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Introduction 

Miniaturization of mechanical systems promises unique opportunities for new 
directions in the progress of science and technology. Micromechanical devices and 
systems are inherently smaller, lighter, faster, and usually more precise than their 
macroscopic counterparts. However, the development of micromechanical systems 
requires appropriate fabrication technologies that enable the following features in 
general systems:  

• Definition of small geometries 
• Precise dimensional control 
• Design flexibility 
• Interfacing with control electronics 
• Repeatability, reliability, and high yield 
• Low cost per device 
The manufacturing of microsystems uses traditional semiconductor process 

technologies. However, the 3D micromechanical elements are sufficiently different 
from mainstream semiconductor devices and require new process steps and 
manufacturing equipment. Double-side lithography and wafer-level aligned bonding is 
now regularly used for high volume MEMS production [1]. Both micromachining and 
microelectronic fabrication steps start with photolithography followed by structuring 
(Top-Down approaches). Therefore, the photolithography becomes crucial for fulfilling 
the above-described requirements. Widespread method is the UV lithography, but it has 
its limits concerning the dimensions of desired structures. For this reason, advanced 
lithography methods have been developed, such as X-Ray lithography [2], charged 
particle beam lithography [3], stereolithography [4], etc. Main disadvantages of these 
methods are that they are restricted to plane surfaces and extremely cost-intensive. The 
ITRS microelectronic roadmap presents its prognosis for the near future of 
microelectronic technology within about ten years showing that the conventional Top-
Down Approaches will meet their limit at ~ 50 nm [5]. To keep on scaling down, a new 
route for the technology must be opened. 

As a result from the meeting of traditional fields of science, like physics, chemistry, 
biology and engineering, new technology was created – Nanotechnology [6]. It is 
reasonable to point out that the word “nanotechnology” is used to describe many types 
of research and structures where the characteristic dimensions are in the range of 1 – 100 nm. 
An integral part of the nanotechnology is the self-adjusting technique. It has the 
potential to replace the top-down approaches with so-known Self-Assembly techniques. 
Self-Assembly offers the possibility from single atom, molecule or even larger 
structures to build completely functional devices. Therefore, these techniques are called 
Bottom-Up approaches [7]. It is believed that Self-Assembly is the way to bridge the 
microscopic and nanoscopic worlds. However, these techniques are not in conventional 
use, since they have limits concerning the compatibility with the conventional 
technological processes currently applied in IC and MEMS technology. 
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INTRODUCTION iv

Therefore, the aim of this work is to find ways to meet the conventional technique 
with Self-Assembly and to develop a new technology for self-adjusted, lithography-free 
micro- and nanostructuring. The unique properties of the conventional plasma etching 
process, concerning its mechanism and angular dependence of the etching rate are 
proposed to be the key element in this thesis that can be used for fulfilling this task. 
Plasma etching combined with self-adjusted and self-assembly techniques, opens a new 
route for combining the Top-Down with Bottom-Up approaches. 

Because silicon and silicon dioxide are used as substrate materials, in Chapter 1 a 
brief description about their properties is given. Additionally, discussion about the 
silicon oxidation mechanism is given, since this process is an integral part of self-
adjusting technique, giving possibilities for nanostructure fabrication. Structuring 
silicon and silicon dioxide is important in both MEMS and IC technologies. Therefore, 
Chapter 2 deals with the mechanism behind wet etching of these materials. Through this 
mechanism, it is demonstrated why this process is suitable for microstructure, but not 
for nanostructure fabrication. Chapters 3 – 5 are the main part of the thesis. In Chapter 3 a 
general description of plasma and glow discharges is given with focus on aspect of their 
technical applications. Additionally, the etching mechanism of silicon and silicon 
dioxide is shown. The angular dependence of etching rate of silicon and silicon dioxide 
is also discussed. The combination of the self-adjusting silicon oxidation, silicon 
dioxide plasma etching mechanism and the angular dependence of the etching rate, raise 
the curtain for novel routes for nanostructuring. This is demonstrated in Chapter 4, where 
a novel self-adjusting technique for fabrication of nanostructures is shown. The 
capability of this technique for technological application was demonstrated through 
fabrication of SNOM calibration standards. Chapter 5 presents the possibilities of 
Natural Lithography for fabrication of nanostructures. For this reason a self-assembly of 
silicon dioxide spheres (bottom-up approach) is used as masking layer with respect of 
conventional photolithography patterning of silicon dioxide layer. Utilizing again 
plasma etching, nanostructures formation is feasible with extremely little efforts. 

 

 



 

Chapter 1  

Silicon and silicon dioxide as basic materials 

for micromachining 

In semiconductor technology, silicon and silicon dioxide have found extensive use 
in last decades. Silicon widespread use in microelectronics is mainly due to the advent 
of hyper-pure semiconductors and of a technology, which allows the controlled addition 
of foreign atoms in well-specified quantities. The crystal and electronic structure of 
silicon gives the semiconductor properties needed for microelectronic circuits. In 
addition, silicon offers a stable high quality native oxide even at room temperature. 
Furthermore, silicon has desirable mechanical properties, which makes it ideal for 
MEMS (Micro-Electro-Mechanical-System) devices. 

This chapter is focused on the main physical properties of silicon and silicon 
dioxide. The possibility of structuring silicon, defined by its crystal planes, makes it 
suitable for bulk micromachining. Silicon dioxide, especially its dielectric properties is 
ideal for passivation and masking layer during developing of microstructures. 

1.1 Silicon 

1.1.1 Physical properties of silicon 
Silicon has a tensile strength greater than steel and is almost perfectly elastic, 

making it a versatile material for use in MEMS devices [11]. Its crystalline structure is 
well-suited to the fabrication of miniature precision devices. 

The fabrication of MEMS devices and microelectronic components needs silicon 
substrate with very high crystalline perfection and must have impurities concentration in 
the parts per billion atoms range. The method of obtaining such single crystal silicon 
consists of several steps. After refining the raw material (quartzite), multi stage process 
is performed for producing electronic grade polysilicon. From this polysilicon, single 
crystal silicon is grown utilizing different methods such as Czochralski crystal growth 
(CZ) or float zone (FZ) growth [12]. 

Silicon is an indirect band gap semiconductor with a band gap of 1.11 eV. The 
electrical properties of silicon can be varied significantly by the addition of impurities. 
The pure material has impurities lower than 1013 cm-3 to meet the needs for device 
application. A dopant (n- or p- type) can be added for producing an appropriate doped 
crystal. The doping is capable in the range of 1020 cm-3 for n-type and >1×1020 cm-3 for 
p-type dopants respectively [13]. This doping is important not only for electronics, but 

1 



CHAPTER 1 SILICON AND SILICON DIOXIDE 2

also for MEMS applications. Heavily p-doped silicon has lower etch rate than pure 
material and therefore can be used as etch stop layer against anisotropic wet etching [14]. 

The most important silicon properties are summarized in Table 1: 
 

Property Measure 
Crystal structure Diamond 
Melting point 1,412oC 
Thermal expansion coefficient 2.6×10-6 °C -1 
Density 2.33 g/cm3 (solid) 

2.53 g/cm3 (liquid 1,421oC) 
Young’s modulus for 300K Y111=18.5×1011 dyn/cm2 

Y110=17×1011 dyn/cm2 
Y100=13×1011 dyn/cm2 

Knoop hardness 1,150 kg/mm2 
Band gap energy 1.11 eV 
Mobility electrons ≤ 1,400 cm2/Vs 
Mobility holes  ≤ 450 cm2/Vs 
Intrinsic resistivity 2.3×105 Ωcm 
Dielectric constant 11.8 

Table 1. Basic mechanical properties of Silicon considered at 300 K [15]. 

1.1.2 Crystal structure of silicon 
Silicon has a diamond cubic structure (Figure 1.1) that can be described as two 

interpenetrating face-centered cubes displaced from each other along x-y-z axes for ¼ 
of a0, where a0 is the lattice spacing i.e. the length of the unit cell. Lattice constant of 
silicon is 5.43 Å, 8 atoms belong to single unit cell. The atoms are surrounded by four 
others in tetrahedral arrangement. The angle between two neighbor atomic bonds is 
109o28’. 

 

Figure 1.1. A unit cell of the silicon lattice. It has the same structure as cubic diamond. Silicon 
forms four covalent bonds, forming tetrahedrons [13]. 
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Crystal planes and directions are characterized by sets of three indices (Figure 1.2), 
the so-called Miller indices [16]. They are written as (hkl) and represent the reciprocals 
of distances where a plane is intersecting the x-y-z axes. The round brackets represent 
the crystal plane and the square brackets express crystallographic direction. 

 

Figure 1.2. Miller indices of important crystal planes (shadowed areas) and directions in silicon 
crystal. 

Various structural properties of silicon depend on crystal orientation, as do many 
MEMS fabrication steps [1]. Figure 1.2 shows the important directions in respect to 
etching behavior. This is going to be discussed in 0. 

1.2 Silicon dioxide 
Silicon dioxide is one of the most commonly encountered dielectric materials in 

electronic and MEMS manufacturing. This material has gained importance in the 
technology due to its masking and surface passivating capabilities. 

1.2.1 Silicon dioxide properties 
SiO2, especially its form quartz, has a well-defined local structure: four oxygen 

atoms are arrayed at the corners of a tetrahedron around a central silicon atom (Figure 1.3). 
The bond angles around O-Si-O are essentially the tetrahedral angle, 109° 28’; the Si-O 
distance is 1.61 Å with very little variation. The oxygen "bridge" bonds between silicon 
atoms give SiO2 many of its unique properties. The bond angle of Si-O-Si bonds is 
nominally about 145°, but can vary from about 100° to 170° with very little change in 
bond energy [15]. Furthermore, rotation of the bond about the axis is almost completely 
free. The result of this flexibility in the bridge bonds is that SiO2 can very easily form 
amorphous materials (Figure 1.3). Essentially all deposited and thermally grown oxides 
in semiconductor processing are amorphous. Unlike e.g. amorphous silicon, amorphous 
silicon dioxide will not crystallize upon annealing at normal temperatures. The 
amorphous structure tends to be very “open”: even in thermally grown oxides, channels 
exist through which small positive ions such as Na+ and K+ can readily migrate [17]. 
These ions can move under the influence of electric fields within the gate oxides of 
MOS transistors, causing shifts in the voltage at which the transistor turns on 
(“threshold shifts”). Exclusion of such ions is imperative for reliable operation of MOS 
transistors and integrated circuits. 

Silicon dioxide is normally quite stable chemically, which makes it an excellent 
masking material for etching processes. This is the only native oxide of a common 
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semiconductor, which is stable in water and at elevated temperatures [15]. The whole of 
planar electronics processing and the modern IC industry has been made possible by the 
unique dielectric properties of silicon dioxide. The functions of silicon dioxide are 
highly varied such as passivation of the p-n junctions, isolation of the gate in MOS 
transistors, masking layer for etching, diffusion, ion implantation, etc. [15] 

 
 
 

 
 
 
 
 
 
 
 

Figure 1.3. Schematic view of silicon 
dioxide, tetrahedra arranged in a random 
pattern. Each silicon atom is connected 
to four oxygen atoms, and each oxygen 
atom is bonded to two silicon atoms. The 
bulk material displays a band gap of 
approximately 8 eV. 

All these applications stipulate different requirements towards the parameters of 
silicon dioxide. When the layer is used as an etching mask, the coating must be 
amorphous, homogeneous and no pores or cracks must occur. Layers used for 
passivation must have very good dielectric properties, high bulk and surface resistance 
and high breakdown voltage. The properties of silicon dioxide strongly depend on the 
obtaining method. Some of the common properties of silicon dioxide are listed in Table 2: 

 
Property Measure 

DC resistivity 1014 – 1016 Ωcm, 25°C 
Density 2.27 g/cm3 
Dielectric constant 3.8 – 3.9 
Dielectric strength1 (5 – 10)×106 V/cm 
Energy gap ∼8 eV 
Linear expansion coefficient 5.0×10-7 °C-1 

Melting point ∼1,700 °C 
Molecular weight 60.08 
Stress in film on Si (compression) (2 – 4)×109 dyne/cm2 

Table 2. Properties of thermal silicon dioxide [18]. 

 

                                                 
1 Dielectric strength is defined as the maximum electric field required to produce a dielectric breakdown 
through the material. 
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1.2.2 Oxidation of silicon 
Silicon has a great affinity to oxygen. Thin silicon dioxide film (~1 – 5 nm) occurs 

even at room temperature onto cleaned silicon surface [11]. The most common method 
for obtaining silicon dioxide is thermal oxidation with dry oxygen or steam oxidation 
(mixed flow of oxygen and water vapor) or anodic oxidation, etc. The desired thickness 
and properties of the silicon dioxide determine, which method can be utilized. For 
example, a SiO2 layer with the densest structure is produced by dry oxidation. Wet 
oxidation is preferable when thicker layer is needed [12]. 

The possible reactions, which take place by dry or wet oxidation respectively, are: 

22 SiOOSi →+ .     (1.1) 

222 22 HSiOOHSi +→+ .    (1.2) 

Thermal oxidation takes place at temperatures of 700 – 1300oC. The properties of 
the layer can be varied by gas additions in the oxidant [19, 20]. The mechanism of 
thermal oxidation of planar silicon surface can be described as follows: 

1. Gas phase transport of the oxidant to the silicon substrate and adsorption 
onto the surface; 

2. Diffusion of the oxidant through the already existing thin oxide layer to the 
non-reacted silicon on the Si-SiO2 interface; 

3. Chemical reaction leading to formation of SiO2 and pushing the silicon-
silicon dioxide interface into depth. 

For the growth of silicon dioxide layer with thickness δ0, silicon with thickness 
0.45δ0 is consumed. As a result, an expansion of the silicon dioxide’s volume can be 
observed (Figure 1.4 a)). This is clear in view of the fact that the volume of SiO2 
molecule is by factor of 2.25 larger than that of single Si atom [21, 22]. 

 

 
 
 

 

 

 

Figure 1.4. Model for the oxidation of plane silicon surface. a) 
Cross section through  the partly oxidized surface. b) The 
Deal-Groove model of thermal oxidation. In steady-state 
conditions, the concentration of the oxidant C in the region of 
the oxide changes linearly. C0 is the concentration of the 
oxidant at the outer surface of the oxide; Ci is the 
concentration of the oxidant near the oxide-silicon interface. 
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Stemming from the oxidation mechanism, the process can be presented 
schematically (Figure 1.4 b)) as three flows – F1 is the oxidant’s flow from the gas 
phase to the SiO2 layer, F2 oxidant’s flow through the SiO2 layer and F3 the oxidant’s 
flow consumed by the oxidation reaction on the SiO2-Silicon interface [23]. 

The growth rate of the oxide layer can be defined if one knows the number of 
oxidant molecules N1 incorporated in unit volume of the oxide layer, which are 2.2×1022 
molecules per 1cm3 oxide [15]. Therefore, by oxidation in dry oxygen the same number 
of molecules is needed, since in case of steam oxidation double amount molecules per 
cubic centimeter are required (See Eq. 1.2). The rate of growth of the oxide layer is 
defined by the differential equation [23]: 

( )Dkk
N
Ck

N
F

dt
d

SS
S

0
11

0 1
* δβδ

++��
�

�
��
�

�
==  . (1.3) 

The coefficient of the mass transport from the gas phase is presented as β in Eq. 1.3, D 
is the diffusion coefficient, kS is the rate constant of the chemical reaction, C* is the 
equilibrium concentration of the oxidant in the oxide surface. C* is related to the partial 
pressure of the oxidant in the gas phase by Henry’s law: 

C* = H p.      (1.4) 

Equation 1.3 is solved by initial conditions δ0(t0=0)= δi. To arrive at initial conditions, 
it is assumed that the silicon surface is already covered with a native oxide layer with 
thickness δi. 

The solution of Eq. 1.3 is: 

( τδδ +=+ tBA 0
2

0 ).    (1.5) 

For oxidation in dry oxygen δi = 20 nm, while for steam oxidation δi = 0. The quantity 
of τ corresponds to a shift in time coordinate, which corrects for the presence of natural 
oxide layer δi. 

Solving the Eq. 1.5 yields the form that gives the oxide thickness as a function of 
oxidation time: 

2
1

4
1 20

A
BA

t
�
�
�

�
�
�
�

�
−++= τδ ,    (1.6) 

where: 

( ) BA ii δδτ += 2 .     (1.7) 

There are two limiting forms: 
1. When the oxidation time is relatively small ((t+τ) << A2/4B) the oxidation 
takes place following linear law: 

( τδ +≅ t
A
B

0 ) ,     (1.8) 
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where B/A is the linear rate constant and it is defined by: 
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C

k
k
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S

S

β
β

.     (1.9) 

In this case, the growth rate is limited by the reaction at the SiO2-Si interface, Ci 
≈ C0 and the diffusion is negligible. This is applicable for thin layers. 
2. Continuing the oxidation leads to increasing the determinative role of the 
diffusion, because with the growth of the layer the concentration of the oxidant 
at the SiO2-Si interface decreases. Hence, for oxidation time t>A2/4B a transition 
into diffusion control range occurs. When the oxidation time is relatively large 
((t+τ) >> A2/4B), the oxidation takes place following parabolic law: 

t B≅0δ ,      (1.10) 

where coefficient B presents the parabolic constant of the oxidation rate. The 
growth rate in this case is limited by the diffusion of the oxidant species through 
the oxide layer. 

The temperature dependence of both linear and parabolic oxidation rate constants 
follows an Arrhenius law, since the constant B is proportional to D [23]. In the Deal-
Groove study, the values of the oxidation rate constants were plotted to determine the 
activation energies for these constants at different temperatures (Figure 1.5) [23]. 

 

Figure 1.5. The effect of temperature on: a) parabolic constant B and b) linear rate constant B/A [23]. 

In case of diffusion limit, the activation energies for dry and wet oxidation 
respectively are Ea=1.23eV and Ea=0.74eV (Figure 1.5 a)). These values are in good 

 



CHAPTER 1 SILICON AND SILICON DIOXIDE 8

agreement with those activation energies known from bulk fused-silica, and they are 
found to be Ea=1.18eV for oxygen and Ea=0.79eV for H2O [24, 25]. By known 
diffusion coefficient, it is possible to calculate C* and the values are C*=5×1016 cm-3 
for oxygen and C*=3×1019 cm-3 for water. Therefore, it can be concluded that in case of 
wet oxidation the growth rate of the layer is higher than that obtained by dry oxidation. 

For the reaction limit, the calculated activation energies are Ea=2.0eV for dry and 
Ea=1.96eV for wet oxidation, respectively. The values are comparable to the one 
required for breaking a Si-Si bond (1.83eV). This shows that in the range where the 
oxidation depends on the linear rate constant, the process is limited by the reaction on 
SiO2-Si interface. 

Another parameter that has influence on the oxidation is the crystallographic 
orientation [26]. The constant B/A is related to the kinetics of the reaction at the SiO2-Si 
interface. The reaction rate constant (kS) depends on the density of the atoms of the 
surface exposed to the oxidant. B/A is larger for (111)-Si than (100), which means, that 
for the same oxidation conditions the oxide thickness on (111) will be larger than on 
(100) [27, 28]. 

The model of Deal-Groove works fine for description of only planar silicon surfaces 
when the oxide thickness is larger than 30 nm. However, significant differences occur 
investigating the oxide layer on structured surfaces. In this case, silicon dioxide growth 
exhibits a complex mechanical stress distribution, in particular at shaped surfaces, 
owing to its rheological behavior [29]. The intrinsic compressive stress locally degrades 
the diffusion rate of the oxidizing species through the already grown oxide layer and 
furthermore decreases the oxidation rate at the Si – SiO2 interface. Therefore, a 
reduction of the oxide thickness is observed that depends strongly on the shape of the 
silicon surface. 

In the model of Kao et al. the silicon dioxide is treated as viscous material [26]. 
Stress relaxation due to the viscous flow is restricted to temperature above the glass 
temperature of SiO2 (TG = 965°C) [29]. Senez et al. point to the fact that the silicon 
dioxide exhibits elastic properties under hydrostatic stress state in view of Hooke’s 
element and creep characteristics under deviatoric stress state [30]. Therefore, this 
rheological behavior can be described in terms of Maxwell liquid: 

0=
��
�

�

�

��
�

�

�
+−
⋅

η
σσε

G
�

� ,     (1.11) 

where ε�  is the strain rate, σ�  the stress rate, and σ  is the stress. G and  η are the shear 
modulus and dynamic viscosity of silicon dioxide respectively. Below the glass 
temperature, the viscosity is too big, so the term ησ  can be ignored, i.e. there is elastic 
behavior of the material. The mechanical strain in this condition remains constant and 
cannot be relaxed. They affect the diffusion and oxidation kinetics and provoke the 
inhomogeneity observed in non-planar silicon dioxide layers. 

When the oxidation temperature is above TG, relaxation of strain components 
occurs. The relaxation time is given by: 
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G
ητ = .      (1.12) 

At the same time, a non-linear dependence of the viscosity on the maximum local 
stress σmax and on the temperature is evaluated in view of Eyring’s nonlinear flow 
model for glasses: 

( )
( )( )TkV

TkV

B

B

2sinh
2

max

max
0

η

η

σ
σ

ηη = ,   (1.13) 

where η0 is the viscosity of stress-free oxide and Vη is the activation volume and as can 
be seen, the stress relaxation must be taken into account even at low temperatures. 
Concerning the results from Landsberger et al., τ is expected to decrease, in particular at 
low temperatures [31]. In view of the long oxidation time at temperatures below TG, the 
material has sufficient time to relax a substantial amount of the intrinsic stress by 
viscous flow, while at high temperatures the oxidation time is too short in comparison to 
τ for stress relaxation. Vollkopf et al. reported stress value of ~ 30 MPa for low 
oxidation temperatures and ~ 90 MPa for high temperatures in case of V-groove and 
inverse pyramidal structures [32]. Therefore, a noticeable decrease of the oxide growth 
at structures of low radius of curvature at high oxidation temperatures is expected. 
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Chapter 2  

Wet Etching 

Etching in the technology of microelectromechanical systems and microelectronic 
fabrication is a process by which material is removed from substrate by chemical 
reaction. The reagent used for etching is called etchant. With the development of the 
semiconductor technology, etching was applied mostly for thin film patterning after 
photolithography step. In order to form either functional MEMS or 3-dimensional 
structures, the bulk of the substrate is etched. For this reason it was named bulk 
micromachining. The standard technological steps for performing etching are shown in 
Figure 2.1. 

 

Figure 2.1. Basic technological steps 
for performing etching. a) 
Photolithography – the photoresist 
deposited onto the masking layer is 
exposed to UV light, b) developing of 
the photoresist, c) patterning the 
masking layer d) isotropic etching of 
substrate. e) and f) anisotropic 
etching of substrate. 

First three steps are connected to photolithography processes, which are necessary to 
create two-dimensional pattern in oxide or other masking material deposited on the 
substrate. The pattern defines the mask opening for bulk etching of the substrate. The 
etching can be isotropic if the etching rate is homogeneous in all directions (Figure 2.1 
d)) or anisotropic if the etching rate is dependent on direction (Figure 2.1 e) and f)). 

The very basic mechanism of etching process is shown in Figure 2.2. The etching 
process consist of three steps: 
• Mass transport of reactants through a boundary layer to the surface to be etched 
• Reaction between reactants and the film (substrate) to be etched at the surface 
• Mass transport of reaction products from the surface through the surface boundary 

layer. 

11 
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Figure 2.2. General schematic of etching process. 

The parameters important to etching processes are: selectivity, anisotropy, etching 
rate, undercut, tolerance, over etch, feature size control, and loading effects [13]. An 
important characteristic of the etch process is the selectivity, which is defined as the 
ratio of etching rates of substrate, ERsubstrate, and masking material, ERmask, under the 
same etching conditions: 

masksubstrate ERERS = .    (2.1) 

If S > 100 then the selectivity is very good. For S = 1 selectivity is zero. Higher 
selectivity enables deeper etching and higher value of vertical aspect ratio. This is the 
ratio of height and width of the structure. Undercut and tolerance are related to the 
degree to which an etch process fails to satisfy the ideal one. Undercut is the difference 
in lateral dimensions between the etched image and mask image. Tolerance 
characterizes the uniformity of etching and is a measure of the statistical distribution of 
the undercut values. 

Wet etching simply can be described as a process of oxidation of the etched 
material, followed by dissolution of this oxide. The etch solutions, therefore, consist of 
oxidizer, acid or base to dissolve oxidized surface and diluent media to transport 
reactants and products through. 

There are different kinds of solutions used for wet etching depending on the process 
(isotropic or anisotropic). The most common are [33]: 
• HNA – Hydrofluoric acid + Nitric acid + Acetic acid – this solution is used for 

polishing and nearly isotropic etching of silicon. 
• Alkali hydroxides – most counted etching solution, because of its selectivity, fast 

etching, easy to handle and readily available. 
• TMAH – Tetra Methyl Ammonium Hydroxide – this solution is MOS/CMOS 

compatible, because it contains no alkali metals but has nearly the same etch 
characteristics as KOH. 

2.1 Anisotropic etching of silicon in alkaline solutions 
The anisotropic etching in alkaline solutions is a widespread process for structuring 

silicon surfaces. It has been used to fabricate a variety of active and passive, three-
dimensional MEMS devices. The material properties and its crystallographic structure 
influence the final shape of the microstructure. Anisotropic etching of single crystal 
results in perfect geometry shapes composed of flat and smooth crystallographic planes. 
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The structuring is based on the different etching rates depending on the silicon 
crystallographic orientation. The [111] direction has the lowest etching rate in alkaline 
solutions, therefore for appropriate mask alignment, on different crystallographic 
oriented substrates several structures can be created [34]. In Figure 2.3 the anisotropic 
etching examples are shown: 

 

Figure 2.3. The resulting structures from anisotropic etching of (100) oriented silicon substrate 
through: a) square mask pattern gives an inverse pyramidal structure and b) rectangular mask 

pattern results in V-groove formation. c) the mask pattern is aligned on 45o toward [110] 
direction obtaining inverse pyramid. The dashed line represents the mask opening. 

A square and a rectangular pattern are defined in an oxide mask following the steps 
a) – c) from Figure 2.1 with sides aligned along [110] directions on (100) oriented 
silicon wafer. When the etching is through square pattern, the result is a pyramidal tip 
with well-defined (111) sidewalls (Figure 2.3 a)) at angles of 54.74o to the surface. A 
rectangular pattern aligned along [110] on a (100) wafer results to long V-shaped 
grooves (Figure 2.3 b)). During the etching, if the mask pattern deviates from the square 
(rectangular) form or alignment along [110] direction firstly occur a rough and irregular 
etch contour between the small (111) planes, which originates from the corners of the 
mask. In the next step, these planes are developed at the expense of the neighboring 
ones and the mask is underetched. The etching of the contours between the (111) planes 
passes with higher etching rate until the irregular planes disappear. Since the (111) has 
slowest etching rate, a pyramid or V-groove is built with smooth sidewalls, which lay 
under the mask (Figure 2.3 c)). The amount of underetching scales with the deviation from 
[110]. The resulting distinctions are desired in some MEMS fabrication steps [35, 36]. 

In order to obtain detailed data on the crystal orientation dependence of the etch 
rate, pre-etch alignment targets are used to outline the planes of interest. Seidel et al. 
used a wagon-wheel or star shaped masking pattern, consisting of radially divergent 
segments with an angular separation of one degree [37]. After etching, a blossom-like 
figure was obtained due to the total underetching of the masking layer in the vicinity of 
the center of the pattern, leaving an area of bare exposed silicon. The radial extension of 
this area depends on the crystal orientation of the individual segments, leading to 
different amount of lateral underetching. In order to establish the lateral etch rate as a 
function of crystal orientation, the width of the bulged masking layer was measured. 
The results are plotted on polar coordinate diagram (Figure 2.4), where the etching rates 
shown are normal to the actual crystal surface: 
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Figure 2.4. Lateral underetching rate as a function of orientation of (100) silicon wafer using a 
50% KOH solution at temperature of 78°C [37]. 

The distance from the origin to the polar plot surface indicates the rate for that 
particular direction. It can be seen the deep minima at the (111) planes and that the etch 
rate depends linearly on misalignment. These observations have important 
consequences for the interpretation of anisotropy of wet etching. 

2.1.1 Anisotropic etching reaction mechanism 
The etching in alkaline solutions follows one and the same mechanism, where the 

process results from redox reaction. In this reaction, the silicon surface is oxidized by 
hydroxide ions and the water is reduced leading to evolution of hydroxide ions and 
elementary hydrogen. The reaction can be written as [38]: 

.2444:
.424:

22

22

↑+→+
++→+

−−

−−

HOHeOH   Reduction
eOHSiOOHSi   Oxidation

   (2.2) 

↑+→+ 222 22 HSiOOHSi  .     

According to Eq. 2.2 in the first step, the hydroxyl group is attached to silicon atom 
leading to oxidation and at the same time, injection of four electrons into conduction 
band of the silicon. During the final step, the water molecule is reduced to hydrogen and 
hydroxyl ions. In fact the etch rate of SiO2 in KOH solution is smaller than that of 
silicon [37]. This means that, following the above described reaction, the oxidized 
surface could act as etch stop layer. In reality, this effect cannot be observed. Actually, 
the hydroxyl ions are used to create soluble highly complex species. The reaction is: 

−− →+ 2
422 2 SiOHOHSiO .    (2.3) 

Due to the high pH environment the  is converted to . Therefore, 
the overall reaction is: 

−2
42SiOH ( ) −2

22 OHSiO
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( ) ↑+→++ −−
2

2
222 222 HOHSiOOHOHSi .  (2.4) 

In accordance to the above-described mechanism, the etch rate depends on the 
concentration of KOH. This dependence is described in Arrhenius form at standard 
conditions [37, 39]. In fact, it can be expressed as: 

[ ] [ ] TkE BaeKOHOHkR −= 4
14

20 ,   (2.5) 

which is proved to be in close agreement with the experimental data. 
The above described mechanism gives an explanation how the dissolution of silicon 

in alkaline media takes place. However, for explanation of the anisotropic behavior a 
detailed examination of the etching processes is necessary. There are numerous models 
describing the anisotropy in etching for different Si orientations. The most widespread 
are those proposed by Seidel et al. [37, 39] and Elwenspoek et al. [40]. 

2.1.2 Anisotropic etching theoretical models 
In the first model, it is assumed that the anisotropy is due to differences in energy 

levels of backbond associated surface states for different crystal orientations. Seidel et 
al. have considered that during the oxidation step (Eg. 2.2) four electrons are injected 
into the conduction band, originating from the reacting hydroxide ions. In case of (100) 
silicon planes, two of these electrons are transferred via dangling bonds1 surface states 
and the other two via back-bond surface states. As a consequence of the 
electronegativity of the oxygen atoms, the two bonded hydroxide groups at the silicon 
atom reduce the strength of the silicon back-bonds. The breaking of the back-bonds is 
considered to be rate limiting. The breaking is induced by thermal excitation of 
electrons from the orbitals of the respective surface states into the conduction band. The 
energy level of the back-bond states is assumed to be varying for different surface 
orientation, being lowest for (111) planes. These planes have only one dangling bond to 
react with the hydroxide ion. Then in the second step three back-bonds must be broken. 
A detailed description of the model is given elsewhere [41, 42]. 

The model of Elwenspoek intends that the degree of atomic smoothness of various 
surfaces is responsible for the anisotropy. A nucleation barrier that is absent on rough 
surfaces controls the kinetics of smooth faces. The terms rough and smooth are defined 
as the state of the crystal planes by which the lower respectively highest bond density is 
presented [43]. The (111) plane in silicon crystal is example for a smooth face. Etching 
or growing of material starts at active kink sites2 on step (island by growth or cavity by 
etching). A perfectly flat (111) surface in silicon lattice has no kink positions, while the 
(001) face has two back-bonds and two dangling bonds for every atom. Following this 
one can conclude, that in case of (111) it will be harder to brake three back-bonds for 
creating an adatom-cavity pair than in case of (001) face. Therefore, the step-free 

                                                 
1 A chemical bond associated with an atom on the surface layer of a crystal or inside an amorphous 
material. The bond does not join with another atom of the crystal, thus producing a defect in the material. 
2 Atoms with as many bonds to the crystal as to the liquid. 
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energy will be different at different crystallographic orientations. Smooth faces grow 
and etch with rate [40]: 

��
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�
��
�

�

∆
−∝

µρ
πγ

Tkh
R

B

2

exp ,     (2.7) 

where γ is the step-free energy, h represents the height of the step, ρ the density of the 
solid material, kB the Boltzmann constant, T the absolute temperature, and ∆µ the 
chemical potential difference between silicon atoms in solid state and the solution. 

Equation 2.7 predicts that faces with large step-free energy grow and etch much 
slower than faces with smaller step-free energy. γ and ∆µ depend on temperature and 
ambient solution, hence the degree of anisotropy will depend on the etchant. This can 
explain why in certain solutions the silicon etching is isotropic. 

2.2 Isotropic etching of silicon dioxide 
The etching of silicon dioxide in alkaline solutions is described with the reaction [37]: 

−− →+ 2
422 2 SiOHOHSiO .    (2.8) 

Experimental results show that there is a linear dependence of the etch rate of SiO2 and 
the concentration of hydroxide ions. There is a certain concentration (~ 35%) above 
which, the etch rate of silicon dioxide will decrease. This corresponds roughly to the 
square of the molar water concentration. 

The selectivity (Eq. 2.1) between silicon and silicon dioxide is very important for 
practical application when the oxide is used as a masking layer during etching. For 
using SiO2 as masking layer, it must be structured. The steps are given in Fig. 2.1. For 
creating a pattern onto the silicon dioxide normally an aqueous 40% HF is used. The 
etching takes place following the reaction: 

OHSiFHHFSiO 2622 26 +→+ .   (2.9) 

For improving the masking properties of the photoresist, generally a buffered HF 
solution is used, where the hydrofluoric acid is diluted with ammonium fluoride. The 
addition of NH4F to HF controls the pH value and prevents depletion of the fluoride 
ions, thus maintaining stable etching performance. 

The etching rate of silicon dioxide in HF media depends linear on the concentration 
of HF and , where  plays a major role [44]: −

2HF −
2HF

R = 2.5[HF]+9.66[ ]+C.    (2.10) −
2HF

The etching of silicon dioxide in HF solutions is strongly isotropic. In most cases, 
the photoresist does not stick ideally on the SiO2 and underetching occurs. If very small 
features are needed the wet chemical etching is not the optimal method for structuring. 
For this reason dry etching methods were developed and they will be discussed in the 
next chapter. 

 

 



 

Chapter 3  

Dry etching 

As it was described in the previous chapter the anisotropy of wet etching of 
monocrystalline silicon depends on the crystal orientation. This means that the 
structuring of the substrate is strongly related to this material feature. When a specific 
profile is desired wet etching is not appropriate and another process is needed. Dry 
etching, also called plasma etching, is a group of methods for structuring the substrate in 
the gas phase, physically by ion bombardment, chemically by chemical reaction, or by 
combination of both. Depending on the etching mechanism, isotropic, directional, or 
vertical etch profiles can be obtained [45-47]. Utilizing dry etching, the desired profiles 
can be generated in polycrystalline as well as in single crystalline and amorphous 
materials [48]. The degree of anisotropy is controlled by the plasma conditions [49-52]. 

The most commonly used dry etching methods in IC manufacture and 
micromachining are those based on glow discharges. Glow discharges are weakly 
ionized media at low gas temperature, working at low pressure. The words “plasma” 
and “glow discharge” are used synonymously as technological processes. The glow 
discharge regime owes its name to the fact that the plasma is luminous. The gas glows 
because the electron energy and number density are high enough to generate visible 
light by species that were excited by collisions. The choice of dry etching technique is 
related to some plasma parameters such as electron and ion temperature, and electron 
and ion current density. 

3.1 Basic plasma parameters 
Generally, the plasma can be described as an ionized gas containing electrons and 

positive ions in equal quantities and a different number of non-ionized molecules [53]. 
There are several types of plasmas depending on the electron density (ne) and electron 
temperature (Te) (Figure 3.1) [47]. The electron and ion density are equal (on average); 
this density is often known as plasma density. The average speed of electrons is higher 
compared with those of the ions and neutrals due to both the high temperature and low 
mass of the electrons [54]. 

17 
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Figure 3.1. Electron density (ne) versus thermal energy (kBTe) for plasmas with Debye length 
(λD) from 10-6 to 104 cm [55]. 

3.1.1 Debye shielding 
If an isolated substrate is introduced in the plasma, electrons and ions strike it. The 

absolute values of the current density of electrons, je, and ions, ji, are defined as follows [53]: 
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,
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ee
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cne
j

cne
j

=

=
      (3.1) 

where ec  and ic  represent the mean speed and ne and ni are total number of electrons 
and ions, respectively. The substrate starts to build a negative charge and negative 
potential with respect to the plasma, because ec  » ic . At steady state net flux, a 
potential is built up and only electrons with high enough kinetic energy can reach the 
surface counterbalancing the incoming ion current. Due to the negative charge of the 
substrate, slow positive ions will build a net positive space charge around it. The 
positive ions shield the negative potential, which is known as Debye shielding (Figure 3.2). 
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Figure 3.2. Debye potential (solid line) and unshielded Coulomb potential (dashed line) as a 
function of a distance. 

The electrostatic potential produced by isolated point charge e at distance r is given 
by: 

( )
r

er 1
4 0πε

ϕ = ,     (3.2) 

where ε0 is the permittivity of vacuum. 
The plasma consists of many charged particles and the electrostatic potential inside 

the plasma is given by the sum of all potentials. Since the potential produced by a 
positive (negative) charge attracts negative (positive) charge, the net potential around a 
specific charge becomes smaller than that given by Eq. (3.2), approaching zero much 
faster than 1/r as r increases. Therefore, to obtain the solution if other charges are 
present, using the Boltzmann relation with ni = ne the Poisson equation becomes: 
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When eϕ(x) « kBTe then: 
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The solution of Eq. (3.3) for potential distribution around a specific charge in the 
plasma is [53, 54, 56, 57]: 
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,    (3.5) 

which in fact is the Debye potential where, the term λD is the Debye length defined by: 

 



CHAPTER 3 DRY ETCHING 20

2
0

ne
Tk eB

D
ελ = ,     (3.6) 

which is one of the most fundamental parameter that characterizes the plasma, and is a 
measure of the shielding distance or thickness of the sheath. Eq. (3.6) shows that if the 
potential in the plasma is perturbed, then the plasma reacts to oppose that change. The 
Debye length describes how the potential perturbation is attenuated in the plasma. For a 
particular charge at a particular point in the plasma, one needs to consider the sum of 
the individual interactions with all other charged particles within a sphere centered on 
the particular point with radius of Debye length. Outside of this sphere, the detailed 
nature of the interaction becomes inessential and the net interaction is zero. The 
unperturbed plasma is equipotential except for small fluctuating voltages, which are 
attenuated over distances of the order of λD [53]. Consequently, to consider an 
arrangement of charged particles as plasma, the discharge dimensions must be 
significantly larger than the Debye length. 

3.2 Glow discharges 
A glow discharge is a self-sustaining type of plasma and is the most used method for 

transferring a pattern in MEMS and microelectronics technology [1, 13]. The simplest 
reactor may consist of opposed parallel plate electrodes in a chamber filled with gas at 
low pressure (see the marked area in Figure 3.1). Applying an adequate potential 
between these two electrodes, leads to formation of glow discharge. The potential drops 
rapidly close to the cathode, varies slowly in the plasma region, and changes again close 
to the anode (Figure 3.3 b)). The electric fields in the system are restricted to sheaths at 
each of the electrodes. The sheath fields are such as to repel electrons trying to reach 
either electrode. Electrons originating at the cathode will be accelerated, collide, transfer 
energy, leave by diffusion and recombination, slowed by potential drop at the anode and 
get transferred into the outside circuit. The luminous glow is produced because gas 
molecules emit light after excitation collisions with electrons with enough energy. Since 
there is a continuous loss of electrons, there must be an equal degree of ionization going 
on to maintain the steady state. The energy is being continuously transferred out of the 
discharge and hence the energy balance must be also satisfied. Simplifying, the 
electrons absorb energy from the field, accelerate, ionize some atoms, and the process 
becomes continuous. 

3.2.1 Structure of direct current glow discharge 
The complex structure of DC glow discharge is shown on (Figure 3.3 a) [53, 55, 

58]. Right after the cathode is the Aston dark space (1) with a strong electric field. The 
electrons are accelerated through this space away from the cathode. This region has a 
negative space charge, meaning that scattered initial electrons together with the 
secondary electrons from the cathode outnumber the ions in this region. The electrons 
posses too low energy to excite the gas, so it appears dark. Beside the Aston dark space, 
is the cathode glow (2). Here the electrons are energetic enough to excite the neutral 
atoms they collide with. The cathode glow has a relatively high ion density. The axial 
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length of the cathode glow depends on the type of gas and the pressure. The cathode 
glow sometimes clings to the cathode and masks the Aston dark space. Next to the 
cathode glow is a relatively dark region (3), so called Crookes (cathode) dark space, 
which has a moderate electric field, a positive space charge and a relatively high ion 
density. Beside the cathode dark space, is the brightest intensity of the entire discharge. 
The negative glow (4) has relatively low electric field, compared to the cathode glow 
and is the most intensive on the cathode side. Electrons carry almost the entire current in 
the negative glow region. Electrons that have been accelerated in the cathode region to 
high speeds produce ionization, while the slower electrons that have already had 
inelastic collisions produce excitations. These slower electrons are responsible for the 
negative glow. The electron number density in the negative glow is about 1016 
electrons/cm3. As these electrons slow down, the energy for excitation is no longer 
available and Faraday dark space (5) begins. The electron energy is low in this region. 
The electron number density decreases by recombination and diffusion to the walls, the 
net space charge is very low, and the axial electric field is small. 

 

Figure 3.3. DC glow discharge: a) DC glow discharge structure – 1. Aston dark space 2. 
cathode glow 3. Crookes (cathode) dark space 4. negative glow 5. Faraday dark space 6. 
Positive column 7. anode glow 8. anode dark space; b) voltage distribution in a DC glow 

discharge – Vp is plasma potential, Vc – cathode voltage drop. 

The entire region between the cathode and the negative glow is also called Cathode 
region with length dc (Figure 3.3 a)). Most of the voltage drop across the discharge tube 
occurs here (Figure 3.3 b). This can be explained in following manner. Because the ions 
are more massive, they accelerate towards the cathode in slower tempo than electrons. 
Thus, the ions spend more time in Crookes dark space and their concentration is greater 
than that of the electrons. The net effect is a very large field in front of the cathode. 
Consequently, the largest part of the voltage between the cathode and the anode (Vc) is 
dropped across the Crookes dark space. 

The value of Vc depends on the pressure and distance between the cathode and 
anode, following the Paschen’s law: 
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Vc ~ p d.      (3.7) 

This product gives the Paschen minimum (Figure 3.4). At the Paschen minimum the 
discharge maintains itself with minimum cathode drop voltage Vc and minimum power 
dissipation. At constant pressure, on the right side of the minimum the breakdown 
voltage increases slowly as the distance between the electrodes increases. This occurs, 
because the electron energy is too low to cause ionization. The sharp rise in the 
breakdown voltage at the left side is due to fact that the electrode spacing is too small, 
or the gas density is too low. Electrons are lost to the walls without collision with gas 
atoms to produce ionization. Typical values in air at a pressure of 1 Torr, at current 
density of 0.3 mA/cm2, dc approximately 0.5 cm, result in cathode drop voltage, Vc, 
between 100 to 300 V. 

 

Figure 3.4. The DC breakdown voltage as a function of the product of gas pressure p and 
electrode spacing d for the plane parallel electrodes in air [1]. 

After the Faraday dark space is the positive column (6) (Figure 3.3 a)). This is a 
quasi-neutral area with small electric field, typically 1 V/cm. The electric field is large 
enough to maintain the degree of ionization at its cathode end. The electron number 
density is about 1015 – 1016 electrons/cm3 in the positive column, and the electron 
temperature 1 – 2 eV. The next region is anode glow (7), which is slightly brighter than 
the positive column, and not always present. This is the boundary to the anode sheath 
(8). It has negative space charge due to electrons traveling from the positive column to 
the anode. The electric field is higher than that in the positive column, because the 
anode pulls electrons out of the positive column. 
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3.2.2 Voltage – current characteristic 
The main characteristics of the discharge such as the breakdown voltage, the voltage 

current characteristic, and structure of the discharge depend on the geometry of the 
electrodes and the vessel, the gas used, and the electrode material. By adjusting the 
ballast resistor in the circuit diagram, we can sweep out a voltage current characteristic 
that is highly nonlinear. The V-I characteristic curve of the space between two planar 
electrodes is shown on Figure 3.5 [58]. 

 

Figure 3.5. V-I Characteristic curve of DC glow discharge. I. Self sustained dark discharge. II. 
Corona discharge III. Sub-normal glow discharge. IV. Normal glow discharge. V. Abnormal glow 

discharge. VI. Transition region. VII. Arc discharge. 

The regime in section I on the voltage-current characteristic is termed as dark 
discharge because, except for corona discharges and the breakdown itself, the discharge 
remains invisible to the eye. 

Between points A – B Corona discharges occur in regions of high electric field near 
sharp points, edges, or wires in gases prior to electrical breakdown. If the coronal 
currents are high enough, corona discharges can become visible to the eye, technically 
called “glow discharges”. For low currents, the entire corona is dark, as appropriate for 
the dark discharges. Related phenomena include the silent electrical discharge, an 
inaudible form of filamentary discharge, and the brush discharge, a luminous discharge 
in a non-uniform electric field where many corona discharges are active at the same 
time and form streamers through the gas. At point A electrical breakdown occurs with 
the addition of secondary electrons emitted from the cathode due to ion or photon 
impact. At the breakdown, or sparking potential VB, the current might increase by a factor of 
104 – 108, and is usually limited only by the internal resistance of the power supply 
connected to the plates. If the internal resistance of the power supply is very high, the 
discharge tube cannot draw enough current to break down the gas, and the tube will 
remain in the corona regime with small corona points or brush discharges being evident 
on the electrodes. If the internal resistance of the power supply is relatively low, then 
the gas will break down at the voltage VB, and move into the normal glow discharge 
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regime. The breakdown voltage for a particular gas and electrode material depends on 
the product of the pressure and the distance between the electrodes, as expressed in 
Paschen’s law (see Eq.(3.7)). 

Increasing further the current the bright glow is reached (section III), which is the 
transition to glow discharge. After a discontinuous transition from A to C, the gas enters 
the normal glow region (section IV), in which the voltage is almost independent of the 
current over several orders of magnitude in the discharge current. The electrode current 
density is independent of the total current in this regime. This means that the plasma is 
in contact with only a small part of the cathode surface at low currents. As the current is 
increased from C to D, the fraction of the cathode occupied by the plasma increases, 
until plasma covers the entire cathode surface at point D. 

In the abnormal glow regime above point D, the voltage increases significantly with 
the increasing total current in order to force the cathode current density above its natural 
value and provide the desired current. 

Still further increase in current causes the potential to rise to a maximum (point E). 
If the DC power supply has a sufficiently low internal resistance, the discharge will 
undergo a glow-to-arc transition. The arc regime (section VII) is one where the 
discharge voltage decreases as the current increases, until large currents are achieved at 
point F, and after that, the voltage decreases slowly as the current increases. 

3.2.3 RF discharges 
For the purpose of MEMS and microelectronic technology, the glow discharges are 

always driven by high frequency (at 13.56 MHz) supplies [53]. This configuration 
allows etching of dielectrics and metals in contrast to standard DC discharges where 
from physical limits only conducting materials can be etched. The similarity between 
DC and RF discharges is that RF discharges show the same Paschen’s behavior (see 
Eq.(3.7)) [1]. 

The simplest RF reactor and the voltage distribution are shown on Figure 3.6. The 
reactor consists of two electrodes – grounded and powered. The wafer is laid onto the 
powered one, when etching is performed or onto the grounded electrode for performing 
deposition. The system is enclosed in a low-pressure gas atmosphere. The powered 
electrode is capacitively coupled to the RF generator and automatically develops a 
negative DC bias in respect to the other electrode, i.e. becomes cathode. This DC bias is 
called self-bias (VDC). It appears, because the electrons in the generated AC plasma arc 
are more mobile than the ions and they charge up the capacitively coupled electrode. 
Therefore, the electrode surface retains a negative DC bias, since no charge can be 
transferred across the capacitor (Figure 3.6). The negative charging creates an electric 
sheath in front of any surface immersed in the plasma, counteracting any further 
negative charging. Like in the case of DC glow discharge, this sheath also forms a 
narrow region between the conductive glow region and the powered electrode where 
most of the voltage drops (Crookes dark space). The magnitude of the self-bias voltage 
depends on the amplitude of the applied RF signal [13]. 
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Figure 3.6. Approximate time averaged potential distribution for a capacitively coupled RF 
discharge. 

The energy of charged particles bombarding the surface in glow discharge is 
determined by three different potentials established in the reaction chamber: the plasma 
potential, VP, the self-bias potential, VDC, and the voltage of the capacitively coupled 
electrode VRF. 

The cathode potential (Figure 3.7) follows the sinusoidal form, and is displaced to a 
negative value called DC offset voltage (VDC in Fig. 3.7). The time average of the 
plasma potential, depends approximately on the DC cathode potential, and the half of 
the peak-to-peak RF voltage (VRF0), applied to the cathode. They are approximately 
related as: 

DCRFP VVV −∝
0

2 .     (3.8) 

If the potential difference between the discharge and the self-biased electrode is 
sufficiently large, ions will be accelerated strongly enough towards the cathode to cause 
sputtering there. 
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Figure 3.7. Voltage – time dependence in RF system. 

Since a RF signal is applied, the sputter effect can occur at any surface in the 
chamber. The sheath voltages to either electrodes are equal, since these are the only DC 
voltages in the system and must be equal and opposite. If the target is a conductor, the 
self-bias voltage could be grounded from the RF generator. Therefore, an asymmetry 
must be created and one can fulfill this requirement by adding a capacitor (Figure 3.6). 
In these conditions, the sheath voltage V1 to the cathode become large and the opposite 
sheath V2 will be small. The physical explanation of these sheaths is given by Koenig 
and Maisel [59]. They started with the assumption for space-charge-limited current. The 
positive ions with mass mi come from the glow space and traverse the dark spaces (with 
thickness d) without making collisions, and the space-charge-limited flux Ji is: 
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where, K is constant, and V is the voltage drop across the sheath. Therefore, the current 
density of the positive ions is uniform and is equal at both electrodes, hence with 
Eq. 3.9 it gives: 
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Because there is a large voltage drop across the dark space, one can conclude that the 
dark space is a region of limited conductivity. The electrode dark space plasma can be, 
therefore presented as a capacitor. The capacitance across a dark space is proportional to 
the electrode area A and inversely proportional to the dark space thickness, d: 

d
AC ∝ .      (3.11) 

The RF voltage will be capacitively divided between the two sheaths: 
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Combining Eqs. 3.11 and 3.12 gives: 
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After substitution of Eq. 3.13 into Eq. 3.9, the following expression develops: 
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where A2 is the anode area and A1 the cathode area. 
The result suggests that the larger dark space voltage will develop at the electrode 

having a smaller area. The fourth power dependence overstates the effect of 
geometrically asymmetric systems. In common dry etch systems, the larger electrode 
consist of the entire sputtering chamber, including the wafer holder having a common 
electrical ground with the RF power supply. The relatively large area causes a small 
dark space voltage and no or little sputtering occurs at these surfaces. The target is 
placed to the smaller electrode, developing a large dark space voltage and strong 
sputtering takes place. 

One of the most important parameters determining the discharge conditions is the 
reactor pressure. When the pressure is lowered, the total ion energy rises because the 
self-biased voltage and the mean free path of the bombarding ions increases. The 
maximum energy (time averaged) of ions striking the cathode is: 

( PDC
cathode VVeE +=max ).    (3.15) 

Respectively, the maximum energy on the anode is: 

P
anode eVE =max .      (3.16) 

Higher ion energies (V1 large) result in lower etch selectivity and can cause device 
damage. For performing an appropriate etching, an effective ionization is required to 
yield very high quantities of low energy ions and radicals at low pressures. For this 
purpose, high-density plasmas sources have been developed such as, magnetron etcher, 
ICP (Inductive Coupled Plasma) etcher and ECR (Electron Cyclotron Resonance) etcher [1]. 

3.3 Types of dry etching processes 
The discharges described in Section 3.2 are the basic techniques involved in dry 

etching processes. The dry etching is a rather complex process and depending on some 
basic technological parameters it is possible to distinguish three basic dry etching 
methods [13]: 
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Figure 3.8. The dry etching methods [13]. 

The first method obeys the pure physical mechanism of sputtering. The strongly 
directional nature of this process allows material from the substrate to be removed in 
strongly anisotropic manner [60]. However, this kind of material removal is quite non-
selective against masking material and material being etched, because the selectivity 
depends on the sputter yield difference between materials [61]. Another disadvantage is 
that the ejected species are non-volatile, thus a redeposition and trenching can occur. 

Dry etching processes carried out at higher pressures with the presence of reactive 
gases are classified as chemical etching. Using this method, a high selectivity against 
both mask and underlying substrate layers can be achieved [52]. The etching is 10 to 
1,000 times faster than the physical sputtering, but the nature of the process is isotropic. 
Unfortunately, such process is not adequate for structure formation, when dimensions 
below 1µm are needed [62]. 

When a physical component is added to the chemical etching, some of the 
disadvantages of the previous described methods can be eliminated [63]. Such processes 
are termed RIE (Reactive Ion Etching). Combination of physical sputtering and 
chemical etching offer the possibility of controlling the degree of anisotropy with 
adequate selectivity [64]. 

3.4 Etching mechanism 
The etching mechanism in glow discharges is more complex than that in wet 

etching. In case of dry etching two types of reactions occur: reactions in the gas phase, 
so called homogeneous reactions and these that occur at the surface, termed 
heterogeneous reactions. Some electrons in the plasma are energetic enough to cause 
ionization. Collisions of these energetic electrons with neutral etch gas molecules are 
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responsible for the production of reactive species in plasma, called electron-impact 
reactions. These reactive species can also react with themselves and change the overall 
plasma chemistry. In fact, in plasma, one can consider collisions between species 
involved. However, some collisions are more important in glow discharge environment, 
for example collisions involving electrons, which are necessary for understanding the 
behavior of the glow discharge. 

3.4.1 Homogeneous reactions 
The most important homogeneous reaction is the ionization, where the primary 

electron removes by collision an electron from the atom producing a positive ion and 
two electrons, which causes the same reaction after acceleration by the electric field: 

e + A → A+ + 2e.     (3.17) 

Glow discharge is sustained by this multiplication. There is an energy requirement for 
ionization to occur. It is equal to the energy to remove the weakliest bound electron 
from the atom. This threshold energy is known as ionization potential [65]. Typically 
for inert gases the ionization cross-section rises quickly above the threshold to a 
maximum around 100 eV and drops down at higher energies [66, 67]. 

Another homogeneous process is excitation. Here the energy transfer enables a 
bounded electron to achieve a higher energy level within the atom: 

e + A → A* + e.     (3.18) 

These excited atoms or molecules are chemically very active and they can be 
differentiated in view of their lifetime and transfer of the absorbed energy. Here, as in 
case of ionization, a minimum energy is required for excitation to occur and is termed as 
excitation potential. In fact, the excitation potential is somewhat less than the ionization 
potential, since excitation raises an electron to higher shell whereas ionization removes 
the electron from the atom completely. 

Some excited atoms have very long lifetimes and they are known as metastable 
excited atoms. When a metastable atom collides with a neutral, the latter can become 
ionized, if its ionization energy is less than the excitation energy of the excited atom, or 
the neutral atom can be excited: 

A* + B → B+ + A + e,    (3.19) 

A* + B → B* + A.     (3.20) 

The above processes are known as Penning processes: Penning ionization and Penning 
excitation respectively. 

An electron impact with molecule causes dissociation: 

e + A2 → A + A + e.     (3.21) 

A normal result of the dissociation is an enhancement of chemical activity since the 
products are more reactive than the parent molecule. The dissociation is accompanied 
by ionization, so called dissociative ionization: 

e + A2 → 2e + A+ + A.    (3.22) 
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There is a probability that an electron colliding with an atom joins the atom to form 
a negative ion. This process is called electron attachment. The noble gases have full-
completed outer electron shell and cannot form negative ions. In contrast to noble gases, 
halogen gases, which are widely used in dry etching, have an uncompleted outer 
electron shell. They have high electron affinities and readily form negative ions [68]. 
This production of negative ions is called dissociative attachment: 

e + A2 → A+ + A- + e.    (3.23) 

The dissociation is related to the enhancement of the reactivity of the gases and 
enables low process temperatures. 

3.4.2 Heterogeneous reactions 

 

Figure 3.9. Parameters on which depend the heterogeneous reactions. ne is the electron density 
in discharge, f (E) is the electron energy distribution function, n is the gas density [13]. 

The production of species described in previous section occurs exclusively in the 
plasma. These species cause the chemical reaction onto the surface, resulting in etching. 
The processes that occur on the surface and the related effects include: a) attaching 
probabilities of radicals and ions; b) chemical recombination leading to film formation. 
This film participates in the adsorption of gas species or desorption of species in the gas 
phase; c) formation of volatile products; d) desorption from the surface; and e) effect of 
ion and electron fluxes onto the surface. Figure 3.9 shows some of the parameters that 
impact heterogeneous reactions, such as surface temperature, geometrical aspect of the 
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surface (e.g. the angle of incidence of impinging ions depends whether they strike the 
bottom, or the sidewall of an etched feature). As it can be seen, for executing a 
reproducible and useful etch process a large number of parameters must be controlled. 
The change in any criterion modifies either some basic plasma parameters or more of 
the surface parameters. 

3.5 Silicon etching mechanism 

3.5.1 Plasma etching of silicon with fluorine 
In MEMS and IC technology for structuring silicon substrate, utilizing a plasma 

etching, the most used are fluorine-containing gases [1, 12, 13]. Silicon reacts 
vigorously with all halogens to form silicon tetrahalides. The reaction with fluorine 
takes place at room temperature: 

Si + 2F2 → SiF4.     (3.24) 

However, silicon etching with fluorine results in rough and pitted surface and thus is 
not used as feedstock gas in etching process [69]. 

Using gases such as SF6 or CF4 in the discharge, etching is done by the radical species 
namely fluorine atoms, created by the dissociation of the gas molecules. A mechanism for 
the fluorine atom reaction with silicon has been given by Flam et al. (Figure 3.10) [70]. 

Since fluorine atoms form a stable chemisorbed layer on the surface of silicon, it is 
assumed that the fluorine atoms can create a periodic array of SiF2 groups on the surface 
[71]. Each of these groups, bounds to two Si atoms from the bulk crystal. Chemisorbed 
SiF2 groups may be gasified by the reaction of impinging F atoms, which must penetrate 
the SiF2 layer to attack the Si-Si bond. The probability εF(Si) of impinging fluorine atom 
to undergo a reaction with silicon may be defined as [70]: 
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where Na is Avogadro’s number, ρSi the density of silicon, MSi the atomic weight of 
silicon, nF the gas phase number density of atomic fluorine, ν the mean thermal velocity 
and υFn4

1  the flux of atoms to the surface. R(Si) is the rate with which the fluorine atoms 
etch silicon in the absence of plasma. It is delivered from the experimental results and 
can be described by the regression equation [70]: 
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Figure 3.10. Mechanism of fluorine atom reaction with silicon. {F} indicates an incident fluorine 
atom. a) A two-channel concerted reaction results in direct formation of gaseous SiF2 (I) or (II) 
bound fluorosilicon radicals b) – c) Further fluorination of bound radicals liberates gaseous SiF4 [70]. 

Following the results from Coburn [72] and Vasile [73], where the major desorption 
product was determined to be SiF4, it has been concluded that the etching of single 
crystal silicon generally proceeds by single reaction branching mechanism (Figure 3.10 
a) I and II)). The bond braking occurs, and continues by reducing the number of Si-Si 
bonds until a volatile SiF4 is formed (Figure 3.10 b) – c)). Silicon tetrafluoride can 
desorb with minimum energy since no more bonds connect it to the silicon. It can be 
concluded that the rate limiting reaction is the impinging fluorine atoms with Si-SiF2 
bonds on the chemisorbed layer, because the fluorine atom must penetrate the SiF2 layer 
to attack the Si-Si bond. On the other hand, no direct information about the thickness of 
the fluorinated layer is given. In this model, the active zone was assumed as monolayer. 
In fact, the reacting zone may be 3-5 monolayers deep as shown in another recent study 
[74]. However, the model may apply only for the F/Si system for which it was 
developed. 

There is another model proposed by Winters et al. [63] where it is suggested that 
etching is analogous to oxide formation on metal surfaces. The main difference is that 
saturated halides are volatile while oxides are not. The analogy is caused because 
halogen and oxygen atoms tend to form negative ions at the surface. According to the 
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oxidation model taken from Winters et al., oxidation proceeds by electron tunneling 
through an oxide film towards the outer chemisorbed layer to form oxygen anions, 
while metal cations are produced at the metal-oxide interface. The generated strong 
electric field can pull ions through the film and produce oxide growth, apparently 
through metal-oxygen ions exchanging positions in the lattice. Exposure of surface to 
oxygen produces a chemisorbed layer, which changes into an oxide as the surface 
concentration of the oxygen is increased. Similar reaction sequence would apply to F/Si 
interaction [63]. In this model, the mass change of silicon film, deposited on a quartz 
crystal microbalance, as a function of fluorine exposure, was presented as evidence. 
Initially, this exposure produced a mass increase, which is caused by the creation of a 
fluoride layer of some equivalent monolayers at the surface. The precise number of 
these monolayers depends on the number of fluorine atoms associated with etched 
silicon atoms. A further increase of fluorine dose causes etching by formation of volatile 
SiF4 resulting in enhanced mass decrease. 

3.5.2 Silicon etching in fluorocarbon plasmas 
As it was described above, the fluorine atoms cause the etching of silicon in a glow 

discharge generated in fluorocarbon gases. The etching rate depends strongly on the 
surface coverage Θ with SiF2. This statement is correct when the fluorine atoms are the 
most abundant radicals in the gas phase [70]. However, when CFx and CFx

+ are 
presented in the gas phase, then these particles are also expected to contribute fluorine 
to the etching reaction, i.e. the fluorine which leaves the surface as part of an SiF4 etch 
product [75]. There are experimental data which point out that the etching process of 
silicon and silicon dioxide in fluorocarbon plasmas proceeds through a thin fluorocarbon 
layer [76-78]. The etching and the polymer deposition proceed in parallel and thus it is 
complicate to give an adequate model. Indeed, in plasma environment the surface is 
bombarded with reactive neutrals and reactive ions with different energies. Inert beams 
of ions cause only physical sputtering. The removal of material from the substrate in 
this case increase with increasing ion energy [79, 80]. There is a universal relation 
between the etching yield, Y(E), and the energy, which applies to all types of ion 
bombardment induced etch process [79]: 

( )thEEAEY −≈)( ,    (3.27) 

where A is a constant depending on the particular projectile-target combination, and Eth 
presents the threshold energy for sputtering. 

Recently, a detailed model of silicon etching in fluorocarbon plasmas including the 
effect of fluorocarbon radicals has been developed by Gogolides et al. [75]. They 
propose that the reaction with fluorocarbon radicals (CFx (x = 1 – 3)) takes place with 
the following mechanisms: 

Chemisorption of CFx: 

Si* + CFx(g) →  Si – CFy(s),    (3.28) 

followed by carbon sputtering: 

 



CHAPTER 3 DRY ETCHING 34

Si – CFy(s) →  CFy(g) + Si*,    (3.29) 

or recombination of CFx with F: 

Si – CFy(s) + F(p) →  Si* + CFy+1(g),    
(3.30) 

Si – CFy(s) + F(g) →  Si* + CFy+1(g),    

where y ≤ x, s presents chemisorbed atoms or radicals, p stands for physisorbed atoms, g 
stands for gas phase and * denotes a dangling bond or site for chemisorption. Equations 
3.28-30 only visualize the possible reactions and they should not be seen as 
stoichiometric. The reaction of fluorine atoms with silicon follows the model of Flamm 
et al [70]. Furthermore, they present a surface model for polymer creation and 
removing, based on following mechanisms: 

1) Direct ion deposition instead of sputtering – when  ions have energy less 
than the threshold energy, polymer deposition occurs; 

+
xCF

2) Ion-enhanced deposition of sorbed radicals (stitching) – At ion energies less than 
threshold energy the CFx radicals are chemisorbed on the silicon surface creating a 
polymer; 

3) Ion-enhanced deposition of sorbed CFx radicals on the polymer surface at 
energies less than threshold energy leads to further polymer formation; 

4) Ion-enhanced etching of polymer by fluorine atoms or radicals sorbed on the 
polymer surface. 

Following this surface model, it is considered that fluorine atoms, fluorocarbon 
radicals, and polymer are simultaneously bonded to surface atoms. Surface coverage is 
related to all these species in the mixed layer. The etching proceeds as long as polymer 
does not cover the whole mixed layer. The etching yield of silicon is given by sum of 
three different etching yields: 

YSi = YS + YCS + YC,     (3.31) 

where YS, YCS and YC represent the etching yields for physical sputtering, chemical 
etching supported by physical sputtering, and pure chemical etching respectively. Hence 
the silicon etching yield can be expressed as follows: 

( ) ( ) ( ) ( )� Θ−Θ−+Θ+Θ−=
i

PCFFFFTOTiiSi x
RTKEYxY 11 β , (3.32) 

if ΘP < 1  and  Y(E)i >0,    

where xi is the fraction of the total current carried by ion i, β is ion-enhanced chemical 
etching coefficient, and RF presents the ratio of F to ion flux. The term (1-ΘTOT) in Eq. 
3.32 denotes the fraction of clean surface where the ΘTOT presents the total coverage 
from F (ΘF), CFx (ΘCFx) and polymer (Θp). In Eq. 3.32, the energy dependence of the 
etching yield (Eq. 3.25) for ion i is included (Y(E)i). The third term indicate the pure 
chemical etching. The dimensionless coefficient K(T) is given by: 
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where ρ is the material density, NA Avogadro’s number, and M the atomic or molecular 
weight of material being etched. 

It was shown that this model fits quite well the experimental data obtained from 
other research groups [75]. 

3.6 Silicon dioxide etching mechanism 
The etching mechanism of silicon dioxide follows the mechanism of silicon etching, 

since again the fluorine is the most used component. For etching SiO2 in plasma 
environment, mainly CHF3, CF4 and C2F6 gases have been used mixed with argon [77, 81]. 
These gases predispose the formation of polymer on the silicon dioxide surface. Oehrlein 
et al. distinguished three regimes during the plasma etching of SiO2 (Figure 3.11) [76]: 

 

Figure 3.11. Oxide etch rate as a function of the ion energy using CHF3. Three different regimes 
can be distinguished: the fluorocarbon film deposition, the fluorocarbon film suppression regime 

for intermediate energies and the sputtering regime. 

In the deposition regime, no etching occurs but deposition of polymer. The 
fluorocarbon film growth rate decreases with the ion energy. In the intermediate regime 
(Suppression regime) a steady-state polymer film decreases the etch rate from that 
expected for reactive sputtering process [82, 83]. Once a RF voltage larger than the 
threshold energy for fluorocarbon film etching is applied, oxide etching will commence. 
The threshold energy depends on pressure, RF power and gas nature [76]. Although for 
energies larger than this threshold value, oxide etching takes place, the oxide surface is 
covered with fluorocarbon film [78]. Because of the presence of this film, the oxide 
etching yield decreases significantly below the expected one. Therefore, Oehrlein et al. 
extended the Eq. 3.27 to the form [83]: 

( ) ( )[ ]( )ththCFx EEVEtAfEY −=  , .   (3.34) 
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f [ tCFx(E), Vth] is the function, which describes the effect of a fluorocarbon film with 
thickness tCFx on the oxide etch yield in the low energy regime. Vth is the threshold 
voltage at which the oxide etching starts. 

In the sputtering regime, the oxide etching is described by an energy dependence 
given by Eq. 3.27. The oxide etching rate scales linearly with the ion current. 

Following this assumption Gogolides et al. proposed a surface model for the silicon 
dioxide etching mechanism [75]. It is presented as non-stoichiometric formulas: 

Physical sputtering: 

O2-Si* → Si + O(g) + O2-Si*.    (3.35) 

In this stage, the dangling bond is attacked by the ion causing sputtering of silicon and 
oxygen creating a new dangling bond or site for chemisorption. 

Reaction with fluorine atoms: 
Adsorption: 

O2-Si(s)
*+F(p) → O2-Si-F2(s).    (3.36) 

The fluorine atom is adsorbed at the site for chemisorption. After that, three reactions 
are possible (occurring at the same time or separately): 

Ion-enhanced chemical etching by F: 

O2-Si-F2(s)+2F(p) → Si-F4(g)+O2(g)+O2-Si*,  (3.37) 
or ion-enhanced chemical sputtering: 

O2-Si-F2(s) → Si-F2(g)+O2(g)+O2-Si*,   (3.38) 

or chemical etching by F from the gas phase or physisorbed fluorine: 

O2-Si-F2(s)+2F(p) (or 2F(g)) → Si-F4+O2(g).  (3.39) 
Since the etching is performed in CF-containing gases, the above reactions are 

supported by reactions with CFx (x = 1 – 3) or other fluorocarbon radicals: 
Chemisorption: 

Si*-O2(s)+CFx(g) → Si-O2-CFx(s),   (3.40) 

followed by three possible reactions: 
Ion-enhanced chemical etching by CFx radicals: 

2Si-O2-CFx(s) → SiFx(g)+CO2+Si-O2
*,  (3.41) 

C sputtering: 

Si-O2-CFx(s) → Si(s)+2COFx(g)+Si-O2
*,  (3.42) 

Recombination of CFx with F: 

Si-O2-CFx(s)+F(p) (or F(g)) → Si-O2+CFx+1(g), (3.43) 
where s presents chemisorbed atoms or radicals, p stands for physisorbed atoms, g 
stands for gas phase and * denotes a dangling bond or site for chemisorption. Reaction 
of polymer creation or loss is the same like in case of silicon etching. 
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In the current model, the above network is described almost identical to that for 
silicon. The only difference is that CFx radicals can also cause ion-enhanced etching of 
the SiO2 surface. Thus, fluorocarbon radicals can be removed from the surface by 
reaction 3.41, causing ion-enhanced SiO2 etching, by reaction 3.42 as sputtered carbon, 
and reaction 3.43 by recombination with F atoms. The silicon dioxide etching yield can 
be viewed again as a sum of three different etching yields: 

YSiO2 = YS + YCS + YC,    (3.44) 

where YS, YCS and YC represent the etching yields for physical sputtering, chemical 
etching supported by physical sputtering, and pure chemical etching respectively. Hence 
the silicon etching yield can be expressed as follows: 

( ) ( ) ( ) ( )pCFxFCFxCFxFFTOTi
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if  Θp < 1  and  Y(E)i > 0,    
where the sum of the second and third term represents the chemical etching supported 
by physical sputtering in presence of fluorine and fluorocarbon ions. 

It is obvious that the etching of silicon dioxide is supported by polymer 
(fluorocarbon film) deposition. This film affects the etch front of the structure leading to 
unwanted effects changing completely the desired structure [8]. This makes the 
controlling of plasma etching process more complicated since changing only one of 
basic parameters leads to changes in the whole process (Figure 3.9) [13]. 

3.7 The dependence of etching yield on angle of incidence 
Although different parameters can affect the performance of the plasma etching 

process, for the purposes of this work and related to the experimental results, one more 
important parameter will be discussed. This is the dependence of etching yield on the 
angle of incidence of incoming ions. Mayer et al. have presented the etching yield Y(Ψ) 
as a function of angle of incidence Ψ [84]: 

( ) ( )
Ψ

Ψ=Ψ
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ERY ,    (3.46) 

where ER (Ψ) is the etching rate and Ib is the beam current density. The effect is 
observed for physical sputtering where a beam of inert ions is used (Figure 3.12) [85]. 

Changing the angle from normal incidence to grazeing incidence leads at first to 
yield increase, and then a maximum is reached at about 60°, after which the yield drops 
rapidly (Figure 3.12 b)). The increased yield in the range between 0° – 60° is due to the 
fact that more energy of the projectile is deposited in the near surface region for these 
angles of incidence. The decrease is because many particles are reflected away from the 
surface before they have lost much kinetic energy. The etching yield of silicon when 
using reactive gas ions shows different behavior, having maximum at angle of normal 
incidence. Moreover, Mayer et al. showed that the angular dependence of etching yield 
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when SiO2 is sputtered with low energy CFx
+ ions, has the same behavior as silicon 

etched with Cl+/Cl2 (Figure 3.12 a)) [84]. 
 

 

Figure 3.12. Sputtering etching yield as a function of the angle of incidence for a) silicon bombarded 
with Cl+/Cl2; b) single crystal silicon etched by Ar+ ion beam at pressure of 0.1 mTorr [85]. 

Recently, Cho et al. have summarized the experimental results from different groups 
for angular dependence of SiO2 etching in fluorocarbon plasma. The technological 
parameters are presented in Table 3 and the results for the etching yield based on these 
investigations are present in Figure 3.13 a) [86]: 

 
Author Process 

type 
Gas (ion) Pressure

(mTorr) 
Bias voltage 

(V) 
Substrate 

Hamblen 1 [87] RIE CHF3 (CHFx
+) 10 600 SiO2 (CVD)

Hamblen 2 [87] RIE CHF3 (CHFx
+) 10 600 SiO2 

(Oxidation) 
Hedlund 1 [88] RIE CHF3 (CHFx

+) 10 500 SiO2 
(Oxidation) 

Hedlund 2 [88] RIE CHF3 (CHFx
+) 20 500 SiO2 

(Oxidation) 
Schaepkens 1 [89] HDPE CHF3 (CHFx

+) 6 100 SiO2 
(Oxidation) 

Schaepkens 2 [89] HDPE C3F6 (CFx
+) 6 100 SiO2 

(Oxidation) 

Table 3. SiO2 etching processes using fluorocarbon plasma performed by different groups. RIE 
stands for Reactive Ion Etching and HDPE means High Density Plasma Etching 
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In comparison to the results obtained from Mayer et al. for etching silicon with Cl+ 
and SiO2 with CFx

+ ion beams [85], the etching yield of SiO2 using fluorocarbon gasses 
exhibit maximum between 45° and 75° (Figure 3.13 a)). The difference was explained 
in view of the process pressure, since the pressure influence the polymer film deposited 
on the surface [86]. This polymer film influences the etching rate according to Eq. 3.45. 
Figure 3.13 b) shows that maximum etching rate occurs at angle of normal incidence. 
This cosine-like behavior of the etching rate is supposed to be related to chemical 
sputtering, because it is closely related to the energy deposited on the substrate surface. 
That is the ion energy, which causes the collision cascade in the region near the 
impacted location of the surface, moves the target atoms from the original positions, 
induces chemical reaction and forms the weakly bond species that subsequently desorbs 
into the gas phase [90]. 

 

Figure 3.13. a) Angular dependence of the normalized etching yield showing maximum at high 
angles between 45° and 75°. b) Cosine-like angular dependence of normalized etching rates of 

SiO2 in various fluorocarbon plasma processes. The results are summarized from different 
research groups [86]. 

This behavior of the etching yield adds a thoughtful problem to the treatment of 
curved and structured surfaces, because etching depends strongly on local surface 
orientation. However, combining the above explained etching mechanism and the 
angular dependence of the etch rate opens a new route of structuring and in particular 
nanostructure formation as will be discussed in the following chapter. 
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Chapter 4  

Novel technique for fabrication of sub-100 nm 

structures 

The development of microelectronics and MEMS requires extreme miniaturization 
of integrated elements. According to the International Technology Roadmap for 
Semiconductors (ITRS), device dimensions below 100 nm can be obtained in the next 
few years [5]. The most established route to achieve these dimensions is lithography [1]. 
In this case, lithography with EUV light, electrons or ions have been proposed and used. 
However, these techniques have met already their challenges in view of mask 
fabrication, process control and not at last, they are extremely cost-intensive [5]. 
Furthermore, these techniques are restricted to planar surfaces and therefore are not 
adequate for fabrication of three-dimensional devices. 

Fluorocarbon plasma etching is extensively used for selective etching of contact 
holes trough SiO2 film, trench capacitors in the modern IC fabrication [82, 83, 89], 
fabrication of flat panel displays based on field emission devises (FED) [91], etc. The 
precise control of the etch profile in this step is essential, therefore the angular 
dependence of the etch rate must be taken into account. The investigations related to the 
angular dependence of the etching rate are mainly directed to solving the problems, 
which occur during selectively etching of silicon dioxide [84, 86, 89, 92]. 

 

Figure 4.1. Semispherical structure exposed on plasma etching. a) Surfaces with angle Ψ from 
the normal will be etched slowly due to the angular dependence of etching rate (see Figure 3.13 
b) in Section 3.7). b) Resulting structure after completely removing the oxide from surfaces with 

normal incidence. 

On the other hand, when a curved or structured surface is etched the angular 
dependence of the etching rate is a great advantage. This effect is helpful for 
preferentially removing of the masking layer from surfaces with normal incidence. For 
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better visualization of the effect, lets assume a semispherical silicon structure covered 
with silicon dioxide (Figure 4.1 a)). After the preferential plasma etching, the surfaces 
with normal incidence will be etched faster than those at grazing incidence, Ψ (Figure 
4.1 b)). The remaining oxide can be used further as a masking layer for silicon etching. 

In this chapter, etching attempts of silicon and silicon dioxide structures exploiting 
this unique etching behavior will be discussed. As it was discussed in Chapter 3, both a 
physical and chemical components can impart directionally to the etch process. 
Controlling the dominant parameters, allows forming structures with nanometer 
dimensions. The angular dependence of the etching yield during dry etching of silicon 
dioxide with fluorocarbon containing gases is exploited for obtaining sub-100 nm 
structures. The choice of process parameters must ensure that with the reactions that 
take place on the silicon or silicon dioxide surfaces volatile reaction products are 
produced. Moreover, with correct parameters variegated etch profiles can be realized. 

4.1 Plasma etching of structured silicon dioxide layer 
To demonstrate the unique possibilities for fabrication of sub-100nm structures 

using plasma etching, lets simplify the complex structure shown in Figure 4.1. This can 
be done exploiting the etch behavior of silicon in alkaline solutions (0). In this way only 
two well defined surfaces will be exposed to plasma etching – surfaces with normal 
incidence and surfaces with angle of 54.7°. Following the explanation in Section 3.7 of 
Chapter 3, one can expect to etch the inclined surfaces slower than the surfaces with 
normal incidence due to the cosine law of etch rate (see Eq. 3.46). 

 

Figure 4.2. Dry etching of curved surfaces. a) Oxidized V-groove in (001) silicon with angle of 
54.7° from the normal is created. b) After applying CHF3 plasma etching of SiO2, the silicon 

dioxide with surface parallel to the incoming ion flux is etched preferentially. 

In order to investigate the angular dependence of the etching yield, samples of 16 
times 8 mm2 size were made from 3 in. (001) oriented silicon substrates (B doped with 
5–10 Ωcm resistivity). After thermal oxidation both rectangular windows with 6 mm 
times 20 µm dimensions as well as square windows with 20 µm dimension were opened 
in the 2 µm thick oxide layer by optical lithography and subsequent buffered HF wet 
etching. V–grooves and inverse pyramidal openings with (111) sidewalls were 
accomplished by anisotropic wet etching with an aqueous KOH solution (40 wt %, 
temperature 60 °C) (Figure 4.2 a)). The opening angle of the structures is 70.5°, forming 
an angle of 54.7° of the sidewalls of the grooves with respect to wafer’s normal. Etching 
was followed by another steam oxidation process to obtain a 300 nm oxide layer on the 
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substrate surface. The oxidized structures were exposed to CHF3 RF plasma (description 
of the etcher can be found in Appendix A). Silicon dioxide etching was performed at 
various pressures between 25 – 100 mTorr with 4.5 sccm CHF3 gas flow and led to the 
particulate removal of the silicon dioxide layer (Figure 4.2 b)). Varying the RF power 
between 150 and 180 W gave rise to a self-bias voltage of approximately 100 – 250 V. 

To reveal the impact of the plasma etching process on the silicon dioxide layer, the 
V-groove samples were subsequently cleaved, investigating its cross section by 
scanning electron microscopy (SEM) imaging. Note that all trenches and apertures 
shown in the following SEM images are slightly distorted owing to the charging of the 
insulating oxide layer during electron exposure. 

 

Figure 4.3. SEM images of the cross section of thermally oxidized V-grooves on a (001) 
oriented silicon substrate before (a) and after RIE plasma etching of the silicon dioxide layer 

with CHF3 at b) 75 mTorr, c) 25 mTorr, and d) 100 mTorr. 

Figure 4.3 shows such images of an oxidized V-groove a) before and b) after 
reactive ion etching at pressure of 75 mTorr, with RF power of 160 W and the 
maximum possible self-bias voltage of 250 V. The 240 nm thin silicon dioxide layer 
(Figure 4.3 a)) of almost homogeneous thickness is selectively opened at the sharp apex 
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(Figure 4.3 b)) of the V-groove while approx. 150 nm thin oxide layer remains on the 
sidewalls. The lateral dimension of the trench in the oxide layer is approximately 90 nm. 

Pressure and DC bias are important parameters with regard to Table 3 and therefore 
the experiments were performed at different pressure and applied power. Figure 4.3 shows 
also images of samples etched at pressure of c) 25 mTorr and d) 100 mTorr. It can be 
seen that at lower pressure the etching takes place almost homogeneous allover the 
exposed silicon dioxide surface, since for higher pressure etching occurs at the apex. 
However, by varying the RF power between 150 W and 180 W and the pressure 
between 25 mTorr and 100 mTorr it was observed that reproducible trench fabrication 
was restricted to pressure of 75 mTorr and RF power of around 160 W and a 
corresponding self-bias voltage larger than 220 V. 

The narrow range of process parameters can be explained in view of the SiO2 
etching mechanism (Section 3.6). From the applied RF power and the resulting DC bias, 
it can be concluded that the process takes place solely in the sputtering regime. The 
presence of the fluorocarbon layer, signed as polymer in model from Gogolides, affects 
also the etching process, since it appears thin for surfaces with normal incidence, 
allowing etching of the underlying silicon dioxide. However, for increasing inclination 
angle of the surface, a thicker fluorocarbon layer was observed, which reduces silicon 
dioxide etching rate. A steady-state etching regime is reached, when fluorocarbon 
deposition and fluorocarbon etching are balanced. 

In order to understand the nature of deviation of the SiO2 etching mechanism, 
depending on the pressure and applied power, X-ray photoelectron emission 
spectroscopy surface analysis was performed on the samples etched at different 
conditions. It should be mentioned that these spectra are not quantitative but qualitative 
and they are made after finishing the process. The investigated area is in the range of 1 mm, 
hence the obtained spectra are from integrated area of flat and inclined surfaces. Figure 4.4 
shows the C(1s) photoelectron emission intensity of samples etched at a) – b) different 
RF power and constant pressure of 75 mTorr and c) – d) different pressure and constant 
RF power of 160 W and resulting DC bias of 250 V. The C(1s) spectrum is found to 
consist of four peaks at slightly different binding energies. The different peaks can be 
attributed to C(1s) photoelectrons originating from carbon atoms only bonded to other 
carbon atoms (C-C bonds) and carbon that has bonds with one up to three fluorine 
atoms (C-F, C-F2, C-F3 bonds) [93]. It is concluded that fluorocarbon material is 
deposited and present on the SiO2 surface during the etching. It has been reported that 
the thickness of this film is in the range of 5 nm, therefore the spectra occur noisy [76]. 

The amount of fluorocarbon material on the surface, i.e. the thickness of a steady-
state fluorocarbon film, is proportional to the integrated C(1s) intensity. Figure 4.4 a) 
shows the XPS spectrum obtained from probe etched at low RF power. The spectrum 
consist of the peaks attributed to the C-Fx (x = 1 – 3) bonds showing the presence of 
fluorocarbon layer. When the RF power is increased the intensity of C-Fx (x=1 – 3) 
peaks markedly decreases as shown on Figure 4.4 b). From this it can be concluded that 
the fluorocarbon film at low RF power is thicker than at high RF power. This can be 
explained because of lower RF power (Figure 4.4 a)) the energy of the charged particles 
bombarding the surface is not high enough to remove the co-deposited fluorocarbon 
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layer, hence the etch rate is reduced, according to Eq. 3.44 (Section 3.6). The effect is 
enhanced by the presence of curved surfaces as seen by Shaepkens [89]. In case of 
higher RF power (Figure 4.4 b)) the co-deposited fluorocarbon layer almost disappears 
since the particles have enough energy to remove the passivation and than to attack the 
SiO2. 

 

Figure 4.4. C(1s) X-ray photoelectronemission spectroscopy spectra obtained from SiO2 
samples etched in CHF3 plasma a) and b) for different RF power (4.5 sccm CHF3 gas flow, pressure 

75 mTorr) and c) and d) at various pressure (4.5 sccm CHF3 gas flow, RF power 160 W). 

Since the pressure is important parameter in plasma etching, due to Table 3 and the 
related results, the XPS spectra at different pressures were made (Figure 4.4 c) and d)). 
At higher pressure the same co-deposited fluorocarbon layer occurs, in spite of applied 
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high RF power, in view of the fact that the C-Fx peaks are presented (Figure 4.4 c)) In 
this case, the etching rate at the apex is higher than on the sidewalls (Figure 4.3 d)). 
However, the etched silicon dioxide does not have the well-defined profile as in case of 
Figure 4.3 b). This can be explained regarding to that the charged particles have 
sufficient energy to remove the passivating layer even for angle of incidence higher than 
0°. Decreasing the pressure, the C-Fx peaks disappear (Figure 4.4 d)), hence the 
fluorocarbon deposition rate is reduced and the etch rate of the silicon dioxide is almost 
homogeneous allover the curved surface (Figure 4.3 c)). 

 

Figure 4.5. Creation of V-groove utilizing wet etching results in formation of bottom edge with 
length ∆. A square mask patterning results in inverse pyramid, where ∆ is 0. 

The above discussion is related more or less to V-groove structures resulting in slit 
like openings with length ∆ (Figure 4.5). Further decreasing of the opening dimension is 
possible if a square mask patterning is used, i.e. inverse pyramid. Applying the same 
RIE etching process in this case, a small aperture is opened in the silicon dioxide layer 
at the apex. The small lateral dimension of the inverse pyramid obviates cross 
sectioning of the aperture by cleavage. 

Therefore, Figure 4.6 shows four consecutive head on SEM images of the same 
sample that was plasma etched for 90 s, 150 s, 210 s, and 270 s applying RF power of 
160 W with resultant self-bias voltage of 250 V. An aperture with approx. 70 nm lateral 
dimension forms in the oxide layer after 210 s while additional etching led to the 
opening of the edges formed by two adjacent sidewalls of the pyramid starting at its 
apex. 
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Figure 4.6. SEM head on images of oxidized pyramidal openings in silicon after CHF3 etching of 
the silicon dioxide layer for a) 90 s, b) 150 s, c) 210 s, and d) 270 s. 

4.1.1 Sub-100 nm structures obtained by plasma etching 
Utilizing the method described in previous section, the etched silicon dioxide layer 

can be used as a mask for silicon etching. Figure 4.7 shows a structure made in this way. 
Silicon etching was performed with gas chopping process (the process will be discussed 
in the next section). Cross sectioning of V-groove structures, reveal high aspect ratio 
trenches with around 200 nm width (Figure 4.7 a)). The trench width was further reduced 
by thermal oxidation of silicon entailing a volume expansion by a factor of 2.25 of the 
oxidized material (Chapter 1). In case of the trench structure shown in Figure 4.7 b) steam 
oxidation led to reduction of the trench width from 200 nm to 30-40 nm (Figure 4.7 c). 

In this way, nanostructures for various applications can be obtained such as 
microfiltration membranes [94], microsieves [95], optical cavity filters [96], etc. 
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Figure 4.7. SEM image of a 1.8 µm deep 
trench obtained by ICP etching using the 
structure from Fig. 4.6 b) as a mask. b) Steam 
oxidation of the trench in a) allows the precise 
control of the lateral trench geometry between 0 
and 200 nm. c) Zoom view of the structure from 
b) shows that longer oxidation process will 
close completely the structure. 

Moreover, these structures can be used as a template for deposition. 
Micromechanical tools such as nanoscalpels for imaging and manipulation of biological 
structures, probes for Scanning Probe Microscopy (SPM), mechanical engraving tools 
require structures with superfine cutting edges or cusps with preferably dimensions 
about 100 nm [97-100]. At the same time, these structures must consist of as hard as 
possible and conducting material. The material that fulfils these requirements is 
diamond. There are different methods for obtaining diamond based mainly on Chemical 
Vapor Deposition (CVD), because this method allows homogeneous coating of large 
surfaces [101]. Different CVD techniques for deposition of diamond are present such as 
Microwave Physically Assisted CVD (MW PACVD) Hot Filament CVD (HF CVD) 
[102]. 

 To apply the structures from Figure 4.7 a) as a template, HF CVD diamond 
deposition was performed. For this process, a H2, CH4 gas mixture was used, which was 
excited by electrically heated (2,000°C – 2,400°C) tungsten wires. In this way radicals 
are created, which condense on 600°C – 1,000°C heated substrate and polycrystalline 
diamond film is formed [99]. More detailed information about HF CVD can be found in 
[103]. Figure 4.8 shows 200 nm bright diamond structures obtained after HF CVD using 
the already structured silicon as template. In this way small diamond tips or knifes can 
be fabricated, evidently with high aspect ratio. 
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Figure 4.8. A diamond “knife” obtained after hot filament CVD deposition of polycrystalline 
diamond into the silicon trench and selectively removing of the silicon substrate. a) Cross 

section of the released diamond structure. b) Tilted view of the structure. 

4.2 Realization of SNOM calibration standards 
Miniaturized apertures in thin films have found multifaceted applications, e.g., a 

particle size filter, spatial filters in Fourier optics, templates for nanostructures, probe 
array for Near-Field Optical Memory applications [104], etc. In particular, they proved 
to be useful as basic structures for the development of advanced probes for various 
scanning probe microscopy techniques. For example, subwavelength-sized apertures in 
pointed tips of cantilever probes found widespread application in Scanning Near-Field 
Optical Microscopy (SNOM) [105]. These aperture probes are capable of substantially 
improving spatial resolution, thus circumventing the well-known diffraction limit of far-
field optics. Different techniques have been recently developed for fabrication of such 
apertures [41, 42, 106, 107]. 

The basic idea of SNOM lies in overcoming the diffraction limit of resolution 
(approx. λ/2) [108]. For this propose, tiny aperture is illuminated from the back and acts 
as a sub-wavelength sized light source, which is placed in optical near-field distance to 
a transparent sample, i.e. at a distance z«λ (Figure 4.9). Obviously, lateral resolution in 
this case is restricted to aperture size [108]. Imaging is accomplished by scanning the 
sample. The great technological challenge is the fabrication of such tiny aperture and its 
characterization. 

Mihalcea presents the fabrication process of silicon dioxide aperture tips for first 
time [41]. It consists of formation of pyramidal shape pits in silicon during the wet 
etching process (see 0). The sidewalls of these pits are defined by the (111) crystal 
planes of silicon (Chapter 1) that results in an opening angle of 70.5°. In the next step, 
these pits are wet oxidized at 900°C. Silicon dioxide growth at these conditions exhibits 
a complex mechanical stress distribution, in particular at shaped surfaces, owing to its 
rheological behavior [29]. 
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Figure 4.9. Schematic view of SNOM measurement principle. A sub-wavelength illuminated 
aperture serves as light source. Imaging is performed scanning the sample with respect to the 

tip position. 

The intrinsic compressive stress locally degrades the diffusion rate of the oxidizing 
species through the already grown oxide layer and furthermore decreases the oxidation 
rate at the Si – SiO2 interface. Therefore, a reduction of the oxide thickness is observed 
that depends strongly on the shape of the silicon surface. In case of pyramidal etch pits, 
a reduced oxide layer thickness occurs at the vicinity of the concave apex. Wet etching 
of the silicon substrate from the rear side releases the silicon dioxide tip and opens the 
oxide layer at its weakest point to define apertures of 170 – 190 nm dimensions [109]. 
Technological improvements and fabrication of aperture probes with size of 
approximately 100 nm were presented by Vollkopf [42]. It was shown that changing the 
temperature and oxidation time could result in varying dimensions of the aperture [32]. The 
above-described methods allow reproducible fabrication of aperture tips, which were 
successfully integrated in SNOM cantilever probes. 

4.2.1 Requirements of SNOM calibration standards 
The resolution of the SNOM image depends directly on aperture geometry, aperture 

size and the aperture separation from the sample [108]. Since there are well established 
techniques for fabrication of SNOM cantilever probes, it is necessary to find a 
possibility for characterization of the aperture. SEM imaging is often used to determine 
the aperture geometry [32]. However, the apertures itself consist of silicon dioxide, 
which is charged during the electron bombardment and with that the quality of the 
pictures is markedly reduced. It is not possible with this method to characterize the 
optical properties of the probes. Therefore, a calibration standard for characterizing is 
needed. However, this standard must fulfill some requirements, which will be discussed 
in the following. 

Calibration is based on scanning of the surface of the standard. For this reason it is 
important that the aperture probe must approach the surface as easy as possible. An 
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important requirement is that the geometry of the standard aperture must be well 
defined. Furthermore, all apertures must have exactly the same geometry. With the 
extensive usage of the standard scratching or impurities can damage its aperture. 
Therefore, it is necessary to have multitude of apertures in matrix order and very 
important – topography free. The density of apertures must be as large as possible 
assembled in useful scanning area for conventional SNOM at about 50 µm onto opaque 
surface. 

Figure 4.10 visualizes the scheme of the first approach for fabrication of this 
standard using MEMS technique. It was derived from aperture fabrication scheme 
improved by Vollkopf [42]. It shows a silicon membrane on which pyramidal array is 
integrated, where each pyramid carries an aperture. These pyramids are metallized to 
form an optical aperture. 

 

Figure 4.10. Schematic view of calibration standard. The 10 µm thick membrane holds array of 
hollow pyramidal SiO2 tips. All tips must have an aperture at the apex with dimensions at about 

100nm. 

In fact, the requirement for easy approach can be fulfilled in case of fiber aperture 
probes, but when the cantilever probes are used, some technological restrictions occur. 
Since the technology is based on overcoming these restrictions, brief description of 
them will be given. 

4.2.2 Technological restrictions 
Figure 4.11 shows the procedure for fabrication of SNOM calibration standards 

based on self-adjustment technique described by Vollkopf [42]. For this procedure (001) 
oriented 3” silicon wafer was used. After thermal oxidation 2 µm thick oxide was 
obtained to serve as a mask for the etching process. The SiO2 was structured using 
standard photolithography to open a rectangular structure. After wet etching a trough is 
formed, which defines a membrane with thickness of about 100 µm (Figure 4.11 a)). In 
the next step, another photolithography process is performed for definition of square 
openings. The size of these openings is 20 µm and they define the dimensions of the 
pyramidal openings formed in the next wet etching step (Figure 4.11 b)). After this 
process, another oxidation step is performed (Figure 4.11 c)). The oxide thickness is 
about 200 nm that defines the oxide necessary for aperture tip formation. In the last 
step, the hollow pyramidal tips are released from the bulk by wet etching process 
(Figure 4.11 d)). As it can be seen, the tips are formed in a 350 µm deep trough, which 
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makes it hard to approach the apertures when the cantilever probe is used (Figure 4.11 e)). 
Etching the whole wafer from the rear side could overcome this problem, but the 
membrane thickness is about 10 µm, which makes handling the probes difficult. 
Increasing the size of the pyramid base will increase the height, but then the aperture 
density will be decreased. This is visualized in Figure 4.12. 

 

Figure 4.11. Process sequence for fabrica . 

 

Figure 4.12. Cross section of the geometry of the etch 

The pyramid height h and the membrane thickness t are related with the base width l 
thro

tion of calibration standard, following Vollkopf [42]

 
 

structures in silicon for formation of aperture probes. a) 
The height h of the pyramid and the membrane 
thickness t are connected with the width l because of 
the angle Θ. b) The distance d1 between the 
neighboring pyramids limits the smallest distance 
between the apertures d2 in accordance to (Eq. 4.2). 

ugh the relation: 

( )2tan2 Θ
= lt ,     (4.1) 

where Θ is the opening angle of the pyramid (Θ=70.53°). For fabrication of 
mechanically stable membrane, it is necessary the thickness t to be at least 15 µm, 
which results in pyramidal height 15 µm too. This requires a base width of about 20 µm 
resulting in aperture density of 1 aperture per 625 µm2. Moreover, the anisotropic 
etching requires minimum distance d1 between the neighboring pyramids. Thus, the 
distance between two apertures is defined by: 

( ) ld tdd +=Θ+= 112 2tan2 ,   (4.2) 

resulting in 25 µm for the above given pyramid dimensions. 
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Since the apertures are formed after releasing the pyramidal tips from the bulk, it is 
obv

 
Figure 4.13. Cross-section of (001) Si 

4.2.3 General scheme for overcoming the technological restrictions 
 

thic

 

Figure 4.14. Overcoming the technological restriction for 

The first step requires a deep anisotropic etching
obt

abrication of SNOM calibration 
stan

ious that always topography will occur, hence the requirement for topography free 
sample cannot be fulfilled. Stopping the wet etching process exactly at the pyramid edge 
is rather impossible since Total Thickness Variation (TTV) (see Figure 4.13) of the 
wafer, which is in the range of 3 µm, is always present. 

wafer in which pyramidal structures 
are etched. The total thickness 
variation (TTV) is shown as 
nonplanar surface. After etching the 
rear side of the wafer, variation of 
pyramidal opening occurs a) too big, 
b) optimal opening, and c) not 
opened pyramid. 

Overcoming the technological restriction for aperture density and membrane
kness is possible if the size of the pyramids is decreased and next if the pyramids 

formation starts deep into the wafer. This is possible if the fabrication process is 
performed in two steps (Figure 4.14). 

 through square mask pattern, 

 
 
 
 
 
 

membrane mechanical stability. a) anisotropic etching 
process at depth h1; b) wet etching forms the pyramid 
with height h2. 

aining a channel of height h1, with perpendicular sidewalls (Figure 4.14 a)). This step 
defines the initial location where the pyramid will be formed. In this way, the membrane 
thickness will be defined not only from the pyramid height h2, but also with the depth h1 
of the anisotropically etched structure (Figure 4.14 b)). 

Figure 4.15 represents the technological chart for f
dards. After photolithography, square patterns are defined on 2 µm thick silicon 

dioxide layer (Figure 4.15 a)). This silicon dioxide layer is formed by steam oxidation. 
For increase of the membrane thickness by h1 (Figure 4.15 b)) a deep anisotropic dry 
etching (~ 20 µm) was performed. The following step is oxidation for creation of 
passivation layer (Figure 4.15 c)). The thickness of this layer is ~ 500 nm and it is 
necessary to protect the sidewalls of the etched structure against the wet etching. For 
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this reason it is necessary to remove the oxide only from the structure’s bottom and this 
is possible utilizing again the angular dependence of the etching rate. Therefore, plasma 
etching is applied to remove this oxide from the structure’s bottom (Figure 4.15 d)). In 
the next step, pyramids are formed by wet etching. Then oxidation step is performed 
obtaining 150 nm oxide layer (Figure 4.15 e)). For resolving the problem of TTV, the 
technique described in Section 4.1 is applied. Etching 100 nm bright channels with depth 
of 3 µm overcome the TTV (Figure 4.15 f)). 

 

Figure 4.15. Technological chart for fabrication of calibration standard. a) Formation of square 

4.2.4 Calibration standards fabrication 
of membrane stability two steps are 

nee

 

 

Figure 4.16. Schematic view of the gas 

patterns on SiO2 layer, b) Deep anisotropic etching, c) Oxidation of the etched structures, d) 
Removing of the oxide from the bottom e) Wet etching for pyramids formation followed by 

oxidation, f) Creating channels utilizing the technique described in Section 4.1. 

As it was said for overcoming the restriction 
ded. First step is performed through dry etching process. There is a widely used 

etching method applied for high aspect ratio structures called gas chopping [110]. This 
method is based on fluorine plasma etching of silicon combined with fluorocarbon 
plasma process to provide sidewall passivation and improved selectivity to masking 
materials. Figure 4.16 shows the principle mechanism of the gas chopping. 

 

chopping process (Bosch process [110]). The 
process comprises: a) etching of the silicon, 
b) polymerization, where passivating layer is 
created, c) removing of the passivation layer 
from the bottom and further etching of the 
silicon and d) polymerization and starting with 
a) again until the desired depth is reached. 
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The gas chopping consists of etching step followed by polymer deposition. In the 
etching, the silicon is removed solely isotropic with SF  and Ar gas mixture for a short 
tim

6
e. In the polymerization step the surfaces that were exposed in a preceding step are 

covered by polymer thereby forming a temporary etch stop layer. The polymer is 
deposited from CHF3 and CH4 gas mixture at high pressure. The process parameters for 
both processes are summarized in Table 4 and the ICP etcher is presented in Appendix B. 

 
 Etching Step Polymerization 
Pressure 

ases 
10 mTorr 

r 

60 mTorr 

HF3 
G 35 sccm SF6 

17 sccm A
5 sccm O2 

5 sccm CH4 
40 sccm C

Forward Po
Step Tim

550 W 
90 V 
10 W 
12 s 

550 W 

6 W 
8 s 

as ch . 

HF power 
DC bias 

wer 
e 

24 V 

Table 4. G opping process parameters

For creation of 3D hoose suitable process 
parameters. The selectivity between the masking material and silicon must be high 
eno

structures in silicon, it is necessary to c

ugh whereas the silicon etch rate must be as high as possible. The gas mixture, 
pressure, the HF power, and temperature directly influence these properties. Here, two 
examples for the influence of process parameters, having directly effect on the 
structures shown in Figure 4.14 will be presented. Figure 4.17 shows how the pressure 
changes the profile of the etched structure. 

 

Figure 4.17. Influence of pressure change on the roughening of sidewalls during plasma 
etching. a) typical sidewall roughness at pressure set to 20 mTorr, b) sidewall roughness 

Figure 4.17 a) ter gas chopping. 
Although, the structure has perpendicular profile, the roughness is rather high. This 
roughness later effects the pyramid formation, since not exact square form will be 

decreases after changing the pressure to 10 mTorr. 

presents typical structure profile obtained af
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obtained. The later exert influence on the aperture formation [42]. Decreasing the 
pressure, in the etching step, lead to smoother sidewalls (Figure 4.17 b)). This can be 
explained in view that when higher pressure is used, for etching, more active species are 
involved in the process, which means that etching is dominant against passivation. 
Decreasing the pressure, affects the balance between etching and passivation. 

 

Figure 4.18. Structures obtained after silicon etching using gas chopping. a) through 
micromasking the bottom of the structure shows a very high roughness, which can make 
following structuring impossible. b) After addition of oxygen the removal of the polymer is 

incr bly 

 
gas chopping a polymer deposition is passivation layer cannot be 
completely removed from the feature bottom. This leads to formation of so called 
mic

sidewalls. There are 
diff

eased as well the redeposition is decreased, hence the micromasking effect is noticea
reduced. 

Another parameter, which was taken into account, is the gas mixture. Since in the
involved, often this 

romasking (Figure 4.18 a)). Another reason for micromasking is the redeposition of 
polymer. Changing the gas mixture in the etching step reduces or even completely 
removes this secondary effect (Figure 4.18). In this case, to the standard etching gases 
(Ar and SF6) a small amount of oxygen is added (Table 4). The oxygen enhanced the 
polymer etching and passivation since the silicon is oxidized [111]. 

Because the pyramid formation is restricted to wet etching, it is obvious that if this 
step is directly applied after gas chopping the etchant will attack the sidewalls. 
Therefore, a passivation (etch stop) layer is needed to protect these 

erent methods for creation of etch stop layers [14]. The most widespread methods 
are high boron doping concentration or oxidation. Since, for creation of an effective 
etch stop layer in case of boron doping, a very high doping concentration is required, for 
the aim of this work oxidation is used. In this case, it is necessary selectively to remove 
the oxide from the structure’s bottom. It is possible if dry etching is applied, since the 
etch yield follows cosine law (Chapter 3). Figure 4.19 shows the SEM images of the 
structures obtained by the described methods. After thermal oxidation (Figure 4.19 a), 
dry etching process is led in the RIE etcher with parameters 3.5 sccm CHF3 at 25 mTorr 
process pressure and 73 W RF power. Owning to the effects described earlier, the oxide 
is completely removed from the structure’s bottom (Figure 4.19 b)). The silicon dioxide 
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remaining on the sidewalls serves as etch stop layer for the following wet etching. After 
applying wet etching, the desirable structures are obtained (Figure 4.19 c)) 

 

 

Figure 4.19. a) Profile structures obtained 
fter gas chopping followed by thermal 

M 
shown in Figure 4.20. It is proved that the oxide 

is s

 

 

 

a
oxidation, b) selective removing of the silicon 
dioxide at the structure’s bottom, c) formation 
of V-grooves after silicon wet etching showing 
the good passivation properties of the 
remaining silicon dioxide on the side walls. 

lied to the patterns required for SNOThe same process steps have been app
calibration standards and the results are 

electively removed only at the bottom (Figure 4.20 b)) allowing followed wet 
etching (Figure 4.20 c) and d)). In the next step, after thermal oxidation the oxide at the 
apex is removed and applying again anisotropic plasma etching a channel with depth of 
3 µm is drilled. Then the wafer is etched from the rear side until the channels appear on 
the surface (Figure 4.20 d)). 
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Figure 4.20. The process steps applied to the 
patterns required for SNOM calibration 
standards. a) Area of deep structures with 
square geometry already oxidized, b) the 
silicon dioxide is removed at bottom, c) and d) 
wet etching is performed for pyramidal 
formation, e) wafer is dry etched from the rear 
side until the channel with size of about 100 
nm protrudes. 

 



 

Chapter 5  

Lithography-free sub-micrometer structuring 

As it was said in the introduction of Chapter 4, lithography is the crucial step in the 
miniaturization of microelectronics and MEMS components. Recently, different 
lithography-free techniques have been developed such as imprinting techniques (Soft 
Lithography) [112-114], dewetting process in layered materials [115], self-assembled 
monolayers [116], etc. The natural lithography is relatively simple and inexpensive 
method for nanofabrication, based on self-assembling [117]. It has been utilized for 
different applications such as fabrication of lenses for projection lithography [118], 
texturing a substrate using a self-assembled layer of spheres as deposition mask [119]. 
The technique described in Chapter 4, is another lithography-free method since the 
structures are obtained using self-adjusted processes. However, it requires already 
structured surfaces to obtain nanostructures, i.e. it is necessary to structure the surface 
and than to obtain nanostructures. 

 

Figure 5.1. Silicon dioxide spheres used as a mask. a) Similar to Figure 4.1 the surface of the 
oxide sphere with normal incidence will be etched faster. Although Si is etched, SiO2 is also 
etched, but slower b) resulting structure after completing the etching process, c) Si substrate 

masked with self-assembled layer of SiO2 spheres, d) plasma etching of the substrate in 
unmasked areas. 
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Could it be possible to make nanostructures if the structure is built onto the surface? 
According to Figure 4.1 and taking into account the cosine dependence of the etching 
yield, it seems reasonable. For example, a silicon dioxide sphere can be used as a mask, 
enabling etching of underlying substrate (Figure 5.1 a)). As a sphere is exposed to 
plasma during the etching of the substrate, this sphere will “shadow” the underlying 
substrate allowing effective masking (Figure 5.1 b)). The etching yield obeys to cosine 
law (see Section 3.7), meaning that the surfaces with normal incidence will be etched 
faster than these at grazing incidence. Taking heed of the above description and 
applying natural lithography, i.e. self-assembly (Figure 5.1 c)), both periodic and non-
periodic nanostructures can be integrated into the substrate (Figure 5.1 b) and d)). 

In this chapter, sub-micrometer structures will be presented applying dry etching 
techniques combined with self-assembling technique. The dimensions of the etched 
structures depend on the sphere size and the process parameters. 

5.1 Realization of sub-micrometer structures 
For obtaining sub-micrometer structures, colloidal silicon dioxide spheres of 500 nm 

and 1 µm diameter (“SicaStar/Plane Surface” Micromod, Germany) dispersed in water 
with density of 50 mg/ml were assembled onto the wafer surface resulting in monolayer 
of spheres with hexagonal periodicity. The particles are assembled by means of surface 
tension and capillary forces at the meniscus, and therefore the permitted morphology is 
hexagonal high-density packing, determined by the particles diameter [120]. There are 
different methods for assembling of particles in 2D array, utilizing capillary immersion 
forces [121, 122]. Obtaining a monolayer of SiO2 spheres depends on the substrate 
surface properties. Therefore, before deposition the silicon substrate was cleaned first in 
RCA mixture H2SO4:H2O2 (1:4), followed by treatment for 30 min in NH3:H2O2:H2O 
(1:1:5) solution to obtain hydrophilic surface. Then a drop of SiO2 sphere dispersion 
was putted onto the silicon surface and dried at room temperature. Figure 5.2 a) shows a 
monolayer of 500 nm spheres on the silicon surface used as mask. After applying gas 
chopping etching the resulting structure reveals the expected periodicity of 500 nm 
(Figure 5.2 b)). Silicon pillars of hexagonal cross section appear under each masking 
sphere with lateral dimension of only 430 nm and 20 nm wide bridges connecting them 
(Figure 5.2 c)). In contrast to the circular shadowing geometry of the 500 nm spheres 
both, the smaller dimension and hexagonal shape, can be explained as follows. 

Owing to the divergence of the incoming ions of the plasma and the isotropic 
character of the etching step in gas chopping process, etching occurs not only at non-
masked areas, but also in the shadow of the masking spheres. However, the neighboring 
spheres have a distinct influence on this process. On one hand side, an additional flux of 
ions emanates from the reflection at the surface of the six neighboring spheres at certain 
angles and leads to an increased etching in the shadow. On the other hand, the strong 
geometrical shielding of the shadowed area by the neighboring spheres outbalances this 
effect. To proof this, a single sphere of same diameter was used as mask and resulted in 
a single silicon pillar of now circular cross section with only 250 nm of diameter 
(Figure 5.3). 
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Figure 5.2. a) SEM image of monolayer of 500 nm glass spheres on silicon substrate; b) Top 
view of the resulting surface structure after applying gas chopping plasma etching reveals 

silicon pillars of hexagonal cross section; c) Zoom image of b) showing a single 20 nm silicon 
rs; d) Tilted view of the pillars. bridge that connects adjacent pilla

 

 

 

Figure 5.3. SEM image of silicon pillar obtained 

ectioning of the sample in Figure 5.2 reveals high aspect ratio pillars of 
constant diameter in depth of about 2 µm (Figure 5.2 d)) which is an indication of the 
excellent etch selectivity between the silicon substrate and the silicon dioxide spheres. 

 
 
 
 
 

using a single 500 nm glass sphere as mask. The 
pillar has circular cross section with dimension of 
250 nm in diameter and height of ca. 1.7 µm. 

Cross s
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5.1

e 
]. This can be done exploiting the volume 
ing thermal oxidation (Chapter 1). Hence, the 

dim

.1 Silicon dioxide structures 
The structures obtained by the previous described technique can be applied for two-

dimensional photonic crystals [123]. For this applications, it is important to control th
filling factor of the structure [124, 125
expansion of silicon by factor of 2.25 dur

ensions of pillars can be either increased by thermal oxidation or decreased by 
subsequently etching of the formed silicon dioxide. Owing to the optical properties of 
silicon, applications of these structures are restricted to the infrared range. One way to 
circumvent the restriction is the usage of the structure as template for other materials 
with adapted optical properties. In the following, another way to make the structure 
available for the optical range is presented. 

 

Figure 5.4. a) Silicon structures produced by the process described in Section 5.1 is thermally 
oxidized, b) SiO2 at the top of the structure is removed selectively by plasma etching, c) 

selective etching of silicon results in free-standing silicon dioxide structures. 

 
diox F3 
plasma t  normal 
orientation with respect to the ion flux of the plasma (Figure 5.4 b)). After this 
pre

The structured substrate was thermally oxidized to obtain a 200 nm thin silicon
ide surface layer (Figure 5.4 a)). Subsequently, the sample was exposed to CH

o remove selectively silicon dioxide from surface structures with

treatment, silicon is removed by selective plasma gas chopping using silicon dioxide 
as masking layer to accomplish a hollow periodic silicon dioxide surface structure 
(Figure 5.4 c)) Figure 5.5 a) and b) shows structures obtained using this process, with 
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lateral dimensions of 200 nm, which corresponds to the silicon dioxide layer thickness. 
The latter can be precisely adjusted by the thermal oxidation process. The same process 
scheme can be applied to single silicon pillar structures (Figure 5.3) to end up with 
hollow silicon dioxide tubes (Figure 5.5 b)). 

 

 

 

 

 
Figure 5.5. SEM im ge of accomplished 
hollow silicon dioxide surface structures: a) 
periodic hexagonal lattice (in accordance to 
Figure 5.4 c)) and b) tilted view of the lattice. 
c) Single hollow pilla  where 1µm sphere 

n

 transport, and 
chemical and biomedical analysis [126-128]. 

requires lateral periodic surface structure 
d refractive index profile in the third 

tended to 
laye

a

r,
was used as mask. The silicon dioxide 
structures resemble the contours of the 
former silicon structure. 

ique opens a new route for lithography-
h can be used as a potential applications 
cooling micro gas/fluid 

As an addition, the above-described tech
free fabrication of hollow microcylinders, whic
for integrated optics, optoelectronic device,

5.2 Structuring layered materials 
The method described above is suitable for fabrication of 2D photonic crystals. 

However, establishing 2D photonic crystals 
combined with a layered material with adapte
dimension to form a waveguide [129, 130]. For this reason, the process was ex

red materials. Prior to the deposition of the masking layer of spheres, the silicon 
substrate was thermally oxidized to form 2 µm thick silicon dioxide intermediate layer. 
Applying now CHF3 plasma for silicon dioxide etching, the masking layer of spheres 
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and the plane layer on the substrate are attacked simultaneously. In first approximation, 
they can be assumed to form a silicon dioxide layer of locally varying effective layer 
thickness. However, the shape of the spheres has an influence on the etching process 
because as already mentioned above the etching yield of silicon dioxide in fluorocarbon 
plasmas depends on the orientation of the surface following a cosine law. 

From a simple viewpoint, the spheres keep almost their lateral shape during etching 
while they are ablated from the top until the etching front reaches approximately the 
midpoint of the spheres (Figure 5.6 a)). From this point on the lateral dimension start to 
shrink until the spheres are completely removed. Consequently, etching of the 
underlying silicon dioxide layer results not in pillar-like structures, but in structures that 
resemble half spheres or micro lenses (Figure 5.6 b)). Obviously, the same technique can be 
used to structure layered materials if selective etching processes of the desired stacked 
materials are available. 

 

Figure 5.6. Structuring 2 µm SiO2 layer through 500 nm SiO2 spheres. a) Lateral shape of SiO2 
sphere before (solid line) and after (dashed line) partial etching, b) SiO2 structure obtained after 

complete etching of the spheres. 

Noticeably, it will be possible to take more information about the etching rate 

profile (Figure 5.6 a)). Cha rameters will result in 
different shape of the etched sphere. The results from the observed profile can be used 
as a

 first layer (A layer) 
is s

distribution using the silicon dioxide sphere, examining the changes from its initial 
nging different plasma process pa

 feedback for future process simulation, theoretical models, etc. 
So far only single layer of spheres were discussed as masking layer. However, the 

masking effect of two layers of glass spheres on a silicon dioxide intermediate layer on 
silicon substrate was also studied. As described in crystallography of hexagonal lattices, 
two layers are stacked in the A B sequence [131]. Each sphere in the

urrounded by six neighbor spheres to form six triangular shaped interstitials between 
them. Three of the latter are closed by spheres of the second layer (B layer) while the 
other three are kept opened. As was already discussed above, CHF3 plasma etching of 
silicon dioxide attacks both masking layers of spheres and the plane layer on the 
substrate. However, the silicon dioxide layer is etched from the beginning through the 
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triangular interstitials of both layers to form triangular shaped openings. At the same 
time each sphere of the A layer is attacked through the other interstitials in the B layer 
and is cut into three masking particles that appear after a sufficient etching time as white 
ellipsoidal features in Figure 5.7 a). For better visualization, white continuous circles in 
Figure 5.7 a) were added to indicate the shape and position of spheres in the A layer 
whereas a dashed circle indicates the former position of an already removed sphere in 
the B layer. Not until the B layer spheres are removed completely, the intermediate 
silicon dioxide layer is also attacked through the interstitials, which were closed before 
by B layer spheres, forming again triangular openings but of course with slightly 
smaller dimension due to the etch lag. During the removal of the ellipsoidal particles of 
the A layer spheres, an additional opening appears at the interstitial position of these 
particles  (triangle formed by the three continuous circles in Figure 5.7 a)). As a result, 
quite complex periodic structures are formed in the silicon dioxide layer (Figure 5.7 b)). 

 

Figure 5.7. SEM image of thermally oxidized substrate masked by double layer of 500 nm 
spheres after a) partial and b) entire CHF3 plasma removal of the spheres. 
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Chapter 6  

Conclusions 

The most established route to achieve device dimensions in micro- or nanoscale is 
lithography, followed by transferring the pattern in the substrate utilizing etching 
techniques (Top-Down Approach) [1]. However, in this way, lithography has met 
already its challenges in view of mask fabrication, process control and not at last, it 
became extremely cost-intensive. Furthermore, this technique is restricted to planar 
surfaces and therefore is not adequate for fabrication of three-dimensional devices, 
which is important in ambitious MEMS technology. Therefore, to go on with the scaling 
down device dimensions, we must look for new technological ways, which must extend 
the fabrication of 3D MEMS devices to the range of 1 ~ 100 nm. Recently, different 
lithography-free techniques have been developed such as imprinting techniques (Soft 
Lithography) [112-114], self-assembled monolayers [116], etc. All of them are based on 
formation of structure by assembling of small building blocks (Bottom-Up Approach). 
This “natural lithography” is a relatively simple and inexpensive method for 
nanofabrication, based on self-assembling and is relevant to build structures onto 
substrate [117]. 

The vast knowledge of top-down and bottom-up approaches is the basis for the 
conventional fabrication processes involved in Micro- and Nanotechnology. The aim of 
this thesis was to give a part to the bridge between these two technologies by 
developing of new, lithography-free technique for micro- and nanostructuring. The root 
to achieve this aim was the idea to combine conventional technological processes with 
self-adjusting and natural lithography for nanostructures accomplishment, i.e. merging 
Bottom-Up and Top-Down techniques. 

Plasma etching is a widespread technological process in MEMS and IC device 
fabrication. Structuring the masking layer and the precise control of the etch profile in 
etching step is essential in the MEMS and IC technology. Great efforts were 
concentrated on the investigation of the angular dependence of the etching rate, since it 
is the reason for occurring of secondary effects such as microtrenching, bowing, etc., 
deteriorating the final shape of the desired structure due to inhomogeneous etching [84, 
86, 89, 92]. The results from these investigations showed that the maximum etching rate 
occurs for surfaces with normal incidence rather than those having grazing incidence. In 
this work, this undesirable effect was successfully used to develop a unique method to 
generate extremely small one- and two-dimensional orifices in silicon dioxide layers 
without any need of a high resolution lithography process. The simplest way to proof 
the expectations for nanostructuring utilizing the angular dependence of the etching rate 
during plasma treatment of curved surfaces is using a structure with two well-defined 
angles. This was achieved by anisotropic etching of (001) oriented silicon, resulting in 
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V-grooves or pyramids formation with only two well-defined curved surfaces. Thermal 
oxidation of these structures followed by plasma etching with CHF3 at high RF power 
in a conventional parallel plate reactor is capable to accomplish self-adjusted orifices of 90 
nm dimensions in the oxide layer, which verifies the new concept. Based on existing 
models of RIE etching of silicon dioxide involving CHF3 as etch gas, it is expected that 
formation of fluorocarbon layer onto the oxide surface affects and determines the etching 
rate [75, 89]. Therefore, XPS measurements were made to show the presence of 
fluorocarbon layer indicating that the thickness of this layer as function of process 
parameters and surface orientation, markedly affects the etching rate. Additionally, 
through SEM imaging, the influence of this layer on the final structures was shown. It 
was presented that the selective etching of silicon through the pierced oxide masking 
layer enables the formation of silicon trenches of about 200 nm dimensions [132]. 
Furthermore, it was demonstrated that oxidation of the silicon trenches establishes a 
simple route to form trenches in silicon dioxide with lateral dimensions between 0-200 
nm due to the volume expansion during oxidation. 

To demonstrate the potential of this route for nanostructuring a few applications 
were presented. Structuring diamond and diamond layers is quite hard technological 
task, since diamond is chemically stable and special expensive equipment is needed. 
Therefore, the trenches obtained by previous described method were used as a template 
for CVD diamond deposition. In this way it is possible to obtain 200 nm diamond 
knives, evidently using conventional lithography and plasma etching techniques. 

Another application is the fabrication of SNOM calibration standards. Hereby, 
utilizing the angular dependence of the etching rate opens the route for fabrication of 
reproducible, high density, lithography-free small orifices on large membrane surface. 
Additionally, the etching of silicon dioxide in hollow pyramidal tip improved the 
reproducibility, concerning the SNOM cantilever probe fabrication. 

The technique described by previous procedure, is a lithography-free method since 
the structures are obtained using self-adjusted processes. However, it requires already 
structured surfaces to obtain nanostructures, i.e. it is necessary to structure the surface 
and than to obtain nanostructures by plasma etching. As it was said in the beginning, 
self-assembly allows building a nanostructure onto substrate. In this work, self-
assembled layer of silicon dioxide spheres was used as masking layer and the 
underlying material was structured with plasma etching. Since the etching rate obeys 
cosine law, the sphere’s shape is perfect for this application, because it keeps its lateral 
shadowing shape, while the surfaces with normal incidence will be etched 
preferentially. In this way, both periodic and non-periodic nanostructures can be 
integrated into the substrate. Therefore, a new lithography-free technique for 
nanostructuring is introduced, which is a combination of bottom-up and top-down 
approaches. This method can be applied to bulk as well as layered materials [133]. 

In case of bulk silicon a hexagonal surface lattice made of hexagonal shaped pillars 
of 430 nm dimensions arose using 500 nm glass spheres where each pillar was 
connected with the neighbor by only 20 nm bridges. However, it is reasonable to have a 
process, which allows adjusting the dimensions of these structures. Thermal oxidation 
of the structured silicon samples was suggested a workable tool to vary the filling factor 

 



CHAPTER 6 CONCLUSIONS 69

of the surface lattice. Oxidizing theses structures and utilizing anisotropic etching of 
silicon dioxide with CHF3 plasma followed by selective silicon plasma etching resulted 
in periodic silicon dioxide surface structures. Furthermore, it was demonstrated that the 
technique is applicable to layered materials as was shown exemplary in case of 
structuring planar silicon dioxide layers by means of self-assembled deposition of a 
single and double layer of glass spheres as masking layer for CHF3 plasma etching. 

These methods can be a simple route e.g. to combine photonic crystals with opto-
electronic devices, to build up percolation lattices for studying transport phenomena, but 
also to form optical micro-resonators or micro-antennas if single spheres are used as 
mask. Other attractive applications are the formation of trench capacitors, optical 
waveguides in the third dimension, optical apertures for near-field microscopy probes 
and confocal microscopy, mechanical sieves, etc. 

Although this thesis presents the unique possibilities given from plasma etching for 
nanostructuring, combining self-adjusting and natural lithography, some questions are 
still open. Therefore, further investigations about the effects that occur in nanostructures 
during plasma etching must be considered. One of these effects is the local charging, 
opening the question how it affects the structure formation in nanolevel. 
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Appendix A  

Reactors for dry etching 

For the aims of this work, two plasma etchers are used. In the following a very brief 
description of these etchers will be given. 

A.1 Parallel electrode etcher 
The etcher used for this work is Oxford, Plasmalab µRIE 80. Minimum process 

pressure is 5 mTorr. The wafers are placed onto capacitively coupled electrode. The RF 
generator power output is 300 W at 13.56 MHz. 

 

Figure B.1. Parallel electrode type etcher. The wafers are placed on the powered capacitively 
coupled electrode therefore the system is operated in reactive ion etch mode. 

The parallel electrode etcher (Figure B.1) is a vacuum chamber in which between 
two plane electrodes the discharge is generated in gas mixture. The electrodes are 
disposed parallel and facing each other. Positive ion sheath surrounds the electrode and 
the walls in the reactor. The electrode develops a negative self-bias voltage. The electric 
field due to the negative charge accelerates the positive ions entering the sheath region 
perpendicular to the target’s surface. This leads to directional ion bombardment of the 
wafer, which results in greater vertical than lateral etch rates. In these conditions, the 
system is configured in Reactive Ion Etching (RIE) mode. An intense ion bombardment 
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at the target is achieved by grounding the chamber. In this case, the target area is less 
than the area of the grounded chamber, so that a large sheath is developed at the target 
(Eq.3.14), having a value defined by Equation 3.8. For this work, this mode was 
primarily used for etching of silicon dioxide. 

A.2 ICP etcher 
For application in the MEMS technology it is desirable a high-density plasma at 

lower pressure to be applied. The low pressure prevents ion scattering in the sheath. 
High density plasma enables the achievement of high etch rate and good control of the 
critical dimensions and etching profiles. Moreover, high density plasma allows uniform 
patterning over large diameter substrates. A prerequisite for this are uniform ion and 
neutral fluxes over the substrate. 

 

Figure B.2. Schematic design of ICP etcher. 

To meet the demand of linewidth control and selectivity it is necessary to control the 
average ion bombarding energy independently of the ion flux. Instead of capacitive 
coupled RIE systems, ICP1 and ECR2 systems are intensively used [134]. The main 
advantage of high-density plasmas is the reduction of the possible inter-molecular 
collisions. As well, the free length of path by low pressure is increased. Since these 
plasma sources operate in molecular flow pressure regime, the ionic flux can be directed 
by an electric field with far fewer intermolecular collisions. As a result, the flux of 
                                                 
1 Inductive Coupled Plasma 
2 Electron-Cyclotron-Resonance 
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etchant species is directed more perpendicularly to the wafer surface. This is useful for 
creation of high aspect ratio trenches. In these systems, the ion bombarding energy can 
be separately controlled by placing the wafer on an electrode that is biased with a 
separate RF capacitively coupled power supply (Figure B.2).  

Detailed information about the principles of the described etchers can be found in 
the technical literature [53, 135, 136]. 
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