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Abstract. — The anisotropic etching behavior of quartz crystal in concentrated ammonium
bifluoride solution is studied and analyzed in the framework of a tensorial model. This model
allows to simulate bi- or three-dimensional etching shapes from the equation for the representa-
tive surface of the dissolution slowness. In this paper, we present experimental results such as
surface profile and initially circular cross-sectional profiles of differently singly- or doubly-rotated
cuts The polar diagrams of the dissolution slowness vector in several planes are deduced from
experimental data The comparison between predicted surface and cross-sectional profiles and
experimental results 15 detailed and shows a good agreement In particular, several examples give
evidence that the final etched shapes are correlated to the extrema of the dissolution slowness.
However, in several cases, experimental shapes cannot be simply correlated to the presence of
extrema. Simulation gives effectively evidence for an important role played by more progressive
changes in the curvature of the slowness surface. Consequently, analysis of data merits to be
treated carefully

Résumé. — Nous nous proposons d'étudier et d’analyser & l'aide du modéle tensoriel de la
dissolution lattaque chimique anisotrope du cristal de quartz dans une solution concentrée
de bifluorure d’ammonium. Ce modéle permet de simuler des formes usinées & deux ou trois
dimensions a partir de 'équation de la surface représentative de la lenteur de dissolution du
cristal de quartz. Dans cet article, nous présentons des résultats expérimentaux concernant des
profils de surface et des sections nitialement cylindriques de coupes & simple et double rotation
Les diagrammes polaires du vecteur lenteur de dissolution dans différents plans sont déduits de
données expérimentales. La comparaison entre les profils de surface et de section théariques et les
résultats expérimentaux est détaillée et montre un bon accord. En particulier plusieurs exemples
montrent que la forme finale est corrélée a la présence d’extrema de la lenteur de dissolution.
Cependant, la corrélation entre résultats expérimentaux et théoriques n’est pas toujours simple
et mérite une analyse soignée Pour conclure, le modele 3D est appliqué pour prévoir la forme
usinée d'un trou mmtialement circulaire dans une coupe tournée autour de ’axe Y Le résultat
théorique est comparé avec la forme usinée expérimentale et montre un parfait accord.
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1. Introduction

Chemical etching of quartz crystal has been carried out for many decades. Major works were
devoted to the study of the crystal symmetry, of the ability to produce polished or preferentially
etched surfaces [1-12]. Some people used chemical etching to study dislocations in natural and
synthetic quartz [13,14]. Nowadays, more and more people are interested in the technique
called micromachining. Initially, these techniques were developed for the microelectronic in-
dustry, especially on silicon [15-17]. But, in fact, micromachining of mechanical devices, which
constitute the sensing element of sensors can be applied to other crystalline materials such as
quartz [18-20].

We know that performances of sensors or resonators are greatly dependent on the geometry
of the mechanical devices, specifically on the topology of the etched surfaces, on the lateral
and corner undercutting [21-24]. The dependence on the geometry is of prime importance 1f
one wants to miniaturize mechanical devices. So, the design of micromechanical devices with
good metrological characteristics needs a theoretical prediction of their etched shapes. It is
fundamental to have a sunulation of the etched shapes for mechanical devices etched on several
differently oriented cuts because some non conventional orientations of sensing elements may
have very interesting properties such as large sensitivity or temperature compensation leading
to new sensors applications.

During the last few years, the simulation of etched shapes has been based on the pioneer-
ing kinematic model given by Frank [25,26] and later developed by Tellier et al. With the
Frank’s model, we can also construct geometrically the shapes of 2D devices obtained after an
anisotropic etching under a mask [27,28]. Tellier et al. have recently proposed a numerical
simulation of the shape of 2D and 3D etched micromechanical devices. This simulation is based
on a tensorial model of the anisotropic etching [29-31], and starts with an analytical expression
of the dissolution slowness L{ip,8) in terms of the orientation (p,8) of surface elements. The
representative surface of the dissolution slowness is generally determined from experimental
data [32-34] related to 2D shapes The determination procedure remains rather difficult so
that specific tests [33,34] must be undertaken to verify the adequation of the proposed slowness
surface. '

This paper will be divided into four parts.

¢ In Section 2, we give the basis of the tensorial model for the anisotropic dissolution
and explain the procedure to determine the dissolution constants which appear in the
equation of the dissolution slowness

e In Section 3, we present experimental details and give experimental results about changes
in surface texture of differently oriented cuts induced by prolonged etchings.

e In Section 4, we compare experimental and theoretical data in order to discuss the ade-
quation of theoretical shapes derived from simulation.

e In Section 5, we report some experiments related to mesa or membranes micromachined
on two different cuts of quartz. We compare these results with those obtained by the 3D
graphical simulation of etched shapes.

2. Basis of the Theoretical Model

This model [29-31] constitutes an extension of the kinematic model of dissolution proposed
by Frank. As compared to previous works in which an approximate limited etching shape
can be constructed geometrically [27,28, 35, 36], this work presents the advantage to derive
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Fig 1. — Three-dimensional representation of the dissolution slowness surface.

Fig 2. — Definition of the propagation vector P

numerically 2D and 3D shapes. The surface of a crystal can be decomposed into successive
planar facets corresponding to crystallographic planes. Tellier [31, 34] has defined a vector
called the dissolution slowness vector L. This vector is associated to each surface element;
its magnitude L(y, 8) is the reciprocal of the dissolution rate and its direction is that of the
inward normal unit vector n to the surface element. When the orientation of the element
varies, the extremity of the vector L generates the dissolution slowness surface (Fig. 1). As
the dissolution process only depends on the orientation, the trajectory of the surface elements
given by (g, 8) follows a straight line and can be described by a propagation vector P (Fig. 2).
The components of this vector may be expressed in terms of the dissolution slowness vector. In
addition, several works [31,37] give evidence that the propagation vector P lies perpendicular
to the plane tangent to the dissolution surface at the point of corresponding orientation. Using
this property with the dissolution slowness surface, we can construct numerically the etching
shapes. Hence, we can generate more precisely the shape of samples as soon as the equation
of dissolution slowness is known. The representative equation of the slowness surface can be
expressed in terms of a polynomial relation involving the three components (n, ng, ns) of the
inward normal unit of n [29,31]

L{p,0) = Do+ Dyn, + Dynyny + ..+ Dynyngngng + ... (1)

where Dy . . D, are components of the dissolution tensors.
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The number of the dissolution constants is reduced according to the symmetry of the crystal
[30,33]. We can also work with doubly rotated surface elements whose orientations are defined
by two angles of cuts (¢, 8) according to the conventions specified 1n the IEEE standards on
piezoelectricity (Fig. 3) [38]. So, expressing L in terms of the orientation angles p and 8, we
have for the crystal class 32

L((,O,g) =814+85 +S53+ 8,

with

S = ZAJ(COSH)QJ
=0

Sy = Z Z By (cos 8)2k+! (sin 3¢p)3

1=0 k=1

S; = Z Z C,(cos 8)*F1sin O(cos 3p)>™
m=0 1=0

Sy = Z D,sin 8(cos 8)?Pcos 3y sin 3. (2)
p=3

[ and m equal zero for Npax < 9 and appear for Npax > 31 and Npax < 3™+ where
Numax is the maximum rank of the tensors. A,, By, C, and D, are expressed in terms of
independent dissolution constants Dy ... D,,r. We observe that S; and Ss include tensors of
even rank and Sy, Sy are expressed with terms of odd ranks. The major problem remains the
experimental determination of the dissolution constants. At this point, the question we ask
is: what is the maximum rank Np.x to have to use to obtain a good representation of the
dissolution slowness? The response is not simple In fact, it depends on the complexity of the
observed etching shapes, which is really dependent on the magnitude, on the number and on
the sharpness of the dissolution slowness [33]. But clearly, for quartz we have to retain at least
two tensors of even and of odd ranks respectively.

For quartz and NH4F HF etchant, we use essentially dissolution constants related to tensors
whose rank varies from 11 to 13, a lot of tensors of smaller rank are supposed to be equal
to zero. It is clear that in order to have a good representation of the dissolution slowness
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with tensors of high rank, we have to analyze carefully a lot of experimental results, related to
several kinds of 2D etching shapes [33].

3. Experimental Results

3.1. EXPERIMENTAL PROCESS. — Differently oriented wafers were cut in a quartz blank. The
angles of cut (¢o,00) are determined by a double X-ray goniometer which gives an accuracy of
30'. Initially, surfaces and contours of circular plates were lapped with abrasive with decreasing
grain diameters and finally optically polished. All etchings of quartz plates were made in a
concentrated ammonium bifluoride solution (NH4+F HF). The temperature of the etchant is
controlled with an accuracy of +£0.5 K. After successive isothermal etchings, 2D etching shapes
of the wafer are controlled by different means:

1. The etched surface texture of quartz samples is viewed by Scanning Electron Microscopy
(S E.M). In addition, the surface profiles and textures are characterized using an Atomic
Force Microscope (A.F.M.) with a maximum scanning size of 125 x 125 ym?. The tip of
the cantilever is very small (about 0.2 pum) which is a real advantage compared with the
mechanical surface profilometer where the diamond tip which has a finite diameter size
close to 2 pm induces a mechanical filtering for dissolution figures of small size.

2. We follow changes in the cross-sectional shape of initially cylindrical crystals with ori-
entations (g, 60) using a Talyrond analyzer which gives the out-of-roundness profiles of
etched sections with respect to a last square circle.

We also present experimental micromachined holes. They are obtained by a conventional
photolithographic process. Chemically inert masks are composed of chromium-gold evaporated
films. After deposition, the masked samples endure a thermal treatment which mduces a
progressive restructuration of Cr-Au film and a continuous decreasing of in-plane stresses. We
then use conventional photolithographic process [39] to protect only some specific regions of
the wafer. We start with initially circular masks of chromium and gold on the quartz surface
in order to etch mesa or membrane structures. The samples are placed into a concentrated
NH4F HF bath during several hours. In the final stage, the modification of initial circular
contour shapes and development of convex or concave undercuttings are analyzed using a
Scanning Electron Microscope.

3.2. THE ORIENTATION DEPENDENCE OF THE SURFACE TOPOGRAPHY. — Figures 4 and
5 illustrate the evolution of the surface texture with the etching time for some singly and
doubly-rotated quartz plates. Firstly, these figures give evidence that the geometrical features
of etched surfaces are primarily governed by the orientation of cuts in accord with previous
experimental works on singly-rotated quartz plates [7,11,40]. In particular, for doubly-rotated
cut Y +45 (8p = 45°, g = 90°), etched surface texture for the two faces are strongly different.
One face presents convex surfaces, the other 1s constituted by plane facets of various slopes
(Fig. 5). The changes in the surface texture of the AT-16 (o = 0, 6y = 16°) and BT-14 (¢o = 0,
8o = —14°) plates are investigated over the temperature range 318 K — 360 K during the same
period of time. The two cuts reveal different final geometrical textures. In the first stages of
etching, the S.E.M. images show the influence of the initial lapping process which creates a
disturbed surface layer which in general [41,42] dissolves more rapidly than the perfect planar
crystallographic plane. We observe by S.E.M. that the AT-16 cut presents somewhat concave
pits oriented in the Z' and X’-directions. Concerming the BT-14 cut, we observe elongated
dissolution figures aligned along the Z'-direction. As noticed above the etched textures do not
vary with the different temperatures, they are characteristic of the cut.
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Fig. 4 — Surface texture of AT and BT cuts 1.2 3: AT-16 cut after etching at 318, 338 and 348 K
during the same period 45 6: BT-14 cut after etching at 318, 338 and 348 K during the same period.

These few examples confirm that the surface topography produced by chemical etching in
concentrated NH4F HF is strongly connected to the orientation of the crystal plane, so that the
tensorial model of anisotropic dissolution applies and we can undertake comparison between
theoretical and experimental shapes.
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Fig. 5. — Surface texture of the ¥ +45 (po = 90°, fp = 45°) cut. Negative (a) and posttive (b) faces.

4. Confrontation of Theoretical and Experimental 2D Etching Shapes

We will successively discuss for several cuts of quartz the theoretical and experimental results
related to 2D surface and out-of-roundness profiles. Let us recall the basis of the simulation
of 2D etching shapes The etching surface profiles and out-of-roundness profiles are obtained
using the slowness polar graphs:

o For cross-sectional profiles, we use the polar plot of L in the plane defined by the angles
(0, 80) of the considered cut. The initial shape is circular; so starting with a cylin-
drical hollow, we are concerned with a concave initial profile and starting with a cylindri-
cal crystal, we are concerned with a convex initial profile. As explained in the first part
of this paper [33]. the final cross-sectional shape is determined by one type of extrema:
for concave shape, the limiting facets appearing after etching are associated with maxima,
of L. Conversely, for convex initial profile, the planar limiting facets are correlated to
minima of L [33,43, 44].
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Fig. 6. — Definition of the angle ¥

e The surface profiles are predicted using only a part of the polar diagram. In fact, we are
concerned with profile elements whose angles o are in the range [—omax, +@max] With
respect to the reference surface In general, the shape of profiles depends on the number
and nature of extrema of the slowness associated with elements potentially present at the
starting profile. However, in Section 1, we have shown that some simple shapes result
from the presence of extrema in the vicinity of the orientation (o, ) of the reference
surface and the nature of the extrema (33, Figs 9-10] in such a way that

1. Fundamental concave and convex backgrounds are correlated respectively to a
maximum or a minimum of slowness for the reference surface given by a = 0.

2. Profiles with alternate concave and convex shape indicate that the two kinds of
extrema are present in the range [—Gmax, +®max]-

3. Three extrema in the range [—oumax, +C@max] give rise to etched profiles with constant,
slopes.

4.1. SURFACE PROFILES. — Since the anisotropy of chemical etching causes the formation of
specific dissolution profiles depending on the cut and on the direction of traces, it 1s simplest to
derive the theoretical profiles from a numerical simulation which starts with initial triangular
profiles whose slopes are equal to *amax. The influence of the initial slope is investigated,
max taking values respectively 15° and 30° In the second case, we work with a larger portion
of the polar diagram of L The polar diagram in question corresponds to a cross-sectional
section to the trace whose direction of alignment is defined by means of the angle ¥ (Fig. 6).
In order to compare the experimental and theoretical features of dissolution profiles, we made
different traces along several axes:

e For the trace which lies parallel to the X’-direction (¥ = 90°), the X’ theoretical profile
of the cut (g, fo) can be derived starting with the polar plot of the plate (¢o, 80 = —90°).

s The other trace is along the Z'-axis (¢ = 0). Thus, it is sufficient to work with the polar
plot of the X cut (Y cut) for the samples defined by the angles (oo = 0, 8o) (w0 = 90°,
o) respectively.

o In addition, for several doubly rotated cuts, some traces are defined by the angle ¢ formed
by Z" and X" axes.

4.1.1. Singly-Rotated Cuts. — We start with surface profiles of singly rotated cuts Figures 7
and 8 give theoretical and experimental traces for different etching times. The slopes of the
triangular profiles are initially equal to £15°, which is closed to the maximum slope observed
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Fig 7. — Theoretical and experimental surface profiles of AT cuts. a) Case of the AT-26 cut: X
traces, b) Case of the AT-26 cut. Z' traces, ¢} Case of the AT-50 cut X traces, d) Case of the AT-50
cut: Z' traces
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B Cut X profile Z' profile
angles in Theoretical Experimental Theoretical Experimental
degrees shape shape shape shape
AT-26 Concave Concave Convex Alternate
{ (gg z g 6° with concave—
conservation of convex with a
the slope with convexity more
angle o = 12° marked
AT-50 Alternate Alternate Alternate Alternate
{ (gg Z g 0° symmetrical concave— convex— convex—
concave— convex concave concave with a
convex convexity more
marked
BT-49 Concave Concave Alternate Rather concave
{ gg z 290 flat profile flat profile concave— with
convex conservation of
slope a = 6°
BT-26 Alternate Concave Alternate Convex
{ (g(()) ; g 60 convex — convex—
concave concave with a
convexity more
pronounced

585

Table I. — Comparison of theoretical and experimental profile shapes for AT and BT cuts.

for our samples which have suffered a lapping process with grain diameter ¢ of about 5 pm. For
the AT and BT cuts, we observe a good adequation between experiment and theory (Tab. I).
A more detailed analysis will be performed to correlate theoretical shapes with polar diagrams
(Fig. 9). The angles and magnitudes of extrema of L present in the range [—®max, ®max] With
respect to the reference surface are summarized in Table II.

e For the AT-26 cut (Fig. 7), the X profile is concave due to the maximum of L (M;) and the
slopes a = £15° disappear rapidly because they are etched more quickly (presence of mmima
m1 and ms); it is particularly true for the positive slope; the negative one remains much longer
because the minimum of L corresponding to the angle a = —12° is not very marked.

The X profile for the AT-50 cut is an alternate convex—concave shape in agreement with the
fact that the reference slowness is situated between a maximum M; and a mmimum m;. The
profile remains symmetric because M; and m; lie symmetrically with respect to the orientation
of the reference surface (i.e., to o = 0°).
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Fig. 9. — Polar plots lying in BT-64 (a), BT-40 (b), AT-40 (c) and AT-64 (d) cross-sectional plane
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The theoretical Z’ profile of AT-26 cut is convex and a little shifted because the minimum
of L(my) does not occur exactly for « = 0° (Tab. II). The Z’ theoretical profile of AT-50 cut is
a symmetrical alternate convex—convave profile in accord with the fact that the maximum and

minimum (M7, m}) of slowness are located at the same angular distance from the reference
surface slowness. '

o Let us analyze the surface profiles of various singly-rotated cuts as displayed in Figure 8.
The BT-49 profile along the X-direction is very particular. When we analyze such an exper-
imental trace. we simply conclude that a minimum in L exists for & = 0. This constitutes
a false interpretation! We observe on the theoretical profile that the convex intersections I
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Table II. — Angles and magnitudes of extrema of L near the reference surface for AT and BT
cuts.
Cut Polar plot for X profile Polar plot for Z' profile
angles 1n angles and magnitudes of angles and magnitudes of
degrees extrema of L in the range extrema of L in the range
[-20°,20°] [~20°,20°]
AT-26 mimmum m; L =225 a=-12° | minimum m L=28 a=1°
{ };’g = gﬁo maximum My L=29 a=0 maximum M; L[ =34 a=12°
minimum mz L=155 a=17°
AT-50 minimum mi L=194 a=-6° maximum A =34 a=-12°
{ (gg i 200 maximum M, L =23 a=5° mmimum m> L=17 a=8§8°
mmimum ms L =12 a = 20°
BT-49 maximum Ay L =61 o =-14° | maximum M, L =53 a=-19°
{ cgo i 0 49° minimum m; L =12 a=20° minimum ms =32 a=35°
y = —
maximum Ms L =34 a=14°
BT-26 No maximum and minimum in minimum mse L =49 o= —4°
_ °
{ <go _ 0 26° the considered range maximum M; L=53 a=§6°
o = —

move on the right direction. This is sufficient to conclude that the symmetry of the profile is
an artifact, because if a minimum of slowness occurs for the surface reference intersection, I,
will move along a vertical line (compare with Fig. 10a on Part I of this paper [33]).

The BT-26 X profile constitutes also a special case. There is no extremum in the range
[—15°,15°], but we observe on the polar plot a curvature which occurs in the considered range,
and the inflexion point is closed to a = 0°. So, the behavior is equivalent to that resulting
from the presence of two extrema in the [—amax, @max) range. In fact, as compared with the
experimental profile which seems rather concave, the change of curvature of the polar plot
seems too accentuated. However, the angular position of extrema of L in the polar plot can
be in fair agreement with experiment.

Now, we turn attention on the Z’ profile of BT-49 cut. The theoretical one is alternate
concave—convex with a predominance of convex shape. A minimum of the slowness mg is
present near the reference slowness o = 0°, while maxima M, and M3z have more distant
angular positions (Fig. 10). The experimental profile is characterized by the persistence of
constant slopes m the process of etching which indicates that three extrema are present in the
range [—15° 15°]. The theoretical Z' profile of BT-26 cut 1s constituted of alternate convex—
concave shape in correlation with the maximum M, and minimum my4 lying respectively at
a = —10° and o = 4+4°. The experimental profile indicates that we have an angular shift of
the minimum rmyg.

4.1.2. Doubly-Rotated Cuts. — Let us continue with the doubly-rotated cuts (@ = 90°,6p).
In Figures 12 and 13. the theoretical profiles have now initial slopes of £30°. From the A.F.M.
micrographs (Fig. 11) we observe that the two faces do not have at all the same dissolution
figures. For the two cuts ¥ + 40 (6, = 40°) and ¥ + 30 (6p = 30°), the etching generates flat
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Fig. 10. — Polar plot of the dissolution slowness 1n the plane defined by (6o = 90°).

Table III. — Ezpersmental slopes of profiles after etching.

Angle of cut

Slopes on X’ profile

Slopes on Z' profile

wo =0
wo=0
wo=0
wo =0

90 = 260
8o = 50°
B0 = —49°
80 = —26°

wo =90° 8o =30°

negative face

©=090° #=30°
positive face

@ =90° 6 = 40°
negative face

@ = 90° 0 = 40°

postitive face

1°

1-2°
10

05°
0°

7-21°

1-3°
2—5°
5—6°
1-2°
0°

5—-12°

N°3

surfaces and large dissolution figures on the negative face. On the contrary, we have marked
shapes and high slopes (Tab. IIT) on the positive face. Moreover, the dissolution figures are
composed of some limiting rather flat facets. The major features of ¥ = 0° and » = 90°

profilometry traces made along Y and Z' directions are summarized in Table IV.

¢ Let us turn our attention to the Y + 40 cut and to its predicted profiles (Fig. 12). The Y
profile appears to be convex for the negative face due to the marked minimum ms of L which
is a little shifted with respect to & = 0°. It becomes alternate convex—concave for the positive
face in agreement with the presence of two extrema in the o range investigated here (mg, Mg).

For the Y profile of Y + 30 cut (Fig. 12) and for the negative face, the convexity is due to
the marked minimum m4 on the polar plot for negative slopes. For positive slopes, we remark
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a-2

Fig 11. — A.F.M micrographs of ¥ + 40 (po = 90°, 8 = 40°) (a) and Y + 30 (po = 90°, 6o = 30°)
(b) cuts Case of positive face (a.1 and b 1) and negative one (a 2)

an inflexion of the polar plot but it appears for an angle which deviates from more than 30°
from the reference slowness. So, no extremum occurs for positive slopes and they do not vary.
On the positive face, the ¥ 4+ 30 cut has a Y profile rather concave due to the presence of the
marked maximum Mjs of the slowness; so the convexity due to the minimum mg disappears
after a given time of etching.

o The Z' profiles (Fig. 13) are analyzed with the ¥ polar plot (Fig. 14). For the positive
Y + 40 cut face, the concavity of the profile is explained by the presence of maximum Mj for
36° (a = —4°). But we observe, as expected, that this concavity is not marked.

Concerning the Y + 30 cut, the positive face presents a concave shape for positive slopes and a
constant slope of —30° for the other part of the triangular profile. Analyzing the ¥ polar plot,
we conclude that the etching profile must be a symmetrical alternate convave—convex profile
because the reference slowness is situated just between a maximum (M3) and a minimum (ms).
In fact. for the last two profiles the horizontal components of the propagation vector are in the
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Table IV. — Comparison of theoretical and experimental profile shapes for Y rotated cuts.
Cut X profile Z' profile
angles in Theoretical Experimental Theoretical Experimental
degrees shape shape shape shape
Y +40 Alternate Alternate Rather concave | Constant slopes
{ 9;3 z igo symmetrical concave— with constant
positive face concave— convex with a slopes

convex profile | more marked

convex part

Y +40 Rather convex Convex Constant slopes | Rather convex
{ o = 90°
o = 40°
negative face
Y +30 Alternate Alternate Alternate Alternate
{ 53 f gg: convex— convex— concave— concave—
positive face concave profile concave convex profile convex
with a more profile profile
marked

concave part

Y +30 Rather convex Alternate
_ o
{ ‘gg ; ggo profile and concave—
negative face constant slope convex profile

for positive

slope

same direction for positive and negative slopes; so, a part of the concave (for Y + 40 cut) and
the convex (for ¥ + 30 cut) intersection of profile is lost. We can easily verify this assumption
by following the change in shape of surface profile involving elements of smaller slopes. We
can see that, for slopes of @ = £15° (Fig 15), the Y + 40 negative face presents a rather
convex Z' profile. This shape is due to the minimum m, which occurs for o = 10°. The other
slope of the initial profile does not be modified because no extremum occurs in the considered
range of negative slopes. The Z' profile of the ¥ + 30 negative face is composed of a concave
part and the conservation of negative slope. The analysis with the polar plot is not easy
because the change in shape is not only governed by extrema. Here the change in curvature
near the reference slowness has a great influence on the change in shape. The importance of
the numerical simulation is conveniently illustrated by these few examples. Effectively, when
several successive extrema are present in the range of positive slopes or of negative slopes, no
simple model allows to obtain the final etching shape.

Experimentally (Fig. 16), the Y profile becomes rapidly very flat, so we cannot draw any
conclusion on the adequation of angular positions of extrema.
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Fig 12. — Theoretical surface profiles along ¥-axis. Case of the negative (a) and positive (b) face
of the Y + 40 cut (w0 = 90°, 8o = 40°) Case of the negative {¢) and positive (d) face of the Y + 30
cut (¢o = 90°, 6y = 30°) Polar plots corresponding to the Y profiles for Y + 40 cut (e) and Y + 30
cut (f).

In conclusion, we observe some disagreements between theoretical and experimental Y and Z’
profiles. This observation is not surprising because the dissolution figures are not preferentially
aligned along Y- or Z’-axes. In this condition, it seems better to derive new simulations
for the apparent direction of alignment of experimental dissolution figures. Figures 17 to
20 give experimental and theoretical traces along and perpendicular to the direction of the
dissolution patterns. We repeat the simulation with two initial triangular slopes amax = +£15°
and amax = £30°. All the predicted profiles are derived for the same etching time. We
immediately observe that the shape of traces are dependent on the slopes initially present
on the sample in close accord with experiments For the positive faces, the simulation with
Omax = +30° gives results close to experiments: 1n particular experimental values of slope
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Fig. 13 — Theoretical surface profiles along Z’'-axis Case of the negative (a) and positive (b) face

of the Y + 40 cut Case of the negative (c) and positive {d) face of the ¥ + 30 cut.
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Fig. 14. — Polar plot of the dissolution slowness in the Y-plane.

agree well with the predicted values (Tab. VI). The shapes of theoretical profiles are easily
explained in terms of the polar plots.

e For example, let us analyze the positive face of the Y + 40 cut (Fig. 18). We observe for
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Table V. — Angles and magnitudes of extrema of the slowness near the reference surface for
Y rotated cuts

Cut Polar plot for Y profile Polar plot for Z’ profile
angles in angles and magnitudes of angles and magnitudes of
degrees extrema of L in the range extrema of L in the range
[—30°,30°] [—30°,30°]
Y +40 maximum AM; L=34 a=-27 | minmumms L=353 a=-18°
_ o
{ zo - 280 minimum m; L =24 «a=-15° | maximum M; L=64 a=-4°
0 =
positive face maximum M, L=80 a=7°
Y + 40 maximum M3 L =35 a=-21° | minimum m; L=95 a=10°
{ go i Zg" minmimum m» L=17 a=-4° maximum AMs L =26 o =29°
A
¥
negative face
Y +30 maximum My L =29 o=-27°| mmmumm; L=53 a=-8
{ ng - gg" mmimum ms  L=21 a=-15° | maximum M; L=64 a=26°
positive face | maximum M; L =87 oa=10°
Y +30 maximum Ms L=29 a=-27° | maximum M; L=77 a=-30°
{ g[? - ggo minimum mg L=16 a=-9° | mimmumm; L=95 a=20°
negative face

Table VI. — Experimental slopes of profiles after etching.

Angle of cut Slopes on profile Angle of cut Slopes on profile
(0, 60) (0, Bo)
Direction of Direction of
profile ¥ profile v
wo = 90° o = 30° 15° wo = 90° Gy = 40° 15°
positive face —4° positive face -10°
Y = 32° 9 = 35°
o = 90° 6 = 30° 20° wo = 90° §p = 40° 16°
positive face -20° positive face —28°
¢ = —58° P = —55°
wo = 90° fy = 30° 3° wo = 90° G = 40° 4°
negative face -3° negative face -10°
¥ = 54° b = 40°
wo = 90° 6y = 30° wo = 90° 8y = 40° 14°
negative face Weak slopes negative face —6°
P = —36° Y = —50°
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Fig 15 — Z' profiles of Y + 40 (a) and Y + 30 (b) cuts Case of small 1nitial slopes amax = +15°

initial slope of £15° a concave profile for ¥ = 35° or ¢ = —55°. However, the reference slowness
does not correspond to a maximum of L That is exactly the same artefact as in Figure 8a.
Concerning the profile with initial slopes of £30°, the extrema of L are situated in the range
[—30°,30°] and the changes of shape are easily explained. The alternance of concavity and
convexity is due to the presence of a maximum and a minimum around the slowness reference.
Concerning the negative face (Fig. 17), the profile for ¢ = 40° is convex for positive slopes due
to the minimum m;. This minimum is really marked, so for initial higher slopes, it induces
the formation of a limiting facet rather than of a concave background. The negative slope is
unmodified for the least slopped profile because there is no extrema for —15° < a < 0°. On
the contrary, the maximum M, is included in the range —30° < o < 0° and induces a limiting
facet for large initial slopes. For ) = —50°, the initial flat profile does not change during
etching because the polar diagram is very flat around the reference slowness. For such initial
large slopes we note a concavity due to the slight minimum m;.

¢ Let us analyze the changes of profile in the Y + 30 cut (Figs. 19, 20). The profile ¢ = 32° is
concave—convex because a maximum My (for positive slopes) and a minimum m, (for negative
slopes) are included in the range [—30°, 30°]. For lower initial slopes we find again an alternate
profile. but as the extrema are not situated in the range [—15°,15°] we only see here the effect
of curvatures associated with maximum and minimum. Concerning the i = —58° profile, the
concave shape for lower slopes is an artefact' it is the same situation as for the positive face of
Y +40 in the direction ¢ = 35° (Fig. 18). For the initial 30° slope, we obtain a concave shape
due to the curvature of the polar plot induced by the maximum A;. The convex shape for
negative slope is caused by the minimum m; at angle of 20 degrees. For the negative face, the
changes in the initial triangular profile with max = £15° are similar for » = 54° or ¥ = —36°.
The reference slowness is situated between minimum m; and maximum M in the considered
range. For high slopes, the interpretation for both profiles is similar. We have two extrema of
L in the range [—30°,0] for ¢y = 54°, and in the range [0,30°] for ¥ = —36°. In these cases
again, the analysis 1s complex and we see here all the interest of the simulation.

Figure 19, we observe deviations between theoretical and experimental profiles which indicate
that we have to adjust the polar plot for ¢y = 90° and 6y around 30°.
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Fig 16 — Experimental surface profiles along Y-axis (a) ¥ + 40 cut negative face, (b) Y + 40 cut
posttive face, (c) ¥ + 30 cut positive face Experimental surface profiles along Z'-axis: (d) Y + 40 cut
negative face, (e) ¥ + 40 cut positive face, (f) Y + 30 cut positive face

4.2. CRrOSS-SECTIONAL OuT-OF-ROUNDNESS PROFILES [45, 46]. — Several etched out-of-
roundness profiles related to deeply etched singly- or doubly-rotated cuts are shown in Fig-
ures 21 to 23. All the experimental out-of-roundness exhibit successive minima and maxima.
Moreover, AT and BT dissolution profiles satisfy to the two-fold symmetry along X -axis. Here,
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Fig 17 — Experimental and theoretical surface profiles of Y + 40 cut, negative face. Experimental

profile along the direction 3 = 40° (a) and 9 = —50° (b) Theoretical profile with amax = £15° along
the direction ¢ = 40° (¢) and ¥ = —50° (d) Theoretical profile with amax = 3:30° along the direction
1 =40° (e) and v = —50° (f) Polar plot corresponding to the ¢ = 40° (g) and ¢ = —50° (h) profiles



Ne3

DETERMINATION OF THE DISSOLUTION SLOWNESS SURFACE

597
g-llll p-uu
a o
"X vy
) '\—[ - - - "_
- Y ’ o v oy
w ‘w ’
;;1 2.5 5.0 7.5 10.0 2.5 s.0 ?.5 10.0
('L} i
¢ /\/\/\/\ /\/\/V\
c
¢ )} l
Fig 18. — Experimental and theoretical surface profiles of ¥” + 40 cut, positive face. Experimental

profile along the direction ¥ = 35° (a) and ¢ = —~55° (b) Theoretical profile with amax = +15° along
the direction ¢ = 35° (c) and ¢ = —55° (d) Theoretical profile with amax = £30° along the direction
¥ = 35° (e) and ¢ = —55° (f). Polar plot corresponding to the 3 = 35° (g) and ¢ = —55° (h) profiles
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Fig. 19. — Experimental and theoretical surface profiles of Y™ + 30 cut, negative face. Experiumental

profile along the direction v = 54° (a) and ¢ = —36° (b). Theoretical profile with ama, = £15° along
the direction ¢ = 54° (c) and ¢ = —36° (d). Theoretical profile with amax = £30° along the direction
w = 54° (e) and ¥ = —36° (f). Polar plot corresponding to the ¥ = 54° (g) and ¢ = —36° (h) profiles
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profile along the direction 1) = +32° (a) and ¢ = —58° (b). Theoretical profile with amax = £15°
along the direction ¢ = +32° (c) and ¢ = —58° (d) Theoretical profile with amax = +30° along

the direction i = +32° (e) and ¢ = —58° (f)

i = —58° (h) profiles

Polar plot corresponding to the ¢ = +32° (g) and
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Fig. 21. — Experimental out-of-roundness graphs for AT-21 (a), AT-35 (d) and AT-50 (g) cuts.
Theoretical profiles (b, e, h) respective to the polar plots lying in the cross-sectional planes AT-21 (c),
AT-35 (f) and AT-50 (1)
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Fig 22 — Experimental out-of-roundness graphs for BT-45 (a), BT-30 (d) and BT-14 (g) cuts
Theoretical profiles (b, e, h) respective to the polar plots lying 1n the cross-sectional planes BT-45 (c).
BT-30 (f) and BT-14 (1)
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Fig 23 — Experimental out-of-roundness graphs for Y (a), Y+30 (d) and Y +50 (g) cuts Theoretical
profiles (b, e, h) respective to the polar plots lving in the cross-sectional planes Y™ (c), Y + 30 (f) and
Y +50 (i).
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Table VII. — Angles of minima in out-of-roundness profiles - Reduced magnitudes of minama.
Quartz plates Theoretical angles of minima ¢ Experimental angles of mmima
(degrees) (degrees) v (degrees)
Reduced magnitude L of minima Reduced magnitude L of
of polar plot minima of out-of-roundness
wo=0° 6o=—45° | p=25 80 110 w=25 70 110
L=18 14 1 L=11 11 1
0o =0° 6o=-30° | =25 110 =30 110
=2 1 L=11 1
wo=0° 6p=-14° | v =20 50 90 160 P =40 90 160
L=15 1 1 35 L=16 1 1.8
wo=0° 6 =0° Y =50 90 155 w = 50 90 145
=2 1 1.1 L=11 1 1.2
wo =0° 6 =20° = 30 60 120 150 ¥ =45 65 110 140
=1 1 11 14 L=16 1 1.1 15
wo =0° 6 =35° P =30 55 105 150 =35 60 110 150
L=2 25 1 25 L=13 13 1 13
po=0° 6,=50° |¢=50 120 =55 110
L= 1 L=12 1
wo = 90° By = 30° Y =20 55 75 120 150 ¥ =55 100 140
L=16 1 12 1 1 L=1 1.1 1
Y =250 270 330 ¢ =230 280 310
L=11 1 1.4 L=12 1 1
wo = 90° 6 = 50° =50 75 140 235 270 330 { =50 105 135 275 315
L=1 1.5 15 13 1 15 | L=1 1 1 1 12

in the simulation, we start with all the surface elements which are tangent to the starting cir-
cular cross-section corresponding to cuts defined by the angles (pg,6p). So, we work with a
polar plot of L lying in the planes defined by (yg,6p). The initial starting sections can be
decomposed into successive convex intersections. Thus, according to Irving criteria [45], the
final shape of an etched cross-section is composed partly by limiting facets associated with
minima in the cross-sectional polar plot of L These facets correspond to valleys in the out-
of-roundness. It seems of interest to verify if the values of theoretical and experimental angles
related to vallevs are in agreement for the cuts investigated here (Tab. VII). A rapid compari-
son of theoretical and experimental out-of-roundness profiles shows a crude accord specially for
AT and BT cross-sectional shapes. We can remark that the experimental data contain errors
specially for doubly-rotated cuts for which a Flat Mark (F.M.) has been made to recognize the
direction of X'-axis

We can also discuss the reduced amplitude of successive minima in L in (o, fp) polar graphs
as compared with reduced amplitude of successive valleys in out-of-roundness profiles. These
amplitudes are evaluated for each cross-sections with respect to the more accentuated minima
or with respect to the deeper valley. Examination of Table VII reveals that the more marked
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Fig 24. — Three-dimensional numerical simulation: constant level contours for membrane (a) etched
on a ¥ + 30 plate. Corresponding expenmental result (b).

minima of polar plot are correlated to the more pronounced valleys in the experimental out-of-
roundness profiles. But, the other valleys which are less marked cannot be precisely evaluated.
In conclusion, we can say that the angles of the primary minima of polar plots can be deduced
from corresponding experimental out-of-roundness profiles. Other informations must be taken
with some care.

5. Conclusion

The previous results can be summarized as follow:

a) The observation of surface profiles gives a lot of informations concerning the polar plot
diagrams, such as:

- the presence of minima or maxima of L for the reference surface which is character-
istic of a convex or concave profile,

- the presence of extrema in the vicinity of the orientation (g, o) which gives rise to
alternate convex—concave or concave—convex profiles. The symmetry of the profile
indicates that the extrema are situated symmetrically with respect to the reference
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slowness in the polar plot. The analysis of slope distributions on profiles will give
complementary informations (See Part I of this paper).

Nevertheless, we recall that the analysis of surface profiles must be taken with care
because a lot of artefacts occurs as Section 4 gives evidence.

b) Concerning the out-of-roundness profiles, we can conclude that they give a crude image of
the polar plots. We obtain angular positions of marked minima but minor perturbations
of the polar plot cannot be depicted.

The comparison of theoretical simulation and experimental profiles is rather satisfactory.
Some departures between theory and experimental data appear for doubly-rotated cuts around
(o = 90°, 89 = 30°). Thus amplitudes and angular positions of extrema in the slowness surface
must be adjusted in a small angular sector to obtain a complete adequation with experimental
results. But, with the 2D simulation and the previous experimental results, the degree of
accuracy in the amplitude and position of minor extrema is very difficult to estimate. So, we
have to undertake complementary experiments. It seems particularly interesting to study the
localized etching at a mask. Specially comparison of experimental 3D shapes for micromachined
structure like mesa or holes with the 3D shapes derived from numerical simulation [21,47, 48]
appears to be very convenient. To illustrate this purpose, we present a membrane etched in
the Y + 30 cut starting with a circular mask (Fig. 24b), and the corresponding 3D numerical
simulation (Fig. 24a). Here the etching shape is representated with a constant level contours
diagram for hole.

The two pictures are in good agreement. We propose to report several experimental mi-
cromachined structures (mesa, holes, convex or concave undercutting...), and to discuss the
advantages that a 3D simulation offers in a future paper.
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