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Abstract 

During this thesis work, a number of high quality porous silicon (PSi) microcavities 

with cavity modes (FWHM< 2nm ) in the visible and the near infrared regions have 

been produced. Q-factors>900 have been achieved through low temperature ( - 25°C) 

electrochemical anodization of highly doped p +-type Si wafer in a 35% HF 

electrolyte. The high optica! quality is a result of the very large porosity modulations 

combined with the reduced interface fluctuations. Attempts have also been made to 

stabilize the porous structure to prevent uncontrolled natura! ageing. A UV-assisted 

non-catalytic hydrosilylation reaction with 1-decene was used to passivate the PSi 

samples. Finally thermally induced, post-fabrication tuning of the cavity resonance 

mode, leading to non-permanent and repeatable changes in the porous structure is 

demonstrated. 

Abstract 11 



Acknowledgements 

This project has been carried out in the Optoelectronics Laboratory of the School of 

Physics at The University of New South Wales, Sydney. This thesis work has been 

. made possible by the efforts and generous assistance of others, to whom 1 would like 

to express my sincere thanks. 

Firstly, 1 would like to acknowledge my supervisor Prof. Michael Gal for his 

enthusiasm, encouragement and the stimulating support in performing this thesis. Ris 

effort and time devoted to giving advice and discussing various issues in this work is 

highly appreciated. 1 am very grateful and happy with the opportunity 1 was given to 

do be part of an extremely dedicated and good research group. 

Secondly, I would like to thank Prof. Joachim Wolter for being my supervisor at the 

Semiconductor Physics group of the Eindhoven University of Technology (TU/e). 1 

am very grateful 1 got his permission to go to Sydney again to finish my degree. 

1 have been fortunate to work in a warm, welcoming atmosphere and therefore 1 

would like to express my heartfelt thanks to all the Optoelectronics members who 

made my stay enjoyable and meaningful. 

In particular, 1 would like to address a big thankyou to my friend Peter Reece for his 

help, support and appropriate discussions during my thesis work. We did a lot of work 

together and 1 had a great time working with him. Via this way 1 would like to wish 

him a lot of success with his PhD research and hopefully, one day, that PSi laser will 

lase. 

1 must also thank visiting Associate Professor Gilles Lérondel from the University of 

Troyes, for his guidance and profound knowledge of porous silicon. 1 leamt a lot from 

his method of working and interpreting results. Also, the program he wrote to 

simulate the experimental reflectivity spectra has been a great help in understanding 

the optical properties of porous silicon samples. 1 will never forget the time we 

measured until 5 am in the morning, it was a real pleasure working with you. 

Acknowledgements lll 



Another thankyou goes to Dr. Maria Zheng for her help in preparing samples and her 

funny sense of humour in understanding some of the reflectivity spectra. 

John Tann has been a great help whenever there were problems with the equipment. 

He never hesitated to help anybody and always had a solution ready to overcome 

technical problems of any kind. 

I would also like to wish Asbjorn Frisvoll success with the completion of his Masters 

degree, and of course with bis application for permanent residency. 

I would also like to thank Dr. Tom Puzzer, of the School of Electrical Engineering, 

for his kind help with the various SEM measurements. 

I wouldn't have been back in Australia if it wasn't for my girlfriend Jaimie Crymble, 

who I would like to thank for all her help, support and happy times we had during this 

one year stay. 

Finally, I would like to express my deepest thanks to my parents for the emotional and 

financial support they gave me throughout my university education and it is to them 

that I dedicate this work. 

Thank you for everything, 

Jo Mulders 

Acknow ledgements iv 



UNSW Optoelectronics group members (jrom left to right): 

Dr. Baoquan Sun 

A. Prof. Dr. Gilles Lérondel 

Dr. Maria Zheng 

Jo Mulders 

Prof. Dr. Mike Gal 

Peter Reece 

Asbjom Frisvoll 

Acknowledgements v 



Table of contents 

Statement ............................................................................................... i 

Abstract ................................................................................................. ii 

Acknowledgements ........................................................................... iii 

1 

2 

2.1 

2.1.1 

2.1.2 

2.1.3 

2.1.4 

2.2 

2.2.1 

2.2.2 

2.2.3 

2.2.4 

2.2.5 

2.3 

2.4 

2.4.1 

2.4.2 

2.4.3 

I11tr-()d11<:ti()1t ................................•...•.............................. 1. 

Tlleol"etical back~l"Ollnd ................................................ 'i. 

Electrochemical f ormation ......................................................... 4 

Porous Si f ormation regime ........................................................................ 4 

Dissolution chemistries ................................•......•........................................ 8 

Pore formation ...................................•....................................................... 10 

Pore morphology ................................................•...................................... 12 

Effect of the anodization conditions ........................................ 15 

Current condition ...................................................................................... 15 

Porosity and layer thickness ..................................................................... 16 

Temperature ............................................................................................... 17 

Tempora) breaks during etching .............................................................. 18 

Pentane drying ........................•............................•...... -............................... 20 

PSi microcavities ....................................................................... 21 

Reflectivity ................................................................................. 24 

Dispersion relations for isotropic media ..........•.•••••................•................ 24 

Effective medium approximation .•.•......•..•.••.•.....•..•...•....•...•.•.............•.... 26 

Reflection and refraction .........................................•................................ 28 

2.4.3.1 

2.4.3.2 

2.4.3.3 

Fresnel f ormulae ...•......•.••........•...••..•.•..••.........•..............•....•.......•..... 28 

Single layer ........•.....•..................................•.....................•................. 30 

Multilayers .........•..........................................•.................................... 38 

2.5 

3 

3.1 

3.2 

Passivation of PSi samples ........................................................ 41 

E~p~r-im~11.t~l ...•...•••..........................•..•........................ 'iti 

Substrate and reagents ............................................................. 46 

Anodization cell .•....................................................................... 47 

Table of contents vi 



3.3 

3.4 

3.4.1 

3.4.2 

3.4.3 

3.4.4 

4 

4.1 

4.1.1 

4.1.2 

4.1.3 

4.2 

4.3 

5 

6 

7 

Passivation setup ....................................................................... 50 

Characterization of PSi samples .............................................. 51 

S pectral response •..........••...•............•....•.•••........••....•..•.......•.•...•••..•..•.•...... s 1 · 

Reflectivity setup .........•....•...........•.••..........•.•..••...•....•.........•..••..........•...... 52 

Vacuum chamber ....................................................................................... 57 

Scanning electron microscopy .......•..•..•.•••.................•...................•.......... 59 

Results and discussion ................................................. 60 

Fabrication of high quality PSi microcavities ........................ 60 

Reflectivity spectra .......••..•••.......•....•.•.•..•.........•••..............•.•.••.....••..........• 60 

SEM study .................................................................................................. 63 

Thickness inhomogeneity .........•...•..........•.....•................•....••........••.......... 64 

Decene passivation ..........••........••..•..............................•.•.••......• 65 

Temperature tuning of PSi microcavities ............................... 67 

C<>11~lllSÎ()ll.S •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• '7~ 

Pllbli~~ti<>llS •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• '7~ 

R~~~r-f!ll<.!f!S •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• ~ 

Table of contents Vil 



1 Introduction 

Porous Si (PSi) is not a new material, but was already first produced some 40 years 

ago during studies of the electropolishing of silicon (Si) in HF-based solutions. 

However, the observed deposits were not recognised as being porous Si or Si 

nanostructures for many years. The material was considered as suitable for electronic 

applications (e.g. local insulation, gettering of impurities, etc.), but never in relation 

with optica! applications [1]. 

In 1990, PSi was, in a sense, rediscovered when bright visible light emission from 

porous silicon was observed at room temperature, under UV illumination [2]. The 

observation of photoluminescence inspired numerous researchers worldwide to 

investigate PSi with the purpose of developing Si-based light-emitting devices 

(LEDs), which can eventually result in a new generation of Si chips and extent the 

functionality of Si technology from microelectronics into optoelectronics. 

The fact that PSi emits light is particularly intriguing because Si is traditionally 

thought of as an inherently inefficient light emitter due to its indirect band gap 

(- l.12e V , corresponding to the infrared region), which makes radiative combination 

processes quite ineffective, even at cryogenic temperatures. 

There is a lot of controversy around the origin of the photoluminescence (PL). This 

phenomenon is currently attributed by some to quantum confinement effects of photo

generated excitons in the Si nanocrystallites formed during the electrochemical 

etching, yielding a band gap opening and an increased radiative transition rate [2-4]. 

However, ethers believe that the high specific surface of this porous material plays a 

key role; several models have been proposed to explain the PL contributions from the 

chemica! coverage [5, 6]. 
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PSi is formed from a single-crystal Si wafer by electrochemical etching in an ethanoic 

hydrofluoric (HF) acid solution. PSi layers can be formed in a simple anodization cell 

within minutes, unlike systems made from III-V compounds that require more 

complex deposition or epitaxial techniques, such as metal organic chemica! vapour 

deposition (MOCVD) or molecular beam epitaxy (MBE) techniques [7]. During the 

anodization, a part of the Si is dissolved and the remaining Si forms a sponge-like 

structure (porosity between some 30% up to more than 90%) of interconnected 

crystallites that maintain monolithic crystalline properties. 

The refractive index of PSi can be varied continuously between the indices of air and 

bulk Si simply by changing the porosity. This opens the way to the fabrication of PSi 

multilayers where the porosity, and hence the refractive index varies periodically with 

depth. Interferometric devices with a refractive index modulation greater than 2.5 (in 

the near infrared) have been fabricated, such as filters [8], distributed Bragg reflectors 

[9] and optical microcavities [10]. This refractive index difference is very large when 

compared to GaAs/AlxGa1_xAs dielectric mirrors used in VCSEL (vertical cavity 

surf ace ernitting laser) lasers, which show a refractive index modulation of the order 

of 0.05 [11]. 

PSi multilayer structures have been studied by numerous research groups [12-14]. The 

majority of the studies were concemed with the optica! properties of controlled layer 

stacks which can be used as interference filters [ 15]. lt has been suggested and shown 

that PSi microcavities can be used to fabricate narrow-band LEDs [16]. The idea has 

been pioneered for III-V semiconductors by Weisbuch et al. [17]. By placing an 

optically active source inside the microcavity, the spectra! width of the ernitted light is 

modified, while the emission is enhanced at the microcavity wavelength and being 

suppressed at other wavelengths [18, 19]. 

During this thesis work 1 was involved in a research project with the aim of 

fabricating the first PSi based laser. The underlying idea is to dope the PSi active 

layer, which is sandwiched between the two Bragg reflectors, with rare-earth emitters, 

such as erbium (Er) ions for example [20]. 
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Er ions incorporated into the sponge-like PSi structure emit light at a wavelength of 

l.54µm, which is very useful in optica} telecommunications [21]. During this study, a 

method was developed to produce "custom-made" high quality PSi microcavities with 

Q-factors larger than previously published values [22]. The emphasis of this work 

lies on the characterization and temperature tuning of the PSi microcavity resonance 

mode. 

The contents of this thesis is organized as follows: 

• Theoretica[ background describes the electrochemical formation of PSi, as well 

as the anodization conditions that have an important effect on the optica} quality 

of the PSi samples. This chapter also explains the physical and optical properties 

of PSi microcavities and provides the theory necessary to simulate the 

experimental reflectivity data. Finally, a passivation method is discussed that has 

been used to passivate freshly prepared PSi samples. 

• The Experimental chapter describes the reagents and Si wafer. It also provides a 

detailed description of the experimental setup for electrochemical anodization, 

passivation and characterization of the PSi samples. Two different optica} 

reflectivity spectrometers are discussed, together with the scanning electron 

microscopy (SEM) technique. 

• The experimental results are presented in part Results and discussion. The 

optimization of the formation parameters and post-fabrication temperature tuning 

of PSi microcavities are discussed based on SEM images and/or the simulation of 

their reflectivity spectra. Also, the effectiveness of the UV-assisted passivation 

method is discussed. 

• Finally a conclusion about the results of this thesis work is given. 
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2 Theoretica! background 

The objective of this chapter is to present the porous material that forms the basis for 

this thesis project. The first part describes the electrochemical dissolution process and 

pore morphology of the PSi samples. The second section discusses the influence of 

various anodization conditions on the PSi etching process. The following sections 

describe the construction and properties of PSi microcavities, as well as how to 

simulate the reflectivity spectra of these optica} structures. Finally, a way of (post

fabrication) passivating PSi samples by a non-catalytic photochemical alkene 

hydrosilylation reaction is described. 

2.1 Electrochemical formation 

PSi is nota new material, but it is only relatively recently that its true microstructure 

and properties have been subject to intensive research. It was during the study of 

electropolishing of crystalline Si in a HF environment that PSi was first discovered in 

the 1950s by Uhlir [23] and Turner [24] at Bell Labs. Further research by Memrning, 

Schwandt [25] , and later Theunissen [26] has demonstrated the porous nature of PSi 

layers. PSi has since then been the subject of numerous studies. 

2.1.1 Porous Si formation regime 

A Si surface is known to be virtually inert against the attack of hydrofluoric acid 

when no electric potential is applied [27]. When a potential is applied to Si in an 

aqueous HF solution, a measurable extemal current can flow through the system. 

However, for any current to pass the Si/electrolyte interface, the current must first 

change from electronic to ionic charge carriers. Therefore, a specific interfacial 

chemical redox reaction must occur, the nature of which is fundamental to PSi 

formation. 

Theoretica! background 4 Porous Si formation regime 



Fig. 2.1 shows the typical 1-V curves for p- and n-type doped Si. The solid and the 

dashed line indicate the dark response and the response under illumination, 

respecti vel y. 
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Fig. 2.1: Typical 1-V curves for (a) p-type and (b) n-type Si. The insert (top right 

corner) shows a schematic diagram of the anodization circuit, with Vse the 

semiconductor-electrolyte potential (jrom [28]). 

The 1-V curves show some sirnilarities to the standard Schottky diode behaviour, 

expected from a serniconductor/electrolyte interface, including the photogenerated 

currents at reverse bias. There are also some noteworthy differences. For instance, 

even though the sign of the majority carriers changes between p- and n-type Si, the 

chemica! reactions at the interface remain the same. 

Moreover, the reverse-bias dark currents are a few orders higher than what one would 

expect from Schottky diodes. Another anomaly is the open circuit potentials for p

and n-type Si, which are not consistent with the known difference between bulk Fermi 

levels. 
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Both p- and n-type materials are stable under a cathodic polarization, i.e. Si does not 

dissolve. The only important reaction occurs at (very) high cathodic potentials, where 

water is reduced at the Si/HF interface and hydrogen gas is released. 

It is only if the Si substrate is anodically biased that PSi formation can occur. For n

type substrates, illumination is required to ensure the necessary supply of holes. Fig. 

2.2 shows the I - V plot for p +-type Si in a 1 % HF solution, at low anodic potentials. 
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Fig. 2.2: 1-V characteristic of ap+-type (O.Olü·cm) Si substrate in a 1% HF 

solution (jrom [29]). 

At low potentials the anodic current increases exponentially with the electrode 

potential. As the potential is increased, the current exhibits a peak and then remains at 

a relatively constant value. Porous Si formation occurs in the exponential region as 

long as the reaction is limited by the charge supply of the electrode and not by ionic 

diffusion in the electrolyte. This condition is fulfilled for current densities below a HF 

concentration dependent critica! current density je [30]. 

At anodic potentials higher than corresponding to the potential at the current peak, the 

reaction is under ionic mass transfer control and the silicon surface electropolishes, 

retaining a relatively smooth and planar morphology. 
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In between the exponential region and the current peak PSi formation also occurs, but 

the porous layer doesn't completely cover the sample surface. In fact, the porous layer 

coverage of the surf ace decreases as the potential approaches the peak value. In 

addition, the position of these three regions is virtually independent of the type of the 

Si substrate. 

The critical current density j c can be defined as the current density at the start of this 

transition region. As the HF concentration in the electrolyte increases, the transition 

region becomes wider, and the 1-V curves are characterized by a higher je. Fig. 2.3 

shows a logarithmic plot of the increase of the critical current in function of the HF 

concentration. 
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Fig. 2.3: Plot of the critical current densities as function of the HF concentration for 

four types of Si substrates. The solid line corresponds to the peak current density, 

whereas the dotted line is the current density at the maximum slope (jrom [29]). 

As a conclusion, a low current density and a high HF concentration favour PSi 

formation, while a high current density and a low HF concentration favour 

electropolishing. 
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2.1.2 Dissolution chemistries 

PSi formation is based on the partial electrochemical dissolution (anodization) of a Si 

substrate in an HF electrolyte solution. Various mechanisms have been invoked to try 

and explain the rich variety of porous Si structures that can form in HF-based 

solutions, but the exact dissolution chemistries of Si are still in question. However, it 

is generally accepted that holes are required in the initia} oxidation steps for both 

electropolishing and pore formation. 

The hydrogen evolution diminishes approaching the electropolishing regime and 

eventually disappears. During pore formation two electrons are involved for every Si 

atom dis sol ved, and about four electrons take part in the electropolishing regime [31, 

32] . The formation of porous Si is thus characterized by a dissolution valence between 

2 and 4. Current efficiencies are found to be about 2.3 electrons per Si atom 

dissolved. 

The pore formation is characterized by the following general anodic semi-reactions: 

(2.1) 

And during electropolishing: 

(2.2) 

Por both of the regimes, the final and stable product for Si dissolution in HF is 

H 2SiF6 or some of its ionized forms. According to the above reactions, during pore 

formation only two of the four available Si electrons participate in an interfacial 

charge transfer, while the remaining two undergo a corrosive hydrogen liberation. In 

contrast, during electropolishing all four electrons are electrochemically active. 
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Fig 2.4 shows the dissolution mechanism proposed by Lehmann and Gösele [30] , 

which is so far the most generally accepted. 

Hole injcction and auack on a SiwH bond by a Dooride ion 

HF attack to the SiwSi backbonds. Tbc mnaîniDg Si surf.cc atoms are bondcd 
to the H atoms and a siliClOD tctndluoride mo~ i$ ~ 

The silicon tcU'aftuoride ieacu with two HF molecule$ to 
give H:iSiF, and then iooizes. 

Fig. 2.4: Dissolution process of Si as proposed by Lehmann and Gösele (jrom [33]). 

This mechanism is based on a surface bound oxidation scheme with hole capture and 

subsequent electron injection, leading to a divalent Si oxidation state. The Si surface 

is passivated by the hydride honds unless a hole is available and the Si - H honds are 

replaced by Si - F honds during the nucleophilic attack of the fluoride ions. 
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Due to the polarizing influence of the bonded F atom, another p- ion can attack and 

bond under liberation of an H 2 molecule and injection of one electron into the 

electrode. 

Due to the polarization induced by Si - F groups, the electron density of the Si - Si 

backbonds is lowered. As a consequence, these weakened bonds will now be attacked 

by HF in such a way that the Si surface atoms remain bonded to hydrogen. 

Experimental observation of hydrogen bubbles forming on the porous layer supports 

this hypothesis. In addition, spectroscopie techniques have confirmed the presence of 

Si-H surface bonds during PSi formation [34, 35]. 

2.1.3 Pore formation 

Although the ( electro-)chemica} reactions are relatively well understood, the 

mechanism of localized dissolution itself and especially the reason why the pore walls 

are so remarkably resistant against further chemica} attack of the HF electrolyte are 

still poorly understood. 

The model by Beale et al. suggests that the pore formation is initiated at surface 

defects or present irregularities (36, 37]. These kind of changes in surface geometry 

result in a concentration of the electric field, leading to a preferential hole transfer at 

these locations. Therefore, surface inhomogeneities are amplified and pore formation 

occurs. 

The existence of a porous layer in between two plane interfaces is a clear indication 

that the dissolution of Si progresses as a well defined dissolution front, and that once 

PSi is formed the electrochemical etching of this porous layer stops. This means that 

the electrochemical etching is a self-limiting process. 

Beale proposed that a surface region depleted in mobile carriers is formed at the 

Si/electrolyte interface, which is highly resistive to further HF attack. Fig. 2.5 shows a 

schematic diagram of the depletion mechanism. 
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Fig. 2.5: Mechanism of pore formation in PSi. Random pore initiation at the 

Si/electrolyte interface (top panel); formation of depletion layers and directional 

growth of pores (middle panel); and dissolution advance only at the pore tips (bottom 

panel) (jrom [33]). 

The thickness of the depleted region depends on the doping level. lt is several µm 

thick for lightly n-type doped Si, and thin (typically about IOnm) for highly n- or p

type doped substrates. For lightly to moderately p-type doped Si it is non-existent. 

Further, the size of the pores is related to both the width of the depletion layer and to 

the mechanism of charge transfer. In the case of highly doped Si wafers, charge 

transfer is dominated by tunnelling of the carriers. 

For p-type Si, Lehmann and Gösele developed a more quantitative model, which 

suggests a hole depletion due to quantum confinement in the narrow walls between 

the pores [30]. Hole depletion can be expected for any substrate type and doping level 

if the dimensions of the nanocrystals are about a few nanometers. As a result, the 

band-gap energy increases for about Eq = 0.3eV as compared to crystalline Si. 
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Holes therefore need this additional energy Eq to penetrate into the porous layer, as 

shown in Fig. 2.6. This is highly improbable. If Eq is larger than the bias, the porous 

layer becomes depleted and further dissolution is stopped. 

--r·---eq 

HF 

2.1.4 Pore morphology 

Fig. 2.6: Band diagram for 
the Si-electrolyte transition at 
the pore and between the 
bulk and PSi (jrom [38]). 

lt has been verified by Transmission Electron Microscopy (TEM), and various X-ray 

analytica! techniques that PSi consists of a complex network of isolated crystallites 

and/or chains of crystallites linked by narrow Si walls. An important aspect is that 

even highly porous Si (porosity>80%) retains its crystalline bulk-like character [39]. 

The nature of the pore geometries formed depends on (i) the doping type; (ii) the 

doping level; (iii) the anodization current and (iv) the HF concentration. Porous Si 

morphologies are usually grouped into four basic groups; n, p, n+ and p+. Fig. 2.7 

shows the XTEM (X-ray Transmission Electron Microscopy) images of samples from 

each group. 
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Fig. 2. 7: XTEM micrographs showing the morphology of PSi structures obtained from 

p (a), n (b), p+ (c) and n+ (d)-type substrates. The current direction for all samples is 

from bottom to top and the anodization conditions are 49% HF and j = IOmA/ cm 2 

(jrom [28]). 

A p-type Si substrate (a) forms a homogeneous, isotropic and highly interconnected 

sponge-like network of random pores, with extremely small pore diameters, of the 

order of 1 nm. 

As the dopant concentration increases, the pore diameters and the average interpore 

spacings also show a slight increase. The pore diameters and morphologies of p+- (c) 

and n +-type (d) Si are visibly comparable. The formation of the pores occurs in the 

form of little channels oriented in the direction of the dissolution. 

Chuang et al. [40] have demonstrated that pore propagation only occurs in the <100> 

crystallographic orientation for both p- and n-type Si. Note that this direction is 

identical to the direction of the applied current density in the case of <100>-oriented 

substrates. 
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The use of low and moderately doped p-type substrates results in microporous Si 

(pore and crystallite size <2nm), while highly doped p+-type PSi is classified as 

mesoporous ( 2-50nm) [28, 41]. 

The pore diameters in n-type Si (b) are considerably larger than for p-type material, 

and show a tendency to form straight channels at low dopant concentrations, rather 

than the randomly directed pore network of p-type PSi. 
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2.2 Effect of the anodization conditions 

The porous layer microstructure is sensitive to many parameters that need to be 

controlled during the etching process. These parameters include the type and the 

doping density of the Si substrate, the applied current density, composition and 

temperature of the HF electrolyte. Also the fact whether or not temporal breaks are 

included in the etching process and pentane drying is applied after formation will 

have a substantial impact on the quality of the PSi samples. 

2.2.1 Current condition 

Anodization under constant current (galvanostic) conditions allows a better control of 

the formation parameters and is therefore the preferred approach for reproducibility, 

attaining a wide range of porosities and thicknesses [42]. Fig. 2.8 shows the effective 

dielectric constant and etch rate obtained from samples formed with different 

anodization current densities j . 

- 1.0 1-H-++H-t++-H"i"-+-H-+-t-+-++ri-+'1*:1 

~ 300 (b) 
r::! 
-250 

~ 200 
ex: 150 

:::i::: 100 u 
t.Q 50 

0~111-"-~ .................................................................. ............. 
0 100 200 300 400 500 

CURRENT DBNSITY (mA/cm2) 

Fig. 2.8: Effective refractive index at 833nm (top panel) and etch rate (bottom panel) 

as function of the anodization current density for two different substrate-doping levels 

(jrom [43]). Anodization was performed under standard galvanostic conditions, using 

a mixture of H 20: HF: C2H 50H(ethanol) = 1: 1: 2. 
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The refractive index of PSi is determined by its porosity, which depends only on the 

current density of the electrochemical process, once the other parameters are kept 

fixed. The most remarkable difference between p- and p +-type substrates is the much 

broader range of refractive indices that can be obtained in the latter case. The reason 

therefore is the much broader range of porosities ( 20 - 90% ) that can be achieved for 

p+-wafers, as compared to only 65-85% for p-type substrates [43]. 

2.2.2 Porosity and layer thickness 

Together with the layer thickness, the porosity is the most commonly used parameter 

to describe the PSi morphology. Porosity is defined as the fraction of void within the 

PSi layer and can be ea8ily determined by 'gravimetry. The wafer is weighed before 

(m1) and just after (m2) anodization, and after a rapid dissolution of the whole porous 

layer in a 3% KOH-solution [33]. The porosity is defined as: 

P(%) = m1 -mz xlOO 
m1 -m3 

(2.3) 

It is worth noting that the porosity is an average value and that different morphologies 

of the material can be obtained for the same porosity. Samples having 

porosities > 60% are found to luminesce in the visible region [44] . Also, it is well 

known that the lower the HF concentration, the higher the porosity whiles the other 

formation parameters are kept constant [45]. For a fixed HF concentration, the 

porosity of the layer obtained from p +-type doped substrates increases with increasing 

current density j , as illustrated in Fig. 2.9. 
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Fig. 2.9: Porosity of a p+-type 

( 0.010.· cm) substrate as function of 

the current density for two different 

HF concentrations (jrom [ 46]). 
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Fig. 2.10: Thickness of a p+-type 

( 0.010 · cm) substrate as function of 

anodization time for a fixed current 

density of j = 50mA · cm-2 (jrom [ 46]). 

Remarkably, for a fixed HF concentration the layer thickness increases linearly with 

increasing anodization time, as shown in Fig. 2.10. The number of dissolved Si atoms 

is therefore directly proportional to the amount of charge exchanged ( Q = j x time), 

indicating that the valence of the dissolution remains basically constant during 

etching. 

2.2.3 Temperature 

Moreover, it has been found that lateral inhomogeneity and the layer interface 

roughness can be reduced by increasing electrolyte viscosity, either by introducing 

glycerol to the HF solution or by lowering the formation temperature [47]. The use of 

the heavier alcohol is unfortunately hindered by its non-perfect mixability with the 

components of the electrolyte, resulting in rather inhomogeneous samples. 

We have therefore chosen for the Jatter method by varymg the electrolyte 

temperature. Turner [24] has previously shown that by lowering the formation 

temperature the critica} current density j c can be decreased. 
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The same current density as used at room temperature will therefore be closer to the 

critica! current density j c at lower temperatures. As a consequence, a higher porosity 

is obtained and smoother interfaces can be expected [48]. 

Table 2.1 summarizes the effect of the above described parameters on the PSi 

formation. 

lncreasing the ... yields a Porosity Etch rate Critical current 

Current density increase increase -

HF concentration decrease decrease increase 

Anodization time increase constant -

Doping level (p-type) increase increase increase 

Temperature - - increase 

Table 2.1: Effect of the anodization parameters on PSi formation. 

2.2.4 Temporal breaks during etching 

Typical optica! interference filters made of PSi have an overall thickness of a few 

µm , which is in the range where variations of the HF concentration with depth cannot 

be neglected. 

These changes of the HF concentration cause a porosity gradient which degrades the 

filter performance [49]. This effect arises more from the electrochemical etching 

process itself, than from the anodization equipment used. The homogeneity in depth 

of the PSi layers is mainly dependent on two different effects: a chemica! dissolution 

of Si in the elctrolyte and changes in the HF concentration during the anodization 

process. 

The first effect is a function of both the anodization time and the specific surf ace area. 

The thicker the layered structure, the longer the residence of the sample in the HF 

solution and the higher the mass transport of chemically dissolved Si through the 

pores. 
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This effect is much more important for lightly doped p-type mesoporous Si (specific 

surf ace of about 500 - 700 m 2 /cm 3 
), while it is almost negligible for heavily 

doped waf ers, because of the much lower specific surf ace area ( 200 - 250 m 2 /cm 3 
) 

[50-52]. lt is well known that the chemical dissolution saturates relatively fast, 

typically 15 mins fora 5% HF concentration [46]. 

Based on the generally accepted models for PSi formation, Si dissolution is initialized 

at the bottom of the pores and is restricted by the carrier' s transport in the porous 

structure itself and by the mass transport of the reactants through the pores [30, 37, 

53]. The dissolution can be described by Fick's law: 

FHF' =DHF (ctop -Cbottom)/d (2.4) 

with F HF is the flux of HF molecules, D HF the diffusion coefficient of these 

molecules into the pores, c10P and cbottom the HF concentration at the top and bottom 

of the pores, and d the depth of the pores. For a certain value of d , the decrease of 

the HF concentration from top to bottom is thus larger for higher applied current 

densities. 

Since a lower HF concentration corresponds to a higher porosity (c.q. Fig. 2.9, §2.2.2) 

for a constant current density, the HF concentration gradient in the pores induces a 

local variation of the porosity. lntroducing temporal breaks during the anodization 

enables the regeneration of active HF species and an out-diffusion of inactive species 

through the pore network. 

These processes contribute to maintain an almost constant concentration of HF in the 

pore tips and lead to a more in-depth homogeneous layer. The duration of the anodic 

current pauses depends a priori on the quantity of dissolved Si, and therefore of the 

amount of used HF during etching. lt is obvious that for long total etching times, a 

compromise has to be made between the pause duration and the effect of chemical 

dissolution. 
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2.2.5 Pentane drying 

The drying of freshly prepared samples forms another crucial step in the fabrication of 

PSi samples. After formation of highly porous and/or thick layers a cracking of the 

sample is systematically observed when the (mixture of) electrolyte (and ethanol) 

evaporates out of the pores. Fig 2.11 shows a SEM image of a cracked PSi multilayer 

structure. 

Fig. 2.11: SEM observation of a cracked PSi multi-layered sample. 

Cracking is governed by the large capillary tensions associated with the evaporation 

out of the pores. During evaporation, a gas/liquid interface forms inside the pores, 

accompanied by a pressure drop Ilp . 
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The maximum capillary pressure is given by the Laplace equation [54]: 

/).p = 2rLv cos8/ r (2.5) 

Where r LV iS the SUrface tension Of the pore Jiquid, 8 the COntaCt angle WÏth the 

surf ace and r the pore radius. In the case of water evaporating from microporous Si 

for example, l:ip can exceed 150MPa [55]. However, pentane (which wets the PSi 

surface) has a very low surface tension (YLv = 14mNm-1
) and doesn't chemically 

react with PSi. 

Using pentane as a drying liquid will therefore strongly reduce the capillary tension. 

This way, PSi layers with porosities up to 90% and thicknesses of the order of 20 µm 

have been successfully prepared [56, 57]. 

2.3 PSi microcavities 

This part outlines the optical and structural properties of the PSi microcavities, which 

form the key element in the development of the first Si-based LED. 

The last decade, PSi multilayer structures have been intensively studied. The majority 

of the research was done on the optical properties of dielectric layer stacks which can 

be used as interference filters and optical waveguides [58]. Por example, the large 

luminescent linewidth is dramatically narrowed by the use PSi microcavities, which 

consist of an active PSi layer embedded between two PSi distributed Bragg mirrors 

(DBM) [59]. Moreover, the emission intensity increases by about an order of 

magnitude compared to the PSi reference layer. Microcavities entirely made of PSi 

were first demonstrated in 1994 by Frohnhoff et al. [60]. 

The very narrow pass-band is a consequence of the multiple reflections from the two 

parallel mirrors, separated by the spacer or cavity layer. The resonance wavelength 

equals llc/4 = mncd, where mis the order, nc the active layer refractive index and d 

its thickness. 

Theoretica! background 21 PSi microcavities 



The fact that the luminescence properties can be enhanced by the use of PSi 

microcavity structures triggered the research to develop the first, entirely Si-based 

LED (or laser). The idea is to eventually dope the spacer layer with luminescent 

centres, e.g. Erbium (Er) atoms. The large refractive index difference that can be 

obtained between adjacent PSi layers (c.q. Fig. 2.9, §2.2.2) combined with the good 

control of the PSi etching process allows the fabrication of optical structures with a 

sharp resonance mode at the emission wavelength of the dopants [61]. 

The thickness and the refractive index (and thus porosity) of each layer of the DBMs 

are chosen to result in an optical path length nd = À/ 4, with n the refractive index of 

the PSi layer [62]. The typical scheme of a quarter wave stack ( 1/4) PSi microcavity 

is illustrated in Fig. 2.12. 

top 
Bragg 
m1rror 

bottom 
Bragg 
11111TOI 

air 
_,...., lo\v porosity 

• high porosity 

J spacer lay"'er 

Fig. 2.12: Cross sectional view of a PSi microcavity resonator. The structure shown 

contains two multilayer mirrors of alternating low and highly porous layers, separated 

by the cavity spacer layer. 
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Usually, the bottom Bragg mirror consists of more layers than the top one to 

compensate for the asymmetry due to fact that air forms the top boundary, while the 

bottom DBM is bounded by the Si substrate. To ensure a maxima! variation of the 

refractive index throughout the entire structure the top layer is low porous, while the 

bottom layer is of high porosity. 

It is the self-limiting property of the electrochemical PSi anodization process which 

allows the formation of multi-layered structures, consisting of altemating layers of 

different porosity. PSi microcavities are formed by periodically varying the current 

density. Hence, by varying the current density, it is possible to vary the porosity in the 

etching direction only at the etch front [63]. 

This way, a current versus time profile can be translated into a porosity (i.e. refractive 

index) versus depth profile. A detailed calibration of the etch rate and the effective 

refractive index as a function of the anodization current density therefore enables the 

design of the desired PSi microcavity [63]. 

The choice of anodization parameters (c.q. Table 2.1, §2.2.3) and starting substrate 

are critical for the formation of these Fabry-Perot structures. As the substrate doping 

is concemed, p+-type doped substrates allow a higher variation of refractive indices 

and anodization current densities, increasing the quality of the optica! resonance mode 

as well as the height and width of the stop-band. On the other hand, lightly p-type 

doped substrates are more luminescent. 

However, the disadvantage of a low refractive index ratio can be compensated by a 

higher number of periods. Increasing the overall PSi layer thickness causes a depth 

inhomogeneity in the layer stack which is much larger for p +-type substrates, due to 

the higher current density required to form the low porous layers [64] . 

In addition, the rather strong dispersion of the refractive index (c.q. Fig. 2.13, §2.4.1) 

in the visible spectra! range must be accounted for in the design of PSi microcavities. 

The absorption of light in the visible region is known to be higher for the mesoporous 

p+-doped substrates than for microporous p-type samples [65]. 
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2.4 Reflectivity 

This paragraph describes the theory for calculating the reflectivity spectra of single 

layer and multi-layered PSi microcavity structures. The propagation of light into the 

PSi structure can be calculated by sol ving the Maxwell' s equations at each of the 

interfaces. This generates a set of matrix equations that are numerically easy to 

incorporate into software, allowing the simulation of experimental reflectivity data. 

Properties, such as the porosity and the thickness of the porous layer (and therefore 

the etch rate fora given current density) can be determined. 

2.4.1 Dispersion relations for isotropic media 

Before detailing the calculation of the Maxwell's equations, a number of terms have 

to be defined. For a source-free homogeneous isotropic medium of dielectric constant 

E, permeability µ and conductivity cr, the electric ( Ë) and magnetic field ( fI) can be 

written as plane waves of the form Ë = Ë
0
e;(i·r-ca) and fI = fI 

0
e ;(f.r-ca), where k is 

the wave vector or propagation vector, r the position vector of a point in the medium, 

m the frequency and t the time component of the phase. The amplitude of the 

complex wave vector is given by: 

k= m2µ( .4na) ~2µ-
-2- ë+i-- = --ê. 

c m c 2 
(2.6) 

The complex refractive index is defined by: 

- c ~ c -
n=-="\}µe =-k=n+ix 

v (J) 
(2.7) 

The amplitude of the electromagnetic wave can now be decomposed into three 

components: 

• (IJ_ -

(
- ) rn-u·r 

A ; k·r-CIJt -ica c cx:e =e ·e ......_... ~ 
time propagation 
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· ff.. fh ·1 aÀ where the constant x is related to the absorption coe 1c1ent a o t e matena X = - . 
4.7r 

The energy density falls to 1/ e of its value after the wave has advanced a distance 

d = ...!_, which is the penetration depth of the light into the material. 
a 

For non-magnetic materials (silicon in this case), the permeability µ is equal to 1. 

From (2. 7) we find: 

l = n 2 
- x 2 + i2nx . 

'---v---' ~ 
E1 E2 

(2.9) 

In case of a transparent medium the last two terms can be neglected. The medium is 

described by the real part of the refractive index, n. 

Fig. 2.13 shows the wavelength dependence of the real (E1) and the imaginary (E2) part 

of the dielectric constant for various types of Si [66] . In case of porous Si, as the 

porosity of a crystalline Si sample is increased, a remarkable overall decrease of the 

dielectric constant due to the loss of material, and a strong dependence on the doping 

level of the substrate can be observed. 

The spectra! dependence of the imaginary part of the dielectric function for p -type 

porous material is similar to that of SiO. This effect is attributed to the partial 

oxidation of the porous sample, which is more important for p -type than for p + -type. 

In fact it is more complicated than that; the difference remains after dipping the 

sample in HF, which removes the oxide. In fact, it is more an effect of the band 

structure and the effective medium theory. 
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Fig. 2.13: The real (E1) and the imaginary (E2) part of the dielectric constant for 

crystalline Si (-), amorphous Si (-•-), SiO (---), p+-type PSi; 31 % (•) and 57% (•), 

and p-type PSi; 54% ( o) and 65% (ó). Data are obtained from ellipsometry 

measurements (jrom [66]). 

2.4.2 Effective medium approximation 

Inhomogeneous dielectric mixtures, such as nanoporous silicon, with structural 

dimensions small compared to the wavelength of light can be described at a 

macroscopie level by an effective dielectric constant eeff. The effective medium 

approximation derived by Looyenga [67] has been verified to be topologically more 

appropriate for highly doped or mesoporous materials than are the ether 

phenomenological theories [68, 69]. 
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The effective refractive index fora two-component mixture of silicon and air is given 

by: 

- 3~(1 - \.. 2/3 2/3 neff - P T's; + pnair (2.10) 

where p is the porosity of the layer, ns; and nair are the refractive indices of silicon 

and air, respectively. 

Absorption is added by introducing a complex refractive index into the Maxwell's 

equations. The physically significant solution will be the real part of the 

electromagnetic field. 

For temperatures between 0° C and 500° C and in the energy region form le V to 

3.648eV, the refractive index of crystalline Si has previously been fitted to the 

empirica! expression found in the literature [70]: 

n(E, T)= n0 (E)+ a(E'fr (2.11) 

where T is the temperature expressed in ° C , and in function of the energy ( e V ) : 

n0 (E) = [4.565 + 97.3/(E: - E2 )]!2 

a(E) = [-1.864 + 53.94/(E: - E 2 )]x10-4 

with E 
8 

the direct band edge of crystalline Si: 

E
8 

= 3.648eV 
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2.4.3 Reflection and refraction 

2.4.3.1 Fresnel formulae 

In this paragraph, the equations for the reflectivity and transmission coefficients are 

derived for a single interface. Consider a sinusoidal plane wave incident on a 

boundary separating two isotropic media at z = 0 . Let the plane of incidence be the 

x- z plane, as depicted in Fig. 2.14. 

-k. 
l 

x 

z 

Fig. 2.14: Reflection and refraction of light at a plane boundary between two 

dielectrics. Ë is perpendicular to the plane of incidence. 

The Maxwell's equations become: 

- 1 - -H=-kxE 
µm 

(2.12) 

- -1 - -E=-kxH 
em 
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Geometrically, kis perpendicular to both Ë and H; ËxH in the direction of k. 

Calculating the propagation of the electromagnetic wave into the absorbent medium 

basically comes down to solving the Maxwell's equations for a complex dielectric 

constant e and wave vector k . 

All three propagation vectors k;, k, and k lie in the plane of incidence and therefore 

have the same tangential components. 

For the x-direction: kix = krx =koe 

For the z-direction: krz = -kiz = - m ~ê1 cos 2 8; 
c 

(2.13) 

According to the polarization of the E -field, conservation of the tangential 

components of the electromagnetic field at the interface leads to the following set of 

equations: 

Perpendicular (_l_) 

E;y +Ery = E,)' 

Hix -H,x =Htx 

Parallel (/ f) 

H;y +H")' = Hty 

Eix -E,x = Etx 
(2.14) 

To simplify the equations for the reflection (r) and transmission (t) coefficient, we 

choose E as the variable in case of perpendicular, and H for parallel polarization. 

Applying the Maxwell's equations (2.12) in each medium for the x-(l_) and the z -(//) 

direction results in the relationship between H x and E Y and Ex and H Y , respectively. 
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This leads to the Fresnel' s formulae for reflection and transmission: 

Perpendicular (l.) Parallel (//) 

E =(k" -k,, f H,, = ( e,k, , -e,k,, ,, 
ly k 0 

kl z + 2z t: 2kl z + ê1k2z 
"--v---"' 

r .l ' 11 

(2.15) 

E -( 2k,, f H -( 2E,k,, r 2 - 0 2 - 0 
Y kl z + k2z Y t: 2kl z + ê1k2z 

"--v---"' 
tl. 111 

Tl}e intensity of the reflected and transmitted light are given by lrl 2 
and ltl 2

• 

2.4.3.2 Single layer 

The next step towards the simulation of multi-layered PSi microcavities is the 

calculation of the reflectivity of a thin single layer (PSi film) on top of a substrate (c

Si). Consider an isotropic homogeneous dielectric film of thickness d situated 

between two homogeneous media. A single layer therefore consists of two interfaces, 

for which we can apply the above Fresnel's equations separately. The quantities 

referring to the three media are denoted by subscripts 1, 2 and 3. 

In general, multiple reflections (J, 2, . ") of the various interfaces lead to the well

known effect of optical interference. The coefficients of reflection and transmission 

can be calculated using the "4-wave" forrnalism [71] in which a single layer is 

equivalent to the situation illustrated in Fig. 2.15. 
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Fig. 2.15: Reflection and refraction of light by a thin homogeneous film of thickness 

d. 

The "4-wave" situation at the top interface of the above figure can be decomposed 

into a linear combination of two propagations, respectively from medium 1 to 2, and 

from medium 2 to 1. The two media are assumed to be semi-finite. 

1 

+ 
1 

Fig. 2.16: Schematic representation of the two situations that make up the "4-wave" 

formalism. 
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Using the Fresnel's formulae (2.15), the following equations for the respective 

interfaces can be derived (the general expression is a linear combination of the two 

situations depicted in Fig. 2.16): 

For interface 1/2: 

A, =a A; = f3 

A; = ar12 + /3t21 A1 = at,2 + f3r21 

or 

A; = A1r12 + A;t21 and A2 = A1t12 + A;r21 (2.16) 

For interface 2/3: 

(2.17) 

From (11): 

and 

In general: 

1 rmn 

(~:)= tnm tnm {~:) (2.19) 
rnm t - rnmrmn 
tnm mn t 

nm 

Transfer matrix 

The transformation matrix relates the fields at the two adjacent boundaries. 

Propagation of the E.M. field A2 ( A;) is characterized by a factor e;"' ( e-;"' ), with a 

complex phase l/f = kzd. According to (2.7), this term incorporates the propagation 

(n) and losses due to absorption (X). 
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This results in: 

1 r21 1 r32 

(~)= t12 t12 (" 0} t23 t23 {~: J (2.20) 
~ r12 r21 0 e"" r23 r23r32 

t --- t ---
t12 21 t "--v--' t23 32 t 

12 23 
Propagation 

matrix 

From (2.20) the coefficients of reflectivity and transmission can be easily calculated: 

In terms of randt, the reflectivity and the transmissivity are: 

R = lrl2 = r1; + 21j2r23 cos(2V' )+ r~ 
1+2r12 r23 cos(21/f )+ 1j;r2; 

(2.21) 

(2.22) 

(2.23) 

In the case of a real refractive index that is constant in function of the wavelength À., 

1/f = 2nn2d cos82/ À, corresponding to the phase change while passing through 

medium2. 

In genera!, the absorption and the refractive index show a wavelength dependency, 

whereby the real and the imaginary parts of the complex refractive index are related by 

the Kramers-Kronig relation. Due to the dispersion, it becomes more difficult to 

determine n and X from reflectivity measurements (it depends whether the fringes can 

be observed or not). 

Theoretica! background 33 Single layer 



The reflectivity of a single layer sample is an oscillating function for which we can 

define the contrast C as: 

(2.24) 

with Rmax and Rmin the maxima and the minima of the reflectivity. Rmax and Rmin 

correspond to e 2
;11' = 1 and -1, respectively. 

The position of the interference maxima satisfies the following equation: 

(2.25) 

For a constant refractive index, the characteristic distance between the fringes is equal 

to (2n2d cos82 t1. 

The reflectivity of crystalline Si (in air) is given by the following equation: 

R . = ( 1- nc-Si J2 
c-S1 l + nc-Si 

(2.26) 

with nc-s; the refractive index of crystalline Si. 

Using (2.22), the reflectivity fora freestanding porous layer is simplified to: 

R = 2r1; (1 + cos(21f! )) 

1 + r1; &ï; + 2cos(21/f )) 
(2.27) 

The reflectivity only depends on the refractive index of the PSi layer, n2 (given that 

1 ) · · al · 4r,; h"l · · · 1 al 1 nair = ; lts maximum v ue is ( 
2 

) 2 w ie its mm1ma v ue equa s zero. 
1 + 'i2 
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For a porous layer on a Si substrate, the maximum of the reflectivity now depends on 

the refractive index n3 = ns; of the substrate, and is given by: 

( )

2 
1-ns· 

Rmax = 1 = Re-Si · 
1 +ns; · 

(2.28) 

Thus, for a thin film on a substrate, the reflectivity maxima are tangent to the 

dispersion curve of crystalline Si. For this case, the reflectivity minima are not equal 

to zero and the contrast is reduced. 

Fig. 2.17 shows the reflectivity spectra (perpendicular incidence 82 = 0) of 

crystalline Si, of a freestanding porous Si layer and a porous Si layer on a Si substrate. 
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Fig. 2.17: Comparison between the reflectivity spectra of crystalline Si, a freestanding 

porous layer and a porous layer on top of a c-Si substrate. The PSi layer is 50% 

porous and has a thickness of 0.75µm. (absorption is not included in the simulation). 
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The reflectance minima are given by: 

(2.29) 

Therefore, maximal contrast ( Rmin = 0 ) is obtained for n2 = Fs; , which corresponds 

to a porosity of about 63%. 

Fig. 2.18 shows the reflectivity spectra (e; = 0) for a 30% and 63% (wherefore 

Rmin = 0) porous Si single layer. 
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Fig. 2.18: Comparison between the reflectance spectra of a single PSi layer sample 

with porosities of 30% and 63%, respectively. The thickness of both layers is 

0.75µm. 
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On the other hand, increasing the layer thickness results in an increase of the total 

amount of fringes in the reflectivity spectrum. The contrast is independent of the layer 

thickness and will therefore not be affected by a thickness variation. 

Fig. 2.19 shows the reflectivity spectra (O; = 0) of 50% porous Si single layer with 

thicknesses of 0.5µm and lµm, respectively. Doubling the layer thickness results in a 

doubling of the amount of fringes, as is illustrated below. 
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Fig. 2.19: Thickness dependence of the reflectivity spectrum of a 50% porous Si 

single layer. 

Thus, by simultaneously adjusting the position and the contrast of the reflectivity 

fringes, the refractive index and the thickness of the PSi single layer can be obtained 

from the simulation. 
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2.4.3.3 Multilayers 

Finally, the calculation can be extended to a stack of N dielectric layers with 

thicknesses d i and dielectric constants ê i (j E {1 .. N }) by applying the continuity 

condition (2.14) at each of the interfaces. The direction of the calculation is opposite 

to the field propagation, whereby the intensity of the field at the substrate is arbitrarily 

chosen to be one. 

Bo 

Bj-1 A. el\.V. 
~-1 j·l 

Bsubstrate 

' . A· e·1
\JI· 

~ J 
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Fig. 2.20: Schematic representation for the calculation of light propagation into a 

multilayer structure. 

According to the polarization of the Ë -field, we find the following set of equations: 

Perpendicular (_!_) 

A -i"'1-1 A' ;"'1-1 A A' . 1e + . 1e = . + . 1- 1- 1 1 

k (A -i'1'1- 1 A' ;"'1-1 )- k (A A ' ) 
- z1_1 i-le - i-Ie - - z1 i + i 

(2.30) 
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Parallel (//) 

(2.31) 

(2.32) 

This bottom-up approach relates A
1

_1 and A~_1 to A
1 

and A~. After successive 

iterations, Ao and ~ can then be expressed in function of Asubsiraie • The intensity of 

the reflectance and the transmission is given by: 

. 2 2 2 

R=iri2=~' T = k substrate f _ k substrate 1 
ko ko Ao 

(2.33) 

These equations enable us to simulate the experimental reflectivity data. This will 

help us in obtaining structural information about the multilayered PSi structures that 

form the basis of our research. 

Fig. 2.21 shows the reflectivity spectrum of a quarter wavestack PSi microcavity (or 

Fabry-Perot) structure consisting of 5 Bragg mirrors on top and 5.5 Bragg mirrors on 

the bottom. The top layer is of low porosity (25%) and the bottom layer, as well as 

the cavity spacer layer are highly porous (85% ). 
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Fig. 2.21: Reflectivity of a 5 by 5.5 PSi microcavity structure. The porosities are 

(25%) and (85%) (absorption is not included). 

The large porosity difference of adjacent layers insures a large refractive index 

modulation which results in optimal optical properties. The quality of the PSi 

microcavity is determined by the FWHM and depth of the resonance mode, centred in 

the 100% (theoretically) reflective Bragg plateau or stop-band. The quality of 

microcavity structures can be expressed by their Q-factor, being the ratio of the 

position ( ~) and the FWHM of the resonance mode, ~ 
FWHM 

Theoretica! background 40 Multilayers 



In a high order approximation, the width of the Bragg plateau of a one-dimensional 

DBM structure is given by the relation (72]: 

(2.34) 

with ).0 the centre wavelength and !in the difference in refractive index of adjacent 

layers. 

The optica! path length nd of each layer making up the Bragg mirror is equal to À/ 4 , 

with À(= lµm) being the resonance wavelength of the PSi microcavity. For the 

illustrated case, the thickness of the cavity spacer layer is À/2 . 

2.5 Passivation of PSi samples 

For optoelectronic applications it is necessary that the fabricated structures remain 

stable in time when exposed to ambient conditions. This part summarizes the most 

commonly used passivating techniques and also describes a way of passivating PSi 

samples by a photochemical alkene hydrosilylation reaction. 

Due to the enormous active mner surface area of the PSi samples, the material 

oxidizes very fast compared to bulk Si [73]. It is well established that the relatively 

easy-broken Si-H x bonds on the surface of freshly etched PSi are slowly converted 

into a sub-monolayer native oxide ( SiO x) during exposure to ambient air [74, 75]. 

The natura! oxidation consequently causes time and ambient dependent properties, 

aging effects and uncontrolled deterioration of optoelectronic device performances. 

It was firstly demonstrated by Canham et al. [76] that this phenomenon is particularly 

pronounced for luminescent high porosity Si. The speed and extend to which 

oxidation occurs during atmospheric exposure at room temperature depends upon 

many factors. The ageing slows down with time and the native oxide growth is 

typically complete after about a year. 
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The evolution of the photoluminescence spectra for two PSi microcavities is shown in 

Fig. 2.22. 
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Fig. 2.22: Evolution of the luminescence spectra for two PSi microcavities with eight 

(left panel) and six (right panel) periods for each Bragg mirror (jrom [77]). 

The resonance linewidth hasn't broadened much, while the PL intensity is enhanced 

of more than one order of magnitude. 

The natural ageing causes a change of the refractive index and the thicknesses of the 

PSi layers [78]. The rnicrocavity resonance mode blue-shifts, and if the change of the 

optical thickness is different for the high and low porous layer, the filter performance 

is decreased. Also, the reflectivity, which depends on the refractive index ratio 

n H In L , continuously decreases upon ageing. 

Fig. 2.23 shows the frequency shift of as-prepared samples as function of time for 

storage in ambient air at different temperatures. 
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Fig. 2.23: Shift of the filter wavelength of as-prepared PSi microcavity structures. 

The use of higher temperatures accelerates the oxidation, and also the ageing, very 

strongly (from [79]). 

The above mentioned limitations therefore restrict the use of non-stable PSi structures 

in the fabrication of commercial devices. 

Therefore, many efforts have been made to stabilize the PSi samples by oxidizing the 

surf ace. The oxidation prevents the uncontrolled natura! ageing and is a strategy to 

passivate the Si dangling honds, which are non-radiative recombination centers [80]. 

The oxidation methods include anodic, chemica!, thermal, plasma-assisted and 

irradiation enhanced oxidation techniques. 

During anodic oxidation, the HF solution is replaced by a 0.2M or 0.4M H 2S04 -

solution [81]. The oxidation occurs homogeneously in volume and the degree of 

oxidation is controlled by the quantity of exchanged charge carriers [82]. 

Thermal oxidation is probably the most widely used, and bas been applied to PSi 

microcavities in order to produce stable interference filters [83]. Thermal oxidation is 

usually performed in the vicinity of 450° C, under a controlled atmosphere [84] 

Studies have shown that the formed oxide layer is of poor quality and the pores often 

coalesce. A pre-oxidation at about 300° C is the preferred way of stabilizing the 

structure of the porous layer. 
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Another method of preserving the porous structure is by means of rapid thermal 

oxidation (RTO), whereby the temperature is increased to above 700° C in a few 

seconds. Also, the oxide layer is of very good quality [85, 86]. 

More recently, there bas been increasing interest in the chemica! modification of Si 

surfaces [87, 88]. This strategy bas been shown to be successful in the preparation of 

organic monolayers covalently attached through Si - C and Si - 0 - C linkages to 

flat polished Si surfaces under photochemical [89], electrochemical [90] and thermal 

[91] conditions. These organic monolayers are chemically stable in different organic 

and aqueous media [92]. 

Chidsey et al. observed the formation of stable Si - C honds when hydrogen 

terminated Si surfaces reacted with alkenes in a forma} hydrosilylation reaction [93]. 

In this work the possibility of extending the method for passivating flat Si surfaces to 

PSi samples bas been investigated. The passivation by the non-catalytic 

photochemical hydrosilylation of PSi surface with alkenes is performed under UV 

illumination. The alkene used is purified and deoxygenated 1-decene 

( CH 3 - ( CH 2 ) 7 - CH = CH 2 ). Chidsey proposed a surf ace propagated radical chain 

reaction, as shown in Fig. 2.24. 
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Fig. 2.24: Mechanism for the radical chain driven reaction of a H -terminated Si 

surface with alkenes (jrom [94]). 
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In this mechanism, dangling bonds are proposed to be formed from the irradiation of 

the surface with UV light [95]. The present alkene then reacts with the dangling bond 

(silyl radical) to form a secondary alkyl radical which may then abstract a hydrogen 

atom from a vicinal SiH bond. This hydrogen atom transfer reaction provides the 

saturated organic at the surface and generates a new surface silyl radical which can 

then propagate along the chain. Termination of this surface chain process is expected 

to occur by a radical-radical reaction. 

The most convincing evidence for the formation of Si - C bonds is the observation of 

the expected vibrational transition at 780cm-1 [96]. Given this evidence, there still 

remains uncertainty conceming the efficacy of the radical mechanism. 
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3 Experimental 

This chapter details the experimental setup for the fabrication , passivation and 

characterization of PSi samples. The characterization techniques include optica! 

reflectivity and scanning electron microscopy (SEM). 

3.1 Substrate and reagents 

The samples used throughout this work were synthesized from Czochralski-grown 

highly boron doped < 100 > -oriented p +-type Si waf ers. The 500µm thick single side 

polished wafers were of optica} quality and had a resistivity of 5x10-3 n · cm. As a 

standard processing technique for cleaning Si wafers, the samples were annealed for 

15 minutes at 300° C in an inert nitrogen atmosphere prior to anodization. After 

annealing, the samples were ultrasonically cleaned, first in acetone, then in ethanol 

and finally rinsed with milli-Q deionized water. 

The reagents were purchased from Aldrich and were of the highest purity available. 

The 50% aqueous HF solution (reagent grade) was supplied by Univar, and was 

further diluted with pure ethanol to obtain the desired concentration ( 25% and 35% 

for samples fabricated during this work). 
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3.2 Anodization cell 

Careful design of the electrochemical cell is required to achieve good lateral film 

uniformity [46]. To prevent the photogeneration of carriers, the PSi samples were all 

prepared in the absence of light, using the experimental setup illustrated in Fig. 3.1. 

- thermometer 

PVC cell 

0-ring 

stainless steel .....__ __ 
back electrode 

ball hearing 

Fig. 3.1: Cross-sectional view of the anodization cell. 

The cell is constructed out of HF-resistant PVC material, and is filled with the HF 

electrolyte. Due to the hydrophobic character of the clean Si wafer, ethanol is added 

to the aqueous HF solution to increase the wettability of PSi surface. In fact, ethanoic 

solutions infiltrate the pores, whereas purely aqueous HF electrolytes do not. This is 

very important for the uniformity of the PSi layer in depth. 
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In addition, the sticking of hydrogen bubbles formed on the wafer surf ace during the 

etching process is strongly reduced. This way, the layer uniforrnity is improved since 

the presence of hydrogen bubbles inhibits further penetration of the electrolyte into 

the pores [97]. 

A polished stainless steel disk forrns the back contact of the cell. The ball hearing is 

used to ensure a perfectly horizontal position of the back contact when the screw is 

tightened, thus forrning an optimal electrical contact with the Si wafer. The cell is 

sealed through a rubber 0-ring (0 = 0.7 cm), so that only the front side of the sample 

is exposed to the electrolyte. 

The Si wafer acts as the anode and a circular HF-resistant platinum wire forms the 

counter electrode. The anodization current is supplied by a Hioki 7051 DC 

programmable power supply which allows to switch the current on/off in less than 

500µs. The power supply is operated in constant current mode. A load in the form of 

a 1 OQ resistor is connected in series with the anodization cell to ensure a more stable 

output of the power supply. 

The electrolyte temperature is varied by putting the anodization cell into a 

temperature-controlled chamber. The temperature can be controlled and stabilized 

between room temperature and - 25° C, and is continuously monitored by a digital 

thermometer. 

While waiting for the electrolytic solution to cool down to a certain temperature, the 

electrodes are disconnected from the power supply to avoid any slow chemica! 

dissolution. This process causes the formation of an extra unwanted thin porous layer 

on top of the PSi samples. 

After anodization, the cell is rinsed a few times with pure ethanol (pore infiltration) to 

remove any residual traces of HF. The cell is then demounted and the samples are 

blow-dried under a stream of dry nitrogen gas. Prior to blow-drying, low porous 

samples ( porosity < 60% ) are usually rinsed with ultra-pure deionized water, while 

highly porous samples ( porosity > 60%) are dried in pentane first. 
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Since water and pentane are non-mixable liquids, the highly porous samples aren't 

rinsed with deionized water, but are transferred (in the wet) state from the 

electrochemical cell into a little beaker filled with pentane. After about 5 -10 

minutes, the sample is taken out of the pentane to be blow-dried with dry nitrogen 

gas. 

At first sight the homogeneity of the samples looks very satisfying, except for a small 

ring at the edge of the samples. This problem is well known and results from a current 

density inhomogeneity at the edge of the fabrication cell [98]. 

On some of the PSi samples, the appearance of concentric striations can be observed. 

This radial anisotropy is subscribed to resistivity fluctuations initially present in the 

bulk material [99]; the typical periodicity of the thickness and resistivity oscillations 

is found to be comparable [100]. 

In addition, the flatness of the PSi sample also depends on the curvature of the initial 

substrate. It has previously been shown that the stress induced by the PSi layer results 

in a slight curvature of the sample [ 101]. For optical measurements, the thickness 

variation is avoided by focusing the incoming light to a very small spot onto the 

sample. 
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3.3 Passivation setup 

The setup for passivating PSi samples by reaction with highly pure J-decene is 

reasonably simple, and is shown in Fig. 3.2. 

UV lamp 
Schlenk tube dec ene 

sru.11ple 

protective covering 

Fig. 3.2: Schematic representation of the setup, used for passivating PSi samples. 

The setup basically consists of a UV light source and a quartz tube (Schlenk tube) that 

can be evacuated with a rotary pump to 10-3 mbar. During UV illumination, the 

sample is impregnated with neat J-decene by using a little tray which can be slided 

inside the vacuum tube. The decene solution is redistilled to achieve a very high 

purity. 

Prior to passivation, the decene is deoxygenated by bubbling dry Ar through it for 

about 15 minutes. Also the native oxide surface layer on the PSi material is removed 

by shortly dipping the sample in a 5% HF solution to remove any traces of oxygen in 

the end product. 
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The passivation is performed under UV illumination for 2 hours. Afterwards, the 

excess of unreacted and physisorbed reagent was removed by rinsing, at room 

temperature, with tertrahydrofuran and trichloroethane [102]. Finally the sample was 

dried under a stream of dry Ar gas. 

3.4 Characterization of PSi samples 

The structural properties of single PSi layers or multilayered PSi structures are 

assessed by optical reflectivity and scanning electron microscopy (SEM) 

measurements. The porosity and thickness of the PSi (multi-)layers can, to a very 

good extent, be obtained by simulating the experimental reflectivity data (c.q. §2.4), 

using the Looyenga model (p+-type Si wafers). SEM micrographs on the other hand 

provide exact information of the PSi layer thicknesses, to which the theoretica! 

simulation can be verified to. The vacuum chamber used to investigate the 

temperature dependence of the reflectivity is also described. 

3.4.1 Spectral response 

The reflectivity of the PSi sample is obtained by measuring both the PSi and the Si 

part of the samples, without changing the opties configuration. The Si part is that part 

of the wafer which has not been in contact with the HF solution during the 

anodization. The data obtained from each part is in fact the product of its actual 

reflectivity times the spectral response of the reflectivity setup ( SR ). 

The spectra! response of the system can simply be eliminated as follows: 

RPSi . SR . R - R 
Rs;. SR s;-1 - PSi (3.1) 

with respectively Rps; and Rs; the reflectivities of the PSi and Si part of the sample, 

and Rsi-t the theoretica! value for the reflectivity of crystalline Si which can be 

calculated using equations 2.10, 2.11 and 2.26. Experimental data is analyzed and 

processed using the Microcal Origin® software. 
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3.4.2 Reflectivity setup 

This paragraph outlines the opties arrangement, as well as advantages and 

disadvantages of two different reflectivity setups. For both setups, a halogen projector 

lamp is used as the white light source. The intensity of the light is sufficient over the 

spectra} range of interest ( 350-1750nm ). 

Fig. 3.3 shows a schematic diagram of the 'standard' reflectivity setup. 

loek-in --• 
pinhole monochromator 

. \ 
projector 
lamp 

detector 

pinhole 

:t::~=-1 sample 
\ 

~ 
beam splitter 

diaphragm 

Fig 3.3: Schematic representation of the 'standard' reflectivity setup, using the loek-in 

technique. 

The white light passes a pinhole and is focused onto the entrance slit of a computer

controlled Jobin Yvon SPEX 1681 monochromator. 

The f-number of the focusing lens has to match the f-number of the monochromator in 

order to completely illuminate the optical grating, and therefore enhancing the 

spectra! resolution. The f-number is a measure of the relative aperture of a lens; its 

light gathering capacity. 
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It is defined as the ratio of the focal length of the lens divided by the diameter of its 

limiting opening (aperture): 

f=F 
d 

(3.2) 

where F is the focal length of the lens and d the diameter of the illuminated area on 

the lens. In case of the monochromator, the focal length F corresponds to the 

distance between the entrance slit and the grating, while d is a measure of the size of 

the grating. 

The spectra} resolution of the monochromator is 0.3nm at lOOµm slit width for a 

600gr /mm grating blazed at 750nm. The position of the grating can be calibrated 

with a well-known laser line (e.g. 632.Snm He-Ne transition line). 

The monochromated light is chopped directly at the exit slit before it passes a cut-off 

filter (cuts off wavelengths </leur-on). The chopping frequency sets the sample rate of 

a Stanford Research Systems SR510 analog loek-in amplifier. Using the powerful 

loek-in technique, the superposition of any background light on top of the incident 

light can be neglected. 

The cut-off filter removes any higher order harmonies (Is' ,2nd ,etc ... ) from the 

spectra} region of interest. The light is then collimated to be focussed by a short focal 

length lens toa tiny spot (spotsize < lmm) on the sample. 

A very small spotsize is of great importance when the linewidth (FWHM) or depth of 

the PSi microcavity resonance mode bas to be known exactly. PSi samples usually 

show a lateral inhomogeneity of the layer thickness. A large spotsize would therefore 

implicate the integration over different regions on the sample. This integration causes 

broadening of the resonance linewidth and a genera! decrease of the depth of the 

cavity mode. 
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Assuming an ideal, properly matched optica} system, the spotsize at the surf ace of the 

PSi sample will be equal to 1.22/ NA , with NA the numerical aperture of the opties. 

The numerical aperture of an objective lens system is defined as the product of the 

sine of one-half the angular aperture (µ) times the refractive index of the medium 

( n = 1.00 for air) between objective and specimen: 

NA= n ·sin(µ) (3.3) 

It is clear from this formula that a smaller focal length results in a tinier spotsize. The 

numerical aperture is a measure of the light gathering capacity of the lens system and 

determines its resolving power. 

The PSi sample is mounted on a 3D-stage. By moving the sample laterally along the 

focal plane of the lens, it is possible to acquire reflectivity spectra from different 

positions on the sample. The measurements are performed at normal incidence to 

avoid polarization effects. 

Via a beam splitter, the reflected light is collected through a pinhole by a blue

enhanced Si photodiode (visible region: 0.35µm - lµm) or by a germanium detector 

(near infrared region: lµm -1. 7 µm ). The use of a pinhole in front of the detector 

strongly reduces the collecting angle. This way, the integration over different angles 

of incidence is avoided, improving thereby on the spectra} resolution. 

The detector is connected to the loek-in amplifier, and a computer finally collects the 

reflectivity data. 

However, the small dimensions of the SPEX 1681 monochromator limit the maximal 

obtainable resolution. Also, the spotsize on the PSi samples is still not small enough 

to avoid the integration over different regions of the sample. Despite these 

disadvantages, the basic setup of Fig. 3.3 has been used to get a basic idea about the 

reflectivity of most PSi microcavities. 
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The experimental data could then be simulated, and based on the outcome the PSi 

formation parameters were optimized. This setup is also very suitable for measuring 

the reflectivity of PSi single layer samples, since basically only the contrast and the 

position of the fringes matter for the simulation; therefore a very high spectra! 

resolution is not required. 

Altematively, a Si-based CCD (Charge Coupled Device) optical multi-channel 

analyser collects the reflected light. Fig. 3.4 shows the schematic representation of the 

second reflectivity setup. 
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Fig. 3.4: Schematic representation of the reflectivity setup, where a CCD camera 

spectrally analyses the reflected light. 

A microscope objective couples the incoherent white light from the projector lamp 

into a IEC-793 multi-mode (as a matter of collecting a sufficient amount of light) 

optica! fibre with a core diameter of 62.5µm. Hereby, the numerical apertures of the 

microscope objective and the optica! fibre have to match, in order to maximize the 

coupling and to fulfil the condition of total intemal reflection. 
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The numerical aperture of an optica! fibre is given by: 

(3.4) 

with n1 and n2 , respectively the refractive indices of the fibre core and surrounding 

cladding. 

To minimize coupling losses caused by diffuse scattering at the fibre end, the fibre is 

carefully cleaved perpendicular to the direction of the propagating light. The fibre tip 

is mounted on a three-dimensional micrometer stage (not shown in Fig. 3.4) and 

positioned at the focal point of the microscope objective. Intense laser light (e.g. He

Ne line A, = 632.8nm) is used to align the opties and to optimize the coupling of the 

light into the optica! fibre. The output power of the laser light at the other end of the 

fibre is measured with a Coherent FieldMaster™ power meter, equipped with a 

thermopile sensor. 

The white light is then collimated by placing the fibre end at the focal point of the 

collimating lens. Again, a short focal length lens focuses the light onto the sample. In 

this setup, the core of the optica! fibre is imaged onto the sample, resulting in a very 

tiny spotsize. A diaphragm in front of the focussing lens is used to further reduce the 

spotsize. 

A 3D-stage assures that reflectivity spectra can be measured (at normal incidence) 

from different positions on the sample. 

The reflected light is collected via a beam splitter by a grind (grated refractive index) 

rod with a diameter of approximately lmm. The grind rod acts as a lens and couples 

the light into a second optica! multi-mode fibre. A set of lenses focuses the collected 

light on the entrance slit of a Jobin Yvon SPEX 270M spectrometer. Again, the f

numbers of the focussing lens and the spectrometer are equal. 
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The SPEX 270M interfaces with a Hamamatsu CCD 512x 252 front illuminated pixel 

array ( 24µm x 24µm pixel size ). The CCD camera is cooled by the Pel tier effect and 

has a spectra! range of 0.35 -1. lµm. Reflectivity spectra are acquired by a PC and 

analysed using WinSpec™ software. 

The use of a CCD camera allows to acquire reflectivity spectra very quickly, but on 

the other hand limits the spectra! response to l. lµm, being the Si band-gap. Also, the 

camera shows inherent interference effects that are more important for longer 

wavelengths. The fact that the core of the optica! fibre is imaged onto the sample 

strongly reduces the spotsize compared to the 'standard' setup of Fig. 3.3. This, 

together with a bigger size of the spectrometer, leads toa higher spectra! resolution. 

3.4.3 Vacuum chamber 

The temperature dependence of the reflectivity can be measured by placing the PSi 

samples inside a vacuum chamber. The reflectivity is measured at normal incidence 

with the setup described in Fig. 3.3 and Fig. 3.4, respectively. A turbo pump 

evacuates the vacuum chamber to a moderate vacuum of 10-5 mbar. Fig. 3.5 shows 

the front view of the vacuum chamber. 

The sample is glued onto the hot "finger" with thermally conductive silver dag. The 

copper finger is in good thermal contact with a big copper heat sink to reduce sudden 

temperature fluctuations. 

The temperature of the sample is increased by heating up a volume of paraffin oil. 

The reason to heat up the sample from the outside is to avoid contamination of the 

enormous surface of the PSi material (e.g. by melting salder or plastic of electrical 

wiring). The oil is heated up slowly and continuously stirred to ensure a homogeneous 

temperature inside the oil bath. The hot oil can also be cooled down again by flowing 

water through a little cooling coil. 
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Fig. 3.5: Schematic diagram of the vacuum chamber. 

cooling coil 

PSi sainple 

A thermocouple is connected to a Eurotherm PID (partial integrating differential) 

temperature controller, which supplies the appropriate power to stabilize the 

temperature at a given set point. The sample temperature is simultaneously monitored 

by a thermocouple attached to the hot "finger". 

The quartz window of the vacuum chamber is slightly rotated with respect to the 

sample to avoid that the reflected light from the window is collected by the collecting 

lens or grind rod. The vacuum chamber can be moved in three dimensions at 

micrometer precision, assuring a perfect reproducibility of the sample position. 
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3.4.4 Scanning electron microscopy 

The SEM technique has been used during this work to visualize the microscopie 

structure of various PSi samples. This technique allows us to determine the respective 

PSi layer thicknesses, and thus the PSi etch rates. At the same time, SEM provides a 

powerful tool to examine the interface roughness and pore morphology at sub-micron 

scale. 

For the cross-sectional SEM observation, the PSi samples are carefully cleaved along 

the crystal direction of the Si wafer and mounted perpendicular onto a copper base by 

means of highly conductive, and in ethanol diluted silver-dag. 

SEM micrographs were obtained with a Hitachi S900 scanning electron microscope, 

equipped with a cold field emission source. The high acceleration voltage ( l 2kV ) 

makes it sensitive to material density, rather than surface inhomogeneities. However, 

PSi is a poor electrical conductor, which makes the material very sensitive to surface 

charging. 

This effect can even cause localized melting of the PSi material when the electron 

beam is focussed further down (increased magnification) for a longer time onto the 

sample surface. By systematically evaporating a thin metallic layer (e.g. Au or Al) 

onto the sample surface, this effect of localized surface charging can be avoided. The 

PSi samples examined during this project weren't evaporated though, since a low 

magnification was usually sufficient to extract the information from the micrographs. 
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4 Results and discussion 

This chapter presents and discusses the results obtained from PSi samples. The 

contents can be divided into two parts which discuss respectively the fabrication of 

high quality PSi microcavities and the post-fabrication tuning of the resonance mode. 

Reproducible and non-permanent tuning of optical devices is often a desirable feature 

in optoelectronics applications. 

4.1 Fabrication of high quality PSi microcavities 

4.1.1 Reflectivity spectra 

Fig. 4.1 shows the reflectivity spectrum of a PSi microcavity prepared at room 

temperature. The sample was forrned using an electrolytic solution with a HF 

concentration of 25% and current densities of llm.A/ cm 2 and 220m.A/ cm 2 for 

respectively the low and the high porosity layers. 
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Fig. 4.1: Reflectivity spectrum of a 6(top) x 7 .5(bottom) PSi microcavity prepared at 

room temperature. The insert shows the cavity mode in high resolution, fitted with a 

Lorentzian function. 
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The PSi microcavity consists of a high porosity À 12 spacer layer, sandwiched in 

between two Bragg mirrors of 6 (top) and 7 .5 (bottom) periods each. The FWHM of 

the resonance mode at 786nm (near infrared, NIR) is 3.3nm. The Q-factor of this 

microcavity equals 283. By simulating the reflectivity data, the porosity of the layers , 

is determined to be 35% and 68%, corresponding toa refractive index difference of 

0.8 at 840nm. 

It bas been demonstrated that optical scattering due to interface roughness 

significantly reduces the fringe contrast in the reflectivity spectra of single or multi

layered PSi structures (103]. As described in §2.2.3, the interface roughness can be 

reduced by decreasing the temperature of the electrolytic solution. Lowering the 

mobility of ions in the HF solution increases the rate of electropolishing which tends 

to smooth out any inhomogeneities at the interface. In addition, when PSi is formed at 

lower temperatures a larger refractive index difference is observed, which further 

increases of the optical quality of the sample. 

Although the refractive index modulation and smoothness of the interfaces are 

increased with the forrnation at low temperatures, the porosity of the low porosity 

layer tends to increase with lower temperatures. The overall refractive index 

modulation is thus decreased, and in order to decrease the porosity of the low porous 

layer, the low current density must be reduced. However, the electrochemical 

forrnation becomes more sensitive to chemical dissolution, and saturation of the 

porosity is eventually observed at very low current densities (c.q. Fig. 2.8, §2.2.1). 

Alternatively the HF concentration of the electrolyte solution can be increased. 

Passive optical structures have traditionally been fabricated from p +-type Si 

substrates, since the resulting PSi microstructure intrinsically shows smoother 

interfaces and a larger refractive index modulation [104]. The PSi devices produced 

from p +-type Si at room temperature are of comparable quality as p-type PSi 

microcavities formed at low temperatures. Therefore it was suggested to apply the 

same principles to p+-type PSi microcavities as used to improve p-type PSi devices. 
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Fig. 4.2 shows the reflectivity spectrum of a 5.5 x 7 PSi microcavity fabricated at 

- 25° C with a HF concentration of 35%. The microcavity is designed with a 

resonance mode in the near infrared (NJR) where absorption is negligible and optical 

scattering is strongly reduced. The spectrum shows the cavity mode at 1372nm with a 

FWHM of l.47nm, corresponding toa Q-factor of 933 . 

...-., 

..... o . 
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Fig. 4.2: Reflectivity of a 5.5 x7 PSi microcavity obtained using optimized formation 

conditions, [HF ]= 35%,T = -25° C. The insert shows the cavity mode at higher 

resolution with a FWHM<l .5, fitted with a Lorentzian line-shape function. 

The large Bragg plateau (>500nm) indicates a very large refractive index difference. 

From theoretica! simulations the porosities were determined to be 29% and 77.5% for 

the low and highly porous layers, corresponding to a refractive index difference of 

1.28 at 840nm. 

From the condition nd = A. 14 it is clear that shifting the resonance mode towards the 

IR requires the fabrication of thicker porous layers. This way, concentration gradients 

of the HF solution in depth become more important. In addition, etching ticker layers 

increases the intemal stress which may lead to the collapse of the entire structure 

under its own weight. 
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4.1.2 SEM study 

Fig. 4.4 shows an SEM micrograph of an optimized 6.5 x 7 .5 PSi microcavity. The 

altemating layers of different porosity can clearly be distinguished by their high 

contrast. The darker regions correspond to the more porous layers. The bright region 

at the bottom of the structure is probably the result of different cleavage planes 

between the PSi and c-Si substrate. 

Fig. 4.3: SEM cross-sectional image of a PSi microcavity, obtained using optimized 

anodization conditions; [HF] = 35% , T = -25° C . 

The layer thickness and the porosity are more or less constant in depth indicating that 

the electrochemical dissolution occurred homogeneously in time for all layers. The 

interfaces between the layers appear to be smooth. High magnification SEM reveals 

the difference in the microstructure between the low and the highly porous layers. The 

small fluctuations can mainly be subscribed to the structure of the highly porous layer. 

These observations confirm the suggestion that refractive index modulation and 

interface roughness play a key role in improving the optica! quality of the PSi 

microcavities. 
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4.1.3 Thickness inhomogeneity 

At first sight the homogeneity of the freshly-prepared samples looks very satisfying, 

except for a small ring at the edge of the samples. This problem is well known and 

results from a current density inhomogeneity at the edge of the fabrication cell (98]. 

On some of the PSi samples, the appearance of concentric striations with a periodicity 

of the order of 1 millimeter can be observed. Fig. 4.4 shows the PSi microcavity 

resonance mode measured at different positions on the sample, using the 'standard' 

reflectivity setup of Fig. 3.3 (slit width = lOOµm ). The reflectivity spectra were 

recorded from the centre towards the edge of the sample in steps of 250µm . 
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Fig. 4.4: Position dependence of the PSi microcavity resonance mode. 

The large shift clearly indicates a layer thickness inhomogeneity. This spatial 

anisotropy is subscribed to resistivity fluctuations initially present in the bulk material 

(99]; the typical periodicity of the thickness and resistivity oscillations is found to be 

comparable [ 100]. In addition, the flatness of the PSi sample also depends on the 

curvature of the initia! substrate. It has previously been shown that the stress induced 

by the PSi layer results in a slight curvature of the sample [ 101]. 
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4.2 Decene passivation 

A freshly prepared 5 x 6.5 (high porosity Á / 2 spacer layer) PSi microcavity is used 

to determine the efficacy of the alkene hydrosilylation passivation method. One half 

of the sample serves as a reference while the other half is passivated. Before 

passivation, the second half is dipped in a 5% HF solution to remove the natura! oxide 

layer. After passivation the entire reflectivity spectrum is red shifted by about 14nm , 

while the contrast of the fringes and the FWHM and depth of the cavity mode have 

hardly changed. 

The reference and the treated part of the sample were naturally aged in ambient 

atmosphere. Reflectivity spectra were recorded weekly, but still no change could be 

observed after the first month. To accelerate the ageing process, the PSi microcavity 

was exposed to 100% humidity air at 80°C for a period of 48 hours. The steam 

treatment caused the reflectivity spectra of both the reference and the treated sample 

to blue shift about 4nm, as shown in Fig. 4.5 (dotted lines). 
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Fig. 4.5: Blue shift of the reflectivity spectra of both the reference (•) and the treated 

part ( T) of the sample after steam treatment. 

Results and discussion 65 Decene passivation 



This indicates that passivating the PSi sample under irradiation of the surf ace with UV 

light is not very efficient. Due to the strong dispersion of the refractive index of PSi 

(c.q. Fig. 2.13, §2.4.3), the UV light is probably already absorbed by the first few 

layers of the PSi microcavity. The formation of dangling bonds in the underlying 

layers is therefore inhibited, causing an incomplete passivation of the PSi 

microcavity. 

Boukherroub et al. [102] have shown that PSi single layers can be effectively 

passivated by organic functionalization of the hydrogen-terminated surface in a 

thermal, non-catalytic hydrosilylation reaction. The freshly prepared PSi surface is 

placed inside a Schlenk tube and allowed to react with deoxygenated J-decene at 

115°C for 16 hours. Thermal modification of the PSi surface occurred with high 

chemical yield, resulting in fewer defects in the passivated porous layer. 

Although the thermal method wasn't applied during this thesis research, it might be a 

more effective way of stabilizing PSi microcavities. Since the structure is 

homogeneously heated the radical chain mechanism will, in contrast to the UV-light 

assisted method, most likely also occur at the bottom layers. Further research is 

necessary to determine the efficiency of thermal alkene passivation. 
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4.3 Temperature tuning of PSi microcavities 

A high porosity 5.5x7.5 A/2 PSi microcavity was heated from room temperature 

(RT) to 110°C and cooled down again inside a vacuum chamber (c.q. Fig. 3.5). 

Reflectivity spectra were recorded at 10°C intervals with the setup described in Fig. 

3.4. Throughout the experiment the moderate vacuum improved from 3.2x10-4mbar 

to 3.6xl0-5 mbar. 

Fig. 4.6 shows the resultant changes in the reflectivity spectrum between room 

temperature and 110°C. With increased temperature a significant blue shift of 20nm 

(from 873nm to 853nm) in the microcavity resonance position can be observed. The 

interference fringes show a similar shift, which indicates a decrease in the optica! path 

length of each of the porous layers. In this temperature range, the line width and depth 

of the resonance mode virtually seem to be independent of the sample temperature. 
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Fig. 4.6: Blue shift of the reflectivity spectrum of high porosity A., / 2 PSi microcavity 

when heated in vacuum from room temperature (•)to 110°C (T). 
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Fig. 4. 7 shows the blue and red shifting of the cavity resonance mode with increasing 

and decreasing temperature, respectively. 
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Fig. 4. 7: PSi microcavity resonance position in function of increasing ( .& ) and 

decreasing ( T) temperature. 

When the temperature of the PSi sample is increased the cavity mode starts to blue 

shift quite strongly in the beginning after which a stabilization effect seems to set in. 

The cavity mode red shifts to more or less its original position when the sample is 

cooled down to room temperature. The mismatch between the two curves can 

probably be subscribed to the improvement of the vacuum by almost an order of 

magnitude while decreasing the temperature (c.q. Fig. 4.8). Ideally, the experiment 

should have been performed after the vacuum was fully stabilized. 

The experiment was repeated more carefully with freshly prepared single layers of 

high (HP) and low porosity (LP) to quantify the temperature dependent changes in the 

optica! parameters of the individual layers that make up the PSi microcavity. Both 

samples were mounted on the hot "finger" and the reflectivity spectra were recorded 

under identical conditions with the setup described by Fig. 3.3. Prior to increasing the 

temperature of both samples, the pressure inside the vacuum chamber was stabilized 
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at 3.1x10-5 mbar. While evacuating the vacuum chamber, the PSi single layers 

(enormous specific surface) slowly start to out-gas. Fig. 4.8 shows the corresponding 

red shift of the reflectivity spectra of the high and low porosity PSi samples as the 

quality of the vacuum improves. 
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Fig. 4.8: Pressure dependence of the reflectivity spectra of the high (top panel) and 

the low (bottom panel) porosity PSi single layers. 

Reflectivity spectra are recorded every 10°C when both the temperature and the 

pressure are stabilized. The temperature of the PSi samples is increased and 

subsequently decreased very slowly to ensure no temperature gradient exists between 

the sample surf ace and the hot "finger". 

Fig. 4.9 - Fig. 4.12 show the temperature induced shifting of the interference fringes 

for the high and low porosity PSi single layers. For clarity only a few spectra 

measured at temperatures between room temperature and 109°C are displayed. 

Similarly to the case of the PSi microcavity (c.q. Fig. 4.6) a blue and red shift of the 

reflectivity spectra can be observed with increasing, respectively decreasing 

temperature. 

Results and discussion 69 Temperature tuning of PSi 

microcavities 



40~------------------------, 
--RT -___,43°C --T90 

35 --33°C--74°C --

30 -cf2. 25 ->-
~ 20 
~ 

~ 15 
;:;:::: 
().) 

a: 10 

5 

Blue shift HP 

O-+-~-.-~~.--~-.-~-.-~~.--~-.-~-.-~~..--~-.-~---i 

500 600 700 800 900 1000 

Wavelength (nm) 

Fig. 4.9: Blue shift of the reflectivity spectrum of a highly porous PSi single layer 

sample with increasing temperature. 
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Fig. 4.10: Red shift of the reflectivity spectrum of a highly porous PSi single layer 

sample with decreasing temperature. 
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Fig. 4.11: Blue shift of the reflectivity spectrum of a low porous PSi single layer 

sample with increasing temperature. 
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Fig. 4.12: Red shift of the reflectivity spectrum of a low porous PSi single layer 

sample with decreasing temperature. 
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During the experiment the pressure inside the vacuum chamber gradually decreased 

from 3. lx 10-5 mbar to l.2x 10-5 mbar. While cooling down the reflectivity spectra 

of both the HP and LP PSi single layers red shifted to finally return to their original 

positions at room temperature. This demonstrates that post-fabrication thermal tuning 

which leads to non-permanent and reversible changes in the PSi structure is possible 

under stable vacuum conditions. 

The optical parameters of the PSi single layers can be obtained by simulating the 

experimental reflectivity data, using the four-wave formalism (c.q. §2.4.3.2) . The 

effective refractive index is related to the porosity through the Looyenga model (c.q. 

§2.4.2). Table 4.1 shows the values of the thickness and the porosity for the HP and 

LP PSi single layers in function of increasing and decreasing temperature. 

T(°C) HP LP T(°C) HP LP 

(increasing) d(µm) p(%) d(µm) p(%) ( decreasing) d(µm) p(%) d(µm) p(%) 

RT 1.365 71.6 2.194 38.1 92 1.272 69.3 1.843 27.8 

33 1.343 71.3 2.187 37.9 74 1.278 69.5 1.874 28.3 

43 1.315 71 2.151 37.4 62 1.295 69.7 1.903 29.8 

51 1.288 70.8 2.011 34.5 53 1.302 70.6 1.954 31.1 

62 1.276 70.6 1.924 31.1 44 1.311 70.8 1.973 34.5 

74 1.274 69.7 1.893 29.8 34 1.332 71 2.119 37.4 

92 1.268 69.5 1.856 28.3 RT 1.36 71.3 2.192 38 

109 1.265 69.3 1.839 27.8 

Table 4.1: Layer thickness and porosity obtained from simulating the reflectivity 

spectra of the HP and LP PSi single layers. 

Both PSi samples show a marked decrease (increase) in the layer thickness and 

porosity with increasing ( decreasing) temperature. This is in contradiction to what is 

intuitively inspected from general effects of thermal expansion. 
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Also, the relative change in the layer thickness d and porosity p for the LP PSi single 

layer ( M = 16%, flp = 27%) is more important than for the HP layer ( !l.d = 7%, 
d p d 

flp = 3% ); the degree of contraction is related to its porosity. 
p 

Synchrotron radiation measurements performed during ultrahigh vacuum ( UHV) 

thermal annealing previously indicated thermally induced contraction in PSi [105]. 

Buttard et al. showed that when PSi is heated from room temperature to 550°C a 

permanent negati ve shift in the lattice parameter mismatch, corresponding to an 

overall contraction of the PSi material. They relate the lattice contraction to hydrogen 

desorption from the enormous specific surf ace. 

Because non-permanent and repeatable changes in the optical parameters of the PSi 

single layers are observed, these results cannot be explained by surface modification. 

Further research will be required in order to determine the underlying mechanism of 

PSi contraction in the temperature range from RT to l 10°C . 
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5 Conclusions 

Simply by modifying the formation conditions the optica! properties of PSi 

multilayered structures could be optimized, resulting in high quality PSi microcavities 

with Q-factors >900. Reducing the temperature of the electrolyte to - 25°C and 

increasing the HF concentration to 35% resulted in a maxima! porosity modulation 

and decreased interface fluctuations, as can also be observed from SEM micrographs. 

Measuring the reflectivity at different positions on the sample revealed the 

inhomogeneity of the layer thickness and therefore the necessity of a small spotsize in 

order to resolve the narrow cavity mode and to determine the Q-factor precisely. On 

the other hand, the attempts to passivate a PSi microcavity with a UV-assisted non

catalytic alkene hydrosilylation reaction appeared to be unsuccessful. 

Interestingly, increasing the temperature of a PSi microcavity from RT to 110°C 

under a moderate vacuum causes the cavity resonance mode to blue shift 20nm . 

Reflectivity measurements performed on PSi single layers demonstrated the 

possibility of thermally induced, post-fabrication tuning of PSi microcavities which 

leads to non-permanent and repeatable changes in the cavity mode. Simulation of the 

reflectivity data allowed us to quantify the temperature dependence of the optica! 

parameters of the highly and low porous PSi single layers. In addition, a significant 

red shift of the interf erence fringes was observed during the evacuation of the vacuum 

chamber. 
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6 Publications 

This section contains the abstract of the paper that was submitted and being published 

in the conference proceedings of the following international conference: 

3rd International Conference 

Porous Semiconductors-Science and Technology 

PSST-2002, Tenerife SPAIN 

11 - 15 March 2002 

FABRICATION AND TUNING OF HIGH QUALITY POROUS SILICON 

MICROCA VITIES 

P.J. Reece, G. Lérondel, J. Mulders, W.H. Zheng, M. Gal 

School of Physics, University of New South Wales, Sydney AUSTRALIA, 2052 

ABSTRACT 

We have made a number of high quality porous silicon microcavities operating in the 

visible and near infrared regions with a FWHM of less than 2nm. This is achieved 

through the low temperature anodic oxidation of highly doped p-type silicon wafers. 

Reduced interface fluctuations and very large porosity modulations are responsible 

for the improvement of the quality of the optical structure. We have also demonstrated 

thermally induced, post-fabrication tuning of the cavity resonance, which leads to 

non-permanent and repeatable changes in the cavity mode. 
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