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We discuss a technique for investigating changes in complex topography and shape of structures using
geomorphometric methods to study surfaces of wafers and membranes formed by the Bosch process. The wafers
were analyzed before and after the deposition of the SiO, layer. The membranes were analyzed during the bulge
testing. The study was carried out using maps of the catchment area and principal curvatures taking into account
artifacts of the approximation of experimental data. We found a correspondence between the distribution of lines
connecting the highest surface areas before and after the deposition of the SiO, layer on the wafers. For membranes
with structure: A1(0.8 um)/SiO>(0.6 um)/Al(1.1 um), pSi* (0.8 um)/SiNy(0.13 um)/SiO,, Al(0.6 um) we also found
that features of membrane boundaries are mainly caused by their initial shape rather than change under the action
of an applied pressure. The advantages of geomorphometric methods for studying changes in the shape of wafers
and thin-film membranes in technological processes for the manufacturing of microelectronic devices are shown in
comparison with traditional methods for analyzing surface topography maps.
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Introduction

Methods for studying changes in the shape and to-
pography of the surface of semiconductor wafers and
structures are in demand for the microelectronic industry.
For an effective comprehensive qualitative and quantitative
assessment of the topographic features, a digital elevation
model (hereinafter — DEM) of the surface of structures
should be constructed and analyzed. It is proposed to
use a complete system of surface curvature based on the
methods of geomorphometry [1,2] to study the features of
the topography.

Such studies of complex forms of structures based on
DEM are necessary in various fields:

1. In microelectronic production, when carrying out
technological processes for processing wafers in order
to form microelectronic devices and systems from them,
warpage (flatness change) of wafers, mechanical stresses
and deformations are observed. These stresses and defor-
mations reduce the reliability of microelectronic devices and
systems, and warpage of wafers causes problems with their
clamping and transportation in technological equipment.
A detailed study of the warpage process of wafers is
caused by the growing requirements for the characteristics
of structures and the need to ensure sufficient strength for
their functioning. Uneven stress and deformation, significant
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influence of the method and area of wafer attachment, the
influence of gravity [3] — becomes much more pronounced
for wafers with a diameter of 300mm [4], for thinned
wafers [5], including when creating wafer assemblies [6].
Separately, it should be noted that with a decrease in the
thickness of the wafers, an asymmetric (cylindrical, saddle-
shaped) bend begins to be observed [4,7,8], this process
is currently poorly understood. To reduce the warpage
of the wafers, heat treatment can be used, applying a
film to the back of the wafer [7], forming compensating
structures on the back of the wafer [7], controlling the
thickness and mechanical stresses of the layers, etc. [9]. In
order to understand the warpage process and combat its
consequences, comprehensive information is needed about
the peculiarities of surface topography changes.

2. In X-ray optics, to create reflective elements —
aspherical surfaces [10-18]. One of the most important
characteristics determining the resolution and lens speed
of X-ray mirrors is the accuracy of the shape of the
manufactured surface [16]. The use of aspherical surfaces
is complicated by the difficulties of their manufacture and
control due to the variability of the radius of curvature of
the item. The study [18] describes in detail the method
of aspherization of the surface, experimental and calculated
profiles of the deviation of the surface from the sphere, a
map of the deviation of the surface shape. However, in such
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works, a complete system of surface curvature is not used,
which could significantly improve the control of the shape
of the surface and analyze its changes.

3. In mechanical engineering. When forming the surfaces
of items, the analysis and classification of surface shapes are
common. To successfully solve the problems of optimizing
the processing of complex parts on numerically controlled
machines during the development of the technological
process, the representation and parameterization of free-
form surfaces [19-21] is required.

4. In a detailed study of the surface topography
and shape of MEMS structures and products based on
them: accelerometers [22], pressure sensors [23], adaptive
optics [24,25] and others. Here it is necessary to analyze
both the initial form of MEMS and its change, both under
the influence of the expected functionally necessary influ-
ences [25], and under the influence of various destructive
factors [26].

The present work is devoted to the development and
use of a geomorphometry-based methodology designed to
study changes in the complex shape of wafers and thin-
film membranes formed in the technological processes of
microelectronic production.

The described technique is intended for a more detailed
study of the surface topographic features in comparison
with standard methods of topographic map analysis. The
technique allows us to distinguish a variety of weakly
pronounced features of the topography, which will allow us
to draw conclusions about certain technological processes
and properties of the emerging structures in the future.

1. Geomorphometric methods

Geomorphometry is a scientific discipline, the subject of
which is mathematical modeling and analysis of topography,
as well as the relationships between it and other components
of geosystems.  Currently, geomorphometry is widely
used to solve problems of geomorphology, hydrology,
soil science, geobotany, geology, glaciology, oceanology,
climatology and other Earth sciences [1].

A morphometric variable is an unambiguous function of
two variables describing the properties of a topographic
surface. The list of variables used in geomorphometry,
which are calculated according to the DEM, includes,
in particular, the following 12 curvatures, which make
up the complete system of curvatures [1,2]: horizontal
curvature, vertical curvature, difference curvature, horizontal
excess curvature, vertical excess curvature, accumulative
curvature, ring curvature, minimum curvature, maximum
curvature, mean curvature, Gaussian curvature, unsphericity.
Their formulas and brief interpretations are given in [1,2,30].
Each of these variables has its own physical and mathe-
matical meaning, describing a particular feature of the local
geometry of the surface. A complete system of curvatures is
understood as the mathematical completeness of a system of
variables. A comprehensive description of the topographic

features of an object is possible only when using digital
models of all these 12 variables derived from DEMs [1]. The
list of morphometric variables is not limited to this list, it
also includes the catchment area, slope aspect (orientation),
slope steepness, etc. [1].

2. Equipment and calculations

To form digital elevation models, the Veeco Wyko
NT 9300 optical profilometer was used, forming DEMs
of structures with a diameter of up to 200 mm, with a
resolution from 98 nm to 57um. When analyzing the
wafers, the resolution was reduced to ~ 0.5mm. When
analyzing membranes, the size of the DEM matrix was
640 x 480, resolution ~ 4 um.

A universal spectral analytical method using Chebyshev
polynomials and Feyer summation [31] was used to calcu-
late morphometric variables. The method is designed to
process regular DEMs within a single scheme, including
global approximation of the DEM, generalization and noise
suppression in the DEM, as well as the calculation of mor-
phometric characteristics based on the analytical calculation
of partial derivatives. The approximation is characterized
by monotonic convergence and the possibility of rapid
deep decomposition of the elevation function (up to 7000
decomposition coefficients n; the total number of decompo-
sition coefficients is n?, since the function decomposes into
the same number of decomposition coefficients along two
planimetric coordinates).

Morphometric variables are usually characterized by a
wide dynamic range of values. To avoid the loss of
information about their spatial distribution, a logarithmic
transformation of the following form is used for the
mapping [1,30]:

T = sign(Y) In(1 + 10" Y|), (1)

Y and Y are the transformed and original values of the
morphometric variable, respectively; N =0 for non-local
variables, N = 2, ..., 9 for local variables; m= 2 for K, K3
and K;, m =1 for other variables. The choice of the value n
depends on the grid size of the DEM.

3. Samples

To demonstrate the possibility of studying wafers with
deposited films on the maps of the catchment area,
silicon (Si) wafers with a diameter of 100 mm were
used (Figs. 1,2). The formation of silicon oxide (SiO;)
was carried out on these wafers: a thickness of 0.6 um
(PlasmalabSystem installation 100 (Oxford), T = 100°C,
RF generator 150 W, ICP 300 W, N,O 80 cm?®/min, SiHy4
34cm?/min, P = 4 mTorr, t = 20 min).

To demonstrate the analysis of MEMS structures, thin-
film membranes formed by the Bosch process [32-34] were
studied (Figs. 3—6). The membranes were created from
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Figure 1. Sample Nel: surface topography before (a) and after (b) formation of the SiO; layer, catchment area (binary map) before (c)

and after (d) formation of the SiO, layer.

thin films preformed on the front side of the silicon wafer,
after deep through anisotropic etching of silicon from the
back side of the wafer in the Bosch process to the film
(Fig. 3). In the research process, various membranes
were analyzed, the most typical and illustrative cases are
presented in Figs. 3—6:

— initially stretched membrane with a small initial
deflection w — about 3um (Figs. 3,4), structure
pSi* (0.8 um)/SiNy (0.13 um)/SiO; (0.5 um);

— membrane with small folds and initial deflection w
less than 1um (Fig. 5), structure: 20 layers Al with a
total thickness of 0.6 um by using ion bombardment after
deposition of each layer;

— membrane with significant folds and initial de-
flection w more than 30um (Fig. 6), structure
Al1(0.8 um)/Si0, (0.6 um)/Al(1.1 um).

The membranes were studied during the implementation
of the bulge testing. This procedure is used to determine
the mechanical characteristics of films and structures. The
method consists in fixing the edges of the membrane along
the perimeter, applying (one-sided) overpressure to it from

Technical Physics, 2022, Vol. 67, No. 8

one side, analyzing the dependence of the deflection of
the membrane on the value of the applied overpressure,
calculating the elastic modulus or other values [35-39].
Since the membranes formed by the Bosch process differ
in the presence of an initial deflection and a complex shape
even before the overpressure is applied, the study of their
stress-strain state requires detailed consideration [32,33].

4. |Investigation of changing the shape of
wafers with films

Earlier, the authors described in detail the studies of the
local shape features of wafers with films using Gaussian,
mean and principal curvatures [27-29]. To study the process
of changing the shape of wafers during the formation of
films of various materials on their surface, it is also useful
to use other morphometric variables.

Prior to the technological processes, the initial surfaces of
silicon wafers with an average standard thickness of 650 um
can be considered quite flat, since the deflection usually
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Figure 2. Sample Ne2: surface topography before (a) and after (b) formation of the SiO; layer, catchment area (binary map) before (c)
and after (d) formation of the SiO, layer.
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Figure 3. The original shape of the membrane pSi* (0.8 um)/SiNx(0.13 um)/SiO»(0.5 um): a — surface topography (DEM), b — surface
profile along the drawn line. On surface topography maps here and further the color scale is from blue (lowest value) to red (highest
value (color in online version)).

does not exceed several micrometers. The application of a initial shape of silicon wafers is complex, which also affects
functional layer (film) to the surface of the wafer leads to a the shape of the formed structure ,,Si-wafer and layer”.

curvature of the formed structure ,,substrate and layer*, the Figs. 1,2 present data on two Si-wafers with a diameter
shape of which is often close to spherical [40]. In reality, the of 100 mm with SiO, thickness of 0.6 um before and after

Technical Physics, 2022, Vol. 67, No. 8
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Figure 4. Membrane pSi*(0.8 um)/SiNx(0.13 um)/SiO,(0.5 um):

(P =0.8atm; w = 6.8 um),
f* I(min (P

¢ — Kmax (P

the formation of the layer. The thickness of the layers was
monitored using a Horiba Uvisel 2 spectral ellipsometer.
Despite the relatively close shape of the wafers with films
to the spherical segment (Figs.1,b and 2,5), they contain
patterns (topographic features that fit into the pattern-
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— Kmax (after separation), € — Kmax (P = 3.6 atm; w = 10.6 um),

image), interconnected with the patterns of the original
DEM before formation of the layer (Figs. 1,a and 2,a).
In particular, the distribution of the highest areas of the
surface of the — analog of ,ridges“ correlates. It is
convenient to analyze such distributions using catchment
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Figure 5. Membrane Al (0.6 um): a — topography (P = 0atm; w = —0.13um), » — Kmax (P = 0atm; w = —0.13um), ¢ — Kmax
(P=0.3atm; w =1.8um), d — Kmax (P =0.6atm; w =3.9um), ¢ — Kmax (P =0.9atm; w = 5.9um), f — kmax (P = 1.2atm;
w=7.6um), gh — Kmax (P =2.5atm; w = 13.8 um). When approximating n = 300 (b-g), n = 100 ().

area maps. For these structures, they are shown in
Figs. 1,¢,d and 2,c,d. The calculation was carried out
on the basis of one of the flow routing algorithms — the
Martz-De Young method [30]. The catchment area is the

area of a closed figure formed by a segment of a contour line
(which includes this point) and two flow lines coming from
the overlying point. Since there are the smallest number of
overlying areas on the ,ridges®, this leads to the fact that the

Technical Physics, 2022, Vol. 67, No. 8
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Figure 6. Membrane Al(0.8 um)/SiO,(0.6 um)/Al(1.1 um): a-c — topography; d—f — Kmax (N = 300); g —

Kmax (n=100). Shown:

a,d, g — the original membrane (P = Oatm; w = —40um); b, e, h — pressurized membrane (P = 2.8atm; w = 66 um); c,f i — after

membrane separation.

smallest values of the catchment area visualize their location
(which is most clearly manifested when constructing a
binary map).

The position of the lines of the ,ridges™ before and after
application of the layer is consistent: the position of the
lines closer to the edge of the wafer mostly coincides, and
in some cases the position of the lines along the main area of
the wafer is correlated (shown by the arrows in Figs. 1,¢,d
and 2,¢,d). A similar effect is observed when analyzing
maps of slope aspect, maximum curvature, etc.

Thus, the use of the methodology for analyzing the
features of the topography using geomorphometric methods
for the study of structures, namely, to determine the location
of the lines connecting the highest points of the surface, is
shown. This information can be useful for understanding
the mechanism of deformation of the wafer and predicting
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its actual shape after the technological processes carried
out.

It is also shown that the study of the topographic
features of wafers with films formed on their surface
using an analysis technique based on geomorphometric
methods, in contrast to standard DEM analysis techniques
(when analyzing only topographic maps obtained by optical
profilometry or another method) makes it possible to
determine the location of lines connecting the highest points
of the surface. This information is very important for
developers of microelectronic devices and technologists to
understand the mechanism of deformation of wafers with
structures and predict their real shape after the technological
processes carried out. Changing the location of these lines
during the thinning of the wafers (the transition of the bend
to the saddle) can allow a deeper understanding of the
warpage process and control it.
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5. Investigation of the shape change of
thin-film membranes

The methods of studying the DEM of small objects,
including MEMS structures, are generally similar to the
method of studying wafers. However, when working with
the DEM of thin-film membranes, including membranes
with an initial deflection, and membranes in the process
of bulge testing, there is an important feature: the fact
that there are areas without data in the analyzed DEM
(Figs. 4—6) caused by too large an angle of inclination of
these areas [32,34].

If there is no data in the DEM for its processing, such
arcas are usually filled with certain values (for example,
zeros), and then after the calculations, the data from these
areas on the calculated maps are deleted again. This
approach works in the case of a sufficiently small area of
such regions, however, when analyzing the DEM of curved
membranes, they can make up a significant part of the DEM
(Fig. 6,b).

Another option is to restore data to an initially empty
area. However, this process is often difficult to accomplish.
Not in all cases, it is possible to predict with certainty
the shape of the membrane that cannot be determined
experimentally. If there is an assumption, such restoration
is lengthy and painstaking, while due to the presence
of a sharp boundary between the membrane region and
the substrate, certain artifacts caused by approximation
or interpolation of such data (analogous to the Gibbs
phenomenon [41]) will still be present on the maps of the
calculated morphometric variables.

For this reason, it is proposed to analyze the DEM of
membranes in the simplest way, while taking into account
the features caused by the presence of areas without data.

Of greatest interest is the narrow data area— the area of
membrane attachment to the substrate (along the perimeter
of the membrane). The part of it available for analysis
gradually decreases as the membrane is under overpressure.

A series of membranes  pSi*(0.8 um)/SiNy
(0.13 um)/SiO, (0.5 um) of various diameters was studied
(hole diameters in the photomask from 250 to 1000 um).
After completion of the tests (separation of membranes),
there were both relatively smooth holes left by destroyed
membranes of large and medium diameters, withstanding
pressure up to 3.7atm, and holes with ragged edges left
by destroyed membranes of small diameter, withstanding
pressure of the order of 5atm. Also, a ,halo® around the
membranes was observed on these structures (Fig. 3) — a
small ring with a swollen film. The same ,halo” is also
visible on the map of maximum curvature Kmax (Fig. 4, a).
As the applied overpressure increases in the area inside the
,,halo“ the maximum curvature of K., increases. With an
increase in the applied overpressure, separate closely
located areas with sufficiently high values of Kpm,x merge
into one (Fig. 4,5, ¢). The minimum curvature (Kpmi,) also
shows the local convex (most prominent) areas (Fig. 4,f).

Here and further it should be taken into account that
such areas correspond to the greatest curvature, i.e. convex
zones, which means the greatest deviation of the position
of the structure from the plane of the substrate. This
may be a consequence of the partial separation of the
film from the substrate, but does not explicitly prove the
presence of maximum mechanical stresses in this area.
After the membrane separation, the distribution features
of Kmax correspond to the position and shape of the structure
residues (Fig. 4, d).

Similar effects of gradual fusion of adjacent re-
gions with high values of Kkpmax Wwere observed on
membranes of different diameters from this batch
of pSi* (0.8 um)/SiNy(0.13 um)/SiO,(0.5um). However,
when analyzing large-diameter membranes in the generated
image, the area between the ,halo“ and the beginning of
the absence of data is very narrow (including relative to the
diameter of the membrane), which complicates the analysis
and makes it less effective. Particularly, when analyzing a
membrane with a diameter of 1 mm (separation occurred at
P = 2.6atm), no significant change in local curvature was
detected. This may be both a consequence of the very
absence of a change in the local curvature (which may
indirectly indicate the features of the stress-strain state),
and the inability of this technique to record such changes.
For this reason, for such membranes, the described approach
is proposed to be used in the analysis of structures of small
diameter.

It was found that when using a low degree polynomial
(n=100), fragments of concentric circles are present on
the calculated maps of Kmax (Fig. 4,e). This is more
noticeable on the membranes Al (0.6 um) (Fig. 5,%4) and
Al(0.8 um)/SiO5(0.6 um)/Al(1.1um) (Fig. 6,g-i). These
artifacts (an analogue of the Gibbs phenomenon [41]) are
a consequence of the features of the approximation process
of the DEM.

The presence of such artifacts and their rounded shape
on the curvature maps indicates the shape of the area
without data close to the circle (which then leads to
a smooth hole after the membrane is torn off). On
the sample Al (0.6 um), such concentric circles are clearly
visible, and after the separation of the membrane, a circular
hole remains. Similar artifacts are visible on the sample
Al(0.8 um)/SiO5(0.6 um)/Al(1.1um), but their shape is
uneven — does not correspond to the circle, as well as
the one formed after tear off the membrane hole.

Another common artifact is the ,,bands* of relatively
high values of K., observed, on the contrary, in areas
where the shape of the border differs from a perfectly
round one. From these bands, it can be concluded that
there are irregularities (or defects) along the perimeter of
the membrane (Figs. 5,e-h, 6,d-i). In fact, ,bands* are
an indicator of border irregularity (often characteristic of
compressed membranes or membranes with folds). As the
membrane is under overpressure, the adjacent ,,bands®
merge (Fig. 6,d, e, g-h).

Technical Physics, 2022, Vol. 67, No. 8
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With a relatively small degree of approximation polyno-
mial (n= 100), the corresponding maps of morphometric
variables near the perimeter of the membrane reflect not
so much the nature of the topography in the analyzed local
areas themselves, as the nature of the boundary with the
areca without data (Figs. 4,e, 5,h, 6,g—i). With a higher
degree of the polynomial (n = 300), such artifacts are also
present, but they are less significant and almost do not
interfere with the analysis of the topography near areas
without data (Figs. 4, a—d, 5,e-g, 6,d-f).

It should be noted that on
and  Al(0.8 um)/SiO,(0.6 um)/Al(1.1 um)
there are defects of an uneven boundary membranes
(causing ,,bands“) were present initially (before applying
overpressure).  Artifacts appeared when areas without
data appeared (Fig. 5,¢). And on various membranes
pSi* (0.8 um)/SiNy (0.13 um)/SiO,(0.5um), in connection
with a more even border, ,,bands“ almost not observed,
including in the analysis of heavily pressurized membranes.

Al(0.6 um)
membranes

Consequently, the main character of the membrane
boundary is more due to its shape at the initial membrane
(before overpressure supply) than to the change under the
action of the applied overpressure.

Nevertheless, the described technique makes it possible
to analyze the change in the surface topography near the
fixation of the membrane. Thus, Fig. 5,b-g shows a
gradual shift in the position of the highest values of Kpax
(before loading — along the outer circle relative to the
initial irregularities along the perimeter of the membrane,
after loading — by the inner circle). Also, on Fig. 4,a and
5,d, extended regions of the smallest values of Kp,y are
visible. They correspond to the area of local depressions,
presumably caused by membrane tightening. In the case
of Fig. 4, a, this may be the result of a slight compression
in the holder when attached to the stand. In the case of
Fig. 5, — a consequence of the loading of the membrane;
with even greater overpressure, these regions of the lowest
value of ky.x are also present, but less clearly, due to the
aforementioned artifacts.

Thus, the study of the features of the topography of
membranes formed by films on the surface of silicon wafers
using an analysis technique based on geomorphometric
methods, in contrast to the standard analysis of topographic
maps, makes it possible to visualize the location of convex
and concave elements of the membrane surface at their
boundary regions and to analyze the degree of evenness of
the area of fixation and separation of the membrane. This
allows us to make assumptions about the areas of separation
of the film from the substrate. Since these changes are rather
weakly expressed, they are practically not noticeable directly
on the surface topography maps and cannot be detected
using standard analysis methods.

Technical Physics, 2022, Vol. 67, No. 8

Conclusion

The technique of surface topography analysis based on
geomorphometric approaches that allow analyzing local sur-
face features of structures in microelectronics is described.
Using the example of silicon wafers with formed films and
round thin-film membranes, it is shown that this technique
will allow obtaining new information in comparison with
standard methods for analyzing surface topography maps,
namely:

1. Determine the location of the lines connecting the
highest points of the surface of the wafers with the films.
This makes it possible to identify patterns of inheritance of
the original topography after the technological processes.

2. To visualize the location of convex and concave
elements of the membrane surface at their boundary regions
and analyze the degree of evenness of the region of fixation
and separation of membranes. This technique allows us
to study the process of changing the topography of the
membrane surface and nearby areas.

This information is very important for developers of
microelectronic devices and technologists to understand the
mechanism of deformation of wafers with structures and
predict their real shape after the technological processes
carried out.
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