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ABSTRACT Method (1) 1is suitable for surfaces with
A PC-based interactive image processing system smooth curvatures, but not applicable to common

for 3-D analyses of stereo images of a scanning
electron microscope (SEM) using an advanced
feature-based stereo model is described.

Integration between the global and qualitative
human vision and the local and quantitative
computer vision makes it possible to greatly
reduce the computational load and to highly
improve the reliability of stereo correspond-
ence.

The system consists of a PC with a co-processor
and a frame buffer, an image scanner. a mouse,
and an analogue color CRT. The stereo corre-
spondence algorithm, implemented on the PC with
MS-C,is carried out from point to point interac-
tively referring to a stereoscopic display to
obtain 3-D digitized data. Geometrically defined
properties including surface orientations, sec-
tional profiles, depths and thicknesses are ana-
|yzed based on the 3-D data of necessary points.

Some experimental results are presented for
crystal analysis, surface 3-D shape recognition
and thickness measurement. Discussions are also
presented on accuracies in 3-D measurement.

INTRODUCTION

Scanning electron microscopes (SEM) have been
widely used for 2-D observations and analyses of
micro-structures. Aquisition of 3-D data has,

however, become required in crystal analyses,
bio-element analyses, inspection of VLS| pat-
terns. and roughness measurements for precisely-

machined surfaces in recent years
Several methods to obtain 3-D information for
micro-structures using SEM have been proposed.

These are classified into two categories:

(1) A method to obtain surface orientations by
calculation of reflective or secondary elec-
tron signals picked up with a pair of
detectors at different positions and to
reconstruct surface shapes by integration of
the orientation data'’.

(2) A method to reconstruct 3-D shapes by corre-
spondence between a stereo pair of images
taken by SEM with samples inclined at dif-

ferent angles?®’.
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surfaces with edges or steps where the gradient
becomes indefinite or infinite, such as edges of
crystals and steps of VLS| patterns.!n addition,
the method requires a specially equipped SEM.

Method (2) can be carried out with a common
SEM, but it requires so much and so complex com-
putation in stereo correspondence that introduc-
tion of a large-scaled image processor is neces-
sary and, nevertheless, considerable errors are
inevitable in order to reconstruct 3-D shapes
over the whole image.

The state-of-the-art situation is that neither

method can respond to the demands to obtain 3-D
information from SEM images. Surveys of the
demands have revealed that the demands include

not only 3-D reconstruction
plane, but also 3-D measurements of geometrical
properties solely on particular areas to be
investigated. This paper describes the introduc-
tion of an advanced [eature-based stereo model
and interactive processing from point to point
to the method (2) which makes it possible
obtain stereo correspondence and to reconstruct
3-D properties in real time even on PC.

on the whole image

to

PRINCIPLE

1. SEM stereo imaging

SEM is a kind of parallel projection optics.
Imaging of a sample inclined at + & is equiva-
lent to imaging by electron beams with inclined
incident angles + &. If a sample 3-D coordinate
(0-xyz), and left and right 2-D image coordi-

nates ( Ou-Xu Y., Ox-XwkYs ) are defined as shown
in the Fig.1, conversions from the sample coor-
dinate to the image coordinates are given as
follows;
Xt=km ( x cos@ + z sin@ ) ---=(1)
Y=k my @ e (2)
Xe=km ( x cos8 + z sinf ) --—-(3)
W R RSE TR e e e e (4)
vhere k is a magnification rate in digitizing of

images (pixel/um), and m is magnification

power of SEM (unm/punm).
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Fig. 1 SEM stereo imaging

Inversions of Eq. (1)~ (4) give the following
relations.
x= (Xet+ Xe )/ ( 2 k mcos@ ) --—- (5)
y= Yw/kn=Yr/kn  -——- (8)
2= (X-X)/(2knmsin ) ----—- (1

Where the factor( Xu- Xa ) in Eq. (7),which gives
the height of a measured point, z , stands for
the so-called disparity d ., and d can be obtain-

ed only after stereo correspondence is success-
fully established.
2. Stereo correspondence

The stereo correspondence process includes

feature extraction, matching and calculation of

3-D coordinates as shown in Fig.2.
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Fig.2 Stereo correspondence flow

Here, the following three constraints are in-

troduced to reduce the huge computation load in
stereo correspondence.
a. points or regions to be investigated are
specified by the operator
b. the range of height of the sample is no
more than that of the width
c. disparities smoothly change within a local

area®’
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2.1 Feature extraction

After a stereo pair of SEM images are loaded
from SEM to PC, an interested point PL is spe-
cified with a mouse by the operator based on

constraint a. The left image E'“'(i,j) is con-

volved with a Laplacian-Gaussian Filter®’

2 2 2
2 --:(f_ ) _ r
VG (i.j) o exp ( 702 )
------- (8)
in a local area W. around Pu, and zero-crossing

points (ZCs) are detected as points with bright-
ness changes, where r<=i2+j% and o means a
standard deviation of the 2-D Gaussian distribu-
tion G(i,j). A left feature image F'Y’(i,j) in-
cluding edges and textures are extracted from
the ZCs according to the gradient values of a
Gaussian-filtered image G(i,j)*E'"'(i,j) on ICs
in order to pick up features with large con-
trasts alone, where # stands for the convolution
operation?’.

The Laplacian-Gaussian Filter introduced above

is a kind of band-pass filter with a central
frequency

Wo= Pl S e (9)
and o is determined in accordance with the
spatial frequency distribution of the features
in each SEM image. A feature point QU is select-
ed from F'*’(i,j) on the condition that Q. has

the same j-coordinate and is the nearest to Py.

The right image is processed to obtain a right
feature image F'®' (i.j) in the same way as the
left one, but within a wider local area Wr"
around points which can be corresponded with P
if disparities are ranged from 0 to dasx, Where
dmnaxis determined by the constraint b. mentioned
above.

2.2 Matching

A local disparity histogram L(d) defined by
the following equation and based on the con-
straint e. is caleculated to investigate the

similarity between F'“' (i, j) and F'®' (i, j)*".

Lid)= L MW.j:d/ £ PG ——10)
(i.j) €W (i.J)EW
where d is a disparity and 0=d=dmax . and

M(i.j:d) is a matching function
following conditions

defined by the

If F'“?(i,j)=1 and
¢ F'™® (i-d, })=1 or F®' (i-d,j*1)=1)
then M(i,j:d)=1, otherwise M(i,j:d)=0 --(11)
Now, let a disparity with a maximum L(d) be
denoted by dos. If L(doo) exceeds a threshold



the best corre-
Q=
Otherwise,

point Qr is selected in Wr as

sponding point to Qu on the condition that

has a disparity nearest to dop.
* no correspondence ' is shown.

The left feature point, Q., and the best cor-
responding point, Qr, are superimposed on the
input images on a color CRT for the operator 1o

of the stereo correspondence
in mismatching cases using a

judge the validity
and to correct it
mouse.

2.3 Calculation of 3-D geometrics

Once the stereo correspondence is successfully
established and disparity d is obtained, the 3-D
coordinate of feature point Q 1is calculated by
substituting d into Eq. (5)~ (7).

Various kinds of geometric properties can be
calculated according to 3-D digitized data.
obtained in the manner mentioned above, point by

point.

IMPLEMENTATION

1. System configuration

The feature-based stereo model 1is implemented
a PC based system, which consists of a PC

with a co-processor ( 80287 ; Transputer T800 in

on

near future), a frame buffer ( l.5Mbyte ) and a
mouse. an analogue color CRT and an image
scanner, as shown in Fig. 3.

FENERI vimpay

Fig.3 System configuration

2.Functions

All the image processing routines are executed
using the MS-C language. The system has the fol-
lowing eight menus.

A. Stereo image inpul and output
input =--- through image scanner
directly from SEM (NTSC)
from MS-DOS floppy disk file

output --- into MS-DOS floppy disk file

B. Initialization
initial set of parameters such as scale
factor, zero level, o of Gaussian, window
size, threshold for L(d) etec.

C. stereoscopic observation
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stereoscopic observation using stereo glasses

D. Height measurement
height of specified point is measured

E. Surface orientation measurement
orientation of surface specified by three
points is measured

F. Measurement of angle between two surfaces

G. Profile analysis
sectional profile specified by arbitrary
cutting line is analyzed

H. Thickness measurement

thickness of thin films is measured

PERFORMANCE

1. Example of analysis

Now, let us explain the interactive operation
of the system taking the case of menu A, C and E
for a single diamond crystal. A menu plane |is
first displayed on the PC's CRT for the operator
to choose one using the mouse. In menu A a pair
of SEM stereo images are loaded onto the frame
buffer in the digital form of 256X 256 8bit
respectively using the image scanner, and dis-
played on the upper half of the color CRT, as
shown in Fig. 4. After initialization by menu B a
stereoscopic display is presented on the lowerri
ght quarter of the color CRT, as shown in Fig. 4
in menu C for the operator to observe the micro-
structure three-dimensionally. In menu E the
operator specifies a point, either on or near
edges of a surface to be investigated, based on
the 3-D observation. The system recognizes the
local area, extracts the feature image in it,
displays the feature image on the lower half for
a monitor and finally detects and superimposes
the feature point and its best corresponding
point on the input images, as shown in Fig. 4. If
the correspondence is confirmed to be true, the
system calculates the 3-D coordinate from the
disparity, that is, the displacement between the
left feature point and the best right corre-
sponding point. 3-D digitization mentioned above
is repeated three times and finally orientation

of the surface to be investigated is obtained,
and the normal vector is depicted on the input
left image. The computation time for 3-D digi-

tizing is about 8 sec.

Other two examples are shown in Figs.5 and 6.
Fig.5 shows an example of profile analyses
( menu G ) for a roughness standard test piece.
Fig. 6 shows an example of thickness measurements
for thin films. Thickness t can be given by

where n is the normal vector of the surface of
the film and P is one of vectors which starts on
the upper surface and finishes on the lower one,



Fig.4 Crystal analysis for single diamond

Fig.§ Profile analysis for rough surface

Fig.6 Thickness measurement
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2. Accuracy in 3-D measurement

Accuracy in height measurement was investigat-
ed using a stereo pair of SEM images of impres-
sions of the micro-Yickers test taken with 700
times magnification power, as shown in Fig.7.
The impression has a 3-D shape well-defined by
J1S and gives a good standard for investigation
of accuracy. Fifteen points specified along an
edge of the impression were successfully 3-D
digitized, and the results shown in Fig.8 were
obtained. These revealed that the system has
an accuracy of 1.5um when the magnification
power of SEM is 700 times and that the accuracy
is determined by horizontal resolution as long
as SEM images have sufficient contrasts.

Fig.T SEM stereo image of micro-Yickers

height (g m)

1 1 ] !

0 10 20 30 40
horizontal distance( um)

Fig.8 Height measurement along edge

Orientation measurement showed that angles
between neighboring surfaces were 149° ,152°
155° ,146° for the true angle 150° . Four
data had a mean value 150.5° and a standard
deviation 3.2° .



DISCUSSITON

1. Accuracy in height measurement

An error in height measurement is obtained
from Eq. (7) and given by
Az=Ad,/ (2km sin 8) —==—-= (13)

which is inversely proportional to the magnifi-
cation power of SEM, m, where A d is an uncer-
tainty in feature location, and K is 2.8% 1079,

Now, suppose that m is 100,000, & is 10° and
Ad=1, then it is concluded that Az =0.0lunm
and that depth measurement for a considerably
shallow step is possible as long as the contrast
of the SEM image is kept high

An error in orientation measurement is obtain-

ed from Eq.(5) and (7) and approximately ex-
pressed by
Ap~Az x~ il -—=(14)

(Xpi+Xgr) tané

which does not depend upon m. The standard de-
viation value,3.2° ., obtained in the experiment,
is consistent with a case when the width of the
measured surface is 40 pixel.

2. Further improvements
2.1 Location of features to sub-pixel precision
Features to be matched are defined as ZICs of a
ViG-filtered image and located to a pixel
precision in the system. ICs however, be
located to a sub-pixel order if input SEM
image has a high S.°N¥°'. Errors location
of ZCs, A d, are generally given by

can,
an
in

Ad~AE
where A E is a noise level in the input image
and g is a gradient value of the filtered image
on ZCs. Common SEM images have a SN no less
than 40 dB, which means that the noise level AE
is approximately 2.5 levels when the grey scale
resolution is 256 levels. If features are
defined as ZCs with g = 25 levels pixel, Ad
turns out to be less than 0.1 pixel and ten
times improvement in accuracy in 3-D measurement
becomes possible, The improvement depends upon
AE and g, that is, the SN and the contrast
of SEM images.

2.2 Improvement in efficiency

It is true that the larger the magnification
power of SEM imaging is, the worse the contrast
of SEM images become. Specification ofeach point
by the operator is, therefore, desirable for the
system to recognize the point, surface or cross-
section to be investigated and to improve the
reliability in 3-D reconstruction.
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It is, however, sufficient solely to specify
the interested surfaces or cross-sections if the
contrast of SEM images is high enough for the
system to search for necessary feature points

2.3 Use of grey level information

The system adopts the so-called feature-based
stereo model and can detect 3-D coordinates on
points with large contrasts, such as edges and
textures, but not on points with smooth shadings.
It is, however, possible to complement the weak
point by using grey level information in SEM
images, which may be a function of gradients of
surfaces just like in a photometric stereo
method.

CONCLUSTON

An interactive image processing method for 3-D
analyses of SEM stereo images using an advanced
feature-based stereo model were developed and
implemented on a PC-based system

Integration between the global and qualitative
human the local and quantitative
computer vision makes it possible to greatly
reduce the computation load, 8 sec  point, and
to highly improve the reliability in stereo cor-
respondence. The accuracy was revealed to be
0.0lpm with SEM of a 100,000 times magnifica-
tion power in height measurement, and 3.2° in
angle measurement.

The system has room for improvement in accura-
cy and in efficiency. |If SEM images have large
contrasts, location of feature points to a sub-
pixel precision makes it possible to improve the
accuracy by one order and direct specification
of properties to be investigated will reduce the
load of the operators

vision and
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