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Investigation of the real shape changes of round thin-film membranes

during the bulge testing
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We discuss the study of the sphericity of the real shape of round thin-film membranes when it changes during the
bulge testing. Membrane structures: SiNy/SiO/SiNy/SiO,, pSi*/SiNy/SiO,, Al, etc. We described the technique for
determining the areas of deviation of the membrane surface shape from a spherical one, estimating the magnitude
and peculiarities of the distribution of the radius of curvature along the membrane diameter. It is shown that the
shape of the membranes differs from spherical closer to the edge (perimeter), and in many cases also to the area
of the top (center) of the membrane. A trend was found: an increase in the radius of curvature as it approaches

the center of the membrane.
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Introduction

Currently the special attention is given to the issues of
analysis of a stress-strain state, appearing in microelectrome-
chanical systems (MEMS). Circular membranes fixed on the
contour in terms of the membrane formed from thin films
created on a silicon substrate after deep through etching
of silicon from the back of the wafer (Bosch process)
were studied [1-4]. Such membranes are used in X-
ray optics [2], as sensitive elements of sensors of various
physical quantities [5,6] and others.

To determine the mechanical characteristics of mem-
branes (their constituent films), the bulge testing is
widely used, and to analyze the experimental data
obtained — relations of the theory of thin wafers
and shells, with various modifications [1,2,7-22]. The
method consists in applying unilateral overpressure to
the membrane from its reverse side, analyzing the de-
pendence of the deflection of the membrane on the
value of the applied pressure, calculating mechanical
characteristics from this dependence (Young’s modulus
or etc.).

At the same time, it is often assumed that the membrane
under load takes a spherical shape. Earlier, the authors
showed [1] that the real initial shape of the membranes
formed by the Bosch process is not flat or spherical —
membranes are often similar to a truncated cone, can be
convex and concave, contain folds, etc. This effect is
probably a consequence of residual stresses in the film
on the substrate prior to the formation of the membrane.
Under the influence of excessive pressure, the membrane
visually becomes like a segment of a sphere — a dome

convex upwards [1]. To analyze the stress-strain state of such
membranes under the action of applied overpressure (P) —
it is necessary to investigate in detail the change in the
real shape of the membranes and assess the degree of its
proximity to the sphere.

This paper is devoted to the development and use of a
technique for assessing the degree of sphericity of the real
shape of round thin-film membranes when it changes during
the implementation of the bulge testing.

1. Equipment

The bulge testing is implemented on an apparatus
developed by the authors, described in detail in previous
studies. The apparatus is made on the basis of the Veeco
Wyko NT 9300 optical profilometer and special equipment
for fixing the test sample and applying excess pressure to
it [22]. The apparatus allows you to analyze the change in
the surface topography of the area with the membrane as the
applied overpressure increases. The size of the measurement
area is usually about 1.9—24 mm, the size of the formed
height matrix is 640 x 480 (Fig. 1,a).

the radius of curvature R from the surface profiles (the
profiles are shown in Fig. 1, ). To do this, the operator sets
the boundaries of the segment on the profile (the position
of the cursors); one value of the radius of curvature for
this segment is calculated. However, this software does
not allow us to determine the distribution of the radius of
curvature R over the profiles of the surface — depending
on the change in the radius of curvature R along the profile.
Also, Vision does not allow you to directly compare the
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Figure 1. Topography of the area with the membrane (a) and surface profiles (b, c) of the membrane Al (0.6 um) at P = 1.2atm.
Membrane profile Al (0.6 um) at P = 1.2atm (c): the membrane area is shown in green (light points) (color in the online version), the
area used for approximation is shown in black (the darkest points), the approximation curve is shown in red (color in the online version)
(smooth line), the substrate is shown in purple (color in the online version). On surface topography maps (@) here and further the color
scale is from blue (lowest values) to red (highest values (color in the online version)).

approximation curves and the real surface profile (you get
only information about the value of R for the selected
segment — one number is output). All this peculiarities
required the development of the procedure described in this

paper.

2. Samples and model data

The calculation of the radius of curvature was carried out
for the following data:

— experimentally obtained data for a membrane made of
an Al monolayer with a thickness of 0.6 um (Fig. 1);

— experimental data obtained for a membrane with the
structure SiNy/SiO,/SiNy/SiO,, layer thicknesses SiNy —
0.13 um, SiO, — 0.5 um (Fig. 2);

— experimental data obtained for multilayer Al mem-
brane: 20 layers of Al with a total thickness of 0.6 um, using
ion bombardment after deposition of each layer (Fig. 3);

— experimental data obtained for a membrane with the
structure pSi*/SiNy/SiO,, thickness of pSi* layers — 0.6 um,
SiNx — 0.13 um, SiO, — 0.5 um (Fig. 4);

— experimentally obtained data for the Si membrane
(Fig. 5);

— model data of a membrane formed in COMSOL
Multiphysics;
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Figure 2. Topography of an area with SiNx/SiO,/SiNx/SiO;-membrane (@, b) and surface profiles (c,d) membranes at P =0 (a),
0.1atm (c), 0.5atm (b, d). Color accordance of (c,d) — similar to Fig. 1,c. The dependence of the calculated radius of curvature R on

the applied overpressure (e).

— model data of a noisy circular arc formed in Matlab.

The distributions of the radius of curvature are shown in
Fig. 6 for the same data:

— experimentally obtained data for a membrane made of
an Al monolayer with a thickness of 0.6 um (Fig. 6);

— experimental data obtained for a membrane with
the structure SiNy/SiO,/SiNy/SiO,, layer thickness SiNy —
0.13 um, SiO, — 0.5um (Figs. 6 ¢, d);
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— model data of a membrane formed in COMSOL
Multiphysics (Fig. 6, ¢);

— model data of a noisy circular arc formed in Matlab
(Fig. 6,f).

pSi*/SiNy/SiO, membranes (of different diameters and
thicknesses of layers), Al/SiO,/Al membranes, etc. were
also analyzed, but calculated distributions for them are not
presented in the present study.
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Figure 3. Topography of the region with a multilayer Al-membrane (a, b) and the surface profile (¢) of the membrane at P =0 (a),

1.2atm (b, ¢). Color accordance of (¢) — similar to Fig. 1,c.

3. Procedure

The study of the radius of curvature R by surface profiles
(Fig. 2, b) was carried out in Matlab using the Curve Fitting
Tool. The developed program in the Matlab environment
includes:

1) reduction of initial experimental data to a form suitable
for processing and analysis;

2) surface profile selection,

3) determination of the membrane location area on this
profile and areas for subsequent selection of the radius of
curvature (areas for approximation);

4) construction of approximation curves (representing the
arcs of circles) and determination of the radius of curvature
in the Curve Fitting Tool. To do this, the radius of curvature

of the arc of the circle is determined as a function of y(x):

y(x) = \/((a} — (x — b)?) + dh, (1)

where a; — the radius of the circle, b; and d; — offsets of
the vertex relative to the origin.

At the first stage of the research, the correspondence
between the shape of the membrane and the circle of the
selected radius of curvature approximating the experimental
points of the arc was evaluated. First, the part of the profile
related to the membrane and the part of the profile related
to the substrate were determined. On Fig. 1,c the green
color (light dots) (color in the online version) shows the
membrane profile, purple (color in the online version) —
substrate surface profile. Then the lateral surface of the
membrane was highlighted without using areas closer to
the center (top) of the membrane and closer to fixing
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Figure 4. Topography of the region with the pSi*/SiNy/SiO,-membrane (a, b) and the surface profile (c¢) of the membrane at P = 0 (a),
0.6 atm (b, c). Color accordance of (¢) — similar to Fig. 1,c.
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Figure 5. Topography of the area with the Si-membrane (a) and the surface profile (b) of the membrane at P = 1.0atm. b — dark
purple shows experimental data, data used for approximation area is shown in light green, approximation curve is shown in red (light
smooth line) (color in the online version).
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Figure 6. Membrane profile Al (0.6um) at P = 1.2atm divided into segments (a) and the corresponding distribution of the radius
of curvature R (b); distributions R for the membrane SiNx/SiO,/SiNy/SiO, at P = 0.3atm (c), 0.5atm (d); distribution R for a Comsol
membrane (e); distribution R for noisy model data of a circular arc (f). For clarity, adjacent segments are shown in different colors.

(in Fig. 1,c¢ this area is shown in black). After that, an
approximation curve was selected for both cases — both
over the entire surface of the membrane (the lighter green
area) and over part of the lateral surface (the dark black
area). Subsequently, the results of approximation along the
side surface were mainly used for analysis. The radius of
curvature R was determined and the discrepancy between
the experimental data and the approximation curve was
estimated (Fig. 1,c — the region of the membrane edge
and the inset).

At the second stage of the research, the distribution of R
was analyzed, for which the data on the lateral surface of
the membrane were divided into several pairs of segments
of the same length (Fig. 6, a), approximation curves were
selected (its own circular arc for each pair of segments), the
radius of curvature R was calculated for each pair. A pair
of segments was used in connection with the need for data
on both sides of the top of the membrane for qualitative
approximation. Fig. 6, for clarity, adjacent segments shows
in different colors (lighter — green and darker —blue (color
in the online version)). At the same time, in the area of
the top of the membrane, due to the limitations of the
calculation technique, data on a segment including three
central segments are also given. An approximation was also
carried out for this combined segment; the corresponding
value of the calculated radius of curvature is shown in the
lightest (yellow (color in the online version)). That is, in

the area of the top of the membrane, it is worth focusing on
this value (yellow) of the calculated radius of curvature R.

4. Calculation results based
on experimental data

Fig. 1,c shows: a selected approximation curve with a
radius of curvature of 14.96 m and an experimental profile
for the membrane Al (0.6um) at P =1.2atm. It can
be seen that these curves do not perfectly match each
other: there is a discrepancy in the area of the membrane
attachment (closer to the substrate), as well as in the area
closer to the center of the membrane (the enlarged image
is shown in the inset in Fig. 1,c¢). Fig. 6,b shows the
corresponding distribution of the radius of curvature R for
this membrane. It can be seen that the radius of curvature R
tends to increase as it approaches the center (vertex) of the
membrane.

The study of changes in the radius of curvature of
SiNy/Si0,/SiNy/SiO, membranes was carried out on a
series of formed experimental data: in the range of changes
in the applied pressure from 0.05 to 1.0atm. Fig. 2,¢d
shows the approximation curve and experimental profile
at P =0.1atm. (Fig. 2,c, radius of curvature 30.3m) and
P =0.5atm (Fig. 2,d, radius of curvature 9.9m). One
can see the divergence of these curves in the area closer
to the membrane fixation in both cases, and at a higher
pressure — and in the area closer to the center of the
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membrane (the situation persists in case of increasing
pressure). Fig. 2,e shows the dependence of the radius
of curvature R as the applied overpressure increases.
As expected, the radius of curvature R is gradually
decreasing. Fig. 6, c, d shows the distributions of the radius
of curvature R at pressures P = 0.3 (Fig. 6,¢), and 0.5atm
(Fig. 6,d); there is a tendency to increase the radius of
curvature as it approaches the center of the membrane.

Fig. 3,c shows data for a multilayer Al membrane at
P = 1.2atm, the calculated radius of curvature R was
7.1m. There is also a significant discrepancy in the area
of membrane fixation and a slight discrepancy closer to the
center of the membrane.

Fig. 4,c shows data for pSi*/Si3zN4/SiO, membranes at
P = 0.6atm, the calculated radius of curvature R was
10.6 m. There is a significant discrepancy in the area of
membrane fixation, the curves coincide closer to the center
of the membrane.

Fig. 5,b shows data for a multiplayer Al membrane
at P = 1.0atm, the calculated radius of curvature R was
11.8m. It can be seen that the shape of the profile is
significantly influenced by the fact of the composition of this
membrane exclusively from Si (there is no sharp transition
in the fixing area, which is presumably caused by the
peculiarities of the fastening, underpickling, etc.). This data
is given mainly for comparison with the features of other
membranes.

The radius of curvature determined by the surface profiles
in Vision software correspond to those calculated according
to the described technique, which indicates the correctness
of its operation.

The described results are given for the case of approxima-
tion along the lateral surface of the membrane (dark black
area; exception — Si-membrane analysis, where the lateral
surface was also used, but in Fig. 5,5 it is shown in light
green (color in the online version)). However, it should be
taken into account that these discrepancies (both in the area
of fixation and closer to the center of the membrane) were
also present in the case of approximation over the green
area (containing the entire membrane, including its vertex).

Separately, it should be noted that in some cases,
when analyzing membrane profiles, especially if there is
a significant amount of initial deflection (about 10um or
more) and/or folds on the membranes — directly by the
shape of the membrane under pressure or by the profiles
of the membrane, it was possible to visually observe a
flatter an area or area with small folds in the center of
the membrane. This effect was observed on membranes
with such a structure as Al/SiO,/Al, Be/SiO,/Si, some Al-
membranes manufactured in various ways, etc.

5. Calculation results based on model
data

When performing calculations based on the data obtained
in Comsol, an almost perfect correspondence between the
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shape of the model data and the calculated approximation
curve was observed (only the center of the membrane
was analyzed), the radius of curvature 4266 um. When
analyzing the dependence of the change in the radius of
curvature R, a weak tendency to increase R as it approaches
the center of the membrane was also observed (Fig. 6,¢).

Since it was found for all the analyzed membranes that
the radius of curvature tends to increase as it approaches
the top of the membrane, calculations based on the model
distribution of the circular arc were given to assess the
correctness of the calculation technique. To do this, in
accordance with the expression (1), a data set was formed
corresponding to the studied membranes in terms of the
ratio of the radius of curvature and the height of the
analyzed segment, as well as in order of the radius of
curvature: a; = 15.692um (radius of the circle for the
profile).

When calculating on an ideal data set (strictly according
to the expression (1)) for all segments of the partition,
the radius of curvature was 15.69 um (corresponded to the
specified one).

Then, for a better approximation of the model distri-
bution to the real experimental data, noise, linear slope,
and a change in the vertex position were additionally
superimposed on the model distribution. In this case,
when calculating the distribution of the radius of curvature,
Fig. 6,f was obtained. Based on this figure, it can be
concluded that there is no obvious increase or decrease in
the radius of curvature as we approach the vertex according
to this data. Exception — calculation at the very top, which
may be a consequence of limitations of the calculation
technique. However, since the effect of increasing the radius
of curvature was previously observed not only in close
proximity to the center of the membrane, it is likely that
it is still a fact, and not a consequence of the limitations of
the technique.

6. Summary

When examining the membranes the following was
found:

— On all experimentally obtained data on membranes,
there is a discrepancy closer to the region of membrane
fixation (along its perimeter, at the boundary with the
substrate), ie. the features of the stress-strain state in
this region should be analyzed, taking into account this
mismatch of shape. The specific numerical value of the
discrepancy can be estimated from the above images.

— A different effect is observed on different membranes:
in some cases, in the area of its apex, the membrane has
a slightly different radius of curvature from the main part
of the membrane R (it is flatter), in others — no (the
curves perfectly match). In the vast majority of cases, this
flatter area is present; it can also be observed directly on the
surface profile itself in the Vision software (in the area of
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the top of the membrane), including as a section with small
folds.

— When analyzing the distributions of the radius of
curvature R, it was found that R tends to increase as it
approaches the center of the membrane (vertex). Such a
trend was not detected on the test array of the arc of the
data circle.

— Based on the data obtained, it can be concluded that
the membrane most similar to the sphere is along its lateral
surface.

Conclusion

A procedure has been developed for assessing the
degree of sphericity of the real shape of round thin-film
membranes formed by the Bosch process when it changes
during the implementation of the bulge testing based on
the study of membrane surface profiles. Approbation of
the procedure was carried out on various membranes:
SiNy/Si0,/SiNy/Si0,, pSi*/SiNy/SiO,, Al, etc.

On all the analyzed membranes, it was found that the
shape of the membrane differs most from the spherical one
closer to the region of attachment, on many membranes —
also in the region of the apex (center) of the membrane
(Figs. 1,¢; 2,d; 3,c). There is also a tendency to increase
the radius of curvature as it approaches the center of the
membrane.
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