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ABSTRACT

The novel calibration method of sub-nanometer accuracy for the line width measurement using STEM images is
proposed to calibrate CD-SEM line width measurements. In accordance with the proposed method, the traceability and
reference metrology of line width standards are established using Si lattice structures. First, we define the edge of a line
as the end of Si lattice structure as the interface between Si lattice and oxide film. Second, an image magnification and
inclination angles are calculated using 2D Fourier analysis of a STEM image. Third, the edge positions of the line are
detected after the novel noise reduction method using averaging by Si lattice patterns. Then, the uncertainty of the line
width measurement is evaluated with the uncertainty contributors of pixel size, edge detections and repeatability. Using
the proposed method, the expanded uncertainty less than 0.5 nm for the line width of 45 nm is established.
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1. INTRODUCTION

The line width measurement in semiconductor industry is mainly carried out by CD-SEM (Critical Dimension Scanning
Electron Microscope). The sub-nanometer repeatability of the line width measurement can be obtained using CD-SEM'~.
However, absolute accuracy of the line width measurement is not evaluated, and traceability is not established in the
measurement*®. The absolute accuracy of the line width is recently in great demand for physical simulations such as
spectrometry and performance evaluation of transistors. Therefore, we started to develop the novel method of line width
measurements with high absolute accuracy.

In this article, the novel method of sub-nanometer accuracy for the line width measurement using STEM (Scanning
Transmission Electron Microscope) images is proposed to calibrate CD-SEM and CD-AFM line width measurements. In
accordance with the proposed method, the traceability and reference metrology of line width standards are established
using Si lattice patterns and the uncertainty of the line width measurement is evaluated. The targets of the study as
follows:

e The definition of the line width is clearly defined.

e Novel data processing procedure for STEM image is determined.

e Novel edge detection method is proposed.

o Traceability is established by the uncertainty estimation on the proposed method.

The comparisons between methods with sectional images by STEM or sectional SEM and methods with horizontal
images by CD-SEM or CD-AFM are shown in Figure 1. Using the sectional images, edge positions of a line are clearly
observed by STEM and sectional SEM. Furthermore, because the Si lattice structure is observed in STEM images, the
image magnification is precisely estimated. From these reasons, we select to use STEM in the methods of investigation
for the line width”'® shown in Table 1.

Then, the uncertainty of the line width measurement is evaluated with the uncertainty contributors of pixel size, edge
detections and repeatability. Using the proposed method, the expanded uncertainty less than 0.5 nm for the line width of
45 nm is established.
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Figure 1. Comparisons between a sectional image by STEM or sectional SEM and a horizontal image by CD-SEM or CD-
AFM

Table 1. Comparisons of investigation methods for the line width measurements.

items STEM Sectional SEM CD-SEM CD-AFM
direction sectional sectional horizontal horizontal
accuracy best good good good
magnification calibration Si lattice constant pitch standard pitch standard pitch standard
offset evaluation Si lattice simulation simulation line width standard
measuring range small small small large
measuring time long long short short
destructive yes yes no no

2. STEM IMAGES AND DATA PROCESSING
2.1 Sample for STEM and Si lattice image

Three types STEM images can be obtained as a bright field phase contrast image by transmission electron, a bright field
scattering-absorption contrast image by transmission electron, and a dark field image by scattered electron shown in
Figure 2. The Si lattice structures are clearly observed by the bright field phase contract image. Therefore, this type of
image is used to define the proposed method in this article. Figure 3 (a) illustrates a thin specimen thickness of 100 nm.
The specimen is a standard of line width of Si wafer, and it is sliced on Si 110 surface by FIB (Focused Ion Beam) micro
sampling system''. Then the STEM images of the specimen are obtained by STEM' (HD-2700) with accelerating
voltage of 200 kV and magnification of 70,000 to 3,000,000. The terms such as a line width, a pitch, a height and an
edge are defined in Figures 3 (b) and (¢).

The STEM images under deferent magnifications are shown in Figure 4. The high magnification STEM image shows Si
lattice structures clearly (Figures 4 (c) and (d)). The lattice parameter'*'* of Si is defined as 0.543102064 nm with very
small uncertainty of 0.000000014 nm. We can use the lattice constant of Si as the scale to calibrate the magnification of
STEM images.
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Figure 2. Construction of STEM with two types of detectors for scattered electron and transmission electron.
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Figure 3. Sample for STEM and Si lattice image; (a) thin specimen of 100 nm thickness by FIB (Focused lon Beam) micro
sampling system, (b) STEM image of standard line width on the Si wafer on Si 110 surface, and (c) the model of line width.
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Figure 4. Si lattice structures are observed by a STEM bright field phase contrast image under the deferent image
magnifications. The lattice parameter of Si is defined as 0.543102064 nm with uncertainty of 0.000000014 nm.

2.2 Image parameters of STEM image by 2D Fourier analysis

Si lattice structure is observed clearly on the high magnification STEM images. The image parameters as a pixel size and
inclination angles of the image are calculated using 2D Fourier analysis. Figure 5 (a) is an example of STEM image with
accelerating voltage of 200 kV and magnification of 3,000,000. The inside of Si lattice (red frame of 700 x 700 pixels)
is extracted and transformed to a frequency domain image (Figure 5 (b)) with zero padding method'*'®. The positions of
peaks of the frequency domain image shown in Table 2 are compared with the Si lattice pattern (Figure 5 (c)), then, an
image pixel size and inclination angles of the image are calculated. For the image, the pixel size is calculated as 0.04124
nm/pixel and the inclination angles are calculated as 0.978 arc-degree on X direction and 0.240 arc-degree on Y direction.
The inclination angles are mainly caused by drifts during STEM scanning.

The variation of pixel size is calculated in four frames at deferent positions of the STEM image. From these calculations,
we estimated the standard deviation of magnification is less than 0.149 %.

Table 2. Positions of four main peaks (Figure 5 (b)) on the frequency domain image by 2D Fourier analysis of the STEM
image (Figure 5 (a)) with zero padding method.

peaks X position (pixel) Y position (pixel)
Origin 2501 2501
Peak 1 2488 1739
Peak 2 3031 2118
Peak 3 3575 2496
Peak 4 3045 2880
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Figure 5. 2D Fourier analysis of STEM image; (a) inside of red frame (700 x 700 pixels) is extracted, (b) transformed to a
frequency domain image with zero padding and four main peaks, and (c) the model of Si lattice structure.

2.3 Image intensity graph

Figure 6 (a) shows an example of STEM image, and the horizontal axis is defined as X axis and the vertical axis is
defined as Y axis. Then Figure 6 (b) displays an example of an intensity graph on the yellow line of Figure 7 (a). For the
intensity graph, the horizontal axis is defined as X axis and the vertical axis is defined as intensity of each pixel of X
position in the STEM image. Figure 6 (c) shows the enlarged view of left edge of the intensity graph (Figure 7 (b)).

When the noise of the STEM image is low, the edge of line may be detected by the intensity graph with a certain
threshold level. However, the edge position detected by the threshold level is influenced by the image conditions and the

threshold level of edge definitions.
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Figure 6. STEM image and an intensity graph; (a) example of STEM image, (b) example of an intensity graph on the
yellow line, (c) enlarged view of the left edge.

2.4 Image rotation

Before detection of edge positions of the line, the image is rotated by the inclination angles detected on section 2.2.
Figure 7 (a) shows a STEM image and Si lattice line of the image as the yellow lines. Figure 7 (b) shows the horizontal
image and the intensity graph on the yellow line of the image, and the Si lattice pattern can be observed as a zigzag line
in the intensity graph. However, the intensity of zigzag line at the far left is week because of inclination of the image.
Then, Figure 7 (c) shows a STEM image after the rotation by the incline angles detected by 2D Fourier analysis. Figure 7
(d) shows the zigzag line image in the intensity graph clearly on the left part of the graph.
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Figure 7. Image rotation of the Si lattice structure in the STEM image; (a) STEM image before rotation, (b) horizontal
image and image intensity graph before rotation, (¢) STEM image after rotation, and (d) horizontal image and image
intensity graph after rotation.
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3. EDGE DETECTION AND LINE WIDTH CALCULATION
3.1 Definition of edge

Figure 8 (a) shows an example of a bright field phase contrast STEM image. In this image, Si lattice structure, oxide film
and coating can be observed. The thickness of the oxide film varies under circumstance conditions such as atmosphere
gas density, temperature, gas pressure, and exposure time for gas. Therefore, we define the edge as the end of Si lattice
structure. Figure 8 (b) shows the intensity graph on the yellow line of Figure 8 (a), and it indicates that the interface
between the Si lattice structure and the oxide film as a red circle. The study for thickness of the oxide film will be
precisely analyzed for our future works.
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Figure 8. Definition of the edge (red circle) as the end of Si lattice structure between Si lattice and oxide film; (a) example of
a bright field phase contrast STEM image, and (b) intensity graph on the yellow line.
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3.2 Averaging by Si lattice pattern

Noise of STEM images is influenced by magnification of image, scanning speed of STEM, and conditions of the
specimen. Assuming that the noise is random, simple averaging method is normally applied. However, the simple
averaging method reduces not only noise but also Si lattice pattern. Therefore, the novel averaging method is proposed
using Si lattice pattern. The Si lattice pattern on Si 110 surface is well known as Figure 9 (a). The size of X pitch of the
lattice (0.384 nm) is approximately 9 pixels and the size of Y pitch (0.5432 nm) is approximately 13 pixels in the image.

The two deferent size stencil patterns for the averaging method using the Si lattice pattern are shown on Figures 9 (b)
and (c). The small pattern (Figure 9 (b)) consists of 140 pixels (10 x 14 pixels), and the averaging is done only on 20
pixels as the red pixels. The horizontal and vertical intervals of the stencil agree with the positions of 5 lattices, therefore,
the random noise is reduced and the lattice structures are emphasized. The large pattern (Figure 9 (c)) is 18 x 26 pixels,
and it agrees with the positions of 13 lattices. Then, the stencil moves on the image two dimensionally shown in Figure
10. The proposed averaging method emphasizes the Si lattice positions and reduces the random noise out of Si lattice
positions.

An example of the averaging method is shown in Figure 11. Figure 11 (a) is a part of the Si lattice image and the
intensity graph on the yellow line before averaging, Figures 11 (b) and (c) are the averaging Si lattice images and the
intensity graphs of them using the small and large stencil patterns, respectively. The random noise is reduced and the Si
lattice positions are clearly founded in the images.
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Figure 9. Stencil for averaging method; (a) pattern of Si lattice structure on Si 110 surface, (b) small stencil pattern (10 x 14
pixels) on 5 lattices, and (c) large stencil pattern (18 x 26) on 13 lattices.
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Figure 10. Stencil moves on the STEM image two dimensionally, and then random noise is reduced and Si lattice patterns
are emphasized.
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Figure 11. Examples of the proposed averaging method using Si lattice pattern: (a) Si lattice image and the intensity graph
before averaging, (b) averaging Si lattice image and the intensity graph using the small stencil pattern, and (c) averaging Si
lattice image and the intensity graph using the large stencil pattern.

3.3 Edge detection using local standard deviation of the Si lattice image

After averaging the image, the method to detect the edge is developed under the consideration of the Si lattice structure.
The method to detect the edge using the intensity of STEM image is influenced by the image conditions and threshold
level of the definition of the edge. Therefore, we define the edge is the end of Si lattice pattern, and then the end of the Si
lattice pattern is detected. Figures 12 (a) and (b) illustrate the frames for the calculation method of local standard
deviation. We use the small rectangle frame (8 x 12 pixels) and the large rectangle frame (16 x 24 pixels) to calculate the
local standard deviation of the image. If the size of the specified area to calculate the local standard deviation is used as
the size of Si lattice, the effect of Si lattice on the local standard deviation is reduced.

The local standard deviation inside of the rectangle frame is calculated, and the frame moves two dimensionally (Figure
12 (c)), and the local standard deviation image (Figure 12 (d)) is obtained. Figure 12 (e) shows the local standard
deviation graph on the red line of the local standard deviation image. The value of local standard deviation clearly
indicates the end of Si lattice structure, and then the position of 50 % of the local standard deviation value is defined as
the edge of Si lattice structure. The average deviation of the threshold level is 0.15 pixel, and then the standard
uncertainty of line width by the threshold level is evaluated at 0.007 nm.
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Figure 12. Calculation method of the local standard deviation of the specified area (red rectangle frame); (a) small rectangle
frame (8 x 12 pixels), (b) large rectangle frame (16 x 24 pixels), (c) rectangle frame moves two dimensionally on the STEM

image, (d) local standard deviation image, and (e) local standard deviation graph on the red line, the 50 % point is defined as
the edge of Si lattice structure.

3.4 Example of edge detection

We defined the procedure to detect the edge of Si lattice structure on sections 3.2 and 3.3. Figure 13 demonstrates an
example of the procedure of the proposed method for the STEM image with accelerating voltage of 200 kV and
magnification of 2,800,000 as the follows:

e Original STEM image (Figure 13 (a)),
e Rotated STEM image (Figure 13 (b)),
e Averaging STEM image (Figure 13 (c)),

Local standard deviation image (Figure 13 (d)),

Detected edges on the averaging STEM image (Figure 13 (e)), and.
e Detected edges on the rotated STEM image (Figure 13 (f))).

The experimental conditions for Figure 13 are described in Table 3. Figure 14 (a) shows the detail of left and right edge
detections on the averaging image (Figure 13 (¢)) and Figure 14 (b) shows that on the rotated image (Figure 13 (f)). In
Figure 14, the red line is detected edge using the small frame of 8 x 12 pixels for the local standard deviation image and
the yellow line is that using the large frame of 16 x 24 pixels.
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Table 3. Experimental conditions for the edge detection in Figure 13.

items descriptions
STEM image magnification of 2,800,000 with accelerating voltage of 200 kV
image size 1600 x 3500 pixels from 4096 x 4096 pixels
pixel size 0.04428 nm/pixel
incline angles 1.25 arc-degree on X direction, 2.24 arc-degree on Y direction
averaging stencil size 18 x 26 pixels
standard deviation frame size 8 x 12 or 16 x 24 pixels

30 nm

(b)

(d) (© ®

Figure 13. Example of the edge detection for the STEM image with accelerating voltage of 200 kV and magnification of
2,800,000; (a) original STEM image, (b) rotated STEM image, (c) averaging STEM image, (d) local standard deviation
image, (e) detected edges on the averaging STEM image, and (f) detected edges on the rotated STEM image.
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Figure 14. Details of the edge detections; (a) on the averaging image (Figure 13 (e)), and (b) on the rotated image (Figure 13
(f)). The yellow lines are the detected edges using 8 x 12 pixels frame for the local standard deviation image and the red
lines are those using 16 x 24 pixels frame.

3.5 Line width calculation

The line width is calculated by the positions of the right edge and the left edge, and the pixel size of the STEM image
shown in Figure 15 (a). Equation (1) shows the calculation of line width w (nm), where e, is the right edge position
(pixel), ¢, is the left edge position (pixel), u is line width pixel size (pixel) and p is pixel size (nm/pixel).

w=(e —e) -p=u-p. )

The line widths are calculated at Y axis positions indicated on Figure 15 (b). The line width is evaluated on 0.9 nm area
at each Y position. Table 4 describes the averaged line widths at these positions and the standard deviations. The
standard deviation of the edge positions is around 0.063 nm. The average line width is the average of 20 lines on 0.9 nm
area, and then the standard uncertainty by Y positions is evaluated 0.014 nm as 0.063 nm divided by square root of 20.
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Figure 15. Line width calculation; (a) positions of left edge and right edge, and (b) Y positions for the evaluations.

Table 4. Average line widths and deviations on 0.9 nm area at the specified Y positions.

standard deviation; frame size 8 x 12 standard deviation; frame size 16 x 24
Y position (pixel) average line width deviation average line width deviation

(nm) (nm) (nm) (nm)
500 43.85 0.048 43.95 0.038
1000 45.28 0.074 45.38 0.077
1500 44.86 0.058 4495 0.039
2000 46.10 0.034 46.20 0.037
2500 50.13 0.101 50.23 0.058
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3.6 Uncertainty evaluation for the line width calculation

From partial differential of Equation (1), Equation (2) shows the uncertainty of line width s, propagated by the
uncertainty of pixel size s, and that of line width detection s,. From the relative uncertainty of pixel size s,/p is evaluated
at 0.149 % in Section 2.2, the standard uncertainty by pixel size us, is 0.067 nm when the line with w is 45 nm.

The uncertainty of line width detection ps, is evaluated from the following uncertainty contributors (unit is nm):
e position on Y axis ps,1,
o threshold level of edge detection ps,;,, and

o repeatability ps,;.

s, = (a—ws j2+ a—Ws 2= (ps )2+(us )Z,
" ou " op "’ ! g

2
sy = (Psu) +(p5,2)" +(ps,)’ @)
S
us, = Ly,
P

The uncertainty contributor by position on Y axis (ps,;) is evaluated at 0.014 nm in Section 3.5, and that by threshold
level (ps,,) is evaluated at 0.007 nm in Section 3.3. The uncertainty by repeatability (ps,3) is evaluated by three iterations
at 0.107 nm. From these results, we estimated that the standard uncertainty of line width detection (ps,) is 0.108 nm.
Therefore, the standard uncertainty of line width s,, is calculated from Equation (2) as 0.127 nm and the expanded
uncertainty of 3¢ is 0.381 nm (Table 5). For the further evaluation and comparisons with CD-SEM and CD-AFM, we
will estimate the other contributors and the thickness of oxide film under different conditions.

Table 5. Uncertainty evaluation for the line width calculation (line width is 45 nm).

pixel size line width detection ps,,
contributors us position on Y axis threshold level repeatability
14
PSut PSu2 PSu3
evaluation 0.149 % 0.014 nm 0.15 pixel 0.239 %
. 0.014 nm 0.007 nm 0.107 nm
standard uncertainty (measured) 0.067 nm
0.108 nm

combined standard uncertainty o 0.127 nm
expand uncertainty 3¢ 0.381 nm

4. CONCLUSIONS AND FUTURE WORKS

The novel method of sub-nanometer accuracy for the line width measurement using STEM images is proposed to
calibrate of CD-SEM line width measurement. In the proposed method, the traceability and reference metrology of line
width standards are established using Si lattice structures. Using STEM images, the line width is calculated the following
procedure:

o We define the edge of the line as the interface between the Si lattice structure and the oxide film.

e The image magnification (pixel size) and inclination angles of the STEM image are calculated by the peeks of
the frequency domain image using 2D Fourier analysis.

o The image is rotated by the inclination angles.

e The proposed averaging method using the stencil emphasizes the Si lattice positions and reduces the random
noise out of Si lattice positions.
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e The edge position on the each Si lattice line is defined at the 50 % intensity of the local standard deviation of
the STEM image.

e Line widths are calculated using the pixel size and the edge positions.

o Uncertainty of the line width measurement is evaluated.

The proposed method was applied to an example of Si line specimen, and the line width is calculated with the expand
uncertainty (30) of 0.381 nm. In future works, we will compare the line width by STEM images using the proposed
method and the results by CD-SEM images and CD-AFM images on the same line position. Then the detailed estimation
of the uncertainty of the proposed method is calculated for establishment of the traceability and reference metrology of
the line width measurement by estimating the other contributors and the thickness of oxide film.
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