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1111 Introduction

Anisotropic wet-chemical etching of silicon (in alkaline solutions).

That is what this thesis is all about. This chapter will explain what

this technology is, what it is used for, who is using it, and - in short -

what fills the other chapters of this thesis.

Etching

Let's start with the most important word 'etching'. Linguistically, 'to

etch' is the causative form of 'to eat' and therefore means 'being eaten'

[1,2].

Most people will associate etching at first with artistic etching. A

metal (i.e. copper) plate is covered with wax and then the desired

pattern is scratched into the wax, uncovering some of the metal. Then,

the plate is placed in an acidic solution and the patteren is 'etched'

into the plate due to the chemical reaction of the unnoble metal with

the acid. Subsequently, the wax is removed and the pattern printed.

Wet-chemical

The 'wet' part here, refers to the fact that the medium in which the

etching takes place, the 'etchant', is a liquid. In this work the etchant

will always be a potassium hydroxide solution. The concentration and

temperature of the etchant may vary, depending on the desired

results.

Wet etching opposes dry etching, which is etching in a gaseous

environment. Silicon, for example, can be easily etched in gaseous

hydrogen chloride [3].
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Some assiociate the word 'etching' immediately with 'chemical''

etching, but more and more, at least in the micromechanical world,

chemical etching is opposed to physical and mechanical etching,

where resp. charged molecules or solid particles are bombarded onto a

substrate by means of resp. an electrical field [4], or an air flow [5].

Silicon

Silicon makes up about a quarter of the earth's crust by mass and is

the second most abundant element after oxygen to which it is usually

bound forming plain sand, quartz and silicates. Silicon is a very useful

element. Sand and clay, both containing silicon, are used to make

concrete and cement. Sand is also the principal ingredient of glass.

Single-crystalline silicon is a very interesting element due to its

semiconductive properties. To make silicon conductive, silicon is

usually doped with boron, gallium, phosphorus or arsenic for use in

computer chips and micromechanical systems [6].

Silicon is a relatively inert element. It does not react with acids, except

for oxidative acids containing hydrogen fluoride, by which it is etched

isotropically [7, 8, 9, 10].

Single-crystalline silicon etches anisotropically with aqueous basic

hydroxides. Aqueous LiOH [11], NaOH [11], RbOH [12] and CsOH [13]

are rarely used. Aqueous KOH on the other hand, is the most used

anisotropic etchant [most references in this thesis]. Several substituted

aqueous ammonium hydroxides (R4NOH, with R = H- [14], CH3- [15]

and CH3CH2- [16]) are also used because they are CMOS compatible by

their lack of alkali cations and because they are less agressive towards

SiO2 [11]. Hydrazine [17] and EDP [18] (a mixture of water,

ethenediamine, pyrocatechol and pyrazine) are used less and less due

to their toxicity.

Anisotropy

Having mentioned several etching techniques above, we can now

focus on the orientation dependence of etching. In fact, there are three

ways of etching as depicted below (fig. 1).

Three cross sections of etched samples are shown. The upper sample

is etched such that a sharp-edged sturcture has been formed, the left
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sample has a rounded shape and the right sample has a rounded-V

shape. These etching profiles are typical for anisotropic, isotropic and

directional etching respectively.

Anisotropy is a composition of Greek words. Going from tail to head,

we find τροπος, meaning (a.o.) 'direction', ισο-, meaning 'the same'
and αν- being a negative prefix, i.e. in total, it means 'not the same in
all directions'. In this case this refers to the etch rate.

Fig. 1: Anisotropic (top), isotropic (left) and directional (right) etching
profiles.

So, in the case of isotropic etching, the etched profile of an opening in

the inert layer protecting the sample, will be rounded, as shown in the

left picture above. Anisotropic etching will lead to a sharp-edged

profile as shown in the upper picture of fig. 1.

From a scientific point of view, the difference between anisotropic and

isotropic etching is related to the (etch) rate determining step in the

process. In the case of isotropic etching, the rate determining step is

transport of etchant to the sample surface and/or etching product

away from the etched surface. In other words, the chemical reaction

at the etched surface is so fast that the etchant becomes depleted at

the surface and/or the etching product becomes so abundant at the

surface that no new etchant can reach the surface and thus the etch

rate is surpressed.
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During anisotropic etching, these diffusion 'problems' do not exist:

diffusion of etchant and reaction products is faster than the surface

reaction, which becomes the rate determining step. The difference in

etch rate for different crystal orientations can be explained by taking

into account that the rate of the chemical reaction at a certain

crystallographic orientation may differ from the rate at another

crystallographic orientation; atoms in the faster etching direction are

located more favorably for the dissolution reaction than those in the

slower etching orientations.

This evaluation of rate determining steps is what makes the principal

difference between chemical etching and physical or mechanical

etching, where no chemical reaction takes place. In these cases, the

sample is simply bombarded by particles. The only relevant sample

property is its physical or mechanical resistance to the bombarded

particles, which explains the terms physical or mechanical etching.

Other parameters that determine the etch rate are related to the way

by which the particles are bombarded on to the surface as well as the

properties of the particles themselves. It should be noted though, that

in some of the physical or mechanical etching techniques, the

chemical bonding of atoms in the bulk of the material can play a

(usually rather small) role in the process, since the physical or

mechanical resistance of the material is related to the chemical

bonding.

Si{100}, Si{110} and Si{111}

When etched anisotropically, three crystallographic orientations have

a (local) minimum in the etch rate plot and are therefore visible as

'flat' surfaces on concave substrates: {100}, {110} and {111}. Fig. 2

shows both an atomic representation and a microscopic picture of the

surface of these orientations.

Silicon has the same atomic structure as diamond, i.e. all silicon atoms

are surrounded tetrahedrally by four other silicon atoms. It is

important to note the symmetry of the different orientations. For

Si{100} it is 4 four-fold (actually 2-fold [19] but that is beyond the

scope here),  for Si{110} two-fold and for Si{111} three-fold.
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Fig. 2: Atomic and optical microscopic view of (from top to bottom) Si{100},
Si{110} and Si{111}.

Surface morphology

Si{100} is relatively rough with a lot of rounded but not circular pits.

This surface is often compared to an orange peel. Sometimes,

pyramidal etch hillocks appear on the surface (fig. 1 and chapter 7).

Si{110} is easily recognized by its elongated, so called zig-zag

pattern. In fact, it is composed of many near {110} alternating

surfaces. The ends of these structures are caused by the same

phenomenon as the one that causes pyramidal etch hillocks on

Si{100} [chapter 7, 20].

Si{111} shows very shallow pits, that sometimes seem tri- or

hexagonal (see chapter 6). However, the initial etching geometry can
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change the Si{111} etching mechanism and thereby the surface

morphology significanty (see chapter 4 and 5).

The microscopic pictures in the figure are not completely

representative, since the surface morphology depends on the specific

etching conditions, but they do give a good impression of the general

surface morphology.

Relative etch rates

Si{111} etches slowest of all orientations under all circumstances and

thus has the absolute minimum in the etch rate function of silicon.

The etch rate is so low that even very accurate experiments with

hemi-spherical substrates [21, 22-25] and intricate masks on wafers

[11, 26-28] have not proven precise enough to measure the exact etch

rate of Si{111}. A part of the problems encountered in those

measurements are duscussed in this thesis. Apparently, the geometry

of a sample can influence the underetch rate under a mask

significantly [chapters 4 and 5, 20]. Also, dislocations in the bulk

silicon increase the etch rate of Si{111} (chapter 6).

Si{100} and Si{110} are local minima in the overall etch rate

function. Actually, Si{110} sometimes has the shape of a saddle point

[chapter 8, 20]. This means that these orientations appear in etched

structures but always disappear when meeting a Si{111} orientation.

Depending on the exact conditions, their etch rate is about 20-400

times higher than the etch rate of Si{111}. Usually, Si{100} is slower

than Si{110}, however, this can be changed under certain conditions

in TMAH [25], certain EDP solutions [29] or by adding IPA

(isopropylalcohol or 2-propanol) to KOH [11, 30].

The exact geometry of an etched sample depends, apart from its initial

shape, mainly on the concentration and temperature of the etchant,

since these conditions determine the overall orientation dependence.

However, there are numerous other influences like impurities,

whether or not added on purpose. These can change the morphology

of surfaces drastically and thereby change the overall shape of a

sample (see chapters 4-7).
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Other influences on the anisotropy and surface morphology

It would go too far to discuss all these influences in detail here, so

they will merely be listed here:

• electrochemical potential [31];
• doping profiles [32];
• mask material and the geometry of occurring mask-junctions
[chapter 4 and 5, 33];

• ultrasound vibrations [34, 35];
• additives as

• isopropanol (IPA) [17] or
• (oxidative) salts [36-39]);
• surfactants [40-43];
• metal impurities [44-46];
• presence of a gases over the etchant [47];
• silica (polymers) [39, 48-51] and
• oxygen precipitates [52].

Intriguing and intricate structures

Anisotropic wet-chemical etching combined with photolithography

and other technologies can be used to fabricate a multitude of

different structures. Examples are shown in figs. 3, 4 and 5.

Fig. 3. shows two examples of very thin bridges. The upper figure

shows very thin strips of silicon nitride, that were deposited onto the

silicon sample and underetched simply by using the fact that wafers

are usually not perfectly aligned to the specified orientation [53]. On

standard wafers used in the MESA+ cleanroom, the miscut is usually

approximately 2° from the perfect orientation. When these free
hanging silicon nitride beams are patterned with platinum, they can

be used as a microphone [54].

In the lower figure of fig. 3, the bridge itself was etched out of bulk

silicon by anisotropic etching after a step of dry reactive ion etching.

This bridge is a few micrometers thick and one centimeter long.

Comparing these sizes with real life sizes, that would be a bridge of a

few centimeter thick and a kilometer long, without any support. Note

that on such small sizes, the bridges does not bend due to i.e. gravity

forces.  Silicon is a very brittle material: it even does not bend when it
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is broken (see inset). Thin silicon bridges are used in micro-optic

devices [55].

Fig. 3: Examples of very thin bridges etched in silicon



Introduction

17

Fig. 4 shows examples of anisotropic structures that can be used for

microfluidic applications. In the figure, some (cross-sections of)

channels and valves are shown. The left top figure, two channels

separated by a passive 'duckbill' valve are shown. This structure is

etched in a way that is also used in chapters 4, 5 and 6. If the liquid

pressure in the right channel is higher than in the left one, the thin

valve will open a little to let the fluid pass from the right channel to

the left one [56, 57]. The lower figure gives an example how this

etching technique can be used to design multichannel and -inlet

structures. The right top figure shows a 3D view of a part of the

structure. Finally, fig. 5 shows the versatility for the eye of the same

etching technique.

Fig. 4: Anisotropically etched structures for microfluidic use

Micromechanics

The examples mentioned above are micromechanical structures, i.e.

structures that move on a microscopic scale. They can be compared to

microelectronic components as computer chips in the sense that they

differ as much from their slightly larger finemechanical structures

(found in i.e. old photocameras) as do microelectronic structures from

regular micro-electronics. This difference is twofold. As well the shape

of the structures as the fabrication technology are very different. The

technologies used in micromechanics and microelectronics are related.
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Fig. 5: Artistic etching

A nice example of an every-day-life micromechanical sensor is the

airbag sensor, that measures the deceleration of a car and actually

triggers the airbag when the car decelerates too fast.

It should be noted that micromechanics has several locally bound

names. Micromechanics is the more Dutch variant, as Micro-System

Technology (MST) and Micro-Electro-Mechanical Structures (MEMS) are

the European and American words for the same technology.

Motivation

Allthough a vast amount of literature on the topic of anisotropic wet-

chemical etching of silicon exists, there is still a lot of controversy on

the topic.

In the larger part of relevant literature, micromachined devices are

produced by means of (among others) anisotropic wet-chemical

etching. Usually, etching features are only mentioned when they are

unwanted in the fabrication process. A typical example of such an

unwanted feature is the pyramidal etch hillock (see chapter 7). Most

literature on this topic only describes the presence of these hillocks

and tricks to make them disappear. There has been very little

fundamental research in which the physical chemistry of these
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features, or indeed etching in general, has been investigated. This is

quite understandable actually, as anisotropic wet-chemical etching is

generally considered a rather simple technology to remove large

amounts of silicon from a sample in a fast, efficient and cheap way.

And this is true for most purposes. However, in cases where more

delicate structures are needed, general descriptive knowledge or trial-

and-error research does not suffice. Fundamental knowledge of the

physical-chemical background of etching is needed.

Another example where fundamental knowledge is obtained, is

computer simulation of anisotropic etching. At the University of

Nijmegen, Erik van Veenendaal is developing such a computer

program based on fundamental physical-chemical knowledge, as well

as etch rate data [20].

The main goal of the research described in this thesis is to explore

anisotropic wet-chemical etching in silicon in such a way that deeper

fundamental understanding from a crystal growth/ething point of

view is gathered. Knowledge collected in this thesis can be used as

input for the computer program that is developed in Nijmegen.

Outline of this thesis

Chemistry and thermodynamics

In order to obtain a better understanding of the thermodynamics of

silicon etching, the chemistry of the etching solutions is studied in

detail in chapter 2. A 29Si Nuclear Magnetic Resonance study of the

composition of freshly prepared and aged solutions of different KOH

concentration and with different silicon content will be discussed.

Chapter 3 will focus on measuring the enthalpy of dissolution of

silicon in 25 w/w KOH. Some remarkable observations on the nature of

some of the reaction products of this dissolution process will be

described and discussed.

Differences in underetch rates

Chapter 4 and 5 describe new insights on the etch rate dependence of

the actual structure that is etched.

The anisotropy factor is an important parameter in anisotropic etching

because it determines the reproducibility and accuracy of anisotropic
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etching where {111} bounded structures are involved. Implicitly, it is

assumed that R{111} and RUE differ only in the angle between the

etched {111} surface and the mask. This assumption will be shown

not to be true in chapter 4, by using a technique that was developed

earlier in our laboratory and the phenomenon causing this will be

identified as an example of a velocity source. In chapter 5, the

difference in underetch rates will be investigated quantitatively for

several etching conditions and several angles between the

underetched surface and the mask. Also, the etch rates of Si{100} and

Si{110} were determined under these conditions, together with the

activation energies of these orientations. Finally, the anisotropy ratios

(etch depth/underetch) of the etched samples were determined.

Surface morphology

In chapter 4, it will be found that eccentric etch pits are the genuine

macroscopic etch morphology of Si{111}. Chapter 6 and 7 explain

what causes some surface morphology details that are usually

considered as very unwanted by laboratory etchers: shallow pits on

Si{111} and pyramidal etch hillocks on Si{100}.

In chapter 6, the nature of the eccentric etch pits is investigated by

using a dislocation revealing etchant: the Yang etch. If the origin of

the etch pits is well understood, measures can be taken to increase the

flatness of Si{111} surfaces needed for certain applications.

In chapter 7, experimental observations of pyramidal etch hillocks are

presented and it will be shown that they are not caused by bulk

defects in the silicon crystal. These observations led to the hypothesis

that semipermeable particles sticking to the surface are responsible

for the development of the hillocks. This hypothesis will be proven

with experimental as well as with computer simulation evidence.

Computer simulation

A new method to construct analytical functions that accurately

describe anisotropic etch rate functions and use a limited number of

physically meaningful phenomenological parameters will be described

in chapter 8.

And finally in chapter 9, all conclusions are lined up together.
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Si-Nuclear Magnetic Resonance

on the etching products of silicon

in potassium hydroxide solutions

Although there is still much controversy about the reaction

mechanism of silicon etching in alkaline solutions, all mechanisms

proposed to this moment assume that the rate-determining step

occurs at the silicon surface, when a hydrogen-terminated silicon

becomes a hydroxyl-terminated silicon atom [e.g. 36, 42, 58, 59]. The

second generally accepted assumption is that water subsequently

attacks the back-bonds of that silicon atom, resulting in a silicate

monomer that leaves the silicon surface [36, 37, 58-60]. Disagreement

exists on the thermodynamic conditions that are present during

silicon etching in KOH solutions. Estimates of the driving force (i.e. the

chemical potential difference between silicon atoms in the solution

and in the crystal), based on simple dissolution reaction schemes, lead

to relatively high values. This would imply that the etching system is

so far from equilibrium that it can be considered irreversible. In

crystal growth it is well known that, if the driving force exceeds a

certain critical value, no flat faces will develop on a growing crystal.

One may expect a similar behaviour for the dissolution of crystals,

although this has not been confirmed (in fact, indications were found

that the situation is indeed different for dissolution [61]). Nevertheless,

stable and nominally flat {111} faces are always observed during

anisotropic etching.

In order to obtain a better understanding of the thermodynamics of

silicon etching, the chemistry of the etching solutions was studied in

detail. In this chapter a 29Si Nuclear Magnetic Resonance (NMR) study

of the composition of freshly prepared and aged solutions of different

KOH concentration and with different silicon content will be

discussed.
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Experimental

Seventeen samples with varying silicon content and KOH

concentration were prepared (table 1). The solutions were prepared by

dissolving silicon wafers (boron doped, resistivity 0.01-10 Ωcm) or
silicon powder [Merck] at various temperatures. The powder was used

to speed up the dissolution process. Evaporation of water was reduced

by using either a watch glass or a spiral cooler. Two samples (H & L)

were saturated with isopropylalcohol (IPA). Two others (I & O) were

measured immediately after preparation at 353 K, and thereafter

again at room temperature (indicated by an asterisk in table 1). 353 K

is a frequently used temperature for silicon micromachining. From a

few samples (C, K, M, P & R), two spectra were obtained, to monitor the

'ageing' of the solution.

Sample  [Si] (g/l)  [Si] (M)  w/w KOH  age (days)

A 2.3 0.08 10 1

B 10.5 0.37 10 1

C 11.2 0.40 10 25, 167

D 30.0 1.07 10 4

E 66.7 2.37 10 5

F 3.8 0.14 25 6

G 9.0 0.32 25 8

H + IPA 9.0 0.32 25 5

I * 9.1 0.32 25 0

J 30.7 1.03 25 7

K 31.2 1.11 25 37, 180

L + IPA 40.0 1.42 25 2

M 49.5 1.76 25 37, 180

N 50.3 1.79 25 7

O * 68.1 2.42 25 0

P 69.5 2.47 25 35, 177

Q 72.0 2.56 25 7

R 78.0 2.78 25 13, 157

Table 1: Overview of all the samples that were prepared. +IPA indicates that the
sample was saturated with IPA and an asterisk indicates that the spectrum of the
sample was taken immediately after preparation.

29Si-NMR is a powerful tool to determine the configuration of silicon

atoms in alkaline solutions [62-68]. The chemical shift of 29Si, due to

different chemical environments, gives direct information about the

Si-O links in silicate anions in which silicon atoms are surrounded by

other silicon atoms via a bridging oxygen atom. Hence, the species

shown in fig. 1 can easily be discerned. In this chapter, the Qi-notation
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introduced by Engelhardt et al. [63] will be used, where i indicates the

number of neighbouring silicon atoms bound via an oxygen atom. The

peaks in the spectra will be assigned on the basis of data collected by

Engelhardt et al. (fig. 1).

Fig. 1: Overview of the species that can be discerned by 29Si-NMR and the Qi-
notation of Engelhardt with assignment of peaks.

All spectra were collected on a Bruker DPX 200 (39.86 MHz for 29Si) and

a Bruker AMX 500 (99.45 MHz for 29Si), at room temperature or 300 K,

except where indicated. All measurements were performed in a glass

NMR tube with a diameter of 10 mm, that was flushed with hot water

and pre-flushed with the sample solution. A 10 mm broad-band Bruker

probe was used. The glass tube was rotated at a frequency of 12 Hz. A

'reference' spectrum was measured with only 25 w/w KOH: no peaks

were found, except a broad peak due to the glass of the sample tube.

This background signal was subtracted from the spectra presented

here. 90°-Pulse (pulse duration 19 µs) excitation was used. Due to the
long spin-lattice relaxation time, obtaining a spectrum with a

reasonable signal-to-noise ratio takes 4 to 12 hours. Spectra are

calibrated with respect to an external TMS sample. As the spectra

were collected without locking, some drift can be observed in the

spectra.
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Results

10 w/w KOH solutions

In fig. 2, an overview of the spectra of the samples of 10 w/w KOH

solutions is given (A, B, D and E). It is clear that if more silicon is

dissolved, more peaks appear at higher field in the spectrum, i.e. more

silicate polymers are formed in the solution. Going from low to high

field (i.e. from left to right), we observe the monomer peak, the end

group peak, the cyclotrimer peak, the cyclotetramer peak, the middle

group peak and the branching peak. In A, we observe only monomer

species, whereas the relative amount of monomer becomes smaller at

solutions that contain more silicon. Peak integration shows that the

amount of monomer is small in A (≈ 75 mM), larger in solutions B and D
(≈ 230 mM) and again smaller in E (≈ 62 mM). The amount of
cyclotrimer is larger in D than in E (relative as well as absolute) due to

particle growth (see also fig. 6). Note that the age of the samples is

only a few days. The cyclotetramer and branching peaks broaden into

one featureless line at higher silicon concentration (E).

Fig. 2: Spectra of samples A, B, D and E (bottom to top) from -50 to -110 ppm. The
samples contain an increasing [Si] in a 10 w/

w
 KOH solution.

Babic et al. performed Raman spectroscopy on solutions similar to

ours. They found that in solutions with a silicon concentration lower

than 3.4 M, cyclotrimers, cyclotetramers and cyclo-oligomers are the
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predominant polymeric species. In solutions with a silicon

concentration higher than 3.4 M, the cubic octamer becomes

dominant [50, 69, 70]. This is in agreement with our results. All our

samples have a silicon concentration under 3.4 M and we do not

observe the cubic octamers, although one might argue that in D and E,

the split peak around -95.0 ppm comprises a cubic octamer and a

branch peak. In all other spectra, only one peak is observed around -

95.0 ppm.

25 w/w KOH solutions

In fig. 3, an overview of the spectra of the samples of 25 w/w KOH

solutions is given (F, G, J, N and Q). Again it is clear that the higher the

concentration of silicon, the higher the degree of polymerisation. In F,

we observe only monomer species. The amount of monomer in J, N and

Q is equal (≈ 600 mM). Only in Q we observe a small branch linking
group. Note that the samples are again relatively young. A

concentration of 25 w/w KOH is generally preferred for silicon

micromachining; because at this concentration the etching rate for the

relevant [100] direction is almost the highest [11].

Fig. 3: Spectra of samples F, G, J, N and Q (bottom to top) from -50 to -110 ppm. The
samples contain an increasing [Si] in a 25 w/

w
 KOH solution.
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10 w/w vs 25 
w/w solutions

Comparing the spectra of figs. 2 and 3, we observe that the end group

peak to middle and branching peak ratio changes significantly. More

end groups and less middle and branching groups implies that the

silica particles become shorter at a higher etchant concentration.

Therefore, we conclude that the degree of polymerisation is higher

when the KOH concentration in the solution is lower.

IPA samples

In fig. 4, the spectra of H and L are shown. These two samples were

saturated with IPA during preparation. As expected, we observe that

spectrum L, with the higher silicon content, displays more high-field

peaks than the spectrum of H. Comparing H to G (fig. 3) and L to J and N

(both fig. 3) , which are samples with similar Si concentration, we

observe no significant difference. Thus we conclude that IPA has no

important influence on the etching products of the dissolution

reaction. Apparently, the effect of IPA on etching [17] is due to

inhibition or catalysis of one of the chemical reaction steps in the

etchant, or on the surface, for example a poisoning effect on surface

processes, like atomic step movement [71, 72].

Fig. 4:  Spectra of samples H and L (bottom to top) from -50 to -110 ppm. The
samples contain an increasing [Si] in a 25 w/

w
 KOH solution that was saturated

with IPA.

Temperature effects

Fig. 5 displays the spectra of sample I and O at 300 and 353K. The

lower spectrum is measured at 353 K directly after preparation. The
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upper spectrum is measured at 300 K immediately after cooling.

Comparing the two, hardly any difference other than a lower signal-

to-noise ratio in the high-temperature spectrum can be observed. The

lower S/N ratio was deliberately tolerated, in order to limit the time

between the two measurements. In the 300 K spectrum the end group

and especially the cyclotrimer peaks appear to be somewhat larger. It

is, however, impossible to discern whether this is due to a

temperature effect or whether this is simply a matter of noise.

Concerning the high and low-temperature spectra of sample O, the

same observations can be made. There are no significant differences

between the cold spectra of I and O and the spectra of G and Q (fig. 3).

Fig. 5: Spectra of samples I and O at 353 and 300 K, resp. (bottom to top) from -50
to -110 ppm. The samples were measured immediately after preparation.

These two samples suggest that cooling down a solution to room

temperature does not change the composition of the solution.

Therefore, we assume that all spectra in this paper rightfully

represent the situation during etching at elevated temperatures, as far

as the composition of silicon species is concerned.
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As already indicated in table 1, some samples were left on the shelf for

a considerable amount of time to investigate the slower

polymerisation reactions. From table 1, a number of similar solutions

can be followed in time. They are: B, C25, C167; J, K37, K180; N, M37, M180; O353K,

O300Kand Q, R13, R157. The spectra revealed no significant changes,

however. Neither did they in those cases where samples changed in

physical appearance, i.e. became turbid or turned slightly gelatinous,

not even in the case of solution R, that started to precipitate. In this

respect it has to be mentioned, though, that such precipitation is not

seen in the spectra, since we performed solution NMR and not solid

state NMR: Only the silicon atoms at the surface of solid particles will

contribute to the solution spectrum.

From these observations it must be concluded that the so-called

'ageing of solutions' is an effect that is caused purely by an increase in

the amount of polymeric species in the solution. 'Ageing of solutions'

is the observed increasing irreproducibility of etching results when

the etchant is not refreshed after a certain number of etching

experiments. The polymeric silicate species act as impurities that

change the etch rate of silicon, thereby changing the anisotropy of

etching. In light of this observation, the term 'ageing' seems

inadequate since it suggests a time-induced effect, while this work

shows that it is an impurity-induced effect; it is probably the amount

of dissolved silicon that has an influence on the etching characteristics

and not the time that the dissolved silicon has been in the etchant. A

rough estimate of the maximum concentration in the etching vessels

in our silicon device facilities is about 30 g/l, indicating that the

solutions we prepared in this study represent samples comparable to

'normal' fabrication conditions. This estimate is based on the fact that

refreshment of the etchant is generally performed after dissolution of

ca. 20 % of some hundred 3" wafers in ca. 3 litres of etchant.

Discussion

Much research has been performed on the behaviour of silicic acid,

Si(OH)4, in various aqueous media [73]. Most of this research is aimed

at the understanding of the formation of sols and gels out of silicic

acid, a weak acid that exists only in dilute aqueous solutions. When its

concentration becomes larger, it polymerises via condensation of

silanol groups. Condensation involves an ionic mechanism, giving rise

to silica particles with increasing molecular mass, ultimately leading

to sols and gels. Above pH 2 the condensation rate is proportional to
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the concentration [OH-]. Polymerisation leads to particles that have a

minimised number of uncondensed -OH groups and a maximum of

siloxane (Si-O-Si) bridges and therefore ringlike structures are easily

formed.

Above pH 6, silica starts to dissolve and to form soluble silicates. If the

electrolyte concentration is low and pH is smaller than 10, the

monomer silicate polymerises rapidly, in a matter of minutes, at room

temperature. After formation of 1-2 nm sized three-dimensional

particles, the concentration of monomer is in equilibrium with these

particles and decreases while the size of the particles increases. This

process depends strongly on temperature and particle size. Alkali-

stabilised sols have shown to polymerise during a few months at 30°C,
while at 90°C it takes only a few days. Solubility of particles depends
on the creation temperature.

These results results indicate that upon dissolution of silicon, the

composition of the KOH solution shifts to higher amounts of

polymerised products. The concentration of the primary product of

silicon dissolution, the silicate monomer, increases sharply to a

certain saturation value, that depends on the KOH concentration,

while it decreases again when large amounts of silicon are dissolved.

This is shown in fig. 6, where we have plotted the silicate monomer

concentration, obtained by peak integration of the NMR spectra as a

function of the total silicon content of the solutions. The latter

decrease seems to be caused by the onset of silica precipitation, as

evidenced by the increased turbidity of these solutions. The results

indicate that the chemistry going on in typical silicon micromachining

solutions resembles silica solution chemistry. This is expected from a

thermodynamic point of view: silicon in an alkaline solution, or even

in pure water, is unstable with respect to the formation of silicon

dioxide. A calculation of the change in Gibbs free energy for this

process amounts to -515 kJ per mol of silicon [74]. So the Si-KOH

system is strongly driven towards the formation of solid SiO2, and the

route through which this occurs obviously involves the polymerisation

of silicates in solution.

Referring back to the statements on the driving force in the

introduction to this chapter, it should be stressed here that the

polymerisation process complicates the quest for an exact value of the

driving force for etching of silicon. Since to the best of our knowledge

the relevant thermodynamic properties of Si(OH)4 and its
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polymerisation products are not known, it will be impossible to

calculate the equilibrium concentration of silicon in concentrated KOH

solutions.
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Fig. 6: Graph of the silicate monomer vs silicon concentration.

Conclusion

The chemical composition of a large number of concentrated alkaline

solutions containing various amounts of dissolved silicon using 29Si-

NMR was analysed. The results indicate that the chemistry of the

solutions is comparable to that of silica solutions. In 25 w/w KOH

solutions the degree of polymerisation is lower than that in 10 w/w
KOH solutions. Temperature does not seem to have an influence on

the concentration of the soluble species present. Isopropyl alcohol

(IPA) has no influence on the composition of the solutions, neither has

time nor temperature. The phenomenon of 'ageing of solutions' is an

effect of silica polymer concentration. Silica polymers are present in

substantial amounts and affect the reproducibility of an etching

system.
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The enthalpy of dissolution and

analysis of a reaction product

This chapter will focus on measuring the enthalpy of dissolution dissH∆

of silicon in 25 w/w KOH. Some remarkable observations on the nature

the reaction products of this dissolution process will be described and

discussed.

Thermodynamics of silicon dissolution

In order to gain information on the thermodynamics of silicon

dissolution in concentrated KOH solutions, the heat of dissolution of

silicon was measured. This heat was measured with the aid of an

isoperibolic calorimeter (see e.g. [75]), which consists of a brass

container of about 150 ml that is covered with a thin layer of Teflon�.

The container was placed in a Tronac precision thermostatic bath

(error of temperature within 1 mK) via an insulating vacuum coat

(pressure lower than 10-3 Torr). In the calorimeter, there is a stirrer, a

solid state injector for the silicon, a heater for the electrical calibration

of the entire system and two NTC resistors in a Wheatstone bridge for

the registration of temperature (temperature differences as small as

10 µK can be measured). The data were collected by a voltmeter and a
computer. 8.09 g of crystalline silicon powder (Merck, p.a.) was

injected in a solution of 25 w/w KOH (weight percentage is defined as

(mKOH/(mKOH+mH2O)). After about 30 min. the native oxide layer of the

powder was dissolved and the reaction started and lasted for about

10.5-11 hours. In this measurement, it is assumed that the mass of the

very thin native oxide layer was negligibly small.

The heat of dissolution of silicon in a 25 w/w KOH solution was thus

found to be -247 ± 6 kJ/mol, i.e. the reaction is highly exothermic.



Chapter 3

34

The heat of dissolution of silicon in concentrated aqueous KOH

solution has not been reported before. Nevertheless, it is possible to

compare this heat with reported heats of formation and the heat of

dissolution of amorphous SiO2 in water. The relevant thermodynamic

data are given in Table 1. The overall reaction occurring during

dissolution of silicon in water is the following:

Si (s) + 4 H2O (l) → Si(OH)4 (aq) + 2 H2 (g)

The exact form of the solvated Si(OH)4 is not known, but it seems likely

that in the highly alkaline environment (pH = 14.7) this compound

becomes ionised by splitting off two or more protons. The

−→ 34 )()(, OHSiOOHSia
pK = 9.46 and −−→ 2

223 )()(, OHSiOOHSiOa
pK = 12.56 [76], other

dissociation constants are unknown. Furthermore, the degree of

solvation is not known, and finally, upon continuous dissolution of

silicon, the silanol compound polymerises (chapter 2).

Chemical reaction/substance 0
298H∆ in kJ/mol

0
298S∆ in J/Kmol

1 Si(s) + O2(g) → SiO2 (s,amorphous) -900 ± 3 [73] -164#

2 SiO2(s,amorphous) + 2 H2O(l) → Si(OH)4(aq) 13 ± 2 [73] -12 ± 2 [73]

3 H2(g) + 
1/2 O2(g) → H2O(l) -295 [77] -163#

4 Si(s) + 2 H2(g) → SiH4(g) 30.54 [77] -76#

H2(g) 130.6 [74]

H2O(l) 69.9 [77]

SiO2(s,amorphous) 60.0 [73]

Si(s) 18.8 [74]

SiH4(g) 204.1 [74]

Table 1: Thermodynamic data relevant for silicon dissolution
(# Calculated from entropy values of the substances involved in the reaction)

To calculate the heat of dissolution of silicon in water, one should take

the sum of the formation enthalpy of amorphous silica (reaction 1 in

Table 1) and the dissolution enthalpy of amorphous silica in water

(reaction 2), minus twice the formation enthalpy of water (reaction 3).

With the data in Table 1 a value of -297 kJ/mol is thus calculated, at

standard pressure (1 atm) and temperature (298 K). This differs by 50

kJ/mol from our measured value. It is important to keep in mind that

this difference would be accounted for by an additional endothermic

process step.

It is not likely that the difference of 50 kJ/mol is related with the state

of the formed H2 gas, since this escapes almost entirely from the

solution. The molfraction of dissolved hydrogen in water is very low
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[77]. Other additional effects may be the solvation, the deprotonation

and the polymerisation of Si(OH)4, for which there is only little

thermodynamic data available. However, we shall now try to estimate

the order of magnitude of these effects by taking typical values known

for other dissolution reactions.

Solvation

Solvation of compounds like Si(OH)4 will occur through the formation

of hydrogen bonds. The enthalpy change associated with such a bond

can be up to -25 kJ/mol, which is the value found in ice (see e.g. [78]);

In water it is about -17 kJ/mol [79]. As an example consider the

enthalpy of solvation reported for C2H5OH dissolved in water, which is

ca. -12 kJ/mol [80]). It may be expected that the solvation enthalpy of a

compound like Si(OH)4 is higher than this, since this compound can

form multiple hydrogen bonds, while it also has to be taken into

account that this compound will probably be deprotonated to some

extend. Also, these values are for diluted aqueous solutions, which off

course, a 25 w/w KOH solution is not. It is therefore to be expected that

the solvatation values in 25 w/w KOH are lower than in water. Note

however that the solvation process is exothermic.

Polymerisation

Considering the fact that the enthalpy change for the formation of

amorphous SiO2 from Si(OH)4 is only -13 kJ/mol (see Table 1), it is to be

expected that the enthalpy for polymerisation of Si(OH)4, which is an

intermediate step towards the formation of silica, is only a few kJ/mol.

Furthermore, the polymerisation reaction is a slow reaction, which

was not measured in our calorimetric experiment, and finally, it is an

exothermic reaction.

Deprotonation

Due to the absence of the relevant thermodynamic data for

deprotonation in highly concentrated alkaline solutions, it is not

possible to calculate the ethalpy change of deprotonation. The high

concentration of KOH will give rise to different enthalpies as

compared to water. However, since deprotonation is a spontaneous

process, it will be exothermic.
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All in all, it must be concluded that the endothermic difference

between the measured and calculated values for dissH∆  can not be

found in solvation, polymerisation and deprotonation contributions

taken from literature for diluted aqueous solutions. However, our

system is no diluted aqueous solution, since the KOH concentration is

25 w/w, which equals approx. 5M. This can be shown by calculating the

amount of water that is used to hydrate K+ and OH- ions in water. For

K+ the hydratation number is 4 ± 2 [81] and for OH-, it is 7 [73]. So, to

hydrate 5 mol of KOH in a liter of water, 5*(4+7) = 55 mol water is

needed, which is about the amount of water in a liter: 55,6 mol.

Polymerisation off course regenerates some water, but the solution

will stay highly concentrated. For the same reason, it must be

assumed that the values that were used to calculate dissH∆ may differ

from values that would be measured in alkaline concentrated

solutions and that the endothermic difference is due to the high

concentration of our solution.

Gaseous reaction products

A few remarks have to be made on the dissolution reaction, and in

particular its products. As was discussed above, the main reaction

products of silicon dissolution are hydrogen gas and dissolved

silicates. In chapter 2, the composition of KOH-solutions after

dissolution of different amounts of silicon by 29Si-NMR spectroscopy

was investigated. During these experiments a pungent odor

emanating from the solution was noticed, indicating that besides H2,

which is odorless, some other gaseous reaction product is formed.

Since none of the ingredients of the mixture (Si, H2O and KOH) has a

pungent odor, it must be concluded that this odor is caused by a

reaction intermediate or product. Since no pungent hydrogen-oxygen

compounds exists, it is concluded that this gas contains silicon.

Assuming that the the gas is only composed of Si, O and H, seven

possibilities arise:

Si(OH)4, SiH(OH)3, SiH2(OH)2, SiH3(OH), SiH4, SiO and H2SiO3

According to literature, Si(OH)4 is only a stable gas at very high

pressure and temperature [73]. SiH(OH)3, SiH2(OH)2, SiH3(OH) are

unstable [77] but their existence has been proven in an Ar matrix [82].

It has been suggested that SiH(OH)3 and SiH2(OH)2 are present in the
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reaction scheme as reaction intermediates that decompose

immediately [83]. However, there was no experimental proof for the

existence of these intermediates. SiO has a boiling point of 1880 °C
[77] and H2SiO3 decomposes at room temperature [77]. Since silane,

SiH4, is a more stable product than the above mentioned silanol

compounds under these circumstances, it would be the most likely

product.

A test was performed, in which the product gases were led through

silicomolybdenic acid reagens. This reagens [73], which is known to

yield a yellow colour only upon reaction with Si(OH)4, was prepared as

follows:

To a solution of 1 g of (NH4)6Mo7O24·4H2O (Aldrich) dissolved in 9 ml

H2O, 0.5 ml 25 % NH3 solution was added. This solution was mixed

with 0.6 M H2SO4 solution in a 1:7 proportion. In a roundbottom flask

10-15 ml 25 w/w KOH was added to ca. 1.5 g of silicon powder.

Although the test was performed at room temperature, the

temperature of the etching solution increased significantly due to the

exothermicity of the reaction (chapter 2). The system was closed and

all the escaping gas was led through a bubbler that was filled with the

reagens. To make sure that any coloring of the reagens would be

caused by a gaseous product and not perhaps by condensed aqueous

vapour with Si(OH)4 dissolved in its droplets, a piece of glass wool was

placed inside the hose between the flask and the bubbler. After the

experiment the wool was still dry. To intensify any coloring of the

reagens, the volume of the reagens was kept as small as possible.

The above test was positive, indicating that a silicon compound in the

product gas had reacted to Si(OH)4 in the reagens. Remember however,

that the reagens would be positive on all of the molecules mentioned

above because all these molecules hydrolyse to Si(OH)4 as soon as they

are bubbled through the (aqueous) reagens.

As the above described odor and coloring test are only qualitative,

mass spectrometry was performed to identify the silicon containing

gas. These experiments were performed on a Balzers Quadrupole

QMG064 mass spectrometer, using the same set-up as with the

silicomolybdenic acid experiments, only now an exit to the mass

spectrometer was placed between the roundbottom flask and the

bubbler. This exit to the mass spectrometer was configured such that



Chapter 3

38

the gas flow was maximally led past the entry of the mass

spectrometer. The working pressure was 1 atm. plus a few cm H2O

(the bubbler was filled with a few cm of H2O). The background

pressure in the mass spectrometer was less than 1.0*10-7 mbar,

whereas the gas flow was continuously sampled via a UHV valve to a

pressure of 3.0*10-5 mbar. The pump in the vacuum system was a

turbo molecular pump (50 l/s). The setup was thoroughly flushed with

Ar to reduce the background signal from air in the spectra. During the

experiments we continuously scanned between the region mass 27

and mass 33 with a scanning time of 70 s. The resolution was better

than halve a unit.

In a first experiment, the mass spectrum of the gas that escaped from

the reaction mixture after dissolution of 1.0 g of Si in 15 ml 25 w/w KOH

silicon and a KOH solution was followed in time. It was observed that

the measurements are seriously masked by the evaporation of water

and air, that is expelled from the solution because of the exothermic

silicon dissolution. A number of reference experiments were

performed, in which 15 ml demi water, 16 ml 25 w/w KOH solution, and

a 15 ml solution of 0.5 g Si already dissoluted in 25 w/w KOH solution

were heated from room temperature until about 120 °C (100 °C in the
case of water). The mass spectra from these experiments were used to

correct the spectrum of the first experiment, but this correction

procedure did not lead to spectra that could identify the a gaseous

silicon product, even though the silicon dissolution experiment was

repeated several times; the main observation was large increase in the

M=28 peak ( 28
2

== NSi MM ).

Therefore, it is concluded that the concentration of a silicon

compound in the dissolution product gas is too low to be resolved in a

background of the species evolving from the aqueous solutions. Note

that silicon powder (grains < 150 µm) were used, having a relatively
large surface area, in as little etchant as possible. In a conventional

experiment in which microstructures normally are etched, the

exposed silicon surface is much smaller with respect to the volume of

the solution. In such a case, it is less probable that the gas is detected

above the solution.

The formation of a gaseous silicon compound during dissolution of

silicon has been mentioned in literature only once before, by Lampert

et al. [84]. Intrigued by earlier reports of an unknown reaction product
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(in the earliest publications assumed to be H2O2) of silicon treated by

moisture, that was observed to darken photographic film on

development, these authors performed an extensive study of the

reaction of silicon surfaces with moisture. The silicon specimens were

made hydrophobic, either by a HF dip, alkaline etching or certain

polishing procedures. Hydrophobicity is considered a prerequisite for

the formation of the silicon-containing gas. Their experiments further

show that the silicon compound has a short lifetime and is present in

a concentration of ca. 4 ppm in the reaction product gas, which

further only contains H2. With the aid of IR spectroscopy they were

able to identify the compound as being silane, SiH4. An interesting

observation was that SiH4 formation depends on the crystallographic

orientation of the substrate, and increases in the order {111}, {110},

{100}.

If silane were formed during the reaction, this would imply that the

reaction mechanism as it is currently accepted with a rate

determining step where Si-H becomes Si-OH, is not completely valid. It

would at least mean that the other (side) reactions exist. The

formation of silane does however, indicate that the silicon surface is

hydrogen terminated.

Conclusion

The enthalpy of dissolution of silicon in 25 w/w KOH was determined at

a value of -247 kJ/mol and compared to an estimate based on literature

research. Also, a pungent odor was perceived above the etching

solution. An analytical, qualitative experiment indicated that it is a

silicon containing gas, probably silane, but its quantity was too small

to be identified by mass spectrometry.
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Velocity sources as an explanation

for exerimentally observed

differences in underetch rates

The anisotropy factor [11, 85] is an important parameter in anisotropic

etching because it determines the reproducibility and accuracy of

anisotropic etching where {111} bounded structures are involved. In

literature, the anisotropy factor has two definitions: R{100}/ R{111} and

R{100}/ RUE (where RUE is the underetch rate). Implicitly, it is assumed

that R{111} and RUE differ only in the angle between the {111} surface

and the mask. This assumption will be shown not to be true by using a

technique that was developed earlier in our laboratory and the

phenomenon causing this will be identified as an example of a velocity

source [33, 86, 87].

Etch rate results

Earlier, a new way to produce thin valves in microfluidics using

doublesided polished wafer processing without the need of high

precision alignment was presented [56]. In fig. 1a, a cross-section of a

<100> single crystalline silicon wafer and the inert mask that partly

covers it are shown. Exposing such a patterned wafer to an

anisotropic etchant will cause the substrate to etch as is depicted in

the subsequent cross-sections (fig. 1b-g).

Fig. 1: Series of cross-sections of a <100> single crystalline silicon wafer partly
covered by an inert mask depicting different stages during the etch process in an
alkaline echtant. Stage a depicts the wafer and its mask before etching.
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The result is a very thin plate between an opening in the wafer (left

side) and a V-groove (right side). This thin plate can be used as a

passive valve in microfluidic handling. For more details we refer to

[56].

Using this technology in four-fould symmetry produces the rosette

depicted in fig. 2. A closer examination of the rosette however reveals

that the underetch under the mask is not the same on both sides of

the plate.

Fig. 2: (left) Overview of the rosette that was made by using the etching technique
described in figure 1 in a four-fould symmetry and (right) a close-up of the rosette
showing different underetch. The black line represents silicon under the mask,
whereas the grey shades next to it represent the mask with no silicon under it,
i.e. the underetch.

Using the same technique as before, thin {111} plates were etched in

doublesided polished <100> single crystalline silicon wafers. The

opening of the mask on the backside of the substrate was made wider

to the right (fig. 1). The underetch was measured using an optical

microscope on both sides of the plate as a function of time during

etching in 40 w/w KOH at 75°C.

Fig. 3: (left) Schematic representation of the top of the plate and (right) graph of
the underetch measurements. The upper line represents the underetch on he left
side of the plate, while the lower one represents the underetch on the right side.
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In fig. 3, the results of such a measurement are shown in a graph. Etch

stage c (fig. 1) is reached at about 360 min. From then on, we observe

a significant increase for the RUE on the left side of the plate (fig. 3,

upper series). From the slopes in this graph, we determined the RUE

from the upper line to be 24 nm/min and from the lower line 7.5

nm/min. This leads to two values of RUE, that differ by a factor of about

3.

Discussion

The explanation for the fact that two different values for RUE arise, can

be found in the etching mechanism of the {111} plane. Two sides of

the plate were inspected with an optical microscope using  differential

interference contrast (DICM) [88]. It was found that the surface

structure on both sides differs significantly (fig. 4 and 5). On the right

side, we find slightly hexagonal, eccentric etch pits appearing over the

entire surface (fig. 4). On the left side, circular, bunched, stepped

structures originating from the upper edge, i.e. the same edge where

the mask is attached to the plate (fig. 5) were found.

Fig. 4: Composition photograph of the surface structure on the right side {111}
plane of a plate. The entire surface is covered with slightly hexagonal, eccentric
etch pits. The height of the plate is approx. 400 µm.

From these observations, it is concluded that the difference in

underetch rate is induced by and related with the difference in angle

between the mask and the {111} silicon surface. Thus, it is impossible

to relate one of these to R{111} by a simple geometrical factor.

Therefore, the following definition the anisotropy factor as R{100}/ RUE

is preferred.
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Fig. 5: Composition photograph of the surface structure of the left side {111}
plane, i.e. the back side of the plate shown in figure 4. The stepped structures
nucleate at the higher borders of the plate, where the upper mask (figure 1) was
attached. The height of the plate is approx. 400 µm.

Etch pits similar to the ones observed on the right side, have been

observed on etched Si{111} wafers (fig. 6). Mark the similarity of the

pits to the ones observed in fig. 4. With optical Michelson

interferometry the depth of these etch pits was estimated to be

maximally 184 nm ± 50 nm. Based on this similarity we conclude that
these etch pits show the genuine macroscopic etch morphology of

Si{111} (as opposed to the microscopic etch morphology observed by

Allongue et al. [89]). The exact nature of these pits will be investigated

in more detail in chapter 6.

Fig. 6: DICM photograph of a part of an etch pit in a Si{111} wafer. The long side
of the figure is about 2 mm.

The differences for both opposite (near) Si{111} faces can be

understood by considering silicon atoms located at the interface/mask

edge. These atoms have less bonds to silicon atoms in the underlying

bulk than an atom in a planar position away from the edge and are
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therefore easier attacked by the etchant [90]. Step trains will thus be

nucleated at a higher rate at this edge than throughout the {111}

plane. These step trains change the surface from a perfect <111>

orientation, to a slightly tilted <111> orientation (this can be clearly

seen [56] and is schematically shown in fig. 3). This effect could have

consequences for the interpretation of the form of the etch rate

minimum close to <111> [91].

The velocity source concept as an element
in the kinematic wave theory

This effect of different RUE's cannot be explained by the kinematic

wave theory as introduced by Frank and Chernov [92, 93], which is a

continuum description of the shape evolution of crystals in the special

situation that their growth or dissolution rate is uniquely determined

by the orientation of the surface. Strictly taken, this is hardly a theory

on crystal growth, but rather a description of interfaces propagating

with orientation-dependent rate. As such it is identical with a

generalization of Huygens’ principle for propagating wave fronts [94,

95]. Generally the discussion is limited to the evolution of isolated

crystals, without complications due to masks, dislocations, stacking

faults etc. This limitation implies that only the shape of a perfect

single crystal, freely floating in a (homogeneous) parent phase, is

described correctly. Mathematically speaking, such imperfections give

rise to boundary conditions to the equation of motion of the surface.

These boundary conditions affect the shape of the interface either

microscopically or macroscopically. In this case, their effect is

macroscopic: a difference in RUE.

The first of these conditions is that the mask defines the end of the

surface - which is trivial, but it leaves the orientation of the mobile

surface unimpaired. A second boundary condition fixes this

orientation. This second boundary condition is either given by the

condition of mechanical equilibrium or nucleation statistics (especially

for faceted surfaces, where etch rates depend on nucleation rates of

step trains).

Neglect of the second boundary condition implies a constant value of

RUE. This constant value for RUE is geometrically related to R{111} as

found from a concave sphere-etch experiment, where there are no

junctions to increase the nucleation rate [23]. The relevant second

boundary condition in our case is the 'nucleation boundary condition'.
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It states that a certain etch rate is imposed by the nucleation of step

trains by a junction. The reason for this is that atoms situated at the

junction are more easily removed by the etch process than those in a

planar position, because the total bond energy is lower. As the

difference depends on the angle between the {111} plane and the

mask, the measured RUE will depend on this angle too. Of course, also

the orientation will be slightly different from <111>, as a

consequence of the nucleated step trains.

It should be noted that this velocity source behaviour may equally well

be induced by more trivial effects such as irregularly advancing

microcracks or a grain boundary between the silicon and the mask or

even a dirty surface below the mask, allthough a Mont Carlo study has

shown that when the bond energy between the silicon bulk and the

mask is smaller than within the silicon bulk, structures similar to the

ones observed in fig. 5 arise [96]. The velocity source concept is

applicable to all cases; it is only the nature and the scale of the

mechanism which differs.

Generally speaking, a velocity source is a small region on the surface

where the growth or etch rate differs from the R(n) function for the

surface as a whole. A more detailed description of the velocity source

concept can be found in [33, 87].

In this case, the influence of the silicon/mask-junction may be

expected to depend on the edge angle, the mask material and

temperature. The influence of these parameters will be discussed in

more detail in the next chapter.

Conclusions

It was shown by DICM optical microscopy that the etching mechanism

of the {111} planes in silicon does not only depend on the parameters

mentioned in the introduction but also on their orientation relative to

the mask. This affects RUE, which now cannot be related to R{111} by a

geometrical factor anymore because RUE is determined by a step-

nucleation process induced by the silicon/mask-junction. This effect is

identified as a velocity source. The use of R{100}/ RUE for the anisotropy

factor is therefor preferred. The etch morphology as shown on the left

side of the plate (fig.4) is the genuine etch morphology of Si{111}.
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5555 Differences in underetch rates:

a quantification

In chapter 4, it was shown that the etch rate of Si{111} planes not

only depends on the etching conditions, but also on their orientation

relative to the mask. The difference in underetch rate was explained

by different etching mechanisms. These etching mechanisms are

investigated elsewhere [chapter 6, 96]. In this chapter, the difference

in underetch rates will be investigated quantitatively for several

etching conditions and several angles between the underetched (near)

Si{111} surface and the mask. Also, the etch rates of Si{100} and

Si{110} were determined under these conditions, together with the

activation energies of these orientations. Finally, the anisotropy ratios

(etch depth/underetch) of the etched samples were determined.

Underetch measurements

Experimental

To investigate the difference in underetch in detail, the underetch rate

was measured as a function of the angle α between the silicon surface
plane and the mask. Three series of samples were used in the

measurements resulting in underetch rates for five different angles.

The first two series consisted of underetch experiments on Si{100} (p-

type, B doped, ρ = 8-11 Ωcm) and Si{110} (p-type, B doped, ρ = 0.05-
0.1 Ωcm) wafers, where the value for the angles between the silion
surface and Si<111> orientation is 54.7° and 125.3° for Si{100} and
35.5° and 144.7° for Si{110}. The experiments were performed with a
similar structure as in chapter 4 (see fig. 1 in chapter 4). Fig. 1 gives an

impression of the cross-section of an etched sample.
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The third series comprised Si{110} samples in which seven slots were

etched with their edge 90° to the wafer surface. The width of the slots
varied from  4 to 1000 µm. To distinguish between the two series of
{110} samples, the subscripts V (for V-groove)  and 90 (for 90° angle)
will be used.

Fig. 1: Schematic cross section of a sample showing the relative openings in the
mask and the definition of α

All samples had a miscut of about 2° to the specified orientation, but
the effect of this miscut on the etch rate was eliminated. The samples

were etched in a double walled quartz etching vessel that was heated

by a thermostatic bath. In all experiments a 25 w/w KOH (Merck, p.a.)

solution was used. Weight percentage is defined as mKOH/(mKOH+mH20).

Every sample was etched in a fresh solution to obtain reproducible

results. Experiments were performed at 40, 70 and 90 °C. For the
Si{110}90 series,  the highest temperature was actually 85 °C. To keep
the tables easily readable, this value will be tabulated as 90 °C. In
calculations, the value of 85 °C shall be used. The moment at which
the two etch pits on both sides of the wafer meet and thereby open up

(see fig. 1. stage C in chapter 4), shall be refered to as 'the opening of

the sample'. The mask was aligned along <110> using the

alignement mask of Vangbo [97]. With this mask, the masks can be

aligned within 0.05° from the exact crystal orientation. An LPCVD
silicon-rich nitride mask was used (150nm, 200 mTorr, 850°C, 70 sccm
SiH2Cl2, 18 sccm NH3) [98].

Measurements were taken approximately every 30-90 minutes,

depending on the total etching time by removing the sample from the

etchant, observing it and inserting it again into the etchant.

Underetch measurements were made by optical microscopy at all

sides of the openings in the samples. The experimental error was at

least one micrometer (the measuring unit) and maximally the

roughness of the underetched surface (see fig. 1 in chapter 6).
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Underetch values at symmetrically equivalent points within one

opening in the mask were averaged to reduce the experimental error.

Outliers were removed. They were usually caused by imperfections in

the underetched mask. The imperfections are probably pinholes or

parts that had broken of due to the repeated insertion into and

removal from the etchant (fig. 2).

Fig. 2: Small pieces of the mask that broke off probably due to the frequent
insertion into and removal from the etchant. This image was taken from a
Si{100} sample after 83 min of etching at 90 °C. The lighter grey part is silicon,
and the darker grey is the underetched mask

Results and discussion

Fig. 3 shows, as an example, the results of the Si{110}V sample at 40

°C. Just as in chapter 4, there is a significant increase of the underetch
rate after the opening of the sample. However, there are two

differences with fig. 3 (right) in chapter 4. First, the increase in etch

rate does not develop directly after the opening of the sample and

second, the central opening at the top and opening at the bottom of

the wafer do not show a simultaneous increase in etch rate.

Fig. 3: Overview of the etch results of the 110
V
 sample at 40 °C (the underetch is

given in µm).
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These differences can be explained by considering the evolution of the

structure in time (fig. 4). Until the opening of the sample, two normal

etch pits develop with {111} side walls and a bottom depending on

the sample ({100} or {110}). The structure looks as the entire shape

represented in figure 4. After opening of the sample, first, the triangle

marked 1 in the figure is etched away. Apparently, Si{100} or Si{110}

are still the fastest etching direction available, i.e. the triangle etches

as indicated by the arrow. Indeed, the increase in etch rate starts at

about twice the time needed for the opening of the sample. When this

part has been etched away, etching continues as marked by 2 and the

accompanying arrow. Now, two Si{111} surfaces meet and therefore,

the convex corner between the two nucleates a faster ething direction.

Then the top opening in the mask will change from one {111}

orientation to another (α changes from 54.7° to 125.3° for Si{100} or
from 35.3° to 144.7° for Si{110}) as indicated by 3. This orientation
etches faster due to a different etching mechanism as described in

chapter 4. Only some time later (∆t), the mask border marked 4 is
reached. From then on, also the bottom opening will change from one

{111} direction to another and the etch rate will increase. The

difference in time (∆t) between the changing from {111} planes is
clearly observed in fig. 3. Note that both increases in underetch rate

are equal. More research on the exact evolution of the structure is in

progress.

∆t 1

2

Fig. 4: Evolution of the structure in time
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Underetch rates

Table 1 shows the results from all underetch experiments. The values

were calculated from the slopes from graphs like fig. 3.

sample angle α 40 °C 70 °C 90 °C
110b 35.3 3.80 31.7 96.0

100b 54.7 2.04 19.3 50.0

110
90

90.0 3.38 16.2 32.5

100a 125.3 2.39 29.4 107

110a 144.7 12.9 114 337

Table 1: Underetch rate for various orientations and temperatures. b and a
indicate whether the underetch rate was taken Before of After the changing of
{111} faces. The values are given in nm/min.

It should be noted that determining underetch rates was in some

cases fairly difficult; the standard deviation became as high as 25 % of

the total underetch for some points. Since the total underetch did not

exceed 20 µm for the Si{100} samples and 40 µm for the Si{110}
samples, this was only a few micrometer. The relativley high standard

deviation was caused by the roughness of the surface, which is a few

micrometer (see chapter 6). The error in these values is at most 19 %.

However, the increase of the underetch rate was in all cases clearly

visible (fig. 5).

Fig. 5: Top view of beam between V-groove and central openening top of sample
clearly showing a difference in underetch. The lighter grey part is silicon, while
the darker grey area is underetched masking material. This image was taken from
the Si{100} sample after 413 min of etching at 70 °C
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The values from table 1 are plotted in fig. 6, corrected for the angle

with the mask (i.e. multiplied by sin α). In this correction, it was
assumed that all underetch rates come from perfect Si{111} surfaces,

which is not exactly true as was pointed out by Berenschot [56].

However, the error that is introduced by this assumption is much

smaller than the experimental error. The graph clearly shows an

increase in the etch rates for high angles.

Two competing etching mechanisms on Si{111}

The increase in etch rate for higher angles can be explained by

considering the etching mechanisms as described in chapter 4. For

small angles an etching mechanism of etching pits all over the

Si{111} surface was found (figs 4 and 6 in chapter 4 and chapter 6)

while for larger angles, a mechanism of pits nucleating at the mask-

silicon junction, which leads to step flow on the Si{111} surface away

from the junction, was found (fig. 5 in chapter 4 and 96). Inspection of

fig. 6 indicates that up to some angle the dislocation mechanism is

dominant, while for higher angles, the 1D nucleation mechanism

becomes dominant and increasingly more effective. In chapter 4, it

was suggested that silicon atoms at the mask junction have less bonds

to the silicon bulk when the angle between the Si{111} surface and

the mask is larger. Accordingly, it is reasonable to assume that 1D

nucleation at the mask-junction becomes more favorable for a larger

angle between the etched (near) Si{111} surface and the sample

oreintation. More research is neccessary to find the exact physical

background of the transition between both mechanisms. It would be

interesting to know at what angle the mechanism of pits nucleate at

the mask junction becomes dominating. It is remarkable that there

seems to be a minimum around 70°, which is approximately the exact
angle between two Si{111} planes (70.5°).

Etch rates and activation energies of Si{100} and Si{110}

Experimental

The etch rates of Si{100} and Si{110} were determined by measuring

the depth of the structures between the surface of the wafer and the

bottom of the etched pit by focussing on both with an optical

microscope. The accommodation of the eye was minimised by opening

the numerical aperture maximally. The roughness of the surface at the

bottom of the pits was ignored in the sense that a value was taken
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that seemed the best average to the eye. The roughness was

maximum at about 10 µm. The slope of the depth vs time graph was
taken to be the etch rate.
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Fig. 6: Etch rate of Si{111} vs angle with mask

Etch rates

The results are shown in table 2. The presented values are comparable

to the values given by Seidel for a 20 w/w KOH solution [56].

40 °C 70 °C 90 °C E
a
 (eV / kJ/mol)

R{100} 110 879 2500 0.61/59.0

R{110}
V

250 1475 4300 0.56/53.7

R{110}
90

307 1657 3148 0.52/44.0

Table 2: Overview of etch rates and activation energies in 25 w/
w
 KOH. The etch

rates are given in nm/min.

The values for R110V and R11090 differ significantly, allthough the

experimetal error was maximally 6 %. Apparently, a difference in

etching shape has an influence on the overall etch rate at the bottom

of an etched structure. Consequently, also the activation energies

differ.

Activation energies

From the etch rates, the activations energies of the etching reaction of

Si{100} and Si{110} were also determined by calculating the slopes

from the Arrhenius plots (fig. 7). The activations energies are shown in

table 2. In the calculation of the activation energy of R11090, the etch

rate at 85 °C was not taken into account. The activation energies were
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never measured before in a 25 w/w KOH solution. Note that the

difference in activation energy of the two Si{110} samples is almost as

large as the difference between the Si{100} and the Si{110}V sample.

The closest match that was found in literature in terms of etching

conditions were values of Seidel [11], Obermeier [99] and Yun [100].

For {100} they measured activations energies of 0.57 eV and 0.43 eV

in 20 w/w KOH, and 0.594 eV and 0.54 eV in 30 
w/w KOH resp. For {110},

they found 0.59 eV in 20w/w KOH and 0.57 eV in 30 
w/w KOH. It is

unclear what causes the differences between these values. Differences

in KOH brand [101] and the definition of weight percentage might play

a role; some define weight percentage erreneously as mKOH/mH2O,

neglecting the mKOH term in the denominator. Comparing the three

sets of measurements, the values of Yun are significantly lower than

the other ones.

Fig 7: Arrhenius diagram of the etch rates

Anisotropy ratio

The anisotropy ratio is a measure for the reproducibility of etching

within a laboratory. A high anistropy ratio is favorable for processes in

which little underetch is requested. As was argued in chapter 4, it is

preferred to define anisotropy ratio as etch depth/underetch. In table

3, the anisotropy ratios were determined from the data in tables 1 and

2 (etch rate/underetch rate = etch depth/underetch).

Note that the anisotropy ratios differ largely for equal etching

conditions, e.g. from 13 to 102 in the 70 °C Si{110} series (the error is
25 %). The differences are caused by the difference in etch rates. These

values seem to be lower that those of Uenishi [102], who measured a
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(110)/(111) selectivity of ± 140, but it is unclear how this selectivity is
exactly defined.

sample 40 °C 70 °C 90 °C
Si{100}b 54 46 50

Si{100}a 46 30 23

Si{110}
V
b 66 47 45

Si{110}
V
a 19 13 13

Si{110}
90

91 102 97

Table 2: anisotropy ratios for the different samples. b and a indicate whether the
underetch rate was taken Before of After the changing of {111} faces.

These measurements prove that the anisotropy ratio should be used

with considerable care. Not only the etching conditions have an

influence on the anisotropy ratio, but also the etched structure.

Conclusion

The difference in underetch rates that was discussed qualitatively in

chapter 4, was quantified for several etching conditions and several

angles between the underetched surface and the mask. The difference

in underetch rates is caused by two etching mechansims that compete

with one another. More research is needed on the physical

background of the transition of both mechanisms.

The etch rates of Si{100} and Si{110} have been measured at several

temperatures and from this data, the activation for both orientations

is calculated. It was shown that a different etching geometry

influences the etch rate and activation energy of an orientation. The

results of the etch rates are comparable to those in literature.

The anisotropy ratio is sensitive to the different etching mechanisms

on Si{111}. Values of the anisotropy ratio should therefore be used

with great precaution, and it does not suffice to only etch under

similar etching conditions. The etching geometry of the etched

sample, or better the etching mechanism, of the etched sample should

be taken into account.
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6666 Etch pits and dislocations in Si{111}

In opto-electronic applications, very flat Si{111} surfaces are essential.

For example, an optical waveguide sensor with high sensitivity

requires a very thin free-standing plan parallel beam that acts as the

waveguide. This can be achieved by etching in Si{111} wafers [53, 55].

In other applications, Si{111} surfaces created by anisotropic wet-

chemical etching in Si{100} wafers are used for the reflection of light

[103-105]. For optimal reflection, a flat surface is needed. This can

partly be achieved by aligning the structure well to the crystal lattice,

but still an intrinsic surface roughness remains. Van der Linden

reported that etching at low temperature and in 30 - 35 w/w KOH gives

very flat surfaces [104]. A study by Dickensheets confirms these

experiments and also found no difference between Czochralski and

float zone wafers [106]. Merveille linked the roughness to the thermal

history [107] and Müller and Hein found a relation between roughness

and oxygen concentration [108, 109].

As an example of the roughness of Si{111} faces, fig. 1 shows a 'wavy'

underetch under a mask. The light grey part is silicon, seen through

the silicon nitride mask, while the slightly darker parts represent

underetched, free-standing silicon nitride mask. This wavyness is due

to etch pits on the Si{111} surface. In chapter 4, it was found that

eccentric etch pits are the genuine macroscopic etch morphology of

Si{111}, while the circular pits originating at the mask/silicon

junction overrule the more shallow eccentric pits. The surface

structure of Si{111} depends on the geometry of the etched structure

(see chapters 4 and 5) and the pits can be interpreted to results from

'velocity sources' [33, 87].
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Fig. 1: Wavy underetch
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In this chapter, the nature of the eccentric etch pits is investigated by

using a dislocation revealing etchant: the Yang etch [110]. This is an

etchant that preferentially dissolves strained parts of the silicon

crystal lattice around dislocations, and is therefore frequently used to

reveal the presence of dislocations in single crystals. If the origin of

the etch pits is well understood, measures can be taken to increase the

flatness of Si{111} surfaces needed for certain applications.

Experiments

Two wafers were used in this experiment, a Si{111} and a Si{110}

wafer. On a standard Si{111} wafer, a 2 µm layer of thermal silicon
oxide was grown (20 h at 1150 °C, H2O vapor), which was patterned by

normal photolithography and a 12.5 % buffered ammonium

hydrofluoric acid etch. Next, the wafer was etched in 25 w/w KOH

(Merck, p.a.) for 5 h at 75°C. In the Si{110} wafer a free-standing
structure bounded by Si{111} was etched by the technology described

in [56] and used in chapters 4 and 5 (fig. 2).

Fig. 2: Short overview of the technique used to etch the small beam.

An LPCVD silicon-rich nitride mask was used (200 mTorr, 850°C, 70
sccm SiH2Cl2, 18 sccm NH3) [98]. The wafers were subsequently cleaned

in H2SO4 : H2O2 : H2O = 1 : 1 : 5, 20 min, 80°C and their masks were
stripped of in 49 % HF. The Yang etch (1.5 M CrO3 (Merck, p.s.) : 49 %

HF = 1 : 1) was applied for 3 min [110]. Finally the oxide layer caused

by the Yang etch was removed by a 49 % HF dip (30 s). Between the

steps, the samples were thoroughly rinsed with demi-water. Surface

profile measurements were performed using a Sloan Dektak IIA.

Optical photographs were taken with differential interference

microscopy (DICM) [88] (Leitz). Note that DICM is a technique that is

extremely sensitive to very small slope differences and as such is

much more sensitive than scanning electron microscopy. For example,

the samples from fig. 9-12 will look fairly flat with SEM. However,

monoatomic steps on silicon are invisible to DICM. The AFM
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(deflection) image was obtained by using a Digital Instruments

Dimension 3100 in contact mode using Si3N4 cantilevers.

Results and discussion

Si{111} wafer with oxide mask

After KOH etch

A typical overview of the Si{111} wafer after KOH etching is shown in

fig. 3. Very large eccentric etch pits cover the surface. Steps are

generated at the center of the pit and move outwards. In this

movement steps bunch and form large macrosteps, possibly due to

impurities adsorbed on the surface [71, 72]. Near the edge of the pit,

shell-like ridges have formed perpendicularly to the step direction.

The eccentricity of the pits is due to the fact that the wafer surface is

not exactly aligned to the Si{111} crystal plane. The pits have several

types of centers. Pits are visible with a pointy center, with a line

center, with a double center and without center, as indicated in the

figure. The pits without a center have a fairly flat bottom. Larger and

smaller pits appear on the surface, although the larger ones seem to

overgrow the smaller ones. The larger pits are up to several

micrometer deep (fig. 4). Fig. 5 shows a close-up of the double center

in fig. 3. The double character of the pit is now clearly visible, as are

the shell-like ridges near the edges of the pits. The smaller pits exibit

pointy tips.  Fig. 6 shows an AFM image of the same sample. It clearly

shows that the line center in the center of the pits is a straight line,

even on AFM-scale. Steps are nucleated directly from the line. The fact

that the steps only nucleate form one side is explained by local

differences in the etchant.

After Yang etch

An overview of the surface after the Yang etch was applied is shown

in fig. 7. Dislocations intersecting the surface appear as thick black

lines. Actually, it is not the dislocation that is revealed, but its stress

field. All pits have generated an etch pit; however one dislocation is

not related to a pit (indicated by A in the figure, see below). The

dislocations intersect the surface in specific directions, parallel to

{111} planes. The dislocations are bulk stacking faults in the silicon

[108, 111]. These stacking faults are small disks of silicon that are

inserted in the crystal lattice.
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Fig. 3: General overview of the Si{111} wafer

Fig. 4: Dektak measurement showing the depth of the pits in the Si{111} wafer.
Note that the y-axis is in Å and the x-axis in µm.
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Fig. 5: Close-up of the double center

Fig. 6: AFM image of the center of a pit showing the stacking fault
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Fig. 7: Overview of the surface of the Si{111} wafer after Yang etch

The origin of the defects is the following [111]: Oxygen atoms

dissolved in the silicon during crystal growth occupy interstitial

positions in the lattice. Precipitation due to heat treatment of the

wafer causes a chemical reaction of silicon and interstitial oxygen to

solid silicon dioxide. Since silicon dioxide is by volume approximately

two and a half times larger than pure silicon, this results in

mechanical stress in the lattice. To relieve this stress, interstitial

silicon atoms are generated. Subsequently, the interstitial silicon

atoms gather in extrinsic stacking faults. This process depends on the

mobility of atoms, which again depends on temperature. The shape of

the stacking faults is determined by thermodynamics and can be

anything from irregular to circular or triangular.
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Fig. 8: Etch pits with flat bottoms.

The stress fields around these stacking faults give rise to a locally

increased etch rate of the silicon, thus creating pits on the surface.

Stacking fault A creates less steps than are generated in pit E and is in

fact overrun. Contrarily, in the case of pit B just enough steps are

generated to keep the pit visible, as is the case with pit C. Stacking

fault D has just been 'opened' by the surface and therefore it has not

yet generated many steps. Dislocation D has appeared on almost the

same spot (E) as where another stacking fault has just disappeared.

This explains the flat bottoms of some pits (E in fig. 7 and fig. 8). In fig.

8, two pits with a flat bottom are shown. First, the larger one was

generated while at some point of its existence the second, smaller pit
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was formed. Both stacking faults had already been completely etched

away at the moment when the sample was removed from the etchant.

The different size of the dislocations can be understood by considering

the Burgers vector [112] of each dislocation. In the case of a stacking

fault, it is as large as the thickness of the total number of layers that

has been added to the crystal lattice. The Burgers vector is a measure

of the size of a dislocation. The larger the Burgers vector  of a

dislocation, the larger the stress field around it.

Si{110} wafer with nitride mask

After KOH etch

Fig. 9: Overview of the Si{110} wafer after KOH etch

In fig. 9 an overview is shown of the {111} surface of a beam etched

out of a {110} wafer (see also figs. 1 and 2). As in fig. 3, fairly large

pits are visible, be it that they are smaller than on the Si{111} wafer.

However, all pits have a pointy center. On this picture, the slightly

hexagonal structure of the pits that was mentioned earlier in chapter

4 is well visible. Again, also smaller pits are present, as is a small area

that is flat, probably caused by a dislocation that disappeared. In

contrast to the Si{111} wafer, bunching seems to proceed faster and

the shell-like ridges near the edge of the pits are not present. This may
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just be a matter of depth and/or related to that, the time that the

surface has been exposed to the etchant. If the mechanism that

induces the ridges is related to the steepness of the pits, it is very well

possible that the pits on the Si{110} wafer are simply too shallow.

Fig. 10 shows the hexagonal structure even better. In this figure, it is

remarkable that the bunching of the steps is very regular in the sense

that the macrosteps are equidistant. The spacing between the

macrosteps is about 15 µm. It is not clear what causes this regular
spacing. Also, note that close inspection reveals that three of the six

sides are very straight, while the other three are somewhat rounded,

as indicated in the figure. We assume that the straight ones consist of

monohydride steps, and that the somewhat rounded ones are

dihydride steps, that are less stable in KOH (chapter 8). In this way the

trigonal symmetry of the Si{111} orientation is recovered.

Fig. 10: Hexagonal shape of pits and equidistant spacing between macrosteps

After Yang etch

In fig. 11, the same surface is shown as in fig. 9, after the Yang etch

has been performed. It is immediately clear that dislocations are

present here which are different from those on the Si{111} wafer.

First, the dislocation pits are much smaller (note that the scale of figs.

7 and 11 is the same). Secondly, it is, on first sight, not obvious that all
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pits have a dislocation in their center. Close inspection however,

reveals that dislocation pits are present at the center of the pits. For

clarity, arrows point to the dislocation pits in the figure. Apparently,

not all dislocations lead to etch pits. The large cone shape in the upper

left part of the figure is due to a moving gas bubble that arose during

the Yang etch.

Fig. 11: Si{110} wafer after Yang etch

The different shape of the pits makes the nature of the pits uncertain

(fig. 12). The figure shows black and white dislocation pits. The black

ones are deep while in the white ones, the bottom of the pit is visible.

However, no sharp image could be obtained from the inside of the

dislocation pits.

These shapes do not represent bulk stacking faults nor oxygen

induced stacking faults. However, the fact that a lot of pits are

situated in a narrow area, points to the possibility that these

dislocations may be caused by a Swirl effect [111]. This effect, that is

usually visible only at the original surface of a wafer, can apparently

also arise in a cross-section of a wafer (allthough the cross-section is in

this case slant; parallel to {111}). It is unclear whether the

dislocations that are found in the centers of the pits have a different

nature than the others. Perhaps their Burgers vector is significantly

larger than that of the other dislocations.
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Fig. 12: Extreme close-up of the dislocations after Yang etch

Difference between wafers

The difference in surface morphology of the two wafers can be

explained by  examining the mechanism of formation. The oxygen

atoms that are dissolved in the silicon rod during Czochralski growth

are interstitials and are above the saturation concentration. The

silicon rod can be considered to be a supersaturated oxygen solution

that has been frozen in. Above about 1100°C, the oxygen atoms
become mobile and have a chance to precipitate to silicon dioxide.

Stacking faults are then generated by interstitial silicon atoms. Below

1000°C, this is not possible. Note that the process temperature during
growth of the oxide mask is 1150 °C, i.e. above 1100 °C. During
deposition of the nitride mask, the temperature is 850 °C, i.e. under
1000 °C.

Another difference between the wafers is that for the Si{111},

observations were made at the original wafer surface, while for  the

Si{110} wafer, the observations were made at an etched (slant) cross-

section.

This work seems to contradict the work of Allongue, who found that

Si{111} etches with flat surfaces and 2D nucleation [41, 42, 83, 89, 90,

113-116]. However, one must note that there is a large scale difference
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between optical microscopy (by which we did our measurements) and

scanning tunneling microscopy (Allongue's work). Note that even the

AFM picture (fig. 6) covers a larger area than the 1*1 µm2 that is

usually used by Allongue. Thus, the contradiction between the two

views is purely paradoxial; they complete one another.

Conclusion

The nature of etch pits that arise during anisotropic etching in KOH on

Si{111} surfaces was investigated. Bulk stacking faults in the crystal

lattice give rise to deep etch pits. These dislocations give rise to locally

increased mechanical stress in the crystal lattice. This area is etched

slightly faster by KOH (and much faster by the Yang etch) than the

surrounding stress-free area thus generating steps and pits. Since

dissolved oxygen is causing the dislocations, wafers with a low

oxygen content will lead to flatter Si{111} surfaces. Other dislocations

of which the nature is still unclear, do not give rise to etch pits.
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Formation and stabilisation of

pyramidal etch hillocks on Si {100}:

 experiments and

Monte Carlo simulation

Under certain etching conditions on Si{100} surfaces etch hillocks

appear (fig. 1a). Their shape is approximately pyramidal and seems to

be bound by a set of four {111} planes and four <110> ridges.

However, close inspection reveals that the hillocks are actually

bounded by vicinal {111} planes, which sometimes are referred to as

{567} planes [117]. It should be realized that a {567} plane is, in fact,

a stepped {111} surface, as can be seen in fig. 1a. This SEM image also

shows that the top of the pyramidal etch hillocks is very sharp. Using

AFM, Baum found that, on a smaller scale, the top is truncated [35]. On

some hillocks, narrow facets are observed near the <110> ridges as

shown in figure 1b.

Fig. 1: Typical etch hillocks. a (left): with clear macrosteps running down from the
top and the ridges (31m43s at 54°C). b (right): with narrow planes near the ridges
(31m at 53°C).

Experimental evidence shows that concentration and temperature of

the etchant [118-124] and (oxidizing) additives [40, 47, 122, 125-128]

are the main parameters that the influence size and number of the

pyramidal etch hillocks. They are found using anisotropic etchants
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such as EDP, hydrazine, KOH, TEAH (tetra-ethyl ammonium

hydroxide), ammonium hydroxide and TMAH (tetra-methyl

ammonium hydroxide) [16, 48, 118, 119, 125]. Baum and Schiffrin

showed that etching in an ultrasonic bath decreases the formation of

pyramidal etch hillocks [35]. Schröder and Obermeier observed a

preferential formation of hillocks, which are elongated in shape, at the

border of hydrogen bubbles in contact with the silicon surface [129].

Geometrically speaking, a pyramidal etch hillock is unstable and can

not exist. According to the traditional kinematic wave theory, the

continuum theory of crystal growth and etching, protruding shapes

etch fast and will therefore disappear [86, 92, 93]. However, the

kinematic wave theory only deals with the evolution of perfect free

surfaces. The theory presupposes that the local etch rate R(n) only

depends on the local surface orientation n and that this assumption is

obeyed all over the surface. In many cases, however, spots or lines on

the surface do not obey the R(n) function due to a local physical

disturbance. Here the etch rate changes locally and the etched crystal

surface adjecent to this 'boundary' adapts accordingly. Such a

boundary is called a velocity source, i.e. it acts as a source of kinematic

wave trajectories [33, 87]. The very presence of pyramidal etch hillocks

on Si{100} implies that the top of a hillock is such a velocity source,

which locally retards etching. The nature of this behaviour is much

debated. In a number of papers it is speculated that etching products

[48, 120, 124, 130] or SiO2 precipitates on top of the hillock slows

down material removal [33, 131, 132]. Other speculations in literature

are pseudo-masking by H2 bubbles [35, 127, 133, 134] and regrowth

[123, 135].

In this chapter, experimental observations of pyramidal etch hillocks

are presented and it will be shown that they are not caused by bulk

defects in the silicon crystal. These observations led to the hypothesis

that semipermeable particles sticking to the surface are responsible

for the development of the hillocks. To test this hypothesis Monte

Carlo simulations of the etching of Si{100} surfaces on which small

semimasks are present were performed. Combining the kinematic

wave theory with the velocity source concept, it will be argued that

pyramidal etch hillocks are found for conditions at which etch hillocks

with only a point-like semipermeable particle on top are unstable. This

stability paradox can be solved by extending our hypothesis to the

protruding ridges of te hillocks.
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Observations

Experimental methods

All KOH etching experiments were performed in an aqueous solution

of 10 w/w KOH (Fisher, ACS pellets, mKOH/(mKOH+mH2O)) in a glass beaker

that was placed in a thermostatic waterbath at temperatures between

50 and 55 °C. Upon removal of the etchant, the (parts of) 2" Si{100}
samples were rinsed in DI water and dried by a flow of N2. Specimens

that were re-etched were immersed in the same solution in which

they were etched previously. Etching time and temperature of the

various samples are given in the figure captions. It is to be noted that

our re-etch experiments differ from those by Tan [117] and

Landsberger [124], who re-etched resp. in different solutions and after

an HF-dip.

To delineate the outcrops of the dislocations and stacking faults at the

crystal surfaces, after a 49 % HF dip of 30 sec, the Yang etch (1.5 M

CrO3 (Merck, p.s.) : 49 % HF = 1 : 1) was applied for 3 min [110]. Finally

the oxide layer caused by the Yang etch was removed by another 49 %

HF dip of 30 sec. Between the steps, the samples were thoroughly

rinsed with DI-water.

The morphology of the etched crystal surfaces was imaged on a Karl

Zeiss DSM 982 field emission scanning electron microscope. The

specimen surfaces were not metal coated prior to observation.

Disappearing pyramidal etch hillocks

Occasionally, a pyramidal etch hillock first forms and then fades away

from the surface during etching. Fig. 2 shows several stages of such

disappearing hillocks. Fig. 2a shows an early stage of disappearance:

the hillock is attacked in a way to be expected considering its shape;

namely, the top disappears, followed by the protruding <110>

ridges. This etching proceeds fast and the newly generated surface,

which is near {110} oriented, is rough. The first stage continues until

the hillock sidefaces are completely etched away (just after fig. 2b).

Two features indicate that the initial attack is at the top. First, the

symmetry and shape at the base of the hillock is preserved and

secondly, the rough sides are tapered off towards the base of the

hillock. The sharp ridges between the rough surfaces are a

consequence of the fact that etching is relatively slow for the

orientations of the ridges and vertex as compared to the fast etching
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orientations near {110}, which give the rough surfaces. Note that

these ridges are not in the direction of the original approx. {110}

ridges, but are rotated 45°. This phenomenon has also been observed
in the sphere experiments of Hesketh [12, 136-138].

Fig. 2: Several stages of disappearing pyramidal etch hillocks.
a (top left): Early stage (1h8m35s at 51°C) b (top right): Late stage (1h8m35s at 51°
C) c (bottom): Consecutive stages occurring simultaneously (1st etch 1h29m03s at
51°C, stored overnight, re-etch 5m8s in same solution at same temperature).
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In fig 2c., the numbered arrows indicate subsequent stages of

vanishing pyramidal etch hillocks. The hillocks shrink and vanish

completely when the {111} facets have disappeared. The number of

six stages is purely arbitrary; it only reflects those phases that are

clearly visible in this figure. Note that ‘normal’ etch hillocks and all

stages of disappearing hillocks occur simultaneously.

Fig. 3: Yang etch performed on pyramidal etch hillock (KOH etch: 31m43s at 54°C)
The above indicates that the morphologically unstable pyramidal etch

hillocks are not etched away because of some stabilizing force acting

on the top of the hillocks. To check that this stabilization is not caused

by bulk linear or planar defects in the silicon lattice ending at the top

of the hillocks, as has been suggested in literature [131], a so-called

Yang etch was performed on the substrate. The Yang etch is a defect

revealing etch [110], that was used in chapter 6 successfully to reveal

dislocations causing etching pits on Si{111} after etching in KOH. Fig.

3 shows the results after applying the Yang etch to a KOH-etched

Si{100} surface: it gives a very rough surface, with no indication that

any defect is present at the top of a pyramidal etch hillock. It is to be

mentioned here that the high surface roughness does not indicate

bulk defects. These would appear as deep pits with a width of a few

micrometers (see fig. 6 in the previous chapter). The conclusion is  that

linear and planar defects in the silicon bulk neither cause the

formation of pyramidal etch hillocks nor cause their stabilization.

After all, dislocations would rather be expected to accelerate the local

etch rate than to decelerate it.

Re-etching of pyramidal etch hillocks after SEM imaging

After etching, the specimens were investigated by SEM. Re-etching of

some of the crystals showed that the area of which a SEM image was
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recorded, had been affected by the SEM electron beam. In the left top

corner of fig. 4, the surface after the first etch is shown. A number of

interpenetrating pyramidal etch hillocks is present as well as some

isolated hillocks. The (larger) central image shows the same site, but

after inspection using SEM and a re-etch of 1m42s. It is clear that the

surface has roughened during the second etch. Many tiny etch hillocks

were formed at the exact spot where the previous SEM image was

recorded. Note the exact matching of the area studded with tiny

hillocks to the area covered by the first SEM image. The fact that two

rectangles can be seen is due to the fact that a larger area was used

during focusing and optimizing the image. The very straight edge at

two sides of the image area (left bottom) is due to the fact that the

SEM beam rests there during the grid scan. At the lines, where the

irradiation of the surface was more intense than elsewhere, more

hillocks are created. The inset on the right bottom of fig. 4 shows that

many new tiny etch hillocks are ordered in a grid pattern. This grid

pattern is not identical to the SEM grid which has a much higher

resolution (2048 pixels per line).

To verify whether the increased hillock formation may have causes

different from the SEM beam, a sample was re-etched without prior

observation in the SEM. In this case, no additional hillock formation

was observed and all the usual pyramidal and disappearing shapes

were found (fig. 2c).

The relatively low energy of the incident electrons (3-4 keV) is

expected to produce no or little damage to the silicon crystal surface.

The deposition of cracking products of residual gases that are present

in the vacuum chamber of the electron microscope more probably

triggers extra hillock formation upon re-etching.

This indicates that small 'particles' adhering to the surface give rise to

the formation of the pyramidal etch hillocks. Moreover, this

hypothesis explains the disappearance of some hillocks, which sets on

when the particles, and thus their retarding action, disappear. The

particles must be semipermeable. That is, they stick to the surface but

do allow the atoms directly underneath to be etched away, only more

slowly than atoms that are not covered by a particle. Metaphorically

speaking, the particles are parachutes attached to the crystal surface

slowing down the etch rate locally. However, it is not possible that

these particles prevent etching altogether, because in that case, they

would be normal masks and would fall off after a small time.
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Moreover, elaborate masks with compensation structures and a time

stop are used in experimental studies yielding hillocks bound by high

index planes [e.g. 139-141].

Fig. 4: After re-etching, the area where a SEM image after the first etch was taken,
had been affected by the SEM electron beam.
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Monte Carlo simulation

Method

Monte Carlo simulation has proven to be a powerful tool in elucidating

details of various crystal growth and etching mechanisms [89,142-

146]. Here, Monte Carlo simulations of etching of the Si{100} surface

were performed in order to verify that a small semipermeable particle

deposited on the surface can cause the formation of an etching hillock.

In describing the simulations the term semimask will be used instead

of semipermeable particle. In fig. 5 the Si{100} surface is shown: the

four atoms in one surface unit cell are displayed with different shades

of grey. In the Monte Carlo model only nearest-neighbour bonds with

strength φ/kT are considered. The nearest neighbour bonds are
depicted in fig. 5. It is possible to divide the Si{100} surface in an

array of columns of atoms perpendicular to the surface. There are four

types of columns corresponding to the four atoms in a surface unit

cell. The Solid On Solid condition, which excludes overhangs, is

imposed. The SOS condition allows a representation of the surface by

an N×N array of integers, denoting the heights of the topmost atom
for each column. For N the typical values of 200 and 600 were used.

Periodic boundary conditions are used to remove edge effects.

A B

CD

asurf

bsurf

Fig. 5: Top view of the Si{100} surface. The surface unit cell axes are a
surf
 =

½<110> and b
surf
 = ½<-110>. The four atoms in one unit cell are displayed by

different shades of grey. The connections between the atoms represent nearest
neighbour bonds with strength φ/kT. The surface can be represented by an array
of columns; the four types of columns in one unit cell are indicated by A to D.
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Since etching is an irreversible process, only annihilations occur. In all

simulations, surface diffusion was neglect. The annihilation

probability for a unit with i neighbours is given by

�
�

�
�
�

�−=−

kT

i

h

kT
Pi ϕ2

exp
(Eq.  1)

where k is the Boltzmann constant and h is the Planck constant. It is

possible that the topmost atom of a column has lost all its bonds with

the bulk of the crystal; such atoms are removed immediately. It

frequently occurs that the topmost atom of a column has four bonds;

such atoms are considered bulk atoms and cannot be removed. So only

annihilations of atoms with 1, 2 or 3 bonds can occur.

For the implementation of the semimask an extra parameter is

introduced. This parameter is the permeability factor e, a constant

between 0 and 1, which describes the reduction of the etch probability

of the columns underneath a semimask. Hence, the permeability

factor is a measure of the permeability of the semimask. For all

simulations, the semimask covers only the four columns (one surface

unit cell) that are located exactly in the centre of the simulation array.

For the four columns underneath the semimask the annihilation

probability is P
e

i- = eP i-. To get acceptable simulation times a fast

Monte Carlo algorithm based on a waiting-line routine [147] is used. In

this algorithm in every Monte Carlo cycle a unit detaches from the

surface. A Monte Carlo cycle consists of the following sequence of

steps. For each class of annihilations (Pi- and P
e

i- with i=1,2,3) the

cumulative probability that such an annihilation will occur is

calculated. With a random number one of the six classes of

annihilations is selected according to this cumulative annihilation

probability. Then another random number is used to select the specific

annihilation in the selected class and this annihilation will be

executed. The time increment is determined [147] using a third

random number. For an array size of 200×200 this cycle is repeated 20
million times, which corresponds to etching of 500 layers.

The formation of pyramidal etching hillocks

To show the influence of a semimask, a typical simulation was

performed at a bond strength of φ/kT=3 and an permeability factor of
e = 0.01. In fig. 6 the surface obtained by this simulation is shown for

three stages of its evolution. Immediately after etching starts a small
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pyramidal hillock is formed, which then slowly expands. Similar

features as in fig. 6 are observed experimentally (fig. 1), although the

scale of the experimental hillocks is of course much larger. Note that

the steps on the hillock slopes in fig. 6 resemble the macrosteps in fig.

1a. This confirms that the formation of pyramidal etching hillocks on

the Si{100} surface can indeed be explained by a semipermeable

particle covering the top of the hillocks. Despite the fact that this

particle may be as small as four silicon atoms, it still has a

macroscopic effect.

Fig. 6: Monte Carlo simulation of etching of a 200×200 Si(100) surface in the
presence of a semimask for a bond strength of φ/kT =3 and permeability factor e
= 0.01 after etching for a (top left) 9.07·1012, b (top right) 1.86·1013 and c (bottom
left), d (bottom, right) 2.35·1013 h/kT seconds.

To investigate the influence of the permeability e on the etch rate and

the morphology of the pyramidal etching hillocks, simulations with

varying permeability factor are carried out for φ/kT=3. In fig. 7a, the
etch rate of the top of the pyramidal etching hillocks collected from
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these simulations is given as a function of e. The etch rate of the

perfect Si{100} surface is also indicated. For a high permeability

factor, e > 0.5, the etch rate underneath the semimask will be roughly

the same as for the perfect Si{100} surface. If the permeability factor

decreases, i.e. the permeability of the semimask becomes less, the etch

rate of the hillock centre decreases, as expected. Interesting is,

however, that for an permeability factor close to zero, the etch rate of

a pyramidal etching hillock is by no means zero, but is still about 30%

of the etch rate of the perfect Si{100} surface.

Perfect Si{100} surface

R kT
d h

e

{111}

{110}

e

α

plane angle

ridge angle

Fig. 7: a (left) Etch rate of the pyramidal etching hillocks versus permeability e for
φ/kT =3. b (right) misorientation angle of the sides and the ridges of pyramidal
etching hillocks (see inset) versus e for φ/kT =3.

The inset of fig. 7b shows a schematic representation of a typical

pyramidal etching hillock. Each of the four sides of the hillock

consists, in first approximation, of two vicinal {111} surfaces, the step

patterns of which are symmetry related by a mirror plane parallel to

{110}. For the simulated pyramidal etching hillocks, two

characteristic inclination angles were measured, indicated in fig. 7b as

plane angle (between the Si{100} surface and the bisector of a

triangular side face of a hillock) and ridge angle (between the Si{100}

surface and the ridge of a hillock). In the figure both angles are plotted

as a function of e. For decreasing permeability of the semimasks, the

hillocks become steeper and the plane and ridge angles increase to 48o

and 43o, respectively. For a hillock consisting of {567} surfaces, as

reported in literature [117], the plane angle and ridge angles are 48o

and 41o. For a high permeability factor the ridge angle approaches the

plane angle; accordingly, the base of the pyramidal etching hillock

becomes more circular.
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Fig. 8: Evolution of the pyramidal etching hillock on the Si(100) surface depicted in
fig. 6 after removal of the semimask, 600×600 surface, φ/kT =3 and e = 0.01.
Additional etching for: a ( top left)  1.68·1013, b (top right) 3.42·1013 and c, d
(bottom left, right) 5.15·1013 h/kT seconds.

The evolution of disappearing pyramidal etching hillocks

As shown in fig. 2, on Si{100} surfaces covered with pyramidal

etching hillocks, occasionally topped-off hillocks, which are being

etched away, can be found. Experiments suggest that these hillocks

vanish because the semipermeable particle is no longer present on the

top. The disappearance of hillocks was simulated by etching the

surface shown in fig. 6c after removing the semimask (i.e. by setting e

to 1), see fig. 8. The hillock still expands laterally despite the loss of

the semimask and is etched away from the top and along the ridges.

This makes the sides to become more rounded. A pyramidal etching

hillock is formed much faster than it is etched away. After additional

etching for more than twice the time it takes to form it the elevation

still has not yet completely vanished. Comparing the Monte Carlo

results with the observed vanishing pyramidal etching hillocks several

similarities can be noticed. In the experiments as well as in the Monte
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Carlo simulations the pyramidal etching hillocks are etched away

downwards starting from the top and along the ridges while the

vicinal {111} faces persist at the base. However, the vanishing

pyramidal etching hillocks obtained by Monte Carlo simulation do not

exhibit the sharp ridges like in fig. 2.

The stability paradox

At first sight, the Monte Carlo simulations described above seem to

prove that the formation and stability of pyramidal etch hillocks on

the Si{100} surface can be explained by the presence of a

semipermeable particle covering the top of the hillocks, acting as a

point velocity source. There is, however, an important difference

between experiment and simulation. The etch rate function in the MC

simulation RMC(n) deviates in an essential point from the experimental

etch rate REXP(n). The consequence of this difference is rather dramatic.

As will be explained below, it is true that the function RMC(n) satisfies

the geometrical condition for the stabilization of a pyramid by a point

velocity source on the top, but the function REXP(n) in general does not.

This is the pyramid stability paradox: the etch rate does not satisfy

this geometrical condition, and still macroscopic pyramids are found

experimentally. Apparently, the single semipermeable particle

hypothesis is too naive. However, an extension of the original

hypothesis can explain all experimental observations.

The geometrical condition for stabilization of
a pyramidal etch hillock by a point velocity source

 The necessary condition for the stabilization of a pyramidal etch

hillock by a point velocity source at the top can be deduced by

considering fig. 9. In fig. 9a a cross-section through the polar plot

nREXP(n) through <100> and <111> is sketched. The local minimum

REXP({100}) is visible, as well as the deep minimum REXP({111}). An

asterisk indicates the vector velocity Rsp of the semipermeable

particle. All surfaces, orientation n, which keep connected with the

velocity source have to obey the connectivity condition: n·Rsp =

REXP(n) i.e. their position in the polar plot is on the circle through the

origin and Rsp. The intersections that satisfy the condition are

indicated in the figure. These intersections define the pyramidal side

planes in the vicinity of {111}.
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Fig. 9: a (left): Cross-section through the polar plot n·R
EXP
(n) through <100> and

<111> b (right): Cross-section through the polar plot n·R
EXP
(n) through <100>

and <110>

The crucial point is that, for the pyramidal etch hillock to be stable as

a whole, such intersections should be present in cross-sections of all

planes through the <100> vector, not only the plane through

<111>. In fig. 9b the cross-section through <110> is shown, i.e. 45o

rotated from that in fig. 9a. For most of REXP(n) functions for silicon

etched in KOH, also for etch conditions in which pyramids are found,

REXP({100}) < REXP({110}) [116]. Accordingly, the local minima

REXP({100}) and REXP({110}) are chosen to be roughly of the same

magnitude in fig. 9b. Clearly, the required intersections are absent. For

the {110} orientations to be stable it would be required that

REXP({100}) >  •2 REXP({110}). The bond-breaking Monte Carlo model

yields an etch rate RMC(n) that satisfies this condition, and indeed the

Monte Carlo simulations show that a semimask of only 2x2 atoms

generates a stable macroscopic pyramid. In contrast, the experimental

etch rate REXP(n) does not obey the geometrical condition at all. A

semipermeable particle at the top might still tend to nucleate a

pyramidal etch hillock, but it certainly cannot grow out because it will

be underetched from the {110} sides and fall off as soon as side edges

have developed. This implies that the whole idea of generating a

macroscopic pyramidal etch hillock by a single microscopic semimask

particle becomes invalid.

Solution of the stability paradox

It is hypothesized that not only the top of the pyramidal etch hillock,

but also the side edges, are protected by some sort of semipermeable

mask which slows down the local etch rate. In that way, the

geometrical stability condition can still be obeyed locally. This

requires a point velocity source on the top and four line velocity

sources on the edges. At first sight, such a configuration may seem
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very far-fetched and unlikely. However, on second thought, a

mechanism can be envisaged which generates such a cross-shaped

semipermeable mask automatically.

The semipermeable particle hypothesis, requires in itself that the

particle, whatever it is, stays there for a long period, in spite of the

silicon surface underneath it being etched away all the time. This can

only happen if some physical mechanism provides an adhesive force

between the surface and the particle. A chemical bond is ruled out,

and gravity does not play a role at this scale, but electrostatic or van

der Waals forces might be suitable candidates. A small force would be

enough: it should only be sufficient to overrule the random collision

forces that would otherwise push the particle away in Brownian

motion. Assuming that such a mechanism is active, it may further be

concluded that statistically the trajectory of such an adherent particle,

during the etching process, will on average be perpendicular to the

local surface. The adhesive force results from the local electric field

between the surface and the particle. The size of the surface area

involved here is roughly one order of magnitude larger than that of

the particle, so the trajectory will statistically align with the surface

normal on such a scale.

The consequence of this is that any protrusion of the silicon surface,

no matter how it occurred originally, will automatically collect

semipermeable particles during the etching process. The particles, all

on their trajectories perpendicular to the local surface, will end up on

the protruding ridges and vertices of the structure. This process is

sketched schematically in fig. 10, where a perpendicular cross-section

of a silicon surface is indicated at 12 successive times during the etch

process. The topmost surface, or first snapshot, has no protrusions yet,

but there is a number of adherent particles which are still too small to

generate a protrusion on their own. The second surface, shows a small

protrusion, caused by a larger particle that has started to form a

protrusion behind or in front of the cross-section plane. In subsequent

snapshots, the size of the protrusion grows and the particle

trajectories are curved once they are located on one of the side faces of

the protrusion. In this way, after some time the particles are collected

on the protruding edge. The result of this process is that the

protruding edges of a pyramidal etch hillock, are automatically lined

with semipermeable particles. This affects the etch rate of the <110>

oriented rows of silicon atoms considerably. We may remark here that
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already the shielding of a small length fraction of the protruding edge

is sufficient to bring the etch rate down [148].

Fig 10: Protruding ridges of the hillock act as sinks for smaller particles. These
particles form larger particles on the ridges and slow down the {110} ridges.

Altogether, the extended semipermeable particle hypothesis, i.e.

including the self-assembling mechanism, is a natural explanation of a

large number of observations. It not only explains the stability of

pyramidal etch hillocks, but also many other morphological features

on differently oriented surfaces. For instance, on surfaces with

orientations between {100} and {110}, the observed protrusions are

in fact tilted pyramidal etch hillocks, which ultimately expose only

one long, <110> oriented edge for substrates with orientation close

to {110} (fig. 11) [149, 150]. The (extended) semipermeable particle
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hypothesis seems also applicable to the formation and stabilization of

protrusions during etching of quartz [116] and other materials [151].

Fig. 11: different structures caused by semipermeable particles
(courtesy R.M. Tiggelaar)

One might argue that under some experimental conditions,

REXP({110}) < REXP({100}). The extended mechanism described above

would not be neccesary in this case. However, even under these

conditions, REXP({110}) ≈≈≈≈ REXP({100}) / 2  [24]. This is exacly the

bordering region where the extended mechanism become abundant.

So, even in those cases, it is not strange to assume that the extended

mechanism is physically relevant.

Discussion

The detection of the semipermeable particles proposed above is a

difficult matter. The density and size of the particles is small and they

may simply be too loosely attached to the surface to be conveniently

detected by spectroscopic, analytic or scanning probe microscopic

techniques.
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These experiments and simulations do not give many clues on the

identity of the semipermeable particles. It is only known that their

size can be anything up to tens of nanometers. Moreover, a SEM beam

can affect the surface in such a way that extra etch hillocks are

created during a re-etch (fig. 4). This is not caused by oxidation of the

silicon surface by the SEM beam, because of the direction of the

electron current. A logical explanation is that cracking products of

residual gases, that were present in the vacuum-chamber, have been

deposited by the scanning electron beam and that these deposited

particles are responsible for the increased hillock formation. A similar

deposition process is used for the growth of super tips for AFM.

Residual gases consist of hydrogen, oxygen, carbon monoxide, water

and other hydrocarbons; deposited particles consist of amorphous

carbon and oxygen and possibly hydrogen [152]. The amorphous

particles locally retard etching and thus initiate hillock formation.

Further development is maintained by silica particles as elaborated

below.

In an alkaline solution, as used in these experiments, amorphous

carbon particles do not exist. In that case, silica particles, which are

formed as an etching product, may very well perform the same role.

These silica particles are small colloids that may stick to the surface

etched. New silica particles are continuously formed or deposited

randomly on the Si{100} surface throughout the etching process.

Some particles are somewhat larger than others and consequently

have a larger capacity of slowing down the etching process, initiating

the formation of a pyramidal etch hillock. The ridges act as sinks for

smaller silica particles, which yields the necessary reduction of the

etch rate on these surfaces areas. Palik, Gajda and Landsberger already

suggested that the stabilization of pyramidal etch hillocks may be

caused by the presence of silica particles on the top of these elevations

[121, 124, 130]. The results presented in this chapter suggest that a

pyramidal etch hillock is stable due to the presence of silica particles

on the top as well as the ridges.

The hypothesis that silica particles cause the stabilization of the

pyramidal etch hillocks is in agreement with several observations

mentioned in literature. In chapter 2, it was observed that at lower

KOH concentrations, more silica particles are present. This agrees with

the fact that at lower KOH concentrations more pyramidal etch

hillocks are formed [122]. Schröder observed that pyramidal etch

hillocks are preferentially formed at the border between hydrogen
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bubbles in the etchant and the silicon surface [129]. Such rims can be

favorable sinks for particles in a solution: all particles on a bubble will

eventually float towards the borders and stick there due to the surface

tension forces. Batterman has observed a similar formation of etch

hillocks when a droplet of etchant was evaporated from a germanium

surface [135]. Furthermore, in experiments where ultrasonic vibrations

decrease the number of pyramidal etch hillocks, the particles are

displaced from the hillock centre and ridges and possibly completely

from the substrate [35]. Finally, it is likely that different etchants,

(oxidative) additives such as ferricyanide [37] and isopropylalcohol,

interact differently with silica particles, changing their interaction

with the silicon surface and thereby the density, size and shape of the

pyramidal etch hillocks.

Fig. 12: Examples of re-stabilized pyramidal etch hillocks
a (left): After removal of the initial semipermeable particle, a new one has been
formed on the right ridge (31m43 at 54°C)
b (right) : A new particle has been formed at the exact spot of the first one due to
particle agglomeration on the sharp ridges of the vanishing pyramidal etch
hillock (1h8m at 51°C, re-etch 1m42 in same solution at 52°C)

It was shown that detachment of the particle on top of a pyramidal

etch hillock can explain the occasional vanishing hillocks. It is also

possible to interpret more puzzling structures, of which two examples

will be discussed here. In fig. 12a, a vanishing pyramidal etch hillock

is shown. However, one ridge is not etched away; apparently, another

silica particle is present on this ridge of the etch hillock. In view of the

(extended) semipermeable masking particle hypothesis it is not

surprising that this new particle lies on a ridge of the original

pyramidal etch hillock. Fig. 12b shows a pyramidal etch hillock that

started to vanish but was stabilized again. This can be explained by

the sweeping mechanism described in fig. 10. At a given moment, the
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semipermeable particle detached from the top of the pyramidal etch

hillock and thus, the hillock started to vanish. In this period, sharp

ridges between the rough surfaces developed (see fig. 2b) and on these

ridges small semipermeable particles accumulated. Finally, they

merged on the top, stabilizing the hillock again.

The observations presented here contradict some of the other

explanations that have been given in literature. First, the pyramidal

etch hillocks are not caused by defects in the bulk of the silicon [129,

131, 132], as was confirmed by our Yang etch experiments. Also, the

dependence of the hillock density on the etching conditions is difficult

to explain if the origin of hillock formation is to be found in the bulk.

Pseudomasking by hydrogen bubbles, as suggested by several authors

[35, 127, 133, 134], is unlikely because hydrogen bubbles are too

fugitive. They arise, grow to a much larger size than that of a

pyramidal etch hillock and finally detach from the surface in a time

interval that is too short to generate pyramidal etch hillocks that are

micrometers high. For example, to form a H2-bubble with a diameter

of 1 mm takes about one second. In this period, the surface adjacent to

that bubble is etched only about 15 nm. Furthermore, due to surface

tension, the H2-bubbles adhering to the crystal surface are large

compared to the small pyramidal etch hillocks (tops) and it is hardly

probable that an isotropically shaped bubble would generate an

anisotropically shaped etch hillock.

Conclusion

Experiments and observations by SEM suggest that the pyramidal etch

hillocks found on Si{100} surfaces are caused by the presence of

semipermeable particles residing on the top of the hillocks. The

hillocks-forming ability of such semimasks was confirmed by Monte

Carlo simulations of etching of Si{100}. The computer experiments

showed that semipermeable masks of a size down to four silicon

atoms are capable of forming hillocks by local retarding of etching at

the tops. However, the presence of a semipermeable particle on the

top of a hillock alone is not sufficient to explain the stability of the

etch hillocks. Therefore, the hypothesis is extended by assuming that

a large number of tiny masking particles are present on the surface

during etching and these particles stabilize the protruding ridges of

an etch hillock. The nature of the masking particles is unknown.

Silicate colloid particles are the most likely candidates.
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Summarizing, the hypothesis that semipermeable particles cause of

the formation of pyramidal etch hillocks on Si{100} during etching in

alkaline solutions is supported by experiment, simulation and theory,

as well as by examples from literature.
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8888 Simulation using a physical model

Computer simulation of the etching process allows precise

compensation of mask patterns and optimization of etching

conditions in order to avoid such undesirable features as “pseudo”

facets in fast etching regions at corners of micromachined structures

[153-155], which are not yet completely understood [155]. To do this,

current simulation programs rely on a large database of experimental

etch rates for all possible orientations, for a particular set of etching

conditions, without any understanding of the underlying physics and

chemistry. In the literature, some methods to extract the full

orientation dependence of the etch rate from an experiment are

reported, all time-consuming and requiring considerable expertise [23,

156-158]. Ideally, one would have at ones disposal an analytical

function of the etch rate as a function of crystal orientation and

experimental parameters such as the temperature and the

composition of the etchant, based on fundamental knowledge of the

etching process. This allows a more accurate calculation of the shape

of an etched structure and also simplifies incorporation of boundary

conditions at masks [33, 87 and chapter 4,]. Moreover, if the

dependence on the composition of the etchant is cast into an

analytical function, calculation of the time evolution of the

crystal/etchant interface, including bulk diffusion and convection by

gas bubble formation becomes possible.

Network functions

The central assumption of the network construction principle is that

the complete orientation dependence of the etch rate can be

reconstructed from the etch rate in the direct vicinity of a limited

number of facet orientations. In turn, the etch rate in the vicinity of a

facet orientation can be described as an interaction of a number of



Chapter 8

94

physical processes on the surface. Mathematically, etching of a crystal

can be compared with an electrical network. There is a purely

mathematical resemblance between functions used to describe the

frequency-reponse behaviour of an electrical network and functions that

describe the orientation-response behaviour of an etching crystal. The

analogy is shown in fig. 1.

Consider an ideal LC loop (zero resistance). Varying the frequency of an

AC voltage source across the resonance frequency 1/ √LC at constant
voltage amplitude, a current i(ω) obeying a zero-cusped behaviour will be
measured (first column in fig. 1). This behaviour is analogous with the

spatial etch or growth rate function, R(n), of a faceted crystal, which has a

zero-minimum at a facet orientation. The roughening transition [11] of a

facet corresponds with a transition from the sharp zero-cusp to a

smoothed minimum at a positive value. In the electrical case, such a

transition can be brought about by a resistive shunt across the LC loop

(second column in fig. 1).

Fig. 1: Analogy between the electrical frequency response functions and etching
orientation-response functions.

Complete roughening implies that the facet orientation vector can no

longer be recognized as a special orientation. In the electrical network,

short-circuiting of the LC loop does the same for the resonance frequency.



Simulation of anisotropic wet-chemical etching using a physical model

95

As a faceted crystal has more than one facet, a complete R(n) function has

more than one minimum in the full orientation range. In the electrical

network, a series-connection of LC loops, tuned to different frequencies,

produces a similar effect (third column in fig. 1). An R(n) function can be

upward-limited by a series process (diffusion, chemical reaction etc.). This

corresponds with a series resistance in the electrical case (fourth column

in fig. 1).

Altogether, an electrical network can be constructed displaying a number

of smooth or sharp minima in the i(ω) function by taking basic resonators
(= LC loops) as building units, and combining them with resistors in a

suitable network. The network corresponds with an analytical function

i(ω). In quite a similar way, a symbolic network for an R(n) function can
be constructed. However, as an extension from the electrical case the

possibility to make the network nonlinear is needed. The important point

is that the building units and parameters of the network have an obvious

physical meaning that can be described and measured [159, 160]. In this

chapter, the results of only one experiment will be presented, in order to

give an impression of the merits of these simulations.

Constructing a 3D  network etch rate function

In fig. 2a the experimental etch rate is presented for etching of silicon

in a 26 w/w (weight percent) KOH water solution of 70
oC. The

orientation dependence of the etch rate is determined by measuring

the profile of a large hemispherical specimen before and after etching

[156]. Obviously, the etch rate displays a sharp cusp down to almost

zero for the {111} orientation. Furthermore, the {100} orientation

corresponds to a shallow minimum in the etch rate. Thus, {111} and

{100} are the facets of silicon for etching in concentrated KOH. One

might argue that also the {110} orientation qualifies, but it will be

shown that the {111} and {100} facets determine the behavior of the

etch rate around {110}.

The etch rate in the direct vicinity of a facet is determined by the

competition between two etching mechanisms. The first mechanism is

the motion of steps on the surface. The second mechanism is the

nucleation of mono-layer etch pits, that after their formation spread

out, which is why this mechanism is also called the birth-and-spread

mechanism [161, 162]. Both mechanisms have actually been observed

on dissolving Si{111} surfaces by Allongue et al. [83, 114].

It can be shown [159, 160] that
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where α is the inclination angle with the exact facet. The step velocity
vstep is assumed to be constant and ε(3), a number between 0 and 1, is

the 3D roughening parameter, a measure of the frequency of mono-

layer etch pit formation. For the Si{111} facet the birth-and-spread

mechanism is apparently not important, as the roughening parameter

is practically zero, because then we have R vstep( ) sinα α=  which

displays a zero-cusp. For very small roughness parameters the etch

rate is given by vstep·sin α [91]. For the Si{100} facet the roughening
parameter has a nonzero value, judging by the quite large (100) etch

rate (α=0). Thus for Si{100} the birth-and-spread mechanism
apparently plays an important role.

We can now construct a simple network, using four phenomenological

parameters: vs100, vs111, ε(3)100 and ε(3)111, resp. the step velocities and
roughening parameters of {100} and {111}. Least squares fitting of

these parameters to the experimental etch rate for etching of silicon in

26 w/w KOH water solution at 70 
oC, yields the 4-parameter fit

presented in fig. 2b. The 4-parameter fit shows a qualitative

agreement with the experimental data in fig. 2a. The minima around

{100} and {111} are visible, as is the saddle point near {110}.

However, the fourfold and threefould symmetry around resp. {100}

and {111} is not reproduced. This is due to the fact that in reality the

step velocity is not constant, but depends on the 2D-orientation of the

step on the surface. Apperently, the step velocity is not isotropic as

assumed in the simulation.

2D-detail in the 3D network etch rate function

It is possible to account for this 2D-anisotropy of the step velocity. The

2D-orientation dependence of the step velocity can be treated in a

similar fashion as the 3D-dependence of the etch rate was treated in

the previous subsection. First, the directions of strong bonds in the

surface are identifed. These chains of strong bonds are the so-called

Periodic Bond Chains (PBC) [163]. The minima in the step velocity

correspond to steps aligned along such a PBC direction. The step

velocity for steps with an edge that is slightly misaligned with a PBC

direction is determined by the competition between two processes.
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Fig. 2: Stereographic representation of
a (upper left): the etch result in 26 w/

w
 KOH at 70 °C.

b (upper right): simulation using 4 parameters (without anisotropy of steps).
c (lower left): simulation using 6 parameters (with anisotropy of steps).
d (lower right): simulation using 9 parameters (accounting for corrugational
instabilities).

The first process is the motion of misorientation kinks. The second

process is the nucleation of new kinks. Analogous to eq. 1, this

competition yields a formula for the step velocity of a step slightly

misaligned with a PBC,

2
)2(

2
)2(2

1
sin)(

ε
ε

θθ
−

+⋅= kinkstep vv (Eq. 2)

where θ is the angle between the 2D-orientation of the step and the
vector in the plane perpendicular to the PBC-direction. vkink is the

velocity at which kinks move along a step edge and ε(2), a number
between 0 and 1, is a measure of the nucleation frequency of kinks.

In the (100) facet two directions of strong bonds can be found, aligned

along the [011] and the [01-1] directions. Thus, the step velocity for

(100) is expected to be minimal for steps inclined towards a {111}
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facet, which is exactly what can be observed in fig. 2a. In the (111)

facet three PBC's, forming a perfect triangle, can be found, aligned

along the [1-10], [10-1] and [01-1] directions. A complication is that a

step aligned along such a PBC inclined towards a {110} orientation is

a monohydride step, while such a step inclined towards a {100} facet

is a dihydride step [89]. Inspecting these two kinds of steps, one

expects the monohydride steps to be more stable than the dihydride

steps [164, 165]. Accordingly, it can be observed in fig. 2a that the step

velocity is lower for monohydride steps.

Introducing the 2D roughening parameters for {100} and {111}, ε(2)100
and ε(2)111, and the kink velocities vk100 and vk111, to our network, the 6-
parameter results presented in fig. 2c are obtained. It matches the

experimental etch rate almost exactly in the vicinity of the {111} and

{100} facets. However, in the region close to {110} the agreement is

not so good. The remaining deviation between experiment and

simulation can be understood from close microscopic inspection of the

etched surfaces. Whereas certain regions remain optically smooth,

corrugational instabilities are observed around {110} [157], while our

model predicts a continuously curved surface for all orientations.

Amendments for instabilities

Optical microscopy studies of etched silicon surfaces reveal that in the

direct vicinity of {111}, step trains are unstable and bunch, forming

macro-steps. For larger inclinations towards the {110} orientation,

this bunching of steps culminates into microfacetting [157]. The

physics which causes step trains on the Si{111} surface to be unstable

is not clear. The observation of step bunching and microfacetting

justifies the assumption that the step velocity depends on the

inclination angle. Thus, an ad hoc parameter C111 is introduced. It

allows for a {111} step velocity that increases with increasing

inclination angle. This parameter may reflect step-step interactions.

The constant kink velocity vk111 is replaced with an inclination

dependent kink velocity according to

)sin1( 111
0

111111
αCvv kk +⋅= (Eq. 3)

Optical microscopy has revealed that a surface oriented in a {110}

direction tends to break up into a staircase structure, also called a

zigzag structure [157]. The edges between the zigs and the zags are

aligned along [1-10], a PBC direction. The orientation of the zigs and
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the zags is estimated to be approximately {551} [157]. Going from

(110) to a (100) facet the zigzag structure persists, but perpendicular

to the edges between the zigs and the zags macrosteps become

visible. The protruding edges between the zigs and the zags act as so-

called velocity sources [33, 86]. Velocity sources can be the

macroscopically visible results of boundary conditions to the evolution

equation of the crystal-etchant interface. An edge between a zig and a

zag is an example of a boundary. Irrespective of why the protruding

edges are formed in the first place, once they are formed some atomic

scale etch mechanism dictates the etch rate on these edges.

Apparently this dictated etch rate matches the etch rate of {551},

because the zigs and the zags take {551} orientations. Perpendicular

to the edges between zigs and zags, macrosteps move on the surface.

Analogous to the equations for step flow on a crystal facet one expects

the contribution of this macrostep motion to equal a constant, a

macrostep velocity, times a term giving the density of these

macrosteps, i.e. the sine of the inclination to {110}. As the edges

between the zigs and zags are perpendicular to the macrosteps, the

velocity source etch rate and the contribution to the etch rate of

macrostep motion can simply be added.

Three additional parameters now enter the network function: the ad

hoc parameter C111 and the velocity source etch rate vvs plus the

macrostep velocity vms. In fig. 2d the 9-parameter fit of the

experimental etch rate in fig. 2a is presented. Comparing the fitted

and the experimental etch rate gives a good quantitative agreement.

The deviation is below 5% of the maximum etch rate everywhere and

for 93% of the experimental points the deviation is below 3%.

Especially if one considers the large roughness in the areas where the

fit deviates most, this is quite satisfactory.

Discussion

A 9-parameter network etch rate function as been fitted to the results

of hemisphere etch experiments for 26 w/w KOH water solutions for a

number of temperatures ranging from 40 to 90 oC. All these

experimental etch rates could be fitted with a deviation below 5% of

the maximum etch rate almost everywhere. Merely defining a network

etch rate function is only half of the work. The second step of the

network construction method for analytical etch rate functions

consists of finding the dependence of the phenomenological

parameters in the network etch rate function on the experimental
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parameters. An important concern with the existence of a zigzag

instability is the fact that, as a consequence of this instability, the

{110} etch rate may depend on the etching time. In the initial stages

of etching there is no staircase structure. Especially then, the etch rate

might be different from the etch rate measured in a hemisphere etch

experiment.

However, the analytical functions are suitable for incorporation in a

program that simulates the evolution of 3D microstructures such as

membranes and convex corners.

Conclusion

A new method to construct analytical functions that accurately

describes anisotropic etch rate functions and use a limited number of

physically meaningful phenomenological parameters has been

developed.

The advantages of this method are:

• the method is based on physical insight and therefore can be used
for a deeper understanding of the physical-chemical processes during

etching

• an analytical function with a limited set of parameters is a practical
input for a fast simulation algorithm

• the method enables us to define a continuum function in terms of
the experimental parameters as orientation, composition and

temperature

• it is possible to include the etching process mathematically with
transport mechanisms as diffusion, viscous flow and chemical

reactions which are usually also described by continuum equations

and

• the method is universal: it works for all single crystalline materials,
for etching, dissolution and growth (e.g. in CVD-reactors)
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9999 Conclusion

Chapter 1

The main goal of the research described in this thesis is to explore

anisotropic wet-chemical etching of silicon in such a way that deeper

fundamental understanding from a crystal growth/etching point of

view is obtained. Knowledge collected in this thesis can be used as

input for the computer program that is developed by Erik van

Veenendaal at the Department of Solid State Chemistry, University of

Nijmegen.

Chemistry and thermodynamics

Chapter 2

The chemical composition of a large number of concentrated alkaline

solutions containing various amounts of dissolved silicon using 29Si-

NMR was analysed. The results indicate that the chemistry of the

solutions is comparable to that of silica solutions. In 25 w/w KOH

solutions the degree of polymerisation is lower than that in 10 w/w
KOH solutions. Temperature does not seem to have an influence on

the concentration of the soluble species present. Isopropyl alcohol

(IPA) has no influence on the composition of the solutions, neither has

time nor temperature. The phenomenon of 'ageing of solutions' is an

effect of silica polymer concentration. Silica polymers are present in

substantial amounts and affect the reproducibility of an etching

system.
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Chapter 3

The enthalpy of dissolution of silicon in 25 w/w KOH was determined at

a value of -247 kJ/mol and compared with an estimate based on

literature research. Also, a pungent odor was perceived above the

etching solution. An analytical, qualitative experiment indicated that

it is a silicon containing gas, probably silane, but its quantity was too

small to be identified by mass spectrometry.

Differences in underetch rates

Chapter 4

It was shown by DICM optical microscopy that the etching mechanism

of the {111} planes in silicon does not only depend on the etchant

composition and temperature but also on their orientation relative to

the mask. This affects the underetch rate, which now cannot be

related to R{111} by a geometrical factor anymore because RUE is

determined by a step-nucleation process induced by the silicon/mask-

junction. This effect was identified as a velocity source. It is therefore

preferred to use R{100}/ RUE for the anisotropy factor. The etch

morphology as shown on the left side of the plate (fig.4) with a

random distribution of etch pits over the surface is the genuine etch

morphology of Si{111}.

Chapter 5

The difference in underetch rates that was discussed qualitatively in

chapter 4, was quantified for several etching conditions and several

angles between the underetched surface and the mask. The difference

in underetch rates is caused by two etching mechansims that compete

with one another. More research is needed on the physical

background of the transition of both mechanisms.

The etch rates of Si{100} and Si{110} have been measured at several

temperatures and from this data, the activation for both orientations

is calculated. It was shown that a different etching geometry

influences the etch rate and activation energy of an orientation. The

results of the etch rates are comparable to those in literature.

The anisotropy ratio is sensitive to the different etching mechanisms

on Si{111}. Values of the anisotropy ratio should therefore be used
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with great precaution, and it does not suffice to only etch under

similar etching conditions. The etching geometry of the etched

sample, or better the etching mechanism, of the etched sample should

be taken into account.

Surface morphology

Chapter 6

The nature of etch pits that arise during anisotropic etching in KOH on

Si{111} surfaces was investigated. Bulk stacking faults in the crystal

lattice give rise to deep etching pits. These dislocations give rise to

locally increased mechanical stress in the crystal lattice. This area is

etched slightly faster by KOH (and much faster by the Yang etch) than

the surrounding stress-free area thus generating steps and pits. Since

dissolved oxygen is causing the stacking faults, wafers with a low

oxygen content will lead to flatter Si{111} surfaces. Other dislocations

of which the nature is still unclear, do not give rise to etching pits.

Chapter 7

Experiments and observations by SEM suggest that the pyramidal etch

hillocks found on Si{100} surfaces are caused by the presence of

semipermeable particles residing on the top of the hillocks. The

hillocks forming ability of such semimasks was confirmed by Monte

Carlo simulations of Si{100} etching. The computer experiments

showed that semipermeable masks of a size down to four silicon

atoms are capable of forming hillocks by local retarding of etching at

the tops. However, the presence of a semipermeable particle on the

top of a hillock alone is not sufficient to explain the stability of the

etch hillocks. Therefore, the hypothesis is extended by assuming that

a large number of tiny masking particles are present on the surface

during etching and that these particles stabilize the protruding ridges

of an etch hillock. The nature of the masking particles is unknown.

Silicate colloid particles are the most likely candidates.

Summarizing, the hypothesis that semipermeable particles cause the

formation of pyramidal etch hillocks on Si{100} during etching in

alkaline solutions is supported by experiment, simulation and theory,

as well as by examples from literature.
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Computer simulation

Chapter 8

A new method to construct analytical functions that accurately

describe anisotropic etch rate functions and use a limited number of

physically meaningful phenomenological parameters has been

developed.

The advantages of this method are:

• the method is based on physical insight and therefore can be used
for a deeper understanding of the physical-chemical processes during

etching

• an analytical function with a limited set of parameters is a practical
input for a fast simulation algorithm

• the method enables us to define a continuum function in terms of
the experimental parameters as orientation, composition and

temperature

• it is possible to include the etching process mathematically with
transport mechanisms as diffusion, viscous flow and chemical

reactions which are usually also described by continuum equations

and

• the method is universal: it works for all single crystalline materials,
for etching, dissolution and growth (e.g. in CVD-reactors)

Chapter 9

All's well if it ends well.
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SSSS ummary

Anisotropic wet-chemical etching is a key technology in the
fabrication of sensors and actuators because it is fast and cheap.
However, the exact nature of the etching process is still unclear. A
deeper understanding of the physical chemistry of the etch process is
sought by investigating the thermodynamics and chemistry, the
difference in underetch rate of apparently identical structures, typical
surface structures and finally by computer simulation of the etch rate
plot.

In chapter 2 and 3, it is shown that the reaction products of the etch
reaction are indentical to those of the dissolution of quartz and other
silicates in alkaline solvents. The enthalpy of dissolution is determined
and one of the side products is analysed.

Chapter 4 and 5 deal with the difference in underetch rate of
apparently similar structures. The underetch rate - or actually, the
surface etch mechamism - is found to depend on the angle between
the etched surface and the mask covering the sample.

Chapter 6 and 7 identify the origin of etch pits on Si{111} (bulk
stacking faults caused by the thermal treatment of the sample) and
pyramidal etch hillocks on Si{100} (small etching product particles).

In chapter 8, the entire etch plot is simulated by using a small set of
physical-chemical parameters. Computer simulation proves to be a
valuable tool in the understanding of the etch process.

In general, it must be concluded that the search for a deeper
fundamental insight in the physical chemistry of anisotropic wet-
chemical etching of silicon has provided a wealth of knowledge. This
better understanding is of large value to the precise fabrication of
anistropically etched structures.
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SSSS amenvatting

Anistroop nat chemisch etsen van silicium is een belangrijke (want
snelle en goedkope) techniek in de fabrikage van sensoren en
actuatoren. De exacte achtergrond van het etsproces wordt echter nog
niet begrepen. Een beter fysisch-chemisch begrip van het etsproces
wordt gezocht door de thermodynamica en chemie, het verschil
tussen onderetssnelheden van ogenschijnlijk gelijke structuren,
typische oppervlaktestructuren en de simulatie van de
etssnelheidsplot te onderzoeken.

Hoofdstuk 2 en 3 tonen aan dat de reactieproducten van de etsreactie
gelijk zijn aan die van het oplossen van kwarts of andere silicaten in
basische oplosmiddelen. Ook wordt de reactie-enthalpie bepaald en
een van de bijreactieproducten geanalyseerd.

Hoofdstuk 4 en 5 handelen over het verschil in onderetssnelheid van
ogenschijnlijk vergelijkbare structuren. De onderetssnelheid - of beter
nog, het etsmechamisme aan het oppervlak - hangt af van de hoek
tussen het geëtste oppervlak en het masker dat het sample bedekt.

Hoofdstuk 6 en 7 tonen aan dat de oorzaak van etsputten op Si{111}
en pyramides op Si{100} respectievelijk bulkstapelfouten en kleine
etsproductdeeltjes zijn.

In hoofdstuk 8 wordt de hele etsplot gesimuleerd met behulp van
maar een klein aantal fysisch-chemische parameters. Computer
simulatie blijkt een probaat  middel  voor het begrip van het etsproces.

In het algemeen kan geconcludeerd worden dat het fundamentele
onderzoek naar de fysische chemie van anisotroop nat chemisch etsen
van silicium een schat aan kennis heeft opgeleverd. Dit begrip is van
grote waarde bij de nauwkeurige productie van anisotroop geëtste
structuren.
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DDDD ankwoord

'Een proefschrift schrijven doe je niet alleen' is een waar cliché. Het is

onmogelijk gebleken om als een 'echte' wetenschapper in een ivoren

torentje te zitten zonder contact met de buitenwereld. Er hebben

allerlei lui voor mijn voeten gelopen, waarvan sommigen me hielpen

en anderen me tegen werkten. Voor die lui die me van de wal in de

sloot hielpen heb ik geen goed woord over, alhoewel een nat pak ook

best lekker is af en toe (zie de achterkant van dit proefschrift).

De mensen die het goed met me voor hadden werkten me tegen als ik

onzinnige plannen had. Zulke tegenwerking mondde gelukkig vaak uit

in samenwerking met de nodige kruisbestuiving. En zo kwam alles

weer goed.  De volgende namen schieten mij zo spontaan te binnen.

Miko, jij zorgt voor grote wetenschappelijke en financiele vrijheid. Ik

denk niet dat ik die ooit nog tegen zal komen. Elias, ik waardeer je

grote belangstelling bijzonder. Han, jouw manier van begeleiden

werkt zelfstandigheid in de hand. Dat gezever over gebrek aan

begeleiding is daar een symptoom van. Ik heb er veel van geleerd. Net

als van Willem van Enckevort. Jammer dat je geen assistent-promotor

mocht zijn van de UT regeltjes. Piet Bennema hoort hier ook thuis,

want toen ik begon was hij nog niet met emiritaat en

medeverantwoordelijk voor mijn aanstelling. Allen, dank voor het

vertrouwen.

De samenwerking met Erik en Jaap is ondanks de afstand tussen

Nijmegen en Enschede altijd innig geweest. Het was erg fijn om

volstrekt open en zonder voorbehoud te kunnen discusiëren over al

wat wel (en niet) met etsen te maken heeft. Ik hoop dat we elkaar niet

snel uit het oog verliezen.
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Eenmaal in Twente aangekomen kreeg ik een kamertje op vloer 7

waar ik met heel wat mensen heb 'samengewoond'. Mede-

hoofdbewoonster was Cristina, maar Henri, Vincent en Niels Olij zaten

er ook. Het kamertje was zo goed, dat besloten werd dat er belangrijke

personen moesten zitten en zo kwam ik via een verblijf in de toren

terug op vloer 7, bij Hassebas. Over muziek worden we het nooit eens,

maar je was een fijne kamergenoot en werd opgevolgd door Theo die

het (na een felle strijd met Fluffy) aandurfde om bij mij te komen

zitten. Theo, ondanks het feit dat veel mensen (onder wie ikzelf)

denken dat wij op een rare manier geluid tegen elkaar maken

(communicatie lijkt uitgesloten), kwam er af en toe wat door. Tja, en

die studenten door wiens kamer ik steeds heen moest....

En nu ik toch begonnen ben met het noemen van groepsgenoten de

rest ook maar even: Bavo, Mr. Bond, Cees, Cootje (aka Brillie, Nerd en

de Cobouter), Deto (alias Jean, Frank en Patrick), Dickiedick, Erwin (ook

(onder-)etsgoeroe), Fluffy (alias Koala), Gijs, Helias, Johannes, Joost,

Martin, Meint (3), Oedwin(A), Pino, Pele, Remco, Ronny, StefanSan,

Stein, (Slaugtered) Steffi, Smullie, TasSan, Theo L, Toon, Twan, Vincent,

Wietze en (I quote) last but definitively not least Wild Willy, jullie

ma(a)k(t)en de MicMec tot een gezellig zootje ongeregeld waar het

buiten de laburen mogelijk was om eens iets culinairs (met salami) of

cultureels (in de bios) te doen. In Nijmegen zitten nog wat mensen die

een groet verdiend hebben. Marko (wat is goeiesmorreges in het

Amerikaans?), oud-loge-genoot Frank, Femke en Herma noem ik

expliciet. Oh ja, zijn er ook nog de medewerkers van het o-zo-

belangrijke µ-(Di)Mesa(+) project. Allen bedankt en ik noem (voor
6'sen): Ton, sneeuwPOPMAker.

Over die kamer waar ik uitgetrapt werd gesproken, daar kwam Jose in,

die net als Ingrid (& Dirk) overigens, al mijn declaraties door de logge

molens van de administraties kreeg. Dat mag best een prestatie heten.

Daarnaast kwam het secretariaat, bemand door Judith en Simone

(aardappelkenner): een waar paradijs op momenten dat de

wetenschap me net iets te eng en nerderig werd.

De afgelopen vier jaar is mijn naam opmerkelijkerwijs boven een

aantal publicaties verschenen. Alle (co-)auteurs worden vriendelijk

bedankt voor het dulden van mijn naam boven 'onze' publicaties.

One of the privileges of being a Ph-D student in the MicMec is that one

is sent abroad for a few months. Officially to become more acquainted
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with the international practice of science, but in practice....  Anyway, I

ended up at the fine University of Virginia. Special thanks go to Erik

Herzog and Michael Reed who made the whole thing possible. Whye

Key Lye, Ken Zelin and Joe Beatrice helped me out at the lab. Vincent,

Patricia and Kirsten, thank you for the heartly friendship.

I would like to thank prof. Sato very much for the collaboration that

developed between our labs. The members of the users committee of

the project are thanked for their useful remarks and discussions.

Zonder hulp ben je nergens. Merijn, Juriaan en Hernes hielpen bij het

vasthouden van mijn samples en Pascal bij het oplossen van het rare

puttenprobleem. Lof ook voor Henk van Wolferen (microscopie- en

computerproblemen), Huub Aalbers (hulpstukken), Bernard Meinders

(massaspectrometrie), en de blauwpakken van de cleanroom. Niet dat

ik daar veel kwam, maar als ik de KOH weer eens kwijt was omdat

alles heringedeeld was, werd ik lachend geholpen. Buiten de UT

hielpen Paul van Ekeren en Aad van Genderen van het

Thermodynamisch Centrum in Utrecht bij de enthalpiemetingen, en

Arno Kentgens en Gerda Nachtegaal van de Nationale SON HF-NMR

faciliteit in Nijmegen bij de NMR metingen.

En dan zijn er nog de mensen die weinig tot niks met (mijn tak van)

wetenschap te maken hebben, maar wel voor (aangename) afleiding

zorgden. In de Waalstraat liepen Warner en Marko het meest door de

flat. Martin en Nathalie van de radiowereld.nl en dm hebben de

afgelopen drukke maanden voor heel wat afleiding bezorgd. Marieke

wil ik veel geluk en succes in de toekomst wensen. Jaap, je

relativerende en eeuwig optimistische opmerkingen zijn erg

opbeurend. Ik weet zeker dat we (twee Big Boys op fietse!) ons (al

jaren lopende) Palm onderzoek nog wel even zullen voortzetten. Tot

slot mijn familie, met name 's Ma, 's Pa, Floris (topkaftje) en mijn

oma's: zonder jullie was ik een heel ander mens geweest.

Kleine lettertjes: Oh ja, en iedereen die ik vergeten ben of denkt dat 'ie ook nog genoemd had moeten

worden: van harte bedankt! Enneh, alle namen staan natuurlijk in volstrekt willekeurige volgorde. En zo.
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