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ABSTRACT 

 

Biosensing is currently a growing research field which is relevant for different applications, 

for instance in health care. Sensitive and cheap biosensors are required, preferably as simple as 

possible in their working principle.  

In this work Si nanopillar structures have been fabricated and used to show the sensing 

principle by both depositing oxide layers with different thicknesses and by using the biotin-

streptavidin model system. Si nanopillars were fabricated by two different surface patterning 

methods – colloidal lithography and nanoimprint lithography (obtained from a commercial 

source). For colloidal lithography, a modified drop-coating technique as well as a spin-coating 

technique is used to make self-assembled silicon dioxide (SiO2) monolayers. It is shown that 

SiO2 particles with sizes of 0.5 µm and 1.0 µm form even monolayers across areas of ~2 mm2 

(sufficient for optical measurements) after optimizing the spin-coating parameters. Particle size 

reduction is done by using reactive ion etching (RIE) and nanopillars with heights of 1.0 µm to 

1.5 µm are etched by inductively coupled plasma RIE (ICP RIE). 

Spectrally resolved reflectance from the nanopillar arrays, often show distinct reflectance 

peaks. Depending on the nanopillar geometry, the wavelength position of the reflectance peaks 

can be sensitive to changes in the refractive index at the nanopillar surface, for example by 

attached bio-molecules or by a thin dielectric (e.g. silicon-di-oxide) surface layer. In order to 

simulate the effect of a surface-bio layer on the optical properties of the nanopillar arrays, 

silicon-di-oxide coated Si nanopillars were investigated experimentally and theoretically. The 

simulated reflectance spectra, obtained by Lumerical FDTD, show that the spectral shifts of the 

reflectance peaks grow linearly with the layer thickness. The deposition of the oxide layers is 

done by plasma-enhanced chemical vapor deposition (PECVD). While this technique is reliable 

for planar surfaces, pillar structures showed both a much reduced side-wall oxide thickness as 

well as oxide pile-up on the top of the pillars. However, by thermally driven material reflow it 

was possible, though not completely, to redistribute the piled-up oxide from the pillar top to the 

sidewalls. 

Reflectance from Si nanopillar structures was investigated primarily using UV-vis-NIR 

spectrophotometer. However, ellipsometry and Fourier transform infrared spectroscopy were 

also used for comparison. The experimental results of the oxide layer deposition on Si 

nanopillars show a maximum spectral shift of 4.6 nm per every 10 nm of deposited SiO2. 
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Moreover, the obtained linear behavior of the spectral shift with oxide thickness is similar to the 

simulated one. 

            In order to use the biotin-streptavidin model system to demonstrate the sensing 

principle with Si nanopillar structures, a surface functionalization protocol was optimized on the 

planar SiO2 coated Si surface. As it turns out, both an anhydrous environment and water 

presence during the surface silanization prior to biotinilation are acceptable and lead to similar 

results. Further work is necessary for effective surface functionalization of nanopillars. However, 

preliminary investigations of (test structures) nanopillar arrays surface functionalized by biotin-

streptavidin showed spectral shifts. The sensitivity was not sufficient to perform a full assay. 

Optimization of the nanopillar geometry for high surface sensitivity as well as improvement in 

the surface functionalization process are required to produce a sensitive biosensor. 
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ACRONYMS AND NOTATIONS 

ALD Atomic layer deposition 

APTES 3-aminopropyltriethoxysilane 

BSE Backscattered electron 

C25H15NO9 5(6)-carboxyfluorescein, N-hydroxysuccinimide ester 

C4F8 Octafluorocyclobutane 

CAN Cerium ammonium nitrate 

CCP Capacitively coupled plasma 

Cfu Colony-forming units 

cm3 Cubic centimeter 

Cy Cyanine 

DC Direct current 

DI Deionized 

DMSO Dimethyl sulfoxide; (CH3)2SO 

DNA Deoxyribonucleic acid 

EBL E-beam lithography 

EDS Energy-dispersive X-ray spectroscopy 

Ep Electric field vector parallel to the plane of incidence 

Es Electric field vector perpendicular to the plane of incidence 

EtOH Ethanol 

FCC Federal Communications Commission 

FDTD Finite difference time domain 

FTIR Fourier transform infrared spectroscopy 

GPS (3-glycidyloxypropyl) trimethoxilane 

H2O2 Hydrogen peroxide 

HF Hydrogen fluoride 

ICP Inductively coupled plasma 

IEP Isoelectric point 

IF Interferometer 

IR Infrared 

M 

NPs 

Molar mass 

Nanoparticles 

MPTS (3-mercaptopropyl) trimethoxilane 
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mTorr milliTorr 

n Amount (of particles) 

NaHCO3 Sodium bicarbonate 

NH2 Amino group 

NH4OH Ammonium hydroxide 

NIL Nanoimprint lithography 

NIR Near-infrared 

OF Optical fiber 

PBS Phosphate buffer saline 

PECVD Plasma-enhanced chemical vapor deposition 

pfu Plaque-forming units 

PhC Photonic crystal 

PMMA Poly(methyl methacrylate) 

RCA Radio Corporation of America 

RF Radio frequency 

RI Refractive index 

RIE Reactive ion etching 

RIU Relative index of refraction unit 

RNA Ribonucleic acid 

rp Fresnel coefficients of reflection (parallel to the plane of incidence) 

rpm Revolutions per minute 

RR Ring resonator 

rs Fresnel coefficients of reflection (perpendicular to the plane of incidence) 

RTA Rapid thermal annealing 

sccm Standard cubic centimeter per minute 

SE Secondary electron 

SEM Scanning electron microscopy 

SF6 Sulfur hexafluoride 

SiO2 Silicon dioxide; silica 

sp Area of one particle 

SPR Surface plasmon resonance 

ss Sample surface area 

UV Ultraviolet 

µl Microliter 

µm Micrometer 
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v/v Volume to volume ratio 

Vis Visible 

W Watt 

WD Working distance 

WG Waveguide 

wt% Weight percentage 

ZnO Zinc oxide 

Δ Delta (ellipsometric angle) 

δ Delta (thickness of oxide layer) 

ρ Rho (complex reflectance ratio) 

ρ𝑆𝑖𝑂2 Density of silicon dioxide 

Ψ Psi (ellipsometric angle) 

%R Reflectance percentage 

%T Transmittance percentage 
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1 INTRODUCTION 

 

Biosensing is currently a growing research field which is relevant for, e.g., Environmental 

Science and Healthcare. [1-3] In general, a biosensor is a device that is able to detect biological 

molecules (bio-molecules) by using methods which rely on the type of transducer used in the 

biosensing device. Optical biosensing shows to be the most promising application having the 

capability of reliable sensing and the ability to measure low concentrations. At the moment 

predominantly fluorescent biosensors are used. However, a demand for label-free detection is of 

high interest since by this method the origin of the bio-signal will not be changed. By using a dye 

to detect a specific molecule, this dye will interfere with the nature of the molecule. Moreover, 

this method is more time and cost consuming with relation to the labeling of the sample rather 

than to use the original sample and its optical properties.  

Previous work has shown that nanopillar structures can be used for biosensing purposes. [1-

4] One of the main advantages of these nanostructures is the high surface to volume ratio which 

paves the way for smaller biosensing devices and the ability to bind a large amount of molecules. 

The use of these nanostructures is a step forward to achieve a ‘’lab-on-a-chip’’ concept. 

Secondly, both dry and wet techniques can be used for bio-molecule detection. Moreover, a 

variety of materials can be used in these devices, including silicon (Si), and this provides the 

possibility to integrate sensors in silicon-based electronic devices.  

Although an increasingly number of novel technologies have been developed regarding 

these topics, Si-based electronic devices are still used the most. Si is an abundant and relatively 

cheap material. The mature Si processing technology and the wide research field in Si-based 

devices makes it a prominent material. 

Another technology, the field of nanotechnology, is rapidly growing and is progressively 

applied in many different areas. One of the most important advantages using nanostructured 

materials is the high surface to volume ratio, as well that due to the nanostructures quantum 

effects start to play a role in the light-material interaction processes and these aspects can be 

useful for detection purposes. By combining the broad spectrum of advantages of Si-based 

technologies and nanotechnology, currently fields of high interest, more effective and sensitive 

biosensors can be developed for future purposes.  

The goal of this thesis is to develop a simple and cost effective method to enable 

improvement of the fabrication of Si pillars and to optimize their geometry for achieving the 

highest sensitivity for biosensing as possible. Furthermore, a surface functionalization protocol 
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has been developed and optimized in order to attach the desired bio-molecules to the surface of 

these pillars. The biosensing concept has been investigated and confirmed by additionally using 

a well-known biotin-streptavidin binding model and by covering the pillar structures with 

different layer thicknesses of oxide (SiO2).  

A number of fabrication and characterization techniques have been applied to achieve the 

previously mentioned goal of this thesis: colloidal lithography, nanoimprint lithography (NIL), 

reactive ion etching (RIE), inductively coupled plasma RIE (ICP-RIE), optical microscopy, 

scanning electron microscopy (SEM), ultraviolet–visible diffuse reflectance spectroscopy (UV-

Vis spectroscopy), ellipsometry and Fourier transform infrared spectroscopy (FTIR).  

The thesis consists of six chapters. In Chapter 2 the basic concepts of optical biosensing are 

discussed. Chapter 3 defines the purpose and tasks of the thesis. Chapter 4 describes the 

fabrication techniques and characterization methods used during this project. In Chapter 5 the 

experimental procedures and results are presented and discussed. Chapter 6 presents the 

conclusions and recommendations based on the work performed during the thesis project.  

The author of this thesis is a co-author on a conference abstract ‘’Sensitive optical 

biosensing using silicon nanopillar arrays’’, D. Visser, I. Krasovska, B.D. Choudhury and S. 

Anand (poster presentation) which was presented at two events: ‘’Optics and Photonics in 

Sweden’’ (11.-12.11.2014., Gothenburg) and ‘’Frontiers in Life Science Technologies’’ at KTH 

(27.11.2014., Stockholm). 
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2 BASIC CONCEPTS IN OPTICAL BIOSENSING 

 

In this chapter an introduction will be given to some of the basic concepts regarding 

biosensing. The main principles of the most apparent optical biosensors will be regarded and in 

addition different types of materials and their bio-functionalization processes are described.  

 

2.1. Basic Concepts of Biosensing 

Currently it is more than fifty years ago since the very first biosensor was introduced by 

Leland C. Clark Jnr.  [5]  This field has been developed continuously ever since and many 

application possibilities have shown to be of major interest. The most dominant application areas 

are Medicine and Environmental Pollutant Monitoring. [6-8]  

Biosensors consist of three main elements. A sensitive biological element is necessary 

which binds or reacts with the analyte under study, providing selectivity. The second element is 

the transducer or detector element. This element transforms the signal, resulting from the 

interaction of the analyte with the biological element, into a signal that can be measured easily 

and additionally can be quantified as well. This generated signal is proportional to the 

concentration of the analyte. The third element is a signal monitoring device which can display 

the results in a user-friendly way. The general scheme of a biosensor is shown in Figure 1. 

 

Figure 1. General schematics of a biosensor. 

 

The term biosensor has been defined by the International Union of Pure and Applied 

Chemistry. A biosensor is a device that uses specific biochemical reactions mediated by isolated 

enzymes, immunosystems, tissues, organelles or whole cells in order to detect chemical 

compounds usually by electrical, thermal or optical signals. [9] However, nowadays more often 

biosensors are classified according to three factors: the type of the receptor, the physics 

regarding the signal transduction process and the application of the biosensor. [3]  
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The biological recognition element is a very crucial component of the sensor device. Three 

classes of biosensors can be distinguished taking into account the nature of the process involved 

and the used biochemical or biological elements: biocatalytic (enzyme-based), immunological 

(antibody-based) and nucleic acid (DNA-based). [3] 

Although there are various types of transducers available, electrochemical, piezoelectric (or 

mechanical), thermal (or calorimetric) and optical methods are the most common ones. [3] These 

groups can be further divided into labeled or label-free categories. 

Electrochemical biosensors are classified by the applied detection principle – there are, e.g., 

amperometric, conductometric, potentiometric or voltammetric biosensors. [10-11] 

Amperometric biosensors have a constant applied potential between the reference and working 

electrodes. The measured signal, which is proportional to the analyte’s concentration, is a current 

which is generated due to oxidation or reduction processes. Conductometric biosensors measure 

the change of the electrical conductivity in the overall ionic medium between two electrodes.  

These biosensors are highly sensitive and fast. However, their selectivity is very poor since all 

charge carriers can change conductivity and this directly affects the selectivity of the device. [11] 

Potentiometric biosensors are more sensitive than the previous ones mentioned, because the 

working electrode is species-selective. [10-11] The reaction between the analyte and the 

sensitive electrode generates a potential which is compared to the potential of the reference 

electrode. Voltammetry is known as the most versatile electrochemical technique that is applied 

for biosensing. [10] In this technique both current and potential differences are combined.  

Mechanical sensing is based on the piezoelectric effect. Mechanical sensors are usually in 

the form of a cantilever. When biomolecules are immobilized on the cantilever, it produces a 

change in mechanical characteristics, e.g., the static deflection or the resonance frequency of the 

oscillation. These two different mechanisms are called static and resonant mode devices. [3,12] 

Thermal biosensors measure the heat that is evolved or absorbed during a biochemical 

reaction. Thermistors are the most commonly used transducers due to their high sensitivity and 

low costs. [13-14] 

The widest field in biosensing is the one for optical biosensors. Optical transducers have 

more advantages than all above mentioned techniques. One of the main advantages is the 

possibility to probe a sample in a nondestructive manner and furthermore have immunity to 

electromagnetic interference. [3,8] Optical detection is based on the measurement of 

luminescence, fluorescence and color changes. This is achieved by measuring the absorbance, 

reflectance or fluorescence emissions that occur in the ultraviolet (UV), visible, or near-infrared 

(NIR) spectral ranges. [10] 
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2.2. Optical Biosensors 
 

The field of optical biosensing is currently the one of the highest interest and consists of 

both macro- and nanoscale detectors. In general, all optical biosensors can be divided in two 

groups: labeled (or fluorescence-based) and label-free. Here an overview will be given of the 

most commonly used methods in optical biosensing. 

Fluorescence-based biosensors are the type that is used most often. In this technique target 

molecules or bio-recognition molecules are labeled with fluorescent dyes and later the intensity 

of fluorescence is measured to identify if the molecule of interest is present. One of the reasons 

why fluorescence-based sensors are so widely used is because most of the fluorophores are 

sensitive to a very small environmental change which is a crucial factor for any type of sensor. 

Another advantage of this type of sensors is their multi-functionality – multiple compounds can 

be detected within a single device. Since most of fluorophores are environment-dependent, it is 

very important to monitor pH levels and concentrations of the fluorophores. The most common 

principles used in fluorescent biosensors are: fluorescence resonance energy transfer based 

fluorescent biosensors [10], aptamer-based biosensors [15,16] and quantum dot-based 

fluorescent biosensors. [10] 

The field of label-free optical biosensors is more diverse than the previously described 

fluorescence-based biosensors.  

The biggest difference between fluorescent and label-free optical biosensors is that with 

label-free techniques molecules can be detected unmodified in their natural form. Although 

fluorescence-based sensors can detect even a single molecule, the labeling process can affect the 

function of the biomolecule, as well as quantitative analysis is very challenging due to the 

fluorescence signal bias. In contrast, in the label-free technique molecules are detected without 

modifying them and this makes this method relatively easy and cheap. This also raises the 

possibility to do quantitative measurements. [8] Optical biosensing can be done both in a liquid 

or a dry environment. Most often changes in refractive index (RI) are measured, though this is 

definitely not the limiting factor for the variety of label-free optical biosensors. 

The effect of surface plasmon resonance (SPR) is commonly used in label-free biosensors 

and was first shown in 1983. [17] Surface plasmon is a charge density oscillation over a metallic 

surface.  This happens at the interface of two media with dielectric constants of opposite signs, 

when light is coupled in a thin metallic layer under specific conditions – the light with a specific 

angle of incidence, polarization and wavelength; combined with a certain thickness of the metal 

layer. There are four basic methods to induce SPR – prism coupling, waveguide coupling, 

grating coupling and side-polished fiber coupling. When the RI is changed, the resonance peak 
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shifts. This gives an indirect measure of the number of bio-molecules that are attached to the 

layer of the bio-recognition molecules. 

Many different techniques, e.g., optical waveguides, optical ring resonators, photonic 

crystals and optical fibers have been investigated as possible biosensors. [8,12,18] However, 

more common are the interferometer-based biosensors. [19-20] Interferometer-based biosensors 

operate with the principle that a guided wave has a phase change when its evanescence field 

interacts with the sample. This phase change can be quantitatively related to the sample. Most 

commonly used are Mach-Zhender, Young’s, Hartman, and backscattering interferometers.  

It has been shown that nanopillar structures can be used for biosensing purposes as well. 

[1,21] One of the main advantages is the high surface to volume ratio which increases the 

device’s sensitivity. The reflectivity spectra shows a peak shift when layers of other material 

(particles, molecules) are deposited on the surface. This peak shift is due to the change in 

refractive index. 

 

2.3. Materials for Biosensing and Surface Bio-functionalization 
 

There are several materials that can be used in optical biosensing devices. Each material has 

its own properties and a different purpose. Often the surface of the materials or structures has to 

be modified to make it more useful for a specific purpose. When talking about biosensors, the 

surface condition has to be appropriate for the specific molecules in question and to implement 

the sensing ability. In the following sub-sections, different materials and approaches for surface 

functionalization are described. 

 

2.3.1. Photoresist material: SU–8 
 

SU–8 is a widely used epoxy-based negative photoresist material. When exposed to UV 

light, the SU–8 molecular chains cross-link and form a solid material. SU–8 has several 

advantages over other materials used for biosensor fabrication. One of the main advantages is the 

high biocompatibility. This material is even able to directly adsorb molecules by physical 

adsorption. [4, 21-22] Other important advantages include the possibility of etching high aspect 

ratio pillars with nearly vertical sides [4, 23] and the relatively higher refractive index. [21] 

The functionalization of SU–8 nanostructures, as for any other material, is highly dependent 

on the final purpose for which it will be used. The main disadvantages of the use of SU–8 are the 

material’s hydrophobicity and auto fluorescence in the visible wavelengths. [22] Since many 
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biosensing devices use fluorescence as a main detection principle, high background fluorescence 

makes the usage of SU–8 less attractive for this type of detection purposes.  

The first step for the surface functionalization is surface hydrophilization. This has been 

shown effectively by using ethanolamine and cerium ammonium nitrate (CAN). [4] In order to 

achieve an amino-functionalized surface, silanization with aminopropyltriethoxy silane (APTES) 

is performed. [4,22] After the hydroxylation and silanization, gold nanoparticles (Au NPs) are 

covalently deposited on the SU–8 surface. The results show that the Au NPs coated SU-8 surface 

is 80% less fluorescent than the untreated one in the wavelengths that are used by most common 

dyes like Cy3 and Cy5.[22] Moreover, different analytes, for example DNA probes, can be 

attached more easily to Au NPs than to other materials. [22] 

 

2.3.2. Zinc oxide 
 

Zinc oxide (ZnO) is a wide band gap II-VI semiconductor material of which Zn is a member 

of the Group II elements and O a member of the Group VI elements of the periodic table. It is a 

widely used material for applications like, e.g., field effect transistors, photonic crystals, , energy 

harvesting devices, etc. [24] The use of ZnO for sensing applications has also been reported [25]; 

its material properties are also suitable for the implementation in biosensing devices. ZnO is a 

biocompatible, non-toxic material with a high isoelectric point (IEP) which means that enzymes 

with a low isoelectric point can be directly immobilized on this material through electrostatic 

interaction. [25] 

The optical properties of ZnO-based materials can change due to the applied growing 

conditions. The result of this is that ZnO based devices suffer from reproducibility and stability 

issues. Moreover, ZnO processing costs are high if compared to the ones of Si and the 

technology is not as mature as that of Si.  

In order to attach biomolecules, the ZnO surface has to be very clean. Because of rapid ZnO 

etching, commonly used acid cleaning processes cannot be used. This can be substituted by 

washing the substrates in warm ethanol (EtOH) and by applying dry heating treatments. It has 

been shown that heat treatments at 700 0C results in the most effective cleaning method. [25] 

In order to bind molecules on the ZnO surface, silane molecules are used as anchors. 

Silanization with APTES is the most commonly used approach.  [25] However, other silane 

molecules, like (3-glycidyloxypropyl) trimethoxilane (GPS) and (3-mercaptopropyl) 

trimethoxilane (MPTS), are also used to further immobilize antibodies. [25] 
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2.3.3. Silicon 
 

Silicon (Si) is the second most abundant element in the Earth’s crust right after oxygen. [26] 

Si in various compounds has a huge variety of application areas, e.g., it is used for textiles, 

household products, automobiles and architecture. However, the usage of Si in electronics, 

photonics, micro-mechanics and optoelectronics is well-known and research on Si-based 

components continues to evolve rapidly. Si has suitable electrical and mechanical properties and 

this is the reason why it is one of the most often used materials for photovoltaic applications. 

Moreover, Si fabrication processes are well known and low-cost nowadays. Simple and fast 

processing, reproducibility and reliability are the key features that describe Si fabrication 

techniques. Silicon dioxide (SiO2), also known as silica, is mostly found in nature as quartz. 

Silica is the oxide of choice in the Si-technology and serves a variety of purposes. Silica has a 

more suitable wettability compared to plain Si, meaning that molecule adsorption on the silica 

surface is easier than on Si. This implies that using silica over-layers on Si not only uses a 

CMOS compatible material, but also provides hydrophilic surfaces suitable for biosensors. 

Si is one of the most often used materials for optical devices. One of the most important 

aspects in order to get the highest sensitivity and good stability is bio-functionalization of Si. 

Bio-functionalization is the key factor that will provide the appropriate conditions/environment 

at the surface to enable specific molecule to bind to the surface. 

It has been shown that plain Si structures, coated with SiO2 in order to improve the surface 

wettability properties, can be used to detect protons and gas molecules. [27] However, in order to 

detect biomolecules, an additional special surface modification is necessary. Depending on the 

type of molecule binding, the surface has to be modified accordingly to this.  

The same as for the previously mentioned surfaces, surface cleaning is a very important step 

in the Si surface modification process. Cleaning can be done both by using acid cleaning 

processes, as well as by using an oxygen plasma treatment in order to remove organic residues 

from the Si surface.  

The first step in the covalent surface functionalization of Si is surface silanization. Although 

some other surface chemical modification methods are presented as well [2,28] silane-based 

chemistry is the most commonly used approach. [28-31] 

Non-covalent surface functionalization requires more complex processing steps like 

adsorption of polyelectrolytes and lipid membrane immobilization which will not be discussed in 

this work, since the goal is to have a simple and cost-effective surface functionalization process.  
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2.4. Detection Sensitivity 
 

Different biosensing methods are used nowadays, but the question of how to compare them 

still remains difficult. Classification in different groups partly solves this issue, but this also 

leads to different interpretation criteria for the obtained results and the difficulty to compare 

separate results. In this section a brief overview of currently reported device sensitivities and the 

reported units are given. 

Table 1 represents an overview of the different units used to characterize the sensitivity of 

several optical biosensors reported in the literature. This list is not exhaustive, but provided 

mainly to highlight the techniques and the commonly used sensitivity units. For each type of unit 

the lowest detection limit and the corresponding technique are given. One of the most commonly 

used units is the relative index of refraction unit (RIU) which describes the relative change in the 

index of refraction of the fluid medium. However, this unit is more immediate when describing 

bulk solution properties and more involved analysis has to be performed to translate changes in 

refractive index in very thin surface layers. Hence it is not straightforward to use RIU when 

describing changes in surface optical properties due to molecular binding processes on the 

surface.  

An often used unit is molarity (M). Molarity is the concentration of a solution described by 

the number of moles of solute per liter of solution. This is a commonly used unit and is 

applicable for different analytes like proteins, DNA and RNA. 

When characterizing bacteria and viruses the units colony-forming units/viable cells per 

milliliter (cfu/ml) and the plaque-forming units/ineffective particles per milliliter (pfu/ml) are 

used. These units describe the type of detected particles.  

For some cases the unit types of gram per milliliter (g/ml), units per milliliter (units/ml), 

particles per milliliter (particles/ml), cells per milliliter (cells/ml) and spores per milliliter 

(spores/ml) are used as well, but these are more specific cases and are not commonly used. 

When describing the bacteria or cell number that is adsorbed on the sample surface, 

sometimes units like gram per square milliliter (g/mm2), colony-forming units/viable cells per 

square milliliter (cfu/ mm2) and cells per square milliliter (cells/ mm2) can be used.  

To be able to compare different biosensors, it is important to understand what kind of 

analyte is used and in what kind of form it was used and which measurement (sensing) technique 

is used to detect the analyte. However, it is still not possible to compare all the results from the 

different reported techniques, and more systematics has to emerge for this to be possible. 
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Table 1 . Comparison of various optical biosensing units and detection limits. 

(SPR - surface plasmon resonance, IF -  interferometer, WG -  waveguide, 

RR - ring resonator, OF - optical fiber and PhC - photonic crystal) 

 

Unit Analyte Technique 
Lowest detection limit and 

corresponding technique [reference] 

RIU (relative index of 
refraction unit) 

Bulk solution 

SPR 

7 x 10-9 RIU /micro channel 
backscattering interferometer [32] 

IF 
WG 
RR 
OF 
PhC 

M (molar concentration) 

Protein SPR 
54 fM (with Au nanoparticle 

amplification) / flow injection SPR 
[33] 

DNA IF 
RNA RR 
 OF 
 PhC 

cfu/ml (colony-forming 
units/viable cells) 

Bacteria 
SPR 

5 x 108 cfu/ml / Hartman 
interferometer [19] 

IF 
RR 

pfu/ml (plaque-forming 
units/ineffective particles) 

Virus IF 
107 pfu/ml / Hartman 

interferometer [19] 

g/ml 
Protein 
DNA 

SPR 
10 pg/ml / dielectric 

microsphere resonator [34] 
IF 
RR 
OF 

unit/ml Protein 
SPR 

66,7 unit/ml /SPR [35] 
RR 

particles/ml Virus 
IF 850 particles/ml / Young’s 

interferometer [36] RR 

cells/ml Cell WG 
106 cells/ml / resonant mirror 

WG [37] 

spores/ml Cell WG 
104 spores/ml / metal-clad WG 

[38] 

g/mm2 
Protein 
DNA 
Virus 

IF 
250 pg/mm2 / ring on a chip – 

RR [39] 
WG 
RR 
PhC 

cfu/ mm2 Bacteria RR 
100 cfu/ml ring on a chip – RR 

[40] 

cells/ mm2 Cell WG 
60 cells/mm / metal clad WG 

[41] 
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3 FABRICATION AND CHARACTERIZATION TECHNIQUES 

 

In this chapter nanopillar fabrication techniques and different characterization methods are 

described.  

Over the years, a number of fabrication techniques have been developed to obtain ordered 

and quasi-ordered nanopillar structures. In these techniques either a bottom-up, top-down 

approach or a combination of the two has been applied. [42-44] 

In one of the bottom-up approaches the physical and chemical properties of pre-determined 

types of atoms/molecules are used to grow the nanopillars (nanowires) by providing  the surface 

with a suitable catalyst particles, e.g., gold particles and by adding precursor materials using 

optimized process conditions, resulting in the growth of nanopillars at the location of these 

catalyst particles. [45] The spatial arrangement of the grown nanopillars may be controlled by 

pre-patterning (top-down) or by self-assembly of the catalyst.  The type of catalyst used depends 

on the type of nanopillar material that one wants to grow. The precursor materials can be either 

in the gas, liquid or solid state and the growth conditions can be fine-tuned in order to obtain the 

desired nanopillar structures. Other methods include growth from solution phase which require a 

suitable seed-layer on which the nanowires subsequently grow. Here, random spatial 

arrangement is natural, but, by suitable patterning of the seed-layer, ordered structures can be 

grown. 

In the top-down approach lithography techniques are used to pattern the surface. Any 

desired pattern is in principle possible, but within the geometric limits of the pattern generation 

method. Normally, in this method the desired pattern is first transferred to an appropriate thin 

film (e.g. resists, oxides, metals), often called the mask material, provided on the final material in 

which the nanopillars are to be fabricated. The choice of the mask material is based on etch 

selectivity, cost, and process and material compatibility. Various anisotropic etching techniques 

are used to create the nanopillar structures by pattern transfer from the mask. The material is 

selectively etched in the vertical direction and only in regions of where the surface is exposed, 

i.e., where the etch mask material is absent. By tuning the patterning and the geometry of the 

etch mask material, different spatial configurations as well as shapes of the nanopillars can be 

obtained resulting in different characteristic geometrical and optical properties. 

The fabricated nanopillars obtained by using either the bottom-up or top-down approach 

require careful characterization using different techniques to measure their geometrical, 

structural and physical (e.g. optical) properties. These characterization steps are very important 
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because reproducibility of relevant nanopillar properties is central aspect for successful 

implementation in applications. 

In this chapter, the nanopillar fabrication techniques, relevant for this thesis work, are 

described. In addition the basic principles and methodologies of characterization techniques used 

in this thesis are presented. 

 

3.1. Fabrication Techniques 
 

As previously mentioned either a bottom-up or a top-down approach can be used for the 

fabrication of nanopillar structures. In this thesis work, primarily top-down approaches have 

been used. In this generic method, for pattern generation  a variety of lithography techniques can 

be applied, e.g., e-beam lithography [46], photolithography [47], nanoimprint lithography [48], 

scanning probe lithography [49], and colloidal particle lithography [50]. The type of lithography 

technique applied depends on the desired feature sizes, spatial separation, patterning resolution, 

the size of the patterning area, flexibility and the cost-effectiveness of the technique. 

Followed by the lithography step, etching is used to obtain the nanopillars where a corrosive 

action occurs by an acid or the like. For the etching process different etching techniques are 

available. The most prominent ones are wet-chemical etching and dry etching. Wet chemical 

etching is typically either isotropic or crystallographic orientation dependent. In either case, it is 

not possible to etch high aspect ratio nanopillars with controlled shapes. In comparison, dry 

etching techniques can be highly anistropic and various etching parameters can be optimized to 

control the physical and chemical etching components in the process. Thus, in this thesis work, 

the dry etching techniques have been applied for pillar fabrication. 

In the next sub-sections, colloidal lithography and nanoimprint lithography will be 

presented, followed by the relevant etching techniques - reactive ion etching (RIE) and 

inductively coupled plasma RIE. Wet chemical etching is also briefly discussed, wherever 

relevant. In addition, an oxygen surface plasma treatment for surface cleaning and a plasma 

enhanced chemical vapor deposition (PECVD) technique which is used to deposit a thin film 

silica layer are introduced. The PECVD deposited silica layer is not only used as an etch-mask 

material, but also for surface functionalization purposes and for proof of principle demonstration 

of the proposed biosensing method. 
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3.1.1. Colloidal lithography 
 

Colloidal lithography is a surface patterning technique in which self-assembly of colloidal 

particles is used to pattern the surface. It is a simple and cost-effective technique using colloidal 

particles as an etching mask for top-down fabrication of nanopillar arrays.  

There are several types of colloidal particles that can be used in colloidal lithography, e.g., 

polymer particles (like polystyrene or PMMA), silica (SiO2) particles or gold nanoparticles. [50-

52]  

Different approaches can be applied to achieve a self-assembled array. In most of these 

cases a solution of colloidal particles is deposited on a surface followed by applying a drying or 

evaporation technique in order to obtain an ordered hexagonal particle array. Examples of used 

approaches are: drop-coating, dip-coating, spin-coating, electrophoretic deposition, self-

assembly at the gas/liquid interface and transfer from the gas/liquid to the gas/solid interface. 

Representative schematic illustrations  for the first four approaches are shown in Figure 2 [53], 

and are briefly described under sections 3.1.1.1.-5., respectively.  

 

 

Figure 2.  Colloidal lithography techniques: (a) drop-coating, (b) dip-coating, (c) spin-coating,  

(d) electrophoretic deposition. [53] 

 

Though these techniques have already been developed, there are still some challenges in 

order to achieve large area monolayer coverage of hexagonal colloidal particles arrays. A 

disadvantage of the colloidal particle technique is that still defects can arise in the obtained 

ordered monolayer mainly due to the particle size distribution in the suspension.  
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In the drop-coating, dip-coating and spin-coating methods, self-assembly is obtained during 

the drying/evaporation process by the created meniscus between neighboring particles. For this 

to happen the particles should be sufficiently close and the drying/evaporation process should be 

controlled in the right way. For the electrophoretic deposition, surface charging is used to create 

the ordered patterns. 

 

3.1.1.1. Drop-coating 
 

Self-assembly by drop-coating, which is shown in Figure 2(a), is based on evaporation of 

the solvent after applying the colloidal particle solution on a substrate surface. Though this 

process can be difficult to control, it can be optimized by tuning the evaporation conditions like 

the temperature and humidity of the system and the particle solution concentration. The 

evaporation process of the solvent creates a meniscus between neighboring colloidal particles 

and thereby inducing a self-assembly process.  

 

3.1.1.2. Dip-coating 
 

In the dip-coating process, which is shown in Figure 2(b), a substrate is slowly lifted from a 

colloidal particle solution resulting in the deposition of particles on the substrate surface. The 

solution concentration and the speed of lifting the substrate from the solution are factors that 

influence the depositing characteristics. A similar method to the dip-coating process is placing a 

drop of the colloidal particle solution on the substrate surface followed by tilting the substrate at 

a pre-determined angle. In addition heating can be used to increase the drying process rate. For 

this method the tilt angle, the particle solution concentration and the temperature are important 

parameters influencing the colloidal particle assembly. During the drying process the colloidal 

particles assemble themselves due to the meniscus between the neighboring particles. 

Controlling the drying process gives control over the particle assembly. With the regular dip-

coating technique a higher amount of particle solution is necessary due to the depositing of 

particles on both sides of the substrate. By using the tilted substrate technique deposition of 

particles occurs predominantly on one side of the substrate.  

 

3.1.1.3. Spin-coating 
 

In the spin-coating process, which is shown in Figure 2(c), a colloidal particle solution is 

dispersed on a substrate surface by spin-coating the solution on the substrate surface. The quality 
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of the coverage depends on a number of factors: the spinning acceleration (spin-on; rpm/s), the 

spinning speed (spin-off; rpm), the spinning time (spin-off time; s), the particle solution 

concentration and the possible addition of heating during the spin-coating process. The spin-

coating process can be difficult to fine-tune and can easily result in island-like coverage of the 

substrate. In order to obtain a single monolayer on the substrate surface the spin-on, spin-off, 

spin-time and particle concentration settings should be optimized. However, the spin-coating 

technique is a simple and rapid technique for obtaining relatively large single monolayer 

coverage of colloidal particles on a substrate surface. For some experiments, it is sufficient with 

a few hundred µm2 to few mm2 areas with mono-layer coverage.  

 

3.1.1.4. Electrophoretic deposition 
 

Figure 2(d) represents the schematic illustration for the electrophoretic deposition technique 

of colloidal particles. In this method the colloidal particle solution is located between two 

electrodes and by applying an electric field particle movement is induced towards one of the 

electrodes and results in the deposition of particles on the charged substrate; which functions as 

one of the electrodes. This technique is limited due to the fact that only conductive materials can 

be used as a substrate. In the electrophoretic deposition process both AC and DC fields can be 

applied. 

 

3.1.1.5. Deposition on patterned substrates 
 

Patterned substrates are usually used when a specific particle arrangement on the substrate 

surface is desired instead of using a self-assembly process. Two different approaches can be 

used: chemically or physically patterned substrates. Chemical patterning means that the 

substrate’s surface is modified in a specific way to achieve a pre-determined pattern for the 

particle deposition, e.g. specified areas that are more hydrophilic. Physically patterned substrates 

are usually created with well-known lithography techniques like photolithography or electron 

beam lithography (EBL) – the substrate’s surface topography is modified in such a way (e.g. 

wells, micro channels or grooves) that the particles can be confined. After surface patterning one 

of the previously mentioned colloidal particles deposition methods can be used.  
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3.1.2. Nanoimprint lithography 
 

Nanoimprint lithography (NIL) is a large surface area patterning technique and is more 

stable than previously described colloidal lithography; it also has a high repeatability and 

reliability. [48] The basic principle of the surface patterning with NIL is shown schematically in 

the Figure 3. 

 

 a)  b)  c)  

 
Figure 3. Schematic illustration of NIL process: a) mold pressing, b) removal of mold and c) RIE of 

residual resist. 

 

NIL consists of two basic steps: imprint and pattern transfer. The first step is the imprint 

where a mold with specific structures on its surface is pressed onto the resist; this is represented 

in Figure 3(a) and Figure 3(b). During this step the resist is heated until the temperature is 

reached when it becomes more viscous and therefore can be relatively easily deformed. Hence 

the structures from the mold are imprinted in the resist. The second step, represented in Figure 

3(c), is the pattern transfer step where an anisotropic etching process like reactive ion etching 

(RIE) is used to etch away the residual resist. [48] In more advanced NIL methods, the resist 

itself is UV sensitive requiring only very modest physical forces or direct curing by suitable 

mask. In general, NIL technique has limitations on the pattern pitch and on the thickness of the 

resist layer.   

 

3.1.3. Reactive ion etching 
 

Reactive ion etching (RIE) is a plasma-based dry etching process in which reactive gases 

are used to etch materials - it is used for etching semiconductor materials as well as metals and 

dielectrics. In general, the gases in the plasma could consist of a mixture of different reactive 

gases and may also include an inert gas such as Ar. The generated plasma contains reactive ions 

and radicals. This method is more easily controllable than wet-chemical etching and it uses 

anisotropic etching rather than isotropic etching which means that this etching process is 

predominantly in one direction. In RIE both physical and chemical etching processes are used.  

Capacitively coupled plasma (CCP) is used in RIE. CCP is generated between two electrodes 
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with a short distance in between. Typically the gas pressure is low in the reaction chamber and a 

single radio frequency (RF) power source is used - the Federal Communications Commission 

(FCC) assigned frequency, for industrial and scientific purposes, with a value of 13.56 MHz.  

A typical RIE system is schematically shown in Figure 4. It consists of a chamber with a 

sample holder inside and a radiofrequency (RF) source. The chamber has gas inlets on the top 

part to introduce the reactive/inert gases into the chamber.  

 

 

Figure 4. Chamber schematics of a RIE system. [54] 

 

This system can be used for the anisotropic etching of silica particles. To start the etching 

process the plasma has to be ignited and sustained. This is done by two electrodes – a high 

frequency (13.56 MHz) alternating electromagnetic field is applied to these electrodes. An 

oscillating electric field ionizes the gas molecules in the chamber and the plasma is created. 

Electrons move much more rapidly than the relatively large ions and even though they get also 

absorbed on the walls of the chamber, the ones coming from the wafer create a large negative 

voltage on the wafer platen. Since the plasma has a slightly positive charge, a large voltage 

difference can be observed and positive ions are moving towards the wafer platen direction and 

the sample is etched when the ions react with the substrate surface. Etching happens due to the 

chemical reactions of the ions with the substrate as well due to the physical interaction with the 

material itself when the ions transfer their kinetic energy to the material. 

To etch SiO2 usually fluorine based chemistry is used. Typical SiO2 etching in RIE is a 

highly anisotropic process due to that the strong chemical bond between the silicon and oxygen 

can only be broken by ion bombardment. [55] However, depending on the chamber pressure and 

gas composition the chemical component can be more dominant making it relatively more 

isotropic. 
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3.1.4. Inductively coupled plasma RIE 
 

Inductively coupled plasma RIE (ICP-RIE) is an anisotropic etching process which can be 

applied for a wide range of materials, including semiconductors, metals, dielectrics, polymers, 

etc. ICP-RIE is similar to the dry etching process previously described for RIE. However, unlike 

the RIE process where the ion density and energy is controlled by only one power source, in 

ICP-RIE these parameters are independently controlled by two separate energy sources. The ion 

energy is controlled by a table bias generated on the lower electrode, but the RF coil around the 

chamber controls the ion density. This RF system (13.56 MHz) produces a high-density, low-

energy  and low-pressure coupled plasma. A high ion density ensures high etch rates, whereas a 

low ion energy provides high selectivity, controlled etch rates and low material damage. Low 

pressure processing allows etching structures with walls close to vertical. A typical ICP-RIE 

system is schematically represented in Figure 5. 

 

 

Figure 5. Chamber schematics of the Oxford Plasmalab ICP-RIE system 100 ICP180. [56] 

 

In order to generate the plasma for etching, a 13.56 MHz RF power is applied to both 

sources – the ICP source (ICP power) and the substrate electrode (RF power). To ensure that the 

ICP power is purely inductively coupled, electrostatic shielding around the chamber is used. This 

is necessary to avoid sputtering of the tube material and reducing the possibility to damage any 

device parts due to high-energy ions.  

Wafers are loaded in the vacuum chamber via a load-lock and this ensures the stability of 

the system conditions and hence the repeatability for the etching results. To ensure good thermal 
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conductance between the wafer holder and the wafer, helium is applied to the back of the loaded 

wafer  

 

3.1.5. Wet-chemical etching 
 

Wet-chemical etching is a process where chemicals in a liquid form are used to remove a 

certain type of a material. The substrate has to be immersed in a bath of chemicals for a pre-

determined time (reaction time) which depends on the type of material that has to be removed 

and its thickness. The temperature of the etchant and the etchant itself influence the etching 

process. 

Wet-chemical etching is a simple and cheap etching technique, but on the other hand it is 

usually less controllable and hence the reproducibility is low if compared to dry etching. 

Moreover, etching with liquid chemicals is largely an isotropic process and hence it is more 

suitable for large feature etching and in processes where the sidewall slope is not important. 

 

3.1.6. Oxygen plasma surface treatment 
 

Plasma cleaning is a commonly used cleaning method which is cost-effective, 

environmentally safe and highly effective if compared to traditional wet-chemical cleaning 

processes. Surface treatment with oxygen plasma is usually done in order to remove organic 

contaminants, e.g., oils and grease, from the surface. [57] Another great advantage of plasma 

treatment is obtaining surface hydrophilization. [58] 

In the first step the processing chamber is evacuated, then oxygen gas is injected into the 

chamber and the plasma is ignited. UV light generated in the plasma effectively breaks most 

organic bonds of the surface contaminants. However, the more effective part of this cleaning 

process is carried out by the energetic oxygen species. They react with organic contaminants and 

create water and carbon dioxide that are pumped away from the chamber during the process. If 

the material that has to be cleaned is easily oxidized, an inert gas can be used instead of oxygen, 

e.g., argon or helium. 

 

3.1.7. Plasma-enhanced chemical vapor deposition 
 

Plasma-enhanced chemical vapor deposition (PECVD) is used for thin film deposition on a 

substrate. In PECVD much lower temperatures (100-300 0C) are used if compared to classical 

chemical vapor deposition (600-800 0C). This can be critical if specific devices are fabricated 
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that are sensitive to heat. PECVD, similar to RIE, uses reactive gases in the form of plasma. In 

the context of deposition, the reactive gases are often referred to as precursors. PECVD provides 

deposition of layers with good uniformity over the sample and reproducibility.  

A schematic of the PECVD chamber is represented in Figure 6. The substrate is placed on 

the heated table – lower electrode. The top electrode is RF driven. The RF power used is 13.56 

MHz and the gas inlet is located at the top of the chamber.  

 

 

 

Figure 6. Schematics of the PECVD system chamber. [59] 

 

 

3.2. Characterization Methods 
 

To determine the quality, the reproducibility and the reflectivity of the fabricated nanopillar 

structures, a variety of characterization methods can be used. In this thesis work five methods 

have been applied: optical microscopy, scanning electron microscopy, ellipsometry, spectrally 

resolved total and diffuse reflectance and Fourier transform infrared spectroscopy. In this section 

the last four characterization methods will be presented. 

 

3.2.1. Scanning electron microscopy 
 

Scanning electron microscopy (SEM) is a microscopy technique which is used to observe 

the surface characteristics of a material. In general it is applied to determine the surface 

topography and/or the chemical composition of the surface material which can be determined 

using energy-dispersive X-ray spectroscopy (EDS).  
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In this technique, a focused electron beam is aimed at the surface of the material (specimen) 

through a column (vacuum) consisting of condenser lenses and deflection coils to control the 

beam direction. Due to the interaction of the electron beam with the surface material secondary 

electrons (SE), backscattered electrons (BSE) and X-rays can be produced. These can be 

observed by using different types of detectors: a secondary electron detector, a back scattered 

electron detector or an X-ray detector. By measuring the signal for either the SE or BSE a 

topographic image can be generated after a complicated raw data post processing. An additional 

Inlens detector can be used to detect secondary electrons with a higher efficiency compared to 

the secondary electron detector, resulting in higher resolution surface topography imaging. The 

X-ray detector can be used to determine the chemical composition of the surface material by 

using the EDS application.  

The depth for which the electron beam interacts with the sample surface – related to the 

interaction volume – depends on the type of material and the primary electrons’ energy. When 

this interaction happens, not only SE or BSE are produced, but also Auger electrons.  Some 

electrons are reflected, some are absorbed, some may be transmitted if the substrate is thin 

enough and additional X-rays can be generated. Auger electrons have a very low energy and 

only if the ultra-high vacuum system is used, they will be absorbed. X-rays are primary used for 

chemical analysis. The basic schematic for a SEM setup is represented in Figure 7. 

 

 

Figure 7. The basic schematic representation of the SEM working principle. 

 

The electron gun is the source of the electrons – an acceleration voltage in the range 1-30 

kV is applied to extract electrons from a filament, usually made of tungsten. The condenser 
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lenses control the size of the electron beam while the objective lens focuses the beam on the 

specimen. The course focusing is done by controlling the working distance (WD) – a distance 

between the bottom of the objective lens and the surface of the specimen.  

The diameter of the electrons beam can be as small as ~0.4-5.0 nm in diameter. The 

maximum resolution for SEM imaging can be somewhere between ~1-20 nm and this depends 

on the quality of the SEM instrument. 

 

3.2.2. Spectrally resolved total and diffuse reflectance 
 

A commonly used characterization technique for determining the reflectance and/or 

transmittance of a sample is by using an UV/Vis/NIR photospectrometer equipped with an 

integrating sphere. Figure 8 schematically shows the working principle of an integrating sphere. 

The possible wavelength range for the source is typically 200-2000 nm. 

 

 

Figure 8. Schematics of an integrating sphere photospectrometer. [60] 

 

The integrating sphere is a hollow spherical cavity with a diffuse white reflective coating 

that uniformly scatters the light that comes inside the sphere. In this way “all” the light that is 

reflected from the sample can be detected. With the integrating sphere it is also possible to 

measure only diffuse and total reflectance, as shown in Figure 9. In order to determine the 

specular reflectance, the diffuse reflectance can be subtracted from the total reflectance.  
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a)    b)  

Figure 9. Integrating sphere measurement configurations: (a) diffuse reflectance, (b) total reflectance. 

[60] 

3.2.3. Ellipsometry 
 

Ellipsometry is a non-destructive and indirect optical characterization method used to 

determine the thickness of thin films and to characterize samples by their optical properties like 

specular reflectivity. Usually a change in the state of polarization is measured, caused by the 

reflectivity of the sample’s surface or even its transmittance. The reflection setup is used most 

often. A typical setup for ellipsometry is represented in Figure 10. The wavelength range for the 

source is typically between 200-2000 nm. 

 

 

Figure 10. Typical schematical setup for ellipsometry. [61] 

 

When an electromagnetic wave (light) interacts with the surface of a sample, part of it is 

reflected, part of it is transmitted and part of it is absorbed. The electric field vector can be 

divided in two components – perpendicular to the plane of incidence (Es) and parallel to the 

plane of incidence (Ep), as represented in Figure 10. Both components of the electric field’s 

vector have different amplitudes and are out of phase which results in elliptically polarized light. 
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The reflection of the above mentioned components are described by the Fresnel coefficients 

of reflection rp and rs. The ellipsometer measures the ratio between these two coefficients – 

denoted by the complex reflectance ratio ρ.  

 

 𝜌 =
𝑟𝑝
𝑟𝑠

= tan𝜓𝑒𝑖∆ [1] 

 

 

Here ψ and Δ are the ellipsometric angles and hence from these values the optical properties 

of the sample can be obtained by using a simulation and/or modeling tool. 

Ellipsometry is one of the most sensitive techniques to measure thicknesses of thin films. 

Even thicknesses in the Å scale could be detected. Though, this depends on the accuracy of the 

modeling used in the analysis of ellipsometry data. [61] The measured parameters are the 

ellipsometric angles – amplitude component ψ and the phase difference Δ. Since ellipsometry is 

an indirect measurement technique used to acquire specific sample parameters, e.g., layer 

thickness, a model system has to be used and the data has to be fitted in this model.  

 

3.2.4. Fourier transform infrared spectroscopy 
 

Fourier transform infrared spectroscopy (FTIR) is a non-destructive optical characterization 

method that obtains a spectrum that is transmitted through the sample, giving its absorption 

properties. Like a fingerprint, each molecular structure creates a different infrared spectrum. 

Similarly, absorption spectra in semiconductors can also be obtained. In addition, a reflectance 

measurement of samples can be performed by redirecting the light using a combination of 

mirrors. 

Molecular vibrational transition energies typically are in the infra-red range and this is the 

reason that when molecules are exposed to IR-light, they selectively absorb this light for specific 

wavelengths. This results in the change of the dipole moment of the sample molecules. 

Consequently, the vibrational energy levels of the sample molecules transfer from the ground 

state to the excited state. The frequency of the absorption peak is determined by the vibrational 

energy gap. The number of absorption peaks is related to the number of vibrational degrees of 

freedom of the molecule. The intensity of the absorption peak is related to the change of dipole 

moment and the possibility of the transition of energy levels. Therefore, by analyzing the IR 

spectrum, one can readily obtain abundant structure information of a molecule. [62] Figure 11 

represents a schematically presented block diagram for a typical FTIR setup. 
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Figure 11. Schematically presented block diagram for a typical FTIR setup. [62] 

 

The source generates radiation (white light or IR) that is collimated and directed on a beam 

splitter. Part of the beam is redirected to a fixed mirror and part of the beam is redirected to a 

movable mirror where the beams are reflected back again. Due to the path length difference the 

beams have to travel (Michaelson interferometer principle) an interferogram is formed resulting 

in the light source that is directed towards the sample. This enables to use a signal with 

information for a wide range of wavelengths, which makes it a fast technique for obtaining a 

reflection/transmission spectrum. By using either the transmittance or reflection setup, previous 

the sample the signal is directed to a detector. The signal is then amplified and converted to a 

digital signal. This signal is transferred to the computer where a Fourier transformation is carried 

out resulting in the reflection/transmittance spectrum. Typical detection wavelengths are between 

~660-7000 nm where for different parts of the wavelength spectrum specific detectors are used.  
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4 RESULTS AND DISCUSSIONS 

 

In this chapter, the results of the nanopillar fabrication process and the optical 

measurements are described, including brief discussions on the challenges in processing and 

possible solutions to overcome these.  

A colloidal lithography technique is developed and has been investigated in order to be 

optimized to achieve a self-assembled silica (SiO2) particle monolayer with area coverage of 

several mm2. Si nanopillars have been fabricated using colloidal silica particles as an etching 

mask and in addition NIL has been used to create an etching mask consisting of patterned SiO2 

structures.  The obtained pillar structure geometries have been characterized using optical 

microscopy and scanning electron microscopy (SEM) imaging.  

As a proof of principle, different layer thicknesses of SiO2 layers have been deposited on the 

Si pillar structures and the spectral shifts were observed for the different layer thicknesses. FTIR, 

ellipsometer and photospectrometer have been used to observe the shift of reflectance peaks in 

the reflectance spectra obtained from the pillar structures with different oxide layer thicknesses. 

Measured shifts in the reflectance spectra were compared to obtained simulation results done for 

similar Si pillar structures. A biotin-streptavidin model has been used to functionalize the 

fabricated Si nanopillar structures to show the biosensing principle. In order to use this model, a 

surface functionalization protocol has been optimized for a planar Si/SiO2 surface and the same 

protocol has been used for the surface functionalization of the nanopillar structures. 

 

4.1. Nanopillar Fabrication 
 

For the nanopillar fabrication two types of lithography techniques have been used: colloidal 

particle lithography and nanoimprint lithography (NIL). For both of these techniques a dry 

etching technique has been performed to obtain the desired Si nanopillar structures. The primary 

investigated lithography technique in this work is the colloidal lithography –for obtaining large 

area of hexagonally ordered Si nanopillar structures with geometries suitable for biosensing 

purposes. Si nanopillar structures with different geometrical parameters patterned by using NIL 

have been used for proof of principle demonstration of the biosensing technique and as well as 

for preliminary bio-functionalization experiments. First a procedure for surface cleaning of the Si 

substrates is described for the colloidal lithography, followed by the colloidal lithography 

approach itself and finally information about the NIL fabrication technique is given. 
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4.1.1. Surface cleaning 
 

In order to achieve a good surface wettability and hence – large areas of self-assembled 

monolayer of silica particles, the Si surface has to be cleaned and hydrophilized. Several 

methods have been reported on how to achieve surface hydrophilicity. [63, 64] In this work two 

of these have been applied: RCA-1 cleaning and oxygen plasma surface treatment. A commonly 

known Piranha solution (H2SO4/H2O2 solution) can also be used. However, this is a toxic and 

dangerous chemical mixture which has to be handled with care. Before each cleaning procedure, 

the substrates are prepared by 3 minutes of sonication in ethanol and isopropanol, respectively, 

followed by rinsing in de-ionized (DI) water and then dry-blown with nitrogen (N2). This 

provides a pre-cleaned substrate that is ready for further processing – for the more specialized 

cleaning and surface hydrophilization. The cleanliness and hydrophilicity of the Si surface is an 

important factor in order to obtain large area coverage of SiO2 particles after self-assembly 

following from the addition of a SiO2 particle solution in a combination with a 

drying/evaporation process. 

The RCA cleaning process, developed in the Radio Corporation of America, consists of 

three main steps: organic contaminant removal, oxide stripping and ion cleaning. In this project 

only the first step has been used – RCA-1. This step is performed with a solution of 5 parts of DI 

water, 1 part of ammonium hydroxide (NH4OH; 30%; Sigma Aldrich) and 1 part of hydrogen 

peroxide (H2O2; 30%; Sigma Aldrich). The beaker with DI water and NH4OH is heated in an oil 

bath at 70±5 0C. Then the H2O2 is added and after 1-2 minutes the solution starts to bubble 

vigorously meaning that it is ready for surface cleaning usage and thus the substrate can be 

immersed in the solution and kept immersed there for a duration of 15 minutes. When removed 

from the solution, the substrate is rinsed three times with DI-water and then dry-blown with N2.  

Oxygen plasma cleaning is a cleaning process which removes organic components from the 

surface (see 4.1.6. Oxygen plasma surface treatment) – just like the RCA-1 cleaning process. 

The advantage of this technique is that in plasma cleaning no liquid waste materials are produced 

and the achieved surface hydrophilicity is better. In this work a TePla Model 300 Plasma System 

has been used for the cleaning of the Si substrates with oxygen plasma and for surface 

hydrophilization. The settings used for the oxygen plasma cleaning are: an output power of 1000 

W, an oxygen flow of 500 sccm and the processing time has been optimized to 10 minutes. 

Figure 12 shows the comparison of the obtained surface hydrophilicity after using the two 

different cleaning and surface activation processes. As can be seen in the picture taken with a 

camera after the same amount of SiO2 particle solution has been deposited on the Si substrates 

with the same size, the surface after RCA-1 cleaning is hydrophilic, but some side areas and 
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corners are still hydrophobic. With oxygen plasma cleaning this problem is avoided, because the 

ions clean the substrate’s surface in a depth of several nanometers. The RCA-1 cleaning process 

is less aggressive. 

  

a)         b)  

Figure 12. Comparison of the surface hydrophilicity approaches: a) surface cleaning with RCA-1, b) 

surface cleaning with oxygen plasma treatment.  

 

4.1.2. Colloidal lithography 
 

As described in the previous chapter, colloidal lithography is a simple and low-cost surface 

patterning technique. SiO2 colloidal particles were used as an etching mask.  

Figure 13 shows a schematic overview of the nanopillar fabrication process steps used in 

colloidal lithography. 

 

a)  b)  c)  

 

d)  e)  f)  

Figure 13. Schematics of the nanopillar fabrication by colloidal lithography: a) the cleaned hydrophilic 

Si substrate, b) the SiO2 colloidal particle solution deposition, c) the SiO2 particle settling – in a closely packed 

hexagonal monolayer, d) the particle size reduction (using RIE), e) the pillar etching by (ICP-RIE) and f) The 

obtained Si nanopillars after mask removal. 

 

Figure 13(a) shows the cleaned hydrophilic Si substrate. Figure 13(b) and (c) show the 

colloidal SiO2 particle deposition, from a solution, to a closely packed hexagonal SiO2 particle 

monolayer on the Si substrate surface. Figure 13(d) shows the silica particles after the RIE 

process that is used to size-reduce the colloidal particles to obtain the desired pillar diameters. 
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Figure 13(e) and (f) show the nanopillars etched by ICP-RIE and the final product – Si 

nanopillars after removal of the remnant silica mask particles, respectively. In the step shown in 

Figure 13(e) the desired nanopillar length can be controlled by varying the etch-duration. 

In this work a commercially available SiO2 particle solution (5 wt%; Sigma Aldrich) is 

deposited on a Si substrate by using two techniques: a spin- and drop-coating. In a previous work 

it has been shown that relatively large monolayer coverage can be achieved by using 2.0 µm 

particles. [65] In this work it has been shown that also for 0.5 µm and 1.0 µm diameter SiO2 

particles sufficiently large (2 mm2) monolayer areas can be achieved. However, some defects 

are present. These typical diameter sizes of the silica particles were chosen to achieve the desired 

nanopillar diameters and spacing for biosensing experiments. 

A commonly used drop-coating technique has been adapted, to achieve relatively large area 

monolayer coverage, by combining the drop-coating and dip-coating methods. Instead of just 

waiting while the excess liquid evaporates, the sample is tilted after particle settlement hence 

providing a more even distribution of the particles, due to the solvent meniscus, and the slow 

drying process of the particle solution. 

To estimate the approximate amount of particle solution that is required to completely cover 

the substrate surface with a SiO2 monolayer, a back-of-the-envelope calculation has been done; 

taking into account sample surface area Ss. SiO2 particles are spherical; hence the area covered 

by one particle (Sp) can be calculated by calculating the area of a circle. Silica particles self-

assemble in a hexagonal structure, hence the total area covered by the monolayer is 75% of the 

total area of the substrate. [66] Knowing this, it is possible to estimate the total amount of 

particles that is needed to cover a rectangular sample surface with a specific surface area: 

 

 nSiO2 =
Ss
Sp

× 74% [2] 

 

The total mass of the particles necessary can be calculated if one knows the volume of a 

single particle and its density (ρ𝑆𝑖𝑂2 = 2,648 g/cm3). Hence the total volume of all the particles 

can be determined and by the knowledge that the particle solution used in this work is 5 wt% the 

total volume of the particle solution can be calculated.  

Table 2 shows the theoretically calculated minimum values of the SiO2 particle solution 

volumes necessary in order to cover specific area sizes of a Si substrate. 



 39 

Table 2. Minimum volume of SiO2 particle solution necessary to cover Si substrate. 

 
 

When the drop-coating technique is used, a larger amount of solution is necessary because 

due to the surface hydrophilicity and the settling time of the particles, a part of the solution will 

not settle down on the substrate surface. Different solution amounts have been tried, however 

both for 0.5 and 1.0 µm diameter particles the optimal amount is 8 µl. After depositing this 

solution amount onto the Si substrate, approximately 5 minutes were used for the settling down 

of the particles. Followed by this the sample was tilted to specific angles that were varied 

between ~30-750. An angle of ~450 yielded the best results in terms of the largest area with 

monolayer coverage. The tilting approach resulted in a decrease in particle solution 

concentration in time (type of drying), creating a meniscus between neighboring particles. The 

residual liquid slowly evaporated while the loose particles were removed with the movement of 

meniscus. This is similar to a dip-coating process though here instead of slowly lifting the 

sample from the particle solution, the excess liquid removal happens by ordinary evaporation. 

However, when using this technique, very often large areas with double/multilayers are 

observed. This is probably due to an uneven evaporation speed.  

To improve the coverage another particle deposition method was used – spin coating. 

Different spin-coating settings have been investigated – spin-on (250-1000 rpm/s), spin-off (500-

1500 rpm) and different length of the process (15-40 s). With this technique relatively large areas 

of a monolayer can be achieved. By using a low spin-on speed (250 rpm/s) and low spin-off 

speed (500 rpm) for 40 seconds, a large surface area of a monolayer can be achieved for the SiO2 

particles with a diameter of 1.0 μm – even up to a couple of mm2. After spin-coating, the 

substrate was tilted for a final drying step with an angle of ~450. 
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Figure 14. SiO2 particle (1.0 µm) monolayer coverage on a Si substrate by using spin-coating. 

 

Figure 14 represents a part of the relatively large obtained monolayer coverage for SiO2 (1.0 

µm) particles by using the spin-coating/tilting approach. As can be seen, it is not possible to 

obtain large area coverage without any defects in between. These defects are mostly induced due 

to particle size variations for the SiO2 colloidal particles in the solution. The standard deviation 

for the 0.5 µm diameter particles is 0.02 µm and for the 1.0 µm diameter particles it is 0.04 µm 

(Sigma Aldrich Certificate of Analysis).  For nanofabrication such large variations in the 

dimensions can leave a significant effect on the fabricated ordered structures on the Si surface.  

It was found that by using slower spin-on and spin-off speeds, particles are distributed more 

evenly over the surface and larger monolayer areas can be achieved compared to faster spin-on 

and spin-off speeds. This is due to the particle settlement. If the spin-off speed is slower, the 

evaporation process is slower as well and a meniscus, created from the solution, can assemble 

the particles in a monolayer. Spin-coating/tilting is a more controllable process, hence, 

repeatable and also much faster when compared to the drop-coating/tilting technique.  

With both methods it has been shown that using larger SiO2 particles also larger monolayer 

area coverage can be achieved. This is probably mainly due to surface tension forces that are 

involved in the self-assembly processes.  

 

4.1.3. Reactive ion etching 
 

As mentioned before, in the third step of colloidal lithography (see Figure 13(c)) SiO2 

spheres self-assemble in closely-packed hexagonal structures. Selective etching of the particles is 
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used in order to be able to etch nanopillars with a specific diameter and to increase/control the 

spatial separation between the pillars.  The spacing is important not only to control the spatial 

coverage (areal fill factor) but also to reduce the lag-effect. [67,68] Basically, etch lag-effect 

means that the etching rate is lower in the areas with closely-packed particles compared to the 

areas where the SiO2 particles are not that dense. This lag-effect can be reduced by size-reducing 

the SiO2 particles with reactive ion etching (RIE). 

Since SiO2 particles are attached to the surface by the Van der Waals force, wet etching 

cannot be used – this could weaken the particle attachment to the substrate and it is less 

controllable. Dry etching possesses with the right etch process properties for particle etching do 

not alter the original particle position, hence maintains the hexagonal arrangement with the 

original period  and thus this approach is chosen as etching technique for size reduction of the 

silica particles.  

In this work an Oxford Plasmalab 80 RIE machine is used to size reduce SiO2 particles by 

dry etching. This system provides anisotropic etching, under optimized conditions, of SiO2 

particles. A variety of precursor gases and different pressures can be applied in the process 

chamber and these factors play a major role in the etching process. In this work a fluorine based 

chemistry is used to dry etch SiO2 particles in order to size reduce them - trifluoromethane 

(CHF3; 25 sccm) is used. The etch rate (see Equation 3) represents, simply, how fast the material 

is removed during the etch process. The estimated etch rate was found to be ~20 nm/min.  

 

 
𝐸𝑡𝑐ℎ 𝑟𝑎𝑡𝑒 =

𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟)
 𝑒𝑡𝑐ℎ 𝑡𝑖𝑚𝑒  [3] 

 

However, in practice, the etch rate varied. The average etch rate was determined to be ~21.6 

nm/min. Figure 15 represents the etch rate distribution versus the different initial particle sizes. It 

was shown that the smaller particles were size reduced faster than the bigger ones. The faster 

etch rates for the 0.5 µm particles could be attributed to the higher surface to volume ratio and/or 

a lower density, resulting in more efficient etching. Over all, the etch-rate variation was also 

much larger for the 0.5 µm particles compared to those for the 1 and 2 µm particles. This is most 

likely due to the shorter etching times used for the 0.5 µm, which are difficult to control. 
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Figure 15. Etch rate depending on the initial SiO2 particle size – 0.5 µm, 1.0 µm, 2.0 µm. 

 

Figure 16(a) represents a closely-packed SiO2 monolayer before size reduction with RIE. 

Figure 16(b) represents the size-reduced SiO2 particles. As can be seen, the formation of 

particles doesn’t change – they are still arranged in a hexagonal pattern, but in an open pattern; 

and the size of the particles is reduced as determined by the etch-time. Hence both the spacing 

in-between as well as the particle diameter can be controlled by the etch-time.  

 

 a)   b)   

Figure 16. Hexagonal SiO2 particle monolayer: a) in a close-packed arrangement, before size reduction, 

b) in an open structure, after size reduction. 

 

 

 



 43 

4.1.4. Inductively coupled plasma RIE 
 

After structuring the surface with a hexagonal monolayer of SiO2 colloidal particles, 

followed by size reducing the particles to obtain the desired pillar diameters, the actual etching 

of the Si pillars is performed (see Figure 13(e)). For the nanopillar etching inductively coupled 

plasma RIE (ICP-RIE) is used. By choosing the right pre-determined settings for this etching 

process it is possible to manipulate pillar geometrical parameters such as the conditions of the 

side walls and the height of the pillars; as well as the diameter. To achieve well-defined Fabry–

Pérot resonances in the reflection spectra from the pillar arrays, pillars with a cylindrical shape 

are desired. In addition to Fabry–Pérot resonances, additional resonance effects can also exist 

due to possible resonance modes within the pillars. Cylindrical pillars provide a better 

waveguide mode compared to conical pillars. Though obtaining cylindrical pillars is still not that 

straight forward.  

In this fabrication step an Oxford Plasmalab ICP-RIE system 100 ICP180 was used. The 

conditions in this system were not fully optimized for obtaining cylindrical shaped pillars, 

resulting in conical or frustum shaped pillars. Cylindrical shapes are difficult to obtain for 

micron- and sub-micron sized particles, due to inherent problems of mask erosion during 

etching, due to the spherical shape of the particles and ion-bombardment of the mask.  

For etching relatively tall (1.0-1.5 µm) Si pillars, the precursor gases octafluorocyclobutane 

(C4F8; 80 sccm) and sulfur hexafluoride (SF6; 35 sccm) were used. This etching technique used 

is the so-called Pseudo Bosch technique in which the SF6 gas is used as an etching gas and the 

C4F8 gas as a passivation gas. The main function of the passivation gas is to chemically passivate 

the side-walls preventing lateral chemical etching, which also helps to obtain smooth sidewalls 

of the pillars. Additionally argon (Ar; 5-10 sccm) could be used to increase the etch rate, though 

this can also result in surface roughness at the pillar sides. A power of 600 W was applied to a 

13.56 MHz generator coil – this is used to ignite plasma. A process power of 10 W was used to 

accelerate the ions. In this process both chemical and mechanical etching of the material takes 

place.  

Figure 17 shows a SEM image of the obtained Si nanopillars after ICP-RIE. The side-walls 

are rough due to the addition of Ar (5 sccm) during the Pseudo Bosch process etching. Although 

Ar helps to etch taller pillars and provides a faster etch rate due to its physical interaction with 

Si, it also leaves rough surfaces that can affect the optical properties of the structure. Hence it is 

chosen not to use Ar for further pillar etching processes. 
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Figure 17. Si nanopillars after ICP-RIE (Pseudo Bosch process in addition with low Ar flow). 

 

As can be seen in Figure 17, the etch mask is still on top of the etched pillars and has to be 

removed afterwards. This step is also schematically represented in Figure 13(e) and (f). In order 

to remove the etch mask – the SiO2 particles, located at the top of the fabricated pillars, a wet- 

chemical etching is used. In this wet-chemical etching process the sample is immersed in hydro 

fluoric acid (HF; 50%) for 10 minutes, followed by rinsing several times with DI water and dry-

blowing with N2. An example of the fabricated Si pillars, after etch mask removal, is shown in 

Figure 18. The side-walls appear brighter in SEM contrast, possibly due to charging/edge effect.  

 

 

Figure 18. Si nanopillars after etch mask removal. 
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In this work different pillar structures have been etched. Both for 0.5 µm and 1.0 µm SiO2 

particles as etch mask; pillars with the height of 1.0-1.5 µm have been etched. Here, we note that 

to obtain reproducible results in ICP-RIE etching several aspects have to be well controlled. In 

multi-user systems, unknown contamination due to the use of different etch-chemistries can 

occur. Such observations were also made during the course of this work. In extreme cases, even 

the pillars were completely etched away, leaving behind a rough surface, although the same 

parameters used to etch proper Si nanopillars were used. Conditioning the chamber with dummy 

runs was found to be necessary. Due to the difficulty of obtaining near-cylindrical pillars with 

colloidal silica as etch-masks, the samples fabricated by NIL were used for optimizing ICP RIE 

etching to obtain cylindrical shaped pillars. 

In order to check the biosensing principle, by adding different layer thicknesses of oxide, 

two pillar samples, with the best obtained coverage by using colloidal lithography were chosen. 

Though these samples do not have an even coverage they were tried to estimate the optical 

response (reflectance) after oxide layer deposition to check for gross-trends. Figure 19 represents 

a Si pillar sample that has been fabricated by using colloidal lithography and later used in 

reflectance measurements. Figure 19(a) displays the SEM picture (top view) of a small region of 

the sample showing the hexagonally arranged Si nanopillars, but Figure 19(b) shows that over a 

macroscopic scale coverage of the Si nanopillars is non-uniform. With the optical experimental 

set-ups and without pre-defining the “interrogation” areas it was difficult to compare the optical 

data from the same area of the sample, before and after surface oxide deposition. 

 

a)   b)  
Figure 19. Si nanopillar structures by colloidal lithography: a) hexagonally arranged pillars, b) island-

like coverage of Si pillars. The diameter of these pillars is ~800 nm, the period is 2 µm, the average spacing 

between the pillars is ~1.2 µm and the pillar height is ~1300 nm. 

 

In Figure 20 the SEM images summarizing the different stages in the Si nanopillar 

fabrication steps using colloidal lithography and ICP-RIE are shown.  
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a)  b)  c)  d)  

Figure 20. SEM images of Si nanopillar fabrication steps: a) SiO2 particle monolayer, b) size reduced 

SiO2 particles, c) Si nanopillars with the etch mask on top and d) Si nanopillars after etch mask removal. 

 

4.1.5. Nanoimprint lithography 
 

In nanoimprint lithography a mold with a specially defined pattern is pressed into a mask 

layer, usually a resist that is afterwards used to etch the nanostructures. In this work, a SiO2 is 

used as the mask for etching Si nanopillars. Thus, in the first step the moulded resist serves as 

the etch-mask to pattern the SiO2 layer by RIE. In this work two different NIL patterns have 

been used. Figure 21 shows a representative SEM image of one of the NIL Si pillar samples 

(NIL1) used. These Si pillars are nearly cylindrically shaped with a height of ~1500 nm, a 

diameter of ~220 nm and a period of ~420 nm. 

 

 
Figure 21. SEM image of sample NIL1, showing the fabricated Si nanopillars with SiO2 overlayer.. The 

Si pillars are nearly cylindrically shaped with a height of ~1500 nm, a diameter of ~220 nm and a period of 

~420 nm. 

 

The other NIL Si pillar sample (sample NIL2) fabricated in this work is shown in Figure 22. 

For this sample the pillars are slightly tapered with an a height of ~1500 nm, a diameter of ~320 

nm and a period of ~530 nm. 
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Figure 22. SEM image of sample NIL2 showing the fabricated Si nanopillars.The pillars are slightly 

tapered with an a height of ~1500 nm, a diameter of ~320 nm and a period of ~530 nm. 

 

After the pattern has been pressed into the resist mask, a brief dry-etch is performed to 

remove the excess resist to expose the SiO2 layer from regions where it should be etched away. 

The silica layer is etched by fluorine-based RIE, as described earlier. This leaves behind the 

silica layer in the desired regions, using which the Si nanopillars with the desired height are 

etched with ICP-RIE. Subsequently, the residual silica mask is removed by soaking the samples 

for 10 min in HF (50%). 

The fabricated Si nanopillar arrays, sample NIL1, were used for depositing SiO2 layers to 

show the proof of principle for the approach of the optical spectroscopy biosensing application. 

This sample was used primarily for these experiments, following the promising indications from 

simulations of the reflectance spectra (discussed in section 4.2.1). However, first tests for bio-

functionalization on such structured surfaces were made using the sample NIL2 and for 

measuring the spectral shifts for the actual biosensing principle. The geometrical dimensions of 

the pillar arrays in NIL2 are closer to the fabricated colloidal lithography pillar structures, hence 

could be used to check bio-functionalization procedures and achievable sensitivity with such 

pillar structures.  

 

4.2. Spectral Shift Measurements 
 

It has been shown that due to bio-material deposition on a surface, spectral shift can be 

observed in the optical (reflectance) response. [1,21,69] NIL fabricated pillar structures were 

coated with a low-index surface coating in order to demonstrate the biosensing working 

principle, i.e, by changes in the reflectance spectra induced by the surface layer. A peak shift can 

be observed in the reflection spectra for different deposited layer thicknesses of SiO2. Variation 

of the silica layer thickness on the Si pillar surface results in corresponding changes in the 



 48 

effective refractive index of the overall structure.  In this work a variety of SiO2 layer thicknesses 

were deposited on the nanopillar structures, mimicking the effect of the attached bio-layer that 

one wants to determine in the biosensing principle. For each layer thickness the peak shift was 

determined for the specular reflectance spectra and a relation was determined between the 

change of layer thickness and the observed peak shift. Specular reflectance measurements were 

done by using a Lambda 950 UV/Vis/NIR photospectrometer. It is expected that spectral shifts 

(red shifts) of several nanometers will occur for a thicker oxide layer (in the proof of principle 

approach) or for a higher concentration of biomolecules (for the actual biosensing) or a thicker 

biolayer composed of large molecules.  

 

4.2.1. Simulations of the reflectance spectra of Si nanopillars 

(arrays) with a silica over-layer 
 

To estimate the expected spectral shifts when depositing a certain SiO2 layer or a bio-layer, 

simulations with the commercially available simulation software Lumerical FDTD were 

performed. Since the goal here is to use self-assembled SiO2 particles as etch mask in order to 

get Si pillar structures used for biosensing, the simulations were done for hexagonally ordered Si 

pillar arrays and the geometrical dimensions are similar to the NIL1 sample. The simulated Si 

nanopillar arrays had the following parameters: cylindrical shape; diameter of 170 nm, a pillar 

height of 1200 nm and a period of 450 nm. Schematics of the pillar dimensions are shown in 

Figure 23. Surface SiO2 layer thickness was varied up to u55 nm (δ) with a step size of 10 nm 

 

a)       b)  

Figure 23. Schematics of nanopillar structure’s dimensions; (a) plan-view showing their arrangement in 

a hexagonal lattice. (b) cross-section of a Si pillar showing the added surface oxide layer. 

 

The simulated reflectance spectra show a linear spectral shift for the simulated SiO2 

thicknesses range and that this is proportional to the added thickness of the oxide layer. 
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Figure 24 represents the simulated reflectance spectra for the previously mentioned 

hexagonally ordered Si nanopillars with no oxide layer on top and with SiO2 layer thickness of 

15 nm deposited on the pillar structures. 

 

500 600 700 800

0

5

10

15

20

25

Peak 6

Peak 5

Peak 4

Peak 3
Peak 2

R
ef

le
ct

an
ce

 (%
 R

)

Wavelength (nm)

 0 nm SiO2

 15 nm SiO2

Peak 1

 

Figure 24. Simulated reflectance spectra for hexagonally ordered Si nanopillars. 

 

Spectral shifts for each of defined peaks are presented in the Figure 25. By simulating the 

deposition of different oxide layer thicknesses on the Si pillar structures, it can be seen that the 

peaks from the reflectance spectra are shifting (red shift). The magnitudes of peak shift observed 

are different for the different reflectance peaks.  
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Figure 25. Simulated spectral shifts with different oxide layer thicknesses on the hexagonally arranged 

Si nanopillars. 

 

Table 3 represents the data for the peak shift in nm per added 10 nm of SiO2 deposited on 

the pillar structures. By using this data, one can select the peak with the largest shift for further 

experiments, since this will be the most sensitive and hence small changes of refractive-index on 

the surface of the Si nanopillars can be detected.  

 

Table 3. Simulated peak shifts for previously defined peaks. 

 

Peak shift 

 (nm/10 nm SiO2)) 

Wavelength for peak position 

(nm) 

Peak 1 6.6 504.5 

Peak 2 5.8 574.6 

Peak 3 3.3 606.7 

Peak 4 3.6 690.9 

Peak 5 5.4 781.1 

Peak 6 7.0 833.2 

 
 

The simulations done in this work are used only for representative purpose – to show the 

expected trends for the experimental results using similar Si nanopillar structures.  
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4.2.2. SiO2 deposition 
 

A SiO2 layer was deposited by using a Plasmalab 80Plus (Oxford PECVD System) on Si 

nanopillar samples fabricated using both types of patterning – colloidal lithography and NIL.  

The chamber pressure was set to 800 mTorr and the table temperature used was 300 0C. 

Two precursor gases were used to deposit a thin SiO2 layer on the Si substrate – 2%SiH4/N2 (710 

sccm) and N2O (425 sccm). Figure 26 shows the deposition rate of SiO2 on a planar surface. As 

can be seen the deposition rate is linear (~1.1 nm/s). The thickness of the deposited oxide was 

measured by an ellipsometer with a spot size of 1x3 mm2.  
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Figure 26. SiO2 layer deposition with PECVD system (linear fit with slope 1.1 nm/s). The oxide layer 

thickness was measured by an ellipsometer. 

 

The assumption was made that the deposition of the oxide layer on the pillar structures 

should be more or less the same as for a planar surface. However, in general depending on the 

structure geometry, the deposition rate will deviate from the planar case. Although, the PECVD 

process works to obtain fairly uniform over-lay layers, the process is not strictly conformal. 

Further, the process can also have other side-effects due to unstable conditions. For example, it 

was found in some SEM images that the oxide is deposited in patch-like structures on the top of 

the pillars and only part of the oxide is deposited on the side walls compared to the case for 

planar surfaces. This can be seen in Figure 27(a). Although these effects were not routinely 

observed, it was interesting to investigate solutions which can reduce this effect, if it occurs. 

Below, two approaches one by reducing the chamber pressure and another by using a robust 

post-process are discussed. 
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a)     b)  

Figure 27. SiO2 layer deposition on the Si pillars: a) chamber pressure 800 mTorr, b) chamber pressure 

500 mTorr. 

 

Figure 27(a) represents the pillar structures with an oxide deposition time of 46 seconds at a 

pressure of 800 mTorr and Figure 27(b) represents the same sample, with the same deposition 

time of 46 seconds, but with the oxide deposited at a pressure of 500 mTorr. As can be seen the 

lower pressure helps to avoid oxide piling on top of the pillars. However, due to the lower 

pressure the deposition rate reduces resulting in a thinner oxide layer. At this lower pressure, 

instead of 50 nm only 37 nm thick oxide layer was deposited on the planar (reference) Si 

substrate (measured by ellipsometry). Hence, we can conclude that the lower pressure is not the 

best solution for this problem, if one wishes to avoid longer process times for thick oxide 

deposition.  

As an alternative solution, rapid thermal annealing (RTA) was applied to avoid the 

agglomeration of SiO2 on top of the pillars and to obtain a uniform layer on the sides of the 

pillars. For this process the pillar structures, with deposited oxide layer, were rapidly thermally 

annealed at 1000 0C for 1 minute in a N2 environment. For the RTA a Mattson 100 RTP System 

was used. During high temperature cycle in the RTA process the SiO2 melts and reflows, and by 

rapid cooling the excess material piles originally present at the pillar top could be evenly 

redistributed on the pillar sidewalls. This process was characterized by measuring the reflectance 

spectra of the nanopillars before and after the RTA process. Figure 28 represents the spectral 

measurements done before and after the RTA process. It shows that the SiO2 agglomeration on 

top of the pillars – or on the sidewalls, affects the measured reflection spectra. The induced blue 

shift after the RTA process can be explained by the fact, that the oxide from the top ‘’melts’’ 

down on the sidewalls and by this the effective pillar height is slightly changed as well. 

However, a slight blue shift is still observed for the spectra after RTA process.  
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Figure 28. Comparison of spectra before and after the RTA process. 

The above studies indicate that PECVD in combination with post processing by RTA could 

be a promising route to obtain nearly conformal oxide coverage on nanostructures. However, 

more detailed investigations are necessary to quantify the conformality. If a strictly conformal 

layer is required, another SiO2 deposition approach could be by atomic layer deposition 

(ALD).This technique on one hand is a more time  consuming technique for thick layers, but 

excellent in terms of conformality and provision of thin layers together with high precision in 

layer thickness.  

 

4.3.2. Spectral measurements 
 

Spectral measurements were done by using a Lambda 950 UV/Vis/NIR photospectrometer 

in a range of 500-850 nm. Both the fabricated colloidal and NIL Si nanopillar structures were 

used at the beginning to show spectral shifts due to oxide layer deposition. However, the 

colloidal sample used for this purpose didn’t have a sufficiently large uniform hexagonally 

structured coverage and the etched pillars were not tall enough; hence it was decided that for the 

further experiments only the NIL Si nanopillar structures with a large uniformly ordered 

coverage area and with pillars of sufficient height will be used.  

For both the colloidal and NIL Si nanopillar structures, different measurement techniques 

were applied to obtain the specular reflectance spectra – FTIR, ellipsometry and 

photospectrometry. It was chosen not to use FTIR and ellipsometry for further measurements, 

because for the ellipsometer only shallow incident angles (56-900 relative to normal incidence) 

were possible. For the FTIR, in the present configuration, the repeatability was difficult because 
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it was difficult to control the alignment of the light source spot on the “same” region of the Si 

pillar sample. In future, an imaging system and markers on the sample can be implemented to 

overcome this problem.  

Figure 29 shows the reflectance spectra for the NIL Si nanopillar structures (described in 

Sec. 5.1.5.) collected with the UVISEL ER (Horiba) ellipsometer with a unpolarized light 

source, with an incident angle of 800, a wavelength range of 500-850 nm and with a step size of 

1 nm. Measurements with ellipsometer were done with different incident angles, but data 

collected from measurements with incident angle of 800 showed to be the best. However, 

possible reason why data obtained from other incident angles (560 and 700) was noisier is the 

sample positioning. This should not be taken as a reason why in future not to use ellipsometer for 

this kind of experiments – measurement process need optimization regarding sample positioning.  
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Figure 29. Reflectance spectra from ellipsometer (800 incident angle relative to normal incidence) for the 

NIL sample with different oxide layer thicknesses.  

 

The spot size is 100x300 µm; a smaller spot size could be used when necessary - 50x150 

µm. As can be seen from Figure 29, spectral shifts can be observed, but the signal is noisy and 

hence it is very difficult to clearly define the peak positions and consequently spectral shifts. 

However, if the signal would be post-processed and smoothened it could be qualitatively used 

for this purpose. But here the goal was to find the easiest and less time and resource consuming 
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technique to detect the shifts. The ellipsometer has an advantage over other techniques with its 

small spot size which allows focusing specifically on a relatively small area with uniform 

coverage. The disadvantages are the quite long data collection time and the requirement to obtain 

reference data. The reference data for these reflection measurements was obtained by measuring 

the raw ellipsometry data for a planar Si substrate, by performing a so-called R&T Mono 

acquisition (for each incident angle used), and by using a model (simulation) for Si (at the 

specific source incident angle) to obtain its reflectance spectrum. The obtained raw ellipsometry 

data for future measurements is then compared to the raw data for the Si planar substrate and its 

belonging reflectance spectrum and from this the reflectance spectrum of the measurement is 

determined. 

Figure 30 shows the reflectance spectra obtained with a Nicolet 5700 FTIR spectrometer at 

an incident angle of 80 from the vertical.  
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Figure 30. Reflectance spectra from FTIR (80 incident angle relative to normal incidence) for the NIL Si 

nanopillr structures with different oxide layer thicknesses. 

 

As can be seen, with no oxide layer coated on the pillar structures, the spectrum seems very 

good, but when depositing oxide layers the signal changes and additional peaks appear that 
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interfere with the measurements for the initial peak shifts. One of the setbacks of this technique 

is the light source – the spot size that is focused on the sample. By increasing the angle, the spot 

size gets larger and different areas of the sample are measured. Also sample positioning is not 

very precise since the sample is simply placed inside the measurement chamber. Although this 

technique seems more promising than ellipsometery in terms of simplicity, improvements in the 

spot size as well as precise positioning of the sample should be implemented.  

The oxide deposition and spectral measurements with the photospectrometer for the NIL Si 

nanopillar structures were done several times – before each deposition step the oxide was 

stripped by immersing the sample in hydrogen fluoride (HF; 50%) for 10 minutes. Both total and 

diffuse reflectance spectra were collected and from this the specular reflectance was calculated 

by subtracting the diffuse spectrum values from the total spectrum values. Only the specular 

reflectance spectra are plotted and used to analyze the result; this is done to be able to compare 

qualitatively the results obtained from the ellipsometery and FTIR data; with these two 

techniques only specular reflectance can be measured (although the incidence angles are not the 

same).  

After the first full cycle of depositing different layer thicknesses, it was observed that the 

spectrum suddenly has a blue shift after depositing 75 nm of oxide layer: This is shown in Figure 

31.  
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Figure 31. Reflectance spectra from photospectrometry (80 incident angle relative to surface normal) for 

the NIL sample with different oxide layer thicknesses. 
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One of the parameters that is unknown in these first experiments is the actual layer thickness 

that is deposited on the pillar structures. Although the measured oxide thickness on the dummy 

sample shows the expected results, the actual layer thickness on the nanopillar sidewalls was not 

investigated at first. This unexpected spectral shift when depositing 75 nm of SiO2 led to an 

investigation for how the oxide stripping affects the sample. Figure 32 represents the spectra 

after several oxide stripping times. The oxide coated sample was etched (cumulatively) in HF for 

different durations. As can be seen, the spectrum shifts as the sample is etched in HF. This 

means that probably either not the whole oxide layer has been removed after the first time.  
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Figure 32. Reflectance spectra for the NIL Si nanopillar structures after different oxide stripping times. 

 

In the next set of experiments, each time the reference spectrum of the sample without oxide 

(i.e. after complete stripping) was measured prior to oxide deposition. This way, any uncertainty 

due to impartial oxide removal can be eliminated. However, the anomalous behavior after 75 nm 

oxide layer deposition persisted. This argues that the incomplete removal of the oxide layer was 

not the reason for this behavior. Thicker oxide deposition, most likely results in excess 

deposition  on the top of the pillars This argument is reasonable since the effective openings 

between the pillars reduces, which in turn promotes excess deposition on the pillar top.  

Figure 33 represents the adjusted reflectance spectra with the compensated peak positions 

according to the pillar structures without oxide layer. 
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Figure 33. Compensated reflectance spectra. 

 

The compensation was done by taking into account the reference spectra that was taken 

after each oxide stripping and just before depositing the new layer of oxide. Moreover, the 

actually deposited oxide layer thickness on the nanopillar sidewalls was measured. Instead of 

depositing 100 nm of SiO2 only ~49 nm in total (on average) was deposited, on the pillar side-

walls. These corrections ensure that the actual effect of the deposited oxide thickness is 

measured and the residual oxide does not affect the results.  

Table 4 represents the total peak shift per each 10 nm of SiO2 deposited.  

 

Table 4. Experimental peak shifts for previously defined peaks. 

 Peak shift 

 (nm/10 nm SiO2)) 

Wavelength for peak position 

(nm) 

Peak 1 2.1 536.2 

Peak 2 3.1 566.3 

Peak 3 3.6 600.2 

Peak 4 4.6 647.8 

Peak 5 2.5 776.4 

Peak 6 3.7 794.1 

 



 59 

As can be seen, Peak 4 shows the biggest shift hence is the most sensitive. Both Peak 2 and 

Peak 4 are also sharper than other peaks so the shift can be more easily determined and thus are 

more suitable for the peak shift measurements due to the better peak position determination. 

Figure 34 shows the total peak shift for Peak 2 and Peak 4, fitted with a linear fit. 

 

 

Figure 34. Total spectral shift for each peak with different oxide layer thicknesses. 

 

It is expected that the reflectance intensity will grow until it saturates. [1] If the saturation 

level could not be observed here due to insufficient layer thickness on the pillars for this to 

happen, then the linear increase of the peak shift is expected to be observed nevertheless.  

Inspite of the PECVD not being the optimal method to obtain conformal oxide coating, 

within certain limits defined by the structure and the PECVD process conditions, the above 

results experimentally prove the bio-sensing principle. The measured systematic reflectance peak 

shifts (Table 4 and Figure 34) with oxide thickness are consistent with predictions from 

simulations (section 4.2.1). 

 

4.3. Biosensing Using Si Nanopillar Arrays 
 

The results presented in the preceding section showed that by coating the Si pillar structures 

with different layer thicknesses of oxide, a peak shift of ~5 nm/10 nm of SiO2 layer thickness can 
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be observed. The same principle now will be applied for biosensing. The surface of the Si pillar 

structures will here be used to bind biomolecules and for this the optical reflectance spectra are 

observed and analyzed, for different biomolecule concentrations, as biosensing principle. 

Though before this can be done, surface functionalization is necessary to enable to bind the 

biomolecules to the Si nanopillar surface. This surface functionalization was earlier mentioned in 

Chapter 2 where the basic principles of biosensing where given. Before this functionalization 

process was applied for the Si pillar structures, it was first optimized for planar surfaces. Then 

the assumption was made that the surface functionalization is similar for planar surfaces and 

pillar structures. 

The next two paragraphs will first describe the surface functionalization process and then 

the peak shift measurements used for the biosensing purpose. 

 

4.3.1. Surface functionalization 
 

The biotin-streptavidin is the strongest non-covalent biological interaction known. [73] 

Hence, it has been chosen to use it as the proof of principle for the investigation of the optical 

reflectance spectroscopy using the surface functionalized Si pillar structures. The 

functionalization consists of several steps. The first step is surface cleaning and hydrophilization 

followed by silanization and further bio-layer attachment.  

Surface cleaning, hydrophilization and further attachment of biotin and streptavidin are well 

known processes. [1,72,74] However, when it comes to silanization, there is no clear information 

about the best way how to do this. There are several approaches of how to performe the 

silanization of Si surface. However, for each approach there are some slight differences and it is 

not that straight forward noted which conditions are crucial for the silanization processes. In 

general, there are two basic approaches: one that states silanization has to be done in an 

anhydrous environment [31,72,75,76] and the other that the presence of water is necessary. 

[2,27,71]  This already makes clear that these are very different approaches. However, the most 

important information obtained from these different approaches is the fact that the Si surface 

should be covered with a thin SiO2 layer in order to get better adsorption of the bio-layers.  

Figure 35 represents the silanization process with commonly used 3-

aminopropyltriethoxysilane (APTES).  
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Figure 35. Schematic representation of: a) plain Si substrate, b) Si substrate covered with SiO2 layer,  

c) hydrophilic Si/SiO2 surface and d) silanized surface. 

The Si substrate is pre-cleaned with acetone, isopropanol, DI water and dry-blown with N2. 

Afterwards a SiO2 layer is deposited and the surface is made hydrophilic; followed by APTES 

molecule deposition on the substrate surface. 

In this work surface cleaning and hydrophilization has been performed by using a freshly 

prepared Piranha solution. Piranha solution is a mixture of sulfuric acid (H2SO4) and hydrogen 

peroxide (H2O2). This mixture is a strong oxidizing agent that removes most of the organic 

matter, leaving the surface hydrophilic. In this work a typical mixture of ratio 3:1 of Piranha 

solution has been used – that is 3 parts of concentrated H2SO4 and 1 part of H2O2 (30%). The 

substrates are soaked in the Piranha solution for 30 minutes, followed by rinsing it three times 

with DI water and ethanol, respectively. Before further processing, the substrates are stored in an 

ethanol environment.  

Silanization was done by using different approaches. However, it was proven that both the 

anhydrous environment and water presence during the experiment lead to the same result – a 

silanized surface. Proof of the amino-activated surface can be obtained by binding fluorescent 

biotin and observing its fluorescent signal.  

To provide stable anhydrous ambient conditions for the silanization process, the sample is 

placed inside a glass vial and sealed with septum. Usually these processes are done in a N2 

purged glove box, but that is a complicated and costly method. The glass vials are oven dried for 

30 minutes prior using. Then N2 is pumped in the vial through the septum. First anhydrous 

toluene (Sigma Aldrich) is introduced inside the vial followed by APTES (Sigma Aldrich). 

Volume concentrations of 0.1%, 1.0% and 5.0% APTES in anhydrous toluene have been tried, as 

well as different reaction times. The optimal parameters observed are 5.0% concentration of 

APTES in anhydrous toluene for a reaction time of 1 hour. After 1 hour the solution is extracted 
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from the vial and anhydrous toluene is introduced for rinsing. The sample is sonicated in 

anhydrous toluene for 5 minutes for the removal of any loose APTES molecules and then dry-

blown with N2. 

For the case of silanization in the presence of water, an ethanol based APTES solution is 

used (volume concentrations of 95% ethanol, 5% APTES, 5% DI water). After a reaction time of 

15 minutes the sample is rinsed with ethanol and DI water, respectively, and dry-blown with N2.  

Since these experiments were done by modified protocols it was important to confirm that 

the APTES layer really is present. Not only is the presence important but also that they are 

attached in such a way that the available amino groups are sticking out and thereby enabling the 

biotin to bind. To check this at first carboxyfluorescein was used to bind to the amino groups and 

observe its optical signal. It is known that this dye has a high affinity to amino groups and should 

bind very easily. [68] The samples were prepared both on Si/SiO2 and glass substrates in order to 

exclude dye quenching that could occur due to the nonsufficient oxide layer thickness. In this 

process a 5(6)-carboxyfluorescein, N-hydroxysuccinimide ester (C25H15NO9, Sigma Aldrich) 

with a concentration of 100 µg/ml in a 0.1 M sodium bicarbonate buffer (NaHCO3, pH 8.2, 

Sigma Aldrich)) was used. Dimethyl sulfoxide (DMSO; (CH3)2SO; Sigma Aldrich) was added to 

the buffer solution (5%, v/v) in order to dissolve the dye molecules. Reaction times of 15 

minutes, 45 minutes, 2 hours and 3 hours were tried. However the tests with the fluorescent 

scanner did not give the desired result. The samples checked with a fluorescence microscope 

didn’t show any signal except for the auto-fluorescence due to the glass substrate.  

Because of the previously mentioned non-conclusive result, the idea arose that APTES 

might be polymerized due to the possible water presence. [69] To exclude this, FTIR spectra of 

pure APTES was collected in transmittance mode. The FTIR data shows the presence of active 

amino groups on the surface. Figure 36 shows the FTIR transmittance spectra obtained with just 

a glass substrate with APTES attached on it. 
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Figure 36. FTIR transmittance spectra for APTES on a glass substrate. 

 

N-H stretching is observed in the range of 3000-3500 cm-1. [67-68] Here the range of 3101-

3455 cm-1 is observed and confirmation of the presence of the amino groups is obtained. 

Moreover, it can be seen that by adding an additional amount of APTES the significant peak gets 

broader notifying that the amount of amino groups increases. 

From these results it was concluded that the problem of the previously mentioned detection 

approach for APTES, used for the silanization, is most likely not due to the APTES itself but due 

to the dye. To show the active amino groups, fluorescent biotin was chosen since this is also the 

next step in the surface functionalization process. 

To show the biotin binding, biotin with a fluorescent dye has been used (Atto 647N biotin, 

Sigma Aldrich). The Atto 647N dye has an excellent quantum yield of fluorescence (ηfl = 0.65), 

which is twice as much as for the commonly used Cy5 dye. [79] The excitation wavelength of 

this dye is 644 nm and the emission wavelength is 660 nm. A concentration of 50 µM Atto 647N 

biotin in 50mM sodium bicarbonate buffer (NaHCO3; pH 8.5; Sigma Aldrich) is spotted on the 

amino-activated surface. Spot method is used in order to clearly show that the fluorescence is not 

auto-fluorescence. After 1 hour reaction time, the samples were rinsed with DI water and dry-

blown with N2.  A spot method is used in order to clearly show that the fluorescence is not due to 

auto-fluorescence. 

Figure 37 represents the comparison of both silanization methods described previously with 

fluorescent biotin spots.  

 



 64 

a)  b)  

Figure 37. Fluorescent biotin on the APTES layer deposited in a) anhydrous environment, b) in water 

presence. 

 

A NimbleGen MS 200 Microarray Scanner was used to obtain the fluorescent images with 

an excitation wavelength of 635 nm (measurements performed in the School of Biotechnology, 

KTH Royal Institute of Technology). Since this is a microarray scanner, the sample size was 

adjusted in such a way that it precisely fitted into the slide magazine. A DISCO DAD 320 Dice 

saw was used to dice the Si wafer in the slides with the desired dimensions of 7.3 and 11.4 mm. 

Figure 37(a) shows biotin spots on the surface that was treated using the anhydrous silanization 

process and Figure 37(b) shows biotin spots on the surface that was treated in the presence of 

water. As can be seen, Figure 37(b) also shows some fluorescence in the ‘background’. This is 

possibly due to imprecise spotting technique – spots were deposited by using an ordinary pipette 

with a very low volume (0.5 µl).  

The control sample, soaked for 1 hour in anhydrous toluene, didn’t show any fluorescence 

and this allows excluding the auto-fluorescence possibility. Moreover, an approach was used in 

which the samples were also excited, with laser emission of 535 nm, but no signal was obtained 

from this approach.  

Once the biotin binding has been proven with the fluorescent biotin, the further steps of the 

surface functionalization can be done. A concentration of 50 µM biotin-NHS (Sigma Aldrich) in 

50 mM sodium bicarbonate buffer (NaHCO3; pH 8.5; Sigma Aldrich) was used for biotin 

attachment. After a reaction time of 1 hour, the samples were rinsed with DI water and dry-

blown with N2. 

As a last step the sample has been incubated for 45 minutes in 100 µg/ml streptavidin 

(Sigma Aldrich) in phosphate-buffered saline (PBS; pH 7.4; Sigma Aldrich) followed by rinsing 

with PBS and DI water and dry-blown with N2. 
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4.3.2. Reflectance spectroscopy for biosensing using Si 

nanopillars 
 

The previously described surface functionalization, which was optimized for planar 

surfaces, was used to prepare the hexagonally ordered Si nanopillar array structures, fabricated 

by NIL, for biosensing purposes.  

The nanopillars have a tapered pillar shape and have a typical pillar height of ~1500 nm, a 

top diameter of ~100 nm, bottom diameter of ~220 nm and a period of 450 nm. Initially the Si 

nanopillar structures were covered with SiO2 layer of 35 nm, by using PECVD, in order to 

change the surface wettability. As previously mentioned, actual oxide layer thickness can be less 

due to the pillar structures, but in this case the precise layer thickness is not that important as 

nanopillar coverage itself. This thick layer can be deposited more homogeneously with the 

PECVD system than thicker oxide layers and at the same time it provides the same properties for 

further bio-molecule deposition. For the surface functionalization the sample is cleaned for 30 

minutes in freshly prepared Piranha solution (H2SO4:H2O2; 3:1 v/v) and then rinsed with DI 

water and ethanol, respectively. The oven dried glass vials, sealed with septum, were backfilled 

with N2. The sample was incubated for 1 hour in a 5% volume concentration of APTES in 

anhydrous toluene followed by 5 minutes sonication in anhydrous toluene and dry-blown with 

N2. For biotinylation a concentration of 50 µM biotin 3-sulfo-N-hydroxysuccinimide ester 

sodium salt (Sigma Aldrich) in 50 mM sodium bicarbonate buffer (NaHCO3; pH 8.5; Sigma 

Aldrich) is used – with a reaction time of 1 hour. The sample is afterwards rinsed with DI water 

and dry-blown with N2. Two different concentrations of streptavidin have been used to show 

biosensing principle by optical (reflectance) spectroscopy – 100 µg/ml and 50 µg/ml.  

Streptavidin, from Streptomyces avidinii (Sigma Aldrich) in phosphate-buffered saline (PBS; pH 

7.4; Sigma Aldrich), is deposited on the sample and left for 45 minutes followed by rinsing it 

with PBS, DI-water and dry-blown with N2, respectively. Schematics of bio-layer deposition on 

SiO2 coated Si nanopillars is shown in Figure 38. 
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Figure 38. Schematics of bio-layer deposition on SiO2 coated Si nanopillars 

 

Although bio-layer deposition and spectral shift measurement is a preliminary study and 

still needs to be optimized, the expected trend still can be observed. Figure 39 represents the 

measured spectral shifts from the specular reflectance spectra after biotin and streptavidin 

attachment to SiO2 coated Si nanopillars. The observed shift is ~1 nm after streptavidin (100 

µg/ml) attachment. It has to be mentioned that the same shift has been observed for all three 

noted significant peaks that have been chosen due to their more sharp shape than the others.  
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Figure 39. Spectral shifts after APTES, biotin and streptavidin (100 µg/ml) attachment to SiO2 coated Si 

nanopillar arrays. 

 

After removing the deposited bio-layer (which was prepared with streptavidin (100 µg/ml)), 

by soaking the sample for 30 minutes in freshly prepared Piranha solution (H2SO4:H2O2; 3:1 

v/v), a reflectance spectrum was again taken in order to compare it with the previous result for 
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the Si nanopillars only coated with a SiO2 layer of 35 nm and to see if the bio-layer has been 

successfully removed. The observed spectrum was the same as before the first deposition of the 

bio-layer, indicating that it was successfully removed. Next a different - lower concentration of 

streptavidin was deposited on the pillar structures – with a streptavidin concentration of 50 

µg/ml. The deposition procedure was exactly the same as the one previously described. The 

measured specular reflectance spectra, regarding this streptavidin concentration measurement, 

are represented in  

Figure 40 no measurable shift is observed for the deposited streptavidin concentration of 50 

µg/ml.  
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Figure 40. Spectral shifts after APTES, biotin and streptavidin (50 µg/ml) attachment to SiO2 coated Si 

nanopillar arrays. 

 

A possible explanation for this apparent low sensitivity could be found in the surface 

functionalization process as well as the lower sensitivity of the structure due to tighter optical 

field confinement. The APTES might form patches or the layers are too thick instead of forming 

an even single layer. This could result in a lack of amino groups on the surface at which the 

biotin could bind and thus that almost none of the streptavidin could bind to the surface of the Si 

nanopillar structures, resulting in a very small peak shift or no peak shift at all. However, in this 

work there were no measurements done in order to understand actual molecular concentration 

that has bounded to the surface hence it is not clearly known how many of deposited molecules 

actually stayed on the surface.  
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Although a small peak shifts can be observed due to the biomolecule deposition on the Si 

nanopillar structures, the sensitivity obtained is very low and the surface functionalization 

process as well as the nanopillar (geometry) structure needs to be optimized in order to make a 

sensitive biosensor. 
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5 CONCLUSIONS AND RECOMMENDATIONS 

This thesis has been dedicated to Si nanopillar structure fabrication, characterization and 

surface modification for bio-sensing applications. The main conclusions and recommendations 

are summarized below. 

 

1. In this work two different nanopillar fabrication methods have been used – nanoimprint 

lithography (NIL) and colloidal lithography. NIL provides large defect-free areas of 

nanopillar structures, but it is less flexible and more complicated than colloidal 

lithography. 

2. By using colloidal lithography with silicon dioxide (SiO2) particle diameter sizes of 0.5 

µm and 1.0 µm, respectively, a self-assembled silica monolayer can be obtained on areas 

up to 2 mm2 which is sufficient for optical measurements, if appropriate spot sizes and 

capability for precise positioning of the sample can be provided. Some defects in the 

colloidal particle self-assembled monolayer which originate from the particle size 

distribution cannot be avoided completely. Typically, the spin coating procedure in the 

entire sample covered by patches with ML coverage of silica particles.  

3. The drop-coating method was investigated to achieve a relatively large monolayer of 

colloidal silica particles – after the particles have settled on the substrate surface, the 

sample is tilted for the drying process by ~450. The more effective and reproducible 

technique is spin-coating. Optimal spin coating parameters are low spin-on acceleration 

(250 rpm/s) and a low spinning speed (500 rpm) for 40 seconds. However, this still could 

be optimized to avoid any formation of multilayers or voids. The minimum calculated 

amount of the colloidal SiO2 solution (5 wt%) to cover a Si substrate with a size of 1 cm2 

is 1.26 µl. However, due to the partial loss in the spin-coating process, larger volumes are 

necessary.  The optimal volume has been determined to be 8.0 µl.  

4. In order to etch nanopillars, colloidal silica particles have to be size-reduced to avoid the 

lag effect. This size reduction process is a very important step which provides a certain 

degree of flexibility in colloidal lithography. The mask size can be varied by size 

reduction, keeping the same period. The period itself can be changed by choosing 

different particle sizes. The silica particle etching  is done with an Oxford Plasmalab 80 

RIE system that has an average etch rate of ~21.6 nm/min. Smaller silica particles are 

size-reduced faster than larger ones. 
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5. Although cylindrically shaped pillars are desired, with an inductively coupled plasma 

reactive ion etching (ICP-RIE) system Oxford Plasmalab 100 ICP180 tapered to nearly-

cyndrical ones are obtained.  

6. Optical microscopy as well scanning electron microscopy (SEM) has been used to 

characterize the fabricated silicon (Si) nanopillars. 

7. To provide a proof of principle for biosensing, SiO2 layers with different thicknesses are 

deposited on the pillar structures. To analyze the experimental results, commercially 

available simulation software Lumerical FDTD was used to simulate the reflectance 

spectra from the nanopillar arrays.. The simulation results showed a linear trend for 

spectral shifts when depositing oxide of different layer thicknesses. The largest shift of 7 

nm per each 10 nm of SiO2 deposited was observed. 

8. Different layer thicknesses of SiO2 have been deposited on Si nanopillar structures and 

reflectance spectra have been obtained. A maximum shift of 4.6 nm per each 10 nm of 

deposited SiO2 was observed in the experiments. The experimental results also showed a 

linear increase of the peak shift as a function of the oxide layer thickness. By adding 

oxide on the pillar structures, a red shift is observed; when oxide is removed, a blue shift 

is observed. 

9. Plasma-enhanced chemical vapor deposition (PECVD) is an effective and controllable 

oxide deposition method for a planar surface. However, when depositing oxide on pillar 

structures, due to the pillar size and spacing in between the pillars, the thickness of the 

deposited oxide becomes thinner than expected. PECVD for SiO2 deposition on Si 

nanopillars is a very rough technique and a piling up of SiO2on top of the Si pillars can 

be observed. It is shown that this piling up can be partially avoided by reducing the 

pressure in the process chamber.  The rapid thermal annealing (RTA) technique can be 

used to remove oxide piles from the top of the pillars which also changes the spectral 

results. In future experiments, it might be considered to employ the atomic layer 

deposition (ALD) technique to further improve the even coverage of SiO2 over the pillar 

structures. 

10. Different optical techniques – Fourier transform infrared spectroscopy (FTIR), 

ellipsometry and photospectrometry can be used to characterize spectral shifts. However, 

for the specific requirements/practical constraints in the present work, the most reliable 

and reproducible of these is photospectrometry. In order to compare the results from all 

techniques, the specular reflectance is obtained from measurements of the diffuse and 

total reflectance with a photospectrometer. 
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11. The biotin-streptavidin model system has been used to show actual biosensing. Prior to 

the use on Si nanopillar structures, the surface functionalization protocol has been 

optimized on planar Si substrates. When initially preparing the Si surfaces, a treatment 

with oxygen plasma proved more effective than RCA-1 cleaning because the ions clean 

the substrate’s outer layers down to a depth of several nanometers and leave the surface 

very hydrophilic. Surface silanization with 5% 3-aminopropyltriethoxysilane (APTES) in 

anhydrous toluene showed the best fluorescent biotin attachment results afterwards. It has 

also been shown that the surface silanization can be done both in an anhydrous 

environment and in the presence of water. Yet, attempts to show the surface silanization 

by using carboxyfluorescein did not prove successful. 

12. Si nanopillars were biofunctionalized and two different streptavidin concentrations 

(50 µg/ml and 100 µg/ml) were used to determine the sensitivity. The observed spectral 

shift after streptavidin deposition is less than 2 nm per 100 µg/ml. This low detection 

sensitivity for the biotin-streptavidin model system might be explained by suboptimal 

surface functionalization – APTES might form patches or uneven multilayers.  
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