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Abstract
The aim of this study was to investigate the influence of the etch-stop time on the struc-
tural and optical properties of multilayer structures and their passivation to avoid aging
effects. Structural analysis by scanning electron microscopy (SEM) and the optical re-
flectance data fitting procedure have shown that the inclusion of a pause during the
growth of the porous matrix promotes the formation of thicker layers (2638 nm, for 10 s
of pause), compared with the layer with low porosity without pause (2584 nm). Similar
behavior was observed for high porosity layers changing from 4500 to 4780 nm. This trend
was also observed for multilayer structures. As for porosity, an opposite behavior was ob-
served, decreasing in about 9.5% and 6.5% with increasing etch stop time for single layers
with low and high porosity, respectively. This phenomenon was attributed to the recovery
of hydrofluoric acid consumed during pore formation at the electrolyte-silicon interface.
To obtain 1D photonic crystals (1D-PC) of porous silicon with optical responses close
to those projected, this phenomenon must be taken into account in device development.
The fabrication of 1D-PC with a sequence starting with a layer with high porosity and
others where the first upper layer has low porosity proves that the increasing effect of
thickness and the decrease of porosity does not depend on the stacking order. However,
the thermal treatment made in air environment shows significant changes in the optical
response after the oxidation at 400°C. Since the oxidation of porous silicon depends on
the characteristics of the porous matrix, it is concluded that the etch-stop promotes the
formation of high and low porosity layers with different microstructures, so that after
thermal annealing at 1000°C in devices with the first upper layer with high porosity, the
main photonic band gap (PBG) is destroyed, i.e., the optical thickness of the high and
low porosity layers no longer obeys Bragg’s law due to the contraction-expansion effect
of the low and high porosity layers.

Three different materials were used for surface passivation: thermal silicon oxide (SiO2),
gold (Au), and titanium oxide (TiO2). Despite the passivation layer, the presence of these
elements resulted in a blue shift of the PBG. However, in the case of the deposited TiO2,
some samples showed a red shift, while in others the PBG is not changed. The red shift
was associated with the presence of xylene in the sol-gel TiO2 within the pores. Unaltered
PBG was associated with the formation of a thin pore-sealing TiO2 sol-gel layer. After
thermal treatment, the typical blue shift was observed. Despite the passivation material,
fast Fourier infrared spectroscopy (FTIR) reveals the presence of SiO2 in addition to the
Au or TiO2 phases. Energy dispersive X-ray spectroscopy analysis (EDS) showed that
Au and TiO2 were deposited in a deep concentration gradient, but with a homogeneous
distribution along the sample surface. X-ray diffraction (XRD) showed that after thermal
treatment at 450°C, the rutile and anatase phases coexist, with the latter predominating.
The stability of the optical properties after passivation was confirmed by measurements



of the samples after 20 and 36 weeks of storage. No spectral changes were observed in the
PBG position.

Key-words: Porous silicon photonic crystal. Porous surface passivation. Etch-stop effect.



Resumo
O objetivo deste estudo foi investigar a influência do tempo de pausa (etch-stop) nas pro-
priedades estruturais e ópticas de estruturas multicamadas e sua passivação para evitar
efeitos de envelhecimento. A análise estrutural por microscopia eletrônica de varredura
(MEV) e o procedimento de ajuste dos dados de refletância óptica mostraram que a in-
clusão de uma pausa durante o crescimento da matriz porosa promove a formação de
camadas mais espessas (2638 nm, em 10 s de pausa), em comparação com a camada com
baixa porosidade sem pausa (2584 nm). Um comportamento semelhante foi observado
para camadas de alta porosidade variando de 4500 a 4780 nm. Essa tendência também
foi observada para estruturas multicamadas. Quanto à porosidade, observou-se um com-
portamento oposto, diminuindo em cerca de 9,5% e 6,5% com o aumento do tempo do
etch-stop para camadas individuais com baixa e alta porosidade, respectivamente. Este
fenômeno foi atribuído à recuperação do ácido fluorídrico consumido durante a forma-
ção dos poros na interface eletrólito-silício. Para obter cristais fotônicos 1D (1D-PC) de
silício poroso com respostas ópticas próximas às projetadas, esse fenômeno deve ser le-
vado em consideração no desenvolvimento do dispositivo. A fabricação do 1D-PC com
uma sequência iniciando com uma camada com alta porosidade e outras onde a primeira
camada superior possui baixa porosidade prova que o efeito de aumento da espessura e di-
minuição da porosidade independe da ordem de empilhamento. No entanto, o tratamento
térmico feito em ambiente de ar mostra mudanças significativas na resposta óptica após
a oxidação a 400°C. Como a oxidação do silício poroso depende das características da
matriz porosa, conclui-se que o etch-stop promove a formação de camadas de alta e baixa
porosidade com diferentes microestruturas, de modo que após o recozimento térmico a
1000°C em dispositivos com a primeira camada superior com alta porosidade, o gap fotô-
nico principal (PBG) é destruído, ou seja, a espessura óptica das camadas de alta e baixa
porosidade não obedece mais à lei de Bragg devido ao efeito de contração-expansão das
camadas de baixa e alta porosidade.

Três materiais diferentes foram usados para a passivação da superfície: óxido de silício
térmico (SiO2), ouro (Au) e óxido de titânio (TiO2). Apesar da camada de passivação, a
presença desses elementos resultou em um deslocamento para o azul do PBG. No entanto,
no caso do TiO2 depositado, algumas amostras apresentaram um deslocamento para o
vermelho, enquanto em outras o PBG não foi alterado. O deslocamento ao vermelho
foi associado à presença de xileno no sol-gel TiO2 dentro dos poros. O PBG inalterado
foi associado à formação de uma fina camada de sol-gel de TiO2 de vedação dos poros.
Após o tratamento térmico, observou-se o típico deslocamento para o azul. Apesar do
material de passivação, a espectroscopia rápida de infravermelho de Fourier (FTIR) revela
a presença de SiO2 além das fases Au ou TiO2. A análise por espectroscopia de raios-X por
dispersão de energia (EDS) mostrou que Au e TiO2 foram depositados em um gradiente de



concentração profundo, mas com uma distribuição homogênea ao longo da superfície da
amostra. A difração de raios X (XRD) mostrou que após o tratamento térmico a 450°C,
as fases rutilo e anatase coexistem, com predominância da última. A estabilidade das
propriedades ópticas após a passivação foi confirmada por medições das amostras após 20
e 36 semanas de armazenamento. Nenhuma mudança espectral foi observada na posição
PBG.

Palavras-chave: Cristal fotônico de silício poroso. Passivação de superfícies porosas.
Efeito do etch-stop.
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1 Introduction

In the last 20 years, interest in the propagation of light through a periodic medium

called photonic crystal, PC, has increased due to the possibility to manipulate light in

ways similar to semiconductors that control electron �ow. Whereas in a semiconductor the

electron �ow is controlled by a periodic electric �eld displaying the conduction and valence

bands, the shaping of light in a photonic crystal is done by a periodicity of the refractive

index or physical thickness of the materials, which modi�es the dispersion relation of the

photon and indicates the available and forbidden photons within the structure, appearing

the so-calledphotonic band gap(PBG), brought by constructive interference of re�ected

waves traveling through the lattice. Tuning the PBG allows re�ective and antire�ective

coating, laser cavity, and functionalized medical devices, it also opens up new technological

possibilities in transmission, quantum computing [1, 2, 3] and spintronic [3] where the use

of light rather than electrons, enhances the processing velocity and opens the limitations

of electron technology. However, a pure optical technology is still under investigation, and

for this purpose, the photonic crystal, metamaterials [4][5] and plasmon resonance [6][7][8]

are some optimal proposals.

The photonic crystal can be classi�ed according to the dimension periodicity in

one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) structures. In

this sense, the main objective of this work was the fabrication of 1D photonic crystals

using the technology of porous silicon (PS) due to its fabrication facilities [9][10].

Since a PC is a structure where its refractive index, i.e., dielectric permittivity,

varies periodically along the entire structure, a wide range of materials can be considered

for fabrication, such as ferromagnetic [11][12], hybridization of polymers [13], metamate-

rials [14], and Fibonacci sequence [15], to mention few. In this vast universe of materials,

silicon is a great candidate not only because it is abundant and cheap, but also because

it allows integration with other semiconductor devices using complementary metal-oxide-

semiconductor (CMOS) technology. Silicon was already successfully used for the fabri-

cation of one-dimensional silicon-based photonic crystals such as Si/SiO2, SiO2/TiO 2,

SiO2/SnO2, SiO2/ATO [16][17][18]. Some studies have reported the use of silicon-based

photonic structures doped with rare earths (Yb+3 , Er+3 ) for improving in photolumines-

cence (PL) properties of di�erent rare-earths, such as Er+3 , for instance, which has a

photo-emission peak at 1.54� m, open the possibility of the fabrication of silicon-based

laser. Thus, the photonic crystal could expand the technological possibilities of infor-

mation transport, applications where electronically matched systems are limited due to

charge and mass carriers.
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Although the existence of di�erent methods for the fabrication of silicon-based

PCs, in the last years the use of PS as an alternative method has grown rapidly. This

rapid arise is associated with its interesting and singular optical properties. For instance,

it was found that the PL of porous silicon increases with porosity, whereas the crystallite

size de�nes the light emission wavelength [19].

Although lithography, holography, chemical vapor deposition, molecular beam epi-

taxy, and other methods have shown excellent results, their main disadvantage is asso-

ciated with their high production costs and limited access to this handling technology.

In counterpart, the production of PCs using electrochemical anodization has proven to

be a good low-cost technique. However, some drawbacks such as interface roughness and

porosity gradient still need to be solved before commercial application. The cause of these

problems has been attributed to the consumption of the HF electrolyte during pore for-

mation. To overcome these drawbacks, the strategy of inclusion of pauses between layers

during the anodization process (etch-stop time) was earlier proposed by Thönissen et

al [20], but a systematic investigation of the e�ect of this inclusion on the optical and

structural properties of 1D-PSPC needs to be investigated.

Thus, this master thesis deals with the systematic research of the optical response

of 1D-PSPCs and resonant microcavities (1D-PSPC-Mc) fabricated by using the etch-stop

method and the in�uence of the anodization parameters on the electromagnetic response.

This work is divided into �ve chapters. Chapter 1 presents the current state of the art

in the fabrication of porous silicon for photonic devices and their applications. Chapter

2 reviews brie�y the history of photonic crystals and introduces the concept of photonic

crystals. Then, the theory section explains the pore formation in a silicon substrate by

electrochemical route, the propagation of electromagnetic waves in a porous medium, and

the models used to describe the dielectric function of thin �lm media up to multilayers,

using Fresnel's equations as a �rst approximation and the Bruggeman e�ective medium

approximation along with TMM (Transfer matrix method) as a robust model, but with

some limitations. Chapter 3 presents the experimental fabrication of a multilayer porous

silicon structure using an electrochemical solution of hydro�uoric acid, current density,

and anodization time to control the morphological features such as thickness and porosity

of the photonic device, as well as the incorporation of the etch- stop method. In Chapter

4, the obtained results and related discussions are presented. Finally, the conclusions and

future perspectives of the developed work are presented in Chapter 5.
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2 Photonic Crystals: Basic Fundamentals

The propagation of electromagnetic waves in strati�ed media was originally studied

by Lord Rayleigh (1887) as the sum of multiple re�ections at each interface. Abelés

contributed to the understanding of the optical properties of thin �lms and multilayered

structures by using the transfer matrix [21][22]. Several approaches have been developed

to understand the optical response of periodic media. Some of them are band structure

analysis [23], �nite-di�erence time-domain method [24], transfer matrix method (TMM),

coupled modes, perturbative technique and scattering method [4].

In 1987, John Sajeev [25] investigated the suppression of the density of states in

disordered and non-dissipative media, and Yablonovitch [26] worked on the inhibition of

spontaneous emission of atoms located in dielectric cavities. Yablonovitch extended earlier

work (mainly 1D) to a fully open photon dispersion relation (band gap) in 3D, taking

control of light in all directions. This pioneering work was the beginning of a new line

of research in optics devoted to the interaction of light with periodic matter, henceforth

referred to asphotonic crystals, whose most important optical feature is the presence of

an optical region in which photonic states are forbidden by the periodic structure. This

optical region is called the photonic band gap (PBG).

Although this type of structure was initially classi�ed as a metamaterial, because

this structure was unknown in nature, posterior research using modern scanning electron

microscopy (SEM) showed that this structure can be found in the internal microstructure

of the skin, wings, or feathers of chameleons, male peacocks, and �sh, resulting in bright

and iridescent colors [27][28]. The discovery and understanding of the physical principles

and the development of fabrication methods will enable the application of these structures

in medicine as bio- and chemosensors. To this end, the photonic structure must be func-

tionalized with organic and biological analytes or even metallic nanoparticles to enhance

surface plasmon resonance [29].

2.1 What is a photonic crystal?

In the thin-�lm physics framework, photonic crystals are interpreted as a strati-

�ed medium that exhibits a periodic distribution of its dielectric constant along the entire

structure. Depending on how this periodic variation occurs, photonic crystals are classi-

�ed as one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) and are

shown schematically in Figure 1.

In nature, while some colors are based on molecular pigments, others depend en-
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Figure 1 � Classi�cation of photonic crystals. Each color represents a layer with a di�erent
refractive index. Image extracted from [23].

tirely on the internal structure. The mechanism of such structural colors is the di�rac-

tion and re�ection of light. While part of the incoming light is transmitted through the

structure or absorbed, photons having wavelengths in the order of periodicity undergo

constructive interference and thus give rise to the formation of s region with complete re-

�ectance, known as PBG. Figure 2 shows an example of natural periodic nanostructures

found in some insects.

To study these types of structures, various techniques have been developed to

fabricate nanostructures on the order of nanometers. Some examples of them are electro-

chemical anodization, lithography, holography, chemical vapor deposition (CVD), molec-

ular beam epitaxy (MBE), inverse opals for the 3D case, and others, resulting in the

structures shown in Figure 3. Only the 3D structure exhibits a complete band gap, i.e.,

forbidden bands in all propagation directions of the photon. However, the 1D photonic

crystal exhibits many of the physical phenomena that occur in complex structures, which

allows a simple and direct understanding of the subject, besides the fact that a 1D struc-

ture is cheaper and easy to fabricate. Nowadays, the developments of di�erent photonic

crystal methods fabrication, together with the various methods of passivation and func-

tionalization, enable the fabrication of optical sensors for the detection of biological [33][34]

and chemical analytes [35], as well as applications as Bragg �lters for the textile industry

[36] and optical devices controlled by a magnetic �eld [37].

2.2 Interaction of light with matter

The interaction between matter and light is perhaps the best-known phenomenon

because everything around us interacts with light. This subject has been studied in optical

physics in various frameworks. According to classical optics, when light is incoming into

the matter, some of it is re�ected and some of it is transmitted (refracted). Depending

on the optical properties of some materials, light may also be absorbed. If the surface is

rough, some of the incident light will be scattered. Thus, the relationship between these
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(a) (b)

(c)

Figure 2 � Examples of natural photonic crystals(a) 1D - the beetle Chrysina resplendens shows
a metallic gold in its shards due to a broad band of the Bragg re�ector and a rotation
of 60� [30] (b) 2D - photograph of Morpho rhetenor, and magni�ed view and TEM
micrograph of scale butter�y [27] (c) 3D - Lamprocyphus augustus, showing a SEM
image of the top view (D) and cross section (E) of weevil wing cases [27][28].

quantities is thus described by

T + R + S + A = 1 (2.1)

where T, R, S and A are the transmitted, re�ected, scattered and absorbed parts of the

incident light [38].

2.2.1 Fresnel's equations

For the case of a smooth and well-de�ned sharp interface, the study of Agustin-

Jean Fresnel states that both re�ection and transmission phenomena depend strongly
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(a) (b)

(c)

Figure 3 � Example of man-made photonic crystals in 1D, 2D and 3D.(a) Image SEM of 1D
porous silicon with unit cell of 222 nm [31], (b) Image SEM of 2D-PC of unit cell
415 nm, (c) Image SEM of 3D-PC built by woodpile technique, unit cell of� 260
nm � 260 nm � 960 nm [32].

on the optical properties of the medium in which the light travels and on the angle of

incidence (' ). Considering the below schematic representation of the interface (Figure 4),

the optical properties of the incident medium are represented by its complex refractive

index, denoted byn̂1, while n̂2 stands for the interacting matter. The complex refractive

index is de�ned asn̂j = nj � ik j . From Figure 4, the Fresnel relation between̂n1 and

by n̂2 for the polarization statess and p are described by Equations (2.2) to (2.5). After

light-matter interaction, part of the electromagnetic wave propagates parallel to the plane

of incidence (s- polarization), while the other part travels perpendicular to the plane of

incidence (p- polarization). In Equations (2.2) to (2.5), r s and tp are the re�ectivity and

transmittance for s-polarization andrp and tp for p-polarization.

For s-polarization:

r s =
n̂1cos' � n̂2cos 
n̂1cos' + n̂2cos 

(2.2)

ts =
2n̂1cos'

n̂1cos' + n̂2cos 
(2.3)
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Figure 4 � Schematic representation of the interaction of light in a planar interface.

For p-polarization:

rp =
n̂2cos' � n̂1cos 
n̂2cos' + n̂1cos 

(2.4)

tp =
2n̂1cos'

n̂2cos' + n̂1cos 
(2.5)

From these equations, the re�ectance and transmittance are calculated by multi-

plying the complex part of Fresnel's equation and its conjugate. In the case of re�ectance,

it can be written as follows

R = jr j2 (2.6)

If the light interaction occurs with three subsequent media having well-de�ned and

parallel sharp interfaces, where the middle medium is a thin �lm with thickness d and

complex refractive index,n̂2 (Figure 5), the re�ectivity from this structure is written as

r123 =
r12 + r23e� 2i�

1 + r12r23e� 2i�
(2.7)

where the optical phase di�erence (� ) due to the light interactions is de�ned by Equation

(2.8), � is the incident light wavelength andd is the physical thickness of the thin �lm

layer. For a non-absorbing �lm, the complex refractive index is reduced only to the real

refractive index.

� =
2�
�

n̂f ilm d (2.8)

Figure 5 � Schematic representation of the interaction of light in two planar interfaces.
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n̂f ilm =
q

n̂2
2 � n̂2

1sin2' (2.9)

The nf ilm is a relation dependent on the angle of incidence of the light beam, as

Equation (2.9). However, real structures deviate from this optical behaviour due to the

roughness of the interfaces [39][40] and the refractive index gradient [31]. The multilayer

model [31, 40] was used to correct the e�ect of the in-depth refractive index gradient,

while the e�ect of the interface roughness,� , was considered assuming that the roughness

is a probabilistic deviation from the smooth interface that obeys a normal distribution.

The corrected Fresnel equation is therefore as follows

r corr
ij = r ij e� 2k i k j � 2

ij (2.10)

wherer ij is the Fresnel equation for smooth interfaces, and the wave vectors are de�ned

as

kj =
� 2�

�

� q
n2

j � (ni sin� )2 (2.11)

the subindex i refers to the incident medium andj to all possible media of the system

(air, PS and bulk silicon). Similar to Davie's expression for a specular re�ection [39], the

re�ectivity is a�ected by the roughness and leads to a decrease in the optical response for

a layer with a high refractive index at normal incidence.

The cause of both the in-depth refractive index and the roughness of the interfaces

are related to the process used to produce the thin �lms [38]. For thin �lms of porous

silicon (PS), the e�ective refractive index gradient at depth is related to the formation of a

porosity gradient at depth, which in turn is related to di�culties in di�usion of hydro�uoric

acid (HF) toward the electrolyte/silicon interface through the porous structure [31, 20].

The work of Huanca and Salcedo [31, 41] shows that this depth porosity gradient is

complex at a high concentration of the electrolyte HF and leads to porous structures with

low mechanical stability at a low concentration HF.

2.2.2 Transfer Matrix Method

In the thin-�lm framework, a 1D photonic crystal is treated as a periodic stack of

single layers with high and low refractive index, nH and nL , and thicknessesdH and dL ,

respectively. In the case of devices made of porous materials, the nH and nL are linked

to the porosity pL and pH , respectively. The optical response of this structure can be

well-described by the transfer matrix method (TMM) [38]. TMM consists in expressing

the electric �eld as the sum of incident and re�ected plane waves in k-space and rewriting

it into a matrix form [42]. This method is limited by the geometry of the structure and

the memory capacity of the computer. Nevertheless, TMM is widely used in re�ectance

calculation, band structure and porosity gradient modeling [43].
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The behavior of a single and homogeneous layer with complex refractive indexn̂

and thicknessz for s- polarization is characterized by the M-matrix of Equation (2.12)

M (z) =

0

B
@

cos(kon̂zcos ) �
i

n̂cos 
sin(kon̂zcos )

� i n̂cos sin (kon̂zcos ) cos(kon̂zcos )

1

C
A (2.12)

whereko = 2�=� is the wave vector of the incident beam. For the case of a periodically

strati�ed medium with periodicity � = d1+ d2 for a binary system, i.e., a system consisting

of two materials with di�erent optical properties, "1 and "2, such a system is shown in

Figure 6a. The characteristic matrix of the stack is represented in Equation (2.13) as the

product of the N-layer constituents of the system.

M̂ stack =
NY

j =1

M̂ j (zj ) =

0

@
m11 m12

m21 m22

1

A (2.13)

To calculate the re�ectance of a stack over a substrate with refractive index̂ns

0

@
u

v

1

A =

0

@
m11 m12

m21 m22

1

A

0

@
1

n̂scos s

1

A (2.14)

u stands for the light propagating to above of the structure, andv for the incident light.

So the fraction of the light outside the structure is expressed by Equation (2.15)

r s =
un̂1cos' � v
un̂1cos' + v

(2.15)

The present work focuses on thes- state of light; for those interested inp-polarization,

detailed information can be found in di�erent thin �lm books, such as that made by

Stenzel. [38].

(a) (b)

Figure 6 � Graphical representation of the one-dimensional photonic crystal. See the alternating
layers, where each color represents a single layer with a particular refractive index.
Two consecutive layers conform to a unit cell (� ). Image taken from [23].
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2.2.3 Let there be light: The master equation

The state of classical electromagnetic theory, summarized by Maxwell (1865) in

four equations for homogeneous, isotropic, and nonmagnetic materials in the international

system of units, is as follows [44]:

r � ~D(r ; t) = � (2.16)

r � ~B(r ; t) = 0 (2.17)

r � ~E(r ; t) = �
@~B(r ; t)

@t
(2.18)

r � ~H (r ; t) =
@~D(r ; t)

@t
+ ~j (2.19)

where ~D represents the electric displacement vector,~B is the magnetic induction, ~E is

the electric �eld, and ~H is the magnetic �eld. And � is the charge density and~j is the

current density. In general, the sources and the electromagnetic �elds are space and time

dependent.

~D(r ; t) = "(r ) ~E(r ; t) (2.20)

~B(r ; t) = � (r ) ~H (r ; t) (2.21)

Equations (2.20) and (2.21) are generally valid for anisotropic media in which the tensors

of electric permittivity ( ") and magnetic permeability (� ) have complex elements. When

the three eigenvalues of each tensor are equal, the case of linear media holds, and the

constitutive equations can be written as harmonics,

~F (r ; t) = ~F (r )e� iwt (2.22)

where ~F (r ; t) represents any quantity of the presented above. This type of media is also

called isotropic. From Maxwell's equations and the constitutive Equations (2.21), after an

algebraic treatment, the equation describing the interaction of light with periodic photonic

structures is derived and called the master equation:

r �

 
1

"(r )
r � ~H (r )

!

=
� !

c

� 2
~H (r ) (2.23)

in its di�erential form also called Helmholtz equation. Equation (2.23) shows an eigenvalue

problem entirely in ~H (r ), where the light speed in vacuum and the parameters"0 and � 0

are related byc = 1=
p

"0� 0. The choice of the magnetic �eld instead of the electric �eld

to reformulate Maxwell's equations is due to mathematical simplicity, since in this way

the operator is Hermitian, which guarantees the real nature of the eigenvalue [23]. The

solution of the Equation (2.23) for a given"(r ) and frequency! determines the allowable

modes or states of the system.
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2.2.4 Band gap structure

Since the dielectric function"(r ) is periodic in space, i.e.," (r ) = "(r + � ), where�

is the lattice vector of the periodic photonic crystal lattice and in the one-dimensional case

of a binary system, which consists of dielectric functions"1 and "2 and thicknessesd1 and

d2, the lattice vector is determined by the relation� = d1 + d2. With the help of Bloch's

theorem [45] and the periodicity of the magnetic �eld~H (r ) or of any electromagnetic �eld

~H (r ) = ~H ~kB ;m (r ) = ~u ~kB ;m (r )e� ik B d (2.24)

where ~H (r ) is characterized by the Bloch wave vector~kB in the �rst Brillouin zone and a

band indexm. This vector is a function of frequency, and the functional relation is shown

as the dispersion relation in Figure 7. The main characteristic of a photonic crystal is the

presence of regions where photonic states are forbidden, i.e. light cannot travel through

the periodic structure. These regions are called the photonic bandgap (PBG) and their

properties depend on the geometrical characteristics of the unit cell (� ) and the contrast

of the dielectric constant (or refractive index). The position and width of the PBG are

determined by solving the master equation in conjunction with Bloch's theorem. After a

tedious and exhaustive algebraic handle, the dispersion relation is given by

cos(kB (! )�) = cos(k1xd1)cos(k2xd2) �
1
2

(
 +
1



)sin(k1xd1)sin(k2xd2) (2.25)

where the parameter
 =
k1x

k2x
for the TE mode, and 
 =

k1xn2
2

k2xn2
1

for the TM mode, and

kjx =
!
c

nj cos(� j ). With j =1,2 [46]. The optical behavior of the system is characterized by

the Bloch wave, and this behavior can be divided into three regimes:

ˆ jcos(kB (! )�) j < 1 , kB � 2 [0; � ] corresponds to the realkB in the �rst Brillouin

zone, and the electromagnetic �eld in the reciprocal space is periodic and a traveling

wave function.

ˆ jcos(kB (! )�) j > 1 , kB � =2 [0; � ] corresponds to an imaginary wave vector de-

�ned by kB � = m� + ig(! ) and the electromagnetic �eld in reciprocal space is an

evanescent wave function. These are the so-called forbidden bands.

ˆ cos(kB (! )�) = 1 , kB � = m� ; E(z; kB ) is a periodic function of period 2nd with

the special property of being d-shifted skew-symmetric,E(z + � ; kB ) = E(z; kB )

[46].

The presence of a PBG and its value depends on the refractive indices of the H,

and L layers. For the case of a constant refractive index, the PBG is shown in Figure 7a.

The light-matter interaction was investigated by di�erent approaches [23][47][4]. In

the case of omnidirectional propagation of light, the thin-�lm stacking approach, described
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in detail by [47], shows that the PBG edges can be obtained by solving Equation (2.26)

cos(� H + � L ) � � 2cos(� H � � L )
1 � � 2

= � 1 (2.26)

where� i refers to the optical phase of the H and L layers (i = H, L), de�ned as

� i =
2�
�

ni di (2.27)

For the case of a porous structure of PS,ni is the so-called e�ective refractive index of

the porous silicon layer anddi is the physical thickness of the i-th porous layer. Theni

depends on the angle of incidence of the beam and the refractive index of the incident

medium, as given by Equation 2.9 For the case in which� H = � L , the optical thickness

(OT) of the layer with low and high refractive index equals� /4 . For this condition, the

main PBG width can be written as [48]

� �
� 0

=
4
�

� arcsin
� nL � nH

nL + nH

�

(2.28)

� 0 is the wavelength at the center of the photonic band (or gap, in the case of photonic

band structure). Equation (2.28) provides a better understanding of the relationship be-

tween gap-mid and gap ratio (� �=� 0), and nL and nH are the upper and lower limits of

the 1D bandgap of Figure 7. To optimize the widest bandgap, Xifré [43] found that it

depends more strongly on the refractive index at lower porosity (nL ), and a decrease in

the refractive index at higher porosity (nH ) does not necessarily lead to an increase in the

ratio of gap/gap-mid. For perpendicular incidence, Equation (2.29), known in thin �lm

theory as Bragg's law, applies [47][38]

� 0 = 2 ( nH dH + nL dL ) (2.29)

2.2.5 Photonic crystals with microcavity

Another interesting structure consists of two distributed Bragg re�ectors (DBRs),

one upper and one lower, separated by a defect layer, also called a microcavity (Figure 8a).

Usually, the geometrical and optical features of this microcavity di�er from those of the

H and L layers to break the original periodicity of the photonic crystal. From the point of

view of light-matter interaction, the introduction of this microcavity is comparable to the

doping process in semiconductor physics, since this defect layer allows the incorporation

of photonic states into the PBG. The presence of this aperiodic layer enables a unique

behavior of light that depends on the refractive index: If its refractive index is comparable

to that of H-layers (high porosity), it behaves like a resonant cavity, but if it is an L-layer

(low porosity or high refractive index), this cavity acts like a waveguide.

When an incident light beam interacts with the defect layer, it is absorbed by the

electrons of the defect layer and then re-emitted with lower energy, being con�ned by the
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Figure 7 � Theoretical results of the relation dispersion for a porous silicon multilayer structure
with thicknesses 150 nm and 40 nm, and real e�ective refractive index. n1= 3.6
and n2= 1.45. The values outside the limits marked by the dashed gray lines are
represented in the dispersion relation as the forbidden bands.

microcavity in a quantum well, creating available states. The microcavities are integrated

into the periodic structure of the photonic crystal and serve to con�ne the photons in

this layer. According to the work of Torres [49], using a silicon-based photonic structure,

a strong coupling phenomenon with the trapped photons is observed as a consequence of

this interaction. Conversely, this interaction should lead to the formation of a quasiparticle

called an exciton.

In Figure 8a is shown a schematic representation of a 1D-PC with a microcavity.

The theoretical re�ectance spectrum in Figure 8b shows the e�ect of the microcavity on

the optical response by creating a narrow transmission fringe in the centre of the photonic

band. This transmission fringe (� c) can be tuned by the thickness (dc) or refractive index

(nc) of the defect layer as follows in Equation (2.30)

� c = 2dc

q
n2

c � n2
0sin2� (2.30)

2.3 Optical properties of porous structures

2.3.1 Fundamental of porous silicon: A short review

Matter can also be found in porous form. Some porous structures are made in-

tentionally, and various methods are used to achieve this goal, such as electrochemical

processes, chemical vapor deposition, and so on [50][51][29][52]. Among the numerous

porous materials, porous silicon is the most studied nowadays because of its potential

application in photonic devices [17][18]. Various strategies have been used to fabricate
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(a) (b)

Figure 8 � (a) Graphic depict of a Bragg mirror with an aperiodic layer inclusion in the peri-
odic structure (b) Theoretical re�ectance spectrum of such a Bragg mirror with the
aperiodic layer.

PS, but the most common is the anodization process [9][51]. The structural and morpho-

logical properties of PS and consequently the optical properties are strongly dependent on

these characteristics. Since this work aims to produce multilayers, it is of interest to know

the factors that in�uence the thickness and the porosity. From the literature it is found

that many authors [41][50][9] point out that both the thickness and the porosity strongly

depend on the electrolyte and substrate properties, as well as on the electrochemical pa-

rameters such as crystallographic orientation, doping type and degree, interface states;

among the external parameters, the solvent type and concentration, viscosity, pH, current

density, etching time, and stirring are important for the electrolytes. The mechanism of

porous silicon formation is brie�y explained below.

Pore formation mechanism

Silicon is thermodynamically unstable in air and water, for which it forms oxygen

bounds,

Si + O2 ! SiO2; (2.31)

Only SiO2 is a�ected by HF and not silicon, so anodization bias is required to achieve

porous formation. Pore formation occurs in two regimes with di�erent dissolution valence.

The dissolution valence is de�ned as the ratio of exchanged charge carriers per dissolved

silicon atom. In the anodic regime, there is a migration of holes from the silicon to the front

side of the silicon, and a migration of electrons from the electrolyte to the interface. The

divalent dissolution of silicon is described by Equation (2.32), where a simple substitution

of silicon in the electrolyte is dissolved as SiF2�
6 . Hydrogen gas evolves in this regime.

Si + 4HF �
2 + 2h+ �! SiF 2�

6 + 2HF + H2 + 2e� (2.32)
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In the second anodic regime, tetravalent dissolution occurs, as in Equation 2.33, where

four holes are involved in the reaction and the silicon is anodically oxidized.

Si + 2H2O + 4h+ �! SiO2 + 4H + (2.33)

Thereby HF can freely react with silicon dioxide to dissolve silicon:

SiO2 + 2HF �
2 + 2HF �! SiF 2�

6 + 2H2O (2.34)

The hydro�uoric acid ion (HF �
2 ) is a strongly corrosive acid that is considered an im-

portant additive in the formation of porous silicon, dissolving the insulating oxide that

would otherwise stall the electrochemical corrosion reaction [9]. This results in silicon

nanocrystallites exhibiting photoluminescence at room temperature, whereas bulk crys-

talline silicon does not have this property due to its indirect band gap, which prevents

radiative recombination of electrons and holes. Despite the importance of holes in pore

formation, the �nal structure is determined by other parameters related to the type of

electrolyte composition as well as substrate characteristics (type, doping density, and crys-

tallographic orientation) [9][50]. The morphology of the pores shows a dependence on the

doping level, current density and solvent concentration, which has been studied by many

authors [53]. As Figure 10 shows, the porosity increases with increasing current density

and decreases with HF concentration for p-type Si.

Porosity

The optical properties of PS have been extensively studied because of their promis-

ing applications. Experimental observations by various research groups [53][54] have shown

that the main parameter de�ning not only the physical but also the chemical properties

is related to the porosity of the porous layer [55][56]. By de�nition, porosity describes

the ratio between the e�ective volume of the porous layer divided by the total volume

of the sample [9]. Although porosity is the main factor determining the PS properties,

Figure 9 � (a) Schematic representation of the electrochemical etching of silicon. The front side
is in contact with the electrolyte. (b) A magni�ed view of pore formation in the space
charge region (SCR).
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