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Abstract: Detailed characteristics of three classical rectangular convex corner compensation structures on (100)

silicon substrates have been investigated, and their common design steps are summarized. By combining the basic

method of a silicon wet anisotropic etching process, a general method of generating compensation structures for
a rectangular convex corner is put forward. This calls for the following two steps: define the topological field and

fit some borderlines together into practical compensation patterns. The rules, which must be obeyed during this

process, are summarized. By introducing this method, some novel compensation patterns for rectangular convex

corner structures are created on both (100) and (110) substrates, and finally simulation results are given to prove this

new method’s validity and applicability.
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1. Introduction

Silicon anisotropic wet etching with KOH (potassium
hydroxide) is an important technique for realizing most of
the three-dimensional micro-structures in MEMS (micro elec-
tromechanical system) devices!!=#. Convex corner undercut-
ting during this process is undesired. Corner erosion leads to
deformed rectangular structures, which will subsequently in-
fluence the device performancel®!. As the key for preventing
corner undercutting, research into rectangular convex corner
compensation is especially important.

Most of the existing studies in compensation structure
were carried out on (100) silicon substrate. Compensation pat-
terns, such as triangle, square, and (100) barl®=8l_ have been
employed to protect the desired right-angled corner, and they
have become the three classical compensation methods that
are still widely used nowadays. However, each individual com-
pensation structure is independent!®!, and the common prin-
ciple of constructing a compensation pattern is not clearly
put forward. Additionally, compensation on (110) substrate is
rarely reported.

In this work, we try to discover the compensation struc-
tures’ essence through their different shaped appearances. The
concept of topological field is introduced, and the rules to be
obeyed when transforming the topological field into practi-
cal compensation patterns are developed. With this method,
compensation patterns for rectangular convex corners on (100)
substrates can be created both conventionally and innovatively,
and it also works on (110) oriented silicon wafers. The simu-
lation results indicate that this method can generate compen-
sation patterns for rectangular mesa structures on any silicon
substrate effectively.
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2. Compensation principles

Most of the present investigations of compensation meth-
ods concentrate on (100) substrate. That is because it is one of
the most widely used substrates. In addition, the (100) plane
is a natural surface of the silicon atom unit lattice. The inter-
secting lines between the (100) substrate and other planes can
be easily determined. In addition, the non-etching plane (111)
meets the (100) plane in the (110) direction!!”, which hap-
pens to be the right-angled edge. This paper will start with the
study of three classical compensation methods and expects to
discover their essence to arrive at a general route to suitable
compensation patterns.

2.1. Classical compensation structures on (100) substrates

Under the condition of a 30% wt. KOH solution, (311)
emerges as the fast-etching plane and the non-etching plane is
(111)®1, The (310) and (110) directions are their intersecting
lines with the substrate, respectively. Other (100) planes are
perpendicular to the substrate.

The three classical compensation structures are known as
triangle, square, and (100) barl®=81 as shown in Fig. 1.

2.1.1. Compensation with triangle

Triangle compensation is realized by adding a (310)
edged triangle mask layout to the exposed rectangular con-
vex corner, as shown in Fig. 1(a). In order to obtain an accu-
rate right-angled corner, the borders of the triangle have to ap-
proach the corner apex simultaneously, and the time they take
must equal the designed etching time. So the distance between
the right-angled apex and the (310) borders needs to sat-
isfy the relationship d/v3i10y = H/v(i00). Here v stands for
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Fig. 1. Three classical compensation patterns: (a) Triangle; (b) (100)
bar; (c) Square.

velocity, and H is the etching depth. Considering the trigono-
metric function, the dimension is worked out as: b =

/52610 pl8]

V(100)

2.1.2. (100) bar compensation

The traditional (100) bar compensation adds the bar di-
rectly to the right-angled corner, as shown in Fig. 1(b). When
the length of the bar is beyond some critical value, the (100)
side becomes the final cutting direction. Since the veloc-
ity of the (100) plane is unique at same etching ambient,
the width b of the bar should double the etching depth H.
And the critical length L of the bar is proven to be equal to
(15812312 _ 1y » oH8),

V(100)

2.1.3. Square compensation

Adding a (110) edged square structure to the desired cor-
ner leads to the square compensation, as shown in Fig. 1(c).
Undercutting also occurs at the convex corners of the com-
pensation square itself. If OB = b and AB = L, the etch-
ing depth is still H, and the tangent value of the angle be-
tween (310) and (110) is 0.5. Draw a (310) direction cross
point B, and the distance d between the direction and point
C is found to be 3b/ V5. When d and H satisfy d/vi0y =
H/v00), the ideal compensation could just be realized, so we
geth = \/5Hv<310>/3v(100)[8],

2.1.4. Summary of the methods above

According to the compensation methods on the (100)
substrate mentioned above, we can draw the following con-
clusion:

(1) All the right-angled edges are non-etching, so com-
pensation is only for convex corner structures.

(2) The fast-etching plane (311) and the (100) substrate
intersect at (310), which dominates the undercutting.

(3) When determining the dimensions of the compensa-
tion patterns, they used a similar mathematic equation: d/v =
H/v00y, where d stands for the distance from the desired apex

to the end-etching directions, which is across the farthest cor-
ner apex of the compensation pattern, and v is the end-etching
direction’s velocity.

2.2. General method for compensation

Although the three methods above have many common
grounds, the practical compensation patterns are very differ-
ent. By combining their common principles, we have devel-
oped a general method for generating compensation patterns.
Firstly, define a topological field around the desired right-
angled corner. Secondly, we follow some rules to form ac-
tual compensation structures from the topological field. Tech-
nically, this new approach of compensation patterns has great
flexibility and adaptability.

The topological field can be defined by the following
steps:

(1) Identify the fast-etching planes and non-etching
planes, and the velocity of them.

(2) Determine the intersecting lines between the silicon
substrate and the planes defined in step 1, and solve their two-
dimensional etching rates.

(3) Find out every fast-etching direction around the de-
sired right-angled corner and make sure that the distance
between them and the corner apex meets the relationship:
dfast%lching/ Vfast-etching = H/gupsirate-

(4) The largest boundary made by all these fast-etching
directions composes the original topological field.

All the borders of the topological field share the distance
to the desired corner apex. Concerning the truth that under-
cutting is dominated in fast-etching directions!'!), it is abso-
lutely right to make compensation structures by directly se-
lecting some borders under the condition that all the concave
corners formed must be larger than the greatest angle between
non-etching directions. While using other directions to con-
struct the compensation patterns, every critical convex corner
apex should be located on the topological boundary.

For some compensation structures, the end-etching direc-
tion is not the fast-etching side. The new chosen border has to
meet the relation with the etching depth. The dimension of the
chosen borderline may be beyond or within the original topo-
logical field, so the final profile of the compensation region
will cause a complementary change.

We condense the description above into four general
rules for generating compensation patterns from the topologi-
cal field:

(1) The convex corners of the compensation structure,
whose undercutting directions are chosen as the end-etching
directions, should be on the boundary of the topological field.

(2) The angle of the convex corner defined in rule 1
shouldn’t be larger than the fast-etching planes’ angle.

(3) The profile of the compensation pattern couldn’t
include any concave corners, unless they are made of two
non-etching borders, or the concave corner is larger than the
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Fig. 2. Analysis of a right corner on a (100) substrate: (a) (310) di-
rections; (b) Topological field.
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Fig. 3. Compensation patterns in Section 2.1 from the topological
field: (a) Triangle; (b) (100) bar; (c) Square.

angle contained by any two of the non-etching directions, and
with one non-etching border.

(4) When taking some special crystal lines as the end-
etching directions, we should take advantage of their charac-
teristics to simplify the original design.

Obviously, rules 1, 2, and 3 are so important that every
compensation structure has to meet them simultaneously. Rule
4 is complementary, and it is just for the case when not choos-
ing the fast-etching line as the end-etching direction. The orig-
inal topological field is the biggest extension for most compen-
sation patterns. Actually, this field can be changed; once some
borders’ location changed, corresponding changes will cause
other borders to keep the profile balance.

It’s easy to apply this general method to researches of
right-angled convex corner compensation on different kinds
of substrates to test its flexibility and validity.

2.3. Theoretical analysis of rectangular convex corner com-
pensation on (100) substrates

We still work on (100) substrate, trying to form some
novel compensation patterns by using the general method.

According to Section 2.1, we have already known the
properties of (100) substrate. All the (310) directions around
the right-angled corner are shown in Fig. 2(a), and the distance
d between them and the apex meets the equation as: d/v310y =
H/v00). Figure 2(b) shows a clear view of the topological field
with named borderlines.

All the three classical methods, i.e., triangle, (100) bar,
and square, can be generated from the topological field defined
in Fig. 2(b). Figure 3 shows how this occurs.

From Fig. 3(a), the triangle compensation is made of
lines a and b. The (100) bar compensation is shown in Fig.
3(b). The width of the bar is twice the etching depth H. In or-
der to cause (100) to determine the final undercut, the apex of
the (100) sidewall is beyond the topological profile, and the

Fig. 4. Other compensation structures for a right-angled corner on a
(100) substrate.

length is further than the intersection of lines d and e. In Fig.
3(c), every corner of the compensation square is on the inter-
section of two fast-etching directions to satisfy the rules.

Many novel compensation patterns can be created by
choosing another line as the end-etching direction. The struc-
ture in Fig. 4(a) is made by the borders c, e, d, and f. In Fig.
4(b), the borders a and b are chosen to be the end-etching di-
rections; so the apexes of the related corners must be on them,
and the width of the compensation bar is wider than 2H to
make sure the (100) side ends before (310). The length of the
bar is beyond the intersecting point of the borders d and e to
make directions a and b the only pair of end-etching directions.
Figures 4(c) and 4(d) are distortions of the square compensa-
tion; both of them are according to the rules.

Apparently, with the restriction of the pattern generating
rules, the topological field can be transformed into many dif-
ferent compensation structures besides the seven patterns men-
tioned above.

2.4. Theoretical analysis of rectangular convex corner com-
pensation on a (110) substrate

As we know, the velocity of each crystal plane under the
same etching conditions is unique!'?!. The differences among
different silicon substrates come from the included angle and
the intersecting lines between the essential planes and the sub-
strate.

Initially, on the (110) substrate, we identify the directions
of the lines formed by intersecting the substrate itself with the
non-etching and fast-etching planes. According to some ex-
perimental results'?!, (110) substrate crosses the (311) plane
at direction (332), and as another fast-etching plane, (110)
meets itself at (100) and (111). Figure 5(a) shows their relative
positions with detailed dimensions. Clearly, direction (332)
is within the boundary of (111); so the final profile of fast-
etching directions is made up of directions (111) and (100).
The angles between the planes they belonged to and the sur-
face are 60 ° and 90 °, respectively. Meanwhile, the non-etch-
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Table 1. Basic features of the etching environment and the silicon substrates.

Substrate Velocity of some critical planes (um/min)  Included angle between some planes and the substrates
Face Edge (100) (110) (311) (111) 311 (110)
(100) (110y 1 1414 1414 0 72° 27 45°/90°
(110)  (100) 1 1414 1414 0 90° 60°/ 90°
Table 2. Velocity of the fast-etching and the non-etching directions.
Substrate Velocity of some critical directions on the substrates (um/min)
Face Edge (100) (110) (310) (111) (211)
(100) (110) 1 0 1.484 — —
(110) (100) 1.414 0 — 1.632 0
7
/C
/

(W)
Fig. 5. Typical intersecting lines on a (110) substrate: (a) Fast-etching

directions; (b) Non-etching directions.

A

<110>

Fig. 6. Fast-etching directions around a rectangle.

ing plane (111) meets the (110) substrate at (211) and (110},
and their dimensions are shown in Fig. 5(b).

We designate a geometric coordinate system on a (110)
substrate by (100) and (110), and then considering a rectangu-
lar structure as shown in Fig. 6. In order to obtain an accurate
right-angled mesa structure, the compensation pattern should
just vanish when the structure reaches the designed depth. Ob-
serving a single right-angled corner, we make the fast-etching
directions (100) and (111) to be a certain distance d away from
the apex. The distance d and the etching depth H need to sat-
ISfy the relation: H/V(] 10) = d(]OO)/V(IO()) = d<1 1 1>/V<1 11)- The final
topological profile is shown in Fig. 7.

Since the (100) direction overlaps with the horizontal
edges, the line a is the only compensation borderline for an
(100) edge. The rest of the borders of the compensation pat-
tern may be any other suitable direction depending on the de-
sign rules summarized in Section 2.2. Some possible compen-
sation patterns are shown in Fig. 8.

Fig. 7. Topological field around a right-angled corner.

Fig. 8. Some compensation patterns for a right-angled corner on a
(110) substrate.

The compensation structure in Fig. 8(a) chooses lines a
and d to complete the boundary. Figure 8(b) adds the border b
to the pattern of Fig. 8(a). Figure 8(c) is made up of borders a,
e, and another direction (110) with every apex on the topolog-
ical boundary. Figure 8(d) uses a non-etching direction (211),
which forms a concave corner with the edge (110), but is still
within the definition of the rules.

3. Simulation results

The simulation process started in a 30% wt. KOH solu-
tion at 70 °C. Table 1 gives the basic features of the etching
environment and the silicon substrates. Table 2 shows the ve-
locity of the fast-etching and the non-etching directions on the
substrates, which are calculated based on the information in
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Fig. 9. Mask layouts on a (100) substrate with detailed dimensions.
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Fig. 10. Mask layouts on a (110) substrate with detailed dimensions.

Table 1.

In order to get a mesa structure of 300 x 300 x 65 ym3,
the mask layouts designed in Sections 2.3 and 2.4 are given
in Figs. 9 and 10, respectively, with detailed dimensions. The
square side length is 300 um. The distance d from the right-
angled corner apex to every (310) direction on a (100) sub-
strate is figured out to be 96.3 um. On a (110) substrate, the
distance d; from the apex to the direction (100) is proved to be
65 um, while the distance d; to the direction (111) is 75.05 um.

The simulation of the mask layouts defined in Figs. 9

Fig. 11. Simulation results of the compensation patterns in Fig. 9.

Fig. 12. Simulation results of the compensation patterns in Fig. 10.

and 10 were carried out by using an ACES (anisotropic crys-
talline etch simulation) tool. The simulation time designed on
the (100) substrate and on the (110) substrate are 65 and 46
min, respectively.

Figure 11 shows the simulation results of the compensa-
tion patterns on a (100) substrate. Under the protection of these
added mask layouts, it is clear that all the right-angled corners
are completely formed. The simulation results of the patterns
on the (110) substrate are shown in Fig. 12. Obviously, these
results coincide with our expectations. Corners and edges with
compensation patterns are perfectly preserved.

4. Conclusion

A detailed investigation of the three classical compen-
sation structures has been carried out to study the common
essentials of generating suitable compensation patterns. The
methodology we have summarized is easy and flexible, and it
works very well on both (100) and (110) substrates.

The topological field is defined by the fast-etching direc-
tions, which are some certain distances away from the rect-
angular corner apex. The field can be changed. The pattern-
producing rules manage the process of constructing an ideal
compensation pattern from the topological field. They supple-
ment and restrict each other, and maintain an internal balance.

This compensation method for rectangular corners de-
pends upon the fundamental features of a wet anisotropic etch-
ing process. With precise technological parameters, it can cre-
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ate novel compensation patterns without doing experiments
first. The simulation results we gained above verify its valid-
ity and applicability. Moreover, it is convenient for realizing
DFM (design for manufacture) in a MEMS design process.
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