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Anisotropic etching of silicon crystals in KOH 
solution 
Part I Experimental etched shapes and determination of the 
dissolution slowness surface 
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The anisotropic etching behaviour of various crystalline silicon plates in an aqueous KOH 
solution was studied. Variations of the etch rate with the angle of cut related to singly-rotated 
plates have been determined and orientation effects in the out-of-roundness profiles related to 
various {hk0 }  sections have been analysed in terms of crystal symmetry. In addition, changes 
in the surface texture with crystal orientation were systematically investigated. All the 
experimental results furnished evidence for a dissolution process governed by the crystal 
orientation. A procedure has been proposed to derive the dissolution slowness surface from 
experiments starting from a tensorial representation of the anisotropic etching. 

1. In troduc t ion  
During the last four decades, the anisotropic etching 
of crystal has been used to obtain a measure of crystal 
perfection [1-9]; in particular, interest has been con- 
centrated on the etch-pit method which appears to be 
a simple process by which to detect dislocations on 
semiconductor surfaces [1-3, 8] or quartz surfaces [4, 
5, 7]. But in the past few years, several attempts 
[10-25] have been made to apply the photolitho- 
graphic process to the micromachining of mechanical 
devices which constitute the sensing element of silicon- 
integrated sensors or of silicon-based microreson- 
ators. The fabrication technique always involves an 
anisotropic wet-etching process and works related to 
silicon wafers are generally limited to {1 00} and 
{1 1 0} surfaces [10-12, 14, 16,23-29]. When using an- 
isotropic etching, the main difficulty in micromachi- 
ning arises from th e lateral underetching and from the 
corner undercutting [23-29]. Recently, some methods 
involving mask-compensation techniques [26, 28, 29] 
have been proposed to reduce corner undercutting. 

Moreover, the performance of a micromachined 
sensor is essentially determined by the final geometri- 
cal feature of the sensing element, including the 
topology of etched surfaces for structures such as 
diaphragms. The optimization of the sensor geometry 
passes through the theoretical prediction of etched 
shapes as soon as the fabrication process starts with 
differently oriented wafers, in order to enhance the 
sensitivity and the resolution of the sensors [30, 31]. 

Over the last few years, the prediction of etching 
shapes has often been based on the kinematic model 
proposed by Franck [33, 34] which provides the 
necessary tools [34-3.6] to construct geometrically the 
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etching shapes encountered in localized etching at an 
inert mask. Tellier and co-workers have recently 
shown that it is possible to predict the exact geometry 
of etched micromechanical devices using a tensorial 
analysis [37-43] of the anisotropic process. This may 
be done as soon as the representative surface of the 
dissolution slowness vector, L, [43-45] can be ex- 
tracted from etch data with sufficient accuracy. The 
paper will be divided into three parts. In part I, 
experimental results related to etched shapes are in- 
tensively investigated. Changes in the geometrical fea- 
tures of differently oriented silicon surfaces, as well as 
in the limiting shapes of various starting cylindrical 
crystals induced by etching in KOH solutions, are 
reported and analysed. Then a procedure is proposed 
to derive the dissolution slowness surface of silicon 
crystal. In the second part, graphical simulations of 
etched two-dimensional shapes are proposed. Theor- 
etical shapes are systematically compared with experi- 
mental shapes in order to discuss the adequacy of the 
proposed slowness surface. Part III presents photo- 
lithographic experiments made on silicon wafers of 
orientation {hk0} and emphasis is placed on the 
lateral underetching and corner undercutting. 

A three-dimensional graphical simulation of etched 
shapes relative to holes and mesa is derived starting 
from the dissolution slowness surface of silicon crystal. 
A comparison of theoretical and experimental shapes 
of etched structures is undertaken to define precisely 
the exact shape for the dissolution slowness surface. 

2. Experimental procedure 
Thin circular plates (1500 ~tm thick) were cut from a 
silicon ingot. The p-type material was normally in the 
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q0 o (deg) 

0 5 10 14 18 23 26 30 34 37 42 45 

hkl  0 1 0  - 6 1 0  7410 3 1 0  7 3 0  2 1 0  740  320  7430 w  ] 1 0  

range 0-30 f~ cm. Twelve orientations corresponding 
to {h k 0} planes were selected (Table I). The orienta- 
tions were determined by using a double X-ray goni- 
ometer which offers an accuracy of about 30 s. Before 
etching, the planar surfaces and the circular contours 
of silicon plates were lapped with diamond abrasive 
and then optically polished. 

A sulphuric acid-hydrogen peroxide mixture was 
used as a cleaning solution. The etchant was a concen- 
trated (35%) KOH-wafer solution which is known to 
provide a high degree of anisotropy [10, 23, 24]. The 
silicon plates were treated with stirred KOH solutions 
at a constant temperature of 353K in a oil-heated 
double-walled vessel. The temperature of the bath was 
controlled with an accuracy of _+ 0.5 ~ 

After successive isothermal etchings the surface tex- 
ture of etched silicon plates was characterized by 
means of two different procedures. First, the surface 
topography data were measured using a microcom- 
puter-based mechanical surface profilometer. The dia- 
mond tip of the stylus has a finite size (about 2 pm). 
The digitalized surface profile is then numerically 
treated. The program offers, in particular, the possibil- 
ity of extracting the distribution of slopes from the real 
profilometry trace as given by the stylus profilometer. 
Magnifications of surface profiles give important in- 
formation on etched shapes. The etched surfaces were 
also examined by scanning electron microscopy using 
a relatively low accelerating voltage (typically 5 kV) 
and an observation angle of 0 ~ The changes in shape 
of the starting circular {h k 0} sections were studied by 
using a Talyrond analyser, which generates the least 
square circle so that the out-of-roundness profiles of 
etched sections were displayed at relatively large mag- 
nifications with the superimposed reference circle. 

Before and after etching thicknesses of etched plates 
were measured by means of a "Palmer" instrument 
which provides an accuracy of about 1 pro. At least 
five measurements were performed on each singly- 
rotated plate in order to evaluate an average value for 
the etch rate. Note also that the discrepancy between 
several measurements never exceeded 4 pm. 

3. Experimental results 
3.1. The orientation dependence of the 

etch rate 
The plates of orientation {hk0} investigated here 
correspond to plates cut parallel to the [001] axis. 
The angle of cut, q~o, i.e. the angle from the (010) 
plane, lies in the range 0~ ~ For a crystal belonging 
to the class m3m the two faces of a singly rotated 
{h k 0} planes suffer similar chemical attacks. Then the 
etch rate, R, can be easily evaluated from the decre- 
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Figure 1 The decrement in thickness, Ad, against the angle of cut % 
for various conditions of chemical attack. ( -  - -)  The theoretical 
variations (t = 45 min). 

ment in thickness, Ad. Typical data relating the decre- 
ment in thickness as measured after several isothermal 
etchings to the angle of cut, q0 o, are plotted in Fig. 1. 
Curves 1-3 are, respectively, for one, two and three 
successive isothermal etchings corresponding to a 
time of 15 min. Curve 4 is for a single chemical attack 
of 45 min for which an additional inert gas purge was 
continuously applied. All the curves exhibit the same 
behaviour: the Ad versus q% plots pass through a 
maximum for q00 in the vicinity of 26 o (approximately 
for a {210} plane) whereas minima in the etch rate 
occur for {0 10} and {1 10} planes. The dissolution 
rate of the {100} surface is about 1.1 mm min-1, 
whereas an etch rate ratio of about 1.85 is found for 
the {1 10}/{100} planes. These results are in relative 
agreement with previously published data [10, 24]. 

3.2. Topology of etched surfaces 
3.2. 1. Surface profi lometry traces 
It is well known that an anisotropic chemical attack of 
crystal surfaces results in the formation of dissolution 



figures whose geometrical features depend on the 
crystal orientation [1-3, 7, 44-48]. As a consequence, 
an etched surface profile exhibits a simple character- 
istic shape 1-2, 37, 43, 49]: convex or concave back- 
grounds, as well as dissolution profiles with alternate 
concave-convex or convex-concave shapes are fre- 
quently recognized. Moreover, according to the stabil- 
ity criteria discussed several years ago by lrving [2, 
50], this characteristic shape does not vary with fur- 
ther etching even if, when a concave or a convex 
background develops, a prolonged chemical attack 

causes the rapid disappearance of surface elements 
with larger slopes. 

For this reason, it is necessary to follow the changes 
in shape of etched surface profiles and in the corres- 
ponding distribution of slopes with the duration of 
etching, t. For this purpose, topography data were 
studied, which were obtained for two traces made 
along two perpendicular axes: one of these directions 
coincides with the direction X'  obtained for the X axis 
([1 00] axis) after the plates were singly rotated; the 
other trace corresponds to the [0 0 1] trace. Figs 2-7 
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Figure 2 Changes with the etching time, t, in the profilometry traces and in the corresponding distributions of slopes. Traces are made along 
the X'  axis of a (6 1 0) plate. (a, d) t = 15 rain; (b, e) t = 30 rain; (c, f) t = 45 min. 
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Figure 3 Changes with the etching time, t, in the profilometry traces and in the corresponding distributions of slopes. Traces are made along 
the X' axis of a (3 2 0) plate. (a, d) t = 15 min; (b, e) t = 30 rain; (c, f) t = 45 min. 

show the changes with etching time, t, in the shape of 
profilometry traces and in the corresponding distribu- 
tions of the slopes. These figures reveal that the crystal 
orientation governs the development of dissolution 
surface profiles and that the stability criteria are effect- 
ively verified for the anisotropic dissolution of silicon 
crystals in K O H  etchant. In particular, if the etching 
time, t, reaches 15 min, we can identify easily the 
characteristic shape of the various profilometry traces. 
Moreover, the distributions of slopes reflect the geo- 
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metrical features of profilometry traces. Symmetrical 
distributions are associated with a convex (Fig. 5) or a 
concave (Fig. 4) background; in addition, such dis- 
tributions show decreasing slopes with increasing 
etching times (see Fig. 5, for example). Negatively or 
positively skewed slope distributions, together with a 
spread which extends asymmetrically to large angles 
(Figs 2 and 3), are related to traces with alternate 
shapes. Very large spreads in the distribution of slopes 
(Figs 6 and 7) are correlated to the development of 
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Figure 4 Changes with the etching time, t, in the profilometry traces and in the corresponding distributions of slopes. Traces are made along 
the X' axis of a (T 10) plate. (a, d) t = 15 min; (b, e) t = 30 min; (c, f) t = 45 min. 

surface profiles composed  of elements whose slopes 
remain unaltered on ]prolonged etching. 

Because the dissolution process is essentially deter- 
mined by the orientation of  crystal surfaces, we can 
conveniently concentrate  our  at tention on the final X '  
and ro 01]  profi lometry traces which are collected in 
Figs 8 and 9. Three interesting features emerge from 
these figures. 

(i) Let us turn our  at tention to the directional 
effects one may  observe in profiles. The characteristic 

shape of X '  traces clearly shows a cont inuous evolu- 
tion as the angle of cut, (Po, varies f rom 0o-45 ~ The 
shape changes successively from concave ((Po = 0~ 
Fig. 8a) to convex-concave  (q)o = 5~176 and from 
convex (q% = 23 ~ Fig. 8f) to concave-convex  (q% 
= 30~176 finally reaching for q~o = 45~ (Fig. 8c) a 

stable rather concave background.  F r o m  Fig. 1 one 
can see that, as expected, a concave (or a convex) 
background  is formed when a min imum (or a max- 
imum) of  the etch rate occurs for an orientation 
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Figure 5 Changes with the etching time, t, in the profilometry traces and in the corresponding distributions of slopes. Traces are made along 
the [001 ]  axis of a (610) plate. (a, d) t = 15 rain; (b, e) t = 30 min; (c, f) t = 45 min. 

corresponding to that of the reference crystal 
surface. 

(ii) The [001]  profilometry traces either of convex 
(Fig. 9c-e) or concave (Fig. 9a, b) nature can be quali- 
fied as "symmetrical backgrounds". The symmetrical 
nature of the profile shapes is simply connected to the 
symmetry properties of class m 3 m. Effectively one 
must take into account that the (001) plane lies 
perpendicular to the direction of traces. 

(iii) It should also be noticed that the shape of 
[001]  profiles remains very sensitive to small angular 
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misorientations for q~o around 0 ~ and 45 ~ We observe 
that small changes in the angle of cut produce a rapid 
modification of the profile shape from concave to 
convex for q~o in the vicinity of 0 ~ (Fig. 9a, b) or from 
convex to concave for a misorientation of 3 ~ from a 
{110} plane (Fig. 9k, 1). 

3.2.2. Scanning electron microscopy 
The scanning electron micrographs shown in Figs 10 
and 11 illustrate very well the stability criteria formu- 
lated by lrving. As soon as the duration of etching 
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Figure 6 Changes with the etching time, t, in the profilometry traces and in the corresponding distributions of slopes. Traces are made along 
the [001] axis of a (320) plate. (a, d) t = 15 rain; (b, e) t = 30 min; (c, f) t = 45 rain. 

exceeds a critical time (estimated to be about 15 rain), 
characteristic pits or hillocks develop whose shape is 
only determined by the orientation of the surface on 
which they are formed. 

Repeated etchings do not modify the shape of the 
dissolution figures but only produce an enlargement 
of pits or hillocks (Fig. 11, for example) for some 
specific (h k 0) orientations. This behaviour agrees well 
with previous works on the dissolution of quartz 
crystals in NH~F.  HF  solutions [5, 7, 37, 46, 47] or of 
silicon crystals in EDP etchant [24, 45]. 

Scanning electron micrographs showing the final 
texture of the various etched (h k 0) surfaces are collec- 

ted in Fig. 12a 1. These micrographs allow us to 
describe schematically in Table I I  the specific etch 
figures relative to (h k0) planes. The final scanning 
electron micrographs as well as Table II  confirm the 
preceding remarks (i-iii) which were formulated after 
studying orientation effects in profilometry traces. 

3.3. Out-of-roundness profiles as a function 
of crystal orientation 

Here again it is necessary to verify the stability criteria 
by following the evolution of out-of-roundness pro- 
files related to various cross-sections with the etching 
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Figure 7 Changes with the etching time, t, in the profilometry traces and in the corresponding distributions of slopes. Traces are made along 
the [001] axis of a (1 10) plate. (a, d) t = 15 rain; (b, e) t = 30 rnin; (c, f) t = 45 min. 

time, t. After a critical etching time of about 15 rain, a 
visual inspection (Figs 13 and 14) of cross-sectional 
out-of-roundness profiles reveals the formation of 
peaks and valleys which, in theory [42, 43], are re- 
spectively connected with maxima and minima in the 
dissolution slowness. In reality, the maxima and min- 
ima in the out-of-roundness profiles correspond to 
specific directions lying in the {hk0} plane which 
make an angle 0o with the X' axis. With prolonged 
etching, maxima in the out-of-roundness profiles be- 
come more peaky, some valleys (Vt in Fig. 13d, for 
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example) tend to flatten, whereas some minor peaks 
and valleys (Pl and V 1 in Fig. 13c) develop as the 
etching time reaches 45 min. However, the major fact 
is that, at first sight, the angular position of extrema 
remains unchanged with repeated isothermal etchings. 
This observation is confirmed by examination of 
Table III which shows the evolution of the angular 
position, 0 e, of extrema with the etching time, t. Devi- 
ations of less than 3 ~ are found, even for angular 
positions, 0M, of peaks. The quasi-stability of angles, 
0m, is not surprising because the bottoms of valleys are 



just produced by minima in L connected with limiting 
facets [42, 43]. The fact that the angular position, 0~, 
of peaky maxima seems insensitive to the duration 
of etching can be attributed to the existence of 
symmetrical portions of the polar graph in the 
neighbourhood of maxima for L. 

Because the stability criteria are verified again here, 
we can illustrate the orientation effect in dissolution 
profiles by means of Fig. 15, which represents the final 
out-of-roundness profiles related to (hkO) sections. 
The results shown in Fig. 15 suggest several points. 

1. A K O H  solution etches initially circular sections 
according to the symmetry operations specific to class 
m3m. The (010) out-of-roundness profile shows 
clearly a four-fold symmetry about the [-0 10] axis. 
For the other {h k 0} etched profile graphs, it is suffic- 
ient, as expected, to cover a sector of 90 ~ extending 
from the Z-axis to the X'-axis to characterize com- 
pletely the orientation effect. 

2. The decrement in diameter, Aq), measured along 
the [0 01] axis does not depend on the angle of cut, % 
because the (00 1) plane is tangential to the various 
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{hk0} cross-sections. Moreover, on examining care- 
fully Fig. 15a and Table III one can see that for an 
etched (0 1 0) section the final magnified out-of-round- 
ness profile resembles the reciprocal of the etch rate 
versus q) plot presented in Fig. 1. In particular, angu- 
lar positions of extrema, 0e, in the out-of-roundness 
profile (or in a Aq~ versus 0 plot) coincide exactly with 
those, q~e (or Oe), which occur in the R - t  versus q~ (or 
versus O) plot describing the orientation dependence of 
the etch rate, R, for singly-rotated silicon plates. 
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3. The out-of-roundness profiles displayed in 
Fig. 15 show continuous and progressive changes in 
shape with the angle of cut, q~. The section with q~ 
= 14 ~ exhibits the more complicated shape with the 

formation of minor extrema ml and M 1 (Fig. 15d). As 
the angle of cut reaches 26 ~ we observe the develop- 
ment of an accentuated peak, M2, (Fig. 15g) for 0M in 
the vicinity of 36 ~ This behaviour can be attributed to 
the early influence of { 1 1 1 } planes which dissolve very 
slowly [10, 24, 44]. As can be seen from Table IV, 



which gives the final angular positions of extrema in 
the out-of-roundness profiles, the etched (1 1 0) profile 
graph presents effectively a pronounced maximum for 
a direction (0~ ~ 36 ~ which coincides with the [1 1 1] 
axis. 

4. D e t e r m i n a t i o n  of  t h e  d i s s o l u t i o n  
s l o w n e s s  s u r f a c e  

4.1. Definition of a procedure 
In a previous paper [41], we have proposed a gen- 
eralized equation to express the dissolution slowness, 

L(q~, 0) of a cubic crystal belonging to class 23. This 
equation has been derived in the framework of the 
tensorial model for the anisotropic etching of crystals. 
Rules to simplify this equation when we are concerned 
with other cubic classes have been also given. Appl- 
ying these rules to the class m 3 m we obtain 

L(q~,0) = S'f+S~ (1) 

with 

S* = ~ a~(cos0, sin0) 2k (2) 
k = O  
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where q~ and 0 are the angles of cut as defined by the 
IEEE Standards [51]. 

The coefficients of series, a* and b*,, appearing in 
Equations 1 and 2 are expressed in terms of the 
independent dissolution constants of tensors. In the 
general equation we are concerned with dissolution 
tensors whose ranks vary from 0-Nma x. Depending on 
the values for N . . . .  the subscripts k, I and m must, in 

5 9 6 4  

addition, obey the following selection rules [41]: 
4k ~< N . . . .  41 + 2 ~< Nma x. 

When q~ and 0 vary, the vector L describes in space 
a representative surface called the dissolution slow- 
ness surface. The complexity of the dissolution slow- 
ness surface, specially the number of extrema, is 
directly connected to the maximum rank, Nma x- 

It is obvious that the dissolution constants involved 
in the coefficients of series must be determined from 
experiments. If, after analysing data, one expects that 
the slowness surface will exhibit a relatively simple 
shape, the rank Nma x can be limited to Nma x = 10. 



Figure 10 Changes, with the etching time, t, in the surface texture of 
an etched (6 10) plate, t = (a) 15, (b) 30 and (c) 45 min. 

Figure 11 Changes, with the etching time t, in the surface texture of 
an etched (1 10) plate, t = (a) 15, (b) 30 and (c) 45 min. 

TAB LE I I Geometrical features of final etching patterns (t = 45 min) as revealed by SEM examination 

Angle of cut, q~0 (deg) Geometrical features as viewed on scanning electron micrographs 

0 
5 

10 
14 

18 
23 
26 

30 
34 
37 
42 
45 

Flat pits fitted into each other 
Terraced pits with flat bottom 
Features similar to those related to (P0 = 5~ but in addition dissolution figures overlap 
Steady hillocks aligned along the X'-axis, fitted into each other and presenting striations arranged along the 
[0 0 1] axis 
Bumpy surface composed of numerous folds aligned the [00 1] axis 
Features close to those related to q~o = 18 ~ 
Features similar to those related to cp0 = 23 ~ however, the rather elongated hillocks seem to be bounded by 
two small facets 

Bumpy hillocks whose sides are composed of limiting facets. Striations along the [0 0 1] axis are still present 
Features similar to these related to g)0 = 30~ with a predominance of facets 
Elongated "bumps" bounded by facets. The direction of alignment correspond to the X'-axis 
Linearly textured surface with elongated "pits" aligned along the X'-axis 
Linearly textured surface composed of grooves arranged along the X'-axis 
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Then, if we make use of all tensors whose ranks lie in 
the range [-0, 10], we have to estimate 16 dissolution 
constants. But if one suspects the surface to possess a 
large number of extrema, it can become necessary to 
work with tensors corresponding to Nmax = 18. In this 
case, the total number of dissolution constants reaches 

37. As a result, the adjustment of the various dissolu- 
tion constants becomes a very difficult task. 

Thus, when we turn to the problem of determining 
the dissolution constants which appear in the analyt- 
ical equation of the representative surface of the dis- 
solution slowness, we have to answer a fundamental 

Figure 12 Final scanning electron micrographs for differently-oriented (hkO) plates. (a 1) q0 = 0 ~ 5 ~ 14 ~ 23 ~ 26 ~ 30 ~ 34 ~ 37 ~ and 42 ~ 
respectively. Direction of al ignment  of the X '  axis is indicated on the micrographs.  
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(d) 

Figure l2 (continued). ~ ~  Z " ~ / 2 " ~ \ ' ~ ' ~ ' ~ / ~ / ~  

~ . . ~ "  (d) ( o ) ~  / ( f ) ~  (a) 

, . ~ ~ , ~ , . X ~  Figure 14 Changes in the out-of-roundness profiles with the etching 
% . . . , j . ~ . . j . ~  time, t, for cases where q~ = 34 ~ (a-c) and q0 = 45 ~ (d-f). (a, d) t 
/ . ~ . , ~ . ~ \  '~{.. ~ ~  = 15 min; (b,e) t = 30 min; (c,f) t = 45 min. 

(b) ~ }  

Figure 13 Changes in the out-of-roundness profiles with the etching 
time, t, for cases where ~ = 14 ~ (a-c) and q~ = 23 ~ (d-f). (a, d) t 
= 15 rain; (b, e) t = 30 min; (c, f) t = 45 rain. 

question: is it necessary to work with all the dissolu- 
tion constants of tensors ranging from rank 0 to 
maximum rank Nmax? The answer is no. Effectively, 
Tellier and co-workers have shown that, as the rank 
Nma x increases, the slowness surface exhibits a more 
and more complex shape characterized by an increas- 
ing number of extrema. Then it is sufficient to deter- 
mine only dissolution constants involved in tensors 
of higher ranks to obtain a slowness surface which 
describes conveniently the anisotropic dissolution 
process. In reality, for the etching process of K O H  
on silicon crystals, we have evaluated dissolution 
constants related to tensors of rank 16-18 (Table V). 

Care must be taken that with this simplified proced- 
ure the coefficients of series take non-zero values so 

that Equations 1-3 still remain valid. However, equa- 
tions expressing a* and b~,,, now involve a reduced 
number of dissolution constants. For example, coeffic- 
ients a* and b* involve now 4 and 10 constants, 1,1 

respectively, instead of the respective 17 and 25 
dissolution constants introduced in the general 
procedure. 

In practice, the experimental determination of dis- 
solution constants involves the analysis of several 
types of data, namely, 

(i) the etch rate versus orientation plot related to 
singly rotated silicon plates; 

(ii) the changes in shape with orientation (q~, 0) and 
with direction of traces for surface profilometry traces; 

(iii) the evolution in shape with angles of cut for 
out-of-roundness profiles. 
This determination is based on several theoretical 
observations and features [42, 43]. These features, 
which establish a correlation between the morphology 
of the dissolution slowness surface and theoretical 
etched shapes, can be summarized as follows 1-42, 43, 
52]. 

1. An out-of-roundness profile constitutes a crude 
"image" of the polar diagram for L in the correspond- 
ing cross-sectional plane. 

2. From the out-of-roundness profile of an initially 
cylindrical crystal, we deduce the exact orientations 
((Dm, Om) connected to minima in L. Moreover, in 
general, we recognize crudely the orientations (q~M, OM) 
associated to maxima in L (for silicon the deviations 
are in practice estimated to be less than + 3~ 
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T A B L E  I I I  Changes, with the etching time, t, in the angular positio n for successive extrema in various out-of-roundness profiles. 
Corresponding decrements in diameter, Aqb, are also indicated for t = 45 min. q% is the angle of cut. Subscripts m and M correspond to a 
min imum (valley) and to a max imum (peak), respectively. 

q)o (deg) O~ (deg) 

0 m 0 M 0 m 0 M 0 m 0 M t 

(min) 

0 27 45 63 90 15 
0 0 25 45 64 90 30 

0 27 45 63 90 45 
A@(gm) 100 179 169" 180 100 45 

0 19 42 53 90 15 
10 0 27 44 63 90 30 

0 28 45 64 90 45 
A~(gm) 118 169 147 170 103 45 

22 42 67 90 15 
14 25 44 63 90 30 

0 10 27 43 63 90 45 
A@(gm) 140 164 148 177 100 45 

0 39 62 90 15 
23 0 39 62 90 30 

0 40 63 90 45 
A~(gm) 172 98 163 103 45 

0 36 63 90 15 
34 0 35 63 90 30 

0 37 63 90 45 
A@(gm) 177 65 162 110 45 

0 37 65 90 15 
45 0 36 63 90 30 

0 36 64 90 45 
A~(gm) 166" 43 139 101 45 

' ~ ' A ' "@" ~ \ I V 1 2  

,/X . ~% iN i 

" ' ~  ~ / : ~ \ / s ! 

(e) ~/J/ (h) ~ Z i ( k ~  

Figure 15 Orientation effect in the final out-of-roundness profiles related to various singly-rotated silicon plates. (a-l) (p = 0 ~ 5 ~ 10 ~ 14 ~ 18 ~ 
23 ~ 26 ~ 30 ~ 34 ~ 37 ~ 42 ~ and 45 ~ respectively. 
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TABLE IV Final (t = 45 rain) angular positions for the successive extrema in the various out-of-roundness profiles relative to differently- 
oriented silicon plates (angle of cut (Do) 

q~o (deg) 

0 5 10 14 18 23 26 30 34 37 42 45 

0 e(deg):Maxima 0,45,90 0,45,90 0?,45,90 10,43,90 12, 41, 90 40, 90 36, 90 37, 90 37, 90 34, 90 35, 90 36, 90 
Minima 27, 63 28, 62 28, 64 0, 27, 63 0, 23, 62 0, 63 0, 63 0, 64 0, 63 0, 61 0, 62 0, 64 

3. Examina t i on  of  the etched shape of surface pro-  
files gives add i t iona l  possibili t ies,  such as an easy 
verification of the or ien ta t ion  (%,  0e) for ext reme in L 
and an o p p o r t u n i t y  to detect  the presence of a minor  
ex t remum in the vicinity of the o r ien ta t ion  (q%, 0o) of 
the reference surface. 
We have made  use of all these possibi l i t ies  to p ropose  
a comple te  p rocedure  to generate  the d issolut ion  
slowness surface of sil icon crystal.  This p rocedure  
consists of [52]: 

(a) genera t ing  by i te ra t ions  the slowness surface 
until,  in a first step, the (001)  po la r  d i ag ram of L fits 
very well the exper imenta l  L versus q~ plot  and,  in the 
second step, theoret ica l  (h k 0) po l a r  d i ag rams  resem- 

Figure 16 Three-dimensional representations of the slowness sur- 
face. The direction of observation is respectively taken along (a) the 
[100] axis, (b) the [110] axis, and (c) the E111] axis. 

TABLE V Identification of the independent constants related to a 
dissolution tensor of rank N. n T is the total number of constants, 
whereas n{1 o o} is the number of constants used to generate the polar 
graph of L in a { 100} section. Note that the number of additional 
constants involved in the derivation of {h k l} polar diagrams ex- 
ceeds n(1 o m only if N > 16 

RankN i = t  i = 1 ; j = 2  i = l ; j = 2 ; k = 3  n T n{100 } 

10 Dto(i ) D 2(i) 8(j) D 2(1) 2(j) 6(k) 

D 4(i) 6(j) D 2 (i) 4(j) 4(k) 

12 D12(i  ) O2(i) lo(j  ) Dz(ii2(j)8(k) 

D 4(i) 8(j) O 2 (i) 4(j)6(k) 

D 6(i) 6(j) D 4(i) 4(j) 4(k) 

16 D16(0 D2(i) 4(j) O2(i) 2(j)12(k ) 

O 4-(i) 12(j) O 2 (i) 4(j) 10(k) 

D 6(0 10(j) O 2(i) 6(j) 8(k) 

D s(i) so) D 4(i) 4(]) 8(k) 

D 4(i) 60) 6(k) 

18 D18(i ) D2(i) 16(j ) D2li) 2(j)14(k ) 

D4(1) 14(j) O 2(/) 4,(j) 12(k) 

D6(1) 12U) D2(0 6(j) 10(k) 

D s(~) ~ o(j) D 2(o s(j) s(k) 

D4(1) 4(j) lO(k) 

D 4(i) 6(j) 8 (k) 

D 6(0 60) 6(k) 

5 3 

7 4 

10 5 

12 7 

ble the cor respond ing  exper imenta l  ou t -of - roundness  
profiles; 

(b) verifying the adequacy  of the derived slowness 
surface par t i cu la r ly  by a sys temat ic  compar i son  of 
exper imenta l  ou t -of - roundness  profiles with predic ted  
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profiles. This step, which needs attention, will be 
reported in a future paper. Let us only remark that in 
the present work the verification step includes both 
analyses related to the etching of cylindrical crystals 
and to the etching of rough surfaces. 

We apply this procedure to the anisotropic etching 
of KOH on silicon crystal to evaluate 24 dissolution 
constants related to tensors of ranks 12-18. 

After some adjustments we have generated [52] the 
dissolution slowness surface shown in Fig. 16d-f. The 
observation direction, Dob s, which lies normal to the 
plane of the figure, is respectively taken along the 
[0 1 0], [1 1 0J and [1 1 1] axes. Hence, one may verify 
that the derived slowness surface satisfies the crystal 
symmetry. At first sight the slowness surface seems to 
be composed of eight elongated lobes aligned along 
( 1 1 1 )  axes. However, the slowness surface exhibits 
several other less-accentuated peaks, such as maxima 
lying along ( 1 0 0 )  axes. 

At this point one may remark that is should be 
more appropriate to present polar diagrams of L in 
the form L (q0 = q~o, 0) to appreciate the variations in 
L with the angles of cut. Such polar diagrams will be 
extensively reported in Part II of this work with, in 
addition, the theoretical two-dimensional etched sha- 
pes, such as out-of-roundness profiles as numerically 
derived from these diagrams. However, to illustrate 
the adjustment of the dissolution constants which 
generate the (010) polar diagram for L we have drawn 
in Fig. 1 (dashed curve) the theoretical curve which 
describes the variations in Ad (Ad/t = 2R with R 
= [L(q~o, 0o = 0~ -1) with the angle of cut q~o. Small 

discrepancies (typically less than 5%) between the 
experimental and theoretical curves are obtained as 
q~o increases from 0 ~ to 45 ~ 

5. Conclusion 
The 35% KOH solution is found to etch anisotropi- 
cally differently oriented crystalline silicon plates. Pro- 
longed etching causes the development of dissolution 
shapes characteristic of the angles of cut. In particular, 
all the out-of-roundness profiles are found to reflect 
the crystal symmetry. The surface texture which res- 
ults from repeated etchings is connected with the 
presence of extrema in the dissolution slowness in the 
vicinity of the reference surface. 

The tensorial representation of the anisotropic dis- 
solution process is then fully appropriate to describe 
the observed orientation effects. Conditions to derive 
the dissolution slowness surface for crystalline silicon 
are then met in this experimental study. After a com- 
plete analysis of data it has been possible to estimate 
the dissolution constants involved in the equation 
expressing L (% 0). The only condition for obtaining a 
slowness surface with a shape sufficiently complicated 
to explain the anisotropy is to work with tensors of 
very high rank (typically Nma, > 12). 

It is evident that to appreciate the adequacy of the 
proposed slowness surface we have to compare 
systematically various experimental and theoretical 
dissolution shapes. Then a full exploitation of the 
dissolution slowness surface requires the development 

of numerical and graphical simulations to predict 
etched shapes related to initially cylindrical crystals 
and to profilometry traces. This comparison consti- 
tutes the matter for a future paper. Under these condi- 
tions, the slowness surface derived in Part I will be 
used in Part II to predict dissolution shapes, to correl- 
ate theory to experiments and to discuss the agree- 
ment of the dissolution slowness surface. It is obvious 
that this future discussion will be rigorous only if we 
deal with many data related to various singly-rotated 
silicon plates. The large number of diagrams reported 
in this paper will be used to provide a complete and 
consistent discussion. 
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