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Background and aims 

The incredible development in miniaturization of the last 

century has lead us today to the domain of nanotechnology. These 

miniaturization steps to obtain smaller, faster, lighter, denser, and 

cheaper devices are closely interweaved with the advancement 

attained in characterization techniques. The ellipsometric technique 

has followed such a path, with most ellipsometers today being 

spectroscopic. Ellipsometry is an optical method based on the 

measurement of the change of polarization upon reflection from, or 

transmission through a sample [1]. By measuring the polarization 

change, we obtain not only amplitude, but also phase information of 

the light interacting with the sample. This remarkable property enables 

an incredible sensitivity to the properties of thin layers, with a sub-

nanometer precision, hence valued in industrial processes as an ex situ 

feedback between process steps with more and more demand for even 

in situ measurements. Being an optical technique, spectroscopic 

ellipsometry (SE) is non-destructive with relatively fast measurements 

compared to other probing methods. However, it is an indirect 

technique, meaning that any information on the sample is obtained 

through the modelling and inversion of the ellipsometric response, 

often through simulation and iterative fitting [2]. 

In electronics miniaturization, silicon-based semiconductor 

technology is approaching its theoretical limits, but silicon industry 
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has grown to such an extent, that it would be hard to imagine the near 

future without the basic building block of monocrystalline silicon (c-

Si). Many different c-Si based nanostructures have emerged in the last 

two to three decades, that are finding (potential) applications, but 

industrial ellipsometric characterizations remains limited because the 

development of highly complex optical models is challenging and 

often limited to academic research. 

In my thesis, I aim to show the versatility of SE characterization 

for some c-Si-based nanostructured materials. I not only wish to 

increase the understanding of the fundamental properties and 

formation mechanisms of these materials but also hope to boost their 

spreading for industrial productions in any modest way by the 

development of ellipsometric models. 

 

Methods 

I studied by SE the near surface cavities formed in c-Si due to 

He-implantation [3] through a screening oxide layer followed by an 

annealing step. I compared the results to those obtained from the 

analyses of transmission electron microscopic images. I characterized 

with optical and infrared SE as-prepared and post-oxidized porous 

silicon (PSi) layers formed by electrochemical etching [4]. I also 

investigated the anisotropic behavior of PSi thin layers [5] and of 

silicon nanowires [6]. Lastly, I studied the relationship between the 
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parameters describing surface roughness and the effective layer 

thickness commonly determined by SE [7] by simulating the 

ellipsometric spectra with finite element method. 

For all the studied cases, I applied some variant of an effective 

medium theory based model, as they are the most widely accepted 

methods to obtain structural information about thin films. A 

multilayered structure composed of isotropic Bruggeman effective 

medium approximation (B-EMA) based layers well described the in-

depth variation of the implantation caused cavities [8]. The PSi layers 

were characterized by a two- or a three-component isotropic or 

anisotropic multilayered B-EMA based structure [9,10], while the 

nanowires were best described by a multilayered structure based on 

anisotropic Maxwell-Garnett effective medium theory. The finite 

element simulated ellipsometric spectra of silicon surface roughness 

was fitted with a simple B-EMA having only its thickness value as free 

parameter. 

 

New scientific results 

The following theses summarize the results supported by 

publications as my own contribution to the present PhD work: 

1. I had developed a multilayer, multi-parametric optical model 

that I successfully used to determine the influence of the masking 
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oxide layer, fluence and heat treatment on the depth distribution of 

cavities formed in helium implanted single-crystalline silicon. I have 

shown that spectroscopic ellipsometry is suitable for determining the 

depth distribution of cavities in a resolution comparable to or greater 

than electron microscopy and thereby suitable for rapid, high-

sensitivity and non-destructive testing of these samples. I have found 

that the total volume of the cavities greatly increases with increasing 

ion fluence, while the peak density of the cavity distribution becomes 

more localized to the surface region. [T4, T8]. 

2. I had developed optical models for ultraviolet-near-infrared 

(191–1690 nm) and mid-infrared (1.7–16.7 μm) wavelength range, 

with which I was able to determine the thickness, average porosity, in-

depth porosity distribution, lateral inhomogeneity, oxidation level and 

surface roughness of porous silicon (PSi) layers of a broad thickness 

range (0.7–52 μm). I showed with ellipsometry the uneven in-depth 

porosity distribution of thick PSi layers (25–52 μm). By analyzing the 

volume ratio of porous and oxidized content, I have shown that the 

oxidation of the porous structure reproduces the same volume 

expansion as would be obtained when oxidizing plane wafers [T3, T7]. 

3. I had created optical models and a qualification procedure 

based on them for anisotropic porous silicon (PSi) and silicon 

nanowire (SiNW) layers, with which I revealed that the optical 
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behavior of PSi layers etched with low current density (2–40 mA/cm2) 

is dominated by the in-depth gradient of the porosity (beyond the 

average porosity and the layer thickness), but in the case of the samples 

created at high current density (200–800 mA/cm2), anisotropy 

becomes the dominant feature. I have also shown that the SiNW layers 

are highly anisotropic and the fibrous structure revealing the best 

orientation is obtained for the 1 μm wire length. I have shown that the 

SiNW layers formed up to a thickness of ~4 μm can be described by 

effective medium approximation-based models, above this thickness, 

light scattering from the layers is significant in the visible, near-

infrared range [T1, T5]. 

4. I have shown that ellipsometric spectra of rough surfaces 

simulated by finite element method and by effective medium 

approximation are in good agreement for random surfaces with a 

Gaussian distribution if the wavelength of illumination is much larger 

than the root-mean-square height. I revealed quadratic relations 

between the root-mean-square heights and the effective medium layer 

thickness for given auto-correlation lengths. I have shown that these 

quadratic relations can be expressed as a linear relationship between 

the effective medium thickness and the product of the root-mean-

square height (in case it is less than 5 nm) and the average surface 

slope [T2, T6].  
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