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Abstract

An atomic-scale simulation model for anisotropic wet chemical etching of Si(1 0 0)-wafers covered with masks of arbitrary
shape and a series of experiments for comparison are presented. The model assumes that the probability of removal of a
surface atom depends on the number of first and second neighbors. A removal probability function is presented in order to
describe the probabilities of removal corresponding to the different surface atoms having different numbers of first and second
neighbors. Etching experiments on Si(1 0 0)-wafers using 10 wt.% KOH solution at 75°C are presented and the performance
of the model is evaluated against them. We compare the underetched structures obtained in the simulations and experiments
using a mask pattern consisting of a wagon wheel and a set of rectangular frame-like openings with varying orientation. The
simulations show good agreement with the experiments. The model predicts the existence of fastest-etched planes in
accordance with experiment, and describes accurately the evolution of under-etching below the masks for all mask
orientations, including the slopes of the planes appearing below the mask. The results show that the cooperative effects of
atoms evolving according to a simple rule generate most features of the meso- and macroscopic etching patterns. They also
show that the use of only first neighbors or a partial incorporation of the second neighbors in the modeling strategy is not
sufficient in order to describe the under-etching processes and that the second neighbors must be fully incorporated into the
model. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction reached in integrated-circuit technology. However,

whilst integrated circuitry focuses essentially on

During the last years Micro System Technology
(MST) and the manufacture of Micro-Electro-
Mechanical Systems (MEMS) have experienced rapid
advances. This is partly a consequence of the maturity
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two-dimensional circuit designs, the MEMS commu-
nity is targeting at three-dimensional micro-structures,
such as pressure sensors, resonators, acceleration
sensors and gyroscopes. In these devices, both the
three dimensional mechanical (and often mobile) parts
and the processing electronics are integrated into the
same piece of silicon. Not only the reduced device size
lowers production costs but also the more precise
performance of these micro-devices with respect to
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their larger counterparts and also the availability of
room for innovation makes the field very attractive to
both researchers and commercial companies.

Anisotropic wet chemical etching of silicon in
alkaline solutions is one of the key techniques for
the manufacturing of microsystems. However, a full
understanding of the microscopic physics involved
has not yet been obtained. The use of atomic scale
simulations is proving beneficial towards this aim. In
addition, the availability of powerful anisotropic etch
simulators would reduce product design costs as well
as the times involved.

The paper is organized as follows. In Section 2, we
give an overview on some of the alternative methods
that may be used to simulate anisotropic wet chemical
etching. In Section 3.1, we present a short review of
previous works, pointing out their abilities and defi-
ciencies in an attempt to motivate our model, which is
presented in Section 3.2. The reason for the choice of
the particular functional dependence through a
removal probability function and the implications of
this choice are discussed in Section 3.3. In Section 4,
we give the details of the etching experiments used to
validate the model. The simulation and experimental
results are presented in Section 5 and comparison and
discussion of the performance of the simulation model
is done in Section 6. We present our conclusions in
Section 7. A detailed account on the implementation
aspects of the model is presented in the Appendix A.

2. Background

In situ scanning tunneling microscopy and electro-
chemical studies [1,2] suggest that the reaction
responsible for wet chemical etching of silicon in
alkaline solutions actually occurs through both che-
mical and electrochemical reaction routes. According
to these studies the hydroxyl group OH™ plays an
important role, catalyzing the removal of surface
atoms by favoring further attack at the back bonds.
The way how the first hydroxyl group substitutes a
terminating hydrogen constitutes the difference
between the chemical and electrochemical routes.
In the former, a H,O molecule interacts directly with
the terminating H and, as a result, the OH group bonds
to the surface atom and a H, molecule is formed. This
reaction occurs only at kink sites, where enough

empty space is available for the process to happen.
On the other hand, the electrochemical route involves
the dissociation of the Si—H group by direct interac-
tion with an OH™ group, producing a H,O molecule
and a negatively charged state =Si ™. In the presence of
a H,O molecule, this state will lead to OH termination
if double electron injection to the conduction band is
provided. This reaction will occur at any surface
configuration (not only at kink sites) but it implies
a high activation barrier due to the double electron
injection. It provides an isotropic component to the
reaction process, although energetically less favorable
than the chemical route at kink sites (anisotropic
component). Although there is still discussion about
the role of OH™ and H,O in the reaction mechanism, it
will be assumed in this work that the OH™ groups
catalyze the reaction by weakening the back bonds.

A number of different strategies for the simulation
of anisotropic wet chemical etching have been pre-
sented in the literature. However, two major
approaches can be identified. Within the geometrical
simulators [3—13] the crystal is reduced to a finite set
of crystallographic planes for which the etch rates are
known. The surface of the crystal is approximated by a
set of these planes, and the time evolution is discre-
tized. Within each time step, each plane forming part
of the surface evolves along its normal direction,
experiencing a displacement according to the known
etch rate for that particular plane. The change in
geometry at the intersecting lines between adjacent
crystallographic planes or at the edge of a masked
region is determined using the Wulff-Jaccodine
method [3,4]. In the ideal case, these simulators
require the knowledge of complete etch rate diagrams,
to be obtained experimentally [5,6]. The more com-
plete the etch rate diagram is, the more accurate the
geometrical etch simulator will become. However,
only a finite set of etch rates can be accessed experi-
mentally. Nevertheless, several 2D simulators have
been reported in the literature [7-9]. Their extension
towards 3D problems has proven difficult and perfor-
mance slow, mainly because new crystal faces can
emerge at vertices and edges and the number of
possibilities becomes large in 3D. In spite of these
difficulties, a number of 3D etch simulators have been
reported [10-13].

The second family of anisotropic etch simulators is
based on the atomistic models [14—18]. In these the
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crystal is described at a more microscopic level as a
collection of cells or, in some cases, atoms. The
neighborhood of an atom or a cell at the surface
directly affects the probability with which the etchant
can break its backbonds to the rest of the structure and
the atom or cell is removed or remains attached
accordingly. Due to the randomness involved in the
removal of atoms or cells, the evolving crystal surface
shows roughness at various scales, a feature which is
observed experimentally.

Within the atomistic approach it is possible to make
a distinction between Cellular Automaton-based (CA)
and Monte-Carlo-based (MC) simulations. These dif-
fer in the way how the time evolution of the crystal
surface is handled. In the CA approach, at each time
step all of the discrete units of the surface (be they
atoms or cells) are updated together at once (parallel
update). On the other hand, in the MC approach the
surface update corresponding to one time step
is attained only after N local updates have been tried
for a surface containing N atoms or cells (serial
update).

Hybrid approaches combining both geometrical
and atomistic models have been reported [19,20]. In
this work we have targeted at the MC simulation
scheme, although both the CA and the MC approaches
have been successfully applied on simulating aniso-
tropic etching. We have focused on an atomistic model
because it allows a better understanding of the physics
involved in the complicated process of dissolution. For
instance, it has been shown that these models can offer
interesting insights into the study of surface rough-
ness, including local configurations such as triangular
pits and pyramidal formations or the propagation of
steps along a surface [14-16,21].

3. Description of the model
3.1. Motivation

Previous work by Camon and coworkers [14,15]
using Monte-Carlo simulations established a simple
stochastic model capable of generating some of the
main features observed while etching single crystal
silicon (1 0 0) surfaces using masks. They proposed
that the probability of removal of an atom at the
surface should depend on its neighborhood, which

was restricted to the nearest neighbors. For instance, if
a Si atom is surrounded by three of its four nearest
neighbors in the diamond structure of crystalline
silicon, three bonds should be broken in order to
remove that atom. This should be a less probable
event than the breaking of two bonds in the case of
an atom with only two neighbors, which in turn should
be less probable than breaking one bond in the case of
one neighbor. However, it is easy to notice that the first
neighborhood is not enough to establish a difference
between certain types of atoms. For instance, both
atoms on ideal (1 1 1) and (1 1 0) surfaces have three
first neighbors and one dangling bond. In order to
introduce a difference between their removal prob-
abilities extra information about the neighborhood has
to be incorporated in the model. One way to do this is
to take into account not only the number of first
neighbors present but also their location with respect
to the etch front. This was done by Camon and cow-
orkers [14,15] within a MC scheme and by Than and
Biittgenbach [17,18] by using a CA approach. As
Than and Biittgenbach noticed [17], this is actually
a way of including second-nearest neighbor effects,
but only partially and indirectly. In this way, by
analyzing the number of nearest neighbors and their
location with respect to the etch front for atoms at the
three main low index crystallopraghic planes (1 0 0),
(1 10)and (1 1 1), they derived a set of transition rules
to be applied for every atom at any surface, in the hope
that the anisotropy would show up itself due to the
various combinations of the three previous bonding
situations in any particular crystal surface.

This approach, however, although very inspiring,
was shown to be insufficient by Camon et al. in a later
work [16]. In this case, the probability of breaking a
bond between first neighbors was considered. The
reason behind was that for surface atoms there is
experimental evidence [22] that their dangling bonds
are soon populated by hydroxide ions (OH ) from the
etching solution, which ultimately leads to a weak-
ening of the backbond of the corresponding atom.
They reasoned that the energy cost of breaking a
backbond would depend on the number of hydroxide
ions bonded to the atoms sharing the bond in question.
By symmetry considerations about the different pos-
sible configurations in which hydroxide ions can
be bonded to the two silicon atoms sharing the
target bond, they found that there would exist eight
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different energies, although finally they used four in
their simulations. This new approach can be seen as an
indirect way to include all effects from the interaction
between second-nearest neighbors. In a similar spirit
but using different means, it is our purpose to present
here an explicit dependence of the probability of
removal of an atom as a function of the number of,
not only nearest neighbors, but also second-nearest
neighbors.

3.2. The model

Some of the considerations and assumptions of our
model are based on the work by Camon et al. [16].
However, instead of targeting at the probability of
breaking particular bonds, we focus on the description
of the probability of removal of an atom as an explicit
function of the number of nearest and second-nearest
neighbors. The considerations and assumptions of our
model are as follows:

The Si atoms lie at the locations of a diamond
structure.

The neighborhood of an atom contains both nearest
and second-nearest neighbors (or, simply, ‘first” and
‘second’ neighbors). The neighborhood comprises
in this way a ‘first neighborhood’ and a ‘second
neighborhood’.

An atom is considered to be at the surface if the
number of first neighbors is less than or equal to 3.
Such atoms are referred to as ‘surface atoms’.
When a surface atom leaves, each first neighbor is
left behind with one additional dangling bond,
which is quickly paired by a hydroxide ion from
the etching solution. For each first neighbor, this
results in the weakening of the Si—Si backbonds to
the rest of the structure. Therefore, when a surface
atom is removed, the energy cost of breaking
the bonds to its first neighbors depends not only
on the number of first neighbors missing (i.e.
hydroxide ions directly linked to the atom) but also
on the number of missing second neighbors,
because the presence of hydroxide ions in their
locations additionally weakens the bonds which
still keep the atom linked to the current first neigh-
bors. This dependency on the number of first and
second neighbors missing can be stated as a depen-
dency on the number of first and second neighbors

that are still present in the neighborhood. One
number is related to the other by a simple subtrac-
tion from the maximum possible number of first or
second neighbors, 4 and 12, respectively.

e The probability of removal of an atom with 7 first
neighbors and n, second neighbors, p(n, ny), is
described by the following removal probability
function:

1 1
0 1+ ebar(m—nl) | + eber(na—nj)

where § = 1/kgT,po = (1 + e Pam)(1 + e Fora)
is used to satisfy p(0,0) = 1 and ¢;, €2, 1) and n9
are the parameters of the model. The parameters ¢,
and ¢, may be thought as average energies of the
interaction between first neighbors and between
second neighbors, respectively. We assume that
the energy of an atom with n, first neighbors and
n, second neighbors is simply E(ny,n) = €;n1+
exny. If only the first neighborhood is considered,
we note that n; is a measure of the energy cost of
the removal of an atom with n; first neighbors in
units of ¢;. Therefore, ¢; may be understood as the
average energy cost of breaking one bond between
first neighbors. Similarly, ¢; may be considered as
the average energy cost of suppressing the inter-
action between second neighbors.

e The other two parameters, n{ and n9, can be under-
stood as follows. The parameter 7} is a threshold
energy (in units of ¢;) below which an atom inter-
acting only with its first neighbors will be dissolved
at zero temperature, 7 = 0. Since n? is measured in
units of ¢y, it also represents the average number of
first-neighbor bonds that are broken at zero tem-
perature as a result of the activity of the etchant. In
this way, if the number of first neighbors, ny, is less
than 10 then the atom will most likely be removed
by the etchant at a finite temperature. Similarly, n9
is a threshold energy (in units of ¢,) below which an
atom that interacts only with its second neighbors
will be dissolved at zero temperature. At a finite
temperature, the atom will most likely be removed
by the etchant if the number of second neighbors,
n,, is less than n).

e The time evolution is realized by using a
Monte-Carlo scheme.

e Surface diffusion of an atom before removal and
surface reconstruction are not considered.

p(ni,na) =p
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o Although the model does not take into account the
effect of different etching solutions or silicon prop-
erties such as the doping level, dependencies
through the factor py may be included in the model.

The implementation aspects of the model are
presented in the Appendix A.

3.3. General considerations

The particular functional dependence through the
removal probability function presented here deserves
some comments. While developing the model, we
noticed that in order to capture the anisotropy of
the etching process it is necessary to introduce large
differences between the removal probabilities of
atoms with the same first neighborhood and very
similar second neighborhoods (which might differ
by only one or two second neighbors). For instance,
the atom at the edge between planes (1 0 0)and (1 1 1)
in Fig. 1 has seven second neighbors in comparison to
nine for a typical atom at the (1 1 1) plane, both having
identical first neighborhood. The removal probabil-
ities for these atoms should differ by about four orders
of magnitude to provide significant under-etching

below certain mask corners. Similarly, for atoms
located at ideal (1 1 1) and (1 1 0) planes, a difference
of the same order is required so that the etch rates of
(111)and (1 10) planes differ by about two orders of
magnitude, as in experiments [22]. Additional similar
cases can be found. These considerations suggest a
step-like functional dependence of the probability of
removal as a function of the number of second neigh-
bors with the step-like sharp decrease located at about
seven or eight second neighbors.

A similar step-like functional dependence can be
suggested for the probability of removal as a function
of the number of first neighbors. Now the step should
be placed at around three first neighbors so that atoms
with four first neighbors (bulk atoms) have a negli-
gible probability of removal. For simplicity, the sim-
ple product of these two step-like functions is
suggested in order to build up a removal probability
function to describe the removal probabilities of all
possible cases involving any number of first and
second neighbors.

As shown in Fig. 2, the most important feature
exhibited by the removal probability function is a
sharp step-like decrease for those values of n; and
n, which are greater than the threshold values n(l) and

7 -

- —
PRI

RS

\

Fig. 1. Two atoms with the same first neighborhood and similar second neighborhood. The figure shows a (1 0 0) plane nearly perpendicular
to the plane of the paper and a (1 1 1) plane highlighted by a contour line. The dangling bonds of the atoms of this last plane are not shown for
clarity. Closer to the observer, atom A is chosen as an example of a typical (1 1 1) atom having three first neighbors (B1-B3) and nine second
neighbors (C1-C9). Further to the back, the neighborhood of atom D at the edge between the two planes is depicted. This atom has also three
first neighbors (E1-E3) but only seven second neighbors (F1-F7). The second neighbors corresponding to C4 and C5 are missing.



Removal probability function

Fig. 2. Removal probability function at 7 = 348 K (75°C) when the model parameters take the values: ¢; = 0.35¢eV, ¢; = 0.16 eV, n‘l’ = 3.0 and ng = 7.0. This function gives the
probability of removal of an atom with n; first and n, second neighbors.
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nd, respectively. Focusing, e.g. on the first neighbor-
hood factor, 1/(1 + ef1(m =) itis clear thatat T = 0
this is just a step function with the step located at
n = n? At any other finite temperature the step will
exhibit certain width which can be controlled by
adjusting the €; parameter. Therefore, from a mathe-
matical point of view, n? controls the position of the
step and ¢ its width. By adjusting both ¢; and "(1) the
relative values of the probabilities of removal of sur-
face atoms linked to one, two or three first neighbors
can be controlled in an easy manner. The same argu-
ments can be applied to the second neighborhood
factor, 1/(1 + ef2(==)) By adjusting both ¢, and
ng the relative values of the probabilities of removal
for surface atoms with different numbers of second
neighbors can be controlled easily.

The functional form presented implies that the
removal of an atom is thermally controlled only
indirectly through successive thermal breaking of
the chemical backbonds to the rest of the structure.
According to Camon et al. [16], the breaking of the
backbonds is a thermally activated process and
consequently the probability of breaking, e.g. the
bond between atoms i and j, P, is related to
the activation energy of the process (i.e. the energy
of the bond), Ej;, through an Arrhenius expression of
type P; = Aexp(E;/ksT). In turn, the probability
of removal of an atom described by the removal
probability function differs from the Arrhenius
expression. Consequently, the removal of an atom is
only indirectly controlled by temperature.

We notice that the functional form presented here is
a convenient mathematical parametrization for the
probabilities of removal of surface atoms. It simplifies
the amount of effort by the user since it becomes
easier to adjust a reduced number of parameters
than to adjust the removal probabilities themselves
one by one for the large number of possible cases that
appear when combining all possible first and second
neighborhoods.

4. Experimental

Double side polished P+ (100) Czochralski
wafers were used in the etching experiments. The
wafers were wet oxidized at 1050°C and the thickness
of the grown oxide became approximately 1.5 pm.

The test mask pattern was lithographically transferred
to the oxidized wafers.

The test mask patterns studied included a wagon
wheel pattern and a set of rectangular openings with a
rectangular oxide island in the middle. These rectan-
gular frame-like openings were located along the outer
circle of the wafer, every 3°, with the longer dimension
parallel to the radial directions. One of the rectangular
patterns was aligned with the (1 1 0) direction of the
(1 0 0) wafer surface. This direction is taken as the
origin of the angles used to refer to each rectangular
frame-like opening. Fig. 3 shows a part of the mask
patterns.

The etching experiments were performed in
10 wt.% aqueous KOH solution at 75°C temperature.
In the experiments 10 wafers were etched approxi-
mately to 70 um depth. Before etching the wafers
were cleaned by RCAI1 cleaning process and after
etching the wafers were rinsed in DI water. The
etching solutions were mixed from high purity, p.a.
quality KOH pellets (Merck) and DI water.

Sixteen optical microscope images of the under-
etched rectangular oxide islands within the range of
angles of 0-45° are presented in the upper part
of Fig. 3 and in more detail in Fig. 5. The anisotropy
of the etching process is revealed by the difference in
the amount of lateral underetching occurring at the
sides of different rectangular oxide islands and, espe-
cially, by the underetching of corners, where fastest-
etched planes appear. The difference in lateral under-
etching at the longitudinal sides of the spokes in the
wagon wheel leads to characteristic flower-like pat-
terns such as the one shown in Fig. 4 and thus also
provides a method to qualitatively detect anisotropic
etching.

The lateral underetch rates for the islands at 0° and
45° correspond to the etch rates of (1 1 1) and (1 0 0)
crystal planes, respectively, except for a geometrical
factor accounting for the fact that the lateral underetch
rate is actually a measure of the projection of the
etching rate of the plane in question onto the wafer
surface [22]. In the present experimental conditions,
the fastest underetch rate was observed for the rec-
tangular oxide island at 27°. This underetch rate is
assumed to correspond to the projection of the etch
rate of (31X) planes (where X can be 1, 2 or 3) since
these planes intersect the (1 0 0) wafer plane at an
angle of 26.57°.
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Fig. 3. Part of the test mask pattern showing the rectangular frame-like openings on the outer circle of the wafer repeated every 3°. The blow-
up picture shows 16 optical microscope pictures of the underetched rectangular islands within the orientation range of 0-45°. The origin of
angles is the (1 10) direction contained by the (1 0 0) wafer surface. The results for the blow-up detail were obtained using 10 wt.% KOH

solution at 75°C.

5. Simulation results and comparison to
experiment

We present in this section the results of the etching
simulations for two types of masking structures: half
of a wagon wheel and 16 rectangular frame-like open-
ings with varying orientation, as described in the
experimental part (Section 4). We will compare them
with the results from the etching experiments for the
same masking structures obtained using 10 wt.%
KOH solution at 75°C. The simulation results pre-
sented here were obtained using 7' = 348 K (or 75°C)
and the following values of the parameters of the
model: ¢; =0.35¢eV, ¢ =0.16¢€V, n? =3.0 and
nd =1.0.

The results from the etching experiment and the
corresponding etching simulation for half of a wagon
wheel are shown in Fig. 4. The planar size of the
simulated system is 600 x 600 unit cells or about
0.35um x 0.35 um and the corresponding size for
the experiment is about 10 mm x 7 mm. Although
the difference in size is about five orders of magnitude,
good qualitative agreement is observed. 150 Monte-
Carlo time steps were required to obtain the results
shown in the figure. The size of the final system was
600 x 600 x 9 cells, containing more than 2.6 x 107
atom positions with approximately 9 x 103 atoms at
the surface. The typical CPU time required for such
simulation is about 7 min using one R12000 processor
working at 300 MHz in a SGI Origin 2000 machine
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150 Monte-Carlo steps

100 200 300 400 500 600

Fig. 4. Comparison between experiment (left) and simulation for a mask consisting of half of a wagon wheel. The angular distance between
two spokes is 5° for the experiment and 3° for the simulations. The planar size of the simulated system is 600 x 600 unit cells (about
0.35pm x 0.35 pm) and the diameter of the full experimental wagon wheel is 20 mm, of which only a region of about 10 mm x 7 mm is

shown.

and about 4 min using one Alpha 21264 EV67
processor running at 667 MHz.

Fig. 5 shows the experimental results for the 16
rectangular frame-like openings and Fig. 6 presents
the corresponding results from the simulations. In this
case the planar size of the simulated systems is
400 x 400 unit cells or about 0.23 um x 0.23 pm
and the corresponding size for the experiments is
several hundreds of microns, as shown in Fig. 5. In
this case, 500 Monte-Carlo time steps were required to
obtain the simulation results shown in Fig. 6. The
typical size for the final systems was 400 x 400 x 24
cells, containing more than 3.0 x 107 atom positions
with approximately 3 x 10° atoms at the surface. The
typical CPU time required for such simulations is
about 26 min using the R12000 processor and about
16 min using the Alpha work station.

We present in Figs. 7-10 a graphical comparison of
the experimental and simulation results for the rec-
tangular frame-like openings for all the orientations
considered. In this case, details corresponding to the
results presented in Fig. 6 are shown. The shiny

features around the polygonal forms in the experi-
mental frames (left) are due to the wavy shape
acquired by the part of the oxide mask which is no
longer supported by the silicon crystal. This wavy
shape is in turn due to the expansion that this region of
the oxide mask experiences relative to the strained
region (right on top of the remaining silicon crystal),
still under stress due to the silicon-to-oxide unit cell
mismatch.

6. Discussion

From the inspection of Figs. 4-6 we conclude that
the proposed model reproduces the experimental
results to a good accuracy and with significant details.
In the case of the wagon wheel in Fig. 4, a flower-like
pattern is clearly obtained in both cases. Fig. 4 sug-
gests that the fastest etched plane is well predicted by
the model. However, when comparing Figs. 5 and
6and specially after inspection of Fig. 9, it is possible
to conclude that the fastest etched plane occurs at an
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Fig. 5. Experimental results showing underetching below the mask for the oxide islands corresponding to the 16 rectangular frame-like
openings. From left to right and from top to bottom, the orientation of the initial rectangular oxide islands ranges from 0° to 45°. The zero
angle is defined by the (1 1 0) cristallographic direction, which is aligned with the axis of symmetry of the top-left frame. Underetching of
only one end of the rectangular oxide islands is shown. For presentation purposes, the lower-left corner area of all frames (except for the one at
the lower-right corner of the figure) shows an artificial line due to the rotation of the experimental pictures shown in Figs. 7-10.

angle between 24° and 30° in the experiment, most
probably below 27°, whilst it shows up at a somewhat
greater angle in the simulation, between 24° and 33°,
most probably closer to 30° than to 27°. Nevertheless,
the series of frames from the simulations depicted in
Fig. 6 shows the same trend in the evolution of
underetching exhibited by the experimental series
in Fig. 5.

One feature from the experiment that is well cap-
tured by the model is the set of slopes of the etch
bordering planes. This is best observed by inspection
of Figs. 7-10. For the island oriented at 0° (frames 1.a
and 1.b in Fig. 7) underetching does not occur below
the longitudinal edges of the masking island. As
corresponds to {1 1 1} planes, the slope of the planes

that appear in both the experimental and the simulated
systems is 54.7°, as measured from the wafer’s (1 0 0)
plane. The (31X) or (41X) planes (X = 1, 2 or 3) that
are observed in the experiment below the masking
island at the right-end region (corner under-etching)
are also obtained in the simulation. In this case, greater
roughness is present due to the difference in system
scales. The size of the simulated system is not large
enough so as to make the rounding effects negligible at
the regions where two etch bordering planes intersect
and not enough depth has been reached so as to be able
to conclude on the nature of those surfaces. Never-
theless, it is remarkable that a good qualitative match
is obtained with such a simple model and with such a
difference in size scale.
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Fig. 6. Simulation results showing underetching below the mask for the oxide islands corresponding to the 16 rectangular frame-like
openings. From left to right and from top to bottom, the orientation of the initial rectangular oxide islands ranges from 0° to 45°. The zero
angle is defined by the (1 10) cristallographic direction, which is aligned with the longitudinal axis of symmetry of the top-left frame.
Underetching below the rectangular oxide islands is shown. The thin line describing a rectangular contour in each frame represents the extent
of the oxide mask (i.e. the rectangular islands) below which underetching occurs.
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Fig. 7. Comparison of experimental (left) and simulation results. Underetching below one end of the oxide islands is shown for the
orientations indicated by the lower-left number (degrees) on each frame. The shiny features around the poligonal forms in the experimental
frames (left) are due to the wavy shape acquired by the part of the oxide mask which is no longer supported by the silicon crystal. The thin line
describing a rectangular contour in the simulation frames (right) represents the extent of the oxide mask (i.e. the rectangular islands) below
which underetching occurs.

Similarly, at the other end of the series (frames 16.a bordering planes is nearly 90° in both the experiment
and 16.b in Fig. 10 for 45°), the slopes of the etch and the simulations. As before, the corner under-
bordering planes are once more reproduced. In this etching at the right-end region made manifest by
case, underetching occurs below the longitudinal the appearance of the (31X) or (41X) planes (X =1,

edges of the masking island and the slope of the etch 2 or 3) below the masking island is obtained also in the
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Fig. 8. See Fig. 7.

simulation. From one end of the series to the other, as
one goes from frames 2.a and 2.b in Fig. 7 to frames
15.a and 15.b in Fig. 10, a gradual change in these
slopes is observed both in the experiment and the
simulations.

A major difference between the underetching fea-
tures of the experiment and the simulations is that,
starting from any of the two extreme angles (be it 0° or
45°), the model seems to reach the asymmetric shapes

earlier than the experiments. This is best observed
when inspecting Figs. 7-10. For instance, in Fig. 7
frame 2.b probably resembles more frame 3.a than
frame 2.a and frame 3.b resembles more frame 4.a
than 3.a. A similar trend can be discovered for frames
at the other end of the series. These differences can be
easily understood by the fact that the fastest etched
planes are slightly different for the experiment and
simulations (at least with the values specified for the
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Fig. 9. See Fig. 7.

parameters ¢, ¢, n and n9). A slight misorientation of
the fastest-etched plane is not so crucial for the two
extremes of the series (0° and 45°), because they have
an inherent symmetry as the dominant feature (which
captures the attention of the viewer), allowing only a
secondary role to the misorientation, which in this way
is not perceived so clearly. However, the misorienta-
tion of the fastest etched plane has clearly an effect on
the underetching features for the rest of the series,

precisely because of the asymmetry involved in these
cases. We believe that a set of values for the para-
meters of the model can be found which will minimize
the small miss-orientation present in our current
results.

We point out finally that the model is unable to
predict the shape at the very tip of the right-end region
of frame 1.a in Fig. 7, at least with the values specified
for the parameters ¢, €, n{ and nd.
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Fig. 10. See Fig. 7.

7. Conclusions

An atomic-scale simulation model for anisotropic
etching has been presented and a series of experiments
and simulations have been compared in order to
validate the model.

The model assumes that the removal of surface
atoms by the etchant is a thermally activated process,

although only indirectly through activated destruction
of the backbonds that keep the atom linked to the rest
of the structure. The strength of these backbonds is
weakened by quick formation of bonds to hydroxide
ions from the solution at the dangling bonds available
at surface atoms. In this way the energy cost of
the removal of a surface atom depends not only on
the number of missing first neighbors (i.e. number of
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dangling bonds filled by hydroxide ions), but also on
the number of missing second neighbors. Accordingly,
the probability of removal of a surface atom is con-
sidered to be a function of both numbers of first and
second neighbors still present in the neighborhood of
the atom.

A removal probability function has been introduced
in order to describe the removal probabilities of sur-
face atoms for all possible cases involving any number
of first and second neighbors. The physical meaning of
the parameters involved in the functional dependency
has been discussed and an effort has been made to
clarify the reason why the particular functional
dependency was chosen.

A series of etching experiments on Si(1 0 0)-wafers
using 10 wt.% KOH solution at 75°C has been pre-
sented and used to evaluate the performance of the
proposed model. We have compared the underetched
structures that appear in the simulations and experi-
ments when using mask patterns such as a wagon
wheel and a set of rectangular frame-like openings
with varying orientation.

The simulations show good agreement with the
experiments. The model predicts the existence of
fastest-etched planes other than (1 1 0), in accordance
with experiment, and describes accurately the evolu-
tion of under-etching below the masks for all mask
orientations, including the slopes (as measured from
the wafer surface) corresponding to the planes that
appear below the mask. It is remarkable that such
agreement is obtained with a difference in size scales
of about five orders of magnitude.

The results show that the second neighbors must
be fully incorporated into the modeling strategy in
order to describe the under-etching processes to
sufficient accuracy. The use of only first neighbors
or a partial incorporation of the second neighbors, as
has been done previously in the literature, is not
sufficient.
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Appendix A. Implementation of the model

The model is implemented as a FORTRAN90
program containing two major computational blocks
to handle the initialization of the crystal surface in the
presence of any kind of mask (pre-processing) and to
implement the Monte-Carlo evolution of the system
(processing). A number of output files for further
analysis and/or visualization with other tools (post-
processing) is generated by the processing block.
Before we have a closer look at these procedu-
res we find it necessary to have a brief overview
on the most relevant data structures used in the
program.

A.l. Data structures

A.l.1. Occupation states

In our model the silicon atoms are located at the
lattice sites of the diamond structure, which is built by
repeating in the three spatial directions the unit cell
basis shown in Fig. 11. The basis contains eight atoms
located at the Cartesian positions shown in the left
frame of Table 1. A particular atom or lattice site is

Fig. 11. Unit cell of the diamond structure showing the eight atoms
that make up the basis.
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Table 1

Unit cell basis; ranges for ny, n,, n3 in a crystal having
N; x N; x N3 cells and correspondence between the values of m
and / and their meaning are shown

Position (x1, X2, X3)

(0, 0, 0)

(0, 0, 0) + (1/4, 1/4, 1/4)
(172, 172, 0)

(172, 172, 0) + (1/4, 1/4, 1/4)
(172, 0, 172)

(12,0, 172) + (1/4, 1/4, 1/2)
(0, 12, 172)

(0, 172, 172) + (1/4, 1/4, 1/4)

[N e R R N R S

np 1,...,N2
3 L....,N3

m (x1, X2, X3)
0, 0, 0)
(1/2, 1/2, 0)
(172, 0, 1/2)
0, 172, 1/2)

AW =

1 (x1, X2, X3)
(0, 0, 0)
2 (1/4, 1/4, 1/4)

—_

referred to by using five integer coordinates (ny, n,, n3,
m, I) or ‘nml-coordinates’. The ranges of these coor-
dinates and their corresponding meaning are given in
the right frame of Table 1. Two arrays are used to store
the ‘occupation states’ of all lattice sites in the crystal,
characterizing simultaneously the existence or not of
an atom at every site and the number of first and
second neighbors that the atom has currently. The first
array, ocl, stores the number of first neighbors and the
possible ‘occupation states’ are: (nml = (ny,ny,ns,
m,1)).

e ocl(nml) = 0 if site nml is not occupied by a Si
atom.

e ocl(nml) =1,...,4if site nml is occupied by a Si
atom with 1, ..., 4 first neighbors.

e ocl(nml) = 5 if site nml is occupied by a passiva-
tion (oxide) layer atom.

Similarly, the number of second neighbors is stored
in the second array, oc2, whose ‘occupation states’
are

e oc2(nml) = h with h =0,...,12 means that site
nml has h second neighbors.

A.1.2. Use of a dynamic active band and a
surface atom list

Only the planar size N} x N, of the initial system
needs to be specified for the simulations. The program
dynamically optimizes the third dimension by adding
new silicon layers at the bottom of the crystal or
eliminating old layers at the top as required by the
evolution. This is particularly beneficial when no
masks are used, as in the case of studying, e.g. the
set-up and evolution of roughness as a function of
the values taken by the model parameters. In this case
the whole surface evolves by just propagating down-
wards with some statistical width as silicon atoms are
removed and it is only necessary to keep a small
number of layers (the ‘active band’) to represent
the crystal structure.

When masks are used, some benefit is also obtained
because the initial MC time steps are computationally
more efficient due to the smaller third dimension of
the system. As time evolves, the third dimension
increases and so does the size of arrays ocl and
oc2. This leads to larger use of memory as the
simulation proceeds and also to significant slowing
down in performance if care is not taken. This is so
because ultimately most CPU time will be spent trying
to choose randomly surface atoms from the whole
crystal (i.e. from ocl), which is growing larger. The
use of an extra array storing just the current surface
atoms would help. We use an array (surface atom list)
which keeps not only the atoms at the current surface
but also further space for new atoms becoming part of
the surface. Old surface atoms are marked specially
when they leave the surface and they are all cleaned at
once when no more space is left in the array. After this
cleaning, the array is provided once more with addi-
tional free space where new surface atoms can be kept.
This approach is computationally more efficient than
updating the array every time that an atom is removed
from or added to the surface because this process
occurs very often.

A.1.3. Boundary conditions

We use periodic boundary conditions along the two
planar directions, n; and n,. These are easy to imple-
ment since all that is required is to cycle the values of
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the (ny, ny) coordinates when any of them goes out of
its range by passing over any of its two extremal
values:

ifn;=0=n=N;
ifn,=N+1=n=1

Within the program, the boundary conditions
are used only when looking up the neighbors of an
atom.

A.2. Pre-processing: initialization

In a typical simulation in the presence of a mask a
file containing information about the mask is used to
initialize arrays ocl and oc2. This is necessary
because the number of first and second neighbors
for the atoms below the masking layer is different
from those for the atoms in contact with the etchant.

The initialization procedure is reduced to an inclu-
sion problem in which the atoms at the top layer of the
crystal are checked against being included or not
within the 2D polygonal region describing the mask.
Since this 2D polygonal region may be non-convex in
general, the problem is reduced to an inclusion pro-
blem for only convex regions. This is done by describ-
ing the initial non-convex 2D polygon as the
subtraction of smaller convex regions from a larger
also convex region. The problem of checking if an
atom belongs to the initial 2D polygon is re-formu-
lated as the problem of checking if the atom belongs to
the larger region but is not contained in any of the
smaller ones.

In order to know if a given point belongs to the
inside of a region we use the sign of the cross-product
of each directed segment along the perimeter of the
region and the vector joining the start of the segment
with the given point. Since we use the notion of
directed segments and sequentially cover all the points
over the perimeter of the region, the order in which the
points of each region are accessed is important. For us
the order is always counter-clock-wise. Based on this
order, if all the cross-product signs are positive, the
point belongs to the region and, if at least one of the
signs is negative, then the point is outside. If only one
cross product is zero, we assume in a rather arbitrary
way that the point is outside the region.

Initialization in the presence of masks is made in
three steps:

1. A ‘basic initialization’ in which all the sites are
marked as bulk (i.e. ocl(nml) =4 for all nmi-
coordinates) except the top crystal layer which is
marked as passivation (i.e. ocl(nml) =5 for the
nml-coordinates of the sites in the top layer).

2. An ‘inclusion initialization’ in which all the sites
of the top layer which are exposed to the etchant
are marked as empty (i.e. ocl(nml) = 0). This
step is realized using the inclusion problem ideas
presented before.

3. A ‘neighborhood initialization’ in which, for
every atom belonging to the top layer or to the
layer just below this one, the first and second
neighbors present in the structure are counted and
their values are written into ocl and oc2,
respectively.

Initialization without masks can be done using a
similar procedure in which the passivation layer does
not exist.

A.3. Processing: MC scheme

Fig. 12 shows the flow diagram corresponding to
the main purpose of the program. We comment here
the different stages with some more detail:

e The program reads in the model parameters, the
planar size of the crystal, the mask file name and the
number of MC steps to terminate.

e Arrays ocl and oc2 are initialized using the infor-
mation from the mask file and the methodology
presented in Section A.2.

e The removal probabilities for any type of surface
atom are calculated using the removal probability
function and stored into an array (probs).

e The simulation is carried out by discretizing the
time evolution in MC time steps until the final time
t =T is reached. For each MC time step a loop of
local-update trial (LUTS) is carried out (counter n).
The total number of LUTs inside a MC time step, N,
is the number of atoms located at the surface at the
beginning of the MC time step. Each LUT occurs at
a randomly chosen atom from the current surface.
The form of one LUT is as follows:

o Choose the nml-coordinates of one atom from the
surface and read off from arrays ocl and oc2 the
number of first and second neighbors, n; and n,.
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Read input

f

Initialize

f

Compute removal
probabilities

—+ ¥r=1

Choose atom from surface

¥

‘ Get removal probability, p |

f

| Choose random number, e |

Ce<p?

Yes

t=t+1

|Modify occupation states of neighbors|

Modify no. of atoms at surface:
M=A-R-1

No

1 ¥

n=n+1

n=n+1

Update: N =M

End

¥

Fig. 12. Flow diagram of simulation program.

o Read off the removal probability (p) for the
chosen atom from array probs and n; and n,.
o Choose one random number e between 0 and 1.
o If e < p then the chosen atom will be removed -
but otherwise a new local update will be started
again.
— If the chosen atom is removed, the occupation

states of both the first and the second neigh-
bors have to be modified. All that needs to be
done is to reduce their occupation states by one
unit because the first neighbors will now count

one first neighbor less in their neighborhoods
and the second neighbors, one second neigh-
bor less.

As a consequence of the previous step, the
number of atoms at the surface (surface size)
needs to be modified. Since the chosen atom
was removed, the surface size is reduced by one
unit. In addition, a first neighbor might also be
removed from the surface if it happened to be
linked only to the atom that just left. On the
other hand, another first neighbor might
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become now a member of the surface if it
happened to be in the bulk before the removal
of the atom. Therefore, the new surface size is
M = A — R — 1 where A is the number of first
neighbors added to the surface (i.e. first neigh-
bors whose occupation state was four before
the removal of the chosen atom) and R is the
number of first neighbors that are removed (i.e.
first neighbors whose occupation state was 1
before the removal of the chosen atom).

— If the number of local-update trials n is already
equal to the size of the surface at the beginning
of the MC time step (&), then a new MC step is
initiated with the new size being M. Otherwise,
a new local update is tried.

o If the number of MC time steps is already equal to T
the program finishes.

A.4. Post-processing

At any desired time, a file containing the Cartesian
positions of the atoms at the current surface is created
for further analysis. For visualization purposes, a
triangulation of the set of points making up the surface
is generated. This is actually obtained by projecting
the set of points onto the xy-plane after which finding a
2D triangulation is easier than the problem of finding
the triangulation of a 2D surface living in a 3D space.
A faceted surface in 3D space is drawn using the
Cartesian positions of the surface atoms and the
triangulation information in order to create the facets.
The figures corresponding to the simulations pre-
sented in this work were obtained in this way.
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