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Abstract—Analysis of topography of silicon wafers and wafer-based
structures is an important stage of microelectronic manufacturing.
In particular, such an analysis allows one to measure deformation
of these objects, as well as to estimate their mechanical stresses. In
such works, one can use digital elevation models (DEMs) of wafers
and structures with a nano- and micrometer-range elevation
difference and resolution. Such DEMs can be produced by optical
profilometry. In this study, we evaluate geomorphometric modeling
to analyze topography of silicon wafers and structures. We used
two types of samples: (1) a silicon—quartz structure with a diameter
of 150 mm and a deflection of about 20 pm; and (2) a mechanically
polished silicon wafer including an analysis area with a size of 0.23
mm x 0.17 mm and an elevation range of about 20 pm. We obtained
raw data for these samples with resolutions of 57 pm and 0.4 pm
using an optical profilometer Veeco WYKO NT9300. After
processing and smoothing raw data, we produced DEMs of two
samples with resolutions of 570 pm and 0.4 pm, respectively. Digital
models of 12 curvatures and 8 other morphometric variables were
derived from the DEMs. The morphometric models were much
more informative than the DEMs: they allowed us to reveal hidden
topographic patterns of the wafer and structure surfaces.

I INTRODUCTION

Studying topography is a common task in various scientific
and industrial fields. In particular, the land surface and submarine
topography is in the focus of the geosciences [1, 2], while
industrial surface metrology is essential for quality control in
manufacturing [3]. An important stage of microelectronic
manufacturing is the analysis of nano- and micrometer-scale
topography of wafers and wafer-based structures made from
various materials (e.g., silicon and bismuth telluride wafers with
deposited thin metal and dielectric films).

First, analysis of the shape and topography of wafers and
wafer-based structures is commonly performed to quantify a

level of their surface roughness and deflection. For example, in
contact lithography, element formation requires the use of wafers
with a flat surface. In technologies of three-dimensional
integrated circuits, there is a need to evaluate the shape and
deflection of wafers in bonding operations [4].

Second, determination of a wafer/structure surface curvature
is often conducted to estimate their mechanical stresses [5]. The
control of mechanical stresses is necessary to achieve desired
characteristics of the final devices. An analysis of the topography
of microelectromechanical structures is also necessary to study
their behavior under various impacts.

These tasks are usually carried out using digital elevation
models (DEMs) of wafers and structures. Such DEMs, with a
nano- and micrometer ranges of elevation and resolution, can be
obtained, for example, by optical profilometry [6] and coherent
gradient sensing [7]. However, to effectively and
comprehensively assess wafer or structure topography, it is not
sufficient to analyze only a DEM. This is due, in particular, to the
fact that DEM visualization does not allow one to clearly display
and identify the spatial distribution of weakly manifested
topographic patterns of a wafer or structure surface. Several
modern techniques for estimating mechanical stresses of wafers
and structures use DEM-derived values of the four curvatures
(two principal, Gaussian and mean ones) known from differential
geometry [8]. However, such studies are not widespread due to
relative complexity of the implemented mathematical apparatus.

The surface theory of differential geometry has been
developed in geomorphometry in the physical and mathematical
theory of the topographic surface, in particular, as the complete
system of curvatures [9]. A comprehensive characterization of
the topographic surface can be done using 12 curvatures of this
system, including horizontal or tangential (k;), vertical or profile
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(k,), mean, Gaussian (K), minimal, maximal, unsphericity,
difference (FE), vertical excess, horizontal excess, ring, and
accumulation curvatures. Each of these variables has its own
physical and mathematical meaning and describes a particular
property of the local geometry of the topographic surface [2].
Digital models of curvatures can be derived from DEMs [2].

In this study, we evaluate geomorphometric modeling to
analyze topography and bending features of silicon wafers and
wafer-based structures using digital models of the complete
system of curvatures and some other morphometric variables.

II. MATERIALS AND METHODS

We used two types of samples: (1) A silicon wafer glued with
a quartz wafer [4], with a diameter of 150 mm and a deflection of
about 20 um. (2) A mechanically polished silicon wafer including
an analysis area with a size of 0.23 mm x 0.17 mm and an
elevation range of about 20 um.

We obtained raw measurement data for the samples with
resolutions of 57 pm and 0.4 um, respectively, using an optical
profilometer Veeco WYKO NT9300. The principle of its
operation is based on interference of light beams reflected from a
reference mirror and a surface of the measured object,
interference pattern registration by a charge-coupled device
camera, and the analysis of interference patterns for obtaining
quantitative data on the surface topography. The equipment and
measurement technique allow one to obtain DEMs of objects
ranging in size from 47 pm x 63 pm to 3.4 mm x 4.6 mm, with a
DEM grid spacing from 98 nm to 57 pum. Using a stitching
approach, consisting in joining a series of separate data frames,
one can form DEMs of larger objects. The technique can be used
to measure elevation differences up to nanometer range.

After processing and smoothing the raw data, we obtained the
sample DEMs. The silicon—quartz structure DEM has a grid size
of 570 um (to decrease data redundancy, we reduced the grid
spacing tenfold) (Fig. 1a). The polished silicon wafer DEM has a
grid size of 0.4 pm (Fig. 2a).

To evaluate suitability of two substantially distinct
geomorphometric methods for processing DEMs of wafers and
structures of different types, we carried out the following
procedures. To derive curvature models from the silicon—quartz
structure DEM, we applied the Evans finite-difference method
[10]. To derive curvature models from the polished silicon wafer
DEM, we used the universal spectral analytical method [11]. For
the silicon—quartz structure, we also derived models of slope,
aspect, rotor, catchment area, shape, topographic, and stream
power indices, as well as the Shary classification of topographic
forms [9]. The silicon—quartz structure DEM was processed using
LandLord software [2], while the polished silicon wafer DEM
was treated within Matlab environment.

III. RESULTS AND DISCUSSION

For the silicon—quartz structure, the maps of calculated
morphometric variables are shown in Figure 1. The
morphometric maps visualize and clarify a complex shape of the
generally convex silicon—quartz structure (Fig. 1a). For example,
an extended saddle area was revealed by the Gaussian curvature
(Fig. le: blue area, K <0). The generally convex structure has
eight hidden microridges diverging in different directions from
its central part and eight microslopes of different orientations.
Such a starfish-like shape of the structure surface can be seen on
the maps of difference and vertical excess curvatures as well as
rotor (Fig. 1d, g, 1). It is best revealed by the maps of aspect and
catchment area (Fig. 1j, k). The Shary classification map (Fig. 11)
represents a complex system of topographic patterns recognized
by the segmentation of the structure surface into 12 types of
unique topographic forms distinguished by the signs of
horizontal, vertical, and difference curvatures.

The potential for analyzing topographic features is also well
demonstrated by the curvature maps of the polished silicon wafer
(Fig. 2a). One can see large furrow-like marks of mechanical
polishing on the elevation and mean curvature maps (Fig. 2a, d).
However, minor topographic forms within each individual
‘furrow’ can be found on the maximal and minimal curvatures
maps only (Fig. 2b, ¢).

The results show that geomorphometric modeling allows:

e To derive digital models of morphometric variables from
profilometer-based DEMs with micrometer-range elevation
difference and resolution.

e To reveal local convex/concave areas of a wafer surface.

e To increase a degree of clarity and informativeness of the
data on wafer or structure topography.

e To visualize areas of linear defects (e.g., folds and cracks).

e To visualize areas of local bumps and hollows, as well as
peculiarities of their mutual location.

IV. CONCLUSION

The first results show that methods of geomorphometric
modeling can be used as a tool of surface metrology in
microelectronic manufacturing. It is important that models of
morphometric variables can be derived from profilometer-based
DEMs with a micrometer-range elevation difference and
resolution. Morphometric maps of wafer surfaces are
interpretable. They can provide a user with new information on
the spatial distribution of hidden topographic patterns.
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Figure 1. The silicon—quartz structure: (a) elevation, (b) horizontal curvature, (c) vertical curvature, (d) difference curvature, () Gaussian curvature, (f) horizontal

excess curvature, (g) vertical excess curvature, (h) unsphericity curvature, (i) rotor, (j) aspect, (k) catchment area, (1) Shary classification.
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