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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 flow. Whereas in a semiconductor the
electron flow is controlled by a periodic electric field 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 modifies the dispersion relation of the
photon and indicates the available and forbidden photons within the structure, appearing
the so-called photonic band gap (PBG), brought by constructive interference of reflected
waves traveling through the lattice. Tuning the PBG allows reflective and antireflective
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 classified 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/TiO2,
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 different rare-earths, such as Er+3, for instance, which has a
photo-emission peak at 1.54 𝜇m, 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 different 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 defines 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 effect 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 influence of the anodization parameters on the electromagnetic response.
This work is divided into five 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 briefly 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 film media up to multilayers,
using Fresnel’s equations as a first approximation and the Bruggeman effective 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 hydrofluoric 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 stratified media was originally studied
by Lord Rayleigh (1887) as the sum of multiple reflections at each interface. Abelés
contributed to the understanding of the optical properties of thin films 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], finite-difference 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 as photonic 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 classified 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 fish, 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-film physics framework, photonic crystals are interpreted as a strati-

fied 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-
fied 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 – Classification of photonic crystals. Each color represents a layer with a different
refractive index. Image extracted from [23].

tirely on the internal structure. The mechanism of such structural colors is the diffrac-
tion and reflection 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-
flectance, 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 different 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 filters for the textile industry
[36] and optical devices controlled by a magnetic field [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 reflected 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 reflector and a rotation
of 60∘ [30] (b) 2D - photograph of Morpho rhetenor, and magnified view and TEM
micrograph of scale butterfly [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, reflected, scattered and absorbed parts of the
incident light [38].

2.2.1 Fresnel’s equations

For the case of a smooth and well-defined sharp interface, the study of Agustin-
Jean Fresnel states that both reflection 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 (𝜙). 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 by 𝑛̂1, while 𝑛̂2 stands for the interacting matter. The complex refractive
index is defined as 𝑛𝑗 = 𝑛𝑗 − 𝑖𝑘𝑗. From Figure 4, the Fresnel relation between 𝑛̂1 and
by 𝑛̂2 for the polarization states s 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), 𝑟𝑠 and 𝑡𝑝 are the reflectivity and
transmittance for s-polarization and 𝑟𝑝 and 𝑡𝑝 for p-polarization.

For s-polarization:
𝑟𝑠 = 𝑛̂1𝑐𝑜𝑠𝜙− 𝑛̂2𝑐𝑜𝑠𝜓

𝑛̂1𝑐𝑜𝑠𝜙+ 𝑛̂2𝑐𝑜𝑠𝜓
(2.2)

𝑡𝑠 = 2𝑛̂1𝑐𝑜𝑠𝜙

𝑛̂1𝑐𝑜𝑠𝜙+ 𝑛̂2𝑐𝑜𝑠𝜓
(2.3)
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Figure 4 – Schematic representation of the interaction of light in a planar interface.

For p-polarization:
𝑟𝑝 = 𝑛̂2𝑐𝑜𝑠𝜙− 𝑛̂1𝑐𝑜𝑠𝜓

𝑛̂2𝑐𝑜𝑠𝜙+ 𝑛̂1𝑐𝑜𝑠𝜓
(2.4)

𝑡𝑝 = 2𝑛̂1𝑐𝑜𝑠𝜙

𝑛̂2𝑐𝑜𝑠𝜙+ 𝑛̂1𝑐𝑜𝑠𝜓
(2.5)

From these equations, the reflectance and transmittance are calculated by multi-
plying the complex part of Fresnel’s equation and its conjugate. In the case of reflectance,
it can be written as follows

𝑅 = |𝑟|2 (2.6)

If the light interaction occurs with three subsequent media having well-defined and
parallel sharp interfaces, where the middle medium is a thin film with thickness d and
complex refractive index, 𝑛̂2 (Figure 5), the reflectivity from this structure is written as

𝑟123 = 𝑟12 + 𝑟23𝑒
−2𝑖𝛿

1 + 𝑟12𝑟23𝑒−2𝑖𝛿
(2.7)

where the optical phase difference (𝛿) due to the light interactions is defined by Equation
(2.8), 𝜆 is the incident light wavelength and d is the physical thickness of the thin film
layer. For a non-absorbing film, the complex refractive index is reduced only to the real
refractive index.

𝛿 = 2𝜋
𝜆
𝑛̂𝑓𝑖𝑙𝑚𝑑 (2.8)

Figure 5 – Schematic representation of the interaction of light in two planar interfaces.
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𝑛̂𝑓𝑖𝑙𝑚 =
√︁
𝑛̂2

2 − 𝑛̂2
1𝑠𝑖𝑛

2𝜙 (2.9)

The 𝑛𝑓𝑖𝑙𝑚 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 effect of the in-depth refractive index gradient,
while the effect of the interface roughness, 𝜎, 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

𝑟𝑐𝑜𝑟𝑟
𝑖𝑗 = 𝑟𝑖𝑗𝑒

−2𝑘𝑖𝑘𝑗𝜎2
𝑖𝑗 (2.10)

where 𝑟𝑖𝑗 is the Fresnel equation for smooth interfaces, and the wave vectors are defined
as

𝑘𝑗 =
(︂2𝜋
𝜆

)︂√︁
𝑛2

𝑗 − (𝑛𝑖𝑠𝑖𝑛𝜑)2 (2.11)

the subindex 𝑖 refers to the incident medium and 𝑗 to all possible media of the system
(air, PS and bulk silicon). Similar to Davie’s expression for a specular reflection [39], the
reflectivity is affected 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 films [38]. For thin films of porous
silicon (PS), the effective refractive index gradient at depth is related to the formation of a
porosity gradient at depth, which in turn is related to difficulties in diffusion of hydrofluoric
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-film framework, a 1D photonic crystal is treated as a periodic stack of
single layers with high and low refractive index, n𝐻 and n𝐿, and thicknesses 𝑑𝐻 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 field as the sum of incident and reflected 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 reflectance
calculation, band structure and porosity gradient modeling [43].
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The behavior of a single and homogeneous layer with complex refractive index 𝑛̂

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

𝑀(𝑧) =

⎛⎜⎝ 𝑐𝑜𝑠(𝑘𝑜𝑛̂𝑧𝑐𝑜𝑠𝜓) − 𝑖

𝑛̂𝑐𝑜𝑠𝜓
𝑠𝑖𝑛(𝑘𝑜𝑛̂𝑧𝑐𝑜𝑠𝜓)

−𝑖𝑛̂𝑐𝑜𝑠𝜓𝑠𝑖𝑛(𝑘𝑜𝑛̂𝑧𝑐𝑜𝑠𝜓) 𝑐𝑜𝑠(𝑘𝑜𝑛̂𝑧𝑐𝑜𝑠𝜓)

⎞⎟⎠ (2.12)

where 𝑘𝑜 = 2𝜋/𝜆 is the wave vector of the incident beam. For the case of a periodically
stratified medium with periodicity Λ = 𝑑1+𝑑2 for a binary system, i.e., a system consisting
of two materials with different optical properties, 𝜀1 and 𝜀2, 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.

𝑀̂𝑠𝑡𝑎𝑐𝑘 =
𝑁∏︁

𝑗=1
𝑀̂𝑗(𝑧𝑗) =

⎛⎝𝑚11 𝑚12

𝑚21 𝑚22

⎞⎠ (2.13)

To calculate the reflectance of a stack over a substrate with refractive index 𝑛̂𝑠⎛⎝𝑢
𝑣

⎞⎠ =
⎛⎝𝑚11 𝑚12

𝑚21 𝑚22

⎞⎠⎛⎝ 1
𝑛̂𝑠𝑐𝑜𝑠𝜓𝑠

⎞⎠ (2.14)

u stands for the light propagating to above of the structure, and v for the incident light.
So the fraction of the light outside the structure is expressed by Equation (2.15)

𝑟𝑠 = 𝑢𝑛̂1𝑐𝑜𝑠𝜙− 𝑣

𝑢𝑛̂1𝑐𝑜𝑠𝜙+ 𝑣
(2.15)

The present work focuses on the s- state of light; for those interested in p-polarization,
detailed information can be found in different thin film 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 (Λ). 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]:

∇ · 𝐷⃗(𝑟, 𝑡) = 𝜌 (2.16)

∇ · 𝐵⃗(𝑟, 𝑡) = 0 (2.17)

∇ × 𝐸⃗(𝑟, 𝑡) = −𝜕𝐵⃗(𝑟, 𝑡)
𝜕𝑡

(2.18)

∇ × 𝐻⃗(𝑟, 𝑡) = 𝜕𝐷⃗(𝑟, 𝑡)
𝜕𝑡

+ 𝑗⃗ (2.19)

where 𝐷⃗ represents the electric displacement vector, 𝐵⃗ is the magnetic induction, 𝐸⃗ is
the electric field, and 𝐻⃗ is the magnetic field. And 𝜌 is the charge density and 𝑗⃗ is the
current density. In general, the sources and the electromagnetic fields are space and time
dependent.

𝐷⃗(𝑟, 𝑡) = 𝜀(𝑟)𝐸⃗(𝑟, 𝑡) (2.20)

𝐵⃗(𝑟, 𝑡) = 𝜇(𝑟)𝐻⃗(𝑟, 𝑡) (2.21)

Equations (2.20) and (2.21) are generally valid for anisotropic media in which the tensors
of electric permittivity (𝜀) and magnetic permeability (𝜇) 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:

∇ ×
(︃

1
𝜀(𝑟)∇ × 𝐻⃗(𝑟)

)︃
=
(︂
𝜔

𝑐

)︂2
𝐻⃗(𝑟) (2.23)

in its differential form also called Helmholtz equation. Equation (2.23) shows an eigenvalue
problem entirely in 𝐻⃗(𝑟), where the light speed in vacuum and the parameters 𝜀0 and 𝜇0

are related by 𝑐 = 1/√𝜀0𝜇0. The choice of the magnetic field instead of the electric field
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 𝜀(𝑟) and frequency 𝜔 determines the allowable
modes or states of the system.
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2.2.4 Band gap structure

Since the dielectric function 𝜀(𝑟) is periodic in space, i.e., 𝜀(𝑟) = 𝜀(𝑟+Λ), where Λ
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 𝜀1 and 𝜀2 and thicknesses 𝑑1 and
𝑑2, the lattice vector is determined by the relation Λ = 𝑑1 + 𝑑2. With the help of Bloch’s
theorem [45] and the periodicity of the magnetic field 𝐻⃗(𝑟) or of any electromagnetic field

𝐻⃗(𝑟) = 𝐻⃗𝑘𝐵 ,𝑚(𝑟) = 𝑢⃗𝑘𝐵 ,𝑚(𝑟)𝑒−𝑖𝑘𝐵𝑑 (2.24)

where 𝐻⃗(𝑟) is characterized by the Bloch wave vector 𝑘𝐵 in the first Brillouin zone and a
band index 𝑚. 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 (Λ) 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(𝜔)Λ) = 𝑐𝑜𝑠(𝑘1𝑥𝑑1)𝑐𝑜𝑠(𝑘2𝑥𝑑2) − 1
2(𝛾 + 1

𝛾
)𝑠𝑖𝑛(𝑘1𝑥𝑑1)𝑠𝑖𝑛(𝑘2𝑥𝑑2) (2.25)

where the parameter 𝛾 = 𝑘1𝑥

𝑘2𝑥

for the TE mode, and 𝛾= 𝑘1𝑥𝑛
2
2

𝑘2𝑥𝑛2
1

for the TM mode, and

𝑘𝑗𝑥= 𝜔

𝑐
𝑛𝑗𝑐𝑜𝑠(𝜃𝑗). 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:

• |𝑐𝑜𝑠(𝑘𝐵(𝜔)Λ)| < 1 ⇔ 𝑘𝐵Λ ∈ [0, 𝜋] corresponds to the real 𝑘𝐵 in the first Brillouin
zone, and the electromagnetic field in the reciprocal space is periodic and a traveling
wave function.

• |𝑐𝑜𝑠(𝑘𝐵(𝜔)Λ)| > 1 ⇔ 𝑘𝐵Λ /∈ [0, 𝜋] corresponds to an imaginary wave vector de-
fined by 𝑘𝐵Λ = 𝑚𝜋 + 𝑖𝑔(𝜔) and the electromagnetic field in reciprocal space is an
evanescent wave function. These are the so-called forbidden bands.

• 𝑐𝑜𝑠(𝑘𝐵(𝜔)Λ) = 1 ⇔ 𝑘𝐵Λ = 𝑚𝜋; 𝐸(𝑧, 𝑘𝐵) is a periodic function of period 2nd with
the special property of being d-shifted skew-symmetric, 𝐸(𝑧 + Λ, 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 different approaches [23][47][4]. In
the case of omnidirectional propagation of light, the thin-film 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(𝛿𝐻 + 𝛿𝐿) − 𝜌2𝑐𝑜𝑠(𝛿𝐻 − 𝛿𝐿)
1 − 𝜌2 = −1 (2.26)

where 𝛿𝑖 refers to the optical phase of the H and L layers (𝑖 = H, L), defined as

𝛿𝑖 = 2𝜋
𝜆
𝑛𝑖𝑑𝑖 (2.27)

For the case of a porous structure of PS, 𝑛𝑖 is the so-called effective refractive index of
the porous silicon layer and 𝑑𝑖 is the physical thickness of the i-th porous layer. The 𝑛𝑖

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 𝛿𝐻 = 𝛿𝐿, the optical thickness
(OT) of the layer with low and high refractive index equals 𝜆/4 . For this condition, the
main PBG width can be written as [48]

Δ𝜆
𝜆0

= 4
𝜋

· 𝑎𝑟𝑐𝑠𝑖𝑛
(︂
𝑛𝐿 − 𝑛𝐻

𝑛𝐿 + 𝑛𝐻

)︂
(2.28)

𝜆0 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 (Δ𝜆/𝜆0), 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 film
theory as Bragg’s law, applies [47][38]

𝜆0 = 2 (𝑛𝐻𝑑𝐻 + 𝑛𝐿𝑑𝐿) (2.29)

2.2.5 Photonic crystals with microcavity

Another interesting structure consists of two distributed Bragg reflectors (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 differ 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 confined 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 effective 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 confine 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 reflectance spectrum in Figure 8b shows the effect of the microcavity on
the optical response by creating a narrow transmission fringe in the centre of the photonic
band. This transmission fringe (𝜆𝑐) can be tuned by the thickness (𝑑𝑐) or refractive index
(𝑛𝑐) of the defect layer as follows in Equation (2.30)

𝜆𝑐 = 2𝑑𝑐

√︁
𝑛2

𝑐 − 𝑛2
0𝑠𝑖𝑛

2𝜃 (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 reflectance 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 influence 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 briefly 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 affected by HF and not silicon, so anodization bias is required to achieve
porous formation. Pore formation occurs in two regimes with different dissolution valence.
The dissolution valence is defined 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 hydrofluoric 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 final 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 defining not only the physical but also the chemical properties
is related to the porosity of the porous layer [55][56]. By definition, porosity describes
the ratio between the effective 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 magnified view of pore formation in the space
charge region (SCR).
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the geometric characteristics of the pores, as well as the shape and remaining silicon size,
called crystallites, are crucial factors in changing the properties of PS. For example, in
microporous structures, where the size of the pores and crystallites are on the order of
a few nanometers, the phenomenon of photoluminescence (PL) is observed even at room
temperature [57][58]. Since silicon is an indirect band semiconductor, one of the most
accepted explanatory models is the effect of quantum confinement related to the small
dimensions of the crystallites [59]. According to the quantum model, PS is considered
as a disordered arrangement of undulating quantum wires in which the excitons are all
confined, and the PL emission is attributed to the recombinations of electrons trapped in
dangling bonds formed on the surfaces of the Si nanocrystals. In this case, the importance
of the nanocrystallite size is reflected in the PL peak shift from 1.14 to 2.2 eV [58][57].

Figure 10 – Scanning electron micrographs of the interface between bulk silicon and porous silicon
for p-type doped [100] silicon electrodes anodized galvanostatically in ethanoic acid
HF. Image taken from [53].

In structures with a pore size on the micrometric scale, strong light absorption is
observed [60][59].For example, if the porous structures shown in Figure 10 have different
optical and electrical response with the same porosity and thickness, this difference is due
to their different porous morphology. These results show that, despite the importance of
porosity in changing the optical properties of PS, another factor that must be considered
for a complete description of the optical properties is associated with the pore morphology.
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Regarding the geometrical characteristics of pores, the size of pores is defined by
the International Union of Pure and Applied Chemistry (IUPAC) [61]. Thus, structures
with pores smaller than 2 nm in diameter are called "micropores," while structures with
pore sizes between 2 nm and 50 nm are called "mesopores". If the pore size is larger than
50 nm, the structure is called "macropores". However, in practice, systems in which the
pore size is on the order of a few hundred nanometers are called mesopores. In this type of
system, the most important factor for changing the PS properties is primarily the porosity.
Besides the physical thickness, porosity is the most important parameter for defining the
PS optical properties. Since the as-etched porous structure consists only of silicon and
voids, the effective refractive index, n𝑃 𝑆, is determined by the fraction of silicon and voids
(porosity). Various models have been proposed to calculate this refractive index, some of
which are briefly described in the next section.

2.3.2 Relationship between porosity and effective refractive index: effective
medium approach models

Models describing the macroscopic properties of a porous material are based on
certain parameters such as the volume fraction (porosity) and the dielectric function of the
materials of which it is composed. Effective medium approximation (EMA) models such
as Maxwell-Garnett, Bruggeman, and Looyenga models are commonly used in reflectance
modeling of one-dimensional structures because they reduce the number of adjustable
parameters that are included in the modeling program suitable for the 1D-PS structure.
On the other hand, Bergmann and models are commonly used for reflectance modeling of
PS structures. The dielectric function of a porous film (𝜀𝑒𝑓𝑓 ) is composed of the matrix
host, which in our case is silicon-based, and the dielectric function of the medium filling
the pores (in many cases air).

2.3.2.1 Maxwell-Garnett Model (MGM)

The Maxwell-Garnett model [62] is based on metallic spherical inclusions labeled as
j immersed in a homogeneous background or host. The inclusions are randomly arranged
and are described by a system of isolated particles that do not touch. In the case of two
phases where the host is a dielectric material, the MGM evolves well for large volume
spheres [57] using the following equation

𝜀𝑒𝑓𝑓 − 𝜀ℎ𝑜𝑠𝑡

𝜀𝑒𝑓𝑓 + 2𝜀ℎ𝑜𝑠𝑡

= (1 − 𝑝) 𝜀𝑗 − 𝜀ℎ𝑜𝑠𝑡

𝜀𝑗 + 2𝜀ℎ𝑜𝑠𝑡

(2.35)

the 𝜀𝑗, 𝜀ℎ𝑜𝑠𝑡 and 𝜀𝑒𝑓𝑓 are the inclusion, the host (silicon), and the effective dielectric
constant of the system.
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2.3.2.2 Bruggeman Model

Also called the Bruggeman Effective Medium Approximation (BEMA), the method
is described by a dense mixture of percolated particles, and its application in PS films
is well adapted for porosities below 66% [53][57]. Equation (2.36) expresses a general-
ized form of the relationship between the dielectric permittivities and the morphological
features of the pores. ∑︁

𝑗

𝑝𝑗
𝜀𝑗 − 𝜀𝑒𝑓𝑓

𝜀𝑒𝑓𝑓 + (𝜀𝑗 − 𝜀𝑒𝑓𝑓 )𝐿 = 0 (2.36)

where 𝜀𝑗 is the dielectric permittivity of the j-th particle embedded in the host and L is the
depolarization factor that depends on the geometric shape of the inclusion, in particular
for L= 0 (needle), L= 1/3 (sphere), and L= 1 (pancake).

2.3.2.3 Looyenga’s model

This model applies to homogeneous mixtures where the shape or boundaries need
not be considered [63], but is limited to high porosity media [41]. This model is defined
by:

𝜀
1/3
𝑒𝑓𝑓 = 𝑝𝜀

1/3
𝑗 + (1 − 𝑝)𝜀1/3

ℎ𝑜𝑠𝑡 (2.37)

2.4 Simultaneous determination of porosity and thickness: Spec-
troscopic Liquid Infiltration Method
The literature on porous silicon is rich in the current state-of-art, and various

methods for measuring thickness and porosity have been reported. Perhaps the most
common methods for measuring thickness and porosity are scanning electron microscopy,
profilometry, gravimetry, and so forth [64][65][9]. The major drawback of these techniques
is their destructive nature. In particular, measuring porosity using the gas adsorption
method requires large amounts of PS samples, making this method tedious and slow [66].
An alternative to the simultaneous calculation of porosity and thickness is the method of
fitting reflectance spectra. However, the accuracy and speed of this procedure is related to
the model used for the fitting. Typically, models based on the effective medium approach
are used to calculate the effective refractive index of the porous structure, as summarized
in the previous section. In a relatively recent work, linking reflectance measurements in
air and in a liquid solution with a known refractive index together with a model based
on EMA was proposed to simultaneously measure the thickness and porosity of PS single
layers [50][67]. The main advantage of this method is its non-destructive character and
was named Spectroscopy of Liquid Infiltration Method (SLIM). For this purpose, the
optical thickness of the PS layer in air, OT𝑎𝑖𝑟, and in liquid, OT𝑙𝑖𝑞, is obtained from the
reflectance spectra by linear fitting of the relations between the inverse of the spectral
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(a)

(b)

Figure 11 – (a) Reflectance spectra recorded in air and in ethanol as organic solvent on a single-
layer porous silicon sample. (b) Plot of the number of integer fringes as a function
of wavelength at each position where they were recorded.

position of the maximum interference fringes, 𝜆𝑚, and the number of these maxima, m =
1, 2,... (Equation 2.38), as shown in Figure 11.

𝑚 = 2𝑂𝑇𝑗

𝜆𝑚

(2.38)

where 𝑂𝑇𝑗 = 𝑛𝑃 𝑆,𝑗𝑑𝑃 𝑆,𝑗 is the optical thickness defined by the effective refractive index,
𝑛𝑃 𝑆,𝑗, and thickness of the porous layer, 𝑑𝑃 𝑆,𝑗, in j-th environment (j= air, liquid). The
porosity and thickness are estimated by solving the system given by the Equations (2.39)
and (2.40).

𝑓(𝑝, 𝜀𝑆𝑖, 𝜀𝑎𝑖𝑟, 𝑂𝑇𝑎𝑖𝑟/𝑑𝑃 𝑆, 𝐿) = 0 (2.39)

𝑓(𝑝, 𝜀𝑆𝑖, 𝜀𝑙𝑖𝑞, 𝑂𝑇𝑙𝑖𝑞/𝑑𝑃 𝑆, 𝐿) = 0 (2.40)

where the function 𝑓(𝑝, 𝜀𝑆𝑖, 𝜀𝑗, 𝑂𝑇𝑗/𝑑𝑃 𝑆, 𝐿) is an arbitrary EMA model for calculating
porosity (p).

Another way to determine the OT is by the fast Fourier transform (FFT). How-
ever, the spectrum of the reflectance data must first be equally spaced. Cubic spline
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interpolation must be performed, and the data must be in frequency units. The resulting
FFT signal is a plot where the x-axis indicates the effective optical thickness, 2𝑛𝑒𝑓𝑓𝑑,
where 𝑛𝑒𝑓𝑓 and d are the effective refractive index and physical thickness of the porous
layer, respectively. Figure 12 shows the FFT signal, where the x-axis represents the optical
thickness [9]. Although both methods are simple and useful for calculating 𝑂𝑇𝑗 from the
reflectance spectrum, the main drawback of both methods is that the value OT represents
only the mean OT. For an accurate analysis, the wavelength dependence of OT must be
taken into account.
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Figure 12 – Fourier transform spectrum of a p+type porous single-layer silicon measured in air
(blue) and ethanol (green) in the range of the reflectance spectrum from 500 nm to
1075 nm. The optical thickness of the sample in air is 6655 nm and in ethanol 7206
nm. The FFT signal was obtained from Figure 11a.

2.5 Porous structure passivation
The porous silicon surface is chemically reactive to bound to oxygen or water,

and reacts spontaneously to form an oxide layer [9] that uncontrollably alters its orig-
inal optical properties. To control this irreversible effect, some coating techniques have
been used as passivation methods. Although an initial proposal changes the optical and
chemical properties of PS, the idea is to promote an invariant structure with stable opti-
cal and chemical properties. For example, various techniques such as thermal oxidation,
carbonization and metallization are used [68][69][70][71].

In the particular case of thermal oxidation, the decrease in silicon leads to an
increase in the amount of SiO2 due to the deformation of the lattice caused by the stress
and strain in the SiO2 formation [72]. The temperature changes the pore morphology from
small interconnections in the microstructure to elongated, spherical and faceted pores with
increasing temperature, also the time dependence of the pores in the annealing process
develops the same pore contraction [73]. The effect of oxidation in 1D-PSPC or 1D-PSPC-
Mc is evidenced by the blue shift of photonic band gap or resonance peak, the shift is
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inversely related to the volume fractions of oxidized silicon and oxidation temperature
[74].
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3 Experimental procedure

In this chapter, the construction of a one-dimensional photonic crystal based on
mesoporous silicon (PS) using two types of electrochemical solutions and different etching
times for multiple etch-stop times at constant current density is described in detail.

3.1 Initial preparation of silicon layers
Highly doped silicon wafers with thickness of 500 𝜇m ± 10 𝜇m with crystallo-

graphic orientation (100) and 1 mW·cm - 5 mW·cm resistivity were used. The silicon was
doped with boron at a concentration of 1019cm−3 - 1020cm−3 [75] to obtain a p+ type
silicon involved in the formation of porous material.

Before the etching process, it’s very important to perform an initial cleaning of
the silicon wafer to avoid impurities. First, a chemical attack with H2SO4 : H2O : H2O2

with ratios of (3:1:1) was performed at 80°C for 10 minutes to remove organic impurities,
followed by a second cleaning with NH4OH : H2O : H2O2 with ratios of (1:5:1) at 70°C
for 10 minutes.

3.2 Preparation of one-dimensional porous silicon photonic crystals
After chemical cleaning, the silicon substrate was immediately placed in the single

electrochemical cell, as shown in Figure 9a. Then the electrochemical cell was filled with
the electrochemical solution, using one of the following types: Solution type I (HF:ethanol
(3:7)) and Solution type II (HF:H2O:ethanol (3:3:4)). In these solutions, the HF was
diluted with ethanol to obtain HF highly concentrated (48%), while the H2O used refers
to deionized water. The use of these solutions was decided because they are suitable to
minimize the inhomogeneities in-depth associated with the surfactant effect of ethanol
in solution type I, while the addition of water (solution type II) allows the formation
of mechanically robust porous structures, although the surfactant effect is compromised.
These solutions are summarized in Table 1, while Table 2 corresponds to the etching time
for the formation of the high porosity layer (t𝐻) and the low porosity layer (t𝐿). These
are the results of a previous study where the etching rate was measured in single layers
with high and low porosity.

The formation of a one-dimensional Bragg mirror occurs through periodic changes
in refractive index associated with a periodic stack of layers having low (L) and high (H)
porosity. For its formation, a periodic current density of low and high intensity is applied
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Figure 13 – Formation of porous silicon using the etch-stop time method showing time depen-
dence of current density for 1D-PSPC-Mc with 2 s of pause (S45).

during anodization. For the devices here produced, the applied current density was (j𝐻)
of 50 mA/cm2 to form the H layers, whereas for the L layers, the current density (j𝐿) was
5 mA/cm2. To produce PS with a microcavity, the thickness of the defect layer was set to
d𝐶 =2d𝐻 . Besides, the etch-stop method was carried out by including a pause time, i.e.
a stop of the current flux, immediately after the formation of a single layer (L or H).

Pore formation during anodization was performed using an AUTOLAB potentiostat,
where the etching parameters (etching time, etch-stop time, and current density) were
controlled by NOVA 2.1.4 software. The Stellarnet Black Comet spectrometer recorded
the reflectance spectra in a wavelength range from 350 to 1080 nm.

Table 1 – Chemical composition of electrochemical solvents.

Type Composition Ratio
I HF:ethanol (3:7)
II HF:H2O:ethanol (3:3:4)

Table 2 – Etching times in the formation of porous silicon.

Time t𝐿 t𝐻

I 11.2 s 7.1 s
II 10.9 s 6.8 s

To achieve the chemical and physical properties stability, the samples were pas-
sivated with three different materials. Since thermal oxidation was the simplest method,
thermal SiO2 was used as the first passivation layer. In this sense, the as-etched 1D-PSPCs
were thermally annealed in air environment for 5 minutes. On the other hand, a set of
1D-PSPC-Mc was covered with a thin Au layer (60 nm nominal thickness) deposited
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by sputtering at a rate of 1 nm/s. Subsequently, this set was thermally annealed in an
air environment at 900∘C for 5 minutes. This passivation procedure was also extended to
single-layer structures in this case. Finally, the third set of samples were coated with TiO2

using the sol-gel method; the detailed procedure can be found elsewhere in [76]. Briefly,
TiO2 was prepared by the inverted micelle method by mixing 0.3 mol/l Triton X-100,
0.6 mol/l deionized water, 30 ml xylene, and 0.5 mol/l titanium butoxide (IV); all these
products were purchased from Sigma Aldrich. The TiO2 was introduced into the porous
structure by immersing the above samples for one week, after which their optical response
was measured. Then, these samples were annealed at 450∘C for 15 minutes to calcine the
organic compounds of the gel solution and promote better diffusion of TiO2 in the pores.

Table 3 – Parameters of electrochemical etching in the fabrication of porous silicon structures

Sample Structure j𝐿 j𝐻 j𝐶 Etching time Pause Electrolyte
ID type (mA/cm2) (s) (s)
S14 Single layer (L) 5 - - 900 0 Type I
S15 Single layer (L) 5 - - t1= 420 10 Type I

t2= 480
S34 Single layer (L) 5 - - 900 0 Type II
S16 Single layer (H) - 50 - 300 0 Type I
S17 Single layer (H) - 50 - t1= 120 10 Type I

t2= 180
S35 Single layer (H) - 50 - 300 0 Type II
S6 (LH)15 5 50 - Time I 0 Type I
S12 (LH)15 5 50 - Time I 5 Type I
S22 (LH)15 5 50 - Time I 8 Type I
S5 (LH)15 5 50 - Time I 10 Type I
S7 (HL)15 5 50 - Time I 0 Type I
S8 (HL)15 5 50 - Time I 10 Type I
S27 (HL)15 5 50 - Time I 5 Type I
S36 (HL)15 5 50 - Time I 5 Type II
S33 (LH)7(HL)8 5 50 50 Time I 0 Type I
S32 (LH)7(HL)8 5 50 50a Time I 3 Type I
S31 (LH)7(HL)8 5 50 50* Time I 5 Type I
S24 (LH)7(HL)8 5 50 50* Time I 8 Type I
S39 (LH)7(HL)8 5 50 50 Time I 0 Type II
S37 (LH)7(HL)8 5 50 50 Time I 3 Type II
S38 (LH)7(HL)8 5 50 50 Time I 5 Type II
S40 (LH)7(HL)8 5 50 50 Time II 0 Type II
S45 (LH)7(HL)8 5 50 50 Time II 2 Type II
S42 (LH)7(HL)8 5 50 50 Time II 4 Type II
S43 (LH)7(HL)8 5 50 50 Time II 6 Type II
S44 (LH)7(HL)8 5 50 50 Time II 8 Type II

a A pause was applied after a corrosion time t𝐻 .
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4 Results and Discussions

As mentioned above, the structural and geometrical characteristics of the porous
layers are determining parameters of PS optical properties, which, in turn, they depend
on the electrochemical parameters during anodization. For given substrate and electrolyte
characteristics, the PS thickness is controlled by the anodization time, but as pore depth
increases, the concentration of HF in the electrolyte decreases [77][50] due to waste chem-
icals during silicon etching, such as the generation of bubbles of H2, silicon hexafluoride
ions SiF2−

6 , and SiO2, which prevent diffusion of HF. Previous observations show that
another important factor for the HF variation at the etching front is associated with HF
consumption due to silicon dissolution for pore formation [20]. Therefore, to reduce these
drawbacks, an etch-stop (pause during anodization) was introduced during anodization.
The structural and morphological changes due to this etch-stop were investigated by re-
flectance spectroscopy studies in the range of 400 to 1100 nm. This study was performed
on different PS structures (single layer, multilayer and microcavity structures) prepared
with different etching times and two electrochemical solvents. Details are described in this
section.

4.1 Structural and morphological characterization of single porous
silicon
To investigate the effect of the pause (etch-stop) in PS, two sets of single-layer

devices were fabricated; the first having Low porosity and the second with high porosity.

4.1.1 Low porosity single layers

Three single-layer samples with the same electrochemical parameters were pre-
pared for the L-porosity devices: A current density of 5.0 mA/cm2 and an etching time
of 900 s. The sample without the etch-stop was denoted as S14, immersed in electrolyte
type I, and S34, engaged in electrolyte type II. S15, on the other hand, represents the
sample that was provided with an etch-stop time of 10 s. For the latter sample, the total
etching time (900 s) was divided into a first etch of 420 s, followed by a pause of 10 s, and
a second etch of 480 s.

Figure 14 shows the cross-sectional images SEM of samples S14, S15, and S34.
Using these images, the physical thickness was measured and determined to be 2583 nm,
2834 nm, and 2636 nm, respectively, as summarized in Table 4. These values were also
measured using two other methods based on optical reflectance measurements to gain
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additional insight into the effects of pause on porosity and thickness. The first method
was the SLIM, and the second was the fitting procedure of the reflectance spectra of these
samples. The optical reflectance of the samples, measured in air and at room tempera-
ture, is shown in Figure 15a. In this figure, the etch-stop effect is clearly visible as the
reflectance spectrum of S15 (red open circles) appears shifted with respect to S14 (black
open circles), while the reflectance spectrum also appears shifted upon the addition of H2O
to the electrolyte (S34). This fact is better visualized by Reflective Interferometric Fourier
Transform spectroscopy (RIFTS) in Figure 15b, data obtained by Fourier transform (FFT
- Fast Fourier Transform) from the experimental reflectance spectra.

Figure 14 – Scanning electron micrographs of single layers with low porosity (a) S14, (b) S15,
and (c) S34.

In Figure 15b, the x-axis of the FFT diagram refers to the position of the optical thickness,
OT = 𝑛𝑃 𝑆𝑑𝑃 𝑆, where 𝑛𝑃 𝑆 and 𝑑𝑃 𝑆 are the effective refractive index and thickness of the

Table 4 – Optical parameters of low single layers. For the SLIM and fresnel procedures, the
BEMA spheres were used.

Etch-stop Electrolyte Thickness (nm) Porosity (%)
time (s) SEM SLIM Fresnel SEMa SLIM Fresnel

S14 0 Type I 2583 ± 79 2855 2584 63.4 57.5 64.3
S15 10 Type I 2834 ± 125 2885 2638 62.9 56.3 62.7
S34 0 Type II 2636 ± 79 3661 2900 59.0 60.0 59.0

a The porosity value of SEM was fitted by fresnel.



Chapter 4. Results and Discussions 44

400 600 800 1000

0 s
Type I

R
ef

le
ct

an
ce

 (a
.u

)

10 s
Type I

0 s
Type II

(a)                                                                           (b)

Wavelength (nm)
4000 6000 8000 10000

FF
T 

am
pl

itu
d 

(a
.u

.)

Optical thickness (nm)

5046 nm

6232 nm

5304 nm

 S14
 S15
 S34

Figure 15 – (a) Reflectance spectra of single layer PS with low porosity anodized with electrolyte
type I (black), with 10 s of etch-stop time in electrolyte type I (red), and electrolyte
type II (blue). A Gray solid line represents the fitting curve of each experimental
curve. (b) Reflectivity Interferometric Fourier Transform Spectroscopy (RIFTS) of
data obtained from reflectance spectra.

porous layer, respectively. According to this figure, a porous structure with OT of 5046
nm is obtained when no etch-stop is applied (S14), but the etch-stop (10 s) inclusion
promotes the formation of a porous structure with OT of 5304 nm, while the PS anodized
with the electrolyte type II (S34) produces an even larger shift with OT = 6232 nm. Since
OT is defined by the product of the physical thickness times the effective refractive index,
the reason for this behavior is associated with the variation of both parameters once these
they are linked to each other, i.e, changes in thickness unavoidable leads to changes in
porosity (effective refractive index).

Aiming to measure both thickness and porosity, the SLIM method was used measuring
the optical reflectance of PS in air and liquid with a well-known refractive index. Dif-
ferent liquids were used (ethanol, methanol, toluene, heptane, and isopropyl alcohol). To
calculate the porosity and thickness, the nonlinear system of equations given by Equa-
tions (4.1) and (4.2) was solved, using the OT of the sample in air and liquid extracted
by interference fringes or FFT. The values for porosity and thickness depend on the ap-
proach used for the effective medium. For our samples, Bruggeman’s model for L = 1/3
was used, with the relationship between OT in air and the effective refractive index in
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air, n𝑒𝑓𝑓=OT𝑎𝑖𝑟/d𝑃 𝑆, and between OT in liquid and the corresponding effective refractive
index n𝑒𝑓𝑓=OTliq/d𝑃 𝑆 inserted into the equations

𝑝
𝜀air − 𝜀𝑒𝑓𝑓

𝜀air + 2𝜀𝑒𝑓𝑓

+ (1 − 𝑝) 𝜀Si − 𝜀𝑒𝑓𝑓

𝜀Si + 2𝜀𝑒𝑓𝑓

= 0 (4.1)

𝑝
𝜀ethanol − 𝜀𝑒𝑓𝑓

𝜀ethanol + 2𝜀𝑒𝑓𝑓

+ (1 − 𝑝) 𝜀Si − 𝜀𝑒𝑓𝑓

𝜀Si + 2𝜀𝑒𝑓𝑓

= 0 (4.2)

where 𝑝 and d𝑃 𝑆 are the porosity and thickness of PS, and 𝜀𝑒𝑓𝑓 is the effective dielectric
function of the porous matrix (𝜀𝑒𝑓𝑓 = √

𝑛𝑒𝑓𝑓 ) which is wavelength dependent. Equations
(4.1) and (4.2) were solved simultaneously using the Newton-Raphson method for com-
puting 𝑝 and d𝑃 𝑆.

Finally, the third method was to use the relation describing the interaction of
light with thin films, expressed by the Fresnel relationship (Equation 2.2). However, since
it was derived for non rough thin films with sharp interfaces and homogeneous mass
density along the entire surface, the correction for porous structures with rough interfaces
was made by taking into account this roughness, 𝜎, using Equation 2.10, whereas 𝑛𝑃 𝑆

= 𝑛𝑒𝑓𝑓 is computed as a function of porosity using the BEMA, assuming the PS film
composed of spherical pores (L=1/3). The results of these three methods are summarized
in Table 4. According to this table, S15 is thicker than S14, while SLIM and the fitting
procedure indicate that the thickness of S34 is greater than that of S15. These results are
compatible with the thicknesses measured by SEM, as shown in Table 4. Comparing the
results of these three methods, the thickness of sample S34 measured by SEM appears
thinner. This apparent discrepancy could be explained by the following facts: SEM is a
local analysis technique, and also our samples are not completely homogeneous in their
thickness, because during pore formation a larger current density is located in the middle
region of the sample [51], i.e., the thickness at the lateral Si/PS interface is thinner. On
the other side, the formation of thicker layers in aqueous HF solution - here referred to as
electrolyte type II- has been reported by several research groups [41][78]. The observations
of these groups suggest that the incorporation of H2O into the solvent increases the SiO2

growth rate due to the large affinity between Si and oxygen, and therefore Si is more
susceptible to be attacked by HF, which increases the silicon etching rate, resulting in
thicker porous structures with lower porosity than in solutions without H2O.

Concerning to the porosity, a small decrease in porosity of about 1.5% is observed
when an etching pause is included during the pore formation in electrolyte type I. This
slight decrease can be explained by the pause between processes enhancing HF diffusion
toward the etch-front, resulting in the formation of pores with slightly different diameters.
For a given substrate property, the pore shape and size depend on the HF concentration
[53]. In addition, Billat et al [77] indicated that the etch-stop creates a more controllable
in-depth porosity gradient that could be treated as a new layer. However, in our case,
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since was incorporated just one pause of 10 s in the entire structure, unlike Billat [77], the
slight porosity variation could be assumed just as a deviation within experimental error.

4.1.2 High porosity single layers

For the H porosity devices, three single-layer samples were prepared with the same
electrochemical parameters: Current density of 50.0 mA/cm2 and etching time of 300 s.
The samples without the etch-stop were designated as S16, immersed in electrolyte type
I, and S35, engaged in electrolyte type II. S17, on the other hand, represents the sample
prepared with an etch-stop time of 10 s. For the latter sample, the total etching time (300
s) was divided into a first corrosion of 120 s, followed by a pause of 10 s, and then the
second corrosion of 180 s.

Figure 16 shows the cross-sectional images SEM of samples S16, S17, and S35,
whose physical thickness was measured at 2955 nm, 4470 nm, and 4845 nm, respectively.
The thickness was also measured by two other methods, SLIM, and the fitting method,
whose reflectance spectra were measured in air and at room temperature, as shown in
Figure 17a. In this figure, the etch-stop effect is clearly seen as the reflectance spectrum of
S17 (red open circles) appears shifted with respect to that of S16 (black open circles), while
the reflectance spectrum also appears shifted upon addition of H2O to the electrolyte. This
fact is better visualized by RIFTS in Figure 17b. From this figure, it can be seen that
a porous structure with OT = 7186 nm is formed when no etch-stop is applied (S16),
but the inclusion of the etch-stop during anodization changes OT to 7449 nm. Similar
behavior is observed when electrolyte type II is used (OT = 8459 nm). This shift is more
significant than that in low PS, which should translate into a larger change in thickness
or porosity. To determine both the thickness and porosity, the SLIM by solving Equation

Figure 16 – Scanning electron micrograph of a highly porous single layer from samples (a) S16,
(b) S17, prepared by the etch-stop method for 10 s pause, and (c) S35.
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Table 5 – Optical parameters of H-single layers. For the SLIM and Fresnel methods, the BEMA
spheres were used.

Etch-stop Electrolyte Thickness (nm) Porosity (%)
time (s) SEM SLIM Fresnel SEM SLIM Fresnel

S16 0 Type I 2955 ± 86 4620 4500 - 68.3 73
S17 10 Type I 4470 ± 111 5049 4780 90.5 71 74.5
S35 0 Type II 4845 ± 26 5458 5000 - 68 70.5

4.1), and 4.2, as well as by fitting the reflectance data using Equation 2.7 for the case of
rough interfaces (Equation 2.10). The results are shown in Table 5. These results show
a significant increase in thickness. Again, the structure yielded using electrolyte type II
depicts larger OT than the others. According to previous reports [41][78], the addition of
H2O to the HF:ethanol solution could allow homogeneous and high-quality pores, and this
fact, combined with the formation of well-defined big pores when high current densities are
applied [50], suggest that the incorporation of a pause in the H single layer could promote
the formation of more regular distribution of the pores along the whole structure.
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Figure 17 – (a) Reflectance spectra of a highly porous single layer PS, anodized with electrolyte
type I (black), with 10 s of etch-stop time in electrolyte type I (red), and electrolyte
type II (blue). A gray solid line represents the fitting curve of each experimental
curve. (b) Reflectivity Interferometric Fourier transform spectroscopy (RIFTS) of
data obtained from reflectance spectra.
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4.1.3 FTIR analysis of single layers

According to the literature [58], porous silicon structures exhibit aging problems
because their high specific area, about 1000 m2/cm3, reacts with ambient air and conse-
quently their chemical and optical properties change with time due to the formation of
native SiO2. For example, after drying, oxygen adsorbs to the ambient air, and its presence
increases in a non-passivated sample. The presence of this compound leads unavoidably
to in time changes of the effective refractive index of the porous structure, at least that
silicon oxide is grown purposely. To confirm this trend in our samples, they were analyzed
by FTIR after 13 days of formation. Figure 18 shows the presence of the main vibrational
modes of the Si-O-Si groups at 804 and 1054 cm−1. According to the literature [58], the
absence of functional groups O𝑥-Si-H from 2200 to 2500 cm−1 indicates that the PS single
layers are not fully oxidized. The presence of CH𝑥 bonds as well as C=O and Si-O bonds
also indicates such confirmation, which is found in all samples. However, the peaks at
1209 and 1740 cm−1 are marked in sample S17 and belong to the asymmetric and sym-
metric stretching vibrations [79] of the carbonyl group O-C=O. The peak at 874 cm−1

corresponds to the stretching vibration of the C=O bonds. Regarding the peaks at 2926
and 1368 cm−1 corresponding to the CH𝑥 groups, it is important to highlight that their
source seems to be associated with the remaining solvent inside after the SLIM analysis.
The hydrocarbons that predominate in the sample with the etch-stop time suggest that
they adhere to the pore wall because the pore diameter decreases, making it difficult for
the molecules to diffuse through the pores. The FTIR analysis confirms the aging effect of
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Figure 18 – Optical absorbance of porous single layers anodized in electrolyte type I and time I
for low porosity: S14 (0 s) and S15 (10 s), and high porosity: S17 (10 s).
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PS. The use of as-etched devices is not suitable for sensing purposes because its natural
aging trend. For this application, the porous structure must be passivated.

4.2 Structural and morphological characterization of one-dimensional
porous silicon photonic crystal
In the previous section, the effect of the etch-stop time on the single layers L and H

was studied, which promoted the increase of the thickness and of the effective refractive
index, the latter being measured by the dependence on porosity. In the following, the
effect of the number of layers with the etch-stop method, the influence of the upper layer,
and the type of electrolyte are studied.

4.2.1 One-dimensional porous silicon photonic crystal using type I and time I

For this purpose, two sets of multilayer structures defined as 1D-PSPC were pre-
pared by periodically forming layers with L and H porosity according to the (LH)𝑁 and
(HL)𝑁 sequence, where N=15 denotes the number of periods. Both sets of devices were
prepared with the same electrochemical parameters: Current density of j𝐿= 5 mA/cm2

and j𝐻= 50 mA/cm2 during times t𝐿= 11.2 s and t𝐻= 7.1 s (called Time I) and immersed
in electrolyte Type I.

Following the (LH)15 structure, four samples were prepared. The one without etch-
stop was named S6, and the other three were prepared with the following etch-stop times
of 5, 8, and 10 s and named as S12, S22, and S5, respectively. In the second group, prepared
with (HL)15, the sample without etch-stop was designated as S7, while S8 represents the
sample prepared with a 10 s of pause.

Figure 19 – Scanning electron microscope image of a one-dimensional photonic crystal. The light
gray layer corresponds to low porosity (L) and the dark gray to high porosity layer
(H).
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Figure 20 – Comparison of the reflectance spectra of multilayer structures for the (a) (LH)15

and (b) (HL)15 structure types for different etch-stop times. See the distortion of
the lateral edges of the PBG of (HL)15 sample with 10 s of pause. The red curve
represents the fitting curve, where the input parameters are summarized in Table 6.

Figure 19 shows a representative cross-sectional image SEM of a 1D-PSPC with
the etch-stop time (S22). The layers are well-defined and two types of layers can be
distinguished. The parallel light gray lines correspond to the layers with low porosity
(high refractive index), while the dark gray lines represent the layers with high porosity
(low refractive index).

The optical reflectance of these structures taken in air environment at room tem-
perature is shown in Figure 20. In this figure, the etch-stop effect is indicated by the black
arrow in the photonic band gap (PBG), and a red shift of the PBG along the pause incre-
ments can be observed. In Figure 20a, for the 1D-PSPC having (LH)15 yielded without
pause, the photonic band appears at 461 nm, and is redshifted in about 263 nm in the
sample yielded using 5 s of etch-stop time so that the main PBG is located at 724 nm
and its secondary one appears 411.5 nm. When 8 s of etch-stop time is applied, the main
PBG is shifted to 947 nm and a secondary photonic band appears at 496.5 nm. Similar
behavior was observed in the sample anodized including 10 s of etch-stop.

In the case of the structure (HL)15, the reflectance spectrum shows a photonic
band at 463 nm and at 10 s of etch-stop time it is shifted 530 nm to the right and a
secondary photonic band appears at 520 nm. These bands are visible in a portion of the
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Figure 21 – Experimental results of the relation dispersion for 1D-PSPC, S6 (red) and S5 (blue)
using real and wavelength dependence effective refractive index. The shadow signs
the position of the principal forbidden bands.

near-infrared (NIR) region due to instrument limitations. The main PBG at a pause of
10 s has different features in the two structures. The lateral bands of (HL)15 are clearly
lopsided. This is an effect of roughness at the interface due to the loss of refractive index
contrast, which creates tiny gradients in the H-L adjunct. This roughness also results
in more light scattering, making the optical response of the secondary band only half as
intense as that of the main PBG. While the (LH)15 structure performs better at the higher
etch-stop time, this is observed at the main PBG edges and the intensity of the secondary
PBG, which is similar to an ideal 1D-PSPC. In an ideal 1D-PC, the PBG edges appear
completely vertical.

The analysis of the optical behavior with respect to the dispersion properties
of these samples can be seen in Figure 21. This dispersion diagram was constructed
considering the wavelength dependence of the effective refractive index of the H and L
layers conforming to the 1D-PSPC. The red line corresponds to the dispersion diagram for
the device fabricated without a pause, while the blue solid line is for the device fabricated
with a 10 s of etch-stop time. As for the PBG position and width, the etch-stop results not
only in a change of the PBG position but also in an increase of the width. The forbidden
modes correspond to the photonic band gap of the reflectance spectra shown on the left
and in the center of the figure.

The main feature of a 1D-PSPC is its PBG, where the center of the PBG, 𝜆,
relates to the OT of the structure. From Figure 20, it can be seen that the fabrication
of 1D-PSPC with different etch-stop times produces structures with different OT, i.e.,
unit cells with different characteristics in terms of thickness and porosity, as in the case
of the single layer produced by a pause during pore formation. To investigate the effect
of the pause on the thickness and porosity of multilayer structures with 15 unit cells, the
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experimental reflectance data were fitted using TMM and BEMA (L= 1/3) to calculate
the effective refractive index of each H and L layer as a function of porosity. The results
are summarized in Table 6. According to this table, the etch-stop increases the etching
rate of silicon, which is the reason why the thickness of H and L layers becomes thicker,
and also increases the values of n𝐻 and n𝐿 associated with the decrease of porosity p𝐻

and p𝐿, respectively. According to Figure 22 and Figure 23, this behavior does not depend
on the multilayer stacking order, i.e., the same results are observed for 1D-PSPCs formed
following the HLHL... HL or LHLH... LH sequence, as can be seen in Figure 22a. This
increase in thickness and in n𝑒𝑓𝑓 explains why the redshift of 𝜆 follows an almost linear
dependence with the etch-stop time. A similar trend is observed for the FWHM of the
PBG width, Δ𝜆. According to the results in Table 6 and Figure 23, the values of d𝐻 , and
d𝐿 as well as of p𝐻 , and p𝐿 are larger, although the devices with the sequence (HL)15

were fabricated with the same electrochemical parameters as the (LH)15. These results
suggest that the porosity of the upper layer is important for the etching rate and the
formation of the pore size. This could be related to the larger pore size embedded in the
first upper layer with high porosity when compared to the L-layers. This allows for better
HF diffusion toward the etch-front, leading to faster silicon etching during the formation
of PS.

Billat et al. [77] have shown, with reference to Figure 22 and Figure 23, that
the incorporation of pauses during PS formation leads to an increase in thickness and a
decrease in porosity because the etch-stop allows better diffusion of HF into the electrolyte,
i.e., during the pause, the consumed HF is restored at the etch-front so that the etching
rate of the silicon returns to its original performance, which promotes the formation of
thick layers with the better mechanical stability of the layers at depth. In summary,
diminution of thickness in-depth is an expected fact that is restored by the inclusion of
etch-stop, although the apparent increase in thickness to the naked eye. This apparent
increment insofar the etch-stop time increment is verified by comparing the structural
features of both sets of devices.

Table 6 – Optical parameters of 1D-PSPC anodized with electrolyte type I and etching time I at
different etch-stop times. Thickness and porosity values were fitted by TMM method
using BEMA sphere model.

Samples Break d𝐿 d𝐻 p𝐿 p𝐻 𝜆
ID (s) (nm) (nm) (%) (%) (nm)
S6 0 35 118 70.5 78.5 461.4
S12 5 62 175 65 75.8 725.2
S22 8 70 210 58 69.7 935.9
S5 10 75 220 61 72 938.5
S7 0 36.3 121 71 81 463.7
S8 10 92.5 230 65 75 993.4
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Figure 22 – Optical parameters of (a) photonic band gap and (b) full width at half maximum of
the PBG from Table 6 for samples anodized with electrolyte type I and etching time
I.

The physical thicknesses of the 1D-PSPC, shown in Figure 23, follow a linear rela-
tionship and the fitting parameters of that trend are summarized in Table 7. These results
show that the slope of the d𝐿 curve is higher in the (HL)15 structure and is associated
with a higher etching rate than in (LH)15 structure, although the same electrochemical
parameters were used in both cases. No significant change is observed in the d𝐻 profile.
As mentioned before, this change in the etching rate is related to the enhancement of
HF diffusion due to the pause. This fact is particularly pronounced when the first upper
layer consists of large pores and has high porosity, as in the (HL)15 structure. This fact,
together with the longer etch-stop time could allow faster restitution of the consumed
HF at the etch front during pore formation. Thus, the HF diffusion, and the structure
type play the uttermost role in the etching rate, thickness, and porosity of the porous
structure.

Table 7 – Displacement of the physical thickness as a function of the etch-stop time, obtained
from the BEMA (L= 1/3) fitted from Figure 23, was used a linear function, 𝑦 = 𝑎+𝑏τ.

1D-PSPC a b Adj-R2

(nm) (nm/s)

(LH)15 d𝐿 41.5 ± 2.4 3.5 ± 0.3 0.97
d𝐻 121.9 ± 5.1 10.3 ± 0.7 0.98

(HL)15 d𝐿 39 5.35 -
d𝐻 112 11.8 -
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Figure 23 – Input parameters of (a) thickness and (b) porosity using Bruggeman’s model for
spheres in TMM for 1D-PSPC of (LH)15 (at blue) and (HL)15 (at black) devices
anodized with electrolyte type I and etching time I.

Table 8 – Optical parameters of porosity, thickness, and center of the PBG of 1D-PSPC anodized
with time I at different etch stop time.

Samples Pause Electrolyte d𝐿 d𝐻 p𝐿 p𝐻 𝜆
ID (s) (nm) (nm) (%) (%) (nm)
S27 5 Type I 75 182 59.7 70.5 857.1
S36 5 Type II 80 191 58.7 71.4 895.8

4.2.2 Devices yielded using solution II and set time I

Two 1D-PSPC were fabricated using the (LH)15 sequence with the same electro-
chemical parameters: Current density of j𝐿= 5 mA/cm2 and j𝐻= 50 mA/cm2 during
times t𝐿= 11.2 s and t𝐻= 7.1 s (denoted as Time I) and etch-stop time of 5 s in different
electrolytes. The sample anodized in electrolyte Type I was designated as S27, and the
sample immersed in electrolyte Type II was set as S36.

The optical response of these devices is shown in Figure 24. Although both devices
were prepared with the same electrochemical parameters, the reflectance spectrum of the
principal PBG anodized with type II is red-shifted by 38.7 nm compared to the PBG
anodized with electrolyte type I, whose PBG is at 857 nm. This fact could be explained
by the additional oxidizing effect of H2O, which promotes the formation of silicon oxide
prior to pore formation. Since the pores are formed by the divalent consumption of silicon
by SiO2, the presence of H2O increases SiO2 formation and thus the silicon etching rate
during anodization [9] [31] [56].

The inclusion of a pause in the anodization method and of H2O in the electrolyte
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solution caused a higher shift of the PBG and the increase of the Δ𝜆, the latter indicating
a more differentiated contrast between H and L layers (Eq. 2.28), whose optical parameter
can be observed via porosity, summarized in Table 8.

4.3 Structural and morphological characterization of one-dimensional
porous silicon photonic crystal with resonant microcavity
In the previous section, it was shown the importance of the first upper layer of the

multilayer stack for the optical response of the 1D-PSPC, which was fabricated by the
etch-stop method and showed better performance than the (LH)15 device. Considering
this fact, the 1D-PSPC with resonant microcavity (called 1D-PSPC-Mc) was fabricated
by using the L-layer as the first upper layer, i.e. the 1D-PSPC-Mc was fabricated according
to the LHLH...LHHL...HLHL sequence consisting of a structure type (LH)7 followed by
a second structure (HL)8 abbreviated as (LH)7(HL)8.

4.3.1 Photonic crystals yielded in HF:ethanol (3:7) and set Time I.

The 1D-PSPC-Mc was used to systematically investigate the influence of elec-
trolyte and anodization time on the dependence of microcavity position and thickness
on the etch-stop time. For this purpose, four samples were prepared with the same elec-
trochemical parameters: Current density of j𝐿= 5 mA/cm2 and j𝐻 = 50 mA/cm2 during
times of t𝐿= 11.2 s and t𝐻 = 7.1 s and immersed in electrolyte Type I. In the previous

Figure 24 – Comparison of the reflectance spectra of (LH)15, with density current of j𝐿= 5
mA/cm2 and j𝐻= 50 mA/cm2 with 5 s of etch-stop time in electrolyte type I (above)
and type II (below). Showing a displacement of the PBG due to a change in the elec-
trochemical analyte. Black circles are the experimental data of samples S27 and S36,
red solid line is the fitting curve (BEMA).
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Figure 25 – Representative SEM image of a one-dimensional porous silicon photonic crystal with
microcavity (1D-PSPC-Mc).

section, a better performance of the (LH)15 than the (HL)15 structure was observed, there-
fore the 1D- PSPC-Mc structures were initialized with L-layer and fabricated with the
following structure (LH)7(HL)8. Again, the etch-stop time was introduced between two
adjacent L and H layers, and a pause was incorporated inside the microcavity after a time
of t𝐻 to evaluate the optical response of the resonant microcavity. The sample without
etch-stop was designated as S33, while S32, S31, and S24 represent the sample with 3, 5
and 8 s etch-stop time, respectively. Figure 25 shows a representative SEM image of the
1D-PSPC-Mc with an etching time of 5 s. It shows a periodic structure composed of an
L and H layer (gray and black color, respectively), and the microcavity in the center of
the SEM image is very clear.

The reflectance spectra of the devices (Figure 26a) show the expected redshift
behavior of the PBG (Figure 26b), insofar the etch-stop time increases. Similar behavior
was observed for the width of the PBG (or FWHM) (Figure 26c), except for the device
obtained with an etch-stop time of 3 s. This increase in FWHM can be explained by
the fact that in a 1D-PSPC with a microcavity with sharp and smooth interfaces, the
resonance peak appears deep and with narrow FWHM. A strong asymmetry of 𝜆𝑐 in the
PBG is also observed. However, this dislocation is not related to the corrosion properties or
the parameters included in the analysis. Instead, this behavior is attributed to a violation
of Bragg’s law (Equation 2.30) of the microcavity caused by the incorporated pause in
the microcavity. Nevertheless, the 8 s of etch-stop time cause a correction of the OT of
the resonant microcavity and leads to a blue shift of the 𝜆𝑐 to its correct position.

Table 9 summarizes the quantification of thicknesses d𝐻 , d𝐿 and d𝑐, and porosities
p𝐻 , p𝐿 and p𝑐 by the fitting procedure of the reflectance spectra of Figure 26a using the
TMM and BEMA for the sphere model. These results show the same characteristics as
those of the 1D-PSPC: increase in thickness and n𝑒𝑓𝑓 with etch-stop time. However, the
deviation from this behavior observed for the sample fabricated with 3 s of pause could
be due to experimental errors during anodization. Nevertheless, the dependence of the
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Figure 26 – (a) Optical response of as etched 1D-PSPC-Mc of samples S31-S33, showing the
(b) resonance peak position microcavity redshifted, as well as (c) the PBG width
for the different etch-stop times. These devices were fabricated using electrolyte type
I and etching time I.

thickness and porosity on the etch-stop can be fitted by an exponential curve, d = a +
b𝑒𝑐τ (Figure 27), where the coefficients 𝑏 and 𝑐 refer to the etching rate.

4.3.2 Photonic crystals yielded in HF:ethanol:H2O (3:4:3) and set Time I.

Three 1D-PSPC-Mc were prepared in the following order (LH)7(HL)8. They were
fabricated with the same current density corrosion parameters described in Chapter 3
using etching time I and electrolyte type II. The devices were fabricated using the etch-

Table 9 – Variation of thickness and porosity with respect to etch-stop time determined from
optical response of devices prepared with electrolyte type I and time I.

Samples Pause d𝐿 d𝐻 𝑑𝑐 p𝐿 p𝐻 p𝑐

ID (s) (nm) (nm) (nm) (%) (%) (%)
33 0 50.5 89 263 48.8 58.9 65
32 3 45 140 320 43 58.6 54
31 5 55 155 327 42 56.3 50
24 8 62.5 171 330 40 56 50
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Figure 27 – Input parameters of (a) thickness and (b) porosity using Bruggeman’s model for
spheres in TMM for 1D-PSPC-Mc of samples S31-S33, anodized with electrolyte
type I and etching time I.

stop method with pauses of 0, 3, and 5 s and designated as S39, S37, and S38, respectively.
The reflectance spectra of these devices are shown in Figure 28a. It can be observed that
the position of 𝜆𝑐, marked by the black arrow, is located near th middle of the PBG
for the three cases and shows the expected redshift and linear trend with pauses (Figure
28b). However, the inclusion of the etch-stop time leads to a decrease in the quality of
the transmission band, as evidenced by the decrease in intensity at the depth of 𝜆𝑐 and
the increase in Δ𝜆𝑐 (Figure 28c).

The addition of H2O to the electrolyte leads to an increase in the silicon etching
rate so that the physical thicknesses d𝐿, d𝐻 , and d𝑐 are higher than for devices prepared by
anodization in electrolyte type I (see Table 9 and Table 10 for comparison). These results
evidence that the relationship between the thickness of the microcavity and the H layer
(d𝑐= 2d𝐻) is achieved only for devices fabricated with setting time I and electrolyte type
II. As for the porosity, it becomes larger in the structure prepared with the electrolyte
type II. This increase was attributed to the additional oxidation due to the presence of
H2O. The change in the etching rate should lead to an increase in porosity and a decrease
in pore diameter compared to the previous case.

The thicknesses obtained from the fitting procedure can be fitted with a linear or
exponential fit. Since the exponential function is more general so that it can be expressed
in a polynomial trend and truncated to the linear function, the thickness values from
Figure 29 were fitted with the exponential function since it has a high certainty value.
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Table 10 – Optical parameters for porous silicon structures with a microcavity, fabricated with
electrolyte type II (HF:H2O:Ethanol) and time I.

Sample Electrolyte Etch stop d𝐿 d𝐻 d𝑐 p𝐿 p𝐻 p𝑐

ID (s) (nm) (nm) (nm) (%) (%) (%)
S39 Type II 0 63 143 306 63.8 74.8 70
S37 Type II 3 67 187 374 60.8 72.7 68
S38 Type II 5 80 200 400 59.8 71.6 67.7

4.3.3 Photonic crystals yielded in HF:ethanol:H2O (3:4:3) and set Time II.

The influence of the incorporation of H2O to the solvent was studied in the pre-
vious section and it was demonstrated that the electrolyte type II improves some optical
parameters of the reflectance spectra such as the PBG and the 𝜆𝑐. In this section, the
effect of etching time using electrolyte type II and time II is investigated. For this purpose,
five 1D-PSPC-Mc devices were fabricated with an etch-stop time of 0, 2, 4, 6, and 8 s
with the same current density as described in Chapter 3. These samples were designated
as S40, S45, S42, S43, and S44, respectively.
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Figure 28 – As etched 1D-PSPC-Mc for sample S37-S39 anodized with electrolyte type II and
etching time I. (a) Displacement of the resonant microcavity, marked by the arrow,
for different etch-stop time. (b) Evolution of the microcavity position with a pause.
(c) Evolution of the transmission band width with the pause.
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Figure 29 – Input parameters of (a) thickness and (b) porosity using Bruggeman’s model for
spheres in TMM for 1D-PSPC-Mc of samples S37-S39, anodized with electrolyte
type II and etching time I.

Table 11 – Dependence of thickness and porosity at different etch-stop times in 1D-PSPC-Mc
for electrolyte type II and etching time II, using BEMA (L= 1/3) for the fitting
procedure.

Samples Etch-stop d𝐿 d𝐻 𝑑𝑐 p𝐿 p𝐻 p𝑐

ID time (s) (nm) (nm) (nm) (%) (%) (%)
S40 0 56.5 80 160 65 72 70
S45 2 84.5 130 266 61.5 71.5 69.5
S42 4 80.5 160 280 60 71 70
S43 6 100 174 343 60 70 70
S44 8 - - - - - -

The reflectance spectrum for the as-etched devices shown in Figure 30a shows the
redshift of the transmission band where 𝜆𝑐 appears at 487 nm for 0 s of pause and is
located at 955 nm for 6 s pause. The position of 𝜆𝑐, marked by the arrow, is well centered
in the PBG for all reflectance spectra fabricated with the etch-stop method, electrolyte
type II, and etching time II, which improved the quality of the resonance microcavity,
as shown by the intensity and position of the transmission band. Table 11 summarizes
the thickness and porosity values resulting from the fitting procedure of the reflectance
spectra using the TMM and BEMA (L=1/3) model. These values show an exponential
best fit of the thickness, d = a + b𝑒𝑐τ (Figure 31).

To quantify the etch-stop time contribution to the etching rate of silicon for the
given electrolyte solutions, the nonlinear thickness profile was fitted with a linear trend,
where the slope of the linear curve represents the contribution of etch-stop time to the
etching rate. These values were given in Table 12. Devices where etching time I was set in
electrolyte type I (S31-S33) and electrolyte Type II (S37-S39) developed thicker H layers.
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Figure 30 – As-etched 1D-PSPC-Mc of sample S40-S45, anodized with electrolyte type II and
etching time II, showing their (a) reflectance spectra. Dependence of the (b) reso-
nant microcavity, and (c) PBG and FWHM of the transmission band (Δ𝜆𝑐) with
the etch-stop time.

However, the incorporation of H2O increases the etching rate, resulting in a significant
increase of 15% for H and 69% for the microcavity. Considering that d𝑐 was obtained at
a setting of t𝑐 = 2t𝐻 , a similar etching rate is expected. This result is observed only for
devices S31 to S33. In contrast, for the devices prepared in aqueous solution (S37-S39),
the silicon etching is almost twice as high due to the etch-stop, confirming the importance
of both the etch-stop and H2O in increasing the silicon etching rate. This is the reason
why the devices fabricated with the electrolyte type II consist of thicker d𝐻 , d𝐿, and d𝑐.
The significant difference in thickness between these two groups of 1D-PSPC-Mc devices
is mainly related to the etching time since devices S37 to S39 were fabricated with time
I, while time II was used for samples S40-S45. This time difference leads to an increase
in silicon etching rate of about 92.3, 33.9, and 47.4% for the L, H, and cavity layers,
respectively. This comparison highlights the role of the etch-stop time, as this is the
reason why devices S40 to S45 have thicker layers, even though they were fabricated with
a lower etching time than devices S37 to S39.
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Table 12 – Fitted values of the thickness curve obtained from the TMM using BEMA (L= 1/3)
model for 1D-PSPC-Mc from Figure 27 to Figure 31, using the linear function 𝑑 =
𝑎 + 𝑏τ.

Samples Electrolyte Etching time Thickness fitted Adj-R2

ID (s) a b
(nm) (nm/s)

S31-S33 Type I Time I d𝐿 46.4 ± 0.4 1.70 ± 0.98 0.40
d𝐻 98.4 ± 10.7 10.1 ± 2.20 0.87
d𝑐 269.4 ± 12.6 11.3 ± 2.53 0.86

S37-S39 Type II Time I d𝐿 61.4 ± 4.75 3.23 ± 1.41 0.68
d𝐻 145.67 ± 7.5 11.65 ± 2.23 0.93
d𝑐 309.05 ± 8.89 19.1 ± 2.64 0.96

S40-S45 Type II Time II d𝐿 61.4 ± 7.76 6.3 ± 2.07 0.73
d𝐻 89.2 ± 10.66 15.6 ± 2.85 0.91
d𝑐 177.8 ± 22.57 28.15 ± 6.0 0.87

4.4 Passivation of the porous silicon structures
As before mentioned, the porous structure of PS is subject to natural oxidation

due to the high reactivity of the surface by the formation of SiO2 in the ambient air.
This fact leads to the degradation of optical properties over time. Such drawbacks pre-
vent the commercial application of PS-based devices. To avoid this degradation, different
passivation strategies have been proposed using different materials to cover the surface
in a post-treatment. This process aims to avoid the chemical and electrical interaction of
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Figure 31 – Input parameters of (a) thickness and (b) porosity using BEMA (L= 1/3) in TMM
for 1D-PSPC-Mc of samples S40-S45, anodized with electrolyte type II and etching
time II. The thickness values of all samples show a well exponential fitting.
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the porous matrix with the environment. Among the numerous compounds used for this
purpose, the thermal and chemical oxidation of silicon is the most common due to its
simplicity and ease of use, but the use of polymers, metals and even insulating material
must also be considered as alternatives.

The single and multilayers studied here were passivated by thermal oxidation,
deposition of TiO2 by the sol-gel method, and deposition of a thin gold layer. These
materials were selected based on some unique properties. In the case of SiO2, the main
advantage is its high electrical insulating ability, which ensures no charge transfer between
the porous matrix and the surrounding environment, and its ease of processing in a
conventional oven [72][80].

As for TiO2, it was chosen because of its wide use in sensor devices and solar
cells [81]. In the case of gold, the use of this element in various optical and electrical gas
and liquid sensors has been recently reported due to its catalytic property [82][83]. The
passivating properties were investigated optically, as 1D-PSPC and microcavities have the
potential to be used as optical gas and liquid sensors, as reported in previous work [35],
[68].
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Figure 32 – Comparison between the complex refractive index (𝑛̂) for bulk silicon (black), 53 nm
thin film of gold (yellow) [84], titanium dioxide (purple) [85] and silicon dioxide.
The solid lines represent the Re(𝑛̂) and the dashed and dotted lines represent the
Im(𝑛̂).

4.4.1 Passivation by thermal oxidation

Samples S5, S6, and S8, presented in subsection 4.2.1, were subjected to systematic
thermal oxidation in air at 400∘C, 600∘C, 800∘C, and 1000∘C during 10 minutes for each
step. In the case of the sample yielded without etch-stop (S6), the reflectance spectra
(Figure 33) show a PBG at 460.6 nm, which is blueshifted to 440 nm after oxidation at
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Figure 33 – Reflectivity spectra of as-prepared (top) and those oxidized in air at 400∘C, 600∘C,
800∘C and 1000∘C for 10 minutes, for 1D-PSPC fabricated with (LH)15 with (a) 0
s and (b) 10 s of pause, and for (c) (HL)15 structure with 10 s of pause.

400∘C. A subsequent oxidation step at 600∘C promotes the PBG shifts to 422, whereas at
800∘C the PBG shifts to 392.5. The increment in temperature to 1000∘C yields a blueshift
of the PBG to wavelength ranges below the measurement range left edge of the equipment
(< 350 nm), therefore it disappeared from the reflectance spectrum. Comparable behavior
is observed after the different thermal oxidation steps of the device fabricated with 10 s of
etch-stop time, S5, which was at 938 nm for the as-etched sample, was then blue shifted
to 676 nm at 1000∘C.

On the other hand, in the case of the sample having the HLHL...HL configuration
and yielded using 10 s of etch-stop (S8), the PBG position for the as-etched condition was
at 993 nm, but it is blue shifted to 867.5 nm at 1000∘C. However, comparing the sample S5
and S8, yielded and oxidized under the same conditions, the latter sample shows a more
pronounced change of its PBG width (Figure 33c), suggesting a loss of refractive index
contrast and, thus, revealing differences in their microstructural features. this fact shows
the importance of the porosity of the first upper layer of the periodic stack in defining
the microstructural features.

Figure 34 shows the effect of oxidation temperatures on the rate of the FWHM of
PBG and the center of the PBG determined from the reflectivity spectra. For both devices,
the PBG center and FWHM follow an exponential fit. However, the Δ𝜆/𝜆 behavior of
the devices shows significant differences from each other. While the change tends to be
minimized for sample S6 and remains independent of the oxidation temperature, there
is a tendency for the PBG width to contract further for the devices fabricated with the
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etch-stop time, leading to an abrupt drop at 800∘C. Of course, this change implies a
dramatic change in the OT, i.e., a change in thickness or refractive index or even both
simultaneously. Previous work has reported that during oxidation not only the effective
refractive indices of the single H and L layers contract due to the presence of SiO2 but
also the possible contraction-expansion phenomena [72][86]. Moreover, according to the
literature [73][71][87], the oxidation rate is strongly dependent on the characteristics of
the porous microstructure so that a more porous structure undergoes faster oxidation,
i.e., complete oxidation is easily achieved in this type of structure. However, since S5 and
S8 didn’t exhibit a saturation tendency, this resulted in incomplete oxidation, although
there is a loss of refractive index contrast across the width of the PBG. In view of this,
the porous structure of the 1D-PSPC of samples S5 and S8 appears to be more porous
than S6 during thermal oxidation. This fact is reinforced by the Δ𝜆/𝜆 contraction of S5
and S8, as it depends only on the n𝐿 and n𝐻 contrast, Equation (2.28). While the PBG
width of S6 remains almost constant with respect to temperature, it shrinks further in
the case of samples S5 and S8.
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Figure 34 – Relationship between photonic bandgap width and photonic bandgap center position
as a function of oxidation temperature for 1D-PSPC samples with (LH)15 structure:
S6 (0 s) and S5 (10 s), and (HL)15 structure: S8 (10 s).

The blue shift of the PBG is related to the decrease in neff [88] of the complex
system formed by Si, air, and SiO2 (1D-PSPC:SiO2), since the refractive index of SiO2,
nSiO2 , along the wavelength measurement range is lower than that of silicon, nSi (Figure
32), therefore the neff of the passivated system is lower. During the oxidation, the con-
version of Si to SiO2 takes place. For the analysis of this three-phase system, Astrova et
al [89] propose that an x fraction of Si is converted to SiO2, which occupies a volume of
2.27x [89]. Assuming that the system is homogeneous and completely oxidized, the new
composition of the passivated layer gives a Si fraction = 𝑓 -x, a SiO2 fraction = 2.27x,
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and a pore fraction p = 1-𝑓 -1.27x. Although nSi is wavelength dependent, some insight
into the oxidation process can be gained by using the Bruggeman Equation (2.36) for the
constants n𝑆𝑖= 3.607, n𝑆𝑖𝑂2= 1.471, and n𝑎𝑖𝑟= 1.0 at 900 nm. Using this strategy, it was
possible to determine the degree of Si oxidation (𝑠 = x/𝑓), defined as the ratio of the
oxidized fraction to its original content in the PS layer [89], thus defining the porosity of
the passivated porous layer. Figure 35 shows the calculated dependence of 𝑠 and the neff

of the system composed of Si, air, and SiO2 for different initial porosities. For a porous
matrix with a porosity of about 57% or more, the carcass of the porous matrix could
undergo complete oxidation, leading to pores partially filled with SiO2, resulting in a final
porosity of 5.5%. Porous layers with an initial porosity of less than 57% are subject to
incomplete oxidation. With this in mind, and comparing the results of S5 and S8 from
Figure 34, the reason for which the Δ𝜆/𝜆 ratio of S8 drops faster indicates that this
sample is more porous. This result and the fact that the first upper layer is H indicate
that both factors are key to improving not only HF diffusion during pore formation but
also oxygen diffusion during thermal oxidation, allowing faster oxidation.

4.4.2 Passivation by gold nanoparticles deposition

4.4.2.1 Single layers

As seen in section 4.1, fresh L-single layers (samples S14 and S15) and H-single
layers (samples S16 and S17) were optically characterized. These samples were stored in
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air for almost two weeks without any special protection, so that the reflectance spectra
marked by the black solid line in Figure 36a and Figure 37a correspond to the aged
samples. The yellow and red curves were measured after the deposition of 60 nm of Au
and subsequent thermal treatment, respectively. These reflectance spectra were analyzed
using the FFT method for S14 and S15 (Figure 36b). A similar analysis was performed
for samples S16 and S17. The reflectance spectra of the aged and treated surfaces are
shown in Figure 37a, while Figure 37b shows the corresponding FFT analysis.

The deposition of Au onto PS was performed by sputtering for 60 s. The presence
of Au in the PS microstructure is detected in the reflectance spectra (Figure 36a) by the
shift of the interference fringes with respect to the aged PS and also by the increase of
the reflectance intensity for wavelengths below 500 nm. This fact could be the result of
surface plasmon resonance (SPR) [90]. FFT analysis shows a decrease in OT from 4891
to 4165 nm after Au coating in sample S14, for example. Since the thickness was not
changed, this shift can only be attributed to the decrease in n𝑒𝑓𝑓 due to the presence of
Au in the porous matrix. The refractive index of Au is lower than that of silicon and
comparable to that of SiO2. Similar behavior was observed for the other L and H layers,
as shown in Figures 36 and 37. However, in the case of sample S17, anomalous behavior
is observed after Au deposition and sintering at 900∘C, suggesting the formation of some
Au-Si-O-based compounds with a larger effective refractive index or the formation of a
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Figure 36 – (a) Reflectance spectra and (b) RIFTS of PS single layer with low porosity of sam-
ples: S14 (type I) and S15 (type I and 10 s of etch-stop time).
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thicker layer. In this sense, Astrova et al. [89] and Zheng et al. [87] showed that oxidized
porous silicon increases its thickness due to the expansion effect of the porous structure
associated with SiO2 growth.

According to Figures 36 and 37, the reflectance spectra of all samples after thermal
sintering show a dip around 500 nm, which is called 𝜆SPR. This singular phenomenon was
attributed to the contribution of the imaginary part of the refractive index (extinction
coefficient, 𝜅), as it has a larger value than the real part, which is due to the formation of
surface states at the interface between Si-Au and Au-air. The inclusion of gold nanoparti-
cles (Au NPs) in the PS structure leads to an increase in the surface roughness of PS due
to the random arrangement of Au NPs [82]. In fact, the locations where the Au NPs could
be located are limited to the density of the dangling bonds of the Si surface and within
the pores, where the excitation wavelength of the resonance of the Au NPs depends on
their size, shape, and external dielectric environment [90][91].

After Au deposition, the four samples were thermally oxidized in air at 900∘C for
5 minutes. The reflectance spectra of the L layers, shown as a red solid line in Figure
36a, show different interference fringes, indicating good diffusion of Au after annealing,
which is confirmed by EDS, XRD, and FFT analysis, as well as by the blue shift of
the OT of both samples. For the H-layers, shown in Figure 37a, sample S16 shows the
same behavior as the L-layers with an improvement in the optical response due to better
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Figure 38 – (a) Semi-qualitative energy dispersive X-ray spectroscopy results (EDS) after Au
deposition and thermal treatment at 900∘ for 5 min of porous silicon single layers
anodized with electrolyte type I for L porosity: S14 (0 s) and S15 (10 s), and H
porosity: S16 (0 s) and S17 (10 s). (b) EDS map of S16.

diffusion of Au, while the OT of sample S17 shows an increasing trend if compared with
sample S16. This behavior is attributed to the diffusion of Au in a simultaneous way to
the SiO2 formation during the sintering process, allowing the possible distribution of Au
onto the pore surface, creating a thin Au nanoparticles region that causes the red shift
of the OT. This affirmation is observed in Figure 38b, in which is also observed that the
Au concentration is greater in regions closer to the PS/air interface. In the EDS mapping
spectra (38b), the silicon phase is identified as green, red is oxygen, and blue is gold. The
formation of a thin Au film is clearly visible at the top of the structure as a faint blue
region inside the porous matrix. However, it is important to emphasize that the large blue
region above the PS structure observed in Figure 38b, in the order of 1/3 of the single
layer, is an undesirable equipment artifact, since the nominal Au thickness was projected
to be about 60 nm.

On the other hand, XRD analysis (Figure 39) shows the peaks at 38.2∘, 44.4∘,
and 64.7∘ corresponding to the (111), (200), and (220) crystallographic planes of the face-
centered cubic lattice of Au [92], while the peaks at 69.2∘ and 29∘ correspond to Si in the
(400) phase and the latter in the amorphous phase transition to (111) [93], respectively.
Similar XRD patterns were also observed for all samples containing Au nanoparticles.

4.4.2.2 Multilayers: 1D-Photonic crystals and cavities

Fresh 1D-PSPCs labeled as S22 and S27 were prepared with the same electrochem-
ical parameters of current density using etching time I and electrolyte type I by inserting
8 and 5 s of etch-stop, respectively. Both samples were optically characterized before and
after passivation with a thin Au layer and after thermal treatment. Reflectance spectra
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Figure 40 – Reflectance spectra for porous silicon photonic crystals in the initial state (black)
using electrolyte type I and etching time I, with physical deposition of Au (yellow)
and oxidized at 900∘C (red) for 5 min at (a) 5 and (b) 8 s etch-stop time.

are shown by solid black lines for the as-etched devices and by yellow lines for the de-
vices after passivation with 60 nm Au. The curves in red lines correspond to the optical
response after thermal sintering at 900∘C for 5 minutes (Figure 40).

These spectra show us that the main effect of the Au thin film on the optical
spectra is a slight blue shift in its central position and a deformation of the PBG features.
After sintering, the PBG shape is relatively recovered, although its position is shifted more
to the short wavelength region. According to Bragg’s law, Equation (2.29), this behavior
is associated with changes in the OT of each single layer composing the 1D-PSPCs.
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(a) (b)

Figure 41 – Semi-qualitative results of energy dispersive X-ray spectroscopy (EDS) after deposi-
tion of Au and thermal treatment of 1D-PSPC of sample S22 (a) elemental quali-
tative and (b) EDS map.

Assuming that the physical thickness does not change, the presence of Au and other
Au-based compounds formed after sintering leads to changes in the effective refractive
index of the H and L layers. However, this change is not homogeneous in-depth since EDS
analysis (Figure 41) indicates a higher Au concentration at the upper region. The peaks
in Figure 41a show that the total concentration of Au along the surface is about 3%.

In the case of the 1D-PSPC covered with Au (1D-PSPC:Au), the system consists
only of silicon, gold, and air. For rapid analysis, a nominal thickness of about 60 nm was
deposited on the 1D-PSPC, and considering the complex refractive index for 53 nm of
Au reported in the literature, n𝐴𝑢, (Figure 32), it is found that the real part of n𝐴𝑢 along
the reflection measurement range is lower than n𝑆𝑖, consequently the effective refractive
index of a system (neff) consisting only of silicon and gold will be lower in the order of
porous H and L layers. After the inclusion of Au in the pores, the neff of the porous
H and L layers decreases. The slight blue shift is explained by the assumption that Au
is in the first upper H and L layers after deposition (Figure 42), so only these layers
undergo changes in their neff . The amount of Au in the middle and lower H and L layers
is negligible. This fact also explains why the PBG is only partially deformed. Since the
Au-containing H and L layers do not change according to Bragg’s law, but n𝐻 and n𝐿 are
reduced, destructive interference fringes appear on these layers at a certain wavelength,
leading to PBG deformation.

To avoid this anomaly in the optical response caused by the presence of the Au
thin film on the surface, both samples S22 and S27 were thermally oxidized in air at 900∘C
for 5 minutes. According to Font and Myers [94], since this temperature is above the Au
thin film melting point depression, diffusion of Au from the surface into the 1D-PSPC
matrix occurs, forming Au nanoparticles or even compounds based on the combination of
Au, Si, and oxygen. However, even after this thermal treatment, the EDS maps (Figure
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Figure 42 – Calculated dependence of the effective refractive index on the wavelength in a system
composed of air, gold and porous silicon with an initial porosity of 70%.

41b) reveal a larger concentration of Au in the surface region. In this map, the different
elements are highlighted by green for silicon, blue for gold, and red for oxygen. Considering
that the optical response of both samples is reasonably fitted with the theoretical values
for H and L layers with homogeneous porosity (Figure 20a), the only reason for the
deviations from these spectra is the occurrence of this in-depth porosity gradient. The
partial PBG recovery can be understood by assuming that SiO2 formation predominates in
the porous structure of the photonic devices. Moreover, the main effect of n𝐴𝑢 is noticeable
for wavelengths below 550 nm (Figure 32). Due to this factor, the PBG of the devices
after thermal treatment appears not only blueshifted but also narrow and well-defined
PBG.

The predominance of SiO2 in this 1D-PSPC:Au device is also confirmed by the
expansion-contraction of the H and L layers. Previous work studied by Pap and Barla
[72][86] reported this behavior associated with the complete oxidation of these layers.
In our case, the quantification of this expansion-contraction was done by comparing the
thickness of the H and L layers extracted from the fitting task of the reflectance data of
these samples with the thickness measured from SEM images after thermal treatment.
For example, the thickness of the H layers of S22 is 210 nm in the as-etched device and
shrinks to 162 nm after thermal treatment. The expansion of the L-layers from 70 to 151
nm was measured, resulting in a global expansion of the device thickness from 4200 nm
in the as-etched to 4700 nm after passivation.

The complex system is described as a four-component medium consisting of Si,
SiO2, Au, and air (1D-PSPC:Au:SiO2). During oxidation, a x part of Si is converted to
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Figure 43 – Calculated dependence of the degree of oxidation of porous silicon with the effective
refractive index of PS layers passivated with Au and SiO2 for different initial porosi-
ties. The volume fraction of gold is 0.03

SiO2, occupying a volume of 2.27x [89]. Assuming a homogeneous distribution of Au, the
passivated structure is composed of (i) Si fraction = 𝑓 - x, (ii) SiO2 fraction = 2.27x,
(iii) Au fraction = p𝐴𝑢, and (iv) the pore fraction p = 1 -𝑓 + x - p𝐴𝑢 - 2.27x. Solving
Bruggeman’s Equation (2.36) for the constant refractive index at 900 nm: n𝑆𝑖= 3.607,
n𝑆𝑖𝑂2= 1.471, n𝐴𝑢= 0.186, and n𝑎𝑖𝑟= 1.0, it’s possible to determine the porosity of the
porous layer (1D- PS:Au:SiO2) and its corresponding neff in a wide range of initial porosity.
Figure 43 shows the calculated dependence of the degree of oxidation of the silicon carcass,
i.e., the ratio between the oxidized fraction and the initial Si fraction, and the neff of the
1D-PS:Au:SiO2. Porous layers with low initial porosity change neff over a wide range,
making them more sensitive to oxidation and losing the porous property before they’re
fully oxidized. The line through the graph connecting the maximum points corresponds
to the medium PS with an Au content of 3%, so the system remains porous at an initial
porosity greater than 55%. In the case of S22, the initial porosities are p𝐿= 58% and p𝐻=
69.7%, leading to a range of final porosity between 4.2% and 54.4% for L, and the final
porosity for H is in the range between 36.4% and 68.2%.

Figure 44 shows the XRD pattern of 1D-PSPC:Au:900∘C devices (S22 and S27).
In these spectra, the peaks at 29∘, 33∘, 61.7∘, and 69.2∘ correspond to the silicon phase
and are well defined in the device fabricated with 5 s of pause, while their absence in
the sample yielded using 8 s of pause is associated to the setup reconfiguration to avoid
them and highlight those that correspond to the Au phase. As already mentioned, the
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peaks at 38, 44.4, and 64.7∘ are associated with the presence of Au nanoparticles. It is
important to emphasize that the bump around 44.4∘ seems to be related to the presence
of the amorphous phase of SiO2.
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Figure 44 – X ray diffraction pattern of 1D-PSPC:Au:900∘C (S22 and S27), and 1D-
PSPC:900∘:Au:900∘C (S30). Square symbol signs the Au pattern.

On the other hand, the 1D-PSPC-Mc of sample S26 prepared by the etch-stop
method with 5 s of pause and corrosion characteristics of time I and type I is shown in
Figure 45. The cross-section SEM image shows the periodic structure composed of L and
H layers (gray and black, respectively) and the microcavity in the center projected to
d𝑐=2d𝐻 .

The reflectance spectra for the as-etched devices are shown in black solid line in
Figure 46, while the device after passivation of 60 nm Au are shown in yellow line and
the curves in the red solid line correspond to the optical response after thermal annealing
at 900∘C for 5 minutes. The position of 𝜆𝑐 is marked by the black arrow and shows
a blue shift of 𝜆𝑐 and a deformation of the PBG feature. As with the 1D-PSPC, we
investigated whether the incorporation of Au into the 1D-PSPC-Mc (1D-PSPC-Mc:Au)

Figure 45 – Scanning electron microscopy of 1D-PSPC-Mc S26, with 5 s of etch-stop time.
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Figure 46 – Reflectance spectra of sample S26 for as-prepared porous silicon photonic crystal
(black), with physical deposition of Au (yellow) and oxidized at 900∘C (red) for 5
minutes.

caused destructive interference fringes due to the surface location of the Au thin film.
Sample S26 was thermally oxidized in air at 900∘C for 5 minutes to diffuse Au from the
surface into the porous matrix. The EDS map still shows the Au concentration at the
surface of the device, in blue for Au, while Si is highlighted in green and oxygen in red.
However, the map of S26 (Figure 47b) shows a higher diffusion of Au into the device, in
counterpart to the 1D-PSPC:Au:SiO2 of S22 (Figure 41b), this is because the 1D-PSPC-
Mc was paused with 5 s, which produces higher porosity, and the low concentration of Au,
on the order of 3%, despite the EDS map showing more concentration of Au than S22, this
is because the EDS it’s a point-by-point technique to obtain the atomic concentration.
This is because all these facts allow a better diffusion of Au, resulting in a higher shift of
𝜆𝑐 after annealing.

On the other hand, the XRD patterns of 1D-PSPC-Mc devices (samples S31-S33)
show the characteristic XRD spectra of Au and Si phases in Figure 48. After thermal treat-
ment, the peak intensity at 38.2∘ shows the concentration enhancement of Au nanoparti-
cles with crystallographic orientation (111). The absence or even the low intensity observed
in the peak corresponding to the (200) planes suggests the formation of lower concentra-
tions of Au (200), although both 1D-PSPCs and the microcavities were sintered under
the same conditions. This fact could be associated with the possible non-homogeneous
distribution temperature in the furnace.

Figure 49 shows some images before and after treatment of the 1D-PSPC-Mc. For



Chapter 4. Results and Discussions 76

(a) (b)

Figure 47 – Semi-qualitative energy dispersive X-ray spectroscopy results (EDS) after Au depo-
sition and thermal treatment of 1D-PSPC Mc of sample S26 (a) is the qualitative
elemental representation and (b) shows the EDS map.
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Figure 48 – X ray diffraction pattern of 1D-PSPC-Mc:Au:900∘C. The square symbol signs the
Au pattern.

the as-etched samples, the optical response of Figure 26 was taken in the center of each
sample. The colored area near the sample edge, like concentric rings, is indicative of the
nonhomogeneous formation of the lateral pore distribution along the whole sample. This
fact is a typical feature in PS associated with the non-homogeneous distribution of the
current density during pore formation [48][9]. Figure 49b, on the other hand, shows the
optical effect after the incorporation of Au NPs and thermal annealing in the photonic
devices due to Au diffusion through the porous matrix (for comparison, see the thin
layer on the silicon substrate), and is clearly see the blue shift of the PBG due to SiO2

formation.
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4.4.3 Passivation by Titanium dioxide: multilayer structures with resonant
cavity

The fresh 1D-PSPC-Mc devices (samples S40 to S45 in Table 11) with reflectance
spectra shown in Figure 30 were embedded in a solution gel (sol-gel) of TiO2 for passivation
for 1 week. The optical behavior of the TiO2 deposited devices is shown in Figure 50. A
quick naked-eye analysis shows that, unlike the samples passivated with Au, both the PBG

Figure 49 – Photonic crystal with a resonant cavity containing gold nanoparticles for 0, 3 and 5
s of pauses in the following order (a) 1D-PSPC-Mc (b) 1D-PSPC-Mc:Au:900∘C.

400 600 800 1000 400 600 800 1000

Pause 0 s

(a) 1D-PSPC-Mc : TiO2

Pause 2 s

Pause 4 s

R
ef

le
ct

an
ce

 (a
.u

.)

Pause 8 s

Pause 6 s

Wavelength (nm)

Pause 0 s

(b) 1D-PSPC-Mc:TiO2:450°C

Pause 2 s

Pause 4 s

R
ef

le
ct

an
ce

 (a
.u

.)

Pause 8 s

Pause 6 s

Wavelength (nm)
Figure 50 – Shift in reflectance spectra of samples S40-S45. (a) 1D-PSPC-Mc with TiO2 depo-

sition and (b) after thermal annealing for different etch-stop times.
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Table 13 – Comparison of the position of the microcavity based on the reflectance spectra of
Figure 30 and Figure 50.

Samples Break As-etched 1D-PSPC Mc:TiO2 1D-PSPC Mc:TiO2:450∘C
(s) (nm) (nm) (nm)

S40 0 486.8 485.2 448.2
S45 2 741.0 776.3 711.3
S42 4 802.2 803.9 751.9
S43 6 953.5 977.6 900.3
S44 8 - - -

and microcavity features are preserved after TiO2 passivation, but the PBG position of
some samples (S45 and S43) is red shifted, as summarized in Table 13, while the shift
for the others is negligible and within experimental error. The position of the cavity is
denoted by 𝜆𝑐 and marked by black arrows in Figure 50a.

To understand this ambiguous behavior, one must consider that the as-passivated
devices are composed of Si, air, and TiO2. However, considering that TiO2 has a lower
refractive index than Si (Figure 32), a blue shift in PBG and microcavity position of all
samples is expected after passivation (Figure 53). However, Figure 50a shows us the op-
posite behavior. This redshift and also the non-displacement of the PBG can be explained
by assuming that the pores were completely filled with sol-gel TiO2 solution, which leads
to a redshift because of its refractive index is larger than that of air, since sol-gel TiO2
is composed of xylene, water, and titanium butoxide (IV). Similar behavior is observed
when 1D-PSPC or microcavities are filled with organic solvents [70]. Pacholsky [88] says
that for samples with unshifted PBG, this is because the pores are not filled by the so-
lution, i.e., the TiO2 sol- gel forms a thin sealing layer, keeping the pores unfilled, so the
optical response remains unshifted. This is the reason that 𝜆𝑐 remains almost in the same
place within the experimental error 52a.

To remove any impurities that might originate from the TiO2 sol-gel, such as
trapped molecules in the surface (Figure 51a) or porous matrix (Figure 55b), the five de-
vices were thermally annealed in air environment at 450∘C for 15 minutes. The reflectance
spectra of Figure 50b show an enhancement of the transmission band of samples S45, S42,
and S43, and the position of 𝜆𝑐 (Table 13) clearly shows the blue shift of the resonance
peak as a result of the formation of SiO2 and the calcination of organic impurities from
the TiO2 sol-gel during the thermal treatment. According to the FTIR analysis (Figure
55c), the organic impurities were eliminated after the thermal treatment.

After this passivation treatment, the complex system is described as a medium with
four components: Si, SiO2, TiO2, and air (1D-PSPC-Mc:TiO2:SiO2). The study followed
the same procedure as for the gold-passivated 1D-PSPCs. As for the non-reaction of
TiO2 after thermal annealing, the only phases that change are silicon, which converts to
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SiO2. For this condition, and assuming ∼14% of TiO2 inside the pores, the theoretical
results of the degree of oxidation of silicon are shown in Figure 54. This figure should be
interpreted in the following sense: If the initial porosity of the PS layer is higher than 48%,
the system remains porous even after complete oxidation. For layers with porosity lower
than 48%, the porous structure could be filled up and consequently, the porous structure is
transformed into a nanocomposite. However, this depends on the oxidation temperature.
When the TiO2 concentration is increased, the pores are naturally filled faster and thus
the n𝑒𝑓𝑓 tends to increase [88]. The advantage of using TiO2 as a passivation layer is
the formation of a two-phase passivation layer after thermal treatment, which ensures a
chemically stable porous surface, making this structure suitable for use as a sensor.

4.4.3.1 Complementary analysis for TiO2 in multilayers: FTIR, EDS and XRD

The presence of TiO2 within the pores was investigated by FTIR and EDS analysis.
Since all 1D-PSPC-Mc were simultaneously subjected to passivation by immersion in a
TiO2-based solution, the FTIR of sample S40 is shown in Figure 55 as a representation of
this group of devices, since analogous behavior was observed in the other samples. Figure
55a corresponds to the FTIR spectrum of the TiO2-based liquid in which the samples were
embedded. The labeled peaks between 2960 and 830 cm−1 correspond to the isomers of
xylene [95][96][97]. The peaks at 770 and 743 cm−1 are associated with 𝜈(Ti-O) vibrations
in multiphase TiO2 [98], while the broad band at 3436 cm−1 and the peak at 1638 cm−1

belong to the -OH groups. In the case of the spectrum after one week of immersion (Figure
55b), the absence of peaks corresponding to the isomers of xylene is striking, leaving only

(a)

(b)

Figure 51 – (a) Images of the 1D-PSPC-Mc embedded with TiO2. (b) Images of the 1D-PSPC-
Mc embedded with TiO2 and thermal annealing at 450∘C for 15 min. Sample S40-
S45.
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Figure 52 – Comparison curve of 1D-PSPC-Mc in the as-etched (black), with TiO2 deposition
(green), and after annealing at 450∘C (red) for the (a) microcavity position, (b)
FWHM of transmission band, and the (c) width of the PBG.

the broadband and the peak associated with the -OH groups. Moreover, the presence of
the peak at 1038 cm−1, which overlaps with that at 1104 cm−1, indicates the coexistence
of SiO2 covering the pore surface and m-xylene forming the sol-gel layer. After thermal
treatment at 450∘C for 15 min, these peaks were suppressed, and the peaks associated
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Figure 53 – Calculated dependence of the effective refractive index with a wavelength in a system
composed of air, titanium dioxide, and porous silicon with initial porosity of 70%.
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volume fraction of TiO2 is 0.138
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Figure 56 – Energy dispersive X-ray spectroscopy (EDS) of 1D-PSPC-Mc showing the (a)
atomic percent at depth and (b) map of the surface of sample S45.

with the formation of SiO2 appear well defined.

Although the presence of TiO2 could not be detected by FTIR due to the resolution
limits of the instrument (most peaks are below 600 cm−1 [99][100]), the formation of this
compound within the pores after the thermal treatment was identified by EDS analysis,
as shown in Figure 56. The cross-sectional analysis over the entire thickness of the device
(from 0 𝜇m to 3.5 𝜇m) shows that a larger and homogeneous concentration of TiO2 is
formed at the surface of the pores (Figure 56b), leading to the formation of a gradient in-
depth not only in the TiO2 concentration but also in the porosity and thus in the effective
refractive index. However, as far as the distribution of the TiO2 surface is concerned, the
EDS map reveals an almost homogeneous distribution of Ti, O, and C on the whole
surface (Figure 56b).

XRD analysis is of paramount importance for the identification of crystallographic
features, such as the identification of phases and phase transitions in multiphase TiO2

structures. Figure 57 shows the XRD patterns of the five devices (S40-S45). The peak
at 69.23∘ corresponds to the Si [93]. The peaks at 61.85∘, 68.79∘, and 74.69∘ correspond
to TiO2 in the anatase structure of plane (204), (116), and (215) [101][102][99][98], the
peaks at 44.29∘ and 61.85∘ indicate the (210) and (002) crystallographic planes of TiO2 in
rutile structure, respectively [98]. The peaks associated with TiO2-rutile indicate a phase
transition, as the oxidation temperature was 450∘C, and also the coexistence of anatase
and rutile, as the peak at 61.85∘ is attributed to both phases, as reported by Verma et al.
[98].

As mentioned above, some groups of samples were subjected to passivation by
thermal oxidation and deposition of gold and TiO2, followed by thermal sintering in air
at 900∘C and 450∘C, respectively. Optical stability was investigated by measuring the
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Figure 57 – Comparison of X-ray diffraction (XRD) of passivated devices with TiO2 and ther-
mally oxidized devices (a) S40, (b) S45, (c) S42, (d) S43, and (e) S44.

optical response of these passivated structures after 20 to 36 weeks of storage, and the
results for some representative samples are summarized in Figure 58. The optical response
of the storage-passivated samples is practically unchanged in the optical position, although
some slight differences in intensity are observed, which can be attributed to difficulties in
focusing the same porous region in both measurements.

The identification of molecular absorption and functional groups was confirmed by
FTIR analysis. For the case treated by thermal oxidation (Figure 59a), the characteristic
peaks at 1725, 1103, 1025, and 792 cm−1 correspond to the C=O stretching vibration [103],
the asymmetric Si-O-Si vibration [104][105], the Si-O bond, and the Si-O-Si vibration,
and extend to all devices that were thermally oxidized. The presence of carbon comes
from the exposition to organic solvents (alcohols) used to verify the effect of passivation
by reflectance spectroscopy (Figure 58). For the Au-treated devices, the FTIR spectrum
shows similar absorption patterns as for the thermally oxidized sample (S39) (Figure 59b).
The absence of an additional peak that could be associated with compounds from Au, Si,
and O bonds suggests that no such compounds were formed or, if they were, the amount
of compounds is below the sensitivity of the FTIR instrumentation. However, according to
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Figure 58 – Reflectance spectra of samples (a) S37, (b) S32 and (c) S45. In as-etched (dots),
after treatment (red), and the verification (blue).

Bhau et al. [106], the peak around 1030 cm−1 (inset of Figure 59b) indicates the presence
of gold nanoparticles within the porous structure, suggesting that Au diffuses into the
porous structure after thermal treatment and forms these nanoparticles.

As for the device passivated with TiO2 (Figure 59c), the presence of the large
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thermal annealing (S33), and (c) TiO2 and thermal oxidation (S40); the curve in
the black dots corresponds to FTIR immediately after passivation.
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band around 1045 cm−1 is attributed to the asymmetric Si-O-Si stretching, and the right
shoulder is due to the Si-OH stretching [107]. The presence of the hydroxyl group is
attributed to the corrosion feature, as these devices were fabricated using electrolyte type
II, which has H2O in its composition. In addition, a comparison of the FTIR curves
immediately after treatment (curve in black dots) and after 20 weeks of storage is shown.
The FTIR curves confirm the passivation of this type of device. A similar profile confirms
the passivation stability by TiO2.

4.5 Optical response of passivated devices in air and liquid media
Porous matrix, both single layers and photonic crystals exhibit a shift in the re-

flectance spectrum when immersed in different solvents, leading to a change in the neff of
the constituents layers because the refractive index of the solvent is higher than that of
air [88][69][108][68]. This feature makes PS suitable for applications as an optical sensor
with faster response and no risk for handling volatile or flammable substances [109]. The
main advantage of using microcavities for this objective is related to the position shift
of the resonance peak. Similar behavior can be observed for a distributed Bragg reflector
with narrow PBG[110][111].

For the case of single layers as an optical sensor, few works are reported [81]. This
fact can be associated with difficulties in visual perception of reflectance data, since only
the number of interference fringes or even their maximum position is observed. However,
in this case, the OT changes in the FFT spectra can be used as a sensing element due to
the presence of analytes [81][112]. Another way to calculate the OT is to use the slope of
the linear curve m versus 𝜆𝑚 [38]. In this sense, Figure 60 shows the linear trend of OT as a
function of the refractive indices of the solvents measured at the single layers S14 and S15.
The following solvents were used as probes: Methanol (1.326), ethanol (1.359), heptane
(1.387) and toluene (1.493). This measurement was performed in the as-etched devices
(black symbols), with 60 nm Au (yellow symbols), and after sintering in air at 900∘C
(red symbols). The filled symbols correspond to OT, obtained by FFT, and the unfilled
symbols correspond to OT, obtained from the slope of the fitting procedure. The red shift
of the reflectance spectrum, and hence the increase in OT as a function of refractive index
(Figure 60), is due to the refractive index of the solvent being larger than that of air.

The S14 device showed an acceptable optical response along the solvents, while
the S15 immersed in toluene (n = 1.493) left the linear trend. This behavior was associ-
ated with the high volatility of this solvent, so this data was removed from the analysis.
Comparing Figure 60a and b, it is noticeable that the sensitivity of S14 decreases after
Au deposition, but increases again after sintering. Comparable results are observed for
sample S15, despite the calculated OT method. This linear trend is also observed for the
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unoxidized samples. This behavior is to be expected since the OT change is caused by
the presence of the organic solvent in the pores.
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Figure 60 – Optical thickness of single PS layers as a function of the refractive index of the
organic solvent in the as-etched devices (black symbol), after Au deposition of 60
nm nominal thickness (yellow symbol) and thermal sintering at 900∘C (red symbol)
for (a) S14 and (b) S15.
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Figure 61 – (a) Reflectance spectra of S45 device before (above) and after immersion in organic
solvent (toluene). Change of the microcavity position for the (b) as-etched and (c)
passivated (TiO2:450∘C) devices S40 (0 s), S45 (2 s) and S42 (4 s).
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Similar behavior was observed for the multilayer structure. The 1D-PSPC-Mc
devices were immersed in organic solvents. Figure 61a shows the representative reflectance
spectra of S45 in air (top) and after immersion in toluene (bottom). The 𝜆𝑐 shift to a
higher wavelength is observed due to liquid infiltration with solvents having a higher
refractive index than air. The relationship between the resonance peak and the refractive
index of the solvent is shown in Figure 61b for the as-etched (top) and TiO2/450∘C
passivated devices (bottom), respectively. However, comparing the results of single layers,
the analysis of the 𝜆𝑐 shift is faster even with the naked eye. Moreover, the accuracy of
this dependence of the 𝜆𝑐 refractive index on the solvent is higher.



88

5 Conclusions

Photonic crystals and microcavity devices based on porous silicon are of great
importance in photonics, optoelectronics, and even optical sensors. The main difficulties
for the fabrication of devices with excellent optical responses were associated with in-
depth inhomogeneities. To solve it, the inclusion of a pause between layers during their
formation was suggested. Although this strategy was reported as a possible solution, a
systematic investigation about the effect of this pause was not systematically investigated.
Here the systematic investigation provides the following conclusions:

• In photonic crystals and microcavities, the inclusion of a pause between two adjacent
H and L layers shows a red shift in PBG. This behavior was caused by an increase
in optical thickness, i.e., an increase in physical thickness and a decrease in porosity
of each constituent layer. The change in PBG position and width is the result of an
increase in thickness and a decrease in porosity due to the etch-stop time, which in
turn promotes the restitution of HF at the etch-front during pore formation. With
respect to the silicon etching rate, it was demonstrated that the silicon dissolution
during pore formation depends on both the electrolyte type and the etch-stop time.
H2O in the ethanolic solution was found to improve the etching rate due to its
oxidizing capability.

• The increasing thickness and decreasing porosity insofar the etch-stop time is not
dependent on the stacking order of the H and L layers, since devices with HLHL...
HL, and LHLH... LH show the same trend. But the HF diffusion in the electrolyte
shows a dependence on the porosity of the top layer. Devices in which the first top
layer has high porosity allow better diffusion of HF into the electrolyte and in this
way increase the diffusion coefficient, but affect the mechanical and optical stability.

• As-etched porous structures are chemically unstable, so their chemical and optical
properties change over time due to the formation of native oxides. Stabilization of
these properties was achieved by passivation using SiO2 growth or even by covering
the porous surface with gold nanoparticles and TiO2. However, despite the passiva-
tion material and after thermal treatment, the position of the passivated photonic
crystal and microcavities undergoes a blueshift, while their width becomes narrower.
In the structure HLHL... HL however, the effect of expansion-contraction due to ox-
idation leads to a violation of Bragg’s law and thus to a loss of PBG. The thermal
passivation was stable over time, which was confirmed by reflectance measurements
after 20 and 36 weeks.
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ANNEX A – Works presented at
conferences and events

1. J. L. M. Villanueva, A.F. Oliveira and D.R. Huanca, Influence of the etch-stop upon
the optical and structural properties of 1D-Porous Silicon Photonic Crystal. 11th
Brazilian German Worshop on Applied Surface Science.

2. J. L. M. Villanueva, A.F. Oliveira and D.R. Huanca, Porous silicon photonic crystals:
Influence of the etch-stop on the optical response. SBMicro 2022.

3. J. L. M. Villanueva, A.F. Oliveira and D.R. Huanca. Influence of the electrolyte
upon the optical response of 1D-Porous Silicon Photonic Crystal structures using
the etch-stop method. II Workshop de Física Experimental da UNIFEI, 2022.

4. J. L. M. Villanueva, D.R. Huanca and A.F. Oliveira. Influence of the electrolyte
and etch-stop time upon the optical response of 1D-Porous Silicon Photonic Crystal
structures. Workshop on Structures Light and its Applications, 2022.
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