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ABSTRACT

Experimental Investigation and Modeling of
Anisotropic Etching of Silicon in Tetra-Methyl Ammonium Hydroxide

Anand Pandy

Anisotropic etching of silicon is a fundamental process in micro-systems technology
(MST) and in the fabrication of micro-electromechanical systems (MEMS). This work
addresses the fundamental atomic mechanisms of anisotropic etching of single-crystal sil-
icon, by wagon-wheel-based under-etch experiments of {110} and {100} silicon in
TMAH at 25wt%, 19wt%, 17wt%, 15wt%, 12wt% and 9wt% at 80°C. The under-etched
surfaces often consist of two to three facets. The inclination angles of these facets are cat-
egorized in two modes, as being defined either by periodic bond chains, or by rows of
atoms each having two dangling bonds. Using the facet information, a simple atomic
model is applied to the under-etch rates, based on removal frequencies of the chains or
rows (f, and f), and based on steps on flat {111} planes. Variations of under-etched sur-
faces near enough to {111} planes are well-matched by the model. Planes near {110} and
{100} cannot be matched by this simple formulation. Effective f; and fp are calculated for
all the experimental cases. The etching of the same crystallographic features can vary sub-

stantially at different geometrical attitudes, in identical etchant conditions.
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CHAPTER 1

Introduction

1.1 Micromachining, Anisotropic Etching

Bulk micromachining of single-crystal silicon has been extensively used to fabricate a
wide variety of micro-devices, micro-sensors and micro-actuators, and micro-systems [1 -
5]. In the past decade, this field, often called Micro Electro Mechanical Systems (MEMS)
or Microsystems technology (MST), has seen a dramatic increase in research and develop-
ment activity. There have been many such micro-fabricated sensors made available in the
market. One common example is the accelerometer based air-bag controller in cars. In a
MEMS device, a mechanical sensor is often coupled with a control/computing integrated
circuit. The ability to integrate both the sensor and the electronic circuits on a single sili-
con chip is one of the factors making this field attractive. There are techniques to integrate
MEMS micro-sensors with CMOS circuitry (called CMOS-compatible MEMS [4-7].
Anisotropic etching of silicon to create mechanical structures is one of the most com-
monly used techniques because of its reliable etch anisotropy, its low cost and relative
ease of use. Silicon micromachining is given most prominence, since silicon is the pri-
mary substrate material used for fabricating microelectronic integrated circuits. In addi-
tion, the good mechanical properties of silicon [8] make it the right candidate to fabricate
mechanical structures. Another commonly used material in the semiconductor industry,
gallium arsenide, can not be used to fabricate integrated microsystems because its

mechanical properties are not as advantageous as those of silicon.

Although anisotropic etching of silicon has been widely employed to fabricate inte-
grated sensors [9], the fundamental atomic mechanisms of anisotropic silicon etching are
still not clear. Much experimental research work has been done to study anisotropic etch-

ing of both {100} and {110} silicon [10 - 22]. Although simple cavities bounded by slow-



est-etching planes {111} planes are routinely etched, the etching of more complex
structures remains difficult because of repeatability concemms. Many researchers have
developed models to explain the anisotropic etch mechanisms [15 - 25], but they are inad-
equate to provide an accurate theoretical modeling. It is likely that more interesting struc-

tures will be achievable if the atomic mechanism is better understood. [26]

"The main effort of science is to describe what happens in nature, in as complete and
concise a form as possible. In physics this effort involves observing natural phenomena,
relating these observations to previously established theory, and finally establishing a
physical model for the observations. The primary purpose of the model is to allow the
information obtained in present observations to be used to understand new experiments.
Therefore the most useful models are expressed mathematically, so that quantitative
explanations of new experiments can be made succinctly in terms of established princi-
ples.", from B Streetman [27]. In accord with Streetman’s thought, this work endeavors to
advance the understanding of the fundamental etching mechanism in silicon, by relating

the experimental data to a geometric model of the surfaces etched.

In the interests of advancing the understanding of basic atomic mechanisms of aniso-
tropic etching of silicon, this work presents a systematic experimental investigation of
anisotropic etching of silicon in Tetra-Methyl Ammonium Hydroxide (TMAH). In partic-
ular, mask under-etch experiments on Si{110} and Si{100} are done, and the experimen-

tal data are used to model the etch anisotropy in silicon.

1.2 Reasons for Interest in TMAH

Many anisotropic etchants have been used to etch silicon such as KOH, EDP, NaOH,
hydrazine. Tetra-methyl ammonium hydroxide (TMAH) has received much attention in
recent years due to several attractive properties [10, 16, 28-31]. TMAH is non-toxic when

compared to other etchants, such as EDP [6]. TMAH is compatible with standard CMOS



processes [4 - 6]. TMAH has been successfully used with additives to obtain certain etch
properties, such as aluminum passivation during wet etch [32, 33]. Additives in the
TMAH also alter the etch anisotropy and selectivity [34]. In addition to these reasons, it is
being used here for study of atomic mechanisms, because it can be used in a wide range of
concentrations from 5% to 25%, and exhibits significantly different etch characteristics as

a function of concentration.

1.3 Why use Si{110} in MEMS?

Si{100} is very widely used in standard complementary metal-oxide-semiconductor
(CMOS) fabrication, in which the MEMS are also incorporated [4 - 6]. The structures that
can be formed using Si{100} are very limited due to its crystallographic properties. On the
other hand the Si{110} provides a wide variety of under-etched planes and hence more

complex structures can be etched on {110} silicon.

Anisotropic etching of {110} silicon finds application in the fabrication of high-aspect
ratio stationary micro-structures and low-voltage electrostatic micro-actuators for optical
applications [9, 35]. The {111} side-walls obtained by anisotropically etching {110} sili-
con are atomically smooth and give high performance optical quality surfaces. The reflec-
tivity of the smooth {111} surfaces is so great that they can be used as optical mirrors.
These high quality optical mirrors find application in fiber-optic communication systems.

These anisotropically etched mirrors may form the core of silicon optical micro-benches.

High aspect ratio micro-structures with atomically smooth, vertical side-walls can be
achieved by anisotropically etching {110} because of the high etching selectivity between
{111} and the {110} planes. These deep and narrow vertical grooves etched with high
precision offer numerous applications. A few applications include large-area capacitor

fabricated by etching closely spaced grooves, and vertical multi-junction solar cells [36].

Trench capacitors fabricated in {110} silicon can be used if {110} silicon wafers are



adapted to the manufacture of CMOS circuits. CMOS circuits on {110} may rise in
importance when low temperature ICs become more important in the world of high-tem-
perature superconductors and low-temperature CMOS logic circuits. This is because of
the two fold mobility advantage of holes along certain azimuthal directions (relative to
{100} wafers) at 77K allows much more balanced CMOS circuits on {110} silicon than
on {100} silicon [37]. All these advantages make the {110} silicon very promising for
MEMS applications. Characterization of anistropic etching of Si{110} is very important
and will provide us with rich data to design MEMS structures on Si{110}. Devices fabri-
cated in {110} silicon wafers include diffraction gratings, narrow slits, miniature fluidic
devices such as pumps and valves, grooves for optical fiber alignment and cantilever

beams for accelerometers.

1.4 Why use Si{110} to Study Anisotropic Etch Mechanisms?

This research uses an approach based on the relation of experimental observations of
geometrical features, to the underlying crystal structure. The aim is to identify ranges of
data which obey simple atomic models, and ranges of data which require more complex
modeling. Si{110} is studied, due to the rich complexity of under-etched planes exposed
during under-etch experiments. Etching Si{110} provides us with the etch data for planes
made of Periodic-Bond-Chains (PBC’s), whose indices are of the form {hhk} where h > k
[12, 38]. The simplest form of the PBC structure is the surface of the {110} plane; other
planes of this family have more complicated forms of PBC-based structures. The analysis
is supplemented by Si{100} experiments. The other type of structure used in this work is
rows of "kinks". Kinks are defined as atoms each having two dangling bonds free to inter-
act with the etchant, and two back-bonds [12, 39]. Si{100} planes are fields of such fea-
tures, with row and bond orientations alternating from one atomic layer to the next. In
other words the {100} surface is made of rows of kinks (k-row). Other planes in the k-row

family, which are of the form {h k k} where h > k, are made of more complicated kink-



based structures. In general, the bulk of prior experimental data shows that most etched

planes can be modeled as one of these two families of planes.

1.5 Experimental and Modeling Strategy

The fundamental aim of this thesis is to advance the understanding and modeling of the
atomic mechanisms in wet anisotropic etching of silicon. One test of the validity of any
model is its ability to match a wide variety of experimental data by variation of a small

number of parameters, in accord with physical intuition.

This work considers the under-etch behavior of {110} and {100} silicon. The variation
of under-etch rates and under-etched surface geometries with mask-edge orientation, and
other variables such as etchant concentration (as will be discussed in Chapter 2), provides

a rich field of phenomena to analyze.
The conceptual development of this thesis consists of:

(a) Conducting experimental etches on {110} and {100} silicon using a wagon-wheel
mask to obtain full sets of under-etch data as a function of mask-edge deviation angle at

different etchant concentrations.

(b) Detailed observation of the under-etched surfaces by scanning electron microscopy
(SEM), to carefully describe the multiple under-etched facets and how they vary with

deviation angle.

(c) Formulation of simple atomic models of etch rate vs. deviation angle for a given
kink-row or pbc-removal rate. The deviation angle is measured from a given {111} plane,
where the etch rate is at a deep minimum. (This deviation is considered in the abstract,

independent of physical wafer orientation).

(d) Separating the under-etch data into sections corresponding to variations from par-



ticular {111} planes oriented within the {110}-wafer system.

(e) Applying the model to each of these sections to determine fit vs. non-fit, and finding

the equivalent k-row and pbc-removal rates.

(f) Obtaining {100} etch data under identical conditions, and performing a similar fit-

ting exercise in the {100} system to compare extracted etch parameters.

(g) Since some regions do not fit the simple model well, comparing the non-fitting
regions between {110} and {100} to determine whether the non-fitting aspects have a

common geometrical source.

(h) Doing the above analyses on TMAH etches at a variety of concentrations, from the
typical 25%, down to 9%, and looking for systematic variations in extracted parameters

and non-fitting regions of the data.

It is hoped that this approach can offer an organized geometrical view of the experi-
mental data, and provide a road map to indicate which aspects of anisotropic etching

require more complex theory to explain.
Based on the above plan, the overall goals of this thesis are to:

(1) provide an organized framework for geometrical examination of experimental

anisotropic etch data.

(2) examine whether simple atomic models involving constant k-row removal frequen-
cies and pbc-removal frequencies are useful in understanding the complexity of the under-

etch data.

(3) outline aspects of anisotropic etch data to which simple geometrical models readily

apply, and aspects to which such models fail to apply.



1.6 Summary of Chapters

In accord with the above plan, the thesis will be organized as follows:
Chapter 2 will discuss the previous research in this field.

Chapter 3 will outlay the principles and details of the (relatively simple) atomic models

considered in this work.

Chapter 4 will detail the experimental and measurement techniques and procedures

employed to obtain the experimental data.

Chapter 5 will present the experimental results, along with the predicted behavior from
the model. These graphs, tables and lists will cover all of the cases of {110} and {100} sil-
icon, and different etchant concentrations used in this work. Several particularly interest-

ing facet geometries will be considered and explained in detail.

Chapter 6 will fit the experimental data to the model and will discuss the fits of the
model to the data, highlighting both the fits and non-fits, and considering the meaning of
the fitted parameters. The implications on the mechanisms of anisotropic etching of sili-

con will be discussed, and further avenues of study suggested.

Finally, Chapter 7 will summarize the conclusions, contributions, and suggested future

directions.



CHAPTER 2

Background on Anisotropic Etching of Silicon

2.1 Silicon Micromachining

There are a number of techniques that can be used to shape the silicon wafer to form
micro-structures, called bulk Micromachining because the bulk silicon is being etched.
There are other techniques to deposit and pattern thin films to produce complex micro-

structures on the surface of the silicon wafer, called surface micromachining.

Etching can be classified into two categories, isotropic and anisotropic etching. In iso-
tropic etching, the etchants attack the material being etched at the same rate in all direc-
tions. Anisotropic etchants etch the material in different rates for different directions,
called orientation dependent etching (ODE) [9]. Due to the anisotropic behavior of the
etchant, there is more control of the shapes produced. Some etchants attack silicon at dif-
ferent rates depending on the concentration, called concentration dependent etching. The
concentration of the impurities in silicon or the concentration of the etchant change the
etch characteristics. In addition, the temperature of the etchant and additive added to the
etchant also change the etch characteristics [16 - 37]. In general, etch anisotropy can vary
substantially depending on etchant, etchant concentration, temperature, additives and
impurity concentration of silicon substrate, leading to widely differing etched shapes, in

both concave and convex configurations.

2.2 General Background

Etch anisotropy is the variation of etch rate with direction in the crystal. In bulk silicon
micromachining, the interaction of the etchant with the different Si lattice surfaces results
in anisotropic etch. Mask shapes and etch anisotropy of Si in a particular etchant deter-

mine the final shapes of the 3-dimensional structures achieved [9, 28, 40]. For example



convex vs. concave mask shapes yield completely different etched Si features. It is gener-
ally known that, because of geometrical considerations, etched concave shapes tend to
expose slowest-etching planes, whereas etched convex shapes tend to expose fastest-etch-

ing planes [41].

2.2.1 Miller Index Notation Used in this Work:

In order to represent planes and surfaces in the silicon crystal structure, the following

Miller Index notation is used in this work:

To represent a specific plane having intercepts to the coordinate axes (1/4, l/k, 1/1) :
(hkl). Note that overbars above an index means the negative direction with respect to the

coordinate system. For example, the (hkl) plane has intercepts (-1/h, 1/k, -1/I).
To represent a specific direction vector (h,k,/) with respect to the coordinate axes: [hk/].

To represent a family of equivalent planes (such as the entire family of

(100), (010), (001), (100), (010) and (001)): {100}.

To represent a family of equivalent directions (such as the entire family of
[110],[101],[011],[110],[110],[110},[101],[101],[101],[0T1],[011]and [011]
:<110>.



2.3 Background on Anisotropic Etching of Si{100}

{111}
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FIGURE 2.1: Etching a concave mask pattern, the final etch cavity is bounded by the slowest-
under-etching planes.

The etching of an arbitrarily-shaped concave mask pattern, such as the one shown in
Figure 2.1, leads to the selection of slow-under-etching planes. After a long enough etch
time, only the slowest-under-etching planes will remain (8, 28, 41]. These are the familiar
{111} planes. A convex shape, such as the one shown in Figure 2.2, on the other hand,
exposes fast-etching planes, for example {411} or {212} planes [41 - 45]. Note that the
etched planes in the two cases differ both in their intersection with the top masked surface
and in their angle of inclination to the horizontal. In fact, the Figure 2.2 has both the con-
cave and convex mask patters. The rectangle is the concave mask and the circle is the con-
vex mask, so both the slow and fast etching planes are obtained as a result of etching this

mask pattern.
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FIGURE 2.2: Etching a convex mask pattern exposes fast-etching planes.
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2.4 Background on Anisotropic Etching of Si{110}

FIGURE 2.3: Anisotropically etched cavity formed in a Si{110}.

The etching on {110} silicon is in contrast to etching of {100} silicon. In {100} silicon
the infinite etch cavity will always be a four sided (square or a rectangle, depending on the
initial silicon open area), and the etched side-walls are all at 54.74° to the {100} silicon
surface (40, 41]. On the other hand, in the {110} silicon, different geometrical structures
are obtained after the etch. The final etched cavity in a {110} silicon will be either a rhom-

bus or a hexahedron, depending on the size of opening and the etch time [40, 46 - 49].

When {110} silicon is etched with a rectangular mask pattern as shown in Figure 2.3,
after a finite length of time, the final etch cavity will be a hexahedron. Cross-sections at

two different regions of the etched cavity are shown in Figure 2.4,

(atnH (T

(110)

A-A" Cross-section B - B" Cross-section

FIGURE 2.4: Figure to show the cross-sections of anisotropically etched Si{110}.



The progression of etching a rectangular mask pattern (as shown in Figure 2.3) is
shown in Figure 2.5. From the figure we can clearly see the formation of the (111) planes

which define the etch cavity.

FIGURE 2.5: Etch progression of a cavity in {110} silicon: 3D view (left) and top view (right) [46,
47]: The last diagrams indicate the final cavity, bounded on all sides by {111} planes. Dashed line
indicate the {111} planes which are perpendicular to the {110} wafer surface.

The Figure 2.6 below shows the direction of the {111} planes which form the side

walls of the etch cavity.
(iT)

(117}

{1
[11E] '

an!

FIGURE 2.6: Orientation of {111} planes which form the side walls of etch cavity on {110} silicon.
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In addition to the sample cavity cross-section shown in Figure 2.4, various other cross-
sections of the etched cavity is shown below in Figure 2.7. As can be seen from the figure,
though the side walls of the cavity are composed of {111} planes, the cross-sections at dif-
ferent locations of the cavity have a different shape. This anisotropic etch properties can

be used as an advantage to etch the desired cavity shape.

FIGURE 2.7: More details on the final cavity in Figure 2.5, showing cross-sections of the cavity at
three locations.
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FIGURE 2.8: Atomic level representations of the different cross-sections of the etched cavity.
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The mask dimensions and alignment play a vital role in shape of the etch cavity that is
formed as a result of anisotropic etching. As a simple example, consider a mask with the
length very much greater than the width; aligning the mask at different directions yields a

totally different etch cavity [46]. This is shown in Figure 2.9 below.

- W -

(a) (b)

FIGURE 2.9: Etching of rectangular windows (length | >> width w) (a) with length aligned parallel
to vertical {111} planes and (b) with width aligned parallel vertical {111} plane.

Cavities with vertical side walls can be etched if the pattern is aligned to the (1 1 f) or
the (111) plane or the wafer-flat. And similarly cavities of V-grooves with side-walls

inclined at 35.26° can be etched if the pattern is aligned to the (11 1)orthe(i11) planes.

2.5 The Anisotropic Etchants

The ability to selectively etch bulk crystalline silicon provides a powerful technique in
fabricating precise three-dimensional structures. Most anisotropic etching of crystalline
silicon is based on liquid-phase chemical reactions[1 - 5, 40 - 49], with a few using vapor

phase and plasma etching [7].

There have been a variety of wet chemical etchants used for bulk micromachining [9,
10, 21, 28, 40, 45, 49 - 51]. A large number of alkaline-type etchants exhibit anisotropic
behavior, i.e.having different etch rates in various crystallographic planes. The chemicals

used as anisotropic silicon etching include ethylene diamine (EDA, NH,(CH,)NH,),

15



pyrocatechol commonly known as EDP (Cg¢H4 (OH),), potassium hydroxide (KOH),
ammonium hydroxide (NH4OH) and more recently Tetra methyl ammonium hydroxide
(TMAH) [50]. In this work, TMAH has been used a the anisotropic etchant. TMAH has

many advantages over the other etchants: it is CMOS compatible, and less harmful [16].

The primary research in this field was done on systems based on KOH, hydrazine, and
also ethylenediamine(EDA) with pyrocatechol as an accelerator [9]. Even though EDA
and hydrazine are advantageous over the metallic hydroxides like KOH and NaOH in that
they have a slow etch rate of SiO,, they don't possess very high crystallographic etch
ratios and demand extreme care in their usage due to their high toxicity. In the following
sections, some of the results are summarized from the literature on all the alkaline-based

etchants.

2.5.1 KOH and Metallic Hydroxides

The KOH:water system has become the major etchant used for micromachining appli-
cations. The results from the recent reviews are summarized in the subsequent discussion.

Other Metallic Hydroxides include NaOH, LiOH, CsOH, and RbOH [50].

KOH has advantages over all other metallic hydroxides for most purposes. However,
some special properties of each one appear suitable for particular applications. The rela-
tive etch rates of Si in the metallic hydroxides are in the following order, NaOH > KOH >
LiOH > RbOH > CsOH [52], at equivalent molar concentrations. NaOH possesses less
anisotropy compared to KOH. Rapid diffusion of Na relative to other metals in gate oxides
prevents its use in production of CMOS integrated MEMS. Moreover, the difficulty in
purifying metallic hydroxides to be devoid of impurities like Fe, Cu and other heavy met-

als hampers their frequent use [50].
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2.5.2 EDA, EDP, TMAH, NH,OH, N,H, and Gallates
Certain nonmetallic solutions are preferred in Si micromachining for their advantages
stated below over metallic solutions:

e greater chemical purity

e greater etching selectivity relative to oxides and heavily p-type Si.

Even though Ethylenediamine and ethylenediamine-pyrocatechol (EDP) (faster etch-
ing) have some disadvantages from the environmental viewpoint (toxic), the primary
advantage in their widespread use is their much improved selectivity of Si etch rate com-
pared with that of SiO,, being 100 times more selective than KOH. EDA and EDP also act
as excellent p-type etch stops, with the etch rate at a boron concentration 1 x 10'%cm?
being about 140 times larger than at 1 x 10%%cm3. EDP is a superior p+ etch-stopping sys-
tem. The anisotropic etching between {100} and {111} is in the order of 25:1, which is
very low compared to that of KOH etchants [50]. Tetramethyl Ammonium Hydroxide

(TMAH) is used more nowadays due to its following advantages:

¢ Adequate anisotropy [51]

eLower toxicity than EDP [16]

eHigh selectivity for Si relative to oxide [51]

¢ Availability in high purity form [10]

eCommon availability due to its use as a positive photoresist developer [10]

TMAH is less favored for use with a p-type etch stop as its p-type stop ratio at 1 x 10%%

cm?® and 1 x 10%%cm? is only 5. It is found that even various additives like H>0, do not
improve the p-type selectivity of TMAH. During etching of Si in TMAH, EDP in particu-
lar composition ranges and also in KOH water compositions below about 18 wt%, forma-
tion of pyramidal hillocks has been observed [12, 50]. Most of the organic hydroxides
appear to have this problem significantly. NH,OH acts also as an anisotropic etchant apart
from its primary usage as a cleaning agent for Si, many researchers have used NH,OH as

an anisotropic etchant. It is available in high levels of puﬁty.
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Due to the overall advantages of TMAH, it is being widely used as an anisotropic

etchant.

2.6 Etchant Conditions

Etch behavior of all of the above mentioned wet chemical anisotropic etchants with or
without additives is affected by the physical and chemical conditions of the etchant. Etch-
ing with a particular concentration of etchant at different temperatures result in completely
different anisotropic etch behavior [28, 48, 49]. And different etchant concentrations
result in totally different anisotropic results [22, 48, 49, 53]. Researchers have observed

that stirring the liquid etchant during the etch impacts the etch properties [28, 54].

2.7 Additives to Etchants

Different alkaline etchants have different etching characteristics and selectivities,
depending on the chemical compositions and temperature. Some times additives are added
to the etchant to change both the etch rate and selectivity. Different compositions can pro-
duce different desired effects. Few examples of additives used are pyrazine: a small
amount of pyrazine is added with EDP. iso-propyl alcohol: IPA is used with TMAH to
change the etch rates [16, 55]. Low etching of Al in TMAH occurs when excess Si is

added in TMAH, which proves to be beneficial in CMOS compatible etching [32].

2.8 Selectivity of etchant

Selectivity is defined as the ratio of the etch rates of the desired direction to those of the
undesired. So, the higher the selectivity, the better defined the geometry. This makes the
study of etch-rates of all directions vital. In general the etch-rate is slowest in the <111>
directions. Many researchers have provided such selectivity data about the common

planes {100}, {110} and {111} [28, 32, 48, 49]

Selectivity of the masking materials is also very important [51]. Most common mask-
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ing layers are silicon oxide or silicon nitride [28, 33]. Most anisotropic etchants discussed
exhibit very low etch-rates on silicon oxide and silicon nitride, this makes these materials
very good masking material during anisotropic etching. Selectivity between various
planes and selectivity between masking material and silicon planes are very vital informa-
tion that are required to design and etch MEMS devices. For example, the thermal oxide
(S10,) mask etch rate is ten times lower in TMAH than that of KOH (high selectivity).
This makes TMAH a better etchant. However, the {100}/{111} etch rate ratio of TMAH
is somewhat lower than that of KOH, which is an advantage for KOH over TMAH [51].

2.9 Etch Mechanisms

The anisotropic etching of crystallographic silicon can be VERY ROUGHLY explained
with the density of dangling bonds on the various planes [21, 47]. Considering the low
index planes, the densities of dangling bonds on silicon (and other diamond structures) or
the dangling bond densities on the planes can directly be related to the etch differences.
The dangling bond densities on different orientations are 1.36x10'%, 0.96x10' and
0.78x10'3 cm™ on the {100}, {110}, and {111} planes respectively [19, 38]. The ratios
are 1:0.71:0.58 for {100}:{110}:{111} respectively, this can explain the case when the
ER {100} > ER{110} > ER{111}. And in all etch cases, the {111} plane is found to have
the slowest etch-rate, this can be directly related to the available bond density of the {111}
plane. In the same argument, the {100} plane should etch the fastest and then the {110}
plane. This is true in most of the cases [12, 32], but there are cases where the {110} etches
faster than the {100} plane [12, 21, 28]. In all cases the {111} plane etches slower than the
{100} and {110} planes [21, 28, 32, 35, 36, 49]

There is also simple reasoning based on the oxidation rates of the various planes. The
oxidation rates of the three major low index planes fall in the order; {111} > {110}>
{100}. During wet chemical etching, SiO, is formed on the silicon due to the chemical

reaction. Such oxides grow faster on the {111} plane than the {110} or the {100} plane.
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From the well known fact that the etchants have a high silicon to oxide selectivity [28, 33],
we can come the conclusion that the etch rates will follow {111} < {110} < {100}.This
matches with the reasoning based on the bond densities, but still fails to explain the exper-
imental results where ER {100} < ER{110} {12, 21, 28]. The following section presents

some of the other etch models proposed by some researchers.

2.9.1 Oxidation Dissolution Model

The "working hypothesis" by Kendall [56] explains the etching of {100} and {110}
planes faster than {111} planes in KOH:water solutions. It is stated that rapid oxidation of
{111} compared to the other planes block the etching of these planes. This is consistent
with the etching data on thermal SiO, and on Si{111} at 85° C. It is apparent that the etch
rates on the three planes show much larger differences than the available bond densities,
so the bond densities alone cannot explain these large differences in the etch rates, hence
this simple *“working hypothesis™ was developed based on the fact that the {111} planes
oxidize much faster than the other planes. The oxidation rate difference is more prominent
at lower temperatures (room temperatures) than the regular oxidation temperatures of >
900° C. Mostly all etches are done at low temperatures, at room temperature or less that
90° C. So while etching the {111} surface, it is said to be almost instantaneously covered
with a SiO, film (hydrated silicon oxide) during etching. This passivates the {111} plane
and blocks its subsequent dissolution. Hence in this simple model, the etch rate is limited
by the dissolution of the silicon oxide film and thus explains the slower etch rate of {111}

planes.

2.9.2 Hydration Model

This model, developed by Kendall [19] and Glembocki et al. {57, 58], proposes that
the hydration complexes of K™ and OH" are the dominant factor and the {111} is blocked

from etching by an inactive complex. Anisotropic etching is explained with the water
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hydration of the OH" ion along with a sort of geometrical hindrance of the {111}.
Although these works explain the etching on a KOH system, this model should be applica-
ble for all alkaline etchants, including TMAH. The model also proposes that the etch rates
of other planes should drop to zero when the etch solution is saturated with KOH. The
model quantitatively substantiates from the observation that the etch rate of Si on the
{100} and {110} has a distinct maximum at about 22 wt% KOH, and the fact that the etch
rate falls to near zero near the solubility limit of KOH in water. This phenomenon can be
observed in TMAH etches, where the etch rates are drastically higher at lower concentra-

tions (5wt% TMAH), when compared to high concentration etch (25wt%) [32, 21].

The hydration model is based on the reaction below, and uses literature values of chem-
ical activity of water in KOH to obtain hydration numbers of K* and OH" ions in KOH or

the equivalent values for other hydroxides.
Si+2H,0 +20H = Si(OH),(0), + 2H,

The etch rate is related to the hydration number; higher hydration numbers result in
faster etching. The mean hydration number is 5 at low concentrations of KOH and is 3 at

50% KOH [19]. This explains the slow etch rates at higher concentrations.

2.9.3 Electrochemical Model

This model was suggested by Seidel et al [S9]. In this model, the etching process is
said to occur in two steps. The first one is an oxidation where four hydroxide ions react
with one surface Si atom and results in the injection of four electrons into the conduction
band. The second step is reduction, in which the injected electrons react with water mole-
cules to form new hydroxide ions and hydrogen. The anisotropy property is explained as
being due to the small differences of the energy levels of the back bond surface states as a
function of the crystal orientation. The geometrical explanation of the "energy levels of

the back bond surface states" should be precise enough for this model to be applied to
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explain the anisotropy of etching. Also, the Seidel model involving the inverse fourth
power of water concentration (and OH to the 0.25 power), does not agree with the experi-
mental data at either low or high concentrations [50]. Apart from the atomic details of the
surfaces, the anisotropic etching depends also mainly in the chemical activity of the reac-
tants. Nevertheless, it is the atomic details of the surfaces that determine the actual rates of

dissolution of the various Si surfaces.

2.9.4 Crystallographic Model

All of the above explained models explain/model the etch rate differences in certain
conditions and are not able to fully explain the anisotropic etch behavior. This makes it
necessary to iook into other means of modeling, the crystallographic modeling. This crys-
tallographic modeling in this work tries to explain the etch anisotropy with the crystallo-
graphic structures of the planes being etched. This is the main topic of this work and the
later chapters model the etch based on the silicon crystal structure and compares the

derived model to the experimental data collected in this work.
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CHAPTER 3

Atomic Modeling
In order to study in detail the mechanisms of anistropic etching it is necessary to study
the etching of different crystallographic planes. Hence this work uses both Si{100} and
Si{110} for the study. Si{110} is the focus because it exposes a wider variety of crystallo-

graphic features, as will be explained in this Chapter.

3.1 Types of Atomic Structure

This work explores the etch mechanism in silicon by considering two basic atomic
structures, kinks and periodic-bond-chains. A kink is defined as an atom which has two
dangling bonds free to interact with the etchant, and two bonds to the bulk silicon below
the etch front (two back bonds). A Periodic-Bond-Chain (PBC), is defined as being made
up of a sequence of atoms, each having one dangling bond free to interact with the etchant,
one back bond and two bonds to other atoms having the same configuration (in other
words not back bonds) [12, 19, 23, 38]. The kink and PBC structures are shown in Figures

3.1 and 3.2 respectively.

Top surface - M ® [110]

—o—e—c—e (0 [100]

e Surface atoms, (Kinks)
o Next layer of atoms in bulk silicon

Figure 3.1: Kink structure
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oo oo (v [100]

N\o ® [110]

e First layer of atoms (atoms on PBC)

o Next layer (also on PBC)

Figure 3.2: PBC structure

The surface made only by kinks is a {100} plane and the surface made only by the
PBC’s is a {110} plane. When studying anisotropic etching, the etch characteristics are
usually represented by the ratio of {100} to {110} etch rate. As reported by many
researchers the etch-rate ratio {110}/{100} is greater or less than unity [12, 21, 28, 32,
60]. This depends on many factors such as the etchant, etchant concentration, temperature,
etch conditions (stirring), and any additives to the etchant. TMAH is the etchant used in
this study due to its advantages stated over the other silicon etchants as described in Chap-

ter 2.

Studying the etch mechanism of simple structures, kinks and PBC’s will lead to a
model to explain the anisotropic etching. This leads us to select {100} (kinks) and {110}
(PBC) silicon substrates for the etch experiments. Etch experiments were done on both
{100} and {110} silicon for different concentrations of TMAH (25, 19, 17, 15, 12 and
9wt%) at 80° C, and the etch rates, under-etched-surface angles and roughness were stud-
ied. These were then compared to the theoretical analyses that are done in this Chapter,

and the kink and PBC removal frequencies are calculated.
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3.2 Steps on a Flat Plane

This analysis begins with a simple model of etching based on the movements of steps
[21]. Figure 3.3 depicts an etching surface defined by steps on a flat plane. The step-
advance-width s is defined as the distance of the minimum identifiable unit that a step
advances. The flat plane is represented by the line pg and the other lines parallel to it. The
step-height 4 is defined as the spacing between two flat planes. The angle 0 is defined as
the angle between the flat plane pq and the etching surface composed of the steps. A simi-

lar work has been presented by M. Elwenspoek [61].

Figure 3.3: Simple steps on a flat plane, showing the step width, s and step height h.
Assuming that in a unit of time (//f) the etch propagates by one step-advance-width on

each step (all steps simultaneously), the etch rate ER(8), could then be calculated by

ER(B) = s(sinB)f (Eq 3.1)

3.3 Silicon: Steps on a {111} Plane

In silicon, the obvious flat planes are {111} planes due to its high atomic density. The
{111} plane is shown in Fig. 3.4. The Fig. 3.4 shows the specific [111] direction as a ref-
erence for the coordinate system and planes discussed in the analysis. Given this choice of
(111) plane, one must also specify the orientation of the steps with respect to the crystal
lattice. Again, there is an obvious choice, <110>-directed lines, since these define the

intersections between most pairs of low-index planes:
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epairs of {111} planes.
eany {111} plane and any {110} plane.
eany {111} plane and any {100} plane.

Also, PBC’s extend in <110> directions, providing readily identifiable steps, as seen in
Figs. 3.4 - 3.12. The step-advance width, s, and inter-plane height, 4, are shown. Assum-
ing that there is an average step removal frequency f; (#/time), the etch-rate as a function

of angle is given by ER(8) = (f,) x (s) x sinf

Figure 3.4: Steps on a (111) plane, and illustration of crystallographic step-width and step-height.

3.3.1 Step height:

@ [101]
® [i01]

[111]

Figure 3.5: Step-height, visualized in a conventional unit cell of silicon crystal lattice.

The step-height, 4, can be visualized and calculated by properly orienting a conven-

tional unit celi of the silicon crystal lattice. Since this view is in a <110> direction, specif-
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ically the [101] direction in this diagram, the view is from one edge of the conventional
unit cell, and the appropriate orientation is shown by the overlaid rectangle in Figure 3.5.
Figure 3.6 aids further in showing that 4 is one third of the body diagonal of the unit cell.

Thus
h = I;’—“ = 0.577a = 3.11334 (Eq3.2)

[e]
where is a = 5.43A4 the silicon lattice constant.

.
.

[ a 2 2 o 2 2 L RN NN RN NN A ALEEEN YN ]
N .

Figure 3.6: Body diagonal of silicon unit cell, to calculate the step-height.

3.3.2 Step width
Similarly, the step advance width, s, can be visualized and calculated to be half the dis-
tance PQ in Figure 3.7. The step advances in the [IZT] direction by removal of groups of

atoms (see Figure 3.10). From Figure 3.7, the step-width is half of the distance PQ, hence
4372, — 06la = 331234

2 (Eq3.3)



_______________

(111)

plane

%R
[111]
Figure 3.7: Schematics of the silicon unit cell, to calculate the step-width.
3.4 Types of steps
There are two types of steps that can be considered with respect to a flat {111} plane.
In this work they are called “PBC-defined” (Periodic-bond-chain-defined) and “Kink-
row” defined. Figure 3.8 shows these two types of steps with respect to the (111) plane.

Here, the PBC-defined plane is the (212) plane and the kink-row defined plane is the (121)

plane. A similar configuration of planes are presented by J. G. E. Gardeniers [38].

-

[1:’:1]‘/—-/_,“{ /‘El. &

[212 B9
/G& 9 .,V ™ 'A‘

Figure 3.8: Two types of steps with respect to the flat [111] plane: The PBC-defined plane is {212]
and Kink-row defined plane is [121].
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As a special case, where the PBC-defined plane is the (101) plane, and the Kink-row
defined plane is the (010), is shown in Figure 3.9. This figure shows the maximum density
of intact PBC’s on the (101) plane and the maximum density of intact kinks on the (010)

plane.

Figure 3.9: Special case where the PBC-defined plane is (101) and the kink-row defined plane is
(010).

3.5 Calculation of Etch-Rate
Using the above definitions and calculations, the etch rates of the PBC and Kink-

defined planes can be given by:

PBC-defined planes:

ERp = sxaxfpxsin®p = 331234 x [, xsin6p (Eq 3.4)
Kink-defined planes:

ERg = sxaxfixsinBg = 331234 x fi x sinfj (Eq3.5)

3.5.1 Assumptions

In order for the above relations to hold, several assumptions must be applicable.

(1) Each PBC on the etch-front plane must be removed mostly as a unit, before the next
one is removed. This situation is depicted in Figure 3.10. PBC A must be entirely removed

before PBC B is attacked, and PBC B must be removed before PBC C is attacked.
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PBC'’s that may
PBC to be not be attacked yet

removed
first /_\ ‘/ /
SN W

PBC B may now be
removed \‘

9%-e®-0®-

Figure 3.10: INustration of sequential exposure of PBC's to attack by the etchant. First A is
attacked, then B,

(2) Assumption (1) implies that the rate of removal of a kink on a PBC must be much
greater than the rate of formation of new kinks on a previously intact PBC. These concepts

are illustrated in Figure 3.11.

Figure 3.11: Crystallographic illustration to show that the kink-row removal rate on a PBC is
much greater than the formation rate of new kinks on a previously intact PBC.
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(3) In order for ER(Bk) to hold, entire rows of kinks must be mostly removed before

the next row of kinks is attacked. This situation is depicted in Figure 3.12.

Next

Kink rows Next
Kink rows

Figure 3.12: Crystallographic illustration to show most of the kinks in a row has to be etched
before the next row of kinks can be attacked.

While the assumptions in (1) and (2) above are intuitively plausible, since the kink on
the PBC has a greater number of dangling bonds than an atom on an intact PBC (2 dan-
gling bond vs. 1 dangling bond). However, assumption (3) is not intuitively obvious. In
this idealized model, each kink in a kink-row can be reasonably assumed to be indepen-
dent of others. Thus the requirement that they all be removed in a row is not clear. How-
ever, the expenmental data in Chapter 5 will show empirically that there are enough
experimental cases where this assumption must hold, to validate its inclusion in this

model.

It should also be noted that the removal of PBC’s and kink-rows in a row-by-row man-
ner is highly idealized. In reality the the atoms are removed randomly according to proba-
bilities determined by the chemical interaction with the etchant. Thus, these assumptions
correspond to much higher probabilities of atom removal from a given kink-row or pbc,

once at least one atom has already been removed.
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The plots in Figure 3.13 show what ER(8k) and ER(Bp) would be, based on these sim-

plistic assumptions. fg refers to the rate of removal of kink-row and fp refers to the rate of

removal of entire PBC’s (in # of removals per hour).

ER(8\) ER(8p)
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£ 600000 o ; = 600000 —
& 400000 o’ . & 400000 v
200000 7/ 200000 +—_pet®
0 l
0 . . . . » : . . :
0 10 20 30 40 0 10 20 30 40
0y (Degrees) 8, (Degrees)

Figure 3.13: ER(8), for f; = Se+5 #/hr and ER(8p), for f, = 6e+5 #/hr
3.6 Pairs of {111} Planes in {100} and {110} Silicon Wafers
3.6.1 {111} Planes and <110> Lines

In Section 3.5 above, the etch rates are modeled as a function of angles, 6, away from a
flat {111} plane, where the planes are defined by intact PBC’s or kink-row. These intact
PBC’s and kink-rows extend in <110> directions (e.g. [101]—-[101] in Figures 3.4 -
3.12). The planes made from intact PBC’s have Miller Indices of the form {hhk} where h
> k. The planes made from kink-rows have Miller indices of the form {hkk} where h > k.
These planes correspond to rotations away from a {111} plane around a <110> axis by an

angle 6p or 6.

There are several different {111} planes in the silicon crystal structure. Each one can
potentially serve as flat plane to which 6 can be referenced. The orientation of these {111}

planes with respect to the actual wafer surface is of critical importance in understanding

the etch behavior.
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Figures 3.14 (a), (b), (c) and (d) show the {111} planes in the case where the silicon
wafer surface is the (100). The (111),(111),(111) and (111) are inclined at 54.7° to
the horizontal (100) top wafer surface [9], while the opposite planes,

1), (111),(111) and (111), are inclined at 125.3° to the (100). The 54.7° inclined

—

(1
planes are those commonly seen bounding etched cavities on (100) silicon. The inverted

125.3%inclined planes are also seen experimentally, but seldom.

‘._,_—-"' A [111] ._-‘_,—"'
it o | (111 LN
e (] N
. ! %,
e N '
S !
. 1
N ;
‘\\‘ "l [100]
z - _
() (b) [111]
y wafer
(1 I] surface 3
(c) (d)

Figure 3.14: {111} planes in the Si cubic conventional unit cell, assuming a (100) top wafer surface.
3.6.2 Pairs of {111} Planes with <110> Intersection Lines

Figures 3.15 (a), (b), (c) and (d) show the {111} planes in the case where the wafer sur-
face is the (110). The four vertical (90%-inclined) planes, (111), (111), (111), (111) rep-
resent those commonly found bounding parallelogram-shaped cavities in {110} silicon.

The (111)and (11 T) are inclined at 35.3° to the horizontal, and are also commonly found.
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The (111) and (111) in this system are 144.7° inclined (inverted), and are very rarely

seen in silicon micromachining.

In this work, it is found to be most convenient and useful to consider pairs of {111}
planes, along with an intersection line in the <110> direction. These intersection lines are
described by a pair of opposite directions, for example [10 I] -[101 ] in Figure 3.5. Thus,
the particular system described in Figures 3.4-3.12 is the (111) - [IOT] —-[101]=(111),

identifying the pair of {111} planes and the intersection line.

wafer
surface

Figure 3.15: {111} planes in Si cubic conventional unit cell, assuming a (110) top wafer surface.
In (100) wafers, one type of relevant pair is shown in Figure 3.17. This is the
(111) - [ITO]—— [IIO] —(1 lf) pair, illustration on Figure 3.16 shows how this pair is

obtained from the model cube. The [1 IO] - [f 10] line is indicated as a PBC in Fig 3.17.
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The other common pairs are:
e(111)-[110]=[110]-(111)
e(111)-[101]-[101]-(111)
e(111)=[101]-{101]=(111)
These three pairs are crystallographically equivalent to the pair shown in Figure 3.17

because all of the {111} planes are 54.7° inclined, and all of the <110> lines are inclined

at 45° to the horizontal wafer surface.

Pair of {111} Planes
< (110]

the intersection
of the {111}
plane pair,
(1) -(111)

Figure 3.16: Illustration on the pair of {111} planes and their <110> line of intersection.

As outlined in Sections 3.3 and 3.6.1, particular planes between the two {111} planes
in a pair can be achieved using rotations of angles 8p and 6y around the associated inter-
section <110> line. For example in the (111)—[1f0]—[f10]—(11f) system, these
rotated planes will intersect the top (100) surface on a line whose orientation varies
between AB and BC. This will be discussed in more detail in Section 3.6.3.

There are four more pairs of {111} planes in the {100} wafer system, they are

o(111)-[011]-[011]=(111)
e(111)=[011]=[011]—=(111)
e(111)-[011]=[011]=(111)
o(L11)-[O11]-[O11]-(111)
In each of these pairs the intersection line is a <110> line which is horizontal in the

(100) coordinate system. These are not relevant to the present analysis because with these

-
3
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pairs, full rotation of 8p, O, from one {111} to the other, does not change the orientation
of the intersection with the (100) wafer surface.

‘[1I01

[100]

—» [001]

Figure 3.17: A pair of {111} planes in (100) silicon. Note that the cubic grid no longer represents a
single conventional unit cell, rather, it represents many unit cells, to illustrate the periodic bond chain
along the line (110} -[110].

In (110) wafers, there are three main types of relevant pairs of {111} planes [9]. They
are illustrated in Figures 3.18 (a), (b) and (c). The left of Figure 3.18(a) shows that the
conventional cubic grid is tilted so that the (110) plane is horizontal, to represent the (110)
wafer surface. At the right of Figure 3.18(a), two {111} planes are shown to be vertical in
this coordinate system. They intersect with an angle of 70.6° at a vertical <110> line. This
i1s the case of (fl 1)-[110] - [TIO] —(lfl). The convex intersection of these two

planes as shown is (ideally) a kink-row.

In Figure 3.18(b), two vertical {111} planes intersect at an angle of 109.4° at a vertical
<110> line. In this case it is the pair (111) -[110] - [110]—(111). The convex intersec-

tion of these planes is (ideally) an intact PBC.
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Figure 3.18: Types of relevant pairs of {111} planes in (110) silicon.
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[010] [100]
[110] [110]

Figure3.18: Types of relevant pairs of {111} planes in (110) silicon.

In Figure 3.18(c), vertical {111} planes intersect a 35.3%inclined {111} ata<110> line
which is inclined at 30° to the wafer surface. The two intersections depicted are composed
of intact PBC’s. There are four equivalent pairs of this type. In this coordinate system,
they are

e(111)-[011]~[011]=(111)
e(111)-[101]-[101]~(111)
e(111)=[011]=[011]—(111)
e(111)—[101]-[101]—(111)

In Figure 3.18(d), the same planes are depicted as in Figure 3.18(c), but they are
arranged such that the intersections are kink-rows instead of PBC’s. In this case, the pairs
of planes will be related to those listed above, but the plane rotations will pass through
45°inclined {100} planes (kinks) instead of {110} planes (PBC’s). In particular, the 45°-

inclined {100} planes corresponding to each of the relevant pairs of planes are listed here:
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e(111)-[011]-[011]—(111) (100)

e(111)-[101]~{101]—(111) (010)
e(111)-[011]-[011]—(111) (100)
e(111)-[101]=[101]—(111) (010)

There is another pair of {111} planes, the (111) - [110]- [IIO] —(111), in which the
intersection line is horizontal. As in the (100)-wafer case, this is not considered relevant to
the present analysis because full rotation of 6p and 8g does not change orientation of the

intersection with the (110) wafer surface.

In Figure 3.18(d), a 35.3%inclined {111} plane intersects a 45%inclined {100} at a

<110> line. There are four equivalent pairs of this type. In this coordinate system, they are
e(111)-[011]-[011]-(100)
°(111)-[101]-[101]-(010)

o(111)-[101]-[101]-(010)
e(111)-[011]-[011]-(100)

3.6.3 Pairs of {111} Planes and Under-Etched Planes

As described above in Section 3.6.2, particular planes in between each pair of {111}
planes can be achieved using rotations of angles 8p and Oy around the associated intersec-
tion line. These rotated planes will intersect the top wafer surface on a line. The variation
of orientations of these lines will be determined by the geometrical attitude of the pair of

{111} planes to the wafer surface.

These intersection lines of planes with the wafer surface will correspond to mask-edge
angles in the analysis of under-etch data. The planes defined by particular rotations of 6p

and B¢ in a given system will correspond to the under-etched plane surfaces observed.
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For example, it was mentioned in Figure 3.17 for (100) planes, that the rotated planes
will intersect the top surface on a line whose orientation varies between lines AB and AC.

The deviation angle in the (100) plane will vary analytically with the rotation angle, 6.

In the case of (100) wafers, there is only one relevant type of pairs of planes, those
depicted in Figure 3.17. Associated with this type of pair, the inclination angle can vary
from 54.7° through 45° and back to 54.7°, if Op is used. Or it can vary from 54.7° through
90°, then to 125.3°, if Ok is used. Alternatively it can vary from 125.3° through 135° and
back to 125.3%, if Op is used. Finally, it can vary from 125.3° through 90° to 54.7°, if 6 is

used. All of these rotations in Figure 3.17 are done around the line [1 TO] - [T 10].

The above defined planes are represented with the following shorthand notation for

later use in this thesis:

o P-54-45-(54)
.(111)=[110] - [110]-(111), the convex case most-easily seen in Fig-

ure 3.17.
54° Inclined 45° Inclined 54° Inclined
Plane Plane Plane
(111) (101) (111)
(111) (110) (111)
(111) (101) (111)
(111) (110) (111)
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o P-126-135-(126)

(11D -[1 IO] -[110]- (111) the concave underside of the two planes

shown in Figure 3.17

126° Inclined | 135° Inclined | 126° Inclined
Plane Plane Plane
(111) (101) (111)
(111) (110) (111)
(111) (101) (111)
(111) (110) (111)

e K-54-90-(126)

.(111)=[110]-[110]-(111) from the (111)to the underside of the

(111)

54° Inclined 90° Inclined 54° Inclined
Plane Plane Plane
(111) (001) (111)
(111) (010) (111)
(111) (001) (111)
(111) (010) (111)

e K-126-90-(54)

. (111)-{110]-[110]~(111) from the underside of the (111) to the

(111)

126° Inclined 90° Inclined 54° Inclined
Plane Plane Plane
(111) (001) (111)
(111) (010) (111)
(11) (001) (111)
(111) (010) (111)
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The above notation has the form t-r-m-s, where: t is the type of microscopic feature
defining the plane: P represents PBC's, K represents kinks. r is the inclination angle of the
reference plane for the rotation by 6, this is the inclination angle with respect to the hori-
zontal wafer surface. m is the inclination angle of the rotated plane midway between the

pair of {111} planes. s is the inclination angle of the second (non-reference) {111} plane.

In the above notation, the angle s is parenthesized to indicate that the original reference
of the rotation may be important. Considering again Figures 3.6, 3.9, any plane perpendic-
ular to the page can be thought of as being rotated from the (111) or from the (1 11 ). In
most cases, the behavior will be shown to be symmetric, such that the rotation may be
considered to be from the nearest {111} plane. However, to account for the possibility that
in some cases the behavior may not be symmetric, the rotation reference plane angle, r, is
listed first, and the other {111} member, s, of the pair is listed last, in parentheses. The
number in the middle, m, is the angle of the plane when the rotation is exactly halfivay

between the two {111} planes.

In the case of (110) wafers, there are more types of relevant pairs of {111} planes.

They are summarized as follows:

e P-35-60-(90)

In Figure 3.18 (c), this corresponds to the rotation from the 35.3%inclined

(111) plane to either of the two vertical {111} planes shown.

35° Inclined 60° Inclined 90° Inclined
Plane Plane Plane
(111) (101) (111)
(111) (011) (111)
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¢ P-90-60-(35)

.In Figure 3.18 (c), this corresponds to the reverse rotation from either of

the two vertical {111} planes to the 35.3° inclined (111) plane.

90° Inclined

60° Inclined

35° Inclined

Plane Plane Plane
(111) (101) (111)
(111) (011) (111)

¢ P-90-90-(90)
.In Figure 3.18 (b), this corresponds to the rotation (either way) between

the pair of vertical {111} planes shown.
o P-145-120-(90)
.In Fig 3.18 (c), this corresponds to the rotation from the underside of the

(111) plane to the underside of either of the two vertical planes shown.

145° Inclined | 120° Inclined 90° Inclined
Plane Plane Plane
(111) (111) (111)
(111) (101) (I11)

*¢P-90-120-(145)

.In Figure 3.18 (c), this corresponds to the rotation from the underside of

either of the two vertical {111} planes to the underside of the (111).

90° Inclined 120° Inclined | 145° Inclined
Plane Plane Plane
(111) (011) (111)
(111) (101) (1t
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¢ K-35-45-(90)
.In Figure 3.18 (d), this corresponds to the rotation from the 35.3%inclined

(111) plane to a vertical {111} plane through the 45°inclined {100} plane.

35° Inclined 45° Inclined 90° Inclined
Plane Plane Plane
(111) (100) (111)
(111) (010) (111)

¢ K-90-45-(35)
In Figure 3.18 (d), this corresponds to the reverse rotation from the 35.3°-

inclined (111) plane to a vertical {111} plane through the 45°inclined

{100} plane.
90° Inclined 45° Inclined 35% Inclined
Plane Plane Plane
(111) (100) (111)
(111) (010) (111)

¢« K-90-90-(90)

.In Figure 3.18(a), this corresponds to rotation either way between the pair

of vertical {111} planes shown.

¢ K-145-135-(90)
In Figure 3.18(d), this corresponds to the rotation from the under-side of

the 35.3%inclined (111) plane to a vertical {111} plane through the 45°-

inclined {100} plane.



145° Inclined | 135° Inclined 90° Inclined
Plane Plane Plane
(111) (010) (111)
(111) (100) (111)

¢ K-90-135-145
.In Figure 3.18(d), this corresponds to the rotation from the under-side of

the vertical {111} plane to the underside of the (111) plane through the

underside of a 45°inclined (135°inclined) {100} plane.

90° Inclined 135° Inclined | 145° Inclined
Plane Plane Plane
(111) (010) (111)
(111) (100) (111)

3.6.4 Mask-Edge Angles, Rotation Angles and Inclination Angles

Having outlined the many possibilities for plane rotations involving the different pairs
of planes in each of the (100) and (110) systems, the relationships between the angles 8p,
Ok, mask-edge angle (), and plane inclination angle with respect to the wafer surface (a),

must be derived.

In the (100) system, the mask-edge angle (8) will be measured with respect to the inter-
section of the horizontal wafer surface with a vertical {100} plane [4, 21, 28, 32, 33], cho-
sen to be the (001)-(100) intersection. In the (110) system, the mask-edge angle (&) will be
measured with respect to the intersection of the intersection of the horizontal wafer sur-

face with one of the 35.3° inclined planes, chosen to be (110)-(111). The derivations for

45



the relationships between deviation angle J, rotation angle 6 and inclination angle o for
the both the (100) and (110) system are derived in Appendix A and the relationships are

summarized in the sections below.

3.6.4.1 Deviation Angle 5 vs. 0 in the (100) System

3.6.4.1.1 PBC-defined Planes:

The relation between deviation angle 8 and 6, for the PBC-defined planes is given as

§ = atan[2tan(35.3° -0,)] for 0<6,<353°

3.6.4.1.2 Kink-row defined Planes:

The relation between deviation angle & and 6y, for the kink-row defined planes is given

as & = atan[J/2tan(35.3° +6,)] for 0<0, <54.7°

3.6.4.2 Inclination angle « vs. § in the (100) system

3.6.4.2.1 PBC-defined Planes

The relation between deviation angle 3 and inclination angle a, for the PBC-defined

planes is given as

1 ) for 0° <& <45°.
o)

3.6.4.2.2 Kink-row defined Planes

The relation between deviation angle § and inclination angle ay for the PBC-defined

planes is given as

o = atan( =) for270° <8 < 315° or 0° <8 <45°.
sind.
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In addition to these PBC-based and kink-row based planes there are other PBC-based
and kink-row based which are the inverse of these planes at the same deviation angles.
Figure 3.19 illustrates the inclination angles of these planes vs. deviation angle & in addi-
tion to the standard planes. Due to the symmetric nature of emerging planes over the range

of deviation angles, only a 90° range is shown in the figure.

Theoretical inclination angles for Si{100}

O K-126-9054)

A P-54-454(54)

A P-126-1354(126)
@ K-54-90-{126)

Inclination angle @ (from horizontal)

! 1 ! : |

0 \ ) ) | ! ' |

<45 40 35 30 25 -20 15 10 5 O S 10 15 20 25 30 35 40 45

Deviation angle from the intersection of (100) - (001) (in degrees)

Figure 3.19: Theoretical inclination angle of emerging planes vs. deviation angles in Si(100).

3.6.5 Derivation of the Deviation angle 5 vs. 0 and Inclination angle o vs. § in the
(110) System

Similar to the derivation in the (100) coordinate system, the relationship between devi-

ation angle 3, rotation angle 8 and inclination angle a for the (110) system is derived and

the relationships are summarized below.

3.6.5.1 PBC-Defined Planes
Due to the complexity of the plane variations in this (110) geometrical construct, the

PBC-deftined planes are split into two ranges of rotation angles.
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3.6.5.1.1 PBC-defined Planes, Angle Range: 0° <6 b S 35.26° (P-35-60):

_ FR _ 1 o o o
o= atanF—H = atan(ﬁ—tan(35.26 —OP)),forO Seps35.26 .

ﬁ —tand
J3 + 2tand(tan5—-/2)

a = acos[ J, for o°seps 35.260 .

3.6.5.1.2 PBC-defined Planes, Angle Range 35.26° < Gp <70.5° (P-60-90):
& = atan(% + tan(6p - 35.26")) , for 35.26° <6, <70.5°

ﬁ —tand
J3 + 2tand(tand-/2)

a = acos( J for 35.26° < Op <705°.

3.6.5.2 Kink-row defined Planes

3.6.5.2.1 Kink-row defined planes, Angle range 0° < 6, < 54.7° (K-35-45):

~ atar{ﬁ ~ tan(54.7 - 0)

,for0°<0_<54.7°
J2tan(54.7-0,) J P

J2 + tand
J3 +2tand(tans + /2

a = acos[ J, for 0° <6, <54.7°°.

3.6.5.2.2 Kink-row defined planes, Angle Range 54.7° <0 p S 109.5° (K-45-90):

tan(0, - 54.7°)./2

& = atan( O )2 J+90°,for 54.7°seps 109.5°
J2 + tan(8, - 54.7°)

o = acos( ~(tand + /2) 2),for 54.7°<6, < 109.5°.
Jz +(1 + J2tand)

See Appendix A for the derivations. The deviation angle vs. inclination angle of the

emerging plane in the entire range of deviation angle is plotted in the Figure 3.20.
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Theoretical inclination angle of emerging planes in Si{110}
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Figure 3.20: Theoretical inclination angle of emerging planes vs. deviation angles in Si(110)
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CHAPTER 4

Experimental and Measurement Techniques and Procedures

4.1 Overview

To model the etch anisotropy of silicon, one needs to collect extensive experimental
data that can be used in modeling the etch phenomena. While full characterization of etch
anisotropy would require etching of a 3-dimensional structure such as a sphere [53], this
variation can be partially characterized by under-etch experiments. Many researchers have
employed under-etch experiments as a practical method of obtaining information about
etch anisotropy under particular conditions [21, 22, 28, 32, 33, 41, 45, 51]. With the
under-etch experiments carefully designed one can extract a lot of useful data about vari-

ous crystallographic silicon planes.

This chapter details the experimental setup, the etch station, experimental procedure
and the etch experiments that were done to etch Si{100} and Si{110}. The {100} and
{110} silicon wafers were etched with different concentrations of etchant, Tetra-Methyl
Ammonium Hydroxide (TMAH). This chapter also describes the observation techniques
and different critical observation parameters that are recorded from the experiments for

future analysis and modeling.

4.2 Experimental and Observation Procedures

4.2.1 Experimental Design

In the process of modeling anisotropic etching of crystallographic silicon, the etch phe-
nomena are believed to be dependent on the etchant and the etch conditions. With this in
mind, the experiments were designed for this work. This work mainly focuses on the etch
rate variation for different concentrations of the etchant. For simplicity, the etchant tem-

perature is always maintained at 80°C and the etch is performed without any stirring. And
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there was no additives added to the etchant (TMAH). Etchant concentrations of 25%,
19wt%, 17wt%, 12wt%, and 9wt% were used for the experiments. Due to the expected
large under-etch rates on {110} silicon, the Si{110} samples were etched for 50 minutes.

The {100} silicon samples were etched for 60 minutes.

4.2.2 The Etch Station

All the etches described in this work are done in the etch station schematically shown
in Fig. 4.1. Most liquid based wet anisotropic etching is done on a similar setup [28, 49].
As can be seen from the figure, the etch apparatus consists of a beaker, reflux condenser
with thermometer hole and water inlet and outlet ports. The beaker containing the etchant
is immersed in an oil bath, which can be electrically heated and maintained at the required

temperature by a temperature controller.

An oil bath was used to heat the etchant instead of a hot plate, this better maintains the
temperature uniformity of the etchant. The immersed mercury thermometer monitors the
temperature of the etchant with an accuracy of +/- 0.5°C. The temperature of the etchant
cannot be controlled directly, rather the temperature of the oil bath can be. The tempera-
ture of the etchant is not same as the maintained temperature of the oil bath, the tempera-
ture of the etchant is lower than the temperature of the oil bath. In order to maintain the

TMAH at 80°C, the oil bath was maintained at 87°C [28].

The reflux condenser cap is used to condense the evaporated etchant vapor and thus to
maintain the concentration of the etchant over the time of etching process. The reflux cap
is connected to cold running water through the water in and out ports during all the etch
experiments. The cold water in the reflux cap condenses the etchant vapors when they
come in contact with the reflux cap and the condensed etchant drips back to the etchant

solution in the beaker maintaining the concentration level of the etchant.
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Reflux Cap

o
Control
Panel Water out ~@—— (old water in
Thermometer
To AC
Main
Teflon Die Holder
Electrical
Oil Bath TMAH
Heater Teflon Basket
Oil

Wafer Piece

Pyrex or Quartz

Beaker Di Magnetic Stirrer

FIGURE 4.1: Schematic of the TMAH etch station.

A specially made teflon basket is used to hold the silicon samples in the etchant. If nec-
essary the etchant can be stirred using the teflon coated magnetic stirrer. The setup also

has a special teflon holder that can be used to hold small diced silicon dies.

4.2.3 Sample Preparation

Lightly-doped n-type double side polished Si{110} and single side polished Si{100}
wafers are cut into sizes of 2 x 1 inches rhombus and 1 x 1 inch squares respectively.
These cut samples are cleaned using the RCA cleaning procedure (Appendix B), then the
cleaned samples are thermally wet-oxidized for to grow an oxide thickness of 0.5 pm. As
discussed in earlier chapters thermal oxide acts as an excellent mask for TMAH etches. In
all the experiments in this work thermally grown oxide is used as the masking material

Jue to its superior masking properties. On all the samples, oxide is grown using wet oxida-
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tion process at 1100°C for a sufficient length of time to grow the required the required
thickness of oxide that can act as a mask during the etching. Approximately an oxide of
0.5 pum thick is grown, due to the very low etch rate of oxide this 0.5 pm can act as a pro-

tective mask during the entire etching process of 60 minutes.

The thermally-oxidized samples are then patterned with the wagon-wheel mask pattern
shown in Figure 4.3. Using the common photolithography techniques, the wagon-wheel

mask pattern is printed on the polished side of the samples.

During the photolithography process, after exposing UV light through the wagon-
wheel mask, the photo-resist on the spokes are removed by the developing process and
thus exposes the oxide below it. This exposed oxide on the spokes are then etched using
BOE (Buffered oxide etch) process, during this BOE process the photo-resist on the other
area protects the oxide below it. After the BOE process, the samples are then rinsed in ace-
tone to remove the remaining photo-resist. At this step the samples are ready for anisotro-
pic etch experiments. Figure 4.2 shows the process flow that is used to prepare the

samples for the etch experiments.
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Top view Cross-sectional view

Silicon sample cleaned using the RCA
cleaning procedure.
xide Grow 0.5um thick oxide using wet
j oxidation.
Photoresist
Spin photoresist.
Two spokes

covered with oxide Expose UV through wagon-wheel mask
pattern, develop photoresist.

] SRR
Two exposed
spokes Etch the exposed oxide using the BOE
/ \ process.
f\ = Sample is now ready for anisotropic
N etch experiments.
Oxide mask

FIGURE 4.2: Process flow for sample preparation.
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4.2.4 The Mask

In order to do the under-etch experiments one has to carefully design a mask that will
expose an etch pattern at every degree. This will allow the etchant to etch patterns at each
and every degree. For this a circular pattern mask with spoke like pattern at every degree
for 360° is designed. Due to the wheel like shape of the mask, it is called a wagon wheel
mask [21, 22, 32, 33, 51]. The mask is shown in Figure 4.3, the mask has spokes at every
1° having dimensions 1.95cm x 170mm. Each spoke on the mask has a number marked

beside it. This helps a lot while making the under etch measurements.

1\’170;1m

One Spoke

1.95 cm

FIGURE 4.3: Wagon-wheel mask pattern and individual spoke details.

4.2.5 Etch Experimental Procedure

The etch station described in section 4.2.2 is used for all the etch experiments in this
work. As explained earlier in section 4.2.1, all etches for the Si{110} were done at 80°C,
un-stirred, for 50 minutes in various concentrations of TMAH (25 wt% to 9 wt.%). And
etches for the Si{100} were done at 80°C, un-stirred, for 60 minutes in various concentra-
tions of TMAH (25 wt% to 9 wt.%). The initial TMAH concentration was 25 wt.% in
water, lower concentrations of TMAH for etching were obtained by diluting the 25 wt.%
TMAH with appropriate amounts of DI water (deionized water). The 25wt.% TMAH was

purchased from a single source, Moses Lake Industries Inc., Manassas, VA.
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The required amount of fresh 25wt% TMAH was taken in a clean beaker and the
needed quantity of DI water was added to it to get the desired concentration of TMAH. It
was made sure that the TMAH water solution was at least 500ml, so that silicon samples
can be fully submerged in the etchant during the etching process. The pH of diluted
TMAH was measured so as to maintain repeatability of TMAH concentration. The beaker
with the TMAH was carefully placed in the oil bath and is then closed with the reflux cap.
The required temperature of the oil bath, 87° C is set on the temperature controller’s con-
trol panel and the heater is turned on. This set temperature of 87°C maintains the TMAH
at a temperature of 80°C [28]. The coolant water flow on the reflex cap was turned on.
During the experiment the temperature of the TMAH solution was often monitored using

the mercury thermometer.

The patterned silicon samples are dipped in dilute HF, to remove any native oxide
formed on the exposed silicon on the spokes. These samples are then rinsed in DI water
and are stored immersed in a beaker containing DI water. As soon as the temperature of
the etchant reaches the required temperature of 80°C, the silicon samples are carefully
loaded on the teflon basket. The reflux cap was carefully opened and the teflon basket
with the samples is slowly inserted into the beaker until the samples fully submerge in the
TMAH. The reflux cap was then carefully placed on the beaker to cover the beaker. And
the mercury thermometer is then inserted into TMAH solution. Then the timer is turned on
to record the etch time. The samples are left in the etchant for the desired length of time,

and the etchant temperature is often monitored on the mercury thermometer.

After etching for the required time, the heater and the coolant water are turned off and
the reflux cap is carefully removed from the beaker. The teflon basket is then removed
from the etchant. The samples are the removed from the teflon basket and are then very
carefully rinsed in DI water without damaging the overhanging oxide resulted from the

etch process. The samples are then rinsed in methanol and again in DI water and then are
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dried by gently blowing nitrogen using the nitrogen gun. Using methanol during the rinse
and drying steps helps to avoid any stiction problems which are common during the dry-
ing process which tend to damage the overhanging oxide. At all times these dried samples
are handled very gently so that the overhanging oxide is not damaged. The over hanging

oxide is measured to calculate the etch rate of the under-etched plane.

4.3 Measured Quantities

In order to study the etch properties, the etch cavity of spoke at each degree is studied
in detail; this enables to find the etch rates of various crystallographic planes thus the etch
anisotropy. The observations made are the mask under-cut (MUC), under-etched surface
horizontal projection (UESHP) and depth (D) of the etched cavity. Figure 4.5 shows the

measured quantities. All these measurements were measured using an optical microscope.

Each spoke corresponds to a particular mask-edge deviation angle, 3, measured from
the intersection of two reference planes. In the case of Si{110}, & is measured from the
intersection of the horizontal (110) wafer surface with a (111) plane. And in the case of
Si{100}, & is measured from the intersection of the horizontal (100) wafer surface with a

(001) plane.

When the sample is put into the etchant, the etchant starts to etch away the open silicon
(in the spoke area), the oxide mask protects the other areas. When the silicon is being
etched away, the interface between the oxide mask on the spoke comer and the open sili-
con area begins to expose a particular crystallographic silicon plane to the etchant. Due to
the anisotropic etch properties of the etchant, it etches different crystallographic planes at
different etch rates, this makes each spoke to be uniquely etched. This can be seen from
the experimental results. Due to the symmetric nature of crystallographic planes, only a
certain range of deviation angles are needed to be studied. From Chapter 3, in case of

Si(100) a range of 45° is required and in the case of Si(110) a range of 90° is required. In
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most cases, more measurements were taken, which are useful and enhance the reliability

of the experiments.

Figure 4.4 below shows the shape of the Si(100) and Si(110) samples after they are cut
from the silicon wafer. The Si(100) samples are always a square, as they cleave at 90°. On
the (100) silicon, the {111} planes are found to intersect the surface at 90° to each other.
The Si(110) samples are always a rhombus, because of their cleavage angles. On the (110)
silicon, the {111} planes no longer intersect at 90° [47]. The figure also shows the rela-
tionship between the water-flat (WF) and the deviation angle & used in this work.

5=0° /

’ Intersection of
(100) and (001)

-~ Wafer flat / .. Wafer flat. § = 55°

.
~.

- -
&= 0° Intersection of

Si(100) Si(110) O (110)and (111

FIGURE 4.4: Relationship between the wafer flat and deviation angles & on (100) and (110) silicon.

The Figure 4.5 below illustrates the three measurements made on all samples the UER,
UESHP and D [22, 28]. The figure shows the simplest case of etching, where the under-
etched side wall is single faceted. Etching in different concentrations and at different devi-
ation angles the side wall is composed of 2 or 3 facets. Figure 4.6 shows a case where the

under-etched side wall is composed of three facets.

UFsmm—l :" Muc UESHP 4\ /4 MUC
1

SiO, La— 4 Sio, u—!—d

1
'
'
'
'

Inclination
angle

Inclination
angle

Si Si

FIGURE 4.5: Illustration of the measurements made on etched samples, simple single faceted
cases.
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In certain cases when the side is made of two or three facets, 3-faceted side wall is
shown in the figure above. In such cases the UESHP and D were measured as shown in the
figure and the inclination angle was calculated. This calculated inclination angle gives the
composite of all the three facets. SEM were done to find the exact inclination angle of
each facet.

(UESHP) e -
4___._’. . MUC

| sio,
Effective
inclination
angle

Si

FIGURE 4.6: lllustration of the measurements made when the under-etched side wall is composed
of three facets.

In all cases the measurements for UESHP and D were repeated after the oxide was
removed, this was done to get more accurate measurements which was a little tough to

measure with the oxide on the sample.

4.4 Measurement Procedures, and Techniques

4.4.1 Mask Under-cut

After etching the sample in TMAH, the sample is washed in methanol and DI water.
Then it is dried very carefully, by gently blowing nitrogen so as to not damage the over-
hanging oxide. An optical microscope was used to measure the UER. Viewing under the
microscope, the mask undercut can clearly be seen due to the color of the overhanging
oxide. The overhanging oxide being translucent, it can be clearly distinguished from the
oxide on the silicon. Using the required magnification on the optical microscope, the hair-
line cross in the eyepiece of the microscope is aligned to the mask edge oxide. The dis-
tance from the oxide mask edge to the line of intersection of the emerging plane (top facet)

with the oxide was measured. This distance gives the mask undercut (MUC) obtained
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from the time the sample was etched in TMAH. From the MUC data and the etch time the

UER, under-etch per hour can be calculated.

Original mask
opening

Overhanging

Overhanging

MUC oxide
-~

FIGURE 4.7: Illustration of Mask Under Cut on a single spoke.

The same measurements were made for all the spokes. The labels near the end of each
spoke were used to identify each spoke for measurement. The maximum magnification

was most often used.

4.4.1.1 Under-Etch Rate Calculation

The under-etch rate is defined as the rate at which the etchant etches the top or the first
facet of the under-etched emerging surface. From the measured MUC and the known etch
time ¢ in hours, the under-etch rate of the emerging under etched surface can be calculated

as UER = A{TUC;Lm/h

4.4.2 Etch Depth

On each spoke the etch depth of the cavity was measured. These measurements were
also made using the optical microscope. First the bottom of the etched cavity was focused
and the reading on the circular scale on the microscope focusing knob was noted. Then the
top surface of the wafer was focused and the second reading on the circular scale was
noted. The difference between the first and the second readings gives the etch depth. Each

unit in the circular scale corresponds to 1um at all magnifications. Figure 4.8 below shows
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how the measurements were recorded.

O) ® @ 1

Lo oY zarm wes wire caat |

" 5

Focus and record measurement on both locations @ end @ . Trenches

pepnD=(1)-(2)

FIGURE 4.8: Illustration of Depth measurement on a single spoke.

In cases when the etched cavity has trenches on the sides, the etch depth was measured
on the trenches and not on the center. The depth of the trench was measured so that the
inclination angle of the emerging plane can be calculated. The etch depth in the center of
the cavity (higher than the trench) was also measured, enabling calculation of the depth of
the trench from the center etched surface. All depth measurements were made in the same

way, focusing on the bottom surface and then on the top.

4.4.3 Under-Etched Surface Horizontal Projection (UESHP)

The measurement of the UESHP was done by focusing on the bottom of the etched
cavity, the zero on hair-line cross in the eyepiece was aligned to the line of intersection of
the under-etched surface and the emerging plane. Then the microscope was focused on the
top surface of the sample without moving the microscope table. The distance from zero on
the hair-line cross to the line of intersection of the emerging plane and the top oxide sur-
face was measured. Care was taken to use the proper multiplying factor for the magnifica-

tion used.

4.5 Oxide Removal, Re-measure

As verification, the oxide was removed and then the depth and the UESHP were re-

measured. The sample was dipped in buffered oxide etchant (BOE) to remove the over-
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hanging masking oxide. It was then rinsed in DI water and dried by blowing nitrogen. The
depth and the UESHP measurements were repeated using the same measurement proce-
dures as explained in the previous section. These measurements after oxide removal were

more reliable, allowing accurate inclination angles to be calculated.

4.5.1 Inclination Angle Calculation

The effective inclination angle (EIA or a) of the emerging plane under-etched plane

can be calculated from the measured UESHP and D by

o A( D)
_ 1
Effective inclination angle = tan ( UESHP

By this method of calculation, the inclination angle of each facet of the under-etched
surface can not be calculated. A cross-sectional view of the spoke is required to know the
inclination angle of each facet. Scanning electron micrographs are taken to study each

facet of the under-etched emerging surface in detail.

The acronyms used in the later sections of the thesis are listed below.

MUC - Mask Under Cut

UER - Under-Etch Rate

UESHP - Under-Etched Surface Horizontal Projection
o - Effective inclination angle

o, - Inclination angle of facet n.

D - Depth of etched cavity

4.6 SEM Procedures

A scanning electron microscope was used to observe the inclination angles of individ-
ual facets. Scanning electron micrographs were taken when desired. Using the electron
microscope the cross-section of the etched spoke was viewed, this gave a very clear pic-
ture of the emerging planes and the number of facets on it. Also the inclination angles of
each facet were estimated from the micrograph. The trenches were more clear and easily

studied on the SEM.
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The sample to be studied on the SEM was carefully cleaved in a way that the cross-sec-
tions were available for the spokes to be studied. Then the cleaved sample is then coated
with a very fine layer of gold, so that it can be examined in the electron microscope. After
coating, the sample was placed inside the vacuum chamber of the SEM, the sample was
then carefully studied viewing the cross-sections of the spokes at different angles. The
etched surface roughness and the emerging plane roughness and the facets were studied in
detail. Scanning electron micrographs were taken whenever necessary. For any SEM that
required a cross-sectional view of a spoke, the spoke was carefully aligned such that both
its sidewalls and its bottom surface were perpendicular to the image view. In this way,
angles measured on the resulting micrograph would be accurate representations of the
inclination angles of the underetched facets. Fig. 4.9 shows examples of SEMs taken on
Si{100}, where Fig. 4.9(a) shows the carefully-aligned cross-sectional view. Fig. 4.9(b)

shows the facet details of the same underetched surfaces, in a plan view.

(a) (b)

FIGURE 4.9: Scanning Electron Micrographs of a wagon-wheel spoke. At left, the cavity sidewalls
and bottom have been carefully aligned to be perpendicular to the micrograph view.
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CHAPTER S

Experimental Results, and Match to Model

5.1 Experimental Results: Organized by TMAH Concentration

Si{110} and Si{100} samples were etched in TMAH at various concentrations: 25, 19,
17, 15, 12, 9 wt%, all at 80° C. At each concentration, the under-etch distances were mea-
sured by an optical microscope, as explained in Chapter 4. Based on the measurements,
the under-etch rates (UER) and effective inclination angles were calculated and plotted for
each case. Also, cross-sectional scanning electron micrographs (SEMs) were made on
many of the spokes for all concentrations, enabling detailed study of the facets of the
under-etched emerging surfaces. This Chapter presents the under-etch rates and facet

inclination angles in detail.

For each concentration and silicon orientation, Si{110} and Si{100}, the following

data is reported:

¢ Graph of under-etch rate vs. mask-edge deviation angle: The under-etch distances

(directly measured) are divided by the experimental etch time.

¢ Graph of effective inclination angle vs. mask-edge deviation angle: The under-
etched surface is assumed to be a single facet, and an effective inclination angle is
calculated from the measured etch depth and observed horizontal projection of the

under-etched surface.

e Graph of details of facet inclination angles vs. mask-edge deviation angle: The
inclination angles of up to three facets are identified using the SEMs below and the
theoretically-expected inclinations of particular pbc- and k-row defined planes (see

section 3.6 and the table below.)
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e Sample SEMs at various representative deviation angles: Many SEMs were taken at
many deviation angles, of which a representative selection is shown here. The facet
inclination angles, o, can be estimated to within +/-2° for the smooth surfaces, from
the micrographs. By matching the estimates to the theoretical expectations, accurate

identifications are possible by the graph above.

e Tabular compilation of the facet descriptions as a function of mask-edge deviation
angle ranges: Systematic variations are identified, and related to the “Model Identifi-
ers” as described in Section 3.6, pbc- or kink-row defined model planes. Also, the
smoothness of the etched surfaces were studied. This table and the comments below
combine all relevant observed information about the under-etched surfaces and incli-

nation angles.

e Comments on the facet descriptions and deviation angle ranges.
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5.1.1 Etching in 25wt% TMAH

5.1.1.1 Si{110} etched at 80°C

(a) Si{110) Etched in 25wt% TMAH
70

Under etch rate (um/hr)
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Deviation angle from the intersection of (110) - (111) (degrees)

(b) Inclination angle, Si(110) etched in 25wt% TMAH
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(c) Facet Details, Si(110) Etched in 25wt% TMAH
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FIGURE 5.1: Si(110) etched in 25wt% TMAH at 80°C; (a) Under-etch rate, Si(110), (b) Inclination
angle, and (c¢) Facet details.
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(b) - 0° (c) - 11°

(1) -6°

(g) - 36° (h) - 55°

FIGURE 5.2: Scanning electron micrographs taken at various deviation angles for the {110}
silicon etched in 25wt% TMAH at 80° C.
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(p) - 90° (q) - 90°

FIGURE 5.2: Scanning electron micrographs taken at various deviation angles for the {110} sili-
con etched in 25wt% TMAH at 80° C.
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The under-etch rate for the 25wt% case is shown in Figure 5.1(a). From the figure we
can see that there are two minima at & = 0° and at & = 180°, where the emerging plane is
35.3% inclined {111} plane. There are two more minima at 8 = 55° and at & = 125°, where

the emerging plane is vertical {111} plane. There is also a local minimurm at & = 90°.

Similarly, there are two maxima at § = 25° and at & = 154°, and there are two other

maxima at 8 = 74° and at & = 105°.
TABLE 5.1. Si {110} etched in 25wt% TMAH

o Range
in No. of Facet Descriptions Under-etched planes | Trenches
degrees | Facets (Model Identifiers)
0-5 1 about 35° inclined, K-35-45-(90) No
very smooth
6-15 1 ~30° inclined, rough K-35-45-(90) No
16 - 29 2 1st: 90°, very smooth 1st: K-90-90-(90) No
2nd: ~30°, smooth 2nd: K-35-45-(90)
30-37 3 1st: ~90°, rough 1st: K-90-90-(90) No
2nd: >45°, smooth 2nd: P-35-60-(90)
3rd: ~30°, rough 3rd: K-35-45-(90)
38 -44 2 Ist: 90°, rough 1st: K-90-90-(90) No
2nd: >45°, smooth 2nd: P-35-60-(90)
45 -55 1 90°, rough and becomes to | K-90-90-(90) No
very smooth
55-65 1 90°, very smooth and P-90-90-(90) No
becomes rough
66 -71 2 1st: 90°, rough, larger than | 1st: P-90-90-(90) No
the 2nd facet
2nd: 35° - 40°, smooth 2nd: K-35-45-(90)
72-76 2 1st: 909, rough, 1st: P-90-90-(90) No
2nd: 35° - 40°, smooth 2nd: K-35-45-(90)
77 - 88 2 1st: 559-45°, smooth 1st: K-90-45-(35) No
2nd: 40° - 45°, smooth 2nd: K-35-45-(90)
89 -90 1 45°, smooth {100} plane | K-35-45-(90) No
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Region 0° - 5°: In this range of 8, the under-etched surface is a single facet and is very
smooth. These planes follow the K-35-45-90 model. SEM at & = 0° is shown in Figure 5.2
(a) and (b), this shows the smooth {111} plane.

Region 6° - 15°: The under-etched surface still follow the K-35-45-90, and are single
faceted but the planes get rougher as the deviation angle increases. SEM at 8=11° is
shown in Figure 5.2(c) and can be seen to be rough, this kind of roughness that is seen on

the SEM shows that this is a kink-row based plane.

Region 16° - 29°: In contrast to the first two regions, in this range of deviation angles
the emerging face consists of two facets. The first facet is vertical and smooth were as the
second facet follows the K-60-35-90 family of planes and is nearly smooth. SEMs at devi-

ation angle 8 = 28° are shown in Figures 5.2 (d) and (e).

Region 30° - 37°: In this range, the emerging face is three faceted. The first facet is ver-
tical and rough, rough vertical planes are common in (110) etching [24]. The second facet
is smooth and greater than 45° inclined P-35-60-90 family of planes and the third facet is
smooth K-35-45-90 family of planes. The 2nd and the 3rd facets are not very smooth and
at the same time they are not rough either. This is evident from the SEM in Figure 5.2 (g),
which shows the spoke at 8 = 36°. As the deviation angle increases, the 3rd facet dimin-

ishes. The top facet in this range is also the k-row based K-90-90-90 planes.

Region 38° - 44°: In this range of deviation angles, the K-35-45-90 family of planes no
longer exist. The under-etched surface is made of two planes; the first being vertical and
rough and the second nearly smooth P-35-60-90 family of planes. As deviation angle

increases, the 2nd facet get smaller.

Region 45° - 55°: Here the under-etched surface face is single faceted and vertical. The
emerging plane is very rough at 45° but as deviation angle increases the emerging plane

becomes smoother and at 8 = 55°, the emerging plane is very smooth. At 8 = 55°, the
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emerging plane is the vertical {111} plane. This can be seen in the Figure 5.2 (h).

Region 55° - 65°: In this region as well the emerging facet is vertical and smooth at § =
55° and becomes rough as the deviation angle increases. Figure 5.2 (i) shows the rough
vertical side wall at deviation angle 8 = 63°. This kind of roughness seen on the emerging

plane tells that it belongs to the PBC based planes, the P-90-90-90 family of planes.

Region 66° - 71°: In this range of deviation angles the emerging face is double faceted
the first being the rough and vertical P-90-90-90 planes where as the second facet is
smooth and shallow, they follow the K-35-45-90 planes. Here the first facet is larger than

the second facet, and can be seen clearly seen in the Figures 5.2 (j) and (k) at & = 68°.

Region 72° - 76°: In this range of deviation angles the emerging plane still follow the
same pattern as in the previous range except that the first facet is larger than the second
facet. SEMs taken at & = 72° shown in Figures 5.2 (1) and (m) illustrate this. As the devia-
tion angle increases the first facet get smoother. In this range, the top facet is rough hence
can not be determined if it belongs to the P-90-90-90 or the K-90-45-35. But is assumed to

be the P-90-90-90 family as they are close to vertical.

Region 77° - 88°: In this region, the emerging surface is two faceted, the first being
steep K-90-45-35 family of planes and nearly smooth. And the second facet follows the K-
35-45-90 family of planes. As the deviation angle increases both facets becomes smoother
and the K-35-45-90 family of planes dominate. SEMs at deviation angle & = 79° are

shown in Figures 5.2 (n) and (o), these show that both the planes are smooth.

Region 89° - 90°: As described in the previous range of deviation angles, the K-35-45-
90 planes start to dominate and finally in these two spokes the under-etched surface was
single faceted and belong to the P-60-35-90 family. At the deviation angle & = 90°, the
emerging plane is the 45° inclined {100} plane. The SEMs at § = 90° are shown in Figures

5.2 (p) and (q).
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5.1.1.2 Si{100} etched at 80°C

(a) SI{100) etched in 25wt% TMAH
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FIGURE 5.3: Si{100} etched in 25wt% TMAH at 80°C; (a) Under-etch rate, (b) Inclination angle,
and (c) Facet details.
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(g) - 26° (h) - 36° @) - 36°

FIGURE 5.4: Scanning electron micrographs taken at various deviation angles for the {100}
silicon etched in 25wt% TMAH at 80° C.
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...,. MO

(k) - 45°

FIGURE 5.4: Scanning electron micrographs taken at various deviation angles for the {100} sili-
con etched in 25wt% TMAH at 80° C.

Fig. 5.3 (a) plots the under-etch rate for the variation of deviation angles from -45° to

45°. From the graph it is clear that we have a local minimum at § = 0°.The etch-rate is

maximum at & = 22° There are two global minima at & = -45° and & = 45°, where the

emerging plane is the {111} plane.

TABLE 5.2. Si{100} etched in 25wt% TMAH

5 Range Under-etched
in No. of Facet Descriptions planes Trenches
degrees | Facets (Model 1dentifiers)
0-15 2 1st: 90° - 75°, smooth K-126-90-54 No
2nd: ~45°, smooth P-54-45-54
16 - 28 3 1st: > 90°, smooth and K-54-90-126 No
becomes rough
2nd: 75° - 659, smooth K-126-90-54
3rd: ~45° - 50°, smooth P-54-45-54
29 -42 2 1st: > 90°, rough K-54-90-126 No
2nd: 65° - 55°, rough K-126-90-54
43 - 45 1 54.7° {111} at § =45° P-54-45-54 No

The inclination angles of the under-etched emerging surface formed while etching

{100} silicon is shown in Figure 5.3 (b). The emerging surface is not simply single-fac-

eted but are two-faceted for most deviation angles and three faceted for some deviation
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angles. The different regions are summarized in the Table 5.2. and the SEM show the fac-

ets at different deviation angles, which are shown in Figure 5.4.

Region 0° - 15°: In this range of §, the emerging face is two faceted, the top facet
belongs to the k-row based planes, belonging to K-126-90-54 family. The second facet
consists of PBC-based planes and belongs to P-54-45-54 family. As the deviation angle
increases the roughness in the first facet increases, but does not become very rough. The
second facet, the PBC-based planes, are very smooth in the entire range. At § = 0°, the
first facet is a vertical {100} plane and the second facet is a 45°-inclined {110} plane.
These can be seen in the Figures 5.4 (a) and (b). Figures 5.4 (c) and (d) show the cross-

sectional and side views of the spoke at § = 6°. Figure 5.4 (e) shows the spoke at & = 11°.

Region 16° - 28°: In this region the emerging surface is composed of three facets, the
top first facet is inclined at an angle greater than 90° to the wafer surface and belongs to
K-54-90-126; such inverted under-etched planes have been observed by other researchers
[62]. The second facet belongs to the K-126-90-54 and is little rough. The third facet
belongs to the P-54-45-54 family. Of the three facets, the second facet dominates and the
first and third facets are small. Figures 5.4 (f) and (g) show the spokes at = 16° and & =

26° respectively.

Region 29° - 42°: This region is very similar to the Region 16° - 28°, except that there
is no third facet. The Figures 5.4 (h) and (i) show the side-view and cross-sectional view

of the spokes at 8 = 36°.

Region 43° - 45°: The emerging surface is single faceted and belongs to the P-54-45-
54. At & = 45°, the emerging plane is the smooth 54.7° inclined {111} plane, Figure 5.4
(k) shows the cross-section of the spoke at 8 = 45°. Figure 5.4 (1) is the top view of the
etch cavity & = 45°, this shows the smoothness of the under-etched {111} plane and the

etched (100) silicon surface.
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5.1.2 Etching in 19wt% TMAH

5.1.2.1 Si{110} etched at 80°C

(a) o Si(110) Etched in 19wt% TMAH
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FIGURE 5.5: Si(110) etched in 19wt% TMAH at 80°C; (a) Under-etch rate, (b) Inclination angle,
and (c) Facet details.
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(d) - 30°

() - 40° (h) - 45° @) - 55°

FIGURE 5.6: Scanning electron micrographs taken at various deviation angles for the {110}
silicon etched in 19wt% TMAH at 80° C;
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(k) - 65°

(m) - 70°

(o) - 75°

®) - 90° @ - 90°

FIGURE 5.6: Scanning electron micrographs taken at various deviation angles for the {110} sili-
con etched in 19wt% TMAH at 80° C.
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The under-etch rate for the 19wt% case is shown in Fig. 5.5(a). From the figure we can
see that there are two minima at 8 = 0° and at 8 = 180°, where the emerging plane is the
35.3% inclined {111} plane. Also there are two more minima at § = 55° and at § = 125°,
where the emerging plane is vertical {111} plane. There is also a local minimum at § =

90°.

Similarly, there are two maxima at & = 21° and at § = 159°, and there are two other
maxima at § = 77° and at § = 103°. Also, we can see a notch at 5 ~ 38° and at & ~ 142°.

This change can also be seen in the inclination angle graph in Fig. 5.5(b).
TABLE 5.3. Si{110} etched in 19wt% TMAH

S Range
in No. of Facet Descriptions Under-etched planes | Trenches
degrees | Facets (Model Identifiers)

0-10 1 35°-30°, very smooth K-35-45-(90) No

11- 18 1 1st: 90°, smooth 1st: K-90-90-(90) No
2nd: <45°, smooth 2nd: K-35-45-(90)

19 - 35 3 Ist: >90°, rough 1st: P-145-120-(90) Yes, very
2nd: >45°, not smooth 2nd: P-35-60-(90) shallow
3rd: ~30°, rough 3rd: K-35-45-(90)

36 -40 3 1st: ~90°, rough 1st: K-90-90-(90) Yes, very
2rd: >45°, not smooth 2nd: P-35-60-(90) shallow
3rd: ~30°, almost smooth | 3rd: K-35-45-(90)

41 -45 2 Ist: ~90°, rough Ist: K-90-90-(90) Yes, very
2nd: ~30°, smooth, very | 2nd: K-35-60-(90) shallow
small

46 - 55 1 90°, rough and becomes | K-90-90-(90) Yes, very
smooth as d increases shallow

55-68 1 90°, smooth and becomes | P-90-90-(90) Yes
rough as § increases

69 - 90 2 Ist: ~90°, rough 1st: P-90-90-(90) Yes
2nd: 30°- 45°, smooth 2nd: K-35-60-(90)
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Region 0° - 10°: In this range of &, the emerging face is single faceted and is very
smooth. These planes are of the K-35-45-(90) family. SEM at & = 0° is shown in Figure

5.6 (a), this shows the smooth {111} plane on the under-etched side wall of the cavity.

Region 11° - 18°: In this range of 8, the emerging face is composed of two facets, first
facet is a vertical plane belonging to the K-90-90-(90) family and the second facet follows
the K-35-45-(90) family. Both the facets are smooth. SEM at 8= 20° is shown in Figure

5.6 (b). Here the second facet is longer than the first (top) facet.

Region 19° - 35°: In contrast to the first two regions, in this range of deviation angles
the emerging face consists of three facets. The first facet is inclined at an angle greater
than 90° and is rough, this belongs to the family P-145-120-(90) (which is the inverse of
the P-35-60-(90) family planes). The second facet belongs to the P-35-60-(90), it is very
interesting to see that the first and the second facets are made of the same type of planes,
except that they are inverted (they are the same planes crystallographically). The third
facet follows the K-35-45-(90) family of planes and is not smooth. Figure 5.6 (c) shows
the side view of the spoke at deviation angle § = 25°, this shows the roughness of the three
facets. SEMs at 8 = 30° are shown in Figures 5.6 (d) and (e). In the side view, one can see
the roughness on the top and bottom facets and on the cross-sectional view one can clearly
visualize the facet inclination angles. Figure 5.6 (f) shows the cross-sectional view of the
spoke at deviation angle & = 35°. We can see that as the J increases the top facet becomes
smaller. In this range the second facet is the largest of all the three facets. This can be seen
from the effective inclination angle graph, the effective inclination angle is very close to
the inclination angle of the second facet. In this range of deviation angles we can see very

shallow trenches/trench features on the sides of the spokes.

Region 36° - 40°: Here in this range, the emerging face is again three faceted; the first
facet is vertical and rough belonging to K-90-90-(90) family. The second and the third fac-

ets still foliow the same planes as in the range 19° to 35°. The third facet is almost smooth.
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There are very shallow trenches on the sides of the spokes. Figure 5.6 (g) shows the spoke
at 8 = 40°, top facet is rough and is nearly a vertical plane, second facet is smooth and the
third facet is also smooth and is very small. As the deviation angle increases, the third

facet vanishes.

Region 41° - 45°: In this range of deviation angles, the emerging surface is two fac-
eted. The K-90-90-(90) family of planes form the first facet which is vertical and rough.
The second facet is nearly smooth and are the K-35-45-90 family of planes. The second
facet is very small compared to the first facet, hence the effective inclination angle is
almost 90°. Very shallow trenches can be see on the sides of the spokes. Figure 5.6 (h)
shows the spoke at & = 45°, here the dominant plane is the first facet which is rough and
vertical, but you can still see the very small smooth second facet. In this range, as the devi-
ation angle increases, the first facet is more dominant. On the bottom of the etch cavity,
we can see the visible difference in surface roughness at the edges which differentiates the

trench from the center of the etch cavity.

Region 46° - 55°: Here the emerging face is single faceted and vertical, belonging to
the K-90-90-(90) family. The emerging plane is very rough at 45° but as the deviation
angle increases the emerging plane becomes smoother and at 8 = 55°, the emerging plane
is very smooth. At & = 55%, the emerging plane is the vertical {111} plane. This can be

seen in the Figure 5.6 (i).

Region 55° - 68°: In this region of deviation angles the emerging facet is vertical. The
side wall is smooth at & = 55° and becomes rough as the deviation angle increases. Figures
5.6 (j) and (k) show the rough vertical wall at deviation angle & = 65°. These planes belong

to the P-90-90-(90) family.

Region 69° - 90°: In this range of deviation angles the emerging face is double faceted

the first being the rough and vertical P-90-90-(90) family of planes. Where as the second
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facet is smooth, they follow the K-35-45-(90) planes. The Figures 5.6 (1) and (m) show the
spokes at & = 70°, we can see that the first facet is rough and vertical. The second facet is
smoother and is a ~35%inclined plane. As the deviation angle increases from 69° to 75°,
the top facet becomes rough and roughest at 75°. Also, as the deviation angle increases,
the top facet becomes smaller and the second facet starts to dominate on the under-etched
surface. Figures 5.6 (n) and (o) show the spokes at & = 75°, the first facet is very rough
about vertical and the second facet is smooth and ~42° inclined. As the deviation angle
increases in the range 75° < § < 90°, the top facet becomes smoother and smaller. Figures
5.6 (p) and (q) show the spoke at 5 = 90°, here the first facet is very small and vertical. The
second facet is smooth and inclined at 45°. The top facet at & = 90° is the vertical {110}

plane and the second facet is the 45° inclined smooth {100} plane.
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5.1.2.2 Si{100} etched at 80°C

(a) Si(100) etched in 19wt% TMAH
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FIGURE 5.7: Si{100} etched in 19wt% TMAH at 80°¢; (a) Under-etch rate, (b) Inclination angle,
(c) Facet details.
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Figure 5.7(a), plots the under-etch rate for the variation of deviation angles from -45°
to 45°. From the graph we can see a local minimum at § = 0°. The etch-rate is maximum at
& = 14° There are two global minima at § = -45° and 6 = 45°. In this 19wt% case we can

see a notch at § = 26°, which is not seen in the 25wt% case.

Inclination angle of the emerging surface is plotted in Figure 5.7(b), the emerging sur-
face is not single faceted in this case as well. The under-etched surface is two faced in the
entire range, but is composed of different family of planes at different deviation angles.
This is summarized in Table. 5.4. The {100} etched surface is found to have very small

hillocks scattered all over the etched surface, this can be seen on the SEMs in Figure 5.8.
TABLE 5.4. Si{100} etched in 19wt% TMAH

5 Range Under-etched
in No. of Facet Descriptions planes Trenches
degrees | Facets (Model Identifiers)
0 2 Ist: Vertical and smooth K-54-90-(126) No
{111} plane
2nd: 450, {110} plane P-54-45-(54)
30-45 2 1st: >90°, smooth-rough - | K-54-90-(126) No
smooth
2nd: >45°, rough - smooth P-54-45-(54)

(a)-0° (®) - 0° (c) - 20°

FIGURE 5.8: Scanning electron micrographs taken at various deviation angles for the {100}
silicon etched in 19wt% TMAH at 80° C.
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(e) - 25° () - 30°

(g) - 30° (h) - 38° (i) - 40°

() - 45° (k) - 45°

FIGURE 5.8: Scanning electron micrographs taken at various deviation angles for the {100} sili-
con etched in 19wt% TMAH at 80° C.
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Deviation angle 0°: At deviation angle & = 0°, the under-etched emerging surface is
two faceted. The top facet is smooth and vertical {111} plane. The second facet is the 45°-
inclined {110} plane. Figures 5.8 (a) and (b) show the cross-sectional view and side-view
of spoke at 8 = 0° respectively. As can be seen from the SEMs the top facet is very small,

and the under-etched surface is dominated by the second facet, the {110} plane.

Region I° - 45°: In this range, the under-etched emerging face is two faceted, the top
facet is > 90° and belongs to K-54-90-(126) family of planes; the second facet belongs to
the P-54-45-(54) family of planes. The top facet is initially smooth but becomes really
rough as the deviation angle increases and is the roughest at about & = 259, after that the
top facet becomes smoother as the deviation angle increases. In the range where 8 < 25°,
the top facet is very rough that the cross-sectional view seem to show the top facet to be
vertical, one can be easily fooled by the cross-sectional view. When observed carefully
using the side view of the spoke it was evident that the top facet is in fact inclined at an
angle > 90°. This can be seen from the Figures 5.8 (c) and (d) showing the cross-sectional

and side view of spoke at § = 20°.

The second facet is initially rough and becomes smoother as deviation angle increases.
It can be seen that in the entire range, the second facet dominates the under-etched surface.
Various SEMs of the spokes in this range are shown in Figures 5.8 (c) to (i). At deviation
angle & = 45° the top facet is very very small and is the 125.3%inclined {111} plane. The
second facet is the 54.7%inclined {111} plane. The SEMs of the spoke at & = 45° are
shown in Figures 5.8 (j) and (k).
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5.1.3 Etching in 17wt% TMAH

5.1.3.1 Si{110} etched at 80°C

Si(110) Etched in 17wt% TMAH

Under etch rate (um/hr) &
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FIGURE 5.9: Si{110} etched in 17wt% TMAH at 80°C; (a) Under-etch rate, (b) Inclination angle,
and (c) Facet details. ‘
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(g) - 40° (h) - 50° (i) - 55°

FIGURE 5.10: Scanning electron micrographs taken at various deviation angles for the {110}
silicon etched in 17wt% TMAH at 80° C.
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(p)-85° o | (r) - 90°

FIGURE 5.10: Scanning electron micrographs taken at various deviation angles for the {110} sili-
con etched in 17wt% TMAH at 80° C.
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Figure 5.9 (a) shows the under-etch rate for the 17wt% case. Form the graph we can see
that there are two minima at § = 0° and at & = 180° as expected, where the emerging plane
is 35.3% inclined {111} plane. Also there are two more minima at § = 55° and at = 125°,
where the emerging plane is vertical {111} plane. There is also a local minimum at § =
90°. Similarly, there are two maxima at § =76° and at 8 = 103°, and there are two other
maxima at & around 24° and at & around 156°. Also, we can see a notch at 8 = 39° and at &
= 140°. The notch in the 17wt% is more prominent than the 19wt% case. This notch can

also be seen in the inclination angle graph in Figure 5.9 (b).
TABLE 5.5. Si{110} etched in 17wt% TMAH

5 Range
in No.of | Facet Descriptions Under-etched planes Trenches
degrees | Facets (Model Identifiers)
0-9 1 35°9-30°, very smooth | K-35-45-(90) No
10-19 2 1st: 90°, smooth 1st: K-90-90-(90) No
2nd: < 30°, smooth 2nd: K-35-45-(90)
20-30 2 Ist: >90°, rough Ist: P-145-120-(90) No, But
2nd: >45°, not smooth | 2nd: P-35-60-(90) can see
o features
3rd: ~30°, not smooth | 3rd: K-35-45-(90)
31-35 2 Ist: >90°, rough Ist: P-145-120-(90) No, But
2nd: >45°, not smooth | 2nd: P-35-60-(90) can sec
features
36-44 3 1st: >90°, rough Ist: P-145-120-(90) No, But
2nd: =90°, not smooth | 2nd: K-90-90-(90) can see
o features
3rd: >45°, not smooth | 3rd: P-35-60-90
45 - 55 1 1st: Vertical, smooth Ist: K-90-90-(90) No, But
can see
features
55-170 1 Ist: Vertical, smooth, | Ist: P-90-90-(90) No, But
becomes rougher can see
features
71 - 90 2 1st: ~90°, rough 1st: P-90-90-(90) No, But
2nd: 35°- 45°, smooth | 2nd: K-35-45-(90) Can see
features
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Region 0° - 9°: In this range of 8, the emerging face is single faceted and smooth.
These planes are of the K-35-45-(90) family. SEM at § = 0° is shown in Figure 5.10 (a),

this shows the smooth {111} plane.

Region 10° - 19°: Here the under-etched emerging face is composed of 2 facets, first
facet is a vertical plane belonging to the K-90-90-(90) family and the second facet follows

the K-35-45-(90) family. Both the facets are smooth. SEM at = 15° is shown in Figure
5.10 (b).

Region 20° - 35°: In this range, the under-etched emerging face is made of two facets.
The first facet is inclined at an angle greater than 90° and is rough, this belongs to the fam-
ily P-145-120-(90) (which is the inverse of the planes belonging to the family P-35-60-
(90)). The second facet belongs to the P-35-60-(90), it's very interesting to see that the first
and second facets are made of the same planes, except that they are inverted (they are the
same planes crystallographically). SEMs at deviation angle § = 155° (25°) are shown in
Figures 5.10 (c) and (d). The SEM on Figure 5.10(c), the spoke on left show that the
under-etched surface is three faceted. But when we look at the side view of the same spoke
(Figure 5.10 (d)) we can see that the under-etched surface is composed of only two facets.
The interface between the first and the second facet is very rough as can been seen on the
SEM. The rough interface between the second facet and the bottom of etch cavity make
the interface look like a facet, but this is not true. As the deviation angle increases, the top
facet becomes smaller and the second facet dominates the under-etched surface. Figure
5.10 (e) shows the cross-sectional view of the spoke at § = 35°, where the top facet is very

small. In this range we can see trench features on the sides of the spokes, see Figure 5.10

(d).

Region 36° - 44°; Here in this range of deviation angles, the under-etched surface has
three facets. The first facet still belongs to the P-145-120-(90) family and is very small

compared to the other two facets.The second facet is vertical and belongs to the K-90-90-
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(90) family, this facet dominates the under-etched surface. The second facet becomes
smoother as the deviation angle increases and also becomes larger as the deviation angle
increases. The third facet belongs to the P-35-60-(90) family and is very smooth and
becomes smaller as the deviation angle increases. Figures 5.10 (f) and (g) show the cross-
sectional and side view of the spoke at & =40°, the roughness of these facets can be seen in

Figure 5.10 (g).

Region 45° - 55°: In this region, the under-etched surface is single faceted and vertical.
They belong to the K-90-90-(90) family of planes. The emerging plane becomes smoother
as the deviation angle increases At §=55°, the emerging plane is the very smooth {110}
plane. Figure 5.10 (h) shows the cross-sectional view of the spoke at & = 50°, it shows the
rough vertical emerging plane. And Figure 5.10 (i) shows the side view of the spoke at 8 =

559, it shows the smooth vertical {110} plane.

Region 55° - 70°: In this region of the under-etched surface is single faceted and verti-
cal. They belong to the P-90-90-(90) family of planes. The emerging plane becomes
rougher as the deviation angle increases At & = 55°, the emerging plane is the very smooth
{110} plane. Figures 5.10 (j) and (k) show the spoke at 8 = 65°, Figure 5.10 (j) shows the
cross-sectional view and the Figure 5.10 (k) shows the side view where you can clearly
see the roughness in vertical emerging plane. From the Figure 5.10 (k) we can see a differ-
ence in roughness of the etched bottom surface, the edges are smoother when compared to
the center of the etched cavity bottom. This shows that we can visually see trench features

but they are not deep enough to be called as trenches.

Region 71° - 90°: In this region the emerging surface is composed of two facets, first
facet is rough and vertical plane belonging to the P-90-90-(90) family and the second facet
belongs to the K-35-45-(90) family and is smooth. Initially the first facet is larger than the
second facet, but as the deviation angle increases the second facet, K-35-45-(90) domi-

nates. Figure 5.10 (1) shows the cross-sectional view of the spoke at § = 72°, we can see
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that the first facet dominates the under-etched surface. Figure 5.10 (m) shows the side
view of the spoke at & = 76°, this shows the roughness of the facets, the top facet is
rougher than the second facet. The top facet is roughest at § = 76°. Figures 5.10 (n) and (o)
show the spokes at 8 = 80° and Figures 5.10 (p) and (q) show the spokes at 6 = 85°, from
these SEMs you can clearly see the roughness on both the facets. Also, one can see that as
the & increases, the first facet becomes smaller and the second facet dominates. Figure
5.10 (r) shows the cross-sectional view of the spoke at 8 = 90°, here the second facet dom-

inates the under-etched surface and is the smooth 90° inclined {100} plane.
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5.1.3.2 Si{100} etched at 80°C

(a) Si(100) etched in 17wt% TMAH
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FIGURE 5.11: Si{100} etched in 17wt% TMAH at 80°C; (a) Under-etch rate, (b) Inclination angle,
and (c¢) Facet details.
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(a) - 0° (b) - 0°

(d) - 5° (e) - 14° H-17°

(g) - 20° (h) -20° (i) - 26°

FIGURE 5.12: Scanning electron micrographs taken at various deviation angles for the {100}
silicon etched in 17wt% TMAH at 80° C
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@) - 28° (k) -28° (1) - 36°

(m) - 45° (n) - 45°

FIGURE 5.12: Scanning electron micrographs taken at various deviation angles for the {100} sili-
con etched in 17wt% TMAH at 80° C

Figure 5.11 (a), shows the under-etch rate plotted against the deviation angles. From
the graph we can see a flat local minimum at § = 0° to 2°.The etch-rate is maximum at d =

14° There are global minima at every 45°.

Inclination angle of the emerging surface is plotted in Figure 5.11 (b), in this case also
the emerging surface is single or two faceted. The facets are composed of different family
of planes at different deviation angles. This is summarized in the Table. 5.6. The {100}
etched surface is found to have very small hillocks scattered all over the etched surface,

this can be seen on the SEMs taken at & = 45°, in Figure 5.12 (m).
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TABLE 5.6. Si{100} etched in 17wt% TMAH

5 Range Under-etched
in No. of Facet Descriptions planes Trenches
degrees | Facets (Model Identifiers)
0-14 1 ~ 45°, not smooth P-54-45-(54) No
15 - 45 2 1st: > 90°, very rough - P-126-135-(126) No
becomes smooth P-54-45-(54)
2nd: rough - becomes smooth

Region (° - 14°: In this rage of deviation angles the emerging surface is single faceted
and is not smooth. These planes belong to P-54-45-(54) family of planes. Figures 5.12 (a)
and 5.12 (b) show the cross-sectional view and the side view of the spoke at deviation & =
0°. And Figures 5.12 (c), (d) and (e) show some spokes in this range of deviation angles.

We can see that all the under-etched planes in this range have the same roughness features.

Region 15° - 30°: Here in this range of deviation angles, the under-etched emerging
surface is double faceted. The first facet is very rough and vertical, the second facet is
rough and inclined at a shallower angle. The first facet belongs to the P-126-135-(126)
family. The second facet belongs to the P-54-45-(54) family. The first and the second fac-
ets are the same crystallographic planes. As the deviation angle increases both the facets
becomes smoother. In particular facets at deviation angles > 35°, the facets are very
smooth. The top facet is roughest at around 8 = 20° (Figure 5.12 (h)). As the deviation
angle increases from 15°, the top facet becomes longer and is the longest at around 20°.
After 20°; as the deviation angle increases, the top facet becomes smaller and the second
facet starts to dominate the emerging surface. One can barely see the first facet at devia-
tion angle of 45°, see Figure 5.12 (m). Figures 5.12 (f) to (n) show the SEM:s of spokes in
this range of deviation angles. At deviation angle & = 45°, the second facet is the 54.7°

inclined smooth {111} plane.

In general the etched Si(100) surface has few hillocks, see Figure 5.12 (n). Also, it’s

very interesting to see that all the under-etched planes belong to the PBC based planes.
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5.1.4 Etching in 15wt% TMAH

5.1.4.1 Si{110} etched at 80°C

(a) %0 $i(110) Etched in 15wt% TMAH
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FIGURE 5.13: Si{110} etched in 15wt% TMAH at 80°C; (2) Under-etch rate, Si(110), (b)
Inclination angle, and (c) Facet details.
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SR

(g) -30° (h) - 35 (i) - 40°

FIGURE 5.14: Scanning electron micrographs taken at various deviation angles for the {110}
silicon etched in 15wt% TMAH at 80° C.

99



() - 43° (1) - 45°

(n) 55° g (o) - 65°

(p) - 65° (qQ - 72° (r) - 75°

FIGURE 5.14: Scanning electron micrographs taken at various deviation angles for the {110} sili-
con etched in 15wt% TMAH at 80° C.
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(y) - 90° (2) - 90°

FIGURE 5.14: Scanning electron mxcrographs taken at various deviation angles for the {110} sili-
con etched in 15wt% TMAH at 80°
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TABLE 5.7. Si{110} etched in 15wt% TMAH

5 Range
in No.of | Facet Descriptions Under-etched planes Trenches
degrees | Facets (Model Identifiers)

0-9 I little rough P-35-60-(90) No, But
can see
features

10-50 2 1st: > 90°, rough 1st: P-145-120-(90) Yes
2nd: > 40°, rough 2nd: P-35-60-(90)

51-55 1 1st: ~90° 1st: K-90-90-(90) Yes, van-
rough becomes ishes as &
smoother increases

55-70 1 Ist: ~90° 1st: P-90-90-(90) No, begins
smooth becomes asd
rougher increases

71 - 80 2 Ist: 90°, rough Ist: P-90-90-(90) Yes
2nd: <45°, not smooth | 2nd: K-35-45-(90)

81-90 1 1st: >90°, rough 1st: P-90-00-(90) Yes

Region 0° - 9°: In this range of 8, the emerging face is single faceted and is a little

rough. These planes are of the P-35-60-(90) family. SEM at § = 0° is shown in Figure 5.14

(a), this shows the near smooth {111} plane. As the deviation angle increases the side wall

becomes rougher.

Region 10° - 50°: Here the emerging face is composed of 2 facets, first facet is inclined

at an angle greater an 90° and the planes belong to the P-145-120-(90) family. The second

facet follow the P-35-60-(90) family. Both the facets are rough in this range. Figures 5.14

(b) to 5.14 (1) shows SEMs and various spokes in this range of deviation angles. In the

range & = 10° to 42°, the bottom facet dominates the under-etched surface. At & = 43° Fig-

ure 5.14(j), both the facets are of the same length. In the range & = 44° to 50°, the top facet

is dominant. Trenches can be seen in the spokes in this range of deviation angles.
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Region 51° - 55°: In this range, the emerging face is single faceted and belongs to the
K-90-90-(90) family of planes. The planes becomes smoother as the deviation angle
increases. The trenches start to disappear as the deviation angle increases. AT § = 55°,
there is no trench on the spoke. SEM at deviation angle & = 55° is shown in Figures 5.14

(m) and (n).

Region 55° - 70°: In this range, the emerging surface is single faceted and vertical. The
emerging planes belong to the K-90-90-(90) family. The planes becomes rougher and the
trench start to appear on the spokes as the deviation angle increases. Figures 5.14 (m) to

(r) shows the SEMs at the spokes in this range of deviation angles.

Region 71° - 80°: The emerging surface in this range is composed of two facets. The
first facet is vertical and belongs to the P-90-90-(90) family.The second facet is shallow
and belongs to the K-35-45-(90) family of planes. The second facet disappears as the devi-
ation angle increases. Figures 5.14 (q) to 5.14 (w) show the spokes in this range of devia-
tion angles. The trenches are very deep in this range, Figure 5.14 (s) shows the deep trench

on the spoke at deviation angle 80°.

Region 81° - 90°: This region of the under-etched surface is single faceted and vertical.
They belong to the P-90-90-(90) family. The plane is rough. Figures 5.14 (x) to 5.14 (z)
show the spoke at & = 90°, it shows the rough vertical emerging plane. Trenches are seen

on the spokes in this range of deviation angles.

I ing O} .

Observing the SEMs of the spokes which show the roughness on the etched Si(110)
surface, it is seen that the direction of the roughness is unique for each spoke. This can be
seen in the SEMs in Figures 5.14 (e), (m), (p), (W) and (z). The direction of roughness is
same as the direction of the periodic bond chain as described in chapter 3. The simple

example for this is the spoke at 8 =90°, where direction of roughness is perpendicular to
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the mask edge (Figure 5.14 (z) and Figure 5.15), and the direction of PBC at § =90° is also

straight across. Where as at & =0° the PBC direction is parallel to the mask edge.

FIGURE 5.15: Direction of roughness on the spoke at deviation angle & = 90°

From the Figure 5.15 it is seen that the roughness on the trench is also in the same
direction of roughness on the centre of the spoke. More about the roughness on the etched

(110) surface is discussed in Chapter 6.
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5.1.4.2 Si{100} etched at 80°C
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FIGURE 5.16: Si{100} etched in 15wt% TMAH at 80°C; (a) Under-etch rate, (b) Inclination angle,
and (c) Facet details.
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(c) - 10°
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(g) - 25° T)-25° ) - 27°

FIGURE 5.17: Scanning electron micrographs taken at various deviation angles for the {100}
silicon etched in 15wt% TMAH at 80° C.
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@) - 30°

(m) -°

(n) - 45°

FIGURE 5.17: Scanning electron micrographs taken at various deviation angles for the {100} sili-
con etched in 15wt% TMAH at 80° C.

TABLE 5.8. Si{100} etched in 15wt% TMAH

o Range Under-etched
in No. of Facet Descriptions planes Trenches
degrees | Facets (Model Identifiers)
0-15 1 ~45° smooth - rough - P-54-45-(54) No

smooth

16 - 34 2 1st: >90°, rough K-126-135-(126) No
2nd: smooth P-54-45-(54)

35-45 1 1st: smooth P-54-45-(54) No
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Region (° - 15°: In this range of deviation angles, the under-etched emerging surface is
single faceted and the planes belong to the P54-45-(54) family of planes. The plane
becomes smoother as the deviation angle increases. The (100) surface of the etch cavity is
very rough with lot a of hillocks. SEMs in Figure 5.16 (a) to Figure. 5.16 (e) show the
spokes in this range of deviation angles. The hillocks on the bottom of the etched cavity
can be seen in Figure 5.16 (b), this shows how dense the hillocks appear on the of the

etched cavity.

Region 16° - 34°: In this range, the emerging face is two faceted. The first facet is
rough and inclined at an angle greater than 90° to the wafer surface and belongs to the K-
126-90-(90) family of planes. The second facet is smooth and follows the P-54-45-(54)
family of planes. Initially the first facet is very small and as the deviation angle increases
the first facet starts to get larger and can be very clearly seen. The first facet is largest at
about § = 25°. But as the deviation angle further increases the first facet becomes smaller
and then vanishes. SEMs in Figures 5.16 (f) to 5.16 (k) show the spokes in this range of
deviation angles. The roughness in the interface between the first and the second facet
sometimes make the first facet look vertical in the cross-sectional view, as seen in Fig.

5.16(h).

Region 35° - 45°: In this range of &, the emerging face is single faceted. The emerging
planes belong to the P-54-45-(54) family of planes and are smooth. SEMs in Figure 5.16
(1) to Figure 5.16 (o) show the spokes in this range of deviation angles. Figures 5.16 (m) to

5.16 (o) show the smooth {111} plane formed at & = 45°.

The bottom of the etch cavity is seen to be full of hillocks. The hillocks are formed by

the {111} planes at all the sides, hence the hillocks have smooth faces.
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5.1.5 Etching in 12wt% TMAH

5.1.5.1 Si{110} etched at 80°C

(a) Si(110) Etched in 12wt% TMAH
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(c) Facet details, Si(110) etched in 12wt% TMAH
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FIGURE 5.18: Si{110} etched in 12wt% TMAH at 80° C; (a) Under-etch rate, (b) Inclination
angle, and (c) Facet details.
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(2)-20°

(i) - 25°

FIGURE 5.19: Scanning electron micrographs taken at various deviation angles for the {110}
silicon etched in 12wt% TMAH at 80° C.
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FIGURE 5.18: Scanning electron micrographs taken at various deviation angles for the {110} sili-
con etched in 12wt% TMAH at 80° C.
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FIGURE 5.18: Scanning electron micrographs taken at various deviation angles for the {110} sili-
con etched in 12wt% TMAH at 80° C.
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TABLE 5.9. Si{110} etched in 12wt% TMAH

5 Range Under-etched
in No. of Facet Descriptions planes Trenches
degrees Facets (Model Identifiers)
0-19 1 smooth, becomes rougher | K-35-45-(90) No
20 -39 2 Ist: smooth, very small P-145-120-(90) No, But
2nd: rough, becomes P-35-60-(90) can see
smooth features
40 - 45 3 Ist: smooth, very small P-145-120-(90) Yes,
2nd: smooth (small) K-90-90-(90) Shallow
3rd: smooth P-35-60-(90)
46 - 50 2 1st: not smooth P-145-120-(90) Yes,
2nd: not smooth K-90-90-(90) Shallow
51-55 1 Ist: smooth K-90-90-(90) Yes
55-75 1 Ist: smooth, becomes P-90-90-(90) Yes
rougher
76 - 90 2 1st: rough P-90-90-(90) Yes
2nd: rough, becomes K-35-45-(90)
smooth

Region 0° - 19°: In this range of deviation angles the emerging facet is single faceted.

They belong to the K-row K-35-45-(90) family of planes. Figures 5.18 (a) to (f) show the

SEMs in this range of deviation angles. The under-etched plane at deviation angle 0° is the

35° inclined, smooth {111} plane. As the deviation angle increases the under-etched

emerging plane becomes rougher. There are no trenches on the sides of the wagon-wheel

spokes in this range of deviation angles. As can be seen from the SEMs, the etched surface

has a few hillocks. In particular they can be seen near to the under-etched side wall.

Region 20° - 39°: Here in this range, the under-etched emerging surface is two faceted

and both belong to the PBC-based planes. The top facet belongs to the P-145-120-(90)

family, and is very small compared to the second facet. The second facet belongs to the P-

35-60-(90) family of planes. The second facet dominates the under-etched emerging sur-
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face. The top and bottom facets belong to the same crystallographic planes. Figures 5.18
(g) to (m) show the SEMs in this range of deviation angles. In this range of deviation
angles, we can see trench features on the sides of the spokes. The second facet is initially
rough but becomes smoother as the deviation angle increases. The roughness pattern is
very repetitive, this can be seen on the under-etched plane at deviation angle 25°, shown in
Figure 5.18 (h). This means that the trenches are not deep enough to be called trenches,
but we can clearly see the difference in the etched bottom surfaces, this can be seen from

Figures 5.18 (i), (1) and (n).

Region 40° - 45°: The under-etched emerging surface in this range is three faceted. The
first facet belongs to the P-145-120-(90) family and is very small. The second facet
belongs to the K-90-90-(90) family. The third facet belongs to the P-35-60-(90) family of
planes. Figure 5.18 (n) shows the SEM at deviation angle & = 40°. In this range of devia-
tion angles, as the deviation angle increases, the third facet quickly vanishes and the verti-
cal, second facet dominates. In the entire range, the first facet is very small. Here the

trenches can be clearly seen but, they are shallow.

Region 46° - 50°: In this range of deviation angles, the under-etched emerging surface
is two faceted. In fact this range is similar to the Region 40° - 45°, where the third facet
has completely disappeared. The first facet is very small and belongs to the P-145-120-
(90) family. The second facet is smooth and belongs to the K-90-90-(90) family of planes.
Here the trenches can be clearly seen but, they are shallow. Figure 5.18 (o) shows the

SEM at deviation angle 8 = 50°.

Region 51° - 55°: In this range the emerging surface is single faceted and is vertical.
The vertical emerging plane belongs to the K-90-90-(90) family of planes and is smooth.
Figure 5.18 (p) shows the SEM at deviation angle 8 = 55°, this shows the vertical {111}
plane. In this range, the trench disappears as the deviation angle increases and at 8 = 55°,

there is no trench, this can be seen in Figure 5.18 (p).
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Region 55° - 75°: Here the under-etched emerging surface is single faceted and is ver-
tical belonging to the P-90-90-(90) family of planes. As the deviation angle increases the
emerging plane becomes rougher and the trenches start to appear. Figures 5.18 (p) to (s)

show the SEMs in this range of deviation angles.

Region 76° - 90°: In this range of deviation angles the under-etched emerging surface
is double faceted. In addition to the vertical PBC based planes, k-row based planes starts
to appear as the second facet. The top, first facet is vertical and rough belonging to the P-
90-90-(90) family. The second facet is shallow, smooth and belongs to the K-35-45-(90)
family of planes. Trenches can be seen on the sides of the spokes in the entire range. Fig-
ures 5.18 (t) to (aa) show the SEMs in this range of deviation angles. Figures 5.18 (z) and
(aa) show the SEMs at 8 = 90°, this shows the smooth second facet inclined at 45° to the

{110} wafer surface. This smooth, 45° inclined plane is the {100} plane.
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5.1.5.2 Si{100} etched at 80°C

(a) Si(100) etched in 12wt% TMAH
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FIGURE 5.20: Si{100} etched in 12wt% TMAH at 80°C; (a) Under-etch rate, (b) Inclination angle,
(c) Facet details.
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(h) - 27°

FIGURE 5.21: Scanning electron micrographs taken at various deviation angles for the {100}
silicon etched in 12wt% TMAH at 80°C
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FIGURE 5.21: Scanning electron micrographs taken at various deviation angles for the {100} sili-
con etched in 12wt% TMAH at 80° C.
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TABLE 5.10. Si{100} etched in 12wt% TMAH

5 Range Under-etched
in No. of Facet Descriptions planes Trenches

degrees |} Facets (Model Identifiers)

0-17 1 1st: smooth P-54-45-(54) Yes

18 - 27 2 1st: >90°, rough P-126-135-(126) Yes

2nd: smooth P-54-45-(54)

28-34 1 Ist: smooth - little rough P-54-45-(54) Yes

35-45 1 Ist: little rough - smooth P-54-45-(54) No

Region 0° - 17°: In this range the under-etched emerging surface is single faceted and
is almost smooth. These planes belong to the PBC-based planes, the P-54-45-(54) family
of planes. Figures 5.21 (a) to (d) show the SEMs in this range of deviation angles. The
etched (100) surface is very rough which is evident from the SEMs. This roughness on the
(100) surface is common in the lower concentration TMAH etches. There are deep
trenches in the sides of the spokes. The inside, small side wall of the trench has the same
roughness of the under-etched emerging plane. Therefore they both belong to the same

crystallographic planes.

Region 18° - 27°; In this range the emerging surface is double faceted, the first facet is
inclined at an angle greater than 90° and belong to the P-126-(135)-126 family of planes.
The second facet is shallow, PBC-based planes inclined at an angle lesser than 90° and
belongs to the P-54-(45)-54 family of planes. The second facet dominates the under-
etched emerging surface. Figures 5.21 (e) to (h) show the SEMs in this range of deviation
angles. Deep trenches were observed in the sides of the spokes, Figure 5.21 (g) shows the
close-up of the trench at deviation angle of 25°. Both sides of the trenches are composed

by the same crystallographic planes.

Region 28° - 34°: Here in this range of deviation angles, the emerging surface is single

faceted and they belong to the P-54-45-(54) family of planes. Figures 5.21 (i) to (1) show
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the SEMs in this range of deviation angles. Initially the under-etched emerging plane is
smooth but as the deviation angle increases, the plane becomes a little rougher. Trenches
can be seen in the entire range of deviation angles; but as the deviation angle increases, the

trenches get shallower and narrower.

Region 35° - 45°: Again, in this range the emerging surface is single faceted and
belongs to the P-54-45-(54) family of planes. Initially the under-etched emerging planes
are a little rough but becomes smoother as the deviation angle increases. Figures 5.21 (n)
to (r) show the SEMs at & = 45°, here the emerging plane is the smooth 54.7° inclined
{111} plane. There are no trenches in the entire range of deviation angles. The roughness
on the etch bottom decreases as the deviation angle increases, the roughness trend on the

bottom of etched spokes can be seen from the SEMs in Figure 5.21.
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5.1.6 Etching in 9wt% TMAH

5.1.6.1 Si{110} etched at 80° C

(a) Si(110) Etched in 9wt% TMAH
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FIGURE 5.22: Si{110} etched in 9wt% TMAH at 80°C; (a) Under-etch rate, (b) Inclination angle
and (¢) Facet details.
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(g) - 26° (h) - 34° (i) - 40°

FIGURE 5.23: Scanning electron micrographs taken at various deviation angles for the {110}
silicon etched in 9wt% TMAH at 80° C.



(k) - 43°

(q) - 65° (r) - 70°

FIGURE 5.23: Scanning electron micrographs taken at various deviation angles for the {110} sili-
con etched in 9wt% TMAH at 80° C.
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FIGURE 5.23: Scanning electron micrographs taken at various deviation angles for the {110} sili-
con etched in 9wt% TMAH at 80° C.
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TABLE 5.11. Si{110} etched in 9wt% TMAH

o Range
in No.of | Facet Descriptions Under-etched planes Trenches
degrees | Facets (Model Identifiers)
0-22 1 35°-40°, rough P-35-60-(90) No

23-33 2 1st: > 90°, rough Ist: P-145-120-(90) No
2nd: > 45°, rough - 2nd: P-35-60-(90)
smooth

34-38 1 Lst: > 45°, smoother Ist: P-35-60-(90) No

39-48 2 Ist: >90° Ist: P-145-120-(90) No
2nd: > 45°, Little 2nd: P-35-60-(90)
rough

49 - 55 1 1st: > 45°, smooth 1st: P-35-60-(90) No

55-70 1 1st: 90°, becomes 1st: P-90-90-(90) No
rough

71-79 2 Ist: = 90°, rough 1st: P-90-90-(90) No
2nd: <45° 2nd: K-35-45-(90)

80 -90 1 Ist: little rough 1st: P-90-90-(90) No

Region 0° - 22°: In this range the under-etched emerging surface is single faceted and
is a little rough. The emerging planes belong to the P-35-60-(90) family of planes. Figures
5.23 (a) to (e) show the SEMs in this range of deviation angles. As can be seen on the
SEMs, as the deviation angle increases the under etched emerging surface becomes

rougher.

Region 23° - 33%: In this range the emerging surface is two-faceted. First facet is rough
and is inclined at an angle greater than 90° to the wafer surface, and these planes belong to
the P-145-120-(90) family. And the second facet is rough and follows the P-35-60-(90)
family of planes. Figures 5.23 (f) to (g) show the SEMs in this range of deviation angles.
In this range, initially the first facet is small but becomes larger as the deviation angle
increases. After a few degrees the first facet again becomes smaller and finally vanishes.

The first facet is largest at about 26°.
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Region 34° - 38°: Here in this range, the under-etched emerging surface is single fac-
eted and the planes belong to P-35-60-(90) family. As the deviation angle increases, the
emerging plane becomes smoother. Figure 5.23 (h) shows the SEM at deviation angle of

34°,

Region 39° - 48°: In this range the emerging surface is two-faceted, the first facet is
inclined at an angle greater than 90° to the wafer surface, and belongs to the P-145-120-
(90) family. And the second facet is little rough and follows the P-35-60-(90) family of
planes. Figures 5.23 (i) to (1) show the SEMs in this range of deviation angles. Here again
in this range, initially the first facet is small but becomes larger as the deviation angle
increases. After a few degrees the first facet again becomes smaller and finally vanishes.

The first facet is largest at about 45°. This is very similar to the range 23° - 33° range.

Region 49° - 55°: In this range the under-etched emerging surface is single faceted,
smooth and follows the P-35-60-(90) family of planes. Figures 5.23 (m) to (p) show the
SEMs in this range of deviation angles. At deviation angle & = 55°, the emerging plane is

the vertical, smooth {111} plane.

Region 55° - 70°: The under-etched emerging surface is again single faceted but is ver-
tical in this entire range of deviation angles. They belong to the P-90-90-(90) family. As
the deviation angle increases the emerging plane becomes rougher. This can be seen on

the side wall of the spoke at deviation angle § = 70°, shown in Figure 5.23 (r).

Region 71° - 79°: In this range the emerging surface is two-faceted, the first facet is
rough, vertical, and belongs to the P-90-90-(90) family. And the second facet is little
rough and is inclined at around 45° to the {110} wafer surface. The second facet belongs
to the K-34-45-(90) family of planes. In this range, we see a few hillocks on and near the
second facet. Figures 5.23 (s) to (v) show the spokes in this range and also show the hill-

ocks. The hillocks on the second facet is sometimes really large which makes the second
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facet really large. This can be seen in Figure 5.23 (u). We can see that the roughness of the
hillocks abruptly change the length of the second facet at § = 74°, when compared to the
spoke at 3 = 73°. In general the second facet becomes smaller as the deviation angle

Increases.

Region 80° - 90°: In this range the emerging surface is single faceted, rough and verti-
cal. At 3 =90°, the emerging plane is the vertical {100} plane, this is shown in Figure 5.23
(x). Here again, we can see hillocks at the interface of the under-etched emerging surface

and the etch cavity bottom {110} plane.

In the entire range of deviation angles, there are no trenches in the sides of the spokes.

5.1.6.2 Si{100} etched at 80°C

Si(100) etched in 9wt% TMAH
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FIGURE 5.24: Si{100} etched in 9wt% TMAH at 80°C; (a) Under-etch rate, (b) Inclination angle,
{(c) Facet details.

Due to the roughness on the under-etched emerging surface it was very difficult to
measure the UESHP accurately and hence the effective inclination of the under-etched
emerging surface was not calculated for this case. SEMs were taken on the spokes to study
the features on the under-etched surface and the facet inclination angles. From the SEMs

its clear that the interface between the under-etched surface and the etched cavity bottom
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1s very rough to make any UESHP measurements. In some spokes the trench was found

only on one side of the spoke sides (at 8 = 37°, Figure 5.25())).

) - 10°

e RORe

(g) - 30° (h) - 35° (i) - 35°

FIGURE 5.25: Scanning electron micrographs taken at various deviation angles for the {100}

silicon etched in 9wt% TMAH at 80° C.
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(m) - 41°

(n) - 45°

FIGURE 5.25: Scanning electron micrographs taken at various deviation angles for the {100} sili-
con etched in 9wt% TMAH at 80° C.

TABLE 5.12. Si{100} etched in 9wt% TMAH

5 Range Under-etched
in No. of Facet Descriptions planes Trenches
degrees | Facets (Model Identifiers)
1-37 1 Rough, becomes smoother | P-54-45-(54) Yes
38-45 1 Smooth P-54-45-(54) No

Region (° - 37°: In this range of deviation angles the emerging surface is single faceted

and rough. They belong to the P-54-45-(54) family of planes. As the deviation angle
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increases, the emerging plane becomes smoother. Figures 5.25 (a) to (1) show the SEMs
on spokes in this range of deviation angles. There are deep trenches on the spokes in this
range of deviation angles. As the deviation angle increases, the trench disappears. At 6 =
37°, the spoke had trench on only one side. The sides of the spokes are 0.5° apart, so with
in a difference of 0.5° the trench features abruptly vanishes which shows that the etching

is very much orientation dependent.

Region 38° - 45°; In this range the emerging surface is smooth, single faceted and has
no trenches. The emerging planes belong to the P-54-45-(54) family of planes. At § = 45°,
the emerging plane is the smooth, 54.7° inclined {111} plane. Figures 5.25 (n) and (o)

show the spoke at t 6 = 45°,

The etched {100} surface is very very rough as can be seen on the SEMs. It is interest-
ing to see that the under-etched emerging planes in the 9wt% case are always the PBC

based planes as in the 12wt% TMAH case.
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CHAPTER 6

Removal Rates Fitting and Discussion

Important in the analysis of anisotropic etch properties of an etch system (etchant and
etch conditions) are the etch properties of the most common crystallographic planes, the
{100}, {110} and {111} planes. Also of importance are the etch properties of the masking
material, but in this work the main focus is on the etch rates of the common crystallo-
graphic planes. Using the facet information and under-etch rates that were presented in
Chapter 5 and the simple atomic model described in Chapter 3, the removal rates of PBCs

or k-rows (f,, and f;) are calculated for several cases in each etchant concentration.

6.1 Etch Depth, Etch Rates and Removal Frequencies

The etch rates of {100} and {110} silicon planes can be found from the etch depth of
the etch cavities on {100} and {110} silicon respectively. The table below shows the etch
rates of {100} and {110} planes calculated from the average etch depths of the respective

etch cavities at all deviation angles.

TABLE 6.1. Etch rates of {100} and {110} vs. TMAH Concentration

Const Etch Rate

wt% {100} {110}
25 243 36.6
19 29.2 40.5
17 32.7 39.5
15 35.1 17.7
12 36.8 329
09 - 209

The etch rates of {100} and {110} planes are plotted in Figure 6.1.
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FIGURE 6.1: Etch rates of {100} and {110} vs. TMAH Concentration

6.1.1 Removal Frequencies

As presented earlier, the {100} plane is formed by rows of atoms, each with two dan-
gling bonds (kinks). The {100} bulk silicon is made of stacks of these layers with kinks.
And similarly the {110} plane is formed by periodic bond chains (PBCs). The {110} bulk
silicon is made of stacks of these PBC layers. This makes it easy to calculate the kink-row

and PBC removal rates from the etch rates of {100} and {110} planes respectively.

6.1.1.1 Crystal basics

Distances between different atoms of the unit cube are important and are used in most
of the calculations in this section. The Figure 6.2 shows the distances between the most

common atoms in a unit cell. From this the inter layer distance of the common planes

{100}, {110} and {111} can be calculated.
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FIGURE 6.2: Silicon unit cube and representation of inter atomic distances.
AD = g = 0.25a - distance between (100) planes
BD = # = 0.3536a - distance between (110) planes
BE = a—? = 0.577a - distance between (111) planes

where a is the lattice constant of silicon, a = 5.43 x 10"'%m.

6.1.1.2 Kink-row removal frequency {100}

When a {100} layer is exposed to the etchant, all the atoms or kinks are exposed to the
etchant at the same time. All the atoms on the {100} surface that are exposed to the
etchant have the same crystallographic features (two dandling bonds). This model approx-
imates that (nominally, on average) all will be etched simultaneously, exposing the next
layer of atoms. According to this approximation, the first layer of atoms or kinks should
be completely be etched before the atoms on the next layer can be etched. So the etch
progresses in steps. The kink-row removal frequency f, (rate at which a row of kink atoms
is etched) can be calculated from the step length, the distance between two adjacent {100}

planes and the experimental etch rate of {100} plane.
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FIGURE 6.3: Layers of {100} planes to illustrate the step length
As can be seen on the Fig. 6.3, the step length s = 0.25 x a. And the kink-row removal

frequency f; is given by

_ ER(100)

- 9
035 xa 7.33 x 10" x ER(100) #/hr

Ji

6.1.1.3 PBC removal frequency {110}

By a similar argument, and approximation the first layer of exposed PBCs should be
completely removed before the next layer of PBCs can be attacked. When the {110}
plane, composed of PBC structures is exposed to the etchant, and when one of the atoms
on the periodic bond chain is attacked, the next atom on the PBC is weakened and is very
quickly etched. This process continues and very quickly removes the complete chain, this
process may be called “zipping”. The PBCs are initially stable until one of the atoms on
the PBC link is attacked, but once one of the atoms is etched the complete chain is etched

quickly.
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FIGURE 6.4: Layers of {110} planes to illustrate the step length
Similarly the f,, PBC removal frequency can be calculated from the step length S =
1
ma = 0.3536a between two adjacent {110} planes, and the experimental etch rate of

{110}. The PBC removal frequency, Jp is given by

_ ER(110) _

Jo = 35362 5.21 x 10° x ER(110) #/hr

TABLE 6.2. Removal Rates vs. TMAH Concentration

Const. | f; (x10%) | £, (x105) |
wt% (#/hr) (#/hr)

25 1.78 1.91

19 2.14 2.11

17 | 240 2.06

15 2.57 092 |

12 2.70 1.71

9 - 1.09

The removal rate of PBCs tend to be lower than the kink-row removal rates except at
25wt% case. At lower concentrations the f, << f. It is interesting to note that the PBC

removal rate at 15wt% is very low. The removal rates (f; and fp) vs. TMAH concentration

are plotted in Figure 6.5.
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FIGURE 6.5: Removal Rates vs. TMAH Concentration

The above mentioned method of calculating f; and fp is valid only for {100} and {110}
planes. Another method can also be used to calculate the removal rates, based on the angle
between plane and the closest {111} plane. This method is described in Chapter 3 and is
discussed in more detail with the calculations based on the experimental data in the later

section of this chapter.

6.2 Under Etch, Etch Rates and Removal Frequencies

The common {100}, {110} and the {111} planes can also often be found as one of the
emerging under-etched planes at certain deviation angles, in both cases of the (100) silicon
and {100} and {110} wafer surfaces. Hence the etch rates of these planes can be calcu-
lated from the observed data. The mask-edge deviation angles at which these common

planes appear as emerging planes are tabulated in the Tables 6.3 and 6.4 below.
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TABLE 6.3. Emerging Planes on (110) Silicon

Deviation Emerging | Inclination
Angle (8) Plane Angle
0° (111) 35.26°
35.26° (110) 60°
55° (111) 90°
90° (100) 45°
(110) 90°

TABLE 6.4. Emerging Planes on (100) Silicon

Deviation Emerging | Inclination
Angle () Plane Angle
0° (100) 90°
(110) 45°
45° (111) 54.7°

Based on the emerging plane angles and the experimental data, the etch-rates of the
{100}, {100} and {111} can be calculated. In the case where the emerging face is com-
posed of two facets the etch-rates of the planes are calculated as illustrated in Figure 6.6.
In many two-facet cases, the first facet is always vertical and hence makes the calculations

easy.

ER2

(b) (c)

FIGURE 6.6: Illustration of emerging planes and etch rate calculation

Figure 6.6 above shows these different forms of the emerging planes. Fig 6.6 (a) shows
the simple single-facet case, where the etch rate of the emerging plane can be calculated
from ER = UER x sin6, where 0 is the inclination angle of the emerging plane. There

are also cases where the under-etched surface is two faceted. As an example consider the
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Si(110) at & = 90°, where the under-etched surface can have two facets. The first facet is
the vertical {110} and the bottom facet is the 45° inclined {100} plane. Figure 6.6 (b) and
(c) illustrates such case. The difference between the Figures 6.6 (b) and (c) is that the
UESHP (under-etched surface horizontal projection) is smaller than the MUC (mask
under cut) in (b) and UESHP is larger than MUC in (c). In such two facet cases (1st: 90°

and the 2nd: 45°), the etch-rates of the planes can be calculated from

ER, = UER and

(UER - UESHP + Depth)

J2

The etch-rate of the (100) planes and (110) planes at various concentrations of TMAH

ER, =

are calculated from the above equations. The calculated etch rates of these planes vs.
TMAH concentration are tabulated in Table 6.5. In addition to the calculated etch rates,

the etch rates from cavity etch depths (from Table 6.1) are included in in Table 6.5.

TABLE 6.5. Etch Rates of {100} and {110} planes vs. TMAH Concentration

Const. Si (100), 5 =0° Si(110), 5 =90° Cavity Etch Depth
wt% "ER(100) | ER(110) | ER(100) | ER(110) | ER(100) | ER(110)
(um/hr) | (um/hr) | (um/hr) | (um/hr) | (um/hr) | (um/hr)
25 21 29.7 22.6 - 243 36.6
19 26 25.5 40.7 444 29.2 40.5
17 - 32 45.8 45.6 32.7 39.5
15 - 28 - 21.6 35.1 17.7
12 - 36 48.4 42 36.8 32.9
9 - 4] - 21.6 - 20.9

As we can see from the Table 6.5 above, the etch rates of the same types of planes
etched at same concentration are not the same. Note that the etch rate of (110) planes at
15wt% TMAH have a very sharp decrease when compared to the etch rates at 12wt% and
17wt% cases. The etch rates of {100} and {110} on both (100) and (110) wafers vs.

TMAH concentration are plotted and presented in Figure 6.7.
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Etch Rate vs Concentration
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FIGURE 6.7: Etch rates of {100} and {110} planes vs TMAH concentration
Due to this very unexpected behavior observed at 15wt% TMAH etch, the experiment

was repeated and the same results were observed.

6.3 Under-Etched Planes: PBC’s and Kink-Rows

Chapter 5 presented the detailed underetch data, including facet inclination angles as a
function of mask-edge deviation angle. In most cases, the facet inclination angles matched
the theoretical inclination angles predicted by the model in Chapter 3. Since the model
assumed that ALL facets would be pbc-based, or kink-row-based, this broad observation

supports the assumptions outlined in Chapter 3:

(1) Each PBC on the etch-front plane must be removed mostly as a unit, before the next

one is removed.

(2) Assumption (1) implies that the rate of removal of a kink on a PBC must be much

greater than the rate of formation of new kinks on a previously intact PBC.
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(3) In order for ER(6k) to hold, entire rows of kinks must be mostly removed before

the next row of kinks is attacked.

Of course, certain isolated facets exhibited substantial roughness, indicating that, on an
atomic scale, for those particular facets, the step based model was too simplistic. How-
ever, overall, the assumptions are confirmed, and this is a very important result: For most
underetched facets, over a wide range of TMAH concentrations, the facets are composed
of pbc-based or kink-row-based planes, and entire pbc’s and kink-rows are removed
largely as a unit. In other words, the probability of removing an atom on an already-bro-
ken pbc or kink-row is much greater than the probability of nucleating a new break in an

intact pbc or kink-row.

These assumptions will be used to further extract pbc and kink-row removal frequen-

cies in the upcoming sections.

6.4 Under-Etch Rate Model Fit to Calculate Removal Frequencies

Expanding the concept of calculating the etch rate in Chapter 3, Section 3.5, the etch
mechanism in silicon is modeled by a small number of basic atomic structures: flat
Si{111} planes, periodic bond chains (Si{110} planes are fields of such features). and
kink-rows (Si{100} planes are fields of such features), with row and bond orientations
alternating from one atomic layer to the next. Surface reconstruction is not considered,
and the Si{111} plane is assumed to be the only inherently flat plane serving as a refer-
ence for the propagation of steps. The model assumes that any etched surface can be inter-
preted as having indices of the form {hhk} or {hkk}, where h 2 k. Any surface having
indices {hhk} is composed of steps defined by pbc's, while any surface having indices
{hkk} is composed of steps defined by regular kink-rows. While these assumptions may

not be true for all cases, they cover a wide enough set of data to make them useful.

In accord with basic crystal growth and etch models, etching is simply modeled as the
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movement of steps. The model is developed from the Figure 3.3, assuming that, in a unit
of time (//f), the etch propagates by one step-advancement width s (assumed to occur on
each step simultaneously), the etch rate can be calculated from Eq 3.1. So for the two
generic cases, the pbc-defined {hhk} surface, and for "k-based" {hkk} surface, from Eq

3.4 and Eq 3.5 the etch rates will be as follows:

o . .
ER,(6,) = 3.314 f,sin(0,) (Eq6.1)

ER(8,) = 3.314 f;sin(8,) (Eq62)

where f, and f; are the removal frequencies (in #/hr) of pbc's and kink-rows, respec-
tively, and Op and 0, are the angles between the {111} flat plane in question and the pbc-
based, or k-based plane being considered. The numerical values of the step width and
height are taken to be the same for both pbc-defined and k-defined cases. These types of
equations can only be expected to hold within certain angle intervals close to the flat refer-
ence plane. For large enough 6, interactions with other flat planes may dominate. For a
given silicon wafer surface, such as {110} or {100}, there are several distinguishable
{111}-family planes (discussed in Chapter 3), each of which can potentially serve as a flat

plane, to which 6 can be referenced.

The orientation of these {111} planes with respect to the wafer surface is of critical
importance in interpreting etch behavior. The {100} surface presents four symmetric
{111} planes, each inclined by 54.7° to the horizontal, and the {110} surface presents ver-

tical {111} planes in a parallelogram arrangement, and two 35.3° inclined {111} planes.

Etching Si{100}, there is only one type of variation of (Gp) and (8y). The inclination
angles of pbc-based planes vary between 54.7° and 45°, while kink-row based planes vary
between 54.7° and 90°. The step widths for both the type of planes are shown in Table 6.6

below.
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TABLE 6.6. Step width of Various Planes on (100) Silicon

Pair-Variation | Dev-Angle (3) I Step width (s)
Identifier Range on {100} surface
P-54-45-54 ~45-0 - +45 3.83A

K-54-90-126 —-45-0 - +45 3.83A

On the other hand, for the etching of Si{110}, the relevant possibilities are summarized

in abbreviated form in the Table 6.7 below. Also presented are their step widths which

will be used in model fits.

TABLE 6.7. Step width of Various Planes on (110) Silicon

Pair-Variation Dev-Angle (3) Step width (s)
Identifier Range on {110} surface
. K-35-45-90 0-90-125 3.83A
| K-145-135-90 0-90-125 3.83A
. P-35-60-90 0-35-55 3.83 A
. P-145-120-90 0-35-55 3.83A
| K-90-90-90 125-0-55 331A
| P-90-90-90 55-90-125 331 A

Based on these step widths and the type of emerging plane, we can fit etch rate equa-
tions Eq 3.4 and Eq 3.5 on the experimental etch rate graphs to get the removal frequen-
cies (f; or f, depending on the emerging plane). Due to the way the step widths are
calculated, using these step widths in the equations will result directly in under-etch rate.
In these fits, the UER data is matched only to the first facet planes which are inclined at an
angle less than 90°. Even though the inverse planes (e.g. K-35-60-90 and K-145-120-90)
are of the same family, the UER is not the same because of the plane orientation with
respect to wafer surface. So in all these fi/f), fits, top facets inclined at an angle less than
90° are fitted to the UER. In special cases where the first facet is inclined at an angle
greater than 90° and is very small, this simple rule is ignored and the UER is fitted based

on the second facet.

142



6.4.1 (100) Silicon Etching

6.4.1.1 TMAH 25wt% Case

From the experimental results (Figure 5.3) and from SEM observations (Figure 5.4),
the first facet of the under-etched surface, type of plane vs. deviation angle are found and

are tabulated in Table 6.8 below.

TABLE 6.8. First facet of the Under-etched surface on Si(100) etched in 25wt% TMAH

5 Range First Facet
0-15 K-126-90-54
16 -42 K-54-90-126
43 - 45 P-54-45-54

By knowing the type of plane forms that forms the first facet and the step width, the
under-etch rates can be calculated. By varying the values of f, or £}, the calculated UER
are fitted to the experimental data on the corresponding range of deviation angles. Though
in the range of deviation angles 16° to 42° the first facet is K-54-90-126, which is inclined
at an angle greater than 90°, we still can fit the UER based on the second facet K-126-90-
54 because the first facet (K-54-90-126) is very small. The fitted UER curves are over laid
on the experimental UER data, shown in Figure 6.8 with the corresponding removal fre-

quencies f, or f;, in this case only the ;.

Si(100) etched in 25wt% TMAH
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FIGURE 6.8: Experimental (100) UER data for 25wt% TMAH and fitted theoretical UER curves
with corresponding kink-row removal frequency (#/hr).
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Similarly, from the facet information presented in Chapter 5, fits were done where pos-
sible for all other concentrations. Again, the fits were only made where the first facet of
the under-etched surface was inclined at an angle less than 90°. Si(100) etched in 19wt%,
and 17wt% had the first facets inclined at an angle greater than 90° in the entire range of
deviation angles and hence were not fitted to the theoretical UER fits. And for the Swt%
etch, the data is not fitted because the experimental data looks very noisy. The UER
graphs with fitted theoretical UER curves and the calculated removal frequencies for other

concentrations are shown in graphs in Figure 6.9 and Figure 6.10.

6.4.1.2 TMAH 15wt% Case

Si(100) etched in 15wt% TMAH
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FIGURE 6.9: Experimental (100) UER data for 15wt% TMAH and fitted theoretical UER curves
with corresponding PBC removal frequency (#/hr).
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6.4.1.3 TMAH 12wt% Case

Si(100) etched in 12wt% TMAH
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FIGURE 6.10: Experimental (100) UER data for 12wt% TMAH and fitted theoretical UER curves
with corresponding PBC removal frequency (#/hr).

6.4.2 (110) Silicon Etching

6.4.2.1 TMAH 25wt% Case

From the experimental results (Figure 5.1) and from SEM observations (Figure 5.2),
the first facet of the under-etched surface, type of plane vs. deviation angle is tabulated in
Table 6.9 below. From these information, the type of plane that forms the first facet and
step width; the under-etch rates are calculated from the equations. By varying the f, or f,

the calculated UER is fitted on to the experimental data to find the exact values of f, and
Sr

TABLE 6.9. First facet of the Under-etched surface on Si(110) etched in 25wt% TMAH

5 Range First Facet
0-15 K-35-45-(90)
16 - 55 K-90-90-(90)
55-76 P-90-90-(90)
77 - 88 K-90-45-(35)
89 -90 K-35-45-(90)

From this information on the first facet, the UER curves for Si{110} etched in 25wt%
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TMAH is fitted to the appropriate UER(8,) or UER(Sy) in certain ranges and the corre-
sponding /p and f values are calculated. The fitted UER curves are over laid on the exper-

imental UER data, shown in Figure 6.11 with the corresponding removal frequencies f,

and fj.

SI{110) Etched in 25wt% TMAH

f. 3 4.5De5

F, = p.00§5

Under etch rate (um/hr)
B85883

f =|5.10e5

C 10 20 30 40 S0 60 70 8 90 100 110 120 130 140 150 160 170 1680

Deviation angle from the intersection of (110) - (111) (degrees)
|® UER(um/hr) @ K-35-45-30 O K-80-0-90 @ P30-90-80

FIGURE 6.11: Experimental (110) UER data for 25wt% TMAH and fitted theoretical UER curves
with corresponding PBC and kink-row removal frequencies (#/hr).

Similarly, this fitting was done for all other concentration etches. The UER graphs with
fitted theoretical UER curves and the removal frequencies for other concentrations are

shown in graphs in Figure 6.9 to Figure 6.13.

146



6.4.2.2 Other Concentrations

Si(110) Etched in 19wt% TMAH
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FIGURE 6.12: Experimental UER data for 19wt%, 17wt% and 15wt% TMAH and fitted theoret-
ical UER curves with corresponding PBC and kink-row removal frequencies (#/hr).
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Si(110) Etched in 12wt% TMAH
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FIGURE 6.13: Experimental UER data for 12wt% and 9wt% TMAH and fitted theoretical UER
curves with corresponding PBC and kink-row removal frequencies (#/hr).

6.4.3 Removal rate vs. TMAH Concentration

The fitted removal frequencies for the Si(100) and Si(110) etches are summarized in

this section.

6.4.3.1 Removal Frequencies in Si(100)

The removal frequencies that were used to fit the (100) experimental under-etch rate
data are summarized in this section. Both the kink-row removal frequency and PBC
removal frequency calculated for different concentration etches are summarized in Table

6.10.
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TABLE 6.10. PBC/Kink-row Removal Frequency on Si(100)

Pair-Variation

PBC/Kink-row Removal Frequency Jpor fi (x 105) /hr

Identifier 25wt% | 19wt% | 17wt% | 15wt% | 12wt% | 9wt%
K-54-45-126 3.40 - - - - -
P-54-45-54 - - - 2.30 4.40 -

As we can see from the table, in most etch cases the first facet was the inverted planes
which were inclined at an angle greater than 90° with respect to the (100) wafer surface
and hence the removal frequencies were not calculated. With this discrete data it is very
difficult to compare the removal frequencies. Hence the removal frequencies calculated on

Si(110) are considered, this is discussed in the next section.

6.4.3.2 Removal Frequencies in Si(110)

The removal frequencies that were used to fit the (110) experimental under-etch rate

data are summarized in Table 6.11 below.

TABLE 6.11. PBC/Kink Removal Frequency on Si(100)

Pair-Variation PBC/Kink Removal Frequency j;, or fi (x 10°) /hr
Identifier 25wt% | 19wt% | 17wt% | 15wt% | 12wt% | 9Iwt%
K-35-45-90 5.10 6.80 8.20 3.15 7.00 3.00
K-90-90-90 4.50 5.50 5.80 3.15 6.30 -
P-35-60-90 - - - - - 3.00
P90-90-90 6.00 6.00 6.50 6.00 6.50 3.00

From the above table, it is clear that etching (110) silicon provides rich variations of
data. When comparing the removal frequencies in (100) and (110) cases, it is clear that the

removal rates, both PBC and kink removal rates are lower in (100) case.

For easier analysis these removal frequencies are plotted on a graph. The graph in Fig.
6.14 below shows the relation between the removal frequencies and TMAH concentra-
tions. The removal rate of each Pair-Identifier variation with respect to etchant concentra-

tion will help to understand the etch mechanism.
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Removal Rate Vs TMAH Concentration
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FIGURE 6.14: Removal rate vs. TMAH concentration. The P-35-60-90 type is seen only at 9wt%
TMAH etch.

This kink-row removal frequency increases as the TMAH concentration reduces. But
15wt% and lower concentrations do not behave intuitively, 15wt% and 9wt cases have

very low removal rates and both are ~3.0 x 10°/hr.

This kink-row removal frequency increases as the TMAH concentration reduces. But
the 15wt% is the odd case where the kink-row removal frequency sharply decreases, and

is equal to the K-35-45-90 kink-row removal frequency.

From the graph, we see that this PBC removal rates are almost constant for all concen-

tration etches (~6.0 x 10°/hr) but for the 9wt% etch where it sharply decreases.

This type is found only on the 9wt% case.
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At lower concentrations, 9wt% and 12wt%, the removal frequencies are all roughly
equal. At the medium concentrations, 17wt% and 15wt%, the removal rates vary substan-
tially. At 15wt%, both of the kink-row removal frequencies are the same and the PBC

removal frequency is double the kink-row removal frequency.

The higher the removal rate, the more the etch is dependent on that particular Pair-

Identifier, either kink-row oriented or PBC orienied etch.

A potential cause for different removal frequencies under same etch conditions may be
related to effects acting at the boundaries between different facets on the under-etched sur-

faces (see Chapter 7 on Recommendations for Future Work).

6.5 Comparison to {110} and {100} Etch Rates Studied by Other
Researchers

This section compares the results of other researchers working with TMAH. The etch
rates of the common low index planes, (100) and (110) planes compared, since most
researchers have mainly studied the etch rates of these common low index planesl. Study-
ing and recording the etch rates of other crystallographic planes are very useful, in partic-
ular the etch rates of fast etch planes are of critical importance when designing a mask or a
cormer compensation structure. Hence the wide range of experimental data from this work
can be used in a variety of applications. As a correlation to other researchers work, the
etch rates of (100) and (110) from this work and others are summarized in this section. In
addition to the etch rates of various planes, their surface roughness is studied and are

reported in this work (Chapter 5).

6.5.1 (100) Silicon

The table below shows the etch rates of (100) planes at different concentrations at 80°C

1. Note that this work studies etch rates of a wider range of planes.
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measured in this work, by S. Naseh [28], O. Tabata [10], and A. Merlos [16].

TABLE 6.12. Etch Rate of Si (100), Comparison

TMAH O. Tabata [10]

Const. | This Work | S. Naseh [28] | (approx. from Graph) | A. Merlos [16]
25wt.% 243 23.2 29.4 23
19wt.% 29.2 - 35.4 -
17wt.% 32.7 - 36 -
15wt.% 35.1 35 37.5 32
12wt.% 36.8 - 42 -
Swt.% - - 45 -

The results from this work very closely match with the results from S. Naseh and A.
Merlos. The etch rates from this work follow the same trend of results from O. Tabata, that
is the etch rates decrease with increasing concentration, but the etch rates measured by O.
Tabata are relatively larger than that is measured in this work. The dependencies of the

etch rate of (100) silicon vs. TMAH concentration are shown in Figure 6.15 below.

ER(100)in TMAH at 80°C
60 —O— This Work
__ 50 \ — —e—O. Tabata [10]
T —a—S. Naseh (28]
E 40 —a— A. Merlos [16]
= ;
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= |
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0 5 10 15 20 25 30 35 40 45
TMAH Concentration (wt%)

FIGURE 6.15: Etch rates of (100) Vs. TMAH concentration, from various work.

In general, we observe that the (100) etch rate decreases as the TMAH concentration

Increases.
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6.5.2 (110) Silicon
The (110) etch rate variation vs. TMAH concentration was studied. Results from this
work were compared to measurements made by O. Tabata [10], the comparison is shown

in Figure 6.16.

ER(110) in TMAH
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FIGURE 6.16: Etch rates of (110) Vs. TMAH concentration, from Tabata [10] and this work.

From the graph in Figure 6.16 we see that the etch rates measured from this work are
lower than what is measured by O. Tabata under the same conditions (80°C). Also, we can
see from the graph in Figure 6.16, on data from this work there is a sharp drop in etch rate
at 15wt%. A similar drop at 15wt% can be seen in O. Tabata’s work. However, the etch
rate drop at 15wt% in O. Tabata’s work occurs only in the 60°C etch case and not on the
80°C etch case. Due to this strange observation at 15wt% TMAH, the experiment was
repeated and similar results were observed. No explanation for this discrepancy is avail-
able at present. However, it should be noted that Tabata’s results were different from Mer-
los’ and Naseh’s on {100} silicon. Thus slightly different etch conditions may be an

explanation. This discrepancy could be the subject for a more detailed future study.
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6.6 Etched Surface Roughness

Most of the research in the field of anisotropic etching is focussed on the final shape of
the etch cavity, the way the side walls are formed as a result of etching {2 - 8, 40 - 42, 49,
55]. The quality of the surface or surface roughness of the etched silicon substrate is also
an important for the following two reasons. The first, the surface roughness of the interior
cavity is a crucial factor that determines device performance on fluidic micro-devices.
And secondly, studying the surface roughness helps better understand the mechanisms of
anisotropic etching [53]. The surface roughness defines the boundary between the etch
cavity bottom and the emerging under-etched surface, this boundary effect finally impacts
the shape of the etch cavity. In some cases there are trench like features that are formed at
the side wall and bottom surface boundary; the Si(110) etched in 15wt% TMAH is a very

good example for this.

6.6.1 Roughness on (100) Surface

The roughness on the etched (100) surface was studied by SEMs, the SEMs of the
Si(100) surface etched at various TMAH concentrations at 80°C are shown in Figure 6.16.
All the SEMs shown in Figure 6.16 are the spokes at deviation angle & = 45°. But the
roughness on the etched (100) in the entire range of deviation angles are found to be very
similar to what is shown in Figure 6.16. All the SEMs show the {111} side wall of the
spoke, and it can be seen that the {111} plane is relatively smooth at all concentration
etches. On the 15wt% case we can see that the hillocks formed at the edge of the spoke
gets merged with the emerging {111} side wall, this has been observed by other research-

ers [18, 61].
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FIGURE 6.17: Surface roughness of Si(100) etched in various concentrations of TMAH.

It can be seen from the SEMs that the quality of the etched surface or surface roughness
is mainly depends on the TMAH concentration. For higher concentrations of TMAH, the
etched (100) surface is smooth. At 25wt% TMAH, the etched Si(100) surface is found to
be free of hillocks. As the TMAH concentration decreases, the etched (100) surface
becomes rough and has hillocks. The density and the size of the hillocks increases as the
TMAH concentration decreases. The very interesting case is the 12wt% case where the

etched (100) plane is relatively smooth, but still has very small hillocks.
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6.6.2 Roughness on (110) Surface

The roughness on etched {110} surfaces was studied at different concentrations. The
SEMs in Figure 6.20 show the roughness patterns on etched {110} surfaces. All of the
SEMs in the figure are taken on wagon wheel spokes at deviation angles around 90°.
Unlike the {100} surfaces, the {110} surfaces are rough for all concentrations. The rough-
ness on {110} surfaces appear to be related to the direction of the PBCs on the etched sur-
faces. Etches in KOH resulted in similar roughness [53]. At higher concentrations of
TMAH (25wt% to 17wt%), the surface is more irregular, and the relation of the roughness
to the direction of the underlying PBCs is not clear. However, at lower concentrations
(15wt% to 9wt%), the roughness has a particular orientation aligned parallel to the direc-

tion of the PBCs on the {110} surface.

19wt% TMAH X1.5K

FIGURE 6.18: Surface roughness of Si(110) etched in various concentrations of TMAH.
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As can be seen on the SEMs in Figure 6.20, unlike the {100} case, hillocks do not
appear on the etched {110} surfaces. However, hillock-like structures do appear on certain
UNDER-etched (non-{110}) surfaces. In 9wt% TMAH, at 8 = 71°, the under-etched sur-
face is two-faceted. The top facet is vertical, and the second facet is inclined at approxi-
mately 45°. The second facet is a near- {100} plane, and this facet is found to have hillocks

on it. The SEM in Fig. 6.21 shows the hillocks on this 45-degree-inclined surface.

FIGURE 6.19: Hillocks on the ~(100) surface, the 2nd facet of the under-etched surface.
Other researches, K. Sato [53] have observed that the roughness on the etched (110)
surface not only depend on the etchant concentration (KOH) but also depends on the etch

time.
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CHAPTER 7

Conclusions, Contributions and Suggestions for Future Work

7.1 Conclusions:
The main conclusions of this thesis are summarized below:
e The technique of using wagon-wheel-based under-etch experiments [13, 20] is con-
firmed again [20] to be useful in obtaining useful data for atomic modeling of aniso-

tropic etching of silicon.

e Under-etch experiments on Si{110} wafers are shown to provide a rich and complex
array of data for study of atomic modeling of anisotropic etching of silicon. These
are especially useful since the same crystallographic features are presented to the
etchant in different geometrical configurations (such as inclination angles and rela-

tionship to other planes and mask material).

e The combination of using both Si{100} and Si{110} for under-etch experiments in
the same etchant conditions provides a very useful framework for analysis of etch

rates of common crystallographic features.

e Especially on Si{110}, under-etch experiments reveal multi-faceted under-etched
surfaces, with rich, complex variations of roughness, crystal features exposed, and

inclination angles.

e The fact that the under-etched facets match the geometrically predicted inclination
angles within a narrow tolerance indicates that the vast majority of under-etched sur-

faces in this work are defined by periodic bond chains or kink-rows. In ranges where
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the under-etched facets do not exactly match to the predicted inclination algles, the
facets are observed to be rough (perhaps due to inter-facet interactions), these rough

surfaces (not planes) do not belong to PBC or Kink-row defined planes.

e The behavior of under-etched surfaces is shown to depend dramatically on the con-
centration of TMAH in the range 25wt% to 9wt%. The emerging facets, crystal fea-
tures (pbc-based vs. k-row-based), and roughness all vary in a complex manner as

one varies the TMAH concentration.

e A simple step-based model was used to extract removal frequencies of pbc's and
kink-rows from certain sections of the under-etch data. Removal frequencies are in
certain cases well-defined, for certain ranges of mask-edge deviation angle. These
tend to be in the vicinity of {111} planes, where the etch rate is low and the spacing
between steps is large. However, in many cases, different ranges on the same wafer
yield different removal frequencies for the same PBC-based or kink-row-based

atomic structure.

e There are also clear ranges of the mask-edge deviation angles where this simple
model (based on steps on {111} planes) cannot properly fit the data. These tended to

be in the vicinity of {110} or {100} planes appearing as under-etched facets.

¢ Overall, in many cases, the same crystallographic features etching in the same or

equivalent etchant solutions, resulted in significantly different etch rates.
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7.2 Contributions:

The Approach of Relating Under-etched Surface to Crystal Features:

While wagon-wheel experiments are not new, and while the silicon crystal structure
has been well known for many decades, the study of atomic modeling of anisotropic etch-
ing of silicon had not used the combined approach presented in this thesis. By studying in
detail the variations of etch rates of faster etching planes, and relating them to a small set
of relevant crystal features, important insights can be found which would not otherwise be

obvious.

Again, while the silicon crystal structure has been known and well-understood for

many decades, the direct relation of under-etched facets to step-based variations between

pairs of {111} planes had not been highlighted before this.

The detailed data on facet inclination angles of multi-faceted under-etched surfaces
correlates very well with the predicted theoretical inclination angles. Therefore, it is geo-
metrically proven that most under-etched surfaces (facets) are defined by pbc's (with indi-

ces {hhk}, where h > k), or kink-rows (with indices {hkk}).

Under-etch experiments at 80°C were performed, and the results were recorded in

detail, for six different concentrations: 25wt%, 19wt%, 17wt%, 15wt%, 12wt%, and

9wt%. This body of data can serve as a foundation for much future analysis, toward
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atomic modeling of anisotropic etching of silicon.

Crystal-based modeling of etch anisotropy begins with the hypothesis that the same
crystal features exposed to the etchant should always etch at the same rate in a given
etchant composition and conditions. While this is a good starting point for modeling and
analysis, this work proves that in many cases the hypothesis is false. There are significant

variations in etch rate.

D Simple Step-Based Model Apply to Ani i Erchine of Silicon?

A simple step-based model (based on steps on flat {111} planes), can fit substantial
portions of the under-etch data, using a single removal frequency applicable within a cer-
tain range of the mask-edge deviation angles. However, these removal frequencies can
vary from one sub-section to another on the same wafer. Also there are clear ranges of the
mask-edge deviation angles (near {110} or {100} facets) where this simple model cannot
properly fit the data. This resolves some confusion about this question in the research

field.

List of Publications S e from this Work:

A. Pandy, L. M. Landsberger, and M. Kahrizi, *“Mask-Under-Etch Experiments of
Si{110} in TMAH”, Proceedings of IEEE Canadian Conference on Electrical and Com-

puter Engineering, Edmonton, Canada, May 9-12, 1999, pp. 1621 - 1626.

A. Pandy, L. M. Landsberger, and M. Kahrizi, “Mask-under-etch characterization of
Si{110} in TMAH”, Canadian Journal of Electrical and Computer Engineering, 25, No. 1,
2000, p. 19.

L. M. Landsberger, A. Pandy, and M. Kahrizi, “Silicon Etch Anisotropy in Tetra-
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Methyl Ammonium Hydroxide: Experimental and Modeling Observations”, Sensors and
Matenals, Vol. 13, No. 5, 2001, pp. 293 - 301.

A. Pandy, L. M. Landsberger, B. Nikpour, M. Paranjape, M. Kahrizi, “Experimental
Investigation of High Si/Al Selectivity During Anisotropic Etching in TMAH”, Journal of
Vacuum Science and Technology, Mar/Apr 1998, pp. 868 - 872.

M. Paranjape, A. Pandy, S. Brida, L. M. Landsberger, M. Kahrizi, M. Zen, “A Dual-
Doped TMAH Etchant for MEMS Applications”, Journal of Vac. Sci., Vol. 18, Issue 2,
Mar. 2000, pp. 738 - 742.

7.3 Suggestions for Future Work

This thesis provides a body of data which can be subject to much further analysis and
theoretical modeling, to find the reasons for deviations from the ideal crystal-based etch-

ing model.
e Effects due to the interactions between facets on an under-etched surface may be in
effect. This may lead to more experiments to observe the evolution of the facets as

the etched cavities become deeper.

e Careful study of the nature of facets where substantial roughness occurs is in order,
especially where those facets appear in conjunction with very smooth adjacent fac-

ets.

¢ Careful study of the anomaly around 15wt%, perhaps by more experiments such as at

16wt%, 15.5wt%, 14.5wt%, 14wt%.
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eSince there are distinct ranges of deviation angles where the step-based model fits,
with apparently distinct transitions to regions where the step based model does not
fit, careful study of the crystallography of these transitions is in order: what crystallo-

graphic features occur at these transitions?

® What types of experimental factors can subtly affect {110} etch rate data to cause a

large discrepancy between this work and Tabata’s?
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Appendix A

Derivation of the Deviation angle 6 vs. 6 and Inclination angle o vs. § in
the (100) and (110) System

A.1 The (100) System

A.1.1 Derivation of Deviation Angle & vs. 0 in the (100) System
[101]

YN b

~ - [101] /8 )A

[100]

P [001]

(010}

C F S H

Figure A.1: The geometry in this diagram corresponds to the lattice view in Figure. 3.9, if the
reader views from the upper left.

In the Figure A.1, the plane AGHB represents the (101) plane (the model plane) and
EAFQ represents the (111) plane. Plane ABCD is the (101) plane, and is equivalent to
the plane of the page in Figures 3.4 - 3.15. Angle 0p is measured in the ABCD plane, and

Op 1s the angle PAQ. The angle 0p is measured between the line of intersection of EAF
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plane (111) with ABCD plane (IOI) and the line of intersection of EAF plane (111) with

the model plane. In the Figure A.1, the rotated model plane is the AGSR plane which is

rotated from the AGHB (101) plane to the EAF (111) plane.

0p = LPAQ = LBAQ - LBAP

The model plane is rotated from the AGHB (101) plane to AEF (111) plane, where 6p

varies from 35.26° to 0°. This range represents half of the P-54-45-(54) as described in

section 3.6.3.

The deviation angle, 8, is measured in the EAB the (100) plane, from the intersection of

(001)-(100) (line AB) and the rotated model plane (AGSR plane in the Figure A.1).  is

the ZBAR, in the same plane as the angle ZRAE, which is denoted by ¢. Therefore, the

deviation angle can be givenas & = ZBAR = 450 -¢

A.1.1.1 For PBC-defined Planes:
_ _ o PB PB
0, = LPAQ = 35.3° - atan(ﬁ) =2

RB

= tan(35.3° - 0;)

J2PB

o= atan(A—B) but RB = ﬁPB therefore & = atan(—)

AB

From the above equations, the deviation angle can be calculated from

5 = atan[42tan(353" ~6,)] for 00, <35.3°

Boundary conditions

) Gp Plane Plane
0° 35.26° AGHB (101)
-45°/45 0° AEF (111)Y/(111)
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o~ (101)
\ \

coB88588388

Devlation angle 5 (in degrees)

0 5 10 15 20 25 30 35

Rotation angle 6, (in degrees)

Figure A.2: Relation between rotation angle 6, and deviation angle 5 for the PBC defined planes in
(100) silicon.

A.1.1.2 For Kink-defined Planes:
[ /¢ /8 A

~
L]

|
F—====- N T T R T T T T =-7Gl100]

/ ! P / (001]

C S F H [010]

Figure A.3: Illustration of Kink based planes on (100) silicon.

For the kink based planes consider the same Figure A.1 with an added unit cell on the
left, this is shown in Figure A.3 above. The angle 8, is measured between the line of inter-
section of EAF plane (111) with ABCD plane (IOI) and the line of intersection of EAF
plane (111) with the model plane, AGSR. In the Figure A.3 the model plane AGSR is

rotated from the EAF (111) plane to the AIDW (OfO) plé.ne.

174



PB o__PB 0
0, = LPAQ = atan(zg)—35.3 = —— = tan(353°+0y)

- 11-’2) - - (@)
S atan( 1B ,but RB ﬁPB therefore & atan B

Therefore the deviation angle & = atan[ﬁtan(35.3o +0,)] for0<9, < 54.7°

Boundary conditions

8 6,, Plane Plane
-45° 0° AEF (111)
-90° 54.7° ADW (010)/(010)

—

ocod385883888

Deviation angle 3 (in degrees)

™ T

5 1 15 20 25 30 35 40 45 53 55
Rotation angle &(in degrees)

(=]

Figure A.4: Relation between rotation angle 6, and deviation angle 5 for the PBC defined planes in
(100) silicon.

A.1.2 Derivation of Inclination angle « vs. § in the (100) system
Using the same geometrical construct, one can derive the inclination angles of PBC-
defined and Kink-defined planes in the (100) coordinate system. Note that in the (IOT)

system used in Figures 3.4-3.12, these planes are perpendicular to the page.
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A.1.2.1 PBC Defined Planes

A

—t — e —

I

L9

Figure A.5: lllustration of the inclination angle Q.

PBC-defined planes, the inclination angle o, =

wJ _ _wJ
then, % = cosd _PVA
a, = atan(L) for 0° <8 <45° .
p cosd

Boundary conditions

P

{100}

[001]

G  [010)

WA)

wJ

, hence the inclination angle can be given as

) a Plane Plane
0° 45° AGHB (101)
-45° 54.7° AGF (111)
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Figure A.6: Relation between deviation angle 5 and inclination angle a for the PBC defined planes
in (100) silicon.

A.1.2.2 Kink Defined Planes

(100]

(001]

-7 G  [010)

H

Figure A.7: Illustration of the inclination angle a in kink defined planes.

Similarly, for the Kink-defined planes, the inclination angle is given by
o, = atan(%). The kink defined planes are between the 90° inclined ABFW (100)
plane and the 54.7° inclined AFG (111) plane. For the simplicity of graphical representa-

tion, the Figure A.7 shows the kink based planes with deviation angles & between 270°
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and 315°, this is the same as 0° to 45° (as one can see the inclination angles are symmetri-

cal for every 90° and is a mirror image for every 45°).

WFE _ WJ

WE - Wi’ hence the inclination angle can be given as

From Figure A.7, sind =
o = atan( ) for270° <5 <315° or 0° <5< 457
sind

Boundary conditions

S a Plane Plane

45° 54.7° AGF (111)

0° 90° ABNF (001)/(001)
g 60 ;
E (
P og _
- T —— \
[ !
= 40 '
3 |
2 30 '
)
& 20 i
g 1
% 10 :
£
2o , - . : S

45 50 55 60 65 70 75 80 85 a0
Deviation angle & (in degrees)

Figure A.8: Relation between deviation angle § and inclination angle a for the Kink defined planes
in (100) silicon.

In addition to these PBC-based and kink-based planes there are other PBC-based and
kink-based which are the inverse of these planes at the same deviation angles. Figure A.9
illustrates the inclination angles of these planes vs. deviation angle & in addition to the
standard planes. Due to the symmetric nature of emerging planes over the range of devia-

tion angles, only a 90° range is shown in the figure.
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Theoretical inclination angles for Si{100}

180 } T X i T ' ] T ; 7 "
160 ¢ = ' P | ’ = ' [ =
140 ' ),{111} | [ S R {101} P ; {111__*

L N AN NN Y Y Y Y Y A Ay s pp
i Lo [

!

120 TN S

: . |
100 : 0 K-126-904{54)

; A P-54-45-(54)
80 r A P-126-135126)
60 - @ K-54-90-(126) |

Inclination angle @ (from horizontal)

0 ’ v - . +
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Deviation angile from the intersection of (100) - (001) (in degrees)

Figure A.9: Theoretical inclination angle of emerging planes vs. deviation angles in Si(100).
A.2 The (110) System

A.2.1 Derivation of the Deviation angle & vs. 0 and Inclination angle o vs. 3 in the
(110) System

Similar to the derivation in the (100) coordinate system, geometrical constructs are
considered in representative unit cells. Figure A.10 shows the conventional unit cell and

coordinate systemn, with the (110) plane highlighted, to represent the (110) wafer surface.

As in the (100) system, the mask-edge deviation angle in the plane of the wafer surface
is denoted by §, the rotation of the under-etched plane is denoted by 0, and the inclination
angle of the under-etched plane with respect to the wafer surface is denoted by o. The
under-etch plane is the plane which forms the side wall of the etch cavity at deviation
angle 6. In Figure A.10 the plane DBFH represents the [110] wafer surface and the plane
ABGH represents the under-etch plane. In the figure, the model plane or the under-etch

ABGH is at deviation angle 8 = 35.26°. The inclination angle of the model plane a = 60°,
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a {110} plane.

The plane rotation, 6, is measured with respect to the intersection of the wafer surface
with the 35.26° inclined (111) plane. The deviation angle in the wafer surface, &, is mea-

sured with respect to the intersection of this (111) plane with the wafer surface.

5=0°
ZA ep=00
[110]
5= 35.26° (100]
-~ 6p =35.26°
A
_ (010
36°
- 001
5 >y (001]
D - — [110] Surface
- a

—-  Under-etched plane

Figure A.10: Illustration of deviation angle § in the (110) system.
Again, two modes are considered, PBC-defined planes and kink-defined planes. These
are represented by Op and 6. Both these types of planes are discussed in the following

sections.

A.2.1.1 PBC-Defined Planes

Due to the complexity of the plane variations in this (110) geometrical construct, the

PBC-defined planes are split into two ranges of rotation angles.
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A.2.1.1.1 PBC-defined Planes, Angle Range: 0° < Op <35.26° (P-35-60):

In Fig. A.11, the same coordinate system and point indicators are used as in Fig. A.10.
The (110) wafer surface is again indicated by HFBD. The PBC-planes are the planes
HCBE, HCF and the planes between them. The plane HCRS is on intermediate model
plane between the HCF (111) plane, and the HCBE (011) plane. The variations of § and a
can be found by rotating the HCRS plane around the HC line. The angle B, represents this

rotation angle away from the HCF (111) plane.
i W

(100}

[010

[001]

o

Figure A.11: Illustration of PBC-based planes on (110) silicon, in the range 0° < 0,535.26 .

In the Fig. A.11, the angle ZPOF = 35.26° ,and 8, = £LFOQ.

PO _ pp = °_
56 = PO = an(35.26° - 8,)
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Consider the plane HFBD, the (110) plane shown in Figure A.12, this figure helps to

visualize how and where the model plane HCRS intersects with the (110) plane.

a2

Figure A.12: PBC based model plane intersecting the (110) plane.

FR = J2FQ and BR = .J2PQ, hence the deviation angle 3 is given by,

§ = atan—— = atan(_l_—tan(35.260—9,,)), for O°.<_8p535.26°.

J2

The inclination angle, a of the model plane with respect to the (110) wafer surface can
also be calculated, using the Miller indices of the model plane as it varies. Below given are
the intercepts of the model plane. The Miller indices are given by the reciprocals of the

intercepts. Note that the side of the conventional unit cell is normalized to = 1.

x-intercept: GW = GF+FW = 1+Fw L2 _EGHEW 1 pyp = |

'PQ  FG PO
1 1

L =
PC.2 ﬁ_(%_ tanB) 1 - J2tand

y-intercept: 1 and z-intercept: 1

x-intercept:

hence the Miller Indices of the model plane: ((1 - J2tan d) 11).
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The inclination angle o of the model plane with respect to the (110) silicon can hence

be calculated from the dot product of the model plane with the (110) wafer surface, to

find:
p
o« = acos lx(l—Ji’tan6)+1xl+1xO
J(l _2tand) + 1P+ P x 1710
,
o = acos /2 - tan3 J,for OOSOPS35.26O .
\J3 + 2tan(tand—./2)

A.2.1.1.2 Angle Range 35.26° <8,<70.5° (P-60-90):

Al
[100]
(010
DL (001
-~
-~ - C
-~
_ -~

Figure A.13: [llustration of PBC-based planes on (110) silicon, in the range 35.26° < 8,< 70.5°.

In Fig. A.13, the plane HCKIJ is the intermediate model plane between the HCBE (011)
plane, and the HCA (111) plane. The variations of & and « can again be found by rotat-
ing the HCKJ plane around the HC line. The angle 8p, represents this rotation angle away

from the HCF (111) (reference) plane, 8, = ZFOV.
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Here, ZVOP = LFOV - ZFOP = 0p-35.26°

Consider the plane HFBD, the (110) plane shown in Figure A.14, this figure helps to

visualize how and where the model plane HCKJ intersects with the (110) plane.

H F

s FR

FH

A
Y

a2

Figure A.14: PBC based model plane intersecting the (110) plane.

_ FB+BK _ 1+BK

tand

- FH 5

BK = vPJ3 = tans = LF¥2YP o L b yp o tans - L
J2 J2 J2

vp

50" tan(8p — 35.26°) = VP = tan(8p - 35.26°), hence the deviation angle,

§ = atan(L + tan(p - 35.26")) , for 35.26° <0, <70.5°

J2

The inclination angle, o, of the model plane with respect to the (110) wafer surface can
again be calculated, using the Miller Indices of the model plane as it varies. Below given
are the intercepts of the model plane. The Miller indices are given by the reciprocals of the

intercepts. Note that the side of the conventional unit cell is normalized to = 1.

x —intercept = —-(1+LA)
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AP _AD+LA _ | ;o AP _ 2 1 e e = L

VP AD VP 2VP  fayp J2vp

-1 1
SL2ve  1-.2tand

hence the x — intercept =
y-intercept: 1, z-intercept. 1
Miller Indices of the model plane: ((1 — J2tand) 11).

The inclination angle can then be calculated from the dot product of the model plane

with the (110) wafer surface, to find:

J2 - tand
J3 + 2tand(tan§—./2)

a = acos[ ) for 35.26°seps70.5°.

A.2.1.2 Kink-based Planes

A.2.1.2.1 Angle range 0° <8, <54.7° (K-35-45):

| 7S
E | F )
| / //
| / /
A B / /
/
I // /
| / /T
/ /
I 4~ //
/1 7/____ _____
=771 9
A X /
H /s /
- Vo4 G
D L= ©

]

Figure A.15: Illustration of Kink-based planes on (110) silicoq, in the range 0° < 0,547,
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In Fig. A.15, the plane HCT represents the Kink-based model plane. The model plane
is rotated along the line HC and from the point F to G. The angle O, represents this rota-
tion angle away from the HCF (111) (reference) plane. The deviation angle & and the incli-

nation angle a of the model planes can be calculated as follows.

FG 1 o
LFOG = atan(——) = atan ) = 54.7
oG (ﬁ/z
TG TG tan(54.7 - 0)
— — . — — — T =
OC tan(54.7 - 64), also oC TG2 = TG 5
S
tand FE ™ /5
BF+FS) _ FG 1 1
p— S — —_— — = e— — ]
BF G 16 T TGT T 16
.......... S
................................ 8 = a‘anzf_f{
f e ") 8 F
D% » B
a2
Figure A.16: Kink based model plane intersecting the (110) plane.
_ an(FS) < FS
) atan(FH) 7
M = F'_(; = _1_ + = L = L_l
but BF TC TG:H FS TG:>FS TG

FS _ 1-TG _ ~2-tan(54.7 - 8;)
2 TGJS2 J2tan(54.7 - 0;)

Therefore tand =
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Hence the deviation angle is given by

2 -tan(54.7-6
6 = atan(f ( K)J ,for 0° < Gp <54.7°
J2tan(54.7 - 8,)
Below given are the intercepts of the model plane. The Miller indices are given by the

reciprocals of the intercepts. Note that the side of the conventional unit cell is normalized

to=1.

x-intercept: TG, y-intercept: 1, z-intercept: 1

- t = F = 2t
IS—_TG—].:]G—I FS,bUt and f: S f_anﬁ

1
TG = o
1+ ./2tans

Miller Indices of the plane: (1 + J2tand 1 1).

The inclination angle a of the model plane with respect to the (110) silicon can hence
be calculated from the dot product of the model plane with the (110) wafer surface, which

is

R
I

acos( Ix(l+2tand)+1x1+1x0 J

J(l + Sand)’ + 12+ 12 x J13 4+ 12+ 0

J2 + tand
J3 + 2tand(tans + 42)

a = acos( J, for 0°<0,<54.7°.

A.2.1.2.2 Angle Range 54.7° <6, < 109.5° (K-45-90):

In Fig. A.17, the plane HCN represents this Kink-based model plane. The model plane
is rotated along the line HC and from the point G to F’.The angle (8g- 54.7°), represents

this rotation angle away from the HCF (100) (reference) plane.
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Figure A.17: Illustration of Kink-based planes on (110) silicon, in the range 54.7° <8, <109.5°.

The deviation angle & and the inclination angle o of the model planes can be calculated

as follows.
g_g = tan(0, — 54.7°) = GN.J/Z = tan(8 - 54.7°)
"gg = tan(8 - 90%) = MG = tan(5 - 90°)

8 = atan(MG) + 90°

M
E . G
5\\,‘
5 - 90°
(]
alg e
a2

Figure A.18: Kink based model plane intersecting the (110) plane.
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To find MG, consider the figure below, showing the plane HGF’E’

Y A p
P (1)
H 1G
s/
o~y
/ T N
/
/
/
/
/
- X
E’ Xl F’
Equation of line (1): y = x
Equation of line (2): y = 1 - (GN)x

At point M the intersection of two lines, both lines have the same coordinates, hence

1
1+GN

MG = (1-x))2 = (1 7 +IGN)J§ - ﬁ(1 ng)

x = 1 -(GN)x, which gives x| =

o =

( tan (0 — 54.7°) /2
atan

) +90°, for 54.7° < 6,< 109.5°
J2 + tan (0, - 54.7°)

Similar to the previous cases, the inclination angle of the model plane can be calculated

from the Miller Indices
x-intercept: —GN , y-intercept: 1 and z-intercept: 1
. . 1
Miller Ind the plane: (-—— 1 1).
iller Indices of the plane: ( GNI )

The inclination angle « of the model plane with respect to the (110) silicon can hence
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be calculated from the dot product of the model plane with the (110) wafer surface, which

1s

L S
a = acos GN = acos( GN_1 J
A iaxsp J2x J1+2GN?
GN?
but MG = “/-GN =GN = -—M(—;—,also MG = tan(6—90°) = i
a+GN J2-MG tand

~(tans + ./2) J

therefore a = acos( -
J2+ (1 + frtans)’

The deviation angles, d and the inclination angles «, calculated from the above equa-

tions are valid for the range, 54.7° < Op <109.5°

The deviation angle vs. inclination angle of the emerging plane in the entire range is

plotted in the Figure A.19.

Theoretical inclination angle of emerging planes in Si{110}
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Figure A.19: Theoretical inclination angle of emerging planes vs. deviation angles in Si(110)
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Appendix B

RCA Cleaning Process

Step 1: The samples are boiled in a solution of H,SO4:H,0,, 1:1 for 5 minutes. This
step removes any organic contamination on the surface of the sample. This mixture of
solution is also called piranha solution. The samples are thoroughly washed in DI water

after this step.

Step 2: The samples are boiled in a solution of NH4OH:H,0,:H,O, 1:1:5 for 5 minutes.
This step removes the organic contaminations on the surface of samples and also removes
some kinds of metal like group IB, IIB metals and some other metals like gold, silver, cop-
per, nickel, cadmium, zinc cobalt and chromium are dissolved and removed. The samples

are thoroughly washed in DI water after this step.

Step 3: The samples are dipped in dilute HF, HF:H,0O, 1:50 for 15 seconds. This step
removes any thin layer of native oxide. The samples are thoroughly washed in DI water

after this step.

Step 4: The samples are dipped in a solution of HCI: H,O,: H,0, 1:1:5 for 5 minutes at
a temperature of 80°C. This step removes the alkali ions from the surface of the samples.
After this step the samples should be thoroughly rinsed in DI water and then blow dried

with nitrogen.

191





