 
(ωΛ/2πc) for the calculation of the band diagram. 

  Plot PBS: The projected band structure (PBS) of the multilayer is also 
plotted in a separated window when this check box is marked. In Fig. 3.6 
the PBS calculated by the program is shown. 

 
 The band diagram calculated for this multilayer is plotted in the left side 
graph. This band diagram belongs to an infinite multilayer but the fabricated 
multilayers are finite, consequently it would be interesting to compare the high 
reflectivity (or low transmission) bands of the finite multilayer with the band 
diagram. For this reason, the right-side graphs show the reflection/transmission 
spectrum of the finite multilayer (upper graph) and the band diagram of the 
infinite multilayer (lower graph) for an easy comparison. For the calculation of 
the spectrum the next parameters are required:  

 Refractive index of the ambient medium: the ambient medium is the 
medium from which the incident wave arrives to the surface of the 
multilayer. 

 Refractive index of the substrate: the substrate can be either a material in 
case that the multilayer is stacked to the wafer or a medium if the 
multilayer is a membrane detached form the substrate.  
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Fig. 3.5. Program for the calculations of the band diagram and projected band structure 
of a periodic multilayer. The reflectivity spectrum is also presented. 
 
  

 Incidence angle: Angle between the propagation direction of the incident 
wave and the normal to the surface of the layers. From 0 to 90 degrees. 

  Number of periods of the multilayer. 
  Data plotted: reflectivity or transmission spectrum. 

 
Fig. 3.6 shows the main program window with the results of the 

simulation for an example multilayer. The design parameters of the multilayer 
can be read in the window program.  The comparison between the band diagram 
and the transmission spectrum indicates that, for this number of periods, the 
edges of the bandgaps are not sharp. For this reason, the ranges of frequencies 
with transmission zero are slightly narrower than the bandgaps of the infinite 
multilayer. In the next sections the relation between the sharpness of the band 
edges and the number of periods of the periodic multilayer is studied. The PBS 
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of the multilayer is plotted in a separate window and can be observed at the 
bottom of Fig. 3.6. The omnidirectional bandgap (black region) is also plotted. 

 
 

 
 
 
    
 
 
 
 
 
 
 
 
 

 

 
 

Fig. 3.6. Top: Example of the simulation of a multilayer using the explained program. 
Bottom: Window with the PBS of the infinite multilayer simulated. 

TE               TM 
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All the different optical devices studied in this work have been analyzed 
using these two simulation programs. 

 

3.3. Performance of the developed programs for the 
study of optical devices 

In order to evaluate the performance of the developed programs 
explained in the previous section, different optical devices based on multilayers 
and widely reported in the literature have been simulated. The obtained spectra 
have been compared with the ones reported. These optical devices are 
Distributed Bragg Reflectors and microcavities. Besides, the developed 
programs have been used to study the influence of the different parameters of 
these devices on their optical behavior. 

 

3.3.1. Distributed Bragg Reflectors (DBR) 

 These filters, as is explained in chapter 2, are characterized by a spectral 
region with a very high reflectivity, the so-called forbidden band or bandgap, 
centered at wavelength λ. This high reflectivity is due to the fact that all the 
beams that are reflected at the multiple interfaces of the multilayer have the 
same phase when they arrive to the top interface, interfering constructively. For 
wavelengths different to λ, the interference is not constructive and for this 
reason the reflectivity decreases.  
 
3.3.1.1.   Performance of the developed programs for the simulation 
of  DBRs 

 The developed programs have been realized to theoretically study 
multilayers consisting of dielectric and/or metallic layers. To evaluate the 
performance of the programs, the spectra of two DBRs made of different 
materials have simulated. Firstly, a dielectric DBR, in concrete one of the 
porous silicon DBRs presented by Pavesi in [78], is simulated with the same 
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parameters used by the author. The reported DBR consists of two layers with 
nH=1.86 and nL=1.27 repeated 20 times. It is a λ/4-DBR, so the optical 
thickness of the layers are λ/4= nH dH=nL dL with λ =600 nm. For the 
simulations, the author considered no absorption, nair=1 and refractive index of 
the substrate nSubs=4.1. This structure has been simulated with our program and 
the reflectivity spectrum obtained is shown in Fig. 3.7 together with the 
spectrum reported in the literature. It can be observed that our simulated 
spectrum completely agrees with the spectrum reported in [78].   
 
 
 
 
 

 

 

 
 

Fig. 3.7. Reflectivity spectrum of the porous silicon DBR simulated by Pavesi (After 
[78]) (solid line). It is compared with the simulated reflectivity spectrum obtained with 
our program for the same multilayer structure (symbols). 

  
 
  The developed programs can also simulate metallo-dielectric 
multilayers as the one presented by Scalora et. al. in [160]. In that work, the 
transmission spectrum of a multilayer consisting of a layer of silver and another 
of magnesium fluoride (MgF2) repeated 4 times is studied. The thickness of the 
silver layer is 10 nm and the one of the MgF2 layer is 110 nm. Fig. 3.8 shows 
the comparison between the transmission spectrum reported in the literature and 
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the one simulated with our program. It can be observed that the two spectra 
agree. 
 
 

 

 

 

 

 

 

 
Fig. 3.8. Transmission spectrum of the metallo-dielectric multilayer simulated by 
Scalora (After [160]) (solid line). It can be compared with the transmission spectra 
simulated with our programs (symbols). 
 
 
 The agreement between the simulated spectra and the spectra reported 
in the literature confirms the properly performance of the developed programs 
and their suitability for the simulation of dielectric and metallo-dielectric 
multilayers. 
 
3.3.1.2.  Study of the DBR parameters 
 The simulation is a very helpful tool to study the influence of the 
different parameters of DBR on the reflectivity spectrum. These parameters are: 

a) Refractive index ratio nH/nL 

 This ratio influences on the width and the sharpness of the DBR 
bandgap. The increase of the ratio nH/nL leads to the widening of the bandgap. 
This effect can be observed in Fig. 3.9, 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. 
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Fig. 3.9. Reflectivity spectrum for normal incidence of three different λ/4-DBR with 15 
periods. The thickness of the layers have been calculated to obtain a bandgap centered 
at λ=1 µm. The nH/nL ratio is a) 1.7/1.3, b) 2/1.3, c) 2.3/1.3. 

 
 
 The bandgap of these spectra are not symmetric around the central 
wavelength, in this case 1 µm, because the symmetry can be observed when the 
magnitude of the x-axis is wavenumber instead of wavelength. To verify this 
symmetry, the three spectra of Fig. 3.9 are plotted in Fig. 3.10 using 
wavenumber for the x-axis.  
 

  (a) 
 
 
 
 
 
 
  (b) 
 
 
 
 
 
 

  (c) 

Wavelength (µm) 
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Fig. 3.10. Reflectivity spectrum for normal incidence of three different multilayers 
already presented in Fig. 3.9. In this case, the wavenumber is used for the x-axis. The 
symmetry of the bandgaps, centered at 1 cm-1 can be observed. 

 
b) Number of periods of the multilayer  

 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. Fig. 3.11 shows four λ/4-DBR with nH=2.1, nL=1.5 and 
different number of periods N. We can observe that when N increases, the band 
edges of the filter are sharper and the reflectivity tends to the unity 
exponentially with N [161]. 
 

 

 

 

 

Fig. 3.11. Reflectivity spectrum of a λ/4-DBR with nH=2.1, nL=1.5 and number of 
periods 4, 6, 8 and 25. 

Wavelength (µm)
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3.3.1.3. Design of a porous silicon DBR for 1.55 µm applications 

 The use of porous silicon for the study and design of DBR does not 
imply more difficulties than any other dielectric material. The main 
consequence of the use of porous silicon is that the range of refractive indices 
that can be obtained is limited due to the characteristics of the material. For this 
reason, the bandgap width of porous silicon DBR is limited because of the nH/nL 

ratio limitation. In order to obtain a DBR with a wide bandgap, two typical 
values, one of the highest and one of the lowest values of this refractive index 
range, have been chosen [19]: nH=2.5 and nL=1.55. The number of periods is 
high enough to obtain reflectivity near 1 within almost all the bandgap (N=25).  

This DBR is designed to work for 1.55 µm applications, like all the 
porous silicon optical devices studied in this work. This wavelength is usually 
used for telecommunications applications. Since the bandgap of the λ/4-DBR 
must be centered at 1.55 µm, the optical thickness of the layers must be        
1.55 µm/4 = nHhH=nLhL. According to this, the layer thicknesses are hH=155 nm 
and hL=258.3 nm. The reflectivity spectrum of this DBR can be observed in Fig. 
3.12. The bandgap width is around 500 nm for reflectivity higher than 99.9%. 
This would be one of the widest bandgaps obtainable with periodic porous 
silicon DBR centered at this wavelength. 
 
 

 

Fig. 3.12. Reflectivity spectrum of a porous silicon λ/4-DBR for 1.55 µm applications. 
It has 25 periods, nH=2.5, nL=1.55, hH=155 nm and hL=258.3 nm. 

Wavelength (µm) 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, FABRICATION AND CHARACTERIZATION OF POROUS SILICON MULTILAYER OPTICAL DEVICES 
Elisabet Xifré Pérez 
ISBN: 978-84-691-0362-3/DL: T.2181-2007



CHAPTER 3. SIMULATION PROGRAMS FOR THE ANALYSIS OF… 
 

 

51

3.3.1.4. Reflectivity spectrum of stacked filters 

Usually, the applications of DBR require wide bandgaps. As has been 
demonstrated in the previous section, the widening of the bandgap is obtained 
with the increase in the nH/nL ratio. Due to the limits of the nH/nL ratio for 
porous silicon, an easy way for obtaining enlarged bandgap reflectors is to stack 
together two or more reflectors. The reflectors used for the stack must have their 
bandgaps centered at different wavelengths but close enough to intersect one 
with the other. 
  
 

 

 

 

 

 

 

 

 

Fig. 3.13. Reflectivity spectrum of a) two DBR with nH=2.3, nL=1.6 and N=20. One of 
them is formed by layers with optical thickness λ/4=1.88 µm/4, and the other is formed 
by layers with optical thickness λ/4=2.27 µm/4. b) DBR with 40 periods and nH=2.3, 
nL=1.6 consisting of the two DBRs stacked together. 

Wavelength (µm)
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Fig. 3.13a shows the reflectivity spectrum, for normal incidence, of two 
DBR with the same refractive indices and the same number of periods. On the 
contrary, the thicknesses of the layers are different for each DBR, and therefore 
their bandgaps are centered at different wavelengths. We can observe that the 
bandgaps intersect. Fig. 3.913b shows the reflectivity spectrum of a multilayer 
formed by the two DBR stacked together. We can see that its bandgap is the 
union of the bandgaps of the DBRs presented in Fig. 3.913a .  
 Although, in this example, the filters have the same refractive indices and 
different thicknessese, it could be possible to use different refractive indices 
and/or thicknesses. One of the aims of the stack of filters is the widening of the 
DBR bandgap but it could be also used for obtaining a DBR with high 
reflectivity at separated wavelength ranges. In this case, the stacked filters 
should have bandgaps situated at the desired wavelength ranges. 
 
  

3.3.2. Microcavities  

 It is possible to fabricate a particular class of interferometers, named 
microcavities or Fabry-Pérot filters, 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 center. The wavelength at which this pass-band (also 
called transmission peak) is situated, its width and its reflectivity level depend 
on different parameters.  

   
3.3.2.1. Performance of the developed programs for the simulation 
of microcavities 

 Microcavities are multilayer structures widely studied for many different 
applications. We use here a porous silicon microcavity reported in [78] to 
evaluate the performance of the simulation programs. The microcavity consists 
of two λ/4-DBR with 4 periods where nH=2.24 and nL=1.27. The optical 
thickness of the layers are λ/4= nH dH=nL dL with λ =600 nm. The spacer layer 
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thickness is λ/2 and its refractive index is ns=1.27. Fig. 3.14 shows the 
simulated reflectivity spectrum of this multilayer where we can observe that it 
completely agrees with the reflectivity spectrum reported in [78].  

Fig. 3.14. Reflectivity spectrum simulated with our program (symbols) and simulated 
reflectivity spectrum of the same microcavity structure reported in [78].  

 
 
3.3.2.2. Study of the microcavity parameters 

 The influence of the different parameters of microcavities on the 
reflectivity spectrum has been also studied.   

a) Thickness of the spacer layer (hs) 

Whereas the optical thickness of the DBRs are usually λ/4, the optical 
thickness of the spacer layer can be either λ or λ/2. In both cases, the 
transmission peak is centered at wavelength λ. The reflectivity spectra of 
microcavities with a λ or a λ/2 spacer layer are compared in Fig. 3.15. This 
figure shows the reflectivity spectra for normal incidence of microcavities 
consisting of two parallel DBR with 6 periods and optical thickness λ/4, where 
λ=1.55 µm. In Fig. 3.15a, the optical thickness of the spacer is λ, whereas in 
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Fig. 3.15b this thickness is λ/2. Both spectra are very similar. The transmission 
peak is centered at 1.55 µm in both cases and the reflectivity for both is almost 
zero at this 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. 

 
 

 

 
 

Fig. 3.15. Reflectivity spectrum of a microcavity consisting of two DBR with optical 
thickness λ/4 and a spacer layer of thickness a) λ,  b) λ/2. 

 
b) Refractive index of the spacer layer 

The refractive index o the spacer layer can be one of the indices used in 
the DBRs (nH,nL) of the microcavity or a different value. The influence of this 
value on the reflectivity spectrum of the microcavity has been studied for all the 
possible cases: for a refractive index lower than nL, equal to nL, between nL and 
nH, and equal to nH. The results can be observed in Fig. 3.16. The four plots 
belong to porous silicon microcavities for 1.55 µm applications. The λ/4-DBRs 

(a) 
 

 
 
 
 
 
 
(b) 

Wavelength (µm) 
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that form them have nL=1.6, nH=2.3 and N=6. The spacer thickness is λ/2 and 
its index ns is 1.4 (ns<nL), 1.6 (ns=nL), 1.8 (nL< ns<nH), and 2.3 (ns=nH). The 
transmission peak is positioned for all of them at 1.55 µm and its reflectivity is 
almost zero for all, therefore we can deduce that the refractive index of the 
spacer does not noticeable affect the bandgap or the transmission peak. The 
difference between these spectra is observed at the side-lobes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.16. Reflectivity spectrum of a microcavity consisting of two DBR with nL=1.6 
and nH=2.3. The thickness of the spacer layer is λ/2  and its refractive index is a) 1.4, b) 
1.8, c) 1.6 d) 2.3. 

 
c) 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. These effects can be observed in Fig. 3.17.  

(a) (b) 

(c) (d) 

Wavelength (µm) Wavelength (µm) 
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Fig. 3.17. Reflectivity spectrum of a porous silicon microcavity for 1.55 µm 
applications where the DBRs that form it have a different number of periods. 

 
 

3.4. Summary and conclusions 

 We have demonstrated that the transfer matrix method is a very useful 
and simple mathematical method for the simulation of multilayers. Very user-
friendly programs based on this method have been developed and all their 
variable parameters have been explained. They calculate the reflectivity, 
transmission and absorption spectra; and the photonic band diagrams of 
multilayers. The parameters that can be adjusted by the used are the refractive 
index and thickness of the layers, the number of periods, the incidence angle 
and the wavelength range. Besides, one of the programs can be used for the 
study of different periodic multilayers stacked together.  
 Although the simulations realized during this work have been focused on 
porous silicon layers, any other material could be simulated because the user 
can select the refractive indices. These refractive indices can be either constant 
(real or complex) or variable with wavelength, in which case different materials 
can be selected (Ag, Al, Au, Cu, MgF2, Ni, Si3N4, and SiO2). The number of 
selectable materials will be increased in a near future. 
 To evaluate the performance of the developed programs we have 
simulated different Distributed Bragg Reflectors (DBR) and microcavities. The 
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simulated spectra agree with the ones reported in the literature, which indicates 
the suitability of the developed programs. With the study of DBRs, we have 
observed that porous silicon is a suitable material for the fabrication of filters 
with a wide bandgap centered at λ=1.55 µm. This bandgap can be wider with 
the fabrication of porous silicon stacked filters. The introduction of defect layers 
in the DBR has lead to the study of microcavities and the understanding of the 
effect of these layers on the reflectivity spectrum of the multilayer structure.   
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Chapter 1 

Introduction and objectives 

 
 Porous silicon was discovered in 1956 by Uhlir [1] while performing 
electropolishing experiments on silicon wafers using an electrolyte containing 
hydrofluoric acid.  Its development was first justified for technological reasons, 
in particular, localized isolation in microelectronics. A renewed interest in 
porous silicon occurred in 1990 when its photoluminescence and 
electroluminescence properties were demonstrated [2,3]. The optical properties 
of porous silicon have been extensively investigated [3,4,5,6] and promising 
electroluminescent devices have been fabricated [7]. 
 Porous silicon is usually designed in a complex shape, using suitably 
doped structures and then dissolved selectively to leave silicon membranes, 
beams or trenches [8-9]. Depending on the anodization conditions [10], this 
material presents a porous texture with pore diameters varying from 2 to 15 nm, 
density varying from 20 % to 80 % and specific surface area varying from 100 
to 600 m2 cm-3.  
 It has been established that the most important parameters which fix the 
characteristics of porous silicon obtained by electrochemical anodization are the 
electrolyte composition, particularly the hydrofluorhydric concentration, the 
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current density across the wafer, and the time of current application. Whereas 
the time determines the thickness of the porous silicon layer, the current 
determines the refractive index. In a first approximation, as the silicon 
dissolution only occurs at the pore tips, at the interface between the silicon 
substrate and the electrolyte, the porous silicon layer already formed is not 
affected by the subsequent conditions of fabrication. Therefore, any kind of 
profile can be prepared, being the easiest way the current modulation during the 
porous silicon fabrication process. This makes of porous silicon a very suitable 
material for the fabrication of multilayers. 
 In this context, this thesis focuses on the study of multilayer optical 
devices made of porous silicon. In order to achieve this objective, different steps 
have been realized. Firstly, the theoretical study of multilayers has been 
developed because by choosing, in an appropriate way, the thicknesses and the 
refractive indices of the various layers, it is possible to fabricate different 
optical devices, such as filters, microcavities, waveguides, etc. With the 
simulation, we study the suitability of porous silicon for the fabrication of the 
optical devices. Once simulated and designed the porous silicon multilayer 
devices, we fabricate them. For this purpose, a fabrication system has been 
established and calibrated and several porous silicon monolayers and 
multilayers have been fabricated. Finally, these fabricated layers have been 
characterized to determine their physical and optical properties. All these steps 
are necessary to achieve our main and final objective: the fabrication and 
characterization of porous silicon multilayer optical devices. 

 The thesis is organized as follows: 
 In Chapter 2 an introduction to porous silicon basics and the underlying 
theory that governs their unusual optical properties are explained. The physics 
of the porous silicon formation and the different parameters of the process that 
influence on the final characteristics of the fabricated layers are discussed.  
Different applications of porous silicon are presented, especially the optical 
applications that have been studied during this work.  
 Chapter 3 is focused on the development of different programs for the 
simulation of multilayers. An overview of the mathematical methods used for 
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the simulation of multilayers is explained, specially the transfer matrix method, 
that is explained in detail because it is the method implemented for our 
theoretical study. Several programs that use the transfer matrix method have 
been realized and are explained in this chapter. The performance of the 
programs is studied by comparing the simulated optical responses of well-
known multilayer structures with the ones obtained in the literature. 
 Chapter 4 presents the theoretical study of two different optical devices: 
omnidirectional mirrors and waveguides. For each device, the different physical 
parameters that influence on its optical characteristics are analyzed and the 
suitability of porous silicon for their fabrication is discussed. For the case of 
omnidirectional mirrors, three different new multilayer structures have been 
proposed for the widening of the omnidirectional bandgap. For the case of 
waveguides, the modal study of porous silicon waveguides based on total 
internal reflection has been developed whereas waveguides based on the 
properties of photonic crystals have been widely studied, proposing the use of 
omnidirectional mirrors and DBR for the cladding. All these devices have been 
designed for 1.55 µm applications, a wavelength widely used in 
telecommunications 
 Chapter 5 gives a complete description of the porous silicon fabrication 
system that we have established in the Department of Electronic, Electric and 
Automatic Engineering at the University Rovira i Virgili. The influence of the 
elements of the system on the properties of the fabricated porous silicon layers 
is discussed. The most important element of the system is the electrochemical 
cell, for this reason a study of this element is realized and the differences 
between two types of electrochemical cells are presented. The calibration of the 
fabrication system, that is the study of the relations between the anodization 
parameters and the two most important physical characteristics of porous layers 
(refractive index and thickness) is presented. To conclude this chapter, the 
different methods used for the characterization of porous silicon layers are 
explained. 
 Chapter 6 is dedicated to the characterization of porous silicon 
monolayers and multilayers using spectroscopic ellipsometry. This work has 
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been realized during one stage at the Ecole Polytechnique (Palaiseau, France) 
under the supervision of Dr. Enric Garcia-Caurel. This technique has been used 
to determine the main physical characteristics of the porous layers: porosity 
(and therefore refractive index) and thickness. In addition, spectroscopic 
ellipsometry allows the analysis of the anisotropy of the porous layers. Whereas 
the thickness and porosity of the layers have been also obtained with the 
characterization methods explained in chapter 5, the anisotropy can only been 
analyzed with ellipsometry, providing additional information about the 
fabricated porous layers. 
 Chapter 7 describes some of the optical devices fabricated with porous 
silicon multilayers. DBRs, microcavities and omnidirectional mirrors are 
designed, fabricated and characterized. The comparison between the optical 
properties of the fabricated device and the simulations are presented for each 
device. 
 Finally, chapter 8 presents the conclusions of our work.  
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Chapter 2 

Fundamentals of porous silicon and 
applications 

 

 In this chapter, the porous silicon formation process in explained. This 
process consists of the electrochemical etching of silicon wafers in solutions 
based on hydrofluoric acid. Firstly, the electrochemical etching process is 
described and the different stages of the porous silicon formation are explained. 
The anodization parameters that influence on the final characteristics of the 
fabricated layers are also discussed and the porous silicon photoluminescence is 
briefly explained, as the discovery in the 90s of this property generated the 
scientific interest on this material. Finally different applications of porous 
silicon are presented. Although porous silicon has many potential applications 
in many areas we especially focus on the optical applications, that are the ones 
studied during this work.  
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2.1. History of Porous silicon 
 Porous silicon was discovered in 1956 by Uhlir [1] while performing 
electropolishing experiments on silicon wafers using an electrolyte containing 
hydrofluoric acid (HF). He found that under the appropriate conditions of 
applied current and solution composition, the silicon did not dissolve uniformly 
but instead fine holes were produced, which propagated primarily in the <100> 
direction in the wafer. Therefore, porous silicon formation was obtained by 
electrochemical dissolution of silicon wafers in aqueous or ethanoic HF 
solutions. 
 In the 1970s and 1980s the interest on porous silicon increased because 
the high surface area of porous silicon was found to be useful as a model of the 
crystalline silicon surface in spectroscopic studies [11,12], as a precursor to 
generate thick oxide layers on silicon, and as a dielectric layer in capacitance-
based chemical sensors [13]. 
 In the 1990s Leigh Canham published his results on red-luminescence 
[14,15] from porous silicon, that was explained in terms of quantum 
confinement of carriers in nano-crystals of silicon which are present in the pore 
walls. Since that time, the interest of researchers and technologists to this 
material (and other porous semiconductors as well) is constantly growing and 
the number of publications dedicated to this class of materials increases every 
year. With the discovery of efficient visible light emission from porous silicon 
came an explosion of work focused on creating silicon-based optoelectronic 
switches, displays, and lasers. During the last twenty years, the optical 
properties of porous silicon have become a very intense area of research [16].  
 Porous silicon is a very promising material due to its excellent mechanical 
and thermal properties, its obvious compatibility with silicon-based 
microelectronics [17] and its low cost.  Its large surface area within a small 
volume, its controllable pore sizes, its convenient surface chemistry, and the 
ability to modulate its refractive index as a function of depth [18] makes porous 
silicon a suitable dielectric material for the formation of multilayers [19]. 
 All these features also leads, on one hand, to interesting optical properties 
by mixing silicon with air in the effective medium approximation. On the other 
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hand the pores allow the penetration of chemical and biological substances, 
liquids, cells, molecules to change i.e. the optical behavior of the original 
system. These effects inspired research into different applications like optical 
sensing applications [20,21] and biomedical applications [22,23]. 

  

2.2. Basics of the porous silicon formation process 

2.2.1. Electrochemical etching of porous silicon 

 One of the most important advantages of porous silicon is its simple and 
easy preparation [24]. Since the first studies of Uhlir [1] and Turner [25], and 
lately Cahnam [2], porous silicon has been mainly obtained by electrochemical 
dissolution of silicon wafers in solutions based on hydrofluoric acid (HF) [26]. 

A schematic of the porous silicon formation process can be seen in Fig. 
2.1. The surface of a silicon wafer, contacted on the back, is in contact with a 
solution containing hydrofluoric acid (HF). After applying a voltage (in the 
right direction) between the wafer backside contact and an electrode in the HF 
solution, a pore growth by silicon dissolution starts, provided certain key 
parameters are set correctly. 
 In the past, many studies of porous silicon formation have been limited 
exclusively to an electrochemical characterization of its current-voltage (i-V) 
relationships with the Schottky diode model of the semiconductor/electrolyte 
interface playing a predominant role. Although additional analysis techniques 
have been recently used to study porous silicon, the understanding of porous 
silicon formation still comes from the i-V relationships, and a basic knowledge 
of silicon electrochemistry is essential to understand the fundamentals of pore 
formation [27-32]. An overview of semiconductor electrochemistry can be 
found in Fig. 2.2. 
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Fig. 2.1. Schematic diagram of the porous silicon anodization circuit. 

 
   

In this section we outline only the more basic electrochemical features of 
the i-V relationships. Fig. 2.2 shows the typical i-V curves for n- and p-type 
silicon in aqueous HF. The i-V curves show some basic similarities to the 
normal Schottky diode behavior expected from a semiconductor/electrolyte 
interface, including photogenerated currents at reverse bias. But there also exist 
some differences [27-30,33]. The first of all is that even though the type of 
majority carriers changes between n- and p-type, the chemical reactions at the 
interface remain the same. Second the reverse-bias dark currents have been 
reported at least three orders of magnitude higher than those normally expected 
for Schottky diodes. 
 Both n- and p-type silicon are stable under cathodic polarization. The 
only important cathodic reaction is the reduction of water at the silicon/HF 
interface, with the simultaneous formation of gaseous hydrogen. This reaction 
occurs only at high cathodic overpotentials or, using Schottky-diode 
terminology, at reverse biased breakdown. 
 Dissolution of silicon occurs only under anodic polarization. At high 
anodic overpotentials the silicon surface goes under electropolishing. On the 
contrary, at low anodic overpotentials the surface morphology is dominated by a 
dense array of channels penetrating deeply into the bulk of the silicon [34].  

HF solution 

Electrodes 

Silicon 

Porous layer 

V 

A 
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 The pore formation occurs only during the initial rising part of the i-V 
curve, for a potential value below the potential of the first sharp peak. The 
current at this peak is named as the electropolishing current (JPS). The zone of 
the i-V curve at which the pore formation occurs is gray colored in Fig. 2.2. 
 
 
 
  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2. Characteristic i-V curves for n- and p-type doped silicon in aqueous HF. The 
solid line indicates the dark response and the dashed line shows a response under 
illumination. The first (lower) current peak JPS corresponds to the formation of a surface 
anodic oxide formed during, and required for, electropolishing. The second (higher) 
current peak marks the beginning of stable current (potential) oscillations with the 
possible formation of a second type of anodic oxide. The gray area indicates the useful 
regime for the formation of porous silicon [Adapted from 26]. 

JPS   (electropolishing 

current)  
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 The quantitative values of the i-V curves, as well as the values 
corresponding to the electropolishing peak, depend on the etching parameters 
and wafer doping. For n-type substrates, this typical i-V behavior is observed 
only under illumination because hole supply is needed. More details about the 
characteristics of the curves i-V are extensively explained in [26,33,35]. 
 It is worth to underline that the parameter that has physical meaning in the 
anodization process is the current density J (at the silicon/electrolyte interface), 
rather than the absolute current i. J and i scale with a fixed constant for a given 
cell, provided that the area of the silicon sample exposed to the electrolyte is 
well defined and fixed. 
 

2.2.2.  Porous silicon formation chemistry 

 To form porous silicon the current at the silicon side of the 
silicon/electrolyte interface must be carried by holes, injected from the bulk 
towards the interface. The current must be kept between zero and the 
electropolishing threshold, as has already been shown in Fig. 2.2. In order to 
achieve significant hole current in n-type silicon, external illumination of the 
sample is required, depending on the doping level. If the current exceeds the 
electropolishing threshold, the anodization results in a progressive, complete 
removal of silicon. The wafer has then a mirror-like appearance.   
 Up to now, several different mechanisms regarding the dissolution 
chemistry of silicon have been proposed but it is generally accepted that holes 
are required for both electropolishing and pores formation.  
 The global anodic semi-reaction can be written during pore formation as 
 

                  Si + 6HF  → H2SiF6 + H2 + 2H+ + 2e-                            (2.1) 
 
 The final and stable product for silicon in HF is H2SiF6, or some of its 
ionized forms; it follows that during the pore formation only two of the four 
available silicon electrons participate in an interface charge transfer while the 
remaining two undergo a corrosive hydrogen formation.  
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 Amongst the various models proposed for the silicon dissolution reaction, 
the mechanism presented by Lehmann and Gösele [4] is the most accepted in 
the porous silicon community. 
 Similarly to most semiconductor junctions, at the silicon/electrolyte 
interface a depletion zone is formed (see Fig. 2.3). The width of this depletion 
zone depends on the doping and may explain the different pore sizes found in p- 
and p+ type doped silicon. In addition, the depletion layer width depends on the 
surface curvature: the anodization preferentially occurs at the pore tips where 
the curvature is largest. Moreover, when the depletion zones of adjacent pores 
meet each other, the current flow is suddenly pinched off. Further silicon 
etching is blocked, and pore collapsing is prevented. For this reason the reaction 
is self limited in the colored anodization regimes of and leads to a porous 
structure rather than to electropolishing. As further practical consequence, in 
stationary conditions, the porosity remains approximately constant, whereas the 
overall thickness of the porous silicon layer grows essentially linearly in time. 
 Further dissolution occurs only at the pore tips, where enough holes are 
available, as is schematically represented in Fig. 2.3. In this way the etching of 
porous silicon proceeds in depth with an overall directionality which follows the 
anodic current paths inside silicon. Once a porous silicon layer is formed no 
more electrochemical etching occurs but a slow chemical one starts, due to the 
permanence in HF.  
 For the case of n-type silicon, the application of back-side illumination in 
potentiostatic regime allows further control on the hole injection, both in terms 
of carrier flux (which is proportional to illumination intensity) and of 
localization of the injection, which is concentrated in the region of the pore tips, 
acting as hole collectors. The etching process leads to a very regular pore 
growth, which is most effectively exploited to fabricate macroporous photonic 
crystal devices, as the one presented in Fig. 2.4. 
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Fig. 2.3. Pore formation in porous silicon. The upper figure shows the initial stage, 
where the pores develop randomly on the silicon surface. In the middle, the self-
regulating process is shown. When the depletion zones around each pore overlap, the 
pore growth changes from an isotropic growth to a highly directional growth. The 
bottom figure shows how the dissolution advances only at the pore tips. [After 36]. 

 
  
 Up to this point, we can say that the main requirements for porous silicon 
formation are:   
1. The silicon wafer must be anodically biased. This corresponds to forward 

biasing for p-type doped silicon, and reverse biasing for n-type doped 
silicon. 

2. For n-type doped and semi-insulating p-type doped silicon, light must be 
supplied. 

3. Current densities below the critical value, JPS, must be used. 
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Fig. 2.4. Example of a two-dimensional photonic crystal. a) Cross section and b) top-
view images of the same sample. It was realized with ordered macroporous porous 
silicon in a n-type doped silicon substrate [After 37]. 

 
 
 The first two conditions are due to the fact that holes are consumed during 
the silicon etching. When the third condition is not fulfilled, the reaction is 
limited by mass transfer to the solution: holes pile up at the silicon-HF interface 
and electropolishing occurs. 
 For all the three conditions mentioned above the holes play an important 
role: in fact, porous silicon formation is a self-regulated mechanism, with hole 
depletion as the limiting agent. The dissolution reaction begins at defects on the 
silicon wafer surface, the pores are formed and their walls are eroded until they 
are emptied of the holes. This formation process passivates them from further 
attack, and the reaction proceeds at the pore end, as is represented in Fig. 2.3.  
 The overall etching process is self-adjusting and the average pore size is 
given by the electrochemical parameters only. 
 

2.2.3.  Pore size and morphology  

 The existing nomenclature, adopted by the International Union of Pure 
and Applied Chemistry (IUPAC), distinguishes three categories with regard to 
the pore dimensions [38]: micropores, mesopores and macropores with average 
pore diameters of < 2 nm, 2-50 nm and > 50 nm, respectively.  
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 This categorization is related only to the pore diameter, but does not 
contain much information about the pore morphology. The term pore 
morphology is used for properties like shape (smooth, branched, facetted, etc.), 
orientation, interconnection of pores, etc. The morphology is the least 
quantifiable aspect of porous silicon. It is very difficult to systematically 
characterize the morphology of porous silicon, which has extremely rich details 
with respect to variations in pore size, shape and spatial distribution. In terms of 
the pore morphology, it can be summarized that microporous and mesoporous 
silicon exhibit typically a sponge-like structure with densely and randomly 
branched pores, which do not show a clear orientation. The tendency to branch 
increases with decreasing pore diameter. In contrast, macroporous silicon can 
have discrete pores with smooth walls, with short branches or with dendritic 
branches.  
 The pores grow preferentially along <100> directions and towards the 
source of positive carriers (holes), which are involved in the electrochemical 
dissolution reaction. Pores with smooth walls tend to be aligned to the source of 
holes, while dendritic pores are aligned in the <100> direction. In this thesis we 
study microporous silicon and the pore size and shape are not considered but for 
the reason that their variation and presence determine the refractive index of the 
porous silicon layer. 
 The formation of porous silicon is selective with respect to the doping of 
the substrate. Some general trends on the layer morphology can be derived for 
different types of starting silicon substrates. Fig. 2.5 shows four cross-sectional 
TEM images of porous silicon samples with different starting substrates [24]. 
The difference in morphology is evident. For p-type doped silicon both size and 
interpore spacing are very small (Fig. 2.5a), typically between 1 and 5 nm, and 
the pore network looks very homogeneous and interconnected. As the dopant 
concentration increases, pore sizes and interpore spacing increases, while the 
specific surface area decreases. The structure becomes anisotropic, with long 
voids running perpendicular to the surface, very evident in highly p-type doped 
silicon (p+), as shown in Fig. 2.5c.  
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 For n-type doped silicon the situation is more complicated. Generally, 
pores in n-type doped silicon are much larger than in p-type doped silicon, and 
pore size and interpore spacing decreases with increasing dopant concentrations. 
Lightly doped n-type substrates anodized in the dark have low porosity           
(1-10 %), with pores in the micrometer range. Under illumination higher values 
of porosity can be achieved, and mesopores are formed together with 
macropores. The final structure depends strongly on anodization conditions, 
especially on light intensity and current density. While highly n- and p-type 
doped silicon show similar structures (compare Fig. 2.5c and d), in n-type 
doped silicon the pores tend to form a randomly directed filamentary structure 
and tend to pipe forming large straight channels approaching the 
electropolishing regime (see Fig. 2.5b).   
 
 

 

Fig. 2.5. Cross-sectional TEM images showing the basic differences in morphology 
among different types of samples. (a) p-type silicon; (b) n-type silicon; (c) p+-type 
silicon; (d) n+-type silicon. [After 26]. 

a)  b) 

c)  d) 
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2.2.4. Anodization parameters  

 The porous silicon formation process with electrochemical anodization 
has been widely developed by many authors. [39-44]. The parameters that 
influence on this formation process are:  

 The substrate doping. 

 The current density.  

 The HF concentration: the higher the concentration, the lower the pore size 
and the porosity. HF concentration determines JPS, that is the upper limit to 
current density values. With a fixed and low HF concentration the range 
over which the current density can be varied is short, and it becomes wider 
by increasing the HF concentration. 

 The solvent where the HF is diluted: since porous silicon is organophilic 
and hydrophobic, the use of ethanol guarantees a higher homogeneity, due 
to a better wettability of the surface than deionized water. 

 The etching time: longer etching times lead to thicker layers, but for long 
times an anisotropy in depth in the layer due to the chemical action of the 
electrolyte is introduced. 

 The illumination during the etch, essential for n-type substrates [40]. 
 
 The porosity, thickness, pore diameter and microstructure of porous 
silicon depend on the anodization conditions, as is briefly explained in Table 
2.I. These conditions include HF concentration, current density, wafer type and 
resistivity, anodization time, illumination (required for n-type silicon and semi-
insulating p-type silicon), temperature, ambient humidity and drying conditions. 
 For a fixed current density, the porosity decreases when HF concentration 
increases [45,46]). Fixing the HF concentration and the current density, the 
porosity increases with the thickness. This happens because of the extra 
chemical dissolution of the porous silicon layer in HF.  
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 Porosity Etch rate Critical current 

HF concentration decreases decreases increases 
Current density increases increases - 

Anodization time increases almost constant - 
Temperature - - increases 

Wafer doping (p-type) decreases increases increases 
Wafer doping (n-type) increases increases - 

Table 2.I. Effect of anodization parameters on porous silicon formation. An increase of 
the parameters of the first column leads to a variation of the elements in the rest of 
columns. Adapted from [47]. 

 
 
 The thickness of a porous silicon layer is determined by the time that the 
current density is applied, that is the anodization time. To have a thicker layer, a 
longer anodization time is required. For this reason, the periodic variation of the 
current density during the etching process allows the production of multilayers 
formed by layers with different optical thicknesses.  
 Another advantage of the formation process of porous silicon is that once 
a porous layer has been formed, no more electrochemical etching occurs for it 
during the following current density variations. Hence, the porosity can be 
modulated in depth [48]. This fact allows the fabrication of any refractive index 
profile.  
 A longer permanence time of silicon in HF solution results in a higher 
mass of chemically dissolved silicon. This effect is more important for lightly 
doped silicon, while it is almost negligible for heavily doped silicon. This is due 
to the lower specific surface area. 
 All these characteristics contribute to the easy formation of porous silicon 
one-dimensional photonic structures, with no need to use excessively expensive 
equipment [49]. 
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2.2.5. Photoluminescence of porous silicon 

The discovery by Canham [2] in 1990 of strong visible luminescence 
from anodically etched p-doped silicon generated much interest within the 
scientific community because porous silicon became an attractive material in 
the field of electronics and optoelectronics [50-53].  

Porous silicon offers a considerable technological interest because it 
may allow the convenient incorporation of optical elements into silicon 
integrated circuits. The incorporation of a stable and efficient luminescent 
porous silicon element into a microelectronic circuit encourages the possibility 
of commercial applications significantly.  

Porous silicon based structures have been reported to luminescence 
efficiently across the whole range from the near infrared (∼1.5 µm), through the 
visible region, and into the near UV. Emission over such a broad spectral range 
arises from a small number of clearly distinct luminescence bands of different 
origin, which are listed in Table 2.II. 
 
 

Spectral range 
Peak wavelength 

(nm) 
Luminescence band 

label 
PL EL 

UV ∼350 UV band Yes No 
Blue-green ∼470 F band Yes No 
Blue-red 400-800 S band Yes Yes 
Near IR 1100-1500 IR band Yes No 

Table 2.II. Porous silicon luminescence bands [After 54] 

  
 The general properties of each luminescence band and the conditions 
under which they are observed have been briefly reviewed quite recently [55]. 
The so-called ‘‘S-band’’ luminescence has received by far the most attention to 
date [56-59], and has the most technological significance, since it can be 
efficiently electrically excited. This band has been tuned across the entire 
visible range from deep red to blue [60]. However, it is worth briefly 
mentioning the most likely origin of the other luminescence bands. The blue-
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green photoluminescence (PL) emission (the so-called ‘‘F-band’’ due to its fast 
nanosecond decay time) was first reported by Harvey et al. [61] in 1992. 
Following the demonstration by Kovalev et al. [62] of quite strong PL output of 
this type from oxidized porous silicon produced by RTO treatment, the F-band 
has been the subject of several recent studies [55,63-66]. It is, however, only 
observed in oxidized structures and is very likely to originate from 
contaminated [67] or defective silicon oxide [63]. 
 Infrared emission at room temperature was first achieved by Fauchet et 
al. [68] for material annealed under ultrahigh vacuum (UHV). As discussed in 
[69] the origin of this radiation could be dangling bond related [70], although no 
direct correlation has yet been demonstrated.  
 Ultraviolet emission was first reported by Jiang et al. [171] in 1993 
from oxidized material under soft x-ray excitation. Stronger room temperature 
output has been subsequently reported [72-76]. As with the blue-green F-band, 
the UV bands are only observed from oxidized layers and are likely also to arise 
from the defective oxide phase [73].    

 
 
2.3. Applications of porous silicon  

Porous silicon is a dielectric material with many different applications. 
The potential application areas of porous silicon are summarized in Table 2.III, 
where the property of porous silicon used for each application is shown. 

In this work, porous silicon has been used for the fabrication of 
multilayers for optical applications, using the photonic bandgap characteristic of 
these multilayers for the formation of filters, microcavities, omnidirectional 
mirrors and waveguides. These applications are explained in detail in the next 
subsections together with some other porous silicon applications widely 
reported. 
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Application area Role of porous silicon Key property 

Optoelectronics LED Efficient electroluminescence 

Waveguide Tunability of refractive index 

Field emitter Hot carrier emission  

Optical memory Non-linear properties 

Micro-optics Fabry-Pérot Filters Refractive index modulation 

Photonic bandgap structures Regular macropore array 
 

All optical switching Highly non-linear properties 

Energy conversion Antireflection coatings Low refractive index 

 Photo-electrochemical cells  Photocorrosion cells  

Environmental monitoring Gas sensing Ambient sensitive properties 

Microelectronics Micro-capacitor High specific surface area 

Insulator layer  High resistance 
 

Low-k material Electrical properties 

Wafer technology Buffer layer in heteroepitaxy Variable lattice parameter 

 SOI wafers High etching selectivity 

Micromachining Thick sacrificial layer Highly controllable etching 
tBiotechnology Tissue bonding Tunable chemical reactivity 

 Biosensor Enzyme immobilization 

Table 2.III. Potential application areas of porous silicon [Adapted from 77]. 

  
 
2.3.1. Distributed Bragg Reflectors  

 Distributed Bragg reflectors are dielectric multilayers based on the effect 
of multiple interferences that occurs when a light beam is reflected by various 
dielectric interfaces. A simple scheme of multiple interferences is shown in Fig. 
2.6 [78], where a single film is compared with a stack of thin films (multilayer). 
At each interface between the two materials with different refractive index, a 
reflection occurs. In the case of a single layer film the reflected beam is the 
result of the interference of the two beams reflected at the air-film and film-
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substrate interfaces. Instead in the case of the multilayer film, the reflected 
beam is the result of the interference of the multiple beams reflected at each of 
the different interfaces. By choosing, in an appropriate way, the thicknesses and 
the values of the refractive indices of the various layers, it is possible to 
generate different reflectivity spectra. The final result is the possibility to realize 
constructive and destructive interferences at different wavelengths.  

 
 

 

 

 

 

 

 

 

 

 

 

Fig. 2.6. On the left part of the figure it is shown the reflection and transmission of light 
by a single thin film. On the right the case of a multilayer is shown. After [78]. 

  
Distributed Bragg Reflectors (DBR) are multilayer structures formed by 

the periodic repetition of two layers with different refractive index (nH and nL) 
and thicknesses (hH and hL, respectively). The reflectivity spectrum of a DBR 
presents a high reflectivity for a given spectral region, centered at wavelength λ. 
The reason of this is due to the fact that for the wavelengths close to this λ all 
the beams, which are reflected by the multiple interfaces, have the same phase 
when they reach the top interface. Thus they interfere constructively. For other 
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wavelengths the interference is no longer constructive and the reflectivity 
consequently drops. The range of wavelengths that are reflected is called the 
photonic stopband. Within this range of wavelengths, light is "forbidden" to 
propagate in the structure. 

The most commonly used structure of DBR is the so called quarter 
wave DBR, where the optical thickness of the layers is nHhH=nLhL=λ/4 and the 
period of the structure is Λ= hH+hL [40]. The schematic structure of a DBR can 
be observed in Fig. 2.7.  

 
 
 
 
 
 
 
 

 

Fig. 2.7. Schematic cross-section of a periodic DBR. ni and hi are the refractive index 
and thickness of layer i, respectively. N is the number of periods. 

 
 
 In the explanation of the porous silicon formation process, we have 
observed that it is a very suitable material for the fabrication of multilayers 
because the refractive index and thickness of the layers can be selected by 
changing the formation parameters during the fabrication process [19]. 

Porous silicon DBRs have been fabricated by many different groups 
[79-84,]. The reflectivity of these structures has been widely studied [19,80,85], 
but also their photo-emission [85] and the roughness between their layers [86]. 
The most common application of these DBRs is filtering [81,87], but they have 

 hH                      hL                 Λ 

n0       nH     nL            N periods  
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also been used as sensors of the light polarization [88] and part of lasers [89] 
and waveguides [90].  
  
 

2.3.2. Microcavities 

The structure of microcavities, also called Fabry-Pérot filters, consists 
of two parallel DBR separated by a spacer layer, whose refractive index can be 
the same or different to the ones used for the DBRs. The optical thickness of the 
spacer layer can be λ or λ/2 [91]. Fig. 2.8 shows the schematic structure of a 
microcavity. The reflectivity spectrum of this structure is characterized by a 
very narrow pass-band centered in a high reflectivity wavelength range.  

Microcavities can be used as band-pass filters with a tuned position of 
the peak [19,92], tunable mirrors [93] and detectors of substances like ethanol, 
methanol, acetone, chlorobenzene and nitrogen dioxide, among others [94-97]. 
They also improve the light emitting capacity of porous silicon. Microcavity 
structures can also be advantageous for photoluminescence and 
electroluminescence in order to reduce the full width at half maximum 
(FWHM) [91,98-101].   

 
 
 

 
 
 

 

 

 

Fig. 2.8. Schematic cross-section of a microcavity. The spacer layer refractive index is 
nS and its thickness is dS. It is inserted in between two symmetric DBR with refractive 
indices nH and nL and thicknesses hH and hL.  

   nH    nL                  ns        nL    nH 

   ....            .... 
   dH    dL                  ds 
 
 

       DBR1 (λ/4)           Spacer            DBR2 (λ/4) 
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2.3.3. Rugate filters  

These filters are characterized by a continuous, mostly sinusoidal 
change of the refractive index with depth [102]. These structures have been 
investigated for 20 years, because a smooth index profile can improve many 
features of optical devices with respect to dielectric multilayers [103]. The main 
difficulty is the experimental realization, which requires gradual mixing of 
different materials; this is the reason for the low number of works in this area. 
Rugate filters have been reported in the past by evaporation [104-105], reactive 
sputtering [106], plasma-enhanced chemical vapor deposition [107] and 
glancing angle deposition [108].  

Porous silicon is an excellent material for the fabrications of rugate 
filters because the anodization current can be gradually modulated obtaining 
soft index profiles [48]. In the last years, some groups have reported the first 
porous silicon-based rugate filters [102,109]. Some of the main advantages of 
these structures are that they do not show higher harmonics and that the typical 
DBR sidelobes of the reflection bands are reduced or even suppressed [103].  

 

2.3.4. Omnidirectional mirrors 

 Omnidirectional mirrors are multilayers that reflect light for any 
incidence angle and for any polarization in a wavelength range [110]. This 
characteristic is due to the existence of a bandgap that exists for any incidence 
angle and for both polarizations TE and TM.  

The most widely used structure of one-dimensional mirrors is the one 
consisting of the periodic repetition of two dielectric layers with different 
refractive index [111,112], although other structures have been reported. 
[39,113,114].  Dielectric mirrors have many advantages over metallic mirrors, 
like low optical loss, no light absorption, high mechanical strength, and high 
reflectivity within a wide range of wavelengths [115,116]. 
 Although different groups have reported dielectric omnidirectional 
mirrors, porous silicon omnidirectional mirrors have been only analyzed and 
fabricated by the group of G. Lérondel [39].  
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2.3.5. Waveguides  

 Since the first report on the use of porous silicon as an optical 
waveguide medium in the 90s, significant development has been made towards 
the understanding and applicability of such material. Different groups have 
studied the fabrication of porous silicon waveguides and their basic properties 
(modes, losses) [117-121]. 

The infiltration of liquids in the pores resulting in an induced phase shift 
and/or variation in the guided light intensity allows the use of porous silicon 
waveguide as sensors. For example, the introduction of solvents (acetone, 
methanol, and propan-2-ol) into the pores is shown to dramatically reduce the 
loss of the waveguides in a reversible manner [122,123].  

Waveguides based on porous silicon multilayers allow the 
micromachining of photonic integrated circuits as it can be used to confine, 
manipulate, and guide the photons [124-127]. 

Waveguides based on multilayers have attracted a great interest because 
their guiding mechanism is completely different to the conventional waveguides 
based on total internal reflection [125,128] but these waveguides made of 
porous silicon have not been widely reported [129].  

 
 

2.3.6. Sensors 

Porous silicon multilayers have been used for sensing different 
substances. In particular microcavity structures have been used for hydrocarbon 
sensors [42,130] or biosensors [131,132], where changes of the optical 
properties of the porous silicon microcavity are analyzed. On the other hand, 
porous silicon monolayers have been used in humidity sensors, designed to 
detect humidity through changes of its electrical properties [133-134]. Despite 
optical measurements may be more robust for some applications, only a few 
authors proposed the analysis of the optical properties of porous silicon 
microcavities for the detection of humidity changes [135]. 
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2.3.7. Other applications 

The possibility of electroluminescent devices fabricated with porous 
silicon was realised soon after the demonstration of photoluminescence from 
porous silicon. Electroluminescent devices like light emitting diodes (LEDs) or 
injection lasers [136-140] made of porous silicon have been reported. To 
complement light emission from the material a variety of photodetectors made 
of porous silicon have also been reported [141,142]. Porous silicon multilayers 
have also been used for the realization of integrated optoelectronic devices, 
consisting of a LED connected to a photodetector with a waveguide [124,143]. 
This material has also been investigated as a possible anti-reflecting coating in 
solar cells [144]. Porous silicon dissolves quickly in alkaline solutions, which 
has led to numerous applications for porous silicon as sacrificial layer in 
micromachining [145-148]. 
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Chapter 4 

Analysis and design of optical devices 
based on porous silicon multilayers 

 
 In this chapter, the study and design of multilayer optical devices are 
presented. These optical devices are omnidirectional mirrors and waveguides. 
For the case of omnidirectional mirrors, in addition to the known periodic 
multilayer structure, three different new multilayer structures are proposed for 
the widening of the omnidirectional bandgap. For the case of waveguides, the 
modal study of porous silicon waveguides based on total internal reflection is 
developed. Waveguides based on the properties of photonic crystals are also 
widely studied, proposing the use of omnidirectional mirrors and DBR for their 
cladding. All these multilayer optical devices have been designed for 1.55 µm 
applications and the use of porous silicon for their fabrication is discussed. For 
this study, the simulation programs explained in the previous chapter have been 
used.   
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4.1. Omnidirectional mirrors (OM) 
 Omnidirectional mirrors are characterized by their omnidirectional 
bandgap, that is the wavelength range where the reflectivity is the unity for any 
incidence angle and any polarization. The width of the omnidirectional bandgap 
depends on the structure of the mirror.  
 In the next sections, multilayer omnidirectional mirrors with different 
structures based on porous silicon are studied for 1.55 µm applications. They 
are explained and mathematically analyzed using the transfer matrix method 
[151]. The aim of this study is the design of a porous silicon mirror with an 
enlarged omnidirectional bandgap. Firstly, the widely used periodic mirror is 
presented and studied. Next, the fairly used chirped structure is described and its 
advantages are evaluated. Finally, the analysis and study of the random 
structure lead us to two new OM structures with an enlarged omnidirectional 
bandgap: the balanced and the unbalanced mirrors. 
 

4.1.1. Periodic OM 

 The multilayer structure most commonly used for the formation of 
omnidirectional mirrors is the periodic structure [110-112,116]. Ideally, it is an 
infinitely extended multilayer consisting of the periodic repetition of two 
different refractive index layers nH and nL and thicknesses hH and hL, 
respectively. The period thickness or bilayer thickness of the structure is 
Λ=hH+hL, and the refractive index profile is given by n(x)=n(x+Λ).  

Porous silicon periodic OMs have been simulated  and analyzed. From 
the study of these structures, the presence and width of the omnidirectional 
bandgap has been observed to depend mainly on three different factors. 
 

4.1.1.1. Refractive indices nH and nL  

The existence of one or more omnidirectional bandgaps depends on the 
refractive indices nH and nL of the mirror [161]. This dependence can be 
observed in the examples presented in Fig. 4.1. This figure shows the projected 
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band structure (PBS) of a periodic infinite multilayer for three different nH/nL 

ratios. The omnidirectional bandgaps are black colored. We can observe that the 
structure with ratio nH/nL=2.1/1.55 does not have any omnidirectional bandgap. 
On the contrary, the other two structures have an omnidirectional bandgap.  
 
 
 
 
 
 
 
 
 

Fig. 4.1. Projected band structure of a multilayer with nH/nL=2.1/1.5 (left), 
nH/nL=2.3/1.5 (center) and nH/nL=2.5/1.5 (right). 

 
In this figure we can also observe that the refractive indices not only 

determine the existence of the bandgap but also its width. The omnidirectional 
bandgap of the structure represented in Fig. 4.1c is wider than the one in Fig. 
4.1b. Is the width of the omnidirectional bandgap related to the nH/nL ratio? Or 
there is an optimum nL for each nH? Can we calculate the optimum nH and nL for 
obtaining the widest omnidirectional bandgap? The answers to all these 
questions are given in the two next subsections. 
 
 
a) Influence of nH on the width of the omnidirectional bandgap 

 In this section we study the omnidirectional bandgap width for a given 
high refractive index layer, nH. In fact, we study the relative gap width, which is 
expressed as (∆ω/ω0) 
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where ωH and ωL are the upper and lower limits of the omnidirectional bandgap 
(see Fig. 4.1) and ω0 is the center frequency of the omnidirectional bandgap. 
 The influence of nH on the omnidirectional bandgap width can be 
observed in Fig. 4.2 that shows the maximum relative band width, (∆ω/ω0)max  as 
a function of the high-index value nH. It is clear from the graph that the 
maximum value of (∆ω/ω0) increases when increasing nH. It can be observed 
that the minimum value for nH to obtain an omnidirectional reflection is 2.25 
and that the maximum (∆ω/ω0) is around 0.12, which is approximately the 
maximum attainable (∆ω/ω0) using porous silicon.  

 

 

             

 
Fig. 4.2. Maximum (∆ω/ω0) ratio as a function of the high refractive index (nH). 

 

 

b) Influence of nL on the width of the omnidirectional bandgap 

 We now analyse the influence of the low refractive index value on the 
width of the omnidirectional bandgap. From the field of photonic crystals, it is 
known that the bigger the contrast between the high- and low-refractive indices 
the wider the photonic bandgap. We have observed in the previous section that 
the relative gap width increases with increasing nH until the upper bound for nH 
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(limited by the porous silicon technology) is reached. In this section we evaluate 
if the complementary hypothesis is right, that is, if the decrease of nL leads to a 
increase of the relative gap width. 
 To this end, we have calculated the relative bandgap width (∆ω/ω0) that 
can be attained for every pair (nH,nL).  The results are plotted in Fig. 4.3a, where 
(∆ω/ω0) is represented for every point (nH,nL). The points with the same 
(∆ω/ω0) are connected obtaining the contours of constant (∆ω/ω0). The straight 
line connects the maximum (∆ω/ω0) for every value of nH. From this plot we 
can conclude that there exists an optimal nL for every nH, and that for the whole 
range of nH this optimal nL is around 1.5. Fig. 4.3b shows the straight line in 
Fig. 4.3a with a closer scale so that the variation can be observed in detail.  

This fact leads to an important conclusion for porous silicon 
omnidirectional mirrors: there is no advantage in lowering the low refractive 
index below this optimal nL, and therefore the decrease of nL does not necessary 
lead to an increase of the relative gap width. Another important conclusion 
obtained from these results is the difference between the optimal refractive 
indices for a DBR and for an omnidirectional mirror. For DBR, where the 
structure is optimised for only one angle of incidence, the widening of the 
bandgap depends on the ratio nH/nL and the higher the ratio the widest the 
bandgap; whereas for omnidirectional mirrors, the width of the omnidirectional 
bandgap cannot be studied in terms of nH/nL ratio. For the design of an 
omnidirectional mirror, the most appropriate is to consider both refractive 
indices separately, as has been done in this section, because an increment of the 
nH/nL ratio, does not necessarily lead to a widening of the omnidirectional 
bandgap.      
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Fig. 4.3. a) Contours of constant (∆ω/ω0) as a function of the high refractive index nH 
and the low refractive index nL. The straight line connects the points (nH,nL) with the 
(∆ω/ω0)max for every value of nH. b) Zoom of the straight line plotted in a) to show the 
variation of the optimal nL.  

 
 

4.1.1.2. Thickness of one layer (hH) and period thickness (Λ) ratio: 
(hH/Λ) 

The first question that arise when designing an omnidirectional mirror, 
and after the determination of (nH,nL), is the optimal value of thickness for the 
high-index and the low-index layers. It is well accepted that for mirrors for a 
fixed angle of incidence (with applications in laser resonators, laser optics, 
imaging systems), the optimal design is the quarter wave stack: a stack where 
the optical thickness of the layers is a quarter of the design wavelength, taking 
into account the angle of incidence in the case of non-normal incidence. 
However, the case here is quite different as there is not a fixed angle of 
incidence, but the mirror must be high-reflecting for all possible angles and all 
polarizations for a wavelength range as large as possible.  

The bandgap width depends on three variables nH, nL and hH, because hL 

depends on hH with the expression hL=Λ-hH. Therefore we could the relativegap 
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width as a function for these variables. But here we study the bandgap as a 
function of two different variables: the total optical thickness of one period of 
the photonic crystal, oT=nH·hH+nL··hL, and the ratio between optical thicknesses 
oR=nL·hL/nH·hH. The choice of oR and oT for the representation is motivated by 
the fact that in this way it is easier to recognize the maximum width and its 
position. Besides, with these two variables it is easier to interpret the results in 
terms of usual magnitudes in thin-film coating design. In order to be general 
enough, the optical thicknesses are expressed in terms of the design wavelength. 

Fig. 4.4 shows the contours of constant (∆ω/ω0) as a function of oT and 
oR for three different values of nH: nH=2.30, nH=2.50, nH=2.70. It is worth 
reminding that the refractive index of porous silicon may range from 1.2 to 2.7, 
approximately. The maximum (∆ω/ω0), its position and its value are indicated 
in each plot. 
 

Fig. 4.4. Contours of constant (∆ω/ω0) for a) nH =2.3, b) nH=2.5, c) nH=2.7. The 
maximum (∆ω/ω0) is marked by a cross symbol and its value and the pair (oR,oT) for 
this maximum is written.  
 
 

In the graphs we can observe that the maximum (∆ω/ω0) appears 
approximately at the same position for all the values of nH. If we observe the 
results for nH=2.50, this maximum is at oR=0.785 and oT= 0.559λ0, that 
correspond to optical thicknesses oH=nH·dH=0.313λ0 and oL=nL·dL=0.246λ0. 
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Notice that the total optical thickness oT is slightly bigger than half of the design 
wavelength and that the ratio of the optical thicknesses oR is not 1. 
Consequently, the quarter-wave design, which gives the maximum width at a 
given angle of incidence, is not the optimal if all incidence angles are 
considered. 

Now that the quarter-wave structure is known not to be the optimal 
design, we study the optimal hH/Λ that leads to the maximum (∆ω/ω0). In Fig. 
4.5, an example case with nH=2.5 and nL=1.5 is shown. The PBS of the periodic 
infinite multilayer for three different values of hH/Λ are plotted. We can observe 
that the width of the omnidirectional bandgap depends on the hH/Λ ratio, and 
that there is an optimal hH/Λ ratio for which the omnidirectional bandgap is 
maximum. Although Fig. 4.5 only shows the simulations for three hH/Λ values, 
the simulations have been realized for all the values of hH/Λ between 0.2 and 
0.8, with step 0.01, and it has been observed that the ratio resulting in the widest 
omnidirectional bandgap is hH/Λ=0.4. Although the optimal ratio is 0.4 for these 
nH and nL values, each pair (nH,nL) that presents an omnidirectional bandgap has 
its own optimal hH/Λ, that has to be calculated for every single case.  
 
 
 
 
 
 
 

 

Fig. 4.5. Projected band structure of a multilayer with nH=2.5, nL=1.5 for hH/Λ=0.7 
(left), hH/Λ=0.6 (center) and hH/Λ=0.4 (right). 
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4.1.1.3. Number of periods  

The mirrors studied in the previous subsections are infinite periodic 
structures. These structures are ideal since real multilayers have a finite number 
of periods N. Although real multilayers have few periods, the reflectivity 
spectrum of finite multilayers tends to the reflectivity spectrum of infinite 
multilayers exponentially with N [161] Thus, not many periods of the finite 
multilayer are needed to obtain bandgap widths similar to the ones calculated 
from the PBS. When the number of periods N increases, the reflectivity of the 
bandgap increases and its edges are sharper.  

This can be observed in Fig. 4.6 that shows the reflectivity spectrum of 
a multilayer with nH=2.5, nL=1.55 and hH/Λ=0.4 for different number of periods. 
The omnidirectional bandgap is defined between the lower band-edge of the 
normal incidence spectrum and the higher band-edge of the perpendicular 
incidence spectrum for TM polarization, because this polarization is more 
restrictive than TE polarization. For N=5, it can be clearly seen that the normal 
incidence spectrum has a low reflectivity and that, for perpendicular incidence 
the reflectivity neither reaches the unity for any wavelength within the bandgap. 
It can be considered that the omnidirectional bandgap does not exist. For N=20, 
the omnidirectional bandgap exists and is centered at 1.55 µm. It can be also 
observed that the limits of the omnidirectional bandgap are sharper when N 
increases.  

Up to this point, the influence of the different parameters on the 
omnidirectional bandgap is known. Now, the optimal parameters to obtain the 
widest omnidirectional bandgap at λ=1.55 µm with porous silicon are 
estimated. 
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Fig. 4.6. Reflectivity spectrum of a multilayer with nH=2.5, nL=1.55 and hH/Λ=0.4 and 
number of periods a) N= 5  b) N=20. 

 
 
4.1.1.4. Omnidireccional mirror with a periodic structure for        
1.55 µm applications. 

 As we have demonstrated in previous sections, the refractive indices 
(nH,,nL) and the thickness ratio hH/Λ determine the existence and the width of 
the omnidirectional bandgap in a periodic multilayer. It has also been observed 
that the projected band structure of the multilayer shows graphically the width 
of the omnidirectional bandgap and the normalized frequencies at which it 
exists.  
 For the design of the periodic porous silicon mirror for 1.55 µm 
applications, two typical and obtainable porous silicon refractive indices [19] 
have been chosen. In the previous sections it has been demonstrated that the 
higher nH, the wider the omnidirectional bandgap. For this reason, the high 
refractive index chosen is 2.5, that is a typical high refractive index for porous 
silicon. A higher nH value would imply a high complexity during the fabrication 
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process of porous silicon. In the previous section it has been demonstrated that 
for this nH, the optimal low refractive index for the widest omnidirectional 
bandgap is nL=1.5, when the incidence medium is air. These two refractive 
indices have been obtained by other authors using the porous silicon technology 
[39].  
 The periodic mirror structure obtained with these two refractive indices 
has an omnidirectional bandgap, whose width depends on the ratio hH/Λ. The 
largest omnidirectional bandgap of this structure is obtained when ratio hH/Λ is 
0.4. Fig. 4.7a shows the projected band structure of this infinite periodic 
multilayer calculated with the transfer matrix method. The central normalized 
frequency of the omnidirectional bandgap is ωc=0.2954, and the width is ωH-ωL 
=0.3053-0.2855=0.0198. The central wavelength of the bandgap (λc) depends 
on the period thickness Λ, according to ωc=Λ/λc. Therefore, the periodic 
structure with the omnidirectional bandgap centered at 1.55 µm has a Λ=ωc·λc = 
458 nm. The thickness of the two layers of the period will be hH=0.4Λ=183 nm 
and hL=275 nm.  
  
 
 
 
 
 
 
 
 

Fig. 4.7. (a) Projected band structure of an infinite periodic multilayer with nH=2.5, 
nL=1.5, hH/Λ=0.4. The solid lines indicate the light lines and the dashed line indicates 
the Brewster line. The black area indicates the omnidirectional bandgap. (b) Reflectivity 
spectrum of a periodic multilayer with 42 periods for TE and TM polarizations and for 
incidence angles 0º and 89.5º. The width of the omnidirectional bandgap is ∆λ=110 nm, 
centered at 1.55 µm.  
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 The reflectivity spectrum of this mirror with a finite number of periods 
(N=42) is shown in Fig. 4.7b. The width of the omnidirectional bandgap is 110 
nm for a reflectivity higher that 99%. As can be seen in this figure, the 
omnidirectional bandgap is centered at 1.55 µm. 
 Some omnidirectional mirror applications (waveguides [128], antennas 
substrates [162], etc.) require wide bandgaps. A wide omnidirectional bandgap 
can be obtained appropriately choosing (nH,nL) and its corresponding optimal 
hH/Λ, as has been demonstrated in this section. But, as explained before, the 
maximum refractive index of porous silicon is limited due to the characteristics 
of the material. Another way for obtaining mirrors with a wider omnidirectional 
bandgap, keeping constant the refractive indices (nH,nL), is modifying the 
structure of the multilayer. The aim of the multilayer structures that are 
explained in the next sections is the widening of the omnidirectional bandgap. 
The omnidirectional bandgap width of all of them will be compared with the 
one of the periodic mirror structure studied in this section. 
 

4.1.2. Chirped OM 

 In order to obtain enlarged omnidirectional bandgap mirrors, 
Yablonovitch [113] proposed the chirped structure. It is a multilayer consisting 
of N bilayers with refractive index nH and nL, where the thickness of the bilayer 
Λ is continuously increased. In the case of porous silicon, this increment is 
obtained by increasing the etching time for each layer. Although this structure 
was firstly proposed by E. Yablonovitch [113] it has been fabricated in porous 
silicon only by the group of G. Lérondel for 1.3 µm applications [39], 
demonstrating that chirped structures exhibit an enlarged omnidirectional 
bandgap. 
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4.1.2.1.  Omnidirectional mirror with chirped structure for 1.55 µm 
applications. 

 For the design and simulation of the chirped structure, the parameters 
chosen are the ones determined in the periodic OM study. These parameters are 
nH=2.5, nL=1.5 and hH/Λ=0.4. The use of these same parameters for all the 
mirror structures studied in this section will enable the comparison between 
them.  
 The group of values of Λ in the chirped structure is named bilayers 
thickness range [Λ], and it determines the wavelength at which the 
omnidirectional bandgap is centered. By studying the behavior of the chirped 
structure, a relation between the range [Λ] and the central wavelength of the 
omnidirectional bandgap (λC) has been determined: it can be considered that a 
chirped structure is a periodic structure with Λ equal to an averaged value of 
[Λ]. In section 4.1.1.4 the thickness Λ of the periodic structure with these 
characteristics has been calculated for λc=1.55 µm, resulting in Λ= 458 nm. 
Therefore, the average value of the thickness range [Λ] has to be approximately 
458 nm.  
 Fig. 4.8 shows the reflectivity spectrum of this chirped structure 
consisting of 42 bilayers where the thickness Λ increases continuously from 381 
to 516 nm. The number of bilayers is the same used for the periodic mirror in 
order to better compare the results with both structures. The omnidirectional 
bandgap is centered at 1.55 µm  and its width for reflectivity higher than 99% is 
362 nm.  
 Notice that the omnidirectional bandgap of the chirped structure is 
wider than the one of the structure with the same characteristics. This can be 
observed by comparing the bandgap of the periodic structure in Fig. 4.7b and 
the one of the chirped structure in Fig. 4.8. Both structures have the same 
refractive indices, the same hH/Λ ratio and the same number of periods but the 
bandgap of the chirped structure is 2.7 times wider than the one of the periodic 
structure. 
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Fig. 4.8. Reflectivity spectrum of the chirped multilayer. The width of the 
omnidirectional bandgap is 304 nm, centered at 1.55 µm.  

 

4.1.3. Random OM 

 The multilayers with a random structure were studied for normal 
incidence by Pavesi [163]. This structure consists of the repetition of two layers 
with refractive indices nH (high refractive index layer) and nL (low refractive 
index layer). The randomness is obtained as a variation in the thickness of the 
high refractive index layer (hH). The set of thicknesses hH

I is randomly 
generated, with a histogram that tends to a gaussian distribution centered at the 
average value <hH> and with standard deviation σ. 
 Here we study the omnidirectional reflectivity of the random structure. 
Different parameters of the random multilayer have been studied. All of them 
have a great influence on the width of the omnidirectional bandgap. Next, these 
characteristics are explained and discussed: 
 

a) Refractive index of the first layer of the structure. 

 This layer is in contact with the ambient medium, characterized as n0 
that is usually air. When this first layer is the one with the high refractive index 
(nH), the mirror has a wider omnidirectional bandgap than the mirror with the 
same characteristics where this first layer is the low refractive index layer (nL). 

Wavelength (µm)
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(a)                          (b) 

Fig. 4.9 shows the reflectivity spectrum of two random mirrors with the same 
parameters and where the only difference between them lies on this different 
layer order. It is clearly observable that the bandgap of the first mirror is wider 
than the one of the second mirror. This effect could be due to the fact that the 
difference between the refractive indices of air and nH is higher than the 
difference between air and nL [40]. 

 

 

Fig. 4.9. Reflectivity spectrum of two mirrors with nH=2.5, nL=1.55, hL=268 nm and the 
same hH

I. The first layer of the mirror is a) nH and b) nL. The omnidirectional bandgap 
of the mirrors is gray colored. 

 
 
b) Standard deviation 

 The standard deviation σ of the set of thicknesses hH
I influences on the 

width of the bandgap. Fig. 4.10 shows three random structures where the only 
difference among them is the deviation σ. We can observe that the increase of 
the deviation σ leads to the widening of the omnidirectional bandgap of the 
mirror. 
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Fig. 4.10. Reflectivity spectrum of random structure mirrors with nH=2.5, nL=1.5, 
hL=268 nm and 26 periods. The deviation σ of the set of values hH

I is a) σ=14.14e-9  b)  
σ=18.19e-9  c) σ=22.19e-9. At the right side of the spectral representation, the 
histogram with the number of times that each thickness hH has been used is shown. 

 
 

c) Average of the set of values hH
I (<hH>)  

The central wavelength (λc) of the omnidirectional bandgap is 
determined by the average value <hH>. In fact, the random structure can be 
considered a periodic structure regarding to the refractive index, and its period 
Λ can be expressed as Λ=<hH>+hL. Using this nomenclature, the projected band 
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structure (PBS) is the one of the multilayer with nH, nL and ratio 
<hH>/(<hH>+hL). From the PBS, the normalized central frequency of the 
omnidirectional bandgap <ωc> is obtained. As has been explained before, this 
frequency is related with λc according to λc =Λ/ωc· By this way, the estimated 
central wavelength of the random structure can be calculated as 
λc=(<hH>+hL)/<ωc>. The value of the calculated λc is orientative, it can not be 
considered an exact value as the average value <hH> is used. 
 
d) Difference between two consecutive elements hH

I 

 The difference between two consecutive thicknesses hH
I, that can be 

expressed as ∆=hH
i+1-hH

i for i=1..(N-1), also influences on the width of the 
omnidirectional bandgap. Fig. 4.11 shows the reflectivity spectrum of two 
random mirrors with the same characteristics and with the same set of 
thicknesses hH

I, but in a different order. Whereas for the first mirror ∆ is 
constant or zero, the second has a variable ∆. It can be observed that the 
omnidirectional bandgap of the second mirror is considerably narrower than the 
one of the first mirror. We can conclude that the mirrors with the set of 
thicknesses hH

I where ∆ is constant or zero have a wider omnidirectional 
bandgap than those where ∆ is variable.  
 

Fig. 4.11. Reflectivity spectrum of two mirrors with nH=2.5, nL=1.55, hL=268 nm and 
42 periods. The difference ∆ is a) constant or zero,  b) variable. 
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e) Distribution of the elements hH
I 

The order of the elements in the set hH
I
 influences on the width of the 

omnidirectional bandgap. The elements hH
I can be increasingly ordered, that is, 

from low to high thickness, being the lower the one in contact with the air. They 
could also be decreasingly ordered, or in a random order. Fig. 4.12 shows the 
reflectivity spectrum of a mirror where the order of the elements hH

I is different 
for each case. The multilayer that shows a narrower bandgap is the one with the 
decreasing order. In the case of the multilayers with random order, it can be 
clearly seen that the width of the bandgap has a great dependence on the set of 
elements hH

I
. From these results, we can consider that the mirror with the hH

I 
elements decreasingly ordered is the structure that leads to a wide bandgap 
without the dependence, and therefore, the design complexity of the structure 
with random series.  
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.12. Reflectivity spectrum of the random mirror with nH=2.5, nL=1.5, hL=268 nm, 
26 periods and σ=21.56e-9. The order of the elements in hH

I is a) increasingly ordered, 
b) decreasingly ordered, c and d) the same set hH

I but with two different random series. 
For the four cases ∆ is constant or zero. 
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4.5.3.1.  Random omnidirectional mirror for 1.55 µm applications.  

 For the design and simulation of the random mirror structure, we have 
used the same parameters than the ones used for the periodic and chirped 
structures studied in the previous sections: nH=2.5, nL=1.5, hL=275 nm and 
N=42 periods. According to the results of the study, the first layer of the 
structure is the one with nH. 
 Considering the similarity between the random and the periodic 
structure, from the value of ωc in the projected band structure of the periodic 
mirror we can calculate the approximate value <hH> to obtain an 
omnidirectional bandgap centered at λc=1.55 µm. As ωc=0.2954 (Fig. 4.7a), 
<hH> is calculated with λc=(<hH>+hL)/<ωc>, where λc=1.55 µm. For this case, 
the calculated <hH> is 183 nm. Therefore, the set hH

I will consist of 42 
elements, where <hH> will be 183 nm.   
 The reflectivity spectrum of two random mirrors with these 
characteristics can be observed in Fig. 4.13a. The distribution of thicknesses hH

I 
is random and the difference between two consecutive thicknesses is constant or 
zero. The average value <hH> is 183 nm.  
 
 
 
 
 
 
 Only by increasing the deviation of the set/set hH

I, the widening of the 
omnidirectional bandgap is  obtained. This effect can be observed in Fig. 4.13b, 
where the deviation has increased until 32.38e-9. The width of the bandgap is 
370 nm, three times the one of the periodic structure. 
 

Fig. 4.13. Reflectivity spectrum of two random mirrors with nH=2.5, nL=1.5, hL=275 nm 
and N=42 periods. The difference ∆ is constant. The deviation is a) 23.66e-9                
b) 32.38e-9.  

(a)                                (b) 
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The widest bandgap is obtained for the mirror with highest deviation. Its 
omnidirectional bandgap is centered at 1.57 µm and its width is 370 nm, 3.4 
times the one of the periodic structure. These results agree with the conclusions 
obtained with the study of the random structure. 
 

 

4.1.4. New enlarged omnidirectional bandgap mirrors 
 From the conclusions obtained with the study of the random structure, 
we have proposed two new omnidirectional mirror structures with enlarged 
omnidirectional bandgaps. Both mirror structures consist of a few periodic 
multilayers stacked together, which will be referred to as substructures from 
now on. Fig. 4.14 shows schematically the substructures that form this type of 
mirrors. All these substructures have the same refractive indices and the same 
hH/Λ ratio. The only difference between them is the thickness period Λ, which is 
different for every substructure.  

 
 
 
 
 
 
 
 

Fig. 4.14. Schematic of the balanced and the unbalanced mirror structures. Both are 
formed by i substructures with Λi and with the same number of periods for the balanced 
structure and with different number of periods for the unbalanced structure. 

 

 The substructures are stacked in order of increasing Λ from the incident 
medium. The omnidirectional bandgap of the mirror structure is the union of the 
omnidirectional bandgaps of the substructures that make it up. As has been 
explained before, the central wavelength of the omnidirectional bandgap is 

 ....  ....    .... .... 

Substructure 1                Substructure 2      Substructure i 

       

      Λ1                Λ2                Λi  
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determined by Λ. If an appropriate Λ is chosen for every substructure, the 
bandgaps of adjacent substructures intersect and the resulting mirror will 
present an enlarged omnidirectional bandgap. 
 We propose two mirror structures with these characteristics: a balanced 
mirror structure, where all the substructures that make up the mirror have the 
same number of periods N, and an unbalanced mirror structure, where the first 
and the last substructures have more periods than the others.  
 In order to achieve structures with a wide omnidirectional bandgap, it is 
important to understand the influence of the parameters characterizing these two 
new mirror structures. To this end, we consider the bandgap of each 
substructure separately and their combination. The characterizing parameters of 
the balanced and the unbalanced mirrors that we propose are: 

i)    The number of substructures. The width of the omnidirectional bandgap of 
the mirror is the union of all substructures bandgaps. Consequently, the larger 
the number of substructures, the wider the omnidirectional bandgap.  

ii)    The number of periods for each substructure. Since a substructure is not an 
infinite multilayer, its bandgap is not as wide as the ideal one but slightly 
narrower. The increment in the number of periods of a substructure leads to the 
enlargement of its omnidirectional bandgap. We will consider the 
omnidirectional bandgap of a substructure as the range of wavelengths where 
the reflectivity spectra is higher than a certain limit RL for all incidence angles 
between 0º and 89.5º and for TE and TM polarizations. 

iii) The overlap between the omnidirectional bandgaps of adjacent 
substructures. The smaller the overlap the wider the resulting bandgap. 
However, this overlap cannot be reduced arbitrarily because the intersection of 
adjacent bandgaps must result in a reflectivity higher than RL within the 
overlapping region. 
 
 Taking into account all these parameters, it is clear that to achieve a 
wide bandgap it is necessary to increase the number of substructures and the 
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number of periods per substructure. However, when the total number of periods 
of the mirror increases, the fabrication complexity increases. If the total number 
of periods is limited, the first two parameters mentioned above (number of 
substructures and number of periods of each one) cannot be increased 
simultaneously and a compromise between them should be found. From this 
point of view, the periodic and the chirped structures can be considered as 
extreme configurations: the periodic mirror consisting of a single substructure 
and the chirped mirror consisting of many single-period substructures. It is 
expected that, for a fixed total number of periods, a compromise between the 
number of substructures and the number of periods per substructure could lead 
to an optimal bandgap width. The two new mirror structures proposed here 
attempt to meet this compromise. 
 
 
4.1.4.1.  Porous silicon balanced and unbalanced mirrors 

 In this section, the balanced and the unbalanced mirrors are proposed 
for applications based on porous silicon technology. To compare the results 
with the rest of mirror structures, the refractive indices used for the design are 
nH=2.5 and nL=1.5. 

 Both mirrors, designed here for 1.55 µm applications, are made up of a 
few periodic multilayer substructures. The number of substructures and their 
period thicknesses have been chosen as an example to illustrate the concepts 
introduced previously. The balanced and unbalanced mirrors that we propose 
are made up of six substructures with period thicknesses chosen as 381, 405, 
431, 458, 486 and 516 nm. The first substructure is the one with Λ=381 nm, the 
second the one with Λ=405 nm and so on, the last one being the substructure 
with Λ=516 nm. The period thicknesses have been chosen so that the 
omnidirectional bandgaps overlap and that the omnidirectional bandgap of the 
resulting mirror is centered at approximately 1.55 µm. The omnidirectional 
bandgap of each of the six substructures is shown in Fig. 4.15. This figure 
shows that the omnidirectional bandgaps are adjacent and intersect. The central 
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wavelength λc and the width of the omnidirectional bandgap increase when Λ 
increases. 
 
 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.15. Omnidirectional bandgap of six periodic substructures whose photonic band 
structure is shown in Fig. 4.7a and with different period thicknesses Λ.  
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4.1.4.2.  Porous silicon balanced mirror for 1.55 µm applications 

 The balanced mirror is the one in which all the substructures that make 
it up have the same number of periods N (N1=N2=...= N6= N). We show Table 
4.I in order to study the influence of N on the width of the omnidirectional 
bandgap. The first row indicates the number of periods N of the substructures 
that make up the balanced mirror. The second row indicates the width of the 
omnidirectional bandgap for a reflectivity higher than RL=99%. The third row 
indicates the total number of periods (Nt) of the balanced mirror. For N<3 the 
mirror has no omnidirectional bandgap at 1.55 µm. For N≥3, the width of the 
omnidirectional bandgap increases with N, but the higher N, the smaller the 
enlargement of the bandgap. As can be seen from the table, a 42-period mirror 
has a 411 nm omnidirectional bandgap. However, when we double the total 
number of periods of the balanced mirror (from 42 to 84), the omnidirectional 
bandgap is only 1.3 times wider. Therefore, the enlargement of the 
omnidirectional bandgap is not proportional to the Nt increment. 

 

 

N 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

∆λ 
(nm) 

105 330 386 406 411 428 488 495 497 500 534 535 535 556 

Nt 18 24 30 36 42 48 54 60 66 72 78 84 90 96 

Table 4.I. Omnidirectional bandgap of the balanced mirror proposed for different 
number of periods N. 

 

4.1.4.3.  Porous silicon unbalanced mirror for 1.55 µm applications 

 The unbalanced mirror is the one in which the first and the last 
substructures have more periods than the other substructures. The enlargement 
of its omnidirectional bandgap can be explained by studying the bandgap of the 
substructures that make it up. The increase in the number of periods of the 
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substructure leads to a wider substructure bandgap and a higher reflectivity. If 
the bandgap of the first and the last substructures is wider, the bandgap of the 
resulting mirror will be wider as well. However, the other substructures do not 
need a high number of periods because their bandgaps overlap. 
 We have studied many different Ni distributions for the unbalanced 
mirror. One of these distributions is described in Table 4.II as an example of the 
unbalanced mirror. The table also shows the parameters of the balanced mirror 
with the same total number of periods (Nt=42), that are compared with the 
unbalanced mirror. The reflectivity spectra of the mirrors described in Table 4.II 
are shown in Fig. 4.16. The omnidirectional bandgap of the balanced mirror, 
corresponding to a reflectivity higher than 99%, is 411 nm, 3.7 times the 
periodic mirror bandgap. The one of the unbalanced mirror is 514 nm, 4.7 times 
the periodic multilayer bandgap. Both are centered at approximately 1.55 µm.  
  
 
 

 1st 2nd 3rd 4th 5th 6th 

Number of  periods N  (balanced mirror) 7 7 7 7 7 7 

Number of  periods Nt (unbalanced mirror) 12 5 4 4 5 12 

Period thickness Λ (nm) 381 405 431 458 486 516 

Table 4.II. Characteristics of the six substructures that make up the balanced and the 
unbalanced mirrors for 1.55 µm applications. 
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Fig. 4.16. Reflectivity spectra of a) the balanced mirror structure b) the unbalanced 
mirror structure. Both are centered at 1.55 µm. 
 

 
4.1.5. Comparison of the studied mirror structures 

 The results obtained with the balanced and the unbalanced mirrors are 
compared with the ones obtained with equivalent periodic, chirped and random 
mirrors. We consider equivalent mirrors those with the same total number of 
periods, the same refractive indices and centered at 1.55 µm. Furthermore, for 
the case of the chirped and random mirror, the lower and the higher period 
thicknesses are the same as those for the proposed balanced and unbalanced 
mirrors. The bandgaps of these mirrors are summed up in Table 4.III. The 
omnidirectional bandgap of the periodic mirror with these characteristics is 110 
nm, for a reflectivity higher than 99 %. The one of the chirped mirror is 304 nm 
and 370 nm for the random mirror. 

(a) 
 
 
 
 
 
 
 
  (b) 
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  Periods Initial Λ 
(nm) 

Final Λ 
(nm) 

∆λ (R≥0.99) 
(nm) 

Periodic structure 

Chirped 

Random 

Balanced mirror structure, 
N=(7,7,7,7,7,7) 
 

Unbalanced mirror structure, 
N=(12,5,4,4,5,12) 

42 

42 

42 

42 

 

42 

458 

381 

3911 

381 

 

381 

458 

516 

4892 

516 

 

516 

110 

304 

370 (σ=32.38e-9) 

411 

 

514 

1Λ minimum ;  2Λ maximum  

Table 4.III. Comparison of the omnidirectional bandgap of the five mirror structures 
studied. 

 
  
 We can observe that the unbalanced is the mirror with the widest 
omnidirectional bandgap, 4.7 times that of the periodic mirror, the optimal for 
the fabrication of omnidirectional mirrors. The balanced structure also has an 
enlarged omnidirectional bandgap, concretely 3.7 times the periodic mirror 
bandgap. The next widest bandgap is the one of the random mirror but this 
width strongly depends on the order of the thicknesses hH

I. Finally, the chirped 
structure is the one with the lower widening, althought its bandgap is 2.7 times 
greater than the one of the periodic mirror. 
 The balanced and the unbalanced mirrors have the same number of 
periods, the same refractive indices and the same range or period thicknesses as 
the periodic, chirped and random structures. Therefore, the balanced and the 
unbalanced mirrors have the same technology requirements as the rest of the 
mirror structures having a widest omnidirectional bandgap. 
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4.2. Waveguides  
 Waveguide structures are important components in optoelectronics and 
telecommunication systems. Traditionally, light has been confined in 
waveguides by total internal reflection [125], due to the contrast of the 
refractive indices of the cladding and the core layers, or by metal cladding, due 
to the high reflection of a near-perfect metal [164]. A novel class of waveguides 
has been introduced recently, in which the confinement of the light is based on 
the properties of photonic crystals. The photonic bandgap, in which light cannot 
propagate in a certain frequency range, is used to confine light.  
 In the next sections we present the design of waveguide structures based 
on porous silicon multilayers, both based on total internal reflection and on 
photonic crystals. We investigate the necessary conditions for the existence of 
modes and the influence of the dimensions and refractive indices of the layers 
on the properties of the waveguide. 
 
 
 

4.2.1. Total internal reflection waveguides  

 The most commonly used waveguide structures are the ones based on 
the total internal reflection effect (TIR). These dielectric slab waveguides 
consist of a core layer inserted in between two layers, named cladding. The 
refractive index of the core is higher than the refractive index of the cladding 
layers. We propose a symmetric planar dielectric waveguide made of a core 
with thickness d and refractive index n1 surrounded by a cladding of smaller 
refractive index n2, as illustrated in Fig. 4.17.  
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Fig. 4.17. Schematic of the multilayer waveguide consisting of three layers. The inner 
layer, with refractive index n1, is the core of the waveguide. The outer layers are the 
cladding and their refractive index is n2, that is lower than n1. Rays making an angle 
θ>θc are guided by total internal reflection. 

 
 
4.2.1.1. Total internal reflection principles 

 Light rays making angles θ, measured from the normal to the interface, 
travel along the guiding layer if θ is greater than the critical angle θc. The 
critical angle is expressed as θc=sin-1(n2/n1). These light rays are totally 
internally reflected at the core/cladding boundary. When θ is smaller than θc, 
the light rays are refracted into the cladding and attenuated. 
 The waveguide modes can be determined by developing solutions to the 
Maxwell's equations in the inner and outer media with the appropriate boundary 
conditions imposed. In order to easily determine these modes, we will write the 
solution in terms of TEM plane waves bouncing between the surfaces of the 
slab.    
 We assume that the field in the slab is in the form of a monochromatic 
TEM plane wave. The wave travels with a phase velocity c1=c0/n1, at a 
wavelength λ=λ0/n1. Its wave number is n1k0, and the wavevector components 
are kx=0, ky=n1k0 sinθ , and kz=n1k0 cosθ , where θ is the complement of the 
angle θ. In order to determine the modes of the waveguide, the self-consistency 

 n2 

 

n1 

 
n2 

     
z

x 

y 

   

 

 

 d/2 

-d/2 

            B 
  A   
 

θ 
θ C

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, FABRICATION AND CHARACTERIZATION OF POROUS SILICON MULTILAYER OPTICAL DEVICES 
Elisabet Xifré Pérez 
ISBN: 978-84-691-0362-3/DL: T.2181-2007



 CHAPTER 4. ANALYSIS AND DESIGN OF OPTICAL DEVICES … 

 

88

condition is imposed. According to that condition, a wave reproduces itself after 
each round trip [165]. 
 In one round trip, the twice-reflected wave lags behind the original 
wave by a distance θsin2dABAC =− , as in Fig. 4.17. Each internal reflection 
at the dielectric boundary introduces a phase ϕr. For self-consistency, the phase 
shift between the two waves must be zero or multiple of 2π,    

mrd πϕθ
λ
π 22sin22

=−      m=0,1,2,..                 (4.2) 

 Equation (4.2) can be expressed as 

2kyd-2ϕr=2πm         (4.3) 

 The reflection phase shift ϕr is a function of the angle θ. It also depends 
on the polarization of the incident wave, TE or TM. In the TE case (the electric 
field is perpendicular to the plane y-z), the phase shift can be expressed as 

2/1

2

22

cos
sinsin

2
tan ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛ −
=

θ
θθϕ cr             (4.4) 

 The dependence of the propagation constant β on the frequency ω can 
be examined by writing the self-consistency Eq. (4.3) in terms of β and ω. Since 
β=kz and 22

1
2 )/( βω −= ck y , Eq (4.3) gives, 

m
c

d r πϕβω 222

2/1

2
2

1
+=

⎥
⎥
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⎤

⎢
⎢
⎣

⎡
−⎟⎟
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⎞
⎜⎜
⎝

⎛             (4.5) 

 Since sinθ=β/(ω/c1) and sinθc=n2/n1=c1/c2, Eq. (4.4) becomes 

22
1

2

2
2

22
2

/
/

2
tan

βω
ωβϕ

−
−

=
c

cr        (4.6) 

 Substituting (4.6) into (4.5) we obtain the self-consistency condition 
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 The self-consistency condition establishes a relation between β and ω, 
the dispersion relation for the different modes m=0,1,... . 
 The number of TE modes supported by this multilayer dielectric 
waveguide is the smallest integer greater than  

NAdM
0

2
λ

=&                        (4.8) 

 The symbol =&  denotes that 2d NA/λ0 is increased to the nearest integer. 
For example, if 2d NA/λ0 =0.9, 1 or 1.1, the number of modes M is 1, 2, and 2, 
respectively. NA is the numerical aperture, expressed as 

( ) 2/12
2

2
1 nnNA −=              (4.9) 

 For a fixed wavelength, the number of modes depends on the core 
thickness d and the difference between the refractive indices n1 and n2. The 
higher the thickness or the higher the difference between the refractive indices, 
the higher the number of TE modes of the waveguide. 
 In a dielectric waveguide, there is at least one TE mode, since the 
fundamental mode (m=0) is allowed for any wavelength [166]. However, the 
higher modes (m=1,2,...) have their own cutoff wavelength (λcm). It corresponds 
to the cutoff frequency (ω/c)cm, where (ω/c)cm=2π/λcm, that is the lowest 
frequency that can be guided by the structure for the m mode. 
 The waveguide with one allowed mode is called single-mode 
waveguide. This occurs when the slab is sufficiently thin for a fixed frequency. 
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4.2.1.2. Porous silicon slab waveguides for 1.55 µm applications 

 Two typical porous silicon refractive indices have been chosen for the 
theoretical study of this symmetric waveguide. The core consists of a porous 
silicon layer with refractive index n1=2.5. The refractive index of the two 
cladding layers is n2=1.5. These are two typical and obtainable porous silicon 
refractive indices [39].  
 The numerical aperture is determined by the refractive indices n1 and 
n2. For the refractive indices chosen, the numerical aperture is 2, calculated 
using Eq. (4.9). According to Eq. (4.8), for a fixed λ0=1.55 µm, the number of 
TE modes M only depends on the core thickness d. From this equation, we 
obtain that for d<387.5 nm only one confined mode is allowed, and the 
waveguide is called single-mode. When thickness d increases, the number of TE 
modes increases. This effect can be observed in Fig. 4.18, that shows the 
dispersion relation of this waveguide for different thickness d. If we focus our 
attention for λ0=1.55 µm (ω/c=4.05·106 rad/m), we can see that there is only 
one mode allowed for d=300 nm, there are two modes allowed for d=600 nm, 
three modes for d=900 nm, and four modes allowed for d=1300 nm, as was 
expected from the mathematical calculations of M.  
 For a fixed thickness d, the number of modes allowed depends on the 
wavelength. We can observe that all the waveguides presented in Fig. 4.18 have 
at least one mode of propagation (m=0) for any wavelength. The rest of the 
modes have a cutoff wavelength λcm (or cutoff frequency (ω/c)cm) that is the 
largest wavelength at which a mode is allowed. Fig. 4.18b shows the dispersion 
relation for d=600 nm. We can observe that the fundamental mode is allowed 
for any wavelength. The first mode (m=1) is allowed for wavelengths lower 
than approximately 2.6 µm (ω/c higher than 2.4·106 rad/m) and the second 
mode (m=2) is allowed for wavelengths lower than 1.2 µm (ω/c higher than 
5.23·106 rad/m).  
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Fig. 4.18. Dispersion relation of the slab waveguide with n1=2.5, n2=1.5 and core 
thickness a) d=300 nm b) d=600 nm c) d=900 nm d) d=1300 nm. The modes of the 
waveguide take place for n2<β/(ω/c)<n1. The dashed gray lines indicate these two 
limits. In c) the three modes for λ0=1.55 µm (ω/c=4.05·106 rad/m) are denoted with 
squares.  
  
  
 We can also study the intensity distribution of all the modes that exist in 
the waveguide for a certain wavelength. If we focus our attention on the 
waveguide with d=900 nm, and we determine our working wavelength at 
λ0=1.55 µm (ω/c=4.05·106 rad/m), we can observe in Fig. 4.18c that this 
waveguide has three different modes, each one for a different β value. The 
intensity distribution for these three modes is shown in Fig. 4.19. We can 
observe that all of them are well confined in the core layer, although mode 2 has 
a small part of the intensity within the cladding layer. All these modes could be 

 

  a)                   b) 
 
 
 
 
 
 
 
 

  c)                   d) 
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correctly transmitted through this porous silicon waveguide. The number of 
modes and the β at which they exist, for a certain wavelength, depends on the 
thickness of the core d, therefore, we could select these parameters adjusting the 
thickness d. 
 
 
 
 
 
 
 
 
 
 

Fig. 4.19. Intensity distribution for the three modes of the waveguide with d=900 nm at 
λ0=1.55 µm. The wavelength structure is also depicted being the dark gray region the 
core and the light gray regions the cladding. 

 
 
Variation of the refractive indices of core and cladding 

 As explained before, the porous silicon formation technique permits the 
controlled variation of the refractive indices n1 and n2.  We now study the 
influence of the refractive index variation on the cutoff wavelengths of the 
symmetric waveguides presented. Table 4.IV and Table 4.V show the cutoff 
wavelength of modes one, two and three for waveguides with core thickness d 
equal to 600 and 900 nm, respectively. 
 In both tables, we can observe that the variation of one or both refractive 
indices leads to a variation of the numerical aperture, and therefore a variation 
of the cutoff wavelengths. The decrease of n1 and/or the increase of n2 results in 
a lower numerical aperture, which leads to lower cutoff wavelengths for all 
modes. 
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n1 n2 NA λc1 
(nm) 

λc2 
(nm) 

λc3 
(nm) 

2.5 1.5 2 2400 1200 800 
2.5 1.7 1.83 2196 1098 732 
2.5 1.9 1.62 1944 972 648 
2.3 1.5 1.74 2088 1044 696 
2.1 1.5 1.47 1764 882 588 
1.9 1.5 1.17 1404 702 462 

2.35 1.7 1.62 1944 972 648 

Table 4.IV. Cutoff wavelength of modes m=1...3 for core thickness d=600 nm and for 
different refractive indices n1 and n2. 

 

n1 n2 NA λc1 
(nm) 

λc2 
(nm) 

λc3 
(nm) 

2.5 1.5 2 3600 1800 1200 
2.5 1.7 1.83 3294 1647 1098 
2.5 1.9 1.62 2916 1458 972 
2.3 1.5 1.74 3132 1566 1044 
2.1 1.5 1.47 2646 1323 882 
1.9 1.5 1.17 2106 1053 702 

2.35 1.7 1.62 2916 1458 972 

Table 4.V. Cutoff wavelength of modes m=1..3 for core thickness d=900 nm and for 
different refractive indices n1 and n2. 

 

 In both tables, we can observe that, for a fixed d, the cutoff wavelength 
only depends on the resulting numerical aperture and that two waveguides with 
different refractive indices but with the same NA (e.g. NA=1.62) have the same 
cutoff wavelengths.  
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4.2.2. Photonic crystal waveguides  

 A novel class of waveguides has been introduced recently, in which the 
confinement of the light is based on the properties of photonic crystals (PC). 
The photonic bandgap, where light cannot propagate for a certain frequency 
range, is used to confine light. 
 One-dimensional photonic crystals are multilayer periodic structures that 
have already been used to confine light in the core layer. Some of them are 
Distributed Bragg Reflectors (DBR) either in cylindrical [167] or planar 
structures [125,128]. Others are omnidirectional mirrors (OM) [116,110-
112,168,169]  that reflect light for any incidence angle and any polarization 
over a range of frequencies, the so-called omnidirectional bandgap (OBG). We 
shall focus our attention on planar waveguide structures with OM [170] 
although cylindrical structures have also been studied [171,172]. 
 
 
4.2.2.1. Structure  

 The proposed waveguide structure is a porous silicon multilayer 
consisting of a core layer inserted between two symmetric OM. Fig. 4.20 
represents the diagram of this waveguide structure. Each OM is a stack of 
alternating high and low refractive index layers (nH and nL) with thickness dH 
and dL respectively. The period of the OM is defined as Λ=dH+dL and is 
repeated N times. The refractive index of the core layer is n0 and its thickness is 
d0. 
 The refractive indices chosen for the OM are nH=2.5 and nL=1.5 [152]. 
The number of periods N of the OM should be high enough for the intensity of 
the electric field (electromagnetic field) of the modes to decay in the OM 
cladding. The parameter dH determines the width of the OBG whereas n0 has an 
effect on the energy confinement of the modes within the core layer. The 
optimal values of these three parameters and the criteria for selecting their 
optimal values are discussed in the next section.  
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Fig. 4.20. Diagram of the porous silicon multilayer waveguide. n0 and d0 are the 
refractive index and thickness of the core layer, respectively. nL and nH are the low and 
high refractive indices of the omnidirectional mirror cladding layers, while dL and dH 
are their corresponding thicknesses. Each omnidirectional mirror has N periods with 
period thickness Λ and are surrounded by a cover and a substrate with refractive indices 
nC and nS, respectively. The propagation direction is along the x-axis. 

 
 
4.2.2.2. Determination of the parameters n0, dH and N  

 In order to study how all the parameters of the structure affect the 
performance of the waveguide, we applied the transfer matrix method to planar 
multilayer optical waveguides [156], and restricted our discussion to TE modes. 
This method is especially suitable for analyzing one-dimensional photonic 
crystals such as the proposed structure. 
 Since photonic crystals are perfectly scalable structures, the units of all 
the magnitudes considered here (thickness, frequency and wavevector) are 
normalized to the period thickness of the OM (Λ). Thus, to apply the results of 
this study to a certain frequency, it is only necessary to adjust the period 
thickness Λ. 
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a) Determination of the refractive index of the core layer 

 The structure that we propose is completely made of porous silicon. 
Therefore the refractive index of the core layer n0 could be any refractive index 
obtainable with the porous silicon fabrication techniques. The core is a porous 
silicon layer instead of the air layer proposed in previous studies [40,9,43,44]. A 
porous silicon core ensures the feasibility of the waveguide structure since it can 
be fabricated in a single etching process by appropriately modulating the 
etching current. Furthermore, although the core refractive index is higher than 1, 
it does not negatively affect the properties of the structure [173]; it only slightly 
reduces the width of the OBG.  
 The selection criterion used for n0 is the energy confinement factor of 
the modes. The confinement (Γ) indicates the portion of the field energy that is 
confined within the core layer [40] and is defined as: 

                                                 

∫

∫
∞

∞−

=Γ

dyEn

dyEn

i

layerCore
o

2

2

                              (4.10) 

where ni is the refractive index of the layer for that y and E is the electrical field 
amplitude.  
 Fig. 4.21 shows the confinement of the fundamental mode as a function 
of n0 for the range of refractive indices obtainable with porous silicon. The 
simulated structure is the one presented in the section above and the calculation 
has been made for three different dH/Λ so as to consider different possible 
structures. For the three cases, we can observe that when n0>nL the confinement 
of the mode decreases very quickly with n0 until the mode disappears.  On the 
other hand, for n0≤nL, the confinement is very similar for the different values of 
n0 and the different core thicknesses. This, together with the experimental 
observation that the fabrication of porous silicon is increasingly more complex 
when the refractive indices are smaller lead us to choose n0=nL. 
 
 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, FABRICATION AND CHARACTERIZATION OF POROUS SILICON MULTILAYER OPTICAL DEVICES 
Elisabet Xifré Pérez 
ISBN: 978-84-691-0362-3/DL: T.2181-2007



CHAPTER 4. ANALYSIS AND DESIGN OF OPTICAL DEVICES … 
 

 

97

1.3 1.5 1.7 1.9 2.1 2.3 2.5 2.7
0

20

40

60

80

nO=nHnO=nLΓ fu
nd

am
en

ta
l m

od
e (%

)

nO

 dH/Λ=0.35
 dH/Λ=0.45
 dH/Λ=0.55

 
Fig. 4.21. Confinement of the fundamental mode as a function of n0 in the range of 
refractive indices obtainable with the porous silicon formation technique. The 
confinement is calculated for different dH/Λ and for ω(Λ/2πc)=0.29 and d0/Λ=2. We can 
observe that for n0 ≥ 1.9 the fundamental mode does not exist and for n0=1.3 it does not 
exist for some dH/Λ. 

 

b) Determination of the layer thickness of the OM 

 Selecting the thickness of the OM layers can be reduced to selecting 
dH/Λ because 1= dH/Λ+ dL/Λ. The ratio dH/Λ is an important parameter of the 
OM because it determines the width of its OBG. The projected band structure 
(PBS) of the multilayer can be used to easily observe the width of the OBG. 
Fig. 4.22 shows the PBS for TE polarization of the infinite multilayer with 
n0=nL=1.5 and nH =2.5 for different dH/Λ. An electromagnetic mode is defined 
by the frequency ω and the surface-parallel wavevector β, which are expressed 
in the figure in normalized units. The gray regions represent the allowed modes, 
the white region over the light line for n0 represents the bandgap and the black 
region indicates the OBG. In Fig. 4.22 we can observe that the position and 
width of the bandgap varies with the thickness dH/Λ and that the OBG only 
exists for 0.32 ≤ dH/Λ ≤ 0.62. For this study dH/Λ was taken to satisfy the widest 
OBG condition, which corresponds to dH/Λ=0.45. 
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Fig. 4.22. Projected band structure of the mirror cladding with nH=2.5 and nL=1.5, for 
different dH/Λ. The x axis corresponds to the normalized surface-parallel wavevector 
component β and the y axis is the normalized frequency ω. The thin black line is the 
light line for n0=1.5. The black area is the OBG, which only exists for                        
0.32 ≤ dH/Λ ≤ 0.62. 

 

c) Determination of the OM number of periods 

 The number of periods (N) affects the OM because the more there are, 
the more similar the behavior of the finite OM is to the ideal infinite photonic 
crystal. The field of a mode with (ω,β) in the bandgap of the OM is guided in 
the core layer and is attenuated as it penetrates the periods of the OM. 
 This effect can be observed in Fig. 4.23 where the field profiles of the 
three existing guided modes for d0/Λ=6 and normalized frequency 
ω(Λ/2πc)=0.29 are represented together with 15-period OM claddings. The 
field is highly confined within the core layer for all the guided modes while the 
field amplitude becomes attenuated as it penetrates the cladding. In this study, 
the criterion for determining N was the attenuation of the field amplitude in the 
cladding. In particular, the chosen N is the one that leads to an attenuation of 
100 dB from the maximum in the core to the outermost period of the OM for 
the higher order mode. For the refractive indices and thicknesses determined 
above, the number of periods that fulfills this condition is N=15, for any core 
thickness. 
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Fig. 4.23. Field profile of the guided modes in the proposed structure. The multilayer 
structure for 15 periods is depicted and the three modes for d0/Λ=6 and ω(Λ/2πc) =0.29 
are superposed. 

 
 
4.2.2.3.  Omnidirectional Mirrors and Distributed Bragg Reflectors 
as cladding for porous silicon planar waveguides  

 Once the omnidirectional mirror parameters (nH, nL, dH and N) and the 
refractive index of the core layer (n0) have been determined, we can evaluate the 
use of the OM as cladding in planar waveguides. To this end, we will study how 
the core thickness influences on the number of guided modes and their 
confinement, and also the dependence of the confinement of the modes on 
frequency. 

 

a) Influence of the core thickness  

The number of guided modes and their confinement are determined by 
the core thickness d0.  Fig. 4.24 shows the dispersion relation for the modes for 
different core thicknesses d0/Λ together with the PBS of the OM. Notice that the 
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PBS is the same for any d0/Λ because the characteristics of the OM are 
independent of this parameter. When d0/Λ is very low there is only one mode, 
the fundamental or first mode. When d0/Λ increases, this mode shifts to the right 
and approaches the light line of n0 whereas the second mode appears on the left 
when d0/Λ=1.80. 

 

Fig. 4.24. Dispersion relation for the guided modes of the proposed waveguide 
(n0=nL=1.5, nH=2.5, and dH/Λ=0.45) for different core thickness d0/Λ. Each line 
corresponds to one mode. The projected band structure of the OM is also depicted. 
  
 
 When the core thickness increases further, all the modes shift towards 
the light line and draw closer together as new modes appear on the left. This 
effect is better illustrated in Fig. 4.25a where β is represented for different d0/Λ, 
for a constant normalized frequency ω(Λ/2πc)=0.29. When d0/Λ increases, β 
increases and asymptotically approaches a limit value corresponding to the light 
line for this frequency, which is β(Λ/2π)= 0.435.  
 The confinement gives important information about the modes as it 
indicates the fraction of the energy that is confined within the core layer. Fig. 
4.25b shows the confinement of the modes represented in Fig. 4.25a. When 
d0/Λ increases, the confinement of the modes increases and gets closer to      
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100 %. This indicates that the modes that are closer to the light line have a 
higher confinement. 

 
 

Fig. 4.25. Normalized surface-parallel wavevector β(Λ/2πc) (a) and confinement Γ (b) 
for the first four guided modes as a function of the core thickness, for ω(Λ/2πc) =0.29. 
The dashed line in (a) indicates the value of βΛ/2πc at the light line of n0 for this 
frequency. 

 

b) Analysis of the confinement for different DBR and OM cladding 
waveguides 

 In the framework of planar waveguides, a previous study [128] 
proposes a DBR cladding optimized for the propagation angle of the 
fundamental mode. However, the same study [128] also suggests that an OM 
might be more suitable for guiding more than one mode since it reflects the 
light regardless of the angle.The OM is indeed a particular case of DBR 
possessing an ORR. For this reason, in this section we analyze the performance 
of two different DBRs as cladding for waveguides and compare it with the 
performance of the OM waveguide. The three structures compared in this 
section (OM and DBRs) fulfill the condition that they have the same fabrication 
complexity: that is to say, they have the same refractive indices n0=nL=1.5 and 
nH=2.5, the same number of periods (15) and the same period thickness (Λ). 
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 The criterion to choose the first DBR cladding (DBR1) is based on the 
fact that to have good light guiding and confining properties it is desirable that 
the region of forbidden frequencies would be as wide as possible. The DBR 
with the widest forbidden frequencies region is also the one with the widest 
frequency gap for normal incidence. This corresponds to the structure where the 
optical thicknesses of the two layers of the period are equal at normal incidence, 
that is nHdH=nLdL and thus dH/Λ=0.375.  
 For the second DBR cladding (DBR2) we have applied the criterion that 
the fundamental mode confinement at the studied core thickness range is 
maximum. For the studied frequency of ω(Λ/2πc)=0.29, the center frequency of 
the OBG, this condition is given for dH/ Λ =0.60.  
 The modal confinement of these three waveguide structures with 
different cladding is represented in Fig. 4.26. The first four guided modes for 
the central frequency of the OBG are analyzed in this figure. It can be observed 
that for all the modes, the OM and the DBR2 cladding waveguides have a high 
confinement whereas the DBR1 cladding waveguide has a lower confinement. 
Besides, for the DBR1 cladding the modes only exist for a range of d0/Λ. This 
happens because when d0/Λ increases, β increases, making the mode lie within 
the allowed region (the gray region in the PBS). This means that the light is no 
longer confined by the cladding. This is a consequence that there are 
propagating angles for that frequency not supported by the DBR waveguide.  
 Fig. 4.26 also shows that, in general, the confinement of the OM is very 
similar to the confinement of DBR2. For the four modes and most of the core 
thicknesses the confinement of DBR2 is slightly higher except for some 
particular cases. The confinement of the OM is higher than the one of DBR2 in 
the case of small core thickness. The higher the mode order, the wider the range 
of d0/Λ where the confinement of the OM is higher. The confinement of DBR1 
is lower in all cases than the confinement of the OM and in some particular 
cases it is higher than the confinement of the DBR2. 
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Fig. 4.26. Confinement of the four first modes of the OM cladding waveguide and the 
two DBR cladding waveguides as a function of the core thickness for d0/Λ=15 and 
ω(Λ/2πc)=0.29.  
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4.2.2.4. Modes of the multilayer waveguide  

 The modes of the multilayer waveguides have been studied using the 
PBS of the multilayer cladding. In this section, the modes that exist for the 
multilayer structure waveguide are discussed depending on their position in the 
PBS of the multilayer.  
  For this discussion, we study the modes of the waveguide whose 
refractive indices for the OM are the ones used in the previous section: nH=2.5 
and nL=1.5 [174]. We concretely study the different types of modes that can 
exist in this waveguide for the central normalized frequency within the OBG: 
ω(Λ/2πc)=0.29. The modal analysis of the waveguide structure has been carried 
out with the transfer matrix method applied to planar multilayer optical 
waveguides [175]. The values of β that satisfy the modal condition [eq. 26 in 
175] have been calculated. For this discussion the core thickness dH/Λ=5 has 
been chosen. Although this study has been done for do/Λ=5, the behavior of the 
modes is the same for any core thickness. 
 At this frequency and for this core thickness there are seven different β 
that satisfy the modal condition. The position of these modes within the PBS is 
given in Fig. 4.27.  
 

 
Fig. 4.27. PBS of the studied multilayer with the modes for d0/Λ=5. The OBG is 
represented by a light gray area. The points indicate all the possible modes for 
ω=0.29·(Λ/2πc). The diagonal lines are the light lines of the core and the bounding 
media. 
 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, FABRICATION AND CHARACTERIZATION OF POROUS SILICON MULTILAYER OPTICAL DEVICES 
Elisabet Xifré Pérez 
ISBN: 978-84-691-0362-3/DL: T.2181-2007



CHAPTER 4. ANALYSIS AND DESIGN OF OPTICAL DEVICES … 
 

 

105

 The two modes with the lowest β are the ones with β(Λ/2π)=0.2011 and 
0.2698. They lie above the light line for n=1 (corresponding to either bounding 
medium ns, nc[175]) but inside the OBG These are radiation modes since, 
although they are confined within the core because of the photonic crystal effect 
of the OM, they can propagate in the cover or substrate, as it can be seen in Fig. 
4.28.  
 
 

 

Fig. 4.28. Field profile of the two modes with β(Λ/2π)=0.2011 and 0.2698. Their 
corresponding β are lower than ns,nc. As can be observed, their are radiant  modes. 

 
 
 
 The next three modes with β(Λ/2π)=0.3153, 0.3832, and 0.4219 lie 
below the light line of the bounding media and above that of the core. Fig. 4.29 
shows that the field is confined within the core and is evanescent in the 
bounding media. Furthermore, a fundamental model and successive harmonics 
can be recognized.  
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Fig. 4.29. Field profile of the three modes with β(Λ/2π)=0.3153, 0.3832, and 0.4219. 
Their corresponding β are between the light lines of the core and of the cover/substrate  
(ns,nc<β<no). They are guided modes. 

  
 
 Finally, the modes below the light line of the core, that is 
β(Λ/2π)=0.48081 and 0.48082, show an evanescent field in the bounding 
medium and in the low-index material (see Fig. 4.30). Even though these modes 
are confined in the multilayer structure cannot be considered as guided modes 
by the effect of the OM. 
 
 

Fig. 4.30. Field profile of the two modes with β(Λ/2π)=0.48081, 0.48082. Their 
corresponding β are higher than no. As can be observed, they are not guided modes. 
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4.3. Conclusions  
 The simulation of different optical devices based on multilayers has 
been realized using the different programs presented in the previous chapter. 
These optical devices are omnidirectional mirrors and waveguides. All of them 
have been designed for 1.55 µm applications and the use of porous silicon for 
their fabrication has been discussed. 
 Omnidirectional mirrors are the optical devices most widely studied in 
this work. The periodic structure is the most commonly used for the formation 
of omnidirectional mirrors and the different parameters that influence on its 
omnidirectional bandgap have been studied. But the limited range of refractive 
indices obtainable with porous silicon restricts the omnidirectional bandgap 
width of this structure. One of the objectives of this work was to obtain porous 
silicon omnidirectional mirrors with a wide bandgap, as is required by different 
omnidirectional mirrors applications. For this reason different multilayer 
structures have been studied and proposed. The chirped structure, reported by a 
few groups, can be a suitable structure with a wider omnidirectional bandgap, 
just as has been demonstrated in this study. Besides, three different 
omnidirectional mirror structures have been proposed. It has been demonstrated 
that all of them have an omnidirectional bandgap wider than the one of the 
chirped structure.  
 The first structure proposed is the random structure where the thickness 
of the high refractive index layer varies randomly in the multilayer structure. 
The different parameters that influence on the omnidirectional bandgap width 
have been discussed and it has been demonstrated to have a wider 
omnidirectional bandgap than the periodic and the chirped structures. The main 
disadvantage of this structure is that the results strongly depend on many 
different parameters, which hinders its design. The study of this structure has 
lead us to propose two other mirror structures that have an enlarged 
omnidirectional bandgap and have very simple design rules: the balanced and 
the unbalanced structures. Both mirror structures consist of a few periodic 
multilayers (substuctures) stacked together where the period is different for each 
one, being their bangaps centered at different wavelengths. The bandgap of the 
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mirror structure is the union of the bandgaps of the substructures that make it 
up. The number of substructures stacked together is not limited, so wide 
omnidirectional bandgaps can be obtained without the limitation of the 
refractive index range. Whereas the substructures of the balanced mirror have 
the same number of periods, in the unbalanced mirror the first and the last 
substructures have more periods than the others. It has been demonstrated that 
the omnidirectional bandgap of both structures is wider than the ones obtained 
with the periodic and the chirped structures.  
 Porous silicon waveguides have been also theoretically studied. First, 
waveguides based on total refractive index have been analyzed for 1.55 µm 
applications, and the influence of the refractive indices and the core thickness 
on the number of modes has been studied. It has been theoretically 
demonstrated that a porous silicon multilayer may be used as a waveguide for 
1.55 µm applications. The analysis of waveguides with different core thickness 
has demonstrated that when the thickness increases, the number of TE modes 
increases. Four waveguides with the same refractive indices but with different 
core thickness have been proposed. The dispersion relations of these 
waveguides have been presented and the cutoff wavelength of the modes 
allowed in the waveguide has also been studied for different refractive indices 
of core and cladding. It has been demonstrated that, for a fixed core thickness, 
different refractive indices resulting in the same numerical aperture have the 
same cutoff wavelengths. 
 However, the most widely analyzed waveguide structure has been the 
one where the confinement of the light is based on the properties of photonic 
crystals, as a multilayer is in fact a one-dimensional photonic crystal. In these 
waveguides, the multilayer is the cladding. In concrete, we have studied the use 
of omnidirectional mirrors and DBR to be used for the cladding. Three different 
types of modes have been observed depending on their position in the PBS of 
the multilayer cladding. It has been demonstrated that the guided modes are the 
ones with ns,nc<β<no. The influence of different parameters of the waveguide 
structure on the modes and the modal confinement has been studied. We have 
observed that the core refractive index that leads to the highest confinement is 
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n≤1.5. It has been observed that when the core thickness increases, the β of the 
modes gets closer to the light line and the confinement increases getting closer 
to 100 %. This indicates that the modes that are closer to the light line have a 
higher confinement. Besides, the increment of core thickness results in the 
increment of the number of modes, the same that happened with TIR 
waveguides. Finally, the confinement of the OM cladding waveguide was 
analyzed with respect to two other different DBR cladding waveguides with the 
same fabrication complexity. DBR1 was chosen to present the widest forbidden 
frequencies region. The second DBR (DBR2) is the one with the maximum 
fundamental mode confinement for the studied frequency. Analyzing the 
confinement for the four first modes of these three structures, we have 
concluded that in general, for all the modes, the OM and the DBR2 cladding 
waveguides have a higher confinement than the DBR1 cladding waveguide. 
Besides, for the DBR1 cladding the modes only exist for a range of d0/ Λ. The 
confinement of the OM is very similar to the confinement of DBR2, being for 
the DBR2 slightly higher except for some particular cases. The confinement of 
the OM is higher for the smallest core thicknesses. 
 From these results, it can be said that the OM cladding might be a good 
trade off between the different types of DBR. The OM cladding offers the 
possibility of having a high confinement for a certain number of modes even 
with a small core thickness, what permits a simpler fabrication complexity, as 
the overall thickness of the waveguide can be smaller. 
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Chapter 5 

Fabrication and characterization of 
porous silicon layers 

 
 In this chapter a complete description of the porous silicon fabrication 
system that we have established at the Department of Electronic, Electric and 
Automatic Engineering of the Universitat Rovira i Virgili is realized. In this 
description we also analyze the influence of the different elements used for the 
fabrication process on the characteristics of the fabricated porous silicon 
monolayers and multilayers, specially the differences between two types of 
electrochemical cells. Finally, the relations between the anodization parameters 
and the two most important physical characteristics of porous layers (refractive 
index and thickness) are presented. To conclude this chapter, the different 
methods used for the characterization of porous silicon layers are explained. 
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5.1.  Fabrication System  
 In this section we describe in detail all the elements that are a part of the 
fabrication system. It is a self-controlled system created for the fabrication of 
porous silicon monolayers and multilayers that has been established at the 
Department of Electronic, Electric and Automatic Engineering at the University 
Rovira i Virgili. In this section, the importance of each element and its 
usefulness are explained, especially the electrochemical cell that is the most 
important part of all the process. The program realized for the control of the 
fabrication system is also explained.  

 

Fig. 5.1. a) Schematic of the designed porous silicon fabrication system b) Photograph 
of the system. 
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 Fig. 5.1a shows the schematic of the fabrication system, wherea Fig. 5.1b 
shows its photograph. The main element of the system is the electrochemical 
cell (1), where the electrochemical etching of the silicon is realized. The current 
applied during the etch is provided by the current source (2). Two multimeters 
(3,4) are used for the measurement of the current and the voltage of the system 
during the etch process, respectively. They are used to supervise the etching 
process parameters. The whole system is controlled by a computer (5) where the 
developed LabView program controls continuously the two main parameters for 
the formation of the porous silicon structures: the current applied and the 
etching time.  

In the next subsections, the elements of the system are described.    
 
 

5.1.1. Electrochemical cell 

 The electrochemical cell is the most important part of the fabrication 
system because the homogeneity of the porous silicon samples depends on its 
structure. This conclusion has been obtained with the study of porous silicon 
monolayers and multilayers fabricated with two types of electrochemical cells.  

 
5.1.1.1. Lateral-wafer electrochemical cell 

 The first type of cell that has been used for the fabrication process is the 
one that we have named lateral-wafer cell because its main characteristic is that 
the silicon wafer is located at the sidewall of the cell, as can be observed in the 
diagram of Fig. 5.2a. The silicon wafer acts as the anode and has a back-side 
contact that is a metallic ring. The front side of the wafer is sealed with an O-
ring, so that only this part of the wafer surface is in contact with the electrolyte. 
The electrolyte is composed of high purity hydrofluoric acid (HF) in 40% 
aqueous solution diluted in ethanol (C2H5OH) at different concentrations. The 
cathode is made of platinum, a HF-resistant and conducting material. The cell 
body is a square-section teflon recipient. This material was selected because it 
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is a highly acid-resistant polymer. The stir of the electrolyte is realized with a 
magnetic stirrer. A photograph of this cell can be seen in Fig. 5.2b. 

 

Fig. 5.2. The lateral-wafer cell used for the fabrication of porous silicon layers a) 
schematic of the cross sectional view.  b) photograph of cell.  

 
 The main drawback of this cell is the inhomogeneity in porosity and 
thickness of the porous silicon layers. We have observed that the porous silicon 
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monolayers and multilayers fabricated with this lateral cell are highly 
inhomogeneous; in thickness, where the thickness from one point to another of 
the same sample can vary up to 30%, and in porosity where the refractive index 
may vary up to 0.5. This thickness variation can be observed in Fig. 5.3 where 
the cross section of a porous silicon monolayer fabricated with this cell has been 
observed with the Scanning Electron Microscope (SEM). The two different 
points of this section have different thickness and the difference between them 
is about 27 %. But it is not necessary to observe the samples with the SEM. At 
first sight it is possible to see the inhomogeneity of the fabricated monolayers in 
Fig. 5.4, where the color variation of the etched area indicates a variation of 
thickness and/or porosity.   
 
 

 

 
 
 
 
 
 

 

 

Fig. 5.3. SEM image of the cross section of a porous silicon monolayer fabricated with 
the lateral-wafer cell. The two images correspond to two different points of the same 
cross section. The thickness of the layer at each point is labeled. 

 

 The inhomogeneity of the porous silicon samples fabricated with this cell 
are most probably due to the bubbles that form and stick on the silicon surface. 
They must be removed and the concentration of HF has to be locally constant 
on the surface of the wafer. This type of cell does not facilitate the bubble 

 3.01 µm  2.19 µm
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removal due in part to the lateral position of the sample, to the square section of 
the cell body, and to the limitations of the magnetic stirrer, that is low efficient 
for the large volume of the cell (around 800 ml).   
 To solve the inhomogeneity problems of the porous silicon samples due 
to the structure of the cell, a new electrochemical cell was designed and 
fabricated: the bottom-wafer cell. 
 
 

 

Fig. 5.4. Porous silicon layers fabricated with the lateral-wafer cell. The inhomogeneity 
of the etched area can be observed at first sight as the color varies indicating that either 
the porosity and/or the thickness of the layer changes. 

 

 
5.1.1.2. Bottom-wafer electrochemical cell 
  

The inhomogeneity problems of the former cell were mainly due to the 
lack of bubble removal on the surface of the wafer. This removal was hindered 
by the shape of the cell. To solve this problem, six structural variations have 
been introduced to the electrochemical cell design, as can be seen in Fig. 5.5a: 

i) The cell body is a cylindrical-section recipient that facilitates the renovation 
of the electrolyte with the stirrer. Besides, the walls of the hole at the bottom of 
the recipient, realized for the contact of the electrolyte with the wafer, are not 
vertical but tilted to facilitate the renovation of the electrolyte and the removal 
of the bubbles on the surface of the wafer. 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, FABRICATION AND CHARACTERIZATION OF POROUS SILICON MULTILAYER OPTICAL DEVICES 
Elisabet Xifré Pérez 
ISBN: 978-84-691-0362-3/DL: T.2181-2007 



CHAPTER 5. FABRICATION AND CHARACTERIZATION OF … 
 

 

117 

 
Fig. 5.5. Bottom-wafer cell designed and fabricated for the formation of porous silicon 
a) schematic of the cross sectional view b) photograph of the fabricated cell, c) view of 
the stirrer and the Pt electrode, d) view of the inside part of the cell body.  

 

Si wafer 

mechanical stirrer 

Pt electrode O-ring 

Cell body Metallic 
connection 

a) 
 
 
 
 
 
 
 
 
 
 
 
 
b) c) 

 
 
 
 
 
 

d) 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, FABRICATION AND CHARACTERIZATION OF POROUS SILICON MULTILAYER OPTICAL DEVICES 
Elisabet Xifré Pérez 
ISBN: 978-84-691-0362-3/DL: T.2181-2007 



                               CHAPTER 5. FABRICATION AND CHARACTERIZATION OF … 
        

 

118

ii) The stirrer here is mechanic and larger. Its shape has been specially selected 
to stir the electrolyte from bottom to top. The stirrer rotates because of a 
continuous motor. The rotation velocity is selected by adjusting the DC voltage 
applied to the motor.  

iii) The wafer is situated at the bottom of the cell. With this variation, the 
bubbles formed on the surface are removed due to the stirrer effects and with 
the help of the gravity. 

iv) The volume of the cell has been reduced. The dimensions of the cell are the 
smallest ones for the dimensions of the stirrer and the cathode. By this way, the 
quantity of electrolyte to stir is the lowest possible (around 200 ml in our case). 

v) The back-side contact of the wafer is a copper disk instead of a ring. The disk 
enables a uniform contact on the whole area of the wafer. The copper disk has 
to be cleaned in order to remove the oxide film that is formed on it after many 
etching processes. 

vi) The shape of the platinum cathode does not influence on the homogeneity of 
the samples, on the contrary, the distance between the wafer and the cathode 
does. If the distance is too short, the porous layers are inhomogeneous. It is 
from a certain distance when the samples are homogenous. It is preferable not to 
choose an excessively great distance since this implies that the height of the cell 
will increase, increasing therefore the amount of electrolyte to stir. In the case 
of our cell, about 4 cm is enough.  

 This new cell design enables the fabrication of homogeneous porous 
silicon monolayers and multilayers, as will be demonstrated with the 
characterization process realized with spectroscopic ellipsometry (see chapter 
6). A photograph of the bottom-wafer cell can be observed in Fig. 5.5b.  
           The homogeneity of the porous silicon layers obtained with this 
electrochemical cell can be observed at first sight in Fig. 5.6a where it can be 
observed that the etched area of the layers presents a homogeneous color. The 
cross-section SEM image of one of the layers presented in Fig. 5.6a can be 
observed in Fig. 5.6b and Fig. 5.6c, where two different points of the same 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, FABRICATION AND CHARACTERIZATION OF POROUS SILICON MULTILAYER OPTICAL DEVICES 
Elisabet Xifré Pérez 
ISBN: 978-84-691-0362-3/DL: T.2181-2007 



CHAPTER 5. FABRICATION AND CHARACTERIZATION OF … 
 

 

119 

section have been measured and the thickness is labeled. It can be observed that 
the thickness of the layer at the two different and separated points is the same.  
 
 

 
 
 
 
 
 
 
 

   
Fig. 5.6. a) Porous silicon layers fabricated with the bottom-wafer cell. The color of the 
etched area is very homogeneous at first sight indicating the homogeneity of the layer. b 
and c) SEM images of a porous silicon monolayer obtained with the bottom-wafer cell. 
Two different points of the same cross section are shown and their thickness is labeled.  

 
 

5.1.2. Source for growth control 

 The process of pore growth can be realized either by controlling the 
anodic current or the potential. The most widely used method is the current 
control, because it allows a better control of the porosity, thickness and 
reproducibility of the porous silicon layer. For our fabrication system we have 
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realized current control using two different sources: a voltage source and a 
current source. The conclusions obtained with each of these two types of source 
are explained in the next subsections. 

 
5.1.2.1. Voltage Source 

 The voltage source used for the system was an Agilent E3631A DC 
Power Supply. It was a part of the self-controlled system where two digital 
multimeters Agilent 34401A were used for the measurement and control of the 
voltage and current during the fabrication process. The measurements from the 
multimeters allowed the system to readjust the output of the voltage source 
continuously.   
 The only drawback of this system was the time that it needed to readjust 
the voltage source, the so-called response time of the system. This time was 
mainly due to the time needed by the multimeters to make a measurement and 
to communicate via GPIB with the computer. The response time of the system 
was about 400-500 ms and it affected the formation of the porous layers in two 
different ways: 

 The transitions between two layers with different porosity were not rapid 
enough provoking an additional roughness between two porous layers with 
different porosity. 

 The main problem appeared at the surface of the porous layer. The system 
required about 1 s during the beginning of the fabrication process to adjust 
the initial voltage. In microporous silicon growth, where the etching rate is 
very fast, this initialization time produced a residual porous layer, whose 
thickness and porosity depended on the initial conditions. In Fig. 5.7 the 
SEM image of a sample obtained with this system is shown, where the 
residual layer, created during the first seconds of the anodization process 
can be observed at the surface of the porous sample. 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, FABRICATION AND CHARACTERIZATION OF POROUS SILICON MULTILAYER OPTICAL DEVICES 
Elisabet Xifré Pérez 
ISBN: 978-84-691-0362-3/DL: T.2181-2007 



CHAPTER 5. FABRICATION AND CHARACTERIZATION OF … 
 

 

121 

 Although porosity was quite homogeneous within a layer and the 
response time was the only drawback of the voltage source system, this problem 
was important enough to lead us to use the current control. 

 

 

 

 

 

 

Fig. 5.7. SEM image of a monolayer obtained with the voltage source system. Its total 
thickness is 1 µm. We can also observe the residual layer created during the system 
adjust with a thickness 79 nm. The reflectivity spectrum of this sample measured with 
the FTIR also indicated that it is not a monolayer, but more that one layer was formed. 

 

 
5.1.2.2. Current Source 

 The current source used for the fabrication system was a Keithley 2420 
SourceMeter. This source enables a perfect control of the time and current 
applied during the growth and avoids the additional roughness between different 
porosity layers due to the response time of the system. 
 The homogeneity of a layer obtained with the current control can be 
observed in Fig. 5.8 where we can see that there is no residual layer at the upper 
part of the monolayer. For this reason, all the porous silicon layers presented in 
the next sections have been fabricated using this current source system. 

  1 µm

  79 nm 
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Fig. 5.8. SEM image of a porous silicon monolayer obtained using the current source. It 
is a homogeneous layer with thickness 4.3 µm.  

 
 

5.1.3. Control Program 

 The fabrication process is completely controlled by a computer program. 
This program is a LabView virtual instrument realized to control the fabrication 
process of monolayers and multilayers of porous silicon with a very user-
friendly interface. The program controls via GPIB the different elements of the 
system.  
 The main window of the program can be observed in Fig. 5.9. The user 
only has to introduce three data to the program: 

   Input File: the path of the text file where the steps of current are 
defined, that is where the current profile is determined.  

   Output File: the path of the text file where the program will write the 
measures realized during the fabrication process. This file is very 
useful for the user because it permits the comparison between the steps 
defined by the user and the steps applied by the system. 

   Delay: the time between two consecutive measures. 

 The input file is a text file defined by the user with all the current steps 
and the duration time of each step. It is a very simple file where the first column 
is the duration time of the step and the second column is the current that must 

 4.3 µm
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be applied. Each row corresponds to a layer of the multilayer (or monolayer if 
only one step is defined). 
 The rest of elements of the program window indicate the data obtained 
during the fabrication process: 

   Graph: Shows the current determined by the user and the current 
measured during the fabrication process in order to check if the process 
has been realized correctly. 

  Arrays Time and I measured: The values plotted in the graph can also be 
read here numerically. 

  # Measured Points: the number of measures that will be done during the 
formation process. It is calculated by the program from delay value 
introduced by the user. 

  Error: Indicates if there has been any problem with the Source or the 
measurements during the fabrication process.  

 

 

Fig. 5.9. Main window of the program that controls the fabrication process of porous 
silicon. 
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5.1.4. Electrolyte 

 The electrolyte used for the fabrication of porous silicon is an aqueous 
dilution of hydrofluoric acid (HF). The dilution is necessary due to the 
hydrophobic character of the clean silicon surface. In fact, ethanoic solutions 
infiltrate the pores, on the contrary pure aqueous HF solutions do not. This is 
very important for the lateral homogeneity and the uniformity of the porous 
silicon layer in depth. Moreover, the lateral homogeneity and the surface 
roughness can be reduced increasing the electrolyte viscosity [86]. 
 The electrolyte that we have used for the fabrication of our porous silicon 
samples is composed of high purity hydrofluoric acid (HF) in 40% aqueous 
solution diluted in ethanol. We have used the electrolyte with approximately 
15% concentration of HF. This concentration was chosen because many works 
have used it [48,176,135] and in [19] is considered to give a large porosity 
variation.  
 The importance of the use of ethanol for the dissolution has also been 
observed during the tests made for the starting of the fabrication process. It is 
well known that during the reaction there is a hydrogen release and bubbles are 
formed on the surface of the silicon wafer. In the beginning of the work, the 
aqueous HF was diluted in water instead of ethanol. The number of bubbles 
formed with this dissolution was so high that they produced high variations of 
voltage between anode and cathode, and resulting in a very inhomogeneous 
sample. The formation of bubbles during the growth was drastically reduced 
when ethanol was used for the dissolution instead of water. We have checked 
that with ethanol, the potential between anode and cathode does not vary during 
the growth of the porous layers.    
 

5.1.5.   Silicon wafers and sample preparation 

 During realization of this work, the wafers used for the formation of 
microporous silicon are p-type silicon wafers doped with boron. The use of p-
type wafers instead of n-type wafer permits us not to use back-side illumination 
for the generation of minority carriers (see chapter 2). 
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 The resistivity of the wafer influences on the hardness/toughness of the 
microporous structure. At the beginning of this work, the growth of porous 
silicon was realized with three different resistivity wafers: 5-7 Ω, 1-10 Ω, and 
10-20 mΩ. The two former ones are considered high resistivity wafers whereas 
the latter is a low resistivity wafer. 
 The porous silicon layers obtained with the high resistivity wafers (low 
doped) were very fragile, the surface of the wafer was very rough and some 
parts of the etched zone detached from the wafer either during the fabrication 
process or during the drying process. These results were obtained even for very 
low current densities (5 or 10 mA/cm2). One of these porous wafers obtained 
with low doping substrates can be observed in Fig. 5.10a. 
 

  

     

Fig. 5.10. Photograph of two porous silicon layers obtained with (a) a low doping 
silicon (b) a high doping silicon wafer. 

 

 On the contrary, the porous silicon layers obtained with low-resistivity 
wafers (high-doped) are strong and robust and their surface is flat, as can be 
seen in Fig. 5.10b. Furthermore, the very low resistivity of these wafers enables 
a good contact between the wafer and its back-side metallic connection (copper 
disk), without the need of a high dose implantation on the back surface of the 

a)       b) 
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wafer. For these reasons, this type of wafers has been used for the fabrication of 
the porous silicon layers presented in this work. 
 The preparation of the silicon wafer for the porous silicon fabrication is 
very simple. Microporous silicon consists of the growth of disordered pores in 
the silicon wafer, therefore no lithography or preparation of the wafer is 
required. The preparation of the silicon wafer before the etching process is 
reduced to the removal of the oxidation of the wafer surface due to ambient 
conditions. This oxidation is easy to eliminate by immersing the wafer in low 
concentration (5 %) HF solution for a few minutes.   

 

Drying of the porous silicon samples 

 Once the porous silicon has been formed, the etched wafer has to be 
dried. Due to large capillary stress, drying of samples is a critical step and can 
result in extended cracking if special procedures are not followed. Methods to 
reduce or eliminate the capillary stress include pentane drying, supercritical 
drying, freeze drying and slow evaporation rates.  
 Pentane drying is the easiest to implement. Pentane has a very low surface 
tension, and shows no chemical interaction with porous silicon (unlike ethanol). 
Using pentane as drying liquid enables to reduce strongly the capillary tension, 
but since water and pentane are non-miscible liquids, ethanol or methanol have 
to be used as intermediate liquids. Using this drying technique porous silicon 
layers with high porosity exhibit no cracking pattern after drying. All the porous 
silicon samples realized during this work have been dried with pentane. 
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5.1.6. Fabrication of porous silicon monolayers and 
multilayers 

As all the elements of the fabrication system and their utility have been 
explained in the previous subsections, we can summarize the fabrication process 
of porous silicon monolayers talking about these elements. In the 
electrochemical cell, the surface of a silicon wafer, contacted on the back, is in 
contact with the electrolyte. After applying a current, controlled by the current 
source, between the wafer backside contact and the electrode in the electrolyte, 
a pore growth by silicon dissolution starts. The figure with the whole system 
has been presented in Fig. 5.1. The current density determines the porosity of 
the porous silicon layer and the time that it is applied determines the thickness 
of the layer.  
 The formation of multilayer structures of porous silicon opens a broad 
range of applications, some of them simulated and designed in chapters 3 and 4. 
The main advantage of porous silicon multilayers is the almost free combination 
of layers with different porosity and thickness because these two parameters can 
be easily determined during the formation process of porous silicon. 

There are two main ways of producing porous silicon multilayers 
[177,92]: by periodically varying the etching parameters, such as for example 
the current density; or by using periodically doped substrates and maintaining 
constant the various etching parameters. All the multilayers fabricated during 
this work have been obtained with the first method, that is varying the etching 
parameters and using homogenously doped substrates. This method is used by 
almost all the other authors that fabricate porous silicon multilayers 
[39,81,178,179]. 

This method is based onto the following statements: 
 the etching process is self-limited (once a porous layer is formed, the 

electrochemical etching of this layer stops). 
 the etching occurs mainly in correspondence of the pore tips. 
 the porosity depends only on the current density once the other etching 

parameters are kept fixed. 
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 The application of a current density during a certain time results in the 
formation of one layer. A change of the current density yields the variation of 
porosity and as a result another layer with different refractive index is formed 
during the application of this second current density. In Fig. 5.11 we can 
observe the schematic of the growth of a porous silicon multilayer. 
 
 

Fig. 5.11. Schematic of the formation process of a porous silicon multilayer (top) the 
time dependence of the current density (bottom) the formed porous silicon layer for 
each current density. 

 
 

Hence, we can conclude that the variation of the current density during 
the etch process leads to the variation of the refractive index (porosity) in the 
etching direction only at the etch front. We can say that the current-versus-time 
profile is transferred to the porosity-versus-depth profile, that is refractive 
index-versus-depth profile. 

This procedure has been used for the formation of all the multilayers 
fabricated during this thesis. Fig. 5.12 shows the SEM image of a multilayer 
formed by the periodic repetition of two layers with different refractive index. 
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Fig. 5.12. SEM image of one of the fabricated porous silicon multilayers consisting of 
two layers with different refractive index repeated periodically.  

 

 

5.2. Characterization of porous silicon layers 

Once implemented the fabrication system, several porous silicon layers 
(monolayers and multilayers) have been fabricated. These layers have been 
measured with different techniques: Scanning electron microscopy, Fourier 
Transform Infrared Spectroscopy and Spectroscopic Ellipsometry. By 
processing these measurements, we can obtain different characteristics like the 
refractive index, thickness, anisotropy, etc. 
 This section is divided in two different parts. The first part is devoted to 
a brief explanation of the different techniques used for the measurement of the 
porous layers. The second part explains the two methods used for processing 
these measurements for determining the two main features of porous silicon 
layers: refractive index and thickness.  
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5.2.1. Measurement techniques 

5.2.1.1. Scanning Electron  Microscopy  

The Scanning Electron Microscope (SEM) is a microscope that uses 
electrons rather than light to form an image. Some advantages of the SEM are 
the large depth of field, which allows a large amount of the sample to be in 
focus at a given time. The SEM also produces images of high resolution, which 
means that closely spaced features can be examined at a high magnification. 
Preparation of the samples is relatively easy since, most SEMs only require the 
sample to be conductive. The combination of higher magnification, larger depth 
of focus, greater resolution, and ease of sample observation makes the SEM one 
of the most widely used instruments in research areas today.  

The SEM is an appropriate method to observe porous silicon layers. It is 
very useful for the determination of the structure, size and shape of the pores 
[41], especially for meso and macroporous silicon. For microporous silicon, the 
SEM image of the cross section of a porous silicon layer shows the porous zone 
clearly distinguished from the substrate [44,176]. For this reason it has been 
used for the thickness estimation of our monolayers.  

SEM images present different gray levels depending on the porosity of 
the layers [39,180]. For this reason, the thickness of the different layers of a 
multilayer can be measured. It has also been used for evaluating the 
homogeneity of the porous silicon layers, for analyzing the interfaces, for 
observing the roughness between different porous layers and for the calculation 
of the etching rate [79,115,92,181]. Fig. 5.13 shows the SEM image of a porous 
silicon multilayer where the different layers can be clearly seen. 
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Fig. 5.13. SEM image of a porous silicon multilayer. It consists of two layers with 
different refractive index repeated two times.  

 
 
5.2.1.2. Fourier Transform Infrared Spectroscopy  

A Fourier Transform Infrared (FTIR) Spectrometer is a spectral 
instrument that collects and digitizes the interferogram, performs the FT 
function and displays the spectrum. Basically, the FTIR illuminates the sample 
and calculates the reflected, transmitted or absorbed light for a wavelength 
range [80]. It is used for the optical characterization of layers [39,80,98182-
184]. 
 The FTIR spectrometer used for the measurement of our porous silicon 
samples is a Bruker Vertex 70. The photograph of the spectrometer can be 
observed in Fig. 5.14. The spectra obtained with the FTIR, that have been used 
for the analysis of the porous layers, are the reflectivity and the transmission 
spectra for the wavelength range from 1 to 4 µm. 
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Fig. 5.14. Photograph of the FTIR spectrometer Bruker Vertex 70 used for the 
measurement of the porous silicon layers. The setup for the measurement of the 
reflectivity spectrum is placed.  

 
5.2.1.3. Spectroscopic Ellipsometry 

 Spectroscopic Ellipsometry is a non-destructive optical technique 
widely used that measures the polarization of the light reflected on the surface 
of a sample in a wavelength range [185]. The ellipsometric measurements are 
evaluated to obtain the complex refractive index (n and extinction coefficient k), 
the interface roughness, the thickness and the composition of films [186]. One 
of the most widely used evaluation methods is the Bruggemann Effective 
Medium Approximation (EMA) [187-190].  
 For porous silicon layers, we have used ellipsometry to determine the 
optical properties of the layers and the substrate [79,187,191,192]. The 
thickness and refractive index of monolayers and multilayers have been 
calculated and the porosity of the layers, very difficult to determine with the 
other methods, has been estimated. Besides, the anisotropy of porous silicon 
layers with different porosity has been analyzed.  
 The complete analysis and characterization of the porous silicon layers 
realized with ellipsometry is extensively explained in chapter 6. 
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5.2.1.4. Atomic Force Microscopy 

Another technique widely used for the analysis of porous silicon layers 
is the Atom Force Microscopy (AFM). AFM images are obtained by 
measurement of the force on a sharp tip (insulating or not) created by the 
proximity to the surface of the sample. This force is kept small and at constant 
level with a feedback mechanism. When the tip is moved sideways it will 
follow the surface contours [193]. By this way, three dimensional images of the 
surface of the samples are obtained.  

The AFM studies are focused on the characterization, at nanometric 
scale, of the porous silicon layers, specially used for the study of layer 
inhomogeneities [194], surface roughness of the substrate [195], and 
morphology of porous silicon [196-199]. For many studies, AFM is applied 
together with another optical characterization or morphological technique. [200-
203].  

 
 

 

 

Fig. 5.15. AFM image of the surface of a porous silicon monolayer.  
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For our porous silicon layers, the AFM has been used for the study of 
the surface of the porous layers. Fig. 5.15 shows the AFM image of a porous 
silicon layer. These layers will be used in the near future as templates for the 
fabrication of liquid crystal photonic crystals where the knowledge of the 
surface contour of the layer is very important.   

 
 

5.2.2. Mathematical methods for the determination of the 
refractive index and thickness 

Each of the two mathematical methods explained here for the 
calculation of the refractive index and thickness use some of the measurements 
explained in the previous section. For the comparison of both methods, these 
characteristics are calculated for an example porous silicon monolayer and, at 
the end of this section, these results are evaluated. 

 
5.2.2.1. Measurement of interference fringes 

A very simple method for evaluating the refractive index of a film 
material is to measure the interference fringes, resulting from multiple 
reflections, to obtain the optical thickness. This method has been used by 
different authors only for normal incidence [19,103]. Here we develop the 
expressions for the refractive index calculation for any incidence angle.  

Fig. 5.16 shows a typical arrangement for thin-film interference. Light 
traveling from one medium with refractive index n0 encounters a thin film with 
refractive index n. Some of the light is transmitted through the film and some 
other is reflected. Thin film interference involves interference between light 
reflecting from the top surface of the film and light reflecting from the bottom 
surface of the film. For the case of porous silicon layers, the incident medium is 
air, being its refractive index n0=1. 
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        Transmitted light 
 

Fig. 5.16. Schematic of the light beam reflection when it arrives to a thin film with 
thickness d and refractive index n with an incident angle θ0.  

 
 

The reflectivity spectrum of the film is characterized by the multiple 
interference fringes caused by the air-porous silicon and porous silicon-silicon 
interfaces. By assuming that the porous silicon film has parallel surfaces and 
that the refractive index is a smooth function of the wavelength, it is possible to 
deduce from the wavelength position of adjacent reflectance maxima the value 
of the refractive index [204]. The condition for a constructive interference is: 
 

2nd cosθ=m λm         for m=0,1,2, …     (5.1) 
 
Therefore the expressions for two consecutive maxima are: 
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From these two expressions we obtain: 
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Instead of θ  we express Eq. (5.4) in terms of the incidence angle θ0, applying 
Snell's law: 
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The resulting expression of the refractive index n for any incidence angle θ0 is:  
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where θ0 is the incidence angle, λm is the wavelength of the mth maximum of the 
reflectivity spectrum and d is the thickness of the monolayer.  

 
Equation (5.5) has been used for the calculation of the refractive index 

of all the monolayers fabricated during this work. To apply this equation, two 
different measurements were realized to the monolayers. First, the reflectivity 
spectrum was measured for different angles of incidence with the Fourier 
Transform Infrared (FTIR) Spectrometer Bruker Vertex 70. By this way, the 
wavelengths corresponding to maximum reflectivity were determined. Fig. 
5.17a shows the reflectivity spectrum of a monolayer fabricated by applying 
J=20 mA/cm2 for 120 s. It was measured for incidence angle θ0=12º and the 
different interference fringes can be observed.  

 The second value required for the application of Eq. (5.5) is the 
thickness of the monolayer, measured with SEM. In Fig. 5.17b the SEM image 
of the monolayer with the reflectivity spectrum shown in Fig. 5.17a can be 
observed.  
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The refractive index of this monolayer has been calculated using Eq. 
(5.5). It varies from 1.97 to 1.83 for the wavelength range between 1 µm and 4 
µm, which demonstrates that the refractive index of porous silicon within this 
wavelength range is not constant (for more details see section 5.3.1).  

 
 

Fig. 5.17. (a) Reflectivity spectrum of a porous silicon monolayer obtained with J=20 
mA/cm2 and t=120 s, for θ0=12º (b) SEM image of the cross section of the same porous 
silicon monolayer. Its thickness is 2.48 µm. 

 
 
 
The main advantage of this method is that it is fast and easy. The main 

disadvantage is that the estimation of thickness with SEM is not very accurate, 
which can introduce an error of about 5% on the refractive index. 
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5.2.2.2. Spectrum analysis fitting 

This is a procedure for the optical characterization of thin-film 
monolayers and stacks from spectrophotometric and/or ellipsometric data. It 
consists of a least-squares fitting of the simulated spectrum to a measured 
spectrum by assuming that the optical constants of the film follow a 
mathematical model [205]. With this method, the refractive index and the 
thickness of the monolayers are determined. The used program, inspired in this 
method, was developed by the Optical Characterization Group of the 
Universitat de Barcelona [206].  

Two mathematical models can be used for the fitting of the measured 
data. One of them is the Cauchy model, useful for dielectric materials, far from 
the absorption band [204]. Cauchy's equation is an empirical relationship 
between the refractive index n and wavelength of light λ for a particular 
transparent material. The most general form of Cauchy's equation is: 

λλ

λλ
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E

Dek
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=

++=

)(

)( 42             (5.6) 

where A, B, C, D, and E are coefficients (usually quoted for λ in micrometres) 
that can be determined for a material by fitting the equation to measured 
refractive indices at known wavelengths. 

For porous silicon, the refractive index and the extinction coefficient 
can also be modelled with the Bruggemann Effective Medium Approximation 
(EMA), where it is assumed that the porous silicon layer is a mixture of the 
substrate silicon and air [207]. For this method, the dielectric constants of the 
components are named εi, fi their volume fractions and y the screening 
parameter, the mathematical expression for the effective dielectric constant ε in 
terms of named εi, fi  and  y is given (in implicit form) by 

∑ +
−

=
i i

i
i y

f
εε

εε0      (5.7) 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, FABRICATION AND CHARACTERIZATION OF POROUS SILICON MULTILAYER OPTICAL DEVICES 
Elisabet Xifré Pérez 
ISBN: 978-84-691-0362-3/DL: T.2181-2007 



CHAPTER 5. FABRICATION AND CHARACTERIZATION OF … 
 

 

139 

These methods enable the fitting of the reflectivity spectrum, obtained 
with the FTIR spectrometer; the fitting of the ellipsometric data, obtained with 
the ellipsometer, or the simultaneous fitting of both types of measured data.  

The best fit can be obtained using simultaneously the reflectivity and 
the ellipsometric data. By this way, the optimal fit using measurements with 
two different techniques can be realized. In Fig. 5.18 and Fig. 5.19 the best fit 
obtained using both types of measured data can be observed for an example 
porous silicon layer. This monolayer was obtained by applying J=20 mA/cm2 
for 120 s. For this case the Cauchy model was applied. The values obtained 
with this simultaneous fitting are a refractive index varying from 1.92 at 0.9 µm 
wavelength to 1.85 at 4 µm and a thickness of 2.43 µm. 
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Fig. 5.18. Reflectivity spectrum of the porous silicon monolayer obtained with J=20 
mA/cm2 and t=120 s, measured with the FTIR spectrometer (symbols). The best least-
squares fitted simulated spectrum is also shown (line). 
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Fig. 5.19. Measured ellipsometric data ∆ and Ψ (symbols) of the same porous silicon 
monolayer and the best least-squares fitted simulated ellipsometric data (line). 

 
 
In Table 5.I we can compare the refractive indices obtained with the 

two explained methods, for this example porous silicon monolayer. The 
refractive index obtained with the Cauchy model agrees with the one calculated 
with the interference fringe method presented in the previous section. The 
thickness of the layer also agrees with the one determined with SEM. This 
agreement indicates that both methods are suitable for the calculation of the 
refractive index and thickness of porous silicon layers.  

 
 

Method Refractive index 
(for λ=0.9 - 4 µm) Thickness (µm) 

Interference fringes 1.97 - 1.83 2.48 

Cauchy model 1.92 - 1.85 2.43 

 

Table 5.I. Comparison of the refractive index and the thickness obtained with the 
method of the interference fringes and the Cauchy model. The porous silicon monolayer 
measured was obtained with J=20 mA/cm2 for 120 s. 
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5.3. Calibration of the fabrication system (Anodization 
parameters) 

 We have seen that the two most important characteristics of a porous 
silicon layer are its refractive index and its thickness. These two physical 
characteristics of the layers depend on two different parameters of the 
anodization process: the current density and the anodization time respectively. 
Therefore, it is essential to determine the relation between the physical 
characteristics of the layers and the anodization parameters. 
 The calibration of the fabrication system establishes the current 
density-refractive index relation and the etching time-thickness relation for 
each current density. These relations are basic for the fabrication of the porous 
silicon multilayer devices studied and designed in chapters 3 and 4. 
  For the calibration of the fabrication process, several monolayers 
fabricated with different current densities and etch times have been 
characterized using the methods described in the previous section.  

 
 

5.3.1. Current density - Refractive index relation 

 The current density applied during the formation process determines the 
porosity of the porous silicon layer, and consequently its refractive index. The 
higher the current applied the higher the porosity and, therefore the higher the 
quantity of air in the layer resulting in a lower refractive index.  
 For each current density applied, a porous silicon layer with different 
refractive index is obtained. In Fig. 5.20 we can see the relation current density-
refractive index established from the measurements of the fabricated porous 
silicon monolayers. These refractive indices have been calculated using the 
measurement of interference fringes method. In Fig. 5.20 we can observe that 
the decrease of refractive index is exponential with the current density. These 
results agree with the ones presented in the literature [208]. 
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Fig. 5.20. Relation between current density and refractive index of porous silicon 
monolayers obtained with the bottom-wafer cell. The exponential dependence is also 
shown (black line). The bars indicate the variation of the refractive index for the 
wavelength range 1-4 µm. 

 
 
  The range of current densities studied goes from 10 to 70 mA/cm2. 
Current densities higher than 70 mA/cm2 yielded very fragile porous layers 
where frequently the etched area was slightly detached from the substrate. 
Current densities lower than 10 mA/cm2 yielded porous layers with very slow 
etch rates, increasing the duration of the layer formation without a significant 
gain in the index. Besides, these layers can be hardly seen with SEM, which 
highly hinders their characterization. These considerations have been taken into 
account for the design of the fabricated multilayer devices presented in chapter 
7. 
 The current density-refractive index relation in Fig. 5.20 permits us to 
calibrate the porous silicon formation system because it establishes the relation 
between the electric parameters (J) and the physical characteristics of the 
porous silicon layer (n). To complete the calibration of the fabrication system, 
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the knowledge of the relation anodization time-thickness is essential. This 
relation is analyzed in the next section. 
 The porous silicon multilayer structures fabricated during the realization 
of this thesis are designed to work in the wavelength range from 1 µm to 4 µm. 
Hence, the calibration of the fabrication system has been analyzed for this 
wavelength range. The refractive index of porous silicon is not constant within 
this wavelength range. This variation can be observed in Fig. 5.21 where the 
refractive index of a porous silicon monolayer is represented. It can be observed 
that the refractive index is higher for 1 µm and decreases until approximately 
1.5 µm. From this wavelength on, the decrease of the refractive index is very 
slow, quite constant. This variation has been represented in Fig. 5.20 using the 
variation bars for each point.  
 
 
 

 
Fig. 5.21. Refractive index of a porous silicon layer simulated with a thin film EMA 
model for an example porosity of  35 %. 
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5.3.2. Current density - Porosity relation 

One of the most important characteristics of a porous silicon layer is its 
porosity, defined as the fraction of air inside the porous layer. In fact, for the 
purpose of this thesis, the porosity of a layer is not an essential value but our 
essential parameter is the refractive index of the layer. As it has been explained 
before, for the simulation of any optical device the essential data of the layers 
that form the multilayer are the thickness and the refractive index, whereas the 
porosity is not used anywhere in the simulation and design process. Of course 
we know that the refractive index is determined by the porosity but for the 
simulation the concept porosity is completely invisible.   

Similarly to simulation, for the fabrication the porosity is also 
“invisible” because the different methods used for the characterization of the 
porous silicon layers (interference fringes method and spectrum analysis fitting) 
calculate the refractive index and the thickness of the layers, not the porosity. 
However, here we present the relation between porosity and current density 
because it could be interesting for future applications of the porous silicon 
layers. 

Fig. 5.22 the porosity-current density relation. These porosities have 
been calculated from the ellipsometric measurements (explained in chapter 7). 
In Fig. 5.22 we can observe that the porosity increases exponentially with the 
current density. The variation bars plotted for each current density are due to 
two different reasons. For J<20 mA/cm2, we have concluded from the 
ellipsometric study that the porosity varies gradually in depth, being the 
porosity at the top of the monolayer higher than at the bottom of the monolayer. 
Therefore, the variation bars for these current densities indicate the top and the 
bottom porosity of the monolayer. For  J≥20 mA/cm2,  the pores of the porous 
silicon monolayers have not the same dimensions in all the directions, resulting 
in an anisotropic material. The variation bars for these current densities indicate 
these variations that are detailed explained in chapter 7. 
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Fig. 5.22. Relation between porosity and current density. The exponential dependence is 
also shown (solid line). 

 
 
 

5.3.3. Etching time - Thickness relation 

The time during which a current density is applied is the etching time. It 
determines the thickness of the porous silicon layers. The anodization time-
thickness relation for the fabricated porous silicon monolayers can be seen in 
Fig. 5.23, where the results for two different current densities are represented. It 
can be observed that it is a linear relation.  
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Fig. 5.23. Relation between the applied anodization time and the thickness of the 
monolayer, obtained for two different current densities (symbols). The lineal 
dependence is also shown (lines). 

 
 

From this figure, we can also see that the slope is different for every 
current density and it increases when the current density increases. This slope 
let us define another formation parameter of porous silicon, the etch rate that is 
the velocity of formation of a layer with a certain porosity. In Fig. 5.24 the 
dependence of the etch rate with the current density is shown. From this figure 
we can conclude that the etch rate increases with the current density with 
exponential dependence. Another conclusion that we can obtain from Fig. 5.24 
is that for high current densities, the fast etch rate hinders the fine control of the 
layer thickness. Also the precise control of the layer thickness is restricted by 
the "inertia" of the growth system.  
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Fig. 5.24. Relation between de current density and the etch rate of porous silicon 
monolayers obtained with the bottom-wafer cell. The exponential dependence is also 
shown. 

 
 

5.4. Conclusions 

In this chapter we have explained two different processes: the 
fabrication and the characterization of the porous silicon layers.  

The first part corresponds to the fabrication process and it explains in 
detail the porous silicon fabrication system established at the Department of 
Electronic, Electric and Automatic Engineering of the University Rovira i 
Virgili. The different elements that form this system have been presented and 
their influence on the porous silicon characteristics has been discussed. We have 
concluded that the structure of the electrochemical cell determines the 
homogeneity of the porous layers, being the most appropriate the cell where the 
silicon wafer is placed at the bottom and the electrolyte is stirred mechanically. 
The current source is another important element of the fabrication system 
because it determines the porosity and thickness of the porous silicon layers, 
and also the roughness of the interfaces. We have also concluded that the silicon 
wafers most suitable for the formation of microporous silicon are highly doped 
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p-type wafers (low resistivity). The rest of elements of the fabrication system 
are the electrolyte, being the one used an ethanol solution with 15 % HF 
concentration; and the control program realized for the control of the whole 
fabrication system, that has been also explained. 

The characterization part is focused on the study of the fabricated 
porous silicon layers. The different measurement techniques used for the 
characterization of the fabricated porous silicon layers have been explained. 
These techniques are Scanning Electron Microscopy (SEM), Fourier Transform 
Infrared spectroscopy (FTIR) and Spectroscopic Ellipsometry (SE). From these 
measurements the two main characteristics of the porous silicon layers, 
refractive index and thickness, have been calculated using two different 
mathematical methods. The first is the interference fringes method that uses the 
SEM and the FTIR measurements to determine both refractive index and 
thickness. These two characteristics can also be calculated with the second 
method, the spectrum analysis fitting that uses the FTIR reflectivity spectrum 
and the ellipsometric measurements. The comparison of the results obtained 
with both methods indicates that both are equally suitable for the 
characterization of microporous silicon layers. 

One of the applications of this characterization is the calibration of the 
fabrication system, that has permitted us to know well the system designed. 
This calibration has established the relations between the anodization 
parameters and the physical characteristics of the porous silicon layers, that are 
the current density-refractive index relation and the anodization time-thickness 
relation. The porosity has also been analyzed. We have concluded that the 
increase of the current density leads to an increase of the porosity and therefore 
a decrease of the refractive index. The relations of the current density with 
porosity and refractive index are both exponential. We have also concluded that 
the thickness increases linearly with the anodization time. From these values, 
we have also defined another parameter, the etch rate that is the velocity of 
formation of a porous silicon layer. The etch rate depends on the current 
density, basically it exponentially increases with current density. 
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Finally, the process for the fabrication of porous silicon multilayers has 
been explained. The values of the anodization parameters used for the formation 
of multilayers are based on the data given by the calibration process. 
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Chapter 6 

Ellipsometric study of porous silicon 
layers 

 
 The ellipsometric study of porous silicon monolayers and multilayers is 
presented in this chapter. The objective of this study is to determine the main 
physical characteristics of these layers: porosity (and therefore refractive index) 
and thickness. These characteristics have been previously calculated with other 
methods and the comparison between those results and the results obtained with 
ellipsometry is also presented. In addition, spectroscopic ellipsometry allows 
the analysis of the anisotropy of the porous layers. This characteristic can not be 
analyzed by any of the previous characterization methods used, so ellipsometry 
provides this additional data for the knowledge of the fabricated porous silicon 
layers.    
 First, in this chapter, we briefly explain the theoretical concepts of 
spectroscopic ellipsometry. Next, we describe the equipment used for the 
ellipsometric measurements, the ellipsometer. The different steps followed for 
the characterization of the porous silicon layers are also explained. After that, 
we show the most relevant results obtained from ellipsometry, firstly the 
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ellipsometric study of fabricated porous silicon monolayers, and secondly the 
study of porous silicon multilayers consisting of a periodic repetition of two 
layers with different degrees of porosity. Finally, we present the conclusions 
obtained from our experiments. 

 
6.1. Introduction to Spectroscopic Ellipsometry 

 Ellipsometry is an optical characterization technique based on the 
measurement of the polarization transformation that occurs after the reflection 
(or the transmission) of a polarized beam by a given sample [209]. Ellipsometry 
is a well known technique that has been currently practiced since the second 
half of nineteenth century and it is supported by a complete theoretical 
description [209].  
 When a beam of linearly polarized light of a known orientation is 
reflected at oblique incidence from a surface then the reflected light is 
elliptically polarized, for this reason the term ellipsometer was chosen. The 
shape and orientation of the ellipse depend on the angle of incidence, the 
direction of the polarization of the incident light, and the reflection properties of 
the surface. 
  Nowadays ellipsometry has many interesting applications. In particular, 
it is mainly used in semiconductor research and fabrication to measure the 
optical properties as well as the physical dimensions of complex systems such 
as multilayer stacks of thin films and the interfaces between those layers [210-
214]. However, ellipsometry is also becoming more interesting to researchers in 
other disciplines such as biology and medicine [215,216]. These areas pose new 
challenges to the technique, such as measurements on unstable liquid surfaces 
and microscopic imaging [217-219]. 
 Ellipsometry is sensitive to several material characteristics, such as layer 
thickness, optical constants (refractive index and extinction coefficient), surface 
roughness, composition, optical anisotropy; and is used to characterize both 
single layers and multilayer stacks [218,220,221]. 
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6.1.1. Fundamentals of ellipsometry 

 All the expressions that will be mentioned from now on will be related to 
reflection ellipsometry. Anyway, broad information can be found in the 
literature [222,223] about the instrumentation and the mathematical formalism 
of transmission ellipsometry.  
 In both reflection and transmission ellipsometry, the direction of the 
incident and reflected beams determine the plane of incidence. To easily 
introduce the basic ellipsometric magnitudes and to generalize them, we will 
first consider the case of a plane wave whose electric field vector can be 
decomposed into two components, one parallel (subscript p) and another 
perpendicular (subscript s) to the incidence plane. Fig. 6.1 shows the schematic 

representation of the incident 
i

E  and reflected 
r

E  fields, and their 
corresponding components Ei

p, Ei
s, Er

p, and Er
s.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.1. Schematic of the incident electric field (
i

E ) and the reflected electric field 

(
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E ). 
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 These components are usually expressed in complex notation: 
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where  ω is the angular frequency, 0k is the wavenumber vector in the vacuum, 

Ai,r
p and Ai,r

s are the complex amplitudes of the field components, αi,r
p and αi,r

s 
are their modulus and βi,r

p  and βi,r
s are their relative phases for t=0 and z=0. As 

the physical magnitude actually detected by ellipsometers is the radiation 

intensity, the general phase, )( 0 zktje −ω , is not considered because it does not 
affect the magnitude value. On the contrary, the relative phases are very 
important for the intensity value determination.  
 The p and s components of the incident and reflected electric fields are 
related to each other with the reflection coefficient in parallel polarization rp and 
the reflection coefficient in perpendicular polarization rs, respectively. The 
expressions of these two relations are: 

i
ss
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ArA
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          (6.2) 

  
 Ellipsometry measures the modulus and phase of the quotient between the 
reflection factor in parallel polarization and the reflection factor in 
perpendicular polarization. This quotient is named complex relation, ρ, and is 
expressed as: 

s

p

r
r

=ρ        (6.3) 

 From this relation the ellipsometric angles Ψ and ∆ are defined as: 

ρ = tanΨ ej∆             (6.4) 

where Ψ is the angle whose tangent is the quotient of the modulus of the 
reflection factors rp and rs and ∆ is the phase change difference that the p and 
the s components undergo in the reflection.  
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 Although the most used ellipsometric parameters are Ψ and ∆, for the 
study of the porous silicon layers we will study Is and Ic, because these are the 
magnitudes actually measured in the setup we have used [224] The relation of 
these values with Ψ and ∆ are 

      IS = sin(2Ψ) sin(∆)  

     IC = sin(2Ψ) cos(∆)                      (6.5) 

 Because ellipsometry measures the ratio of two values, it can be highly 
accurate and very reproducible.   
 The most important application of ellipsometry is to study thin films. In 
the context of ellipsometry a thin film is one that ranges from essentially zero 
thickness to several thousand Angstroms, although this range can be extended 
in some cases. If a film is thin enough that it shows a colored interference 
pattern then it will probably be a good ellipsometric sample. The sensitivity of 
an ellipsometer is such that a change is film thickness of a few Angstroms is 
usually easy to detect.  
 The use of spectroscopic ellipsometry has many advantages. The most 
important one is that ellipsometry measures a ratio of two values which permits 
highly accurate and reproducible (even in low light levels) results.  No reference 
sample is necessary and it is not as susceptible to scatter, lamp or purge 
fluctuations as other measurement techniques. 
 Ellipsometry provides two values at each wavelength so we obtain more 
information about sample and therefore more film properties. Some 
ellipsometers allow the variation of the incidence angle, being called Variable 
Angle Spectroscopic Ellipsometry (VASE) that report new information 
optimizing the sensitivity.  
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6.1.2.  Equipments for ellipsometric measurements. 
Ellipsometers 

 There are many different ways of determining the polarisation of a beam 
of light. In the first ellipsometers, the operator observed the light beam that was 
reflected off the sample through an eyepiece. The polarisers and retarders were 
rotated by hand until the effect of the polarisation was inverted and no light 
would pass through the instrument. This is called the nulling technique. Many 
instruments are still based on the nulling technique although today's null 
ellipsometers are somewhat more sophisticated. The light sources used in these 
instruments were often fixed to a single wavelength. 
 Modern nulling ellipsometers use computers to rotate the elements and to 
automatically calculate the ellipsometry signal very quickly. However, the 
nulling technique is not ideal for automated instruments because it is based on 
measuring a zero signal. This was an advantage in the early ellipsometers 
because the human eye is very sensitive to small changes in the signal around 
the 'null'.  

  In recent years, the advent of computer control and multichannel 
detectors has made it possible to develop fast spectroscopic ellipsometers. A 
technique that is more suited to modern-day instrumentation is Phase 
Modulated Ellipsometry. The phase modulated ellipsometer (PME) is that in 
which the state of the radiation beam polarization in a certain point of its 
trajectory is modulated, obtaining information of the measured system with an 
analysis of the harmonics of the detected signal. 
 The most relevant advantages of the PME are the absence of mechanical 
vibrations of the optical elements and the high modulation frequency that allows 
the fast data acquisition, that makes possible the monitoring of processes of 
preparation and treatment of samples in real time. 
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6.2. Ellipsometric characterization process 
The characterization of porous silicon layers using spectroscopic 

ellipsometry has been realized during my stage at the École polytechnique in 
Palaiseau (France), under the supervision of Dr. Enric García-Caurel. Part of the 
ellipsometric measurements were also realized at Horiba Jobin Yvon in 
Longjumeau (France). During this stage many porous silicon monolayers and 
multilayers where measured and characterized. In this section, the equipment 
and the process for the measurement and characterization of the layers are 
detailed. 

 

 

6.2.1. UVISEL Ellipsometer  

All the fabricated porous silicon layers have been measured using the 
UVISEL NIR Spectroscopic Phase Modulated Ellipsometer commercialized by 
HORIBA-Jobin Yvon. The ellipsometric data were acquired at an incident angle 
of 70° (some measurements for 55º) for the wavelength range 0.9-1.8 µm with a 
step of 10 nm.  

Fig. 6.2a shows the photograph of the UVISEL ellipsometer used for 
the realization of the measurements. In Fig. 6.2b we can observe the different 
parts of this equipment [225]. 

Fig. 6.2b shows a schematic representation of the optical setup of the 
phase-modulated ellipsometer. The light source is a xenon lamp, which emits 
unpolarized light. The beam is focused on the entry of an optical fiber and then 
passes through a polarizer. After reflection on the sample, the beam is analyzed 
by a Photoelastic Modulator (PEM) with a 50 kHz modulation frequency, and a 
second polarizer called analyzer. The light intensity is then introduced to a 
spectrograph to process the data acquired. 
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Fig. 6.2. a) UVISEL ellipsometer (École polytechnique) b) Schematic of the UVISEL 
ellipsometer elements [After 225]. 

 
 

6.2.2. Influence of the spot size on the ellipsometric 
measurements 

Two different sets of samples have been characterized by ellipsometry. 
Each set has been fabricated using a different electrochemical cell: one set was 
fabricated with the lateral-wafer cell and the other with the bottom-wafer cell. 
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In section 5.1.1, we have concluded that the porous silicon layers obtained with 
the lateral wafer cell where very inhomogeneous, being the bottom-wafer cell 
the most appropriate for the fabrication of homogeneous porous silicon layers. 

The inhomogeneity of the porous layers obtained with the lateral cell can be 
also observed from the ellipsometric measurements of the porous silicon layers. 
The spot size of the beam for the ellipsometric measurement can be adjusted in 
the UVISEL ellipsometer. Three different spot sizes can be selected: macrospot 
(1 x 2 mm), mesospot (0.1 mm x 0.2 mm) and microspot (0.01 mm x 0.02 mm). 
The ellipsometric measurement is an average of the measurement in the spot 
area. If the refractive index and/or the thickness across the spot area are 
different the resulting ellipsometric measurement will lead to an averaged result 
which cannot be fitted because averaging is not taken into account by our 
ellipsometry software. In consequence, it is very important to choose the 
appropriate spot size for each type of layer.  For inhomogeneous layers the 
smallest spot size, the microspot is the most suitable whereas the homogeneous 
layers can be measured with a better signal-to-noise ratio with the meso or the 
macrospot.  

  Our porous silicon monolayers, obtained with both electrochemical cell 
types, have been measured with the three spot sizes. Fig. 6.3 shows the 
ellipsometric measurements realized to a porous silicon monolayer obtained 
with the lateral-wafer cell for two different spot sizes. We can observe that the 
results obtained are very different for the macrospot and for the mesospot. With 
the mesospot all the maxima and minima of IS and IC can be observed whereas 
with the macrospot these variations are attenuated and some of them are lost. 
This effect of aliasing is explained by the inhomogeneity of the samples, which 
corroborates the conclusions obtained in section 5.1.1 that the wafers obtained 
with the lateral-wafer cell are inhomogeneous. 

Fig. 6.4 shows the ellipsometric measurements of a monolayer fabricated 
with the bottom-wafer cell. We can observe that IS and IC do not vary with the 
spot size, which indicates that the porous silicon monolayer is very 
homogeneous. The little variations of IC at the maxima of the mesospot 
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measurements are not relevant, they are produced by the low signal-to-noise 
ratio of the instrument due to the small size of the spot.  
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Fig. 6.3. Ellipsometric measurements of a porous silicon monolayer, fabricated with the 
lateral-wafer cell, for two different spot sizes. 

 
 
The ellipsometric study has been realized for layers fabricated with both 

lateral and bottom-wafer cells. The results obtained with the latter cell are more 
accurate due to the homogeneity of the fabricated porous silicon layers. For this 
reason, in the next sections we only present the ellipsometric study realized for 
the bottom-wafer cell layers and the conclusions obtained from this study. The 
same conclusions have also been obtained for the lateral-wafer cell layers 
although the possible errors introduced in the characterization are slightly 
higher due to inhomogeneity. 
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Fig. 6.4. Ellipsometric measurements of a porous silicon monolayer, fabricated with the 
bottom-wafer cell, for two different spot sizes. 

 

 

6.2.3. Process for the determination of porous silicon 
characteristics using ellipsometric data 

 The characterization of porous silicon layers using spectroscopic 
ellipsometry is realized in two very different steps. Firstly, we measure the 
samples with the ellipsometer to obtain the experimental ellipsometric data, and 
second, we modelize the experimental data to interpret the measurement in 
terms of a physical model that connects the optical response with the physical 
structure of the given sample. 
 The optical model has been built using the DeltaPsi2 program, developed 
and commercialized by Jobin Yvon. A porous silicon layer has been modeled as 
a layer formed by two different materials, silicon and air (void), on a silicon 
crystalline substrate [226,227]. The law of mixture used to model the equivalent 
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dielectric function of the materials is the effective medium approximation of 
Bruggeman [228]. 
 Although we have considered that a porous silicon layer is only formed 
by silicon and air, the existence of silicon dioxide could also be assumed. 
However, silicon dioxide has not been used for the model because its optical 
response is very similar to that of air and it is not possible to distinguish 
between their contributions. 
 Unknown parameters of this optical model can be thin film thickness, or 
optical constants or both. For our particular case, the unknown parameters are 
the thickness, and the volume fraction of void (porosity). The possible presence 
of uniaxial birefringence in the layers is also considered. 
 Using this optical model we have generated the simulated ellipsometric 
data. The unknown parameters are varied to try and produce the best fit between 
the simulated and the experimental ellipsometric data.  
 Numerical algorithms are used to vary the unknown parameters and 
minimize the difference between simulated and experimental data. In our 
particular case, we have used the Marquardt [229] minimization routine for the 
determination of porous silicon layers parameters. According to the article of 
Jellison [230] we have used a non biased mean-squared error (χ2) function to 
measure the goodness of fit. The χ2 is defined as follows 
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where M is the number of points, IsTi is the simulated value Is for the i point, IsXi 
is the experimental value Is for the i point, IcTi is the simulated value Ic for the i 
point, IcXi is the experimental value Ic for the i point and σis and σic are the error 
in the experimental determination, for this case σis=σic=0.01. 
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6.3. Measurement and characterization of porous 
silicon monolayers  

Several porous silicon monolayers have been fabricated with the fabrication 
method explained in detail in chapter 5. Each of them has been obtained 
applying a different current density, therefore each monolayer has a different 
porosity, and so a different refractive index. Although a set of monolayers has 
been fabricated with each of the two types of anodization cell, in this and the 
next sections we only present the ellipsometric study realized for the bottom-
wafer cell layers for the reasons explained in the previous section. 

Each monolayer is identified by the current density (J) applied during the 
fabrication process because it determines its porosity (refractive index). For 
each porous silicon monolayer we have measured the ellipsometric data, 
determined the optical model with the best fit parameters (thickness and 
porosity), and evaluated the difference between the measured and the simulated 
ellipsometric data. The isotropy/anisotropy of the porous layers has also been 
analyzed.  

All the ellipsometric characterization procedure is presented in this section. 
For clarity reasons, the monolayers have been grouped according to the optical 
model used for their characterization. We have found that depending on the 
value of the current density, the porous silicon layers show either an isotropic or 
an anisotropic optical response. 

Besides, the thicknesses and the refractive indices determined with the 
ellipsometric data have been compared with the ones obtained by SEM and by 
the measurement of the interference fringes method (MIF method), respectively.  

 
 

6.3.1. Isotropic optical model 

The lowest current density used for the fabrication of our porous silicon 
monolayers is J=10 mA/cm2. For his reason, this is the monolayer with the 
lowest porosity, and therefore with the highest refractive index. The monolayer 
has been obtained applying J=10 mA/cm2 for 120 s. Fig. 6.5 shows the cross 
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section SEM image of this monolayer. The thickness estimated from the SEM 
image is approximately 1.32 µm.  

 

 
 

 
  
 

 

 

 

 

Fig. 6.5. Cross section SEM image of the porous silicon monolayer obtained with J=10 
mA/cm2 and anodization time 120 s. The thickness is 1.32 µm. 

 
 
For the analysis of the measured ellipsometric data, the layer has been 

firstly assumed to be isotropic and composed of silicon and void (air). The 
optical model used for the characterization of this monolayer can be observed in 
Fig. 6.6a. It has been necessary to suppose that the monolayer is formed by two 
homogeneous and isotropic layers with different porosity because all the fits 
realized assuming only one isotropic layer had a too high χ2. The parameters 
that have been varied for obtaining the best fit are the thickness and the porosity 
of both layers. The best fit parameters obtained for this two isotropic layer 
model can also be observed in Fig. 6.6a whereas Fig. 6.6b shows both the 
measured and the simulated ellipsometric data obtained with this model, with 
χ2=36.4. 

 1.32 µm
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From Fig. 6.6a we can observe that the total thickness of the porous 
layers is 1.27 µm, very similar to the thickness estimated with SEM. The 
porosity of the top layer is higher than the one of the bottom layer, which is in 
line with the fabrication process, as the top layer is longer in contact with the 
electrolyte.  
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Fig. 6.6. a) Optical model consisting of two isotropic layers, the best fitted parameters 
(thickness, porosity) and refractive index for λ=1.8 µm b) Measured ellipsometric data 
(dots) and simulated ellipsometric data obtained with the optical model (line). 

 
 

The porosity, that is the volume fraction of air in the silicon layer, 
determines the refractive index. This refractive index is not constant within the 
wavelength range measured by the ellipsometer (from 0.9 to 1.8 µm) it 
decreases as the wavelength increases. The variation of the refractive index 
within this wavelength range depends on the porosity level but it is lower than 
3%. 
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d=0.13 µm 

d=1.14 µm 

a) 
 
 
 
 
 
b) 
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We compare now the refractive index obtained with ellipsometry with 
the one obtained with the MIF method. According to the details given in section 
5.2.2.1, we recall that the MIF method gives a refractive index within the 
wavelength range instead of a punctual value for each wavelength. To ease the 
comparison of the refractive indices obtained with both methods, we will 
compare the one obtained with ellipsometry for λ=1.8 µm with the highest 
refractive index obtained with the MIF method, because λ=1.8 µm is the closest 
wavelength to the wavelength range analyzed with the MIF method. For this 
reason, all the refractive indices calculated with the MIF method that will be 
presented in this and the next sections will be approximate values. 

The refractive index obtained with the MIF method for this monolayer 
is n ≈ 2.05. The refractive indices obtained from ellipsometry are nt=2.06 the 
top layer and nb=2.22 for the bottom layer, at λ=1.8 µm. We can observe that 
although the refractive index of the top layer is very close to the one obtained 
with the MIF method, for the bottom layer the refractive index is more different. 
 
 Several studies concerning the fabrication process of porous silicon 
indicate that the porosity of a layer varies with depth [19,231], being the 
porosity at the top of the layer higher that the one at the bottom. It is known that 
once a porous silicon layer is formed no more electrochemical etching occurs 
but a slow chemical one starts, due to the permanence in HF [232,233]. This 
explains the fact that the top porosity is higher than the bottom porosity and it 
also leads to think that the variation of this porosity could be gradual in depth. 
From the analysis of ellipsometric measurements with the isotropic optical 
model we have already stated that this porosity variation exists in our layers. 
Now we are going to study whether a graded layer optical model can improve 
the description of the variation of porosity with thickness and consequently, the 
quality of fits of ellipsometric data. 

Our optical simulation software represents a single graded layer as a 
multilayer stack made of a given number of homogeneous slices where the 
porosity changes slightly from slice to slice. Fig. 6.7a shows the graded optical 
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model, where the porosity decreases from top to bottom in a graded way. The 
parameters determined for the best fit are also shown.  
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Fig. 6.7. a) Optical model with one gradient layer, the best fit parameters (thickness, and 
porosity) and refractive index for λ=1.8 µm at the top and bottom of the graded layer. b) 
Measured ellipsometric data (dots) and simulated ellipsometric data obtained with the 
optical model (line). 

 
 
We can observe that the thickness of this monolayer is closer to the 

thickness estimated with SEM (1.32 µm). The difference between these two 
thicknesses is very low and we can consider it as negligible because it could be 
introduced by the low accuracy of the SEM image.  

The refractive indices obtained with this model are nt=1.93 at the top of 
the layer and it gradually increases towards the bottom until a value of nb=2.25, 
both for λ=1.8 µm. To better compare these values with the one obtained with 
the MIF method we have calculated the average refractive index of the 
monolayer with naverage=(nt+nb)/2. The average refractive index is naverage=2.09 

 
cSi+ void 

cSi (substrate) 

d=1.36 µm 
 n=1.93   p= 56.9 % 

 n=2.25   p= 46.1 % 

a) 
 
 
 

 
b) 
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and n with the MIF method is 2.05. We can observe that they are almost equal. 
The small difference can be attributed to the dispersion of the refractive index 
with the wavelength. 

The comparison between the measured and the simulated ellipsometric 
data can be observed in Fig. 6.7b. The value of χ2 for the gradient model is 
lower (25.9) than the value of the same function corresponding to the 
homogeneous model (36.4). 

From these results we conclude that the fit realized with the gradient 
optical model is better than the one realized with the homogeneous model for 
the following reasons: the thickness obtained is closer to the thickness estimated 
with SEM, the value of χ2 is lower which means that variation of porosity with 
depth is better simulated, the average refractive index of the optical model is 
very close to the calculated with MIF method.  

Therefore, we can conclude that this is an isotropic layer where the 
porosity decreases gradually from top to bottom.  

 
The same graded isotropic optical model has been used for the 

characterization of a porous silicon monolayer obtained with J=14 mA/cm2. 
This current density is higher than the one of the previous monolayer, so the 
porous silicon monolayer obtained is expected to have a higher porosity, and 
therefore a lower refractive index. The anodization time for the formation of 
this monolayer was t =90 s. The thickness of this layer is approximately 1.35 
µm (SEM image) and the refractive index calculated with the MIF method is 
approximately n ≈ 1.97. 

The optical model for this monolayer can be observed in Fig. 6.8a. The 
best fit is obtained for thickness 1.3 µm and porosity varying gradually from 
60.3 % at the top to 48.8 % at the bottom. For this porosity, the refractive 
indices are nt=1.83 and nb=2.17, being the averaged value naverage=1.99 (λ=1.8 
µm). It can be observed that both the refractive index and the thickness obtained 
with the ellipsometric characterization agree with the values obtained with the 
MIF method and SEM, respectively. The ellipsometric data simulated with the 
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optical model can be compared with the measured data in Fig. 6.8b, where χ2 is 
81.4. 
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Fig. 6.8. a) Optical model with one gradient layer, the best fit parameters (thickness, and 
porosity) and refractive index for λ=1.8 µm at the top and bottom of the graded layer. b) 
Measured ellipsometric data (dots) and simulated ellipsometric data obtained with the 
optical model (line). 

 
 
 

6.3.2. Anisotropic optical model 

The porous silicon layers presented in this section have been obtained 
with current densities higher than 14 mA/cm2, therefore their porosity is higher 
than the one of the previous monolayers. 

The first monolayer to be characterized is the one obtained with J=20 
mA/cm2. The refractive index calculated with the MIF method is 1.92 and the 
thickness from the SEM image (see Fig. 6.9) is 2.48 µm. 

 

cSi+ void 

cSi (substrate) 

d=1.30 µm 
n=1.88    p= 60.3 % 

n=2.17    p= 48.8 % 

  a) 
 
 
 

 
  b) 
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The ellipsometric data from this porous silicon monolayer has been also 
modeled with a graded isotropic layer as the previous monolayers. This optical 
model can be observed in Fig. 6.10a together with the best-fitted values of the 
thickness and the porosity. The average refractive index for λ=1.8 µm is 1.98, 
that is similar to the MIF refractive index. However, the thickness obtained with 
ellipsometry is lower that the one estimated with SEM and the difference 
between the measured and the simulated ellipsometric data (Fig. 6.10b) is very 
high, χ2=286.8.  

 
 

 
  
 
 
 
 
 
 
 

 

Fig. 6.9. SEM image of the porous silicon monolayer obtained with J=20 mA/cm2 and 
anodization time 120 s. The thickness is 2.48 µm. 

 
 

From these results, we can deduce that an isotropic graded layer is not 
the most appropriate optical model for the simulation of this porous silicon 
monolayer. The only difference between this monolayer and the previous ones 
is the higher current density used for its formation, that leads to higher porosity. 
Hence, we can deduce that the isotropic graded layer model is appropriate only 
for low porosity porous silicon layers (J≤14 mA/cm2). 

 2.48 µm
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Fig. 6.10. a) Optical model with one gradient layer, the best fit parameters (thickness, 
and porosity) and refractive index for λ=1.8 µm at the top and bottom of the graded 
layer. b) Measured ellipsometric data (dots) and simulated ellipsometric data obtained 
with the optical model (line). 

 
 Another optical model has been studied consisting of an anisotropic 
layer [231,233,234]. The difference between an isotropic and an anisotropic 
material can be schematically observed in Fig. 6.11. An isotropic material is the 
one that has the same optical properties in all directions [204]. In the case of the 
refractive index, it means that the refractive index is the same in all directions. 
Anisotropy is the property of being directionally dependent, that is, the material 
has different physical properties (in this case refractive index) along different 
axes [204]. For the simulation of this porous silicon layer, we have supposed 
that the material is uniaxial and birefringence can be formalized by assigning 
two different refractive indices to the material for different polarizations. The 
birefringence magnitude is then defined by: 

∆n= ne-no      (1) 

 

cSi + void 

cSi (substrate) 

 d=2.23 µm 
n=1.84     p= 61.2 % 

n=2.15   p=49.4 % 

  a) 
 
 
 

 
  b) 
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where no and ne are the refractive indices for polarizations perpendicular 
(ordinary) and parallel (extraordinary) to the axis of anisotropy respectively. 
 
 

Fig. 6.11. Refractive index for every direction in an isotropic material (a) and 
anisotropic material (b). 

 
 
 The anisotropic optical model for the simulation of this porous silicon 
layer can be observed in Fig. 6.12a. The axis of anisotropy is perpendicular to 
the layer surface. The best fit with this model is obtained for thickness 2.44 µm 
and for refractive index ne=2.01 and no=1.82 at λ=1.8 µm, being the averaged 
value naverage=1.91. Although the MIF method does not consider the anisotropy 
of the layer, we can compare the refractive index obtained with MIF (1.92) with 
the average value of the optical model. We can observe that the refractive 
indices and the thicknesses obtained with both methods agree.  In Fig. 6.12b we 
can compare the simulated and the measured ellipsometric data, being χ2=46.4, 
which is remarkably lower than the value obtained with the graded model.    

This good agreement and the low value of χ2 obtained with the 
anisotropic model, lead us to conclude that when the porosity of the porous 
silicon layer increases, the material is not isotropic but it has an anisotropic 
behavior. 

 

no 

no no 

IsotropicAnisotropic

no

ne

no

a)          b) 
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Fig. 6.12. a) Optical model consisting of an anisotropic layer, its best fit parameters 
(thickness, porosity) and the refractive index (λ=1.8 µm) for the extraordinary and the 
ordinary axes b) Measured ellipsometric data (dots) and simulated ellipsometric data 
obtained with the optical model (line). 

 
 
Notice that the extraordinary refractive index is higher than the ordinary 

refractive index. This indicates that in one direction the quantity of air is higher 
than in the other direction. This agrees with the fabrication process because it is 
known that the anodization preferentially occurs at the pore tips and that the 
etching of the porous silicon proceeds in depth with an overall directionality 
which follows the anodic paths inside silicon. 

From these results we could conclude that for J≤14 mA/cm2, the 
difference between the extraordinary and the ordinary refractive indices is small 
enough to be masked by the in depth inhomogeneity, whereas for J>14 mA/cm2 
the anisotropy is more important than the inhomogeneity. 

 

Anisotropic layer n20 

cSi (substrate) 

 d=2.44 µm Extraordinary  n = 2.01   p=54.3 %  
Ordinary          n = 1.82   p=60.7 %    

  a) 
 
 
 

 
  b) 
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The observed anisotropic behavior of the high porosity layers has also 
been studied with the ellipsometric characterization of two other high porosity 
layers: J=30 mA/cm2 and J=50 mA/cm2.  

The monolayer obtained with the application of J=30 mA/cm2 for 120 s has 
n ≈ 1.73 (MIF method) and thickness of approximately 3.28 µm (SEM). The 
best fit with the anisotropic optical model is obtained for thickness 3.28 µm (the 
same as the one estimated with SEM) and refractive indices ne=1.8 and no=1.64 
(Fig. 6.13), being naverage=1.72. The value of the merit figure χ2 is 60.5, leading 
to the conclusion that this anisotropic optical model is appropriate for this 
porous silicon layer. 

 
 
 
 
  

 
 

Fig. 6.13. Optical model consisting of an anisotropic layer, the best fit parameters 
(thickness, porosity) and the refractive index (λ=1.8 µm) for the extraordinary and the 
ordinary axes. 

 
 

Finally, let’s consider the last porous silicon monolayer characterized with 
ellipsometry, that is the one obtained with J=50 mA/cm2 for 60 s. Its thickness 
is approximately 2.37 µm (SEM) and the refractive index calculated with the 
MIF method is n ≈ 1.45. 

The anisotropic optical model used for this monolayer can be observed 
in Fig. 6.14a. The experimental and simulated ellipsometric data are shown in 
Fig. 6.14b, where we can observe that the agreement is good with a merit 
function χ2=100.5.  For this layer, the most porous of the monolayers set, the fit 
of the simulated to the measured ellipsometric data has been the most difficult 

Extraordinary  n = 1.80   p=61.5 %  
Ordinary          n = 1.64   p=67 %    

Anisotropic layer n30 

cSi (substrate) 

d=3.28 µm 
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of all and the χ2 obtained with this model is slightly higher than for the rest of 
monolayers. In spite of this difficulty, the parameters obtained with 
ellipsometry are very close to the parameters obtained with by SEM and MIF: 
the thickness difference is only 90 nm (about 4 %), that could be due to the 
inaccuracy of the SEM estimation; and the average refractive index is 
naverage=1.47 very close to the MIF refractive index (1.45). 
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Fig. 6.14. a) Optical model consisting of an anisotropic layer and its best fit parameters: 
thickness, porosity and refractive index (λ=1.8 µm) for the extraordinary and the 
ordinary axes b) Measured ellipsometric data (dots) and simulated ellipsometric data 
obtained with the optical model (line). 

 
 

Therefore, we can conclude that the anisotropic optical model is the 
most appropriate for high porosity layers. 
 

 

 d=2.28µm 
Anisotropic layer n50 

cSi (substrate) 

 Extraordinary  n = 1.54   p=70.7 %  
 Ordinary         n = 1.40   p=76.3 %    

  a) 
 
 
 

 
  b) 
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6.3.3. Depolarization of porous silicon layers 

 From the ellipsometric study of these porous silicon monolayers we have 
observed that the difference between the measured and the simulated 
ellipsometric data, quantified with χ2, was different for each layer. Specifically, 
χ2 increased when the current density, and hence the porosity, increased. This 
can be due to the fact that the anisotropy of porous silicon produces the 
depolarization of light. If the sample depolarizes the light, the ellipsometric 
angles (∆ and Ψ) are not well defined, because they were measured under the 
supposition that there is no depolarization.  
 To explain the increment of χ2 with the current density, we have measured 
the monolayers with a polarimeter, to study the depolarization of the light 
produce by each monolayer. The measurement of the depolarization of the 
different porous silicon monolayers has been realized with a polarimeter Jobin 
Yvon MM-16 at the Ecole polytechnique (Palaiseau). 

In Fig. 6.15 we can observe the measured depolarization of three 
different porosity monolayers, where P is the degree of polarization. When P=1 
indicates that the beam is completely polarized [235]. These layers have been 
obtained with J=10 mA/cm2, J=20 mA/cm2, and J=50 mA/cm2 and the χ2 of the 
corresponding models are χ2

10 <χ2
20 <χ2

50.  

The layer obtained with J=10 mA/cm2 is the one with the lower 
depolarization, that is the one with P closest to the unity for the whole 
wavelength range. The layer obtained with J=20 mA/cm2 presents more 
depolarization than the previous one. The porosity of this layer is higher than 
the previous layer, which could be the reason for the increment of the 
depolarization. The increment of depolarization indicates that this layer is more 
difficult to characterize with ellipsometry than the previous one, explaining the 
reason for χ2

10<χ2
20. 
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Fig. 6.15. Depolarization of three porous silicon layers with obtained with different 
current densities, therefore with different porosity. 

 
The last layer analyzed is the one obtained with J=50 mA/cm2. In Fig. 

6.15 we can observe that this is the layer with the highest depolarization, which 
explains that the ellipsometric data simulated for this layer has a higher χ2 than 
the others.  

We can conclude that when the current density increases, that is when 
the porosity increases, the depolarization of the fabricated porous silicon layer 
increases making more difficult the characterization of the layer using 
ellipsometry. 
  

 

6.3.4. Summary 

The results obtained with the ellipsometric characterization of the porous 
silicon monolayers have been summed up in Table 6.II. In this table the 
thicknesses obtained for the different monolayers are indicated together with the 
values of porosity obtained for λ=1.8 µm and the refractive indices calculated 
for the different optical models. 
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J 
(mA/cm2) Optical model Thickness

(µm) 
Porosity 

p (%)  
Refractive index 

n 

   ptop= 56.9     ntop= 1.93 10 Gradient 1.36 
pbottom= 46.1 nbottom= 2.25 

   ptop= 60.3     ntop= 1.88 
14 Gradient 1.30 

pbottom= 48.8 nbottom= 2.17 
pext= 54.3  next= 2.01  

20 Anisotropic 2.44 
pord= 60.7 nord= 1.82 
pext= 61.5 next= 1.80  

30 Anisotropic 3.28 
pord= 67.0 nord= 1.64 
pext= 70.7  next= 1.54  

50 Anisotropic 2.28 
pord= 76.3 nord= 1.40 

Table 6.I. Summary of the ellipsometric characterization of the porous silicon layers 
obtained with different current densities. The porosities (and its corresponding 
refractive index) are the values at the top and at the bottom for the isotropic gradient 
model and the extraordinary and ordinary values for the anisotropic optical model. The 
porosity and refractive index values are the ones for λ=1.8 µm. 

 
 
 

In Table 6.II the refractive index and the thickness obtained with this 
ellipsometric characterization are compared with the ones obtained with other 
methods (MIF method and SEM). To ease this comparison, the averaged value 
of the ellipsometric refractive index is used. We can observe that the results 
obtained with these different methods completely agree, therefore the 
spectroscopic ellipsometry can be considered an appropriate method for the 
characterization of porous silicon layers. 
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J 
(mA/cm2) 

Optical model 
nellipsometry  
(averaged at 
λ=1.8 µm) 

nMIF 

(for λ near 
1.8 µm) 

dellipsometry 
(µm) 

dSEM 

(µm) 
χ2 

10 Gradient 2.09 2.05 1.36 1.32 25.9 

14 Gradient 1.99 1.97 1.30 1.35 81.4 

20 Anisotropic 1.91 1.92 2.44 2.48 46.4 

30 Anisotropic 1.72 1.73 3.28 3.28 60.5 

50 Anisotropic 1.47 1.45 2.28 2.37 100.5 

Table 6.II. Summary of the ellipsometric characterization of porous silicon monolayers 
obtained with different current densities. The results obtained with the MIF method and 
SEM are also presented for comparison. 

 
  
 In this table, it can be also observed that when the current density 
increases the porosity increases and therefore the refractive index decreases. 
The optical model used for the simulation of the ellipsometric data is different 
depending on the porosity of the layers: an isotropic gradient model is the 
appropriate for low porosity layers (J≤14 mA/cm2) and an anisotropic one for 
the high porosity layers (J>14 mA/cm2). 
 
 

6.4. Characterization of porous silicon multilayers  

In this section, the ellipsometric study of porous silicon multilayers is 
presented. All these multilayers consist of the periodic repetition of two 
different porous layers: one layer was obtained with J=20 mA/cm2 and the other 
with J= 50 mA/cm2. The former is the lowest current density that produces an 
anisotropic layer whereas the latter is the highest current density used for the 
formation of porous silicon layers.  
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The anisotropic optical models obtained with the study of monolayers 
(section 6.3.2) are used now as a starting point for the characterization of the 
different layers of the multilayers.  

 

6.4.1. One period multilayer 

This multilayer consists of one period (two layers) where the top layer 
has been obtained with the application of J=20 mA/cm2 for 30 s and the bottom 
layer with J=50 mA/cm2 for 30 s as well. The SEM image of this multilayer is 
shown in Fig. 6.16, where we can observe that the bottom layer is thicker than 
the top layer.  

The optical models obtained in the previous section for J=20 mA/cm2 
and J=50 mA/cm2 were anisotropic. Hence, for the optical model of this 
multilayer we have used two anisotropic layers.  

The parameters that have been determined in this model are the 
thickness and the porosity (ordinary and extraordinary indices) of the two layers 
of the stack. The resulting best fitted values of the parameters are presented in 
in Fig. 6.17a whereas Fig. 6.17b shows the agreement between the measured 
and the simulated ellipsometric data, with χ2=23.6. 

 
 
 

 

 

 

 

Fig. 6.16. SEM image of the one-period multilayer. Although the interface between the 
two porous layer is difficult to determine, the estimated thickness of the layers are 
approximately  d1≈ 0.65 µm and d2 ≈ 1.2 µm. 

 0.65 µm

 1.2 µm
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Fig. 6.17. a) Optical model consisting of two anisotropic layers and the resulting best 
fitted values for the corresponding parameters: thickness, porosity and refractive index 
(λ=1.8 µm) for the extraordinary and the ordinary axes b) Measured ellipsometric data 
(dots) and simulated ellipsometric data obtained with the optical model (line) of Fig. 
6.17a. 

 
 

In Fig. 6.17a, we can observe that the thicknesses d1 and d2 obtained 
with ellipsometry completely agree with the thicknesses estimated with the 
SEM image. 
 The best fitted refractive indices of these two layers are very close to the 
ones determined during the characterization of the corresponding monolayers, 
being in both cases the extraordinary refractive index higher than the ordinary. 
The small difference between the monolayer and the multilayer refractive 
indices was expected because bibliography about porous silicon suggests that 
the layers that form a multilayer may have a slightly different refractive index to 
the monolayers fabricated with the same current density [19]. 
 

Ext.   p=57.2 %      n1e=1.92 
Ord.  p= 63.1 % n1o=1.75 
 

Ext.   p= 69.7 % n2e=1.56 
Ord.  p= 75.5 %  n2o=1.42 
 

  a) 
 
 
 
 
 
 
  b) 
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6.4.2. Two period multilayer 

This multilayer is formed by two periods. Each period consists of two 
layers. The top layer of the period has been obtained with the application of 
J=20 mA/cm2 for 20 s and the bottom layer with J=50 mA/cm2 for also 20 s. 
The SEM image of this multilayer can be observed in Fig. 6.18, where the 
thickness of each layer has been estimated. 

 

 
 
 
 
 
 
 
 
 

Fig. 6.18. SEM image of the two-period multilayer. Although the interface between the 
porous layers is difficult to determine, the estimated thickness of the layers are 
approximately  d1≈ 402 nm, d2 ≈ 806 nm, d3≈ 408 nm, and d4 ≈ 826 nm.  

 
 

The optical model used for this multilayer can be observed in Fig. 
6.19a. The best fitted parameters obtained for the anisotropic monolayer model 
has been used as starting point for the characterization of each layer of the two 
period stack. In this case, the number of parameters to be fitted increased 
significantly: four different thicknesses and eight different porosities.  

The best fitted thicknesses obtained with ellipsometry agree with the 
ones obtained with the SEM image, the difference between them is very small 
and it can be caused by the inaccuracy of the SEM image as the interface 
between the different layers cannot be defined clearly. 

  d1 

  d2 

  d3 

  d4 
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Fig. 6.19. a) Schematic representation of the ideal structure used to build the optical 
model consisting of four anisotropic layers (two periods) together with the best fitted 
values of the variable parameters: thickness and porosity for the extraordinary and the 
ordinary indices b) Measured (dots) and simulated (solid line) ellipsometric data 
obtained with the optical model shown in Fig. 6.19a. . 

 
 
 Concerning the porosities (refractive indices), we can observe that for 
both current densities the porosities are very close to the respective monolayers 
but they slightly decrease with depth. We can observe that the porosity of layer 
1 is slightly higher than the porosity of layer 3 although they have been 
fabricated with the same current density. The same happens with layers 2 and 4. 
This variation in depth can be explained by the chemical etching that acts on the 
outer layers and that adds its contribution to that of the initial electrochemical 
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cSi (substrate) 

 

Layer 3: Anisotropic layer n20 

 

Layer 2: Anisotropic layer n50 
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etching. Hence, it is usual for the outer layers to have a higher porosity than the 
inner layers obtained with the same current densities. The ellipsometric results 
corroborate this fact. 

Fig. 6.19b compares the measured ellipsometric data with the ones 
obtained with the simulation of the optical model shown in Fig. 6.19b. The 
difference is very low, χ2=48.9, considering the high number of parameters to 
be determined in the optical model. 
 
 

6.4.3. Three period multilayer 

This multilayer is formed by three periods (six layers).  The top layer of 
the period has been obtained with the application of J=20 mA/cm2 for 20 s and 
the bottom layer with J=50 mA/cm2 for also 20 s. The SEM image of this 
multilayer can be observed in Fig. 6.20, where the thickness of each layer has 
been estimated. These thickness values are approximate because the SEM 
image does not allow an exact measurement due to the roughness of the 
interfaces, so we can consider that the error introduced in these estimations can 
be around 10-15 %.  

 
 
 
 
 
 
 
 
 

 

Fig. 6.20. SEM image of the three-period multilayer. The interfaces between the 
different porous layers can be seen. The thickness of the layers are approximately d1≈ 
440 nm,    d2 ≈ 790 nm, d3≈ 370 nm, d4 ≈ 775 nm, d5≈ 411 nm, and d6 ≈ 848 nm. 
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Fig. 6.21a shows the optical model realized for this multilayer where 
the variable parameters to be fitted are the thicknesses and the porosities 
(ordinary and extraordinary) of all the layers.  
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Fig. 6.21.  a) Schematic representation of the ideal structure used to build the optical 
model consisting of six anisotropic layers (three periods) together with the best fitted 
values of the variable parameters: thickness and porosity for the extraordinary and the 
ordinary indices. b) Measured (dots) and simulated (solid line) ellipsometric data 
obtained with the optical model shown in Fig. 6.21a. 
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The number of parameters to be determined is very high, concretely 18, 
which increases the difficulty of finding an accurate fit. Many different values 
of these parameters give a good agreement between the simulated and the 
measured ellipsometric data. But not all of these fits are correct because their 
physical meaning can be contradictory with the characteristics of the multilayer 
that are a priori known, i.e. layer thicknesses or porosities very different to the 
expected. Here we present one of the best fits obtained that provided parameters 
that are in accordance with the expected values.  

If we start considering the porosities of the layers we can observe that 
layers obtained with the same current density have different values of their 
respective porosity that depends on the depth. We have observed that the 
porosity decreases with depth. This effect has also been observed for stacks of 
two periods and a discussion is provided above in the text and in the 
bibliography. This porosity variation with depth happens for both types of 
layers, 20 mA/cm2 and 50 mA/cm2. We can also see that the porosities of these 
layers are similar to the ones obtained with the analysis of the respective 
monolayers but there is a difference between them that is higher when the 
thickness of the multilayer increases. 

The differences between the measured and the simulated ellipsometric 
data can be observed in Fig. 6.21b, where χ2=156.3. This error is higher than 
the ones of the previous multilayers. This is due to the higher number of layers 
of the multilayer to be characterized.   

 
 

6.5. Conclusions  

The ellipsometric characterization of porous silicon monolayers and 
multilayers has been realized. This characterization has determined the main 
physical characteristics of these layers, porosity (and therefore refractive index) 
and thickness; and has permitted the analysis of their anisotropy.  

The refractive index of the porous material was modeled with the 
Bruggeman effective medium approximation (EMA) by assuming a mixture of 
crystalline silicon and void. For low porosities, the optical behavior of the 
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samples has been modeled with a graded index model. However, as porosity of 
the monolayers increases, the gradient index model is no longer valid, and it 
must be substituted by another one consisting of an anisotropic uniaxial layer 
with its optical axis oriented perpendicular to the surface of the sample. From 
the ellipsometric study, we demonstrate that the anisotropy increases with the 
porosity. The depolarization of light caused by sample thickness non-uniformity 
has been measured and used to estimate the quality of measurements as well as 
the adequacy and goodness of ellipsometric data fits. These monolayers have 
been also analyzed by spectroscopic reflectometry, using a FTIR spectrometer, 
and by scanning electron microscopy (SEM). A good agreement has been 
observed between the refractive indices and thicknesses obtained with these 
methods and the values estimated with the spectroscopic ellipsometry.  

Apart from the monolayers, we have also studied multilayers consisting 
of a periodic repetition of two layers with different degrees of porosity. The 
thicknesses of the layers that form the multilayers have been determined by 
ellipsometry and they agree with the values obtained with the SEM analysis. 
The porosity of these layers have been also studied, a characteristic of the 
multilayers that could not be to analyze with any of the other characterization 
methods used. We have observed that the anisotropic models obtained from the 
study of the monolayers can be used as a starting point for the characterization 
of the different layers of the multilayers. However, the ellipsometric 
measurements revealed that there is a slight difference between the layers 
appertaining to the multilayer, and the corresponding monolayers obtained with 
identical fabrication parameters. In a multilayer, the layers fabricated with the 
same current density do not have the same porosity but it decreases with depth. 
This means that there is a gradient of porosity with depth.  

 
 
 
 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, FABRICATION AND CHARACTERIZATION OF POROUS SILICON MULTILAYER OPTICAL DEVICES 
Elisabet Xifré Pérez 
ISBN:978-84-691-0362-3 /DL: T.2181-2007



 

 189

Chapter 7 

Optical devices based on porous silicon 
multilayers 

 
 In this chapter we present multilayer optical devices fabricated with 
porous silicon. All these devices have been designed using the realized 
simulation programs and the mathematical study presented in chapters 3 and 4. 
They have been fabricated with the fabrication system explained and calibrated 
in chapter 5 and their optical response, specially the reflectivity spectrum, has 
been studied.  
 The optical devices presented here are DBRs, microcavities and 
omnidirectional mirrors. The optical response of a microcavity has been studied 
under different humidity conditions. The application of the periodic structure is 
evaluated for obtaining omnidirectional mirrors. Finally, the omnidirectional 
bandgap of a new structure consisting of periodic structures stacked together is 
studied.  

 

 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, FABRICATION AND CHARACTERIZATION OF POROUS SILICON MULTILAYER OPTICAL DEVICES 
Elisabet Xifré Pérez 
ISBN: 978-84-691-0362-3 /DL: T.2181-2007



      CHAPTER 7. OPTICAL DEVICES BASED ON POROUS SILICON …  

 

190

7.1.  Distributed Bragg Reflector 

7.1.1. Fabrication and characterization 

 The DBR consists of the periodic repetition of two layers obtained with 
different current densities, and therefore with different refractive indices. The 
two current densities chosen for the fabrication of this DBR are 30 and 70 
mA/cm2. For its formation we have used p+-type silicon wafers with a 
resistivity of 0.01 Ω·cm and ethanoic HF electrolyte with concentration of 
15.4% (volumetric ratio). 
 The calibration of the fabrication system, realized with the measurement 
of interference fringes method (MIF) and SEM, indicated that for J=70 mA/cm2, 
the refractive index varies from 1.33 to 1.28 for the wavelength range between 1 
and 4 µm and the etch rate is 49.7 nm/s. For J=30 mA/cm2, the etch rate is 26.7 
nm/s and its refractive index varies between 1.72 and 1.65 for the same 
wavelength range. This multilayer has been obtained with the lateral-wafer cell, 
therefore the calibration of the system is different than the one presented in 
section 5.3, that was the calibration for the system with the bottom-wafer cell.  
          These refractive indices obtained with these current densities are very 
low, probably due to the low HF concentration used for the electrolyte, only 
15.4 % (vol). These refractive indices agree with the ones obtained by other 
authors for similar HF concentrations [103]. For higher concentrations of HF, 
higher values of refractive index are possible for the same current densities 
[39,102]. 

           The DBR was fabricated by applying the current densities J=30 mA/cm2 
(obtaining the nH layer) and 70 mA/cm2 (for the nL layer) for 10 s. According to 
the etch rate calculated from the characterization of the monolayers, the 
thickness of the layers are supposed to be approximately hH=267 nm and 
hL=500 nm, respectively. The period thickness is expressed as Λ= hH+ hL.  Fig. 
7.1 shows the cross section of the fabricated multilayer. The dark gray layers 
correspond to the layers with nL and the light gray are the ones with refractive 
index nH. The number of periods of the measured multilayer is 15. 
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Fig. 7.1. SEM image of the fabricated multilayer. The light gray layers are the high 
refractive index ones that are thinner than and the low refractive index layers (dark gray 
layers).   

 

 

The characterization of the DBR has been realized studying its 
reflectivity spectrum with the FTIR spectrometer Bruker Vertex 70 within the 
wavelength range from 1 to 4 µm. Fig. 7.2 shows the FTIR reflectivity spectrum 
measurements of the fabricated multilayer for different angles of incidence: 12, 
30, 44, 50, 58 and 66 degrees. We can observe that the multilayer presents a 
high reflectivity band that is centered approximately at 2.2 µm for incidence 
angle 12º. When the angle of incidence increases, the high reflectivity band not 
only shifts to lower wavelengths, but also becomes narrower and its maximum 
decreases. For angles of incidence higher than 50º the maximum reflectivity is 
lower than 1.  
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Fig. 7.2. Reflectivity spectra of the fabricated DBR, measured for six different angles of 
incidence. The bandgap can be clearly observed centered approximately at λ=2.2 µm 
for θ=12º and shifts to the left when the incidence angle increases. 

 
 

7.1.2. Simulation 

The fabricated multilayer structure has been simulated using the 
programs realized for this purpose. As has been explained in section 5.2.2, the 
variation of the refractive index in the studied wavelength range is small (less 
than 5%), for this reason, the refractive indices used for the simulation have 
been considered constant and with approximate values nL=1.3 and nH=1.7. The 
thicknesses of the layers have been adjusted by fitting the simulation to the 
experimental spectra and are hL=500 nm and hH=270 nm, which are in good 
agreement with the calculated etching rate. The simulated and the measured 
reflectivity spectra of the multilayer are presented for three different angles of 
incidence in Fig. 7.3. The agreement between the measured and the simulated 
spectra shows that the parameters of the fabricated DBR (refractive indices and 
thicknesses) are approximately the ones expected from the formation 
parameters (current density and etch time), which demonstrates the control of 
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the etching process. Besides, this fact shows that the behavior of the DBR can 
be theoretically described.  
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Fig. 7.3. Reflectivity spectra of the fabricated DBR for angles of incidence 12º, 44º and 
66º. The thick solid lines represent measured spectra, whereas the gray solid lines are 
the simulated spectra. 

 
For a particular wavelength λ, it is possible to calculate from the 

projected band structure (PBS) [116] the range of incidence angles for which 
the reflectivity is near 1. Fig. 7.4 shows the PBS of the fabricated multilayer. 
For a given wavelength λ (corresponding to ωΛ/2πc), βΛ/2π is related to the 
angle of incidence θi with β=(ω/c)nisin(θi). The light line indicates the relation 
between ωΛ/2πc and βΛ/2π  for incidence angle 90º in air. The shaded region 
represents the allowed states and the white region within the light lines 
represents the bandgap, that corresponds to the high reflectivity band. Although 
in the PBS both polarizations are represented, TM polarization is more 
restrictive than TE, therefore the TM polarization bandgap limits will be 
observed. 

12º 
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Fig. 7.4. Projected band structure (PBS) of the studied multilayer. The lines indicate the 
normalized frequencies corresponding to λ=2, 2.25 and 2.5 µm. 

 
 

We now analyze the particular cases of three different λ: 2.50, 2.25 and 
2.00 µm. For λ=2.5 µm (ωΛ/2πc=0.308) there is no bandgap for any angle of 
incidence θi (Fig. 7.4). This can be also observed in Fig. 7.2, where the 
reflectivity for this wavelength is low for any θi. For λ=2.25 µm 
(ωΛ/2πc=0.342), the bandgap exists for θi=0º to θi=30º. This fact is shown in 
Fig. 7.2, where we can see that for 12º and 30º the reflectivity at λ=2.25 µm is 
near 1 but for higher angles it is very low. Finally, for 2 µm (ωΛ/2πc=0.385) the 
bandgap only exists for θi from 20º to 48º. In Fig. 7.3 this fact is clearly visible. 
We can observe that for 12º the reflectivity at λ=2 µm is low (this angle does 
not belong to the bandgap), when θi=44º the reflectivity is 1 (bandgap) and 
when θi increases (66º) the reflectivity is low again because this angle does not 
belong to the bandgap. Hence, it is demonstrated that for any wavelength, the 
range of incidence angles for which the bandgap exists can be studied with the 
projected band structure. 
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7.2. Microcavity 

7.2.1. Fabrication, characterization and simulation 

 The porous silicon microcavity has been obtained by the electrochemical 
etching of p+-type silicon wafers with a resistivity of 0.01Ω·cm in an ethanoic 
HF electrolyte with concentration of 15.4% (volumetric ratio). Fig. 7.5 shows 
the schematic of the microcavity and the SEM image of the fabricated 
microcavity, that consists of a spacer layer inserted in between two symmetric 
Distributed Bragg Reflectors (DBR). Each DBR has three periods. Each period 
consists of two layers with different refractive indices (n1, n2) and thicknesses 
(d1, d2).  

 
 

 

 

 

 

 

 

 

Fig. 7.5. Left: Schematic of the microcavity structure. Right: SEM image of the 
fabricated porous silicon microcavity. The spacer layer is located in between two DBR. 
Each DBR is formed by the periodic repetition (N=3) of two layers with low refractive 
index (gray layer) and high refractive index (light gray layer). 
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 These values of refractive indices and thicknesses have been used to 
simulate the optical properties of the porous silicon microcavity using the 
transfer matrix method. Fig. 7.6 shows the simulated reflectivity spectrum 
assuming an incidence angle of 20º, where we can observe the reflectivity 
resonance around 3 µm. Fig. 7.6 also shows the experimental reflectivity 
spectrum of the microcavity for an incidence angle 20º using a FTIR 
spectrometer Bruker Vertex 70. The spectrum is characterized by a reflectivity 
resonance at 2.97 µm in between two high reflectivity bands, in good agreement 
with the simulated results. Narrower resonance widths could be obtained either 
by increasing the number of periods of the DBR or by enhancing the fabrication 
conditions [98]. 
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Fig. 7.6. Measured (solid line) and simulated (dashed line) reflectivity spectrum of the 
fabricated microcavity for incidence angle 20º. The reflectivity resonance is situated at 
λ=2.97 µm. The differences between the measured and the simulated spectra are due to 
the anisotropy of the low refractive index layers that is not considered in the simulation 
program.  
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7.2.2. Influence of the relative humidity on the reflectivity 
spectrum of the microcavity 

 Fig. 7.7 shows the measured reflectivity spectrum of the fabricated 
microcavity for different humidity levels. The changes in the spectrum are 
small, in good agreement with previous results [135]. The inset in Fig. 7.7 
shows the zoom of reflectivity resonance and its fitting by using a Gaussian 
function. We can observe that when humidity increases, the reflectivity 
resonance shifts to higher wavelengths and its reflectivity decreases. Fig. 7.8a 
shows this resonance shift. The reflectivity spectrum of the microcavity is 
recovered when the humidity returns to the initial laboratory conditions. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 7.7. Measured reflectivity spectrum for humidity levels of 40%, 50%, 60%, 70% 
and 80%. Inset: Zoom of the measured (symbol) reflectivity spectrum of the 
microcavity centered at the reflectivity resonance for humidity levels of 40%, 60% and 
80%. The solid lines are the fitted values using a Gaussian function. 
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These variations are probably due to water vapor infiltrated into the 
pores of the porous silicon layers. Water vapor slightly increases the effective 
refractive index of the layers as the air in the pores is substituted by water 
vapor. As the increase of the refractive index is very slight, we can explain the 
slight shift of the reflectivity resonance to higher wavelengths and the decrease 
of the reflectivity when the humidity rises. 

To quantify the sensor sensitivity at a given λ, we define the merit 
function R as  

(%)100
max

max ×
−

=
H

HH

R
RR

R        (7.1) 

where RHmax is the measured reflectivity for the maximum relative humidity and 
RH is the measured reflectivity for a given relative humidity. Fig. 7.8b shows 
the linear dependence of this merit function for λ= 3 µm in the humidity range 
from 35% to 80%, where RHmax is 0.324 for 80%. 
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Fig. 7.8. a) Variation of the reflectivity resonance position for different humidity levels 
b) Variation of the merit function, defined by the Eq. (7.1), for different humidity levels 
at λ= 3 µm. The linear dependence is also shown.  
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7.2.3. Water condensation on the surface of the microcavity   

In this section, we study the changes in the reflectivity spectrum when 
water is not only present as vapor infiltrated into the pores but also as a thin film 
on the surface of the microcavity due to the water condensation. 

Fig. 7.9 shows the measured reflectivity spectrum of the microcavity for 
different humidity levels with condensed water on the surface. The initial 
reflectivity measurement was realized when the microcavity was in a 60% 
relative humidity with a condensed water film on its surface. This measurement 
presents very low reflectivity values for the whole wavelength range. After this 
measurement, a desiccant has been inserted into the FTIR sample compartment 
to reduce the humidity of the ambient and the condensation on the microcavity, 
and the rest of measurements have been realized at different times during this 
drying process. We observe that when the humidity decreases, the reflectivity 
increases for the whole range of wavelengths and the position of the reflectivity 
resonance is also affected. 

 
 
 

 

 

 

 

 

 

 

Fig. 7.9. Measured reflectivity spectrum for different humidity levels with the presence 
of condensed water on the surface of the microcavity. The lowest humidity level 
measured in 32 % and the highest is 60 %. 
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To quantify the relative reflectivity variation, we used the merit 
function defined by the Eq. (7.1). Fig. 7.10a shows the merit function R for λ= 3 
µm, where RHmax is 0.167 for 60%. The obtained values follow an exponential 
law instead of the linear law obtained in the previous section. According to 
these results, we could say that the condensation on the surface could mask the 
humidity measurements of this type of sensor. Fig. 7.10b shows the resonance 
shift. We can observe that the thin film of condensed water on the microcavity 
surface leads to larger shifts than when there is only water vapor infiltrated into 
the pores. 

 
 
 
 

 

 

 

 

 

 

Fig. 7.10 a) Variation of the merit function for different humidity levels at λ=3 µm. The 
exponential dependence is also shown, b) Variation of the reflectivity resonance 
position for different humidity levels. 
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7.3. Omnidirectional mirrors  
 Omnidirectional mirrors are characterized by their omnidirectional 
bandgap, that is the wavelength range where the reflectivity is the unity for any 
incidence angle and any polarization. All the parameters that determine the 
existence and the width of the omnidirectional bandgap have been already 
discussed in detail in chapter 4. In this section, we present some multilayer 
structures fabricated with porous silicon and we study the existence of an 
omnidirectional bandgap for all of them. Firstly, the widely used periodic 
structure is evaluated. Secondly, a new structure consisting of several periodic 
structures stacked together is fabricated and characterized and its suitability for 
obtaining omnidirectional mirrors is studied.  

 
7.3.1. Design, fabrication and characterization of periodic 

structures 

 The periodic omnidirectional mirror structure consists of the periodic 
repetition of two layers obtained with different current densities. In chapter 4, a 
detailed study of the parameters that influence on the optical behavior of this 
structure has been presented.  
 For the fabrication of this periodic mirror we have chosen the current 
densities J1=10 mA/cm2 and J2=50 mA/cm2

. Current densities lower than         
10 mA/cm2 yielded porous layers with very slow etch rates, increasing the 
duration of the layer formation without a significant gain in the index. Current 
densities higher than 50 mA/cm2

 yielded fragile porous layers that could not be 
characterized using spectroscopic ellipsometry.  
 For the fabrication of this structure, p+-type silicon wafers with a 
resistivity of 0.01 Ω·cm and ethanoic HF electrolyte with concentration of 
15.4% (volumetric ratio) have been used. For these formation parameters, the 
fabrication system of porous silicon layers has been calibrated (section 4.3). 
According to this calibration, for J1=10 mA/cm2, the refractive index varies 
from 2.21 to 2.12 for the wavelength range between 1 and 4 µm and the etch 
rate is approximately 10.7 nm/s. For J2=50 mA/cm2, the etch rate is estimated to 
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be    36 nm/s and its refractive index varies between 1.5 and 1.45 for the same 
wavelength range.  
 From the theoretical study, we know that to obtain a mirror with the 
omnidirectional bandgap centered at λ=1.55 µm, the bandgap for normal 
incidence has to be centered at approximately λ=1.6 µm. The thickness of the 
layers for each refractive index determines this center wavelength. The layer 
thicknesses that lead to this center wavelength are approximately d1=171.2 nm, 
and d2=288 nm, being the period thickness Λ= d1+d2=459.2 nm.  
 The reflectivity spectrum of this periodic multilayer has been simulated 
using one of the developed programs. For the simulation, the refractive index of 
each layer has been supposed to be constant because its variation in the studied 
wavelength range is very small (less than 5%). The refractive indices used for 
the simulation are n1=2.15 and n2=1.45 and the thicknesses are the ones 
calculated: d1=171.2 nm, and d2=288 nm. The number of periods is 15. Fig. 
7.11 shows the simulated reflectivity spectrum of this periodic structure for 
normal incidence. We can observe that the bandgap is centered at λ=1.6 µm. 
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Fig. 7.11. Simulated reflectivity spectrum of the periodic structure for normal incidence. 
The bandgap is centered approximately at λ=1.6 µm. 
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This designed structure has been fabricated. The refractive indices of 
the layers are determined by the current densities and the thicknesses are 
determined by the etching times. From the etch rate we calculate the etching 
times needed to obtain the desired thicknesses. For the current densities used, 
the etching times that lead to these thicknesses are t1=16 s for J1, and t2= 8 s for 
J2, The number of periods is 15. The reflectivity spectrum of the fabricated 
multilayer has been measured with the FTIR spectrometer Bruker Vertex 70 
within the wavelength range from 1 to 3 µm. Fig. 7.12 shows the measured 
reflectivity spectra for different incidence angles. The lowest incidence angle 
that can be measured with this FTIR is 12º and we can observe that for this 
incidence angle the bandgap is centered approximately at λ=1.58 µm. When the 
incidence angle increases the bandgap width decreases and shifts to lower 
wavelengths. The highest incidence angle that can be measured with the FTIR is 
approximately 65º because reflectivity spectra measured for incidence angles 
between 65º and 80º are partially affected by the sample holder.  
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Fig. 7.12. Measured reflectivity spectrum of the periodic structure for seven different 
incidence angles. The bandgap is centered approximately at 1.58 µm for incidence angle 
12º. When the incidence angle increases the bandgap shifts to lower wavelengths. 
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From this figure, we can observe that the periodic multilayer structure 
has not an omnidirectional bandgap. It has a bandgap for an interval of 
incidence angles that goes from θ=12º to approximately θ=60º. It is not an 
omnidirectional mirror. This agrees with the theoretical study, where we 
deduced that to obtain an omnidirectional mirror, the high refractive index of 
the periodic multilayer must be higher than 2.25. The refractive index range 
obtainable with our fabrication conditions goes from 1.45 to 2.15 therefore to 
obtain an omnidirectional mirror one of the new structures proposed in chapter 
4 consisting on different periodic structures stacked together has been designed 
and fabricated.  
 
 

7.3.2. Design of a new omnidirectional mirror structure 

 We now study the reflectivity spectrum of a multilayer consisting of 
two different periodic structures (PS) stacked together. The schematic structure 
of this multilayer can be observed in Fig. 7.13.  
 
 
 
 
 

 

 

Fig. 7.13. Schematic of the multilayer formed by two periodic structures stacked 
together. 

 
 The theoretical study demonstrated that the bandgap of a multilayer 
formed by two structures stacked together is the union of the bandgaps of the 
two structures (section 3.3.1.4). This stacked structure presents a wider bandgap 
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for all the incidence angles and therefore an omnidirectional bandgap could be 
obtained. 
 The two periodic structures that form this multilayer have to be 
appropriately chosen for the widening of the bandgap. The first periodic 
structure (PS1) is the one described in the previous section. The second one 
(PS2) is designed to have a bandgap centered at a slightly higher wavelength 
than the bandgap of PS1. The refractive indices of PS2 are the same used for 
PS1: n1=2.15 and n2=1.45. Due to the small bandgap shift desired and to ease 
the fabrication process, we have chosen a larger thickness for the high refractive 
index layer whereas the thickness for the low refractive index layer remains the 
same. The chosen thicknesses for the layers of PS2 are d1=214 nm, and     
d2=288 nm, being the period thickness Λ=d1+d2=502 µm.  
 Fig. 7.14 shows the simulated reflectivity spectrum of PS2 for normal 
incidence and it is compared with the one of PS1. The number of periods of both  
PS is 15. We can observe that both spectra intersect. 
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Fig. 7.14. Simulated reflectivity spectrum of PS2 (black line). It can be compared with 
the reflectivity spectrum of PS1 (dashed gray line). Both spectra have been simulated for 
normal incidence. 
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 The simulated reflectivity spectrum of the stacked structure is represented 
in Fig. 7.15. The refractive indices used for the simulation are n1=2.15 and 
n2=1.45. The thicknesses are the ones calculated before for each PS. The 
incidence angles simulated are the ones that determine the existence of the 
omndirectional bandgap. The simulated spectra show that this structure has an 
omnidirectional bangap, therefore it is an omnidirectional mirror. With this 
result it is demonstrated that the limitations of the refractive index range can be 
overcome by the use of this new stacked structure proposed.  
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Fig. 7.15. Simulated reflectivity spectra of the stacked structure for incidence angles 
θ=0º and θ=85º. The omnidirectional bandgap (OBG) is indicated.  

 
 
 
 
 
 
 

   OBG 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, FABRICATION AND CHARACTERIZATION OF POROUS SILICON MULTILAYER OPTICAL DEVICES 
Elisabet Xifré Pérez 
ISBN: 978-84-691-0362-3 /DL: T.2181-2007



CHAPTER 7. OPTICAL DEVICES BASED ON POROUS SILICON …  
 

 

207 

7.3.3. Fabrication and characterization of the new 
omnidirectional mirror structure 

 The stacked multilayer consisting of the two PS stacked together has 
been fabricated using p+-type silicon wafers with a resistivity of 0.01 Ω·cm and 
ethanoic HF electrolyte with concentration of 15.4% (volumetric ratio). The 
current densities applied are J1=10 mA/cm2 and J2=50 mA/cm2

.  For 15 periods 
the etching times are t1=16 s for J1, and t2= 8 s for J2 (corresponding to PS1) and 
for the next 15 periods the etching times are t1= 20 s for J1, and t2= 8 s for J2. 
These last etching times correspond to PS2 and have been calculated from the 
etch rate to obtain the thicknesses adjusted during the simulation process of this 
PS. 
 The PS2 has been also fabricated to study its reflectivity spectrum and 
compare it with the one of the stacked structure. The parameters used for its 
fabrication are the same than for PS1, therefore the refractive indices of the 
layers of this PS2 are expected to be the same than the ones of PS1. The etching 
times are t1= 20 s for J1, and t2= 8 s for J2, the same ones used for the stacked 
structure. 
  The reflectivity spectrum of the stacked multilayer is presented in Fig. 
7.16 for incidence angle θ=12º. It is compared with the measured reflectivity 
spectra of PS1 and PS2 for the same incidence angle. They have been measured 
with the FTIR spectrometer Bruker Vertex 70 at the wavelength range from 1 to 
3 µm. It can be observed that the bandgap of the stacked structure is wider than 
the bandgaps of PS1 and PS2 and is approximately the union of their bandgaps, 
as was expected. The bandgap of the stacked structure is slightly shifted to 
lower wavelengths than the bandgaps of PS1 and PS2. This is due to two effects: 
the small gradients of porosity and thickness with depth during the porous 
silicon fabrication process that are more visible in the stacked structure 
spectrum because this structure is thicker than the PS; and that the thicknesses 
of the layers in multilayers are systematically lower than the expected values 
calculated from the etch rate [19]. Apart from this small shift, we can clearly 
observe the widening of the bandgap. 
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Fig. 7.16. Measured reflectivity spectrum of the stacked strcture for θ=12º (solid line). 
The measured reflectivity spectra of PS1 and PS2 for the same incidence angle can be 
also observed (dashed lines). 

 
 
    The widening of the bandgap can be observed for the rest of incidence 
angles in Fig. 7.17. It can be supposed that if the bandgap for each incidence 
angle is wider, the multilayer could present an omnidirectional bandgap or at 
least a bandgap for a wider interval of incidence angles. In this figure we can 
observe that there exists a bandgap for the incidence angle range from 12º to 
60º. For incidence angles 70º and 80º the bandgap is suggested but the 
measurement is falsified due to the influence of the sample holder of the FTIR.  

Although the limits of our FTIR do not permit us to obtain good 
reflectivity spectrum measurements for θ<12º and θ>65º, the measurements for 
incidence angle 70º and 80º seem to indicate that the stacked structure has an 
omnidirectional bandgap. In order to verify that this structure is an 
omnidirectional mirror we have simulated it to check the existence of the 
bandgap for θ<12º and θ>65º.   
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Fig. 7.17. Measured reflectivity spectrum of the stacked structure for different incidence 
angles. 

 
 
 A model of the stacked structure has been realized to simulate the 
bandgap for θ<12º and θ>65º. Fig. 7.18 shows the measured and the simulated 
reflectivity spectra of the stacked structure for incidence angle 12º. The 
parameters used for the model are for PS1:  n1=2.1, n2=1.45, d1=168 nm and 
d2=265 nm. And for PS2: n1=2.15, n2=1.45, d1=210 nm and d2=261 nm. These 
refractive index values completely agree with the ones expected from the 
calibration of the system and the simulations of PS1 and PS2. A small gradient 
of refractive index and thickness has been included in the simulation values. 
The thicknesses are slightly lower than the ones calculated from the etch rate 
according to what has been observed in the comparison between the PS 
multilayers and the stacked structure (Fig. 7.16) and according with the 
literature [19]. 
 In Fig. 7.18, we can observe that there is a good agreement between 
simulated and measured spectra. The bandgap for both exists for the same 
wavelength range. The sidelobes also exist for the same wavelengths although 
there is a small difference between the simulated and the measured amplitudes 
due to the anisotropy of the low refractive index layers (see chapter 6) that is 
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not considered for the simulation program. The good agreement between 
simulation and measurement exists for all the incidence angles measured and in 
Fig. 7.18  we show the results for two of them. The simulation model is 
validated by the good agreement between the simulated and the measured 
reflectivity spectra. 
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Fig. 7.18. Measured (symbols) and simulated (solid line) reflectivity spectra of the 
multilayer for incidence angle a) 12º and b) 30º. 

 
 
  With the simulation model we can study the existence of the 
omnidirectional bandgap suggested by the measurements. Fig. 7.19 shows the 
simulated reflectivity spectra for 0º and 85º obtained with this model. The 

a)  
 
 
 
 
 
 
 
 
 

b) 
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omnidirectional bandgap with a reflectivity higher than 95 % can be observed 
for the wavelength range between 1.32 and 1.44 µm. This result supports the 
assumption that this stacked structure is an omnidirectional mirror. 
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Fig. 7.19. Simulated reflectivity spectra of the stacked structure for incidence angles 
θ=0º and θ=85º. The omnidirectional bandgap (OBG) is indicated. 

 
 

7.3.4. Enlargement of the omnidirectional mirror bandgap 

 We now study the reflectivity spectrum of a stacked structure consisting 
of three different PS stacked together. By increasing the number of PS of the 
stacked structure, the bandgap for each incidence angle will be wider and 
therefore the omnidirectional bandgap will enlarge.  
 The three PS that form this structure are the two ones presented before 
(PS1 and PS2) and a third one, PS3. The schematic of this stacked structure can 
be observed in Fig. 7.20. The number of periods of the PS used for the 
formation of this stacked structure are 14 for the first, 13 for the second and 14 
for the third, therefore it is a unbalanced structure, one of the mirror structures 
proposed in the theoretical study of omnidirectional mirrors (chapter 4). 
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Fig. 7.20 Schematic of the stacked structure formed by three different periodic 
structures.  

 

 PS3 consists of the periodic repetition of two layers obtained with current 
densities J1=10 mA/cm2 and J2=50 mA/cm2

, the same ones used for PS1 and PS2. 
This PS3 is designed to have a bandgap centered at a slightly higher wavelength 
than the one of PS2. For this reason, the thickness d1 (corresponding to J1) is 
slightly higher than the one of PS2 for this layer whereas the thickness d2 
remains the same. The period thickness is Λ= d1+d2 = 545 nm. The reflectivity 
spectrum of PS3 has been simulated using n1=2.15 and n2=1.45. Fig. 7.21 shows 
the simulated reflectivity spectrum of PS3 for normal incidence and it is 
compared with the ones of PS1 and PS2. The union of the three bandgaps is the 
expected bandgap of this stacked structure. 
 This stacked structure has been fabricated using p+-type silicon wafers 
with a resistivity of 0.01 Ω·cm and ethanoic HF electrolyte with concentration 
of 15.4% (volumetric ratio). The current densities applied are J1=10 mA/cm2 
and J2=50 mA/cm2

.  For 14 periods the etching times are t1=16 s for J1, and      
t2= 8 s for J2 (corresponding to PS1), for the next 13 periods the etching times 
are    t1= 20 s for J1, and t2= 8 s for J2 (corresponding to PS2), and the for last 14 
periods the etching times are t1=24 s for J1, and t2= 8 s for J2 (corresponding to 
PS3). These last etching times correspond to PS3 and have been calculated from 
the etch rate to obtain the thicknesses calculated during the simulation process 
of this PS. The SEM image of this fabricated stacked structure can be observed 
in Fig. 7.22. 

PS1

PS2

Substrate 

PS3
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Fig. 7.21. Simulated reflectivity spectrum of PS3 for normal incidence (solid line) and 
simulated reflectivity spectra of PS1 and PS2 for the same incidence angle (dotted lines). 

 
 

The reflectivity spectrum of the fabricated stacked structure has been 
measured with the FTIR spectrometer Bruker Vertex 70 for different incidence 
angles. These spectra can be observed in Fig. 7.23. For incidence angles 
between 12º and 60º the bandgap is clearly visible whereas for incidence angles 
70º and 76º it can be supposed. From these results we can consider that this 
stacked structure is an omnidirectional mirror with a wider bandgap than the 
stacked structure presented in the previous section as was expected. 

 
 
 
 
 
 
 

Fig. 7.22. SEM image of the fabricated stacked structure formed by three periodic 
structures. 
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Fig. 7.23. Measured reflectivity spectra of the stacked structure for different incidence 
angles. 

 
 

In order to study the reflectivity spectrum of the fabricated stacked 
structure for incidence angles θ<12º and θ>65º we have used a simulation 
model. The parameters used for the model are for PS1:  n1=2.1, n2=1.45, d1=160 
nm and d2=270 nm; for PS2: n1=2.15, n2=1.45, d1=210 nm and d2=265 nm and 
for PS3: n1=2.2, n2=1.5, d1=240 nm and d2=265 nm. These refractive index 
values completely agree with the ones expected from the previous studies and 
the simulations of PS1 and PS2. We have simulated the refractive index gradient 
with depth by slightly increasing the refractive index of the PS. The thicknesses 
are slightly thinner than the ones expected from the etch rate calculation [19]. 
Fig. 7.24 shows the simulated reflectivity spectrum for two incidence angles. 
We can observe that the simulated reflectivity spectrum agrees with measured 
one, validating the model. 
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Fig. 7.24. Measured (symbols) and simulated (solid line) reflectivity spectra of the 
stacked structure  for incidence angles a) 12º and b) 30º. 

 
 
 To study the omnidirectional bandgap (OBG) of this multilayer, we 
have used the model to simulate the reflectivity spectra for 0º and 85º (Fig. 
7.25). In this figure, the OBG for reflectivity higher than 90 % exists for the 
wavelength range from 1.3 µm to 1.6 µm. Hence, we can conclude that this 
multilayer is an omnidirectional mirror. Besides, the omnidirectional bandgap 
of this multilayer is wider than the one of the multilayer studied in the previous 
section, consisting of two PS stacked together.  

We can conclude that the stack of different PS is an appropriate 
structure to obtain porous silicon omnidirectional mirrors that cannot be 
obtained by increasing the refractive index contrast of the layers due to material 
limitations. The width of the omnidirectional bandgap can be selected by 
chosing the appropriate number of PS to be stacked and the wavelengths where 
they are centered. 

  a) 
 
 
 
 
 

 
 
  b) 
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Fig. 7.25. Simulated reflectivity spectrum of the multilayer for incidence angles θ=0º 
and θ=85º. The omnidirectional bandgap (OBG) is indicated. 

  
 

7.4. Conclusions 

 Many different porous silicon DBR, microcavities and omnidirectional 
mirrors have been designed, fabricated and characterized. In this chapter we 
have reported only the most representative. 

The first optical device reported here is a porous silicon DBR. The 
reflectivity spectrum of this DBR has been measured for different angles of 
incidence. A high reflectivity band has been observed, that shifts to lower 
wavelengths, becomes narrower and its maximum decreases when the angle of 
incidence increases. The simulated spectra agree with the measured ones, which 
indicates that the behavior of the structure can be theoretically predicted. The 
refractive indices and thicknesses of the fabricated layers agree with the ones 
obtained with the simulations. It has also been demonstrated that for any 
wavelength, the range of incidence angles for which the bandgap exists can be 
studied with the projected band structure. 
 Porous silicon microcavities have also been fabricated, characterized and 
simulated. The reflectivity spectrum of the microcavity reported here has been 
measured for different humidity levels. We have observed that the reflectivity 

OBG
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spectrum not only depends on the humidity level of the ambient medium but 
also on the presence of a water thin film on its surface due to the condensation 
of water. In both cases, the reflectivity resonance shifts to higher wavelengths 
and the reflectivity decreases when the humidity increases, but the relative 
changes in the reflectivity spectrum are much more significant with the 
presence of condensed water.  
 Omnidirectional mirrors have also been designed, fabricated and 
characterized. Firstly, a periodic structure has been fabricated. It was formed by 
the periodic repetition of two different refractive index layer. The two refractive 
indices used are the lowest one and the highest one obtainable with our 
fabrication parameters. The reflectivity spectrum of this structure was measured 
and it indicated that with these refractive indices an omnidirectional bandgap 
can not be obtained. Secondly, a new structure consisting of different periodic 
structures stacked together has been used to obtain omnidirectional mirrors. The 
refractive indices used for this new structure have been the same used for the 
periodic structure. A first stacked structure consisting of two PS stacked 
together has been designed, fabricated and characterized demonstrating that it is 
possible to obtain omnidirectional mirrors without changing the refractive 
indices. The enlargement of the omndirectional bandgap has been obtained with 
a second stacked structure consisting of three periodic structures stacked 
together. This is an unbalanced structure theoretically studied in chapter 4. With 
these results we have demonstrated that the refractive indices of the layers that 
form the multilayer are not a limitation for obtaining omnidirectional mirrors, as 
was for the periodic structure. We have also demonstrated that the new structure 
proposed in this work, formed by different periodic structures stacked together, 
is a suitable structure for obtaining wide band omnidirectional mirrors. 
 To conclude, it has been demonstrated that porous silicon is a suitable 
material for the fabrication of optical devices and that the material 
characteristics allows the application of these optical devices for the widely 
used in telecommunications wavelength of 1.55 µm. 
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Chapter 8 

Summary and conclusions 

 
 The work presented in this thesis has dealt with the following subjects:  

 Theoretical study and design of dielectric multilayers for different 
optical applications. 

 Establishment and calibration of a porous silicon fabrication system for 
the formation of multilayers. 

 Characterization of porous silicon layers using different methods.  
 Design, fabrication and characterization of porous silicon optical 

components.  
 

 Porous silicon has many potential applications. In this work we have 
focused on the study and design of porous silicon multilayers for optical 
applications. Porous silicon is a suitable material for the fabrication of 
multilayers because the refractive index and thickness of the layers can be 
selected by changing the formation parameters during the fabrication process. 
Besides, once a porous layer has been formed, no more electrochemical etching 
occurs for it during the following current density variations. Hence, the 
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refractive index can be modulated in depth, making porous silicon a suitable 
dielectric material for the formation of multilayers 
 By choosing, in an appropriate way, the thicknesses and the refractive 
indices of the various layers, it is possible to generate different reflectivity 
spectra and therefore different optical components. In this work, the optical 
components studied are Distribute Bragg Reflectors (DBR), microcavities, 
omnidirectional mirrors and waveguides. 
 The theoretical methods for the study of multilayers have been developed 
in chapter 3 where different programs realized for the simulation of multilayers 
have been explained. All these programs are based on the transfer matrix 
method, a mathematical method that has been already developed in detail in this 
chapter. These programs have been used for the study of different optical 
devices, analyzing their design parameters and evaluating the influence of these 
parameters on the optical response. The performance of these programs has 
been verified simulating different Distributed Bragg Reflectors (DBR) and 
microcavities and comparing the results obtained with the ones reported in the 
literature. This comparison has demonstrated the suitability of the realized 
programs. From the study of the DBRs, we have observed that porous silicon is 
a suitable material for the fabrication of filters with a wide bandgap centered at 
λ=1.55 µm. Although the difference between the refractive indices of the layers 
determines the bandgap width, the possibility to easy fabricate porous silicon 
stacked filters centered at different wavelengths, widening the bandgap, 
compensates the limitations of the porous silicon refractive index range. 
 The simulation of different optical devices based on multilayers has been 
realized in chapter 4 using the different programs presented in the previous 
chapter. These optical devices are omnidirectional mirrors and waveguides. 
From the study of omnidirectional mirrors, we have observed that the 
omnidirectional bandgap of porous silicon mirrors is very narrow due to the 
limited refractive index range obtainable with porous silicon. In order to widen 
this bandgap we have proposed three different multilayer structures, the 
random, the balanced and the unbalanced mirrors, that overcome these material 
limitations and allow obtaining an enlarged omnidirectional bandgap with a 
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simple design. Therefore, we can conclude that porous silicon is a suitable 
material for the fabrication of omnidirectional mirrors although for obtaining 
wide omnidirectional bandgaps with this material, the structure of the multilayer 
is decisive. Besides, these omnidirectional mirrors have been designed to work 
at wavelength 1.55 µm, a wavelength widely used for telecommunication 
applications, demonstrating that porous silicon is appropriate for these 
applications. 
 Besides, in the same chapter two different types of porous silicon 
waveguides have been also designed. Firstly, the modal analysis of waveguides 
based on total internal reflection has been realized for 1.55 µm applications. 
The influence of the refractive indices and the core thickness on the number of 
modes has been studied. It has been demonstrated that when the thickness 
increases, the number of modes increases and that the cutoff wavelength of the 
modes allowed in the waveguide depends on the refractive indices of core and 
the cladding. It has been demonstrated that, for a fixed core thickness, different 
refractive indices resulting in the same numerical aperture have the same cutoff 
wavelength. 
 However, the most widely analyzed waveguide structure has been the one 
where the confinement of the light is based on the properties of photonic 
crystals. In these waveguides, the multilayer is the cladding. In concrete, we 
have studied the suitability of omnidirectional mirrors and DBR to be used for 
the cladding. We have obtained the optimal refractive index for the core, that is 
the refractive index that gives the highest confinement for all the modes. The 
different modes of this waveguide have been studied and we have demonstrated 
that the position of the mode in the projected band structure of the multilayer 
cladding determines the guiding condition of the modes. The influence of 
different parameters of the waveguide structure on the modes and the modal 
confinement has been studied. We concluded that when the core thickness 
increases, the confinement of the modes increases and gets closer to 100 % 
indicating that the modes closer to the light line have a higher confinement. 
Besides, the increment of core thickness results in the increment of the number 
of modes, the same that happened with TIR waveguides. The omnidirectional 
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mirror cladding has been also compared with a DBR cladding. From this study, 
we have observed that the DBR cladding can be also an appropriate structure 
for the cladding and the suitability of the DBR structure can be compared to the 
one of the omnidirectional mirror. 

In chapter 5 we have explained in detail the fabrication and 
characterization processes of porous silicon layers. Firstly, the porous silicon 
fabrication system established at the Department of Electronic, Electric and 
Automatic Engineering of the University Rovira i Virgili has been presented 
and the influence of the different elements of the system on the porous silicon 
characteristics has been discussed. We have designed and fabricated an 
electrochemical cell that permits the fabrication of homogeneous porous silicon 
layers. The program realized for the control of the whole fabrication system has 
been also explained. 

The characterization part has been focused on the study of the 
fabricated porous silicon layers. The different measurement techniques used for 
the characterization of the porous silicon layers have been explained. These 
techniques are Scanning Electron Microscopy (SEM), Fourier Transform 
Infrared spectroscopy (FTIR) and Spectroscopic Ellipsometry (SE). From these 
measurements the two main characteristics of the porous silicon layers, 
refractive index and thickness, have been calculated using two different 
mathematical methods: the interference fringes method and the spectrum 
analysis fitting. The comparison of the results obtained with both methods 
indicates that both are equally suitable for the characterization of microporous 
silicon layers. 

These characterization methods have been also used to calibrate the 
porous silicon fabrication system. The calibration has established the relations 
between the anodization parameters and the physical characteristics of the 
porous silicon layers: the current density-refractive index relation and the 
anodization time-thickness relation. In addition, the porosity has been analyzed. 
We have concluded that the increase of the current density leads to an increase 
of the porosity and therefore a decrease of the refractive index. The relations of 
the current density with porosity and refractive index are both exponential. We 
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have also concluded that the thickness increases linearly with the anodization 
time. Moreover, the etch rate has been studied and we have observed that it 
depends on the current density; in particular it exponentially increases with 
current density. 

The porous silicon layers have also been characterized using 
spectroscopic ellipsometry during a stage at the Ecole Polytechnique (Palaiseau, 
France). This characterization has determined the main physical features of 
these layers, porosity (and therefore refractive index) and thickness; and has 
allowed the analysis of their anisotropy. From the ellipsometric study of the 
porous silicon layers we have concluded that low porosity layers can be 
modelled with a graded index model. However, as porosity of the monolayers 
increases, the gradient index model is no longer valid, and it must be substituted 
by another one consisting of an anisotropic uniaxial layer with its optical axis 
oriented perpendicular to the surface of the sample. This indicates that the 
anisotropy increases with the porosity. In fact, we could conclude that depth 
inhomogeneity and anisotropy exist for all porosity layers but for low porosity 
layers the difference between the extraordinary and the ordinary refractive 
indices are small and the anisotropy of the layer is masked by the in depth 
inhomogeneity, and when the porosity increases the anisotropy becomes more 
important than the inhomogeneity. 

The depolarization of light caused by sample thickness non-uniformity 
has also been measured and used to estimate the quality of measurements as 
well as the adequacy and goodness of ellipsometric data fits. We have 
concluded that when the current density increases, that is when the porosity 
increases, the depolarization of the fabricated porous silicon layer increases 
making more difficult the characterization of the layer using ellipsometry. 

Chapter 7 presents multilayer optical components fabricated with 
porous silicon. In this chapter the different steps explained in the rest of 
chapters are used because each component is simulated, fabricated and 
characterized. Although many different components have been realized during 
the realization of this thesis, here we have only presented the most 
representatives.  
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The reflectivity spectrum of a DBR has been studied for different 
incidence angles. We have demonstrated that the behavior of the structure can 
be theoretically predicted and that for any wavelength, the range of incidence 
angles for which the bandgap exists can be studied with the projected band 
structure.  
 The reflectivity spectrum a microcavity has been measured for different 
humidity levels. We have observed that the reflectivity spectrum not only 
depends on the humidity level of the ambient medium but also on the presence 
of a water thin film on its surface due to the condensation of water. In both 
cases, the reflectivity resonance shifts to higher wavelengths and the reflectivity 
decreases when the humidity increases, but the relative changes in the 
reflectivity spectrum are much more significant with the presence of condensed 
water. This indicates that a porous silicon microcavity could be used for the 
sensing of humidity variations. 
 Finally, porous silicon omnidirectional mirrors have been fabricated and 
characterized. We have demonstrated that although the limited refractive index 
range of porous silicon does not permit the fabrication of omnidirectional 
mirrors with a wide omnidirectional bandgap using the typical periodic 
structure, the fabrication of multilayers consisting of different periodic 
structures stacked together solves these limitations. We have fabricated a mirror 
with the unbalanced structure propose in this work, which has demonstrated that 
a wide omnidirectional bandgap can be obtained using porous silicon and that 
this width can be enlarged by stacking periodic structures. 
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