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Abstract

Line width (i.e., critical dimension, CD) is a crucial parameter in integrated circuits. To accurately control the CD in manu-
facturing, a reasonable CD measurement algorithm is required. We develop an automatic and accurate method based on a
two-dimensional discrete Fourier transform for measuring the lattice spacings from high-resolution transmission electron
microscopy images. Through the two-dimensional inverse discrete Fourier transform of the central spot and a pair of sym-
metrical diffraction spots, an image containing only a set of lattice spacings is obtained. Then, the pixel span of the lattice
spacing is calculated through the centre of gravity method. Finally, we estimate the standard CD value according to the
half-intensity method. The silicon crystal lattice constant guarantees the accuracy and traceability of the CD value. Through
experiments, we demonstrate the efficiency of the proposed method, which can be conveniently applied to accurately measure

CDs in practical applications.
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1 Introduction

The nano line width (i.e., critical dimension, CD) is a crucial
parameter in integrated circuits. With continuous reduction
of the line feature size, requirements for measurement accu-
racy continue to increase. As described in the International
Technology Roadmap for Semiconductors, the measurement
uncertainty of the physical CD needs to be reduced to 0.7 nm
by 2024 [1, 2].

Currently, numerous techniques have been developed
for CD measurement, including atomic force microscopy
(AFM), scanning electron microscopy (SEM), and transmis-
sion electron microscopy (TEM). AFM can generate three-
dimensional line width images with near-atomic spatial reso-
lution [3-5]. The image is the convolution result between the
actual surface topography and the tip geometry used during
scanning [6, 7]. However, it is difficult to accurately estimate
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the tip geometry because the tip wears during AFM scanning
[8]. Consequently, it is difficult to reconstruct the true shape
of a specimen from a distorted image via morphological
operations of dilation and erosion.

SEM is also widely applied for CD measurement owing
to its high resolution and efficiency [9-11]. After the image
is obtained, an appropriate algorithm is needed to extract
the line features from the intensity profile. The model-
based library for CD determination, which was written as
an international standard (ISO/DIS 21466.1) in 2019, is a
mainstream method [12]. This method, which is based on
Monte Carlo simulation, generates a set of simulated second-
ary electron lines according to the designed input param-
eters. After acquiring an SEM image, one should identify
the best fit between the measured and simulated lines. The
CD values can be obtained within the range of the library
data. However, for each sample material and CD value, a
corresponding library needs to be produced, which is a huge
project and inflexible in the actual measurement. The exist-
ing model-based library in our laboratory is only suitable for
Au-based CD structures and CD values exceeding 200 nm.

TEM is a distinguished CD measurement method. It
became recognized especially after the incorporation of the
Si {220} lattice parameter (dyy,=192.0155714x 107> m,
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u,=0.0000032 x 10~'? m) into the Mise en Pratique at the
2018 meeting of the Consultative Committee for Length [13,
14]. If the CD sample contains monocrystalline silicon, the
line features and periodical silicon crystal lattice spacings
can be visible in an image acquired via high-resolution trans-
mission electron microscopy (HRTEM) or scanning trans-
mission electron microscopy (STEM) [15, 16]. We can use
the lattice spacings in the image as a ruler to directly meas-
ure the line width. The measurement principle is detailed
in[17, 18]:

1. The CD value of the internal CD structure made of
monocrystalline silicon is equal to the number of lat-
tice spacings multiplied by the lattice constant; that is,
W=dXxN, where W is the CD value, d is the lattice con-
stant, and N is the number of lattice spacings within
the CD structure (Fig. 1a). In addition, the thickness
of amorphous layers around the structure needs to be
considered in the measurement.

2. Otherwise, the CD needs to be calculated from the lat-
tice constant and the pixel spans of the lattice spacings
and line width; that is W=d X Ny, / N,;, where N, denotes
the pixel span of each lattice spacing, and Ny, denotes
the pixel span of the CD structure (Fig. 1b).

The CD value can be traced to the meter definition of the
international system of units (SI) via the lattice constant
since the value is a secondary realization of the meter. The
measurement accuracy can reach the atomic level. Using this
method, Takamasu et al. [19, 20] measured the line width
with sub-nanometer accuracy and proposed a line edge
detection method based on STEM images. The expanded

(a) d

| W=dxN

(b) d. Pixel span: N, W=dxNg/Ny

—

Pixel span: Ny,

Fig.1 TEM-based CD measurement principle for monocrystalline
silicon a within the CD structure and b outside the CD structure
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uncertainty was less than 0.3 nm for a line width of 50 nm.
In 2017, the Physikalisch-Technische Bundesanstalt (PTB)
and the National Institute of Standards and Technology
(NIST) compared the IVPS10-PTB standards with nomi-
nal CDs of 50 nm, 70 nm, 90 nm, 110 nm, and 130 nm.
The measurement results showed that the deviations were
between — 1.5 nm and 0.3 nm [21]. The National Institute of
Metrology in China is also studying nano-geometric metrol-
ogy based on the silicon lattice parameter. With the success-
ful application of the Si {220} lattice parameter in the CD
measurement of integrated circuits, the measurement tech-
nique has attracted increasing attention from research insti-
tutions. Although the basic measurement principle has been
verified by domestic and foreign researchers, several factors
affecting the measurement results need to be addressed.

According to the measurement principle, the measure-
ment of lattice spacings is critical for the accuracy of CD
values. Generally, the lattice spacings are manually meas-
ured using the TEM integrated software DigitalMicrograph
(Fig. 2: an HRTEM image of Si acquired at a magnification
of 790 k with 2048 x 2048 pixels). First, we drew a rectan-
gular frame perpendicular to the measured lattice spacings
on the TEM image. The corresponding profile in the rec-
tangular frame was displayed in a pop-up window. Then,
we moved the left and right sides of the dotted box in the
pop-up window to the center of the lattice stripes. The dis-
tance between the left and right sides of the dotted box was
displayed automatically. The measured lattice constant was
equal to the distance divided by the number of lattice spac-
ings contained in the dotted box.
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Fig.2 Lattice spacing measurement with DigitalMicrograph
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Numerous researchers have utilized ImagelJ, a software
program developed by the National Institutes of Health, to
measure lattice constants. For example, Kobayashi et al.
[22] calculated the rotation angles of Si (220) spacings
using ImagelJ ver. 1.52a and the fast Fourier transform pat-
tern of the original TEM images. The TEM image was
rotated according to the calculated angles so that the (220)
spacings were perpendicular to the x-axis. Then, using a
method similar to that of DigitalMicrograph, ImageJ meas-
ured the silicon lattice spacings. Therefore, irrespective
of the kind of measurement software utilized, the manual
operation method greatly relies on the experience of engi-
neers and will introduce measurement errors; for exam-
ple, engineers need to determine if the pulled rectangular
frame is perpendicular to the measured lattice spacings
and if the left and right sides of the dotted box are in the
center of the lattice stripes. Furthermore, the more detailed
process is complex, which makes it difficult to evaluate the
reasonableness of the measurement results.

Therefore, to improve the measurement repeatabil-
ity and accuracy of silicon lattice spacings in practical
applications, this paper presents an automatic measure-
ment method based on two-dimensional discrete Fourier
transform (2D-DFT) and two-dimensional inverse discrete
Fourier transform (2D-IDFT). Section 2 introduces the
automatic measurement algorithm of the lattice spacings.
Section 3 presents the experimental investigations. Finally,
Sect. 4 presents the conclusions.

2 Measurement of Silicon Lattice Spacings
2.1 Measurement Principle

Two-dimensional DFT is a digital transformation method
essential in numerous applications, such as image enhance-
ment, denoising, edge detection, compression, and feature
extraction. Moreover, it is a major technique in TEM appli-
cation. For example, we can obtain diffraction-like pat-
terns by performing 2D-DFT on an original TEM image,
which is a concise and effective method if the sample size
and the limitation of the selected area aperture hinder the
acquisition of the diffraction pattern. In this paper, we pro-
pose a new silicon lattice spacing measurement approach
based on the diffraction-like pattern.

After obtaining an HRTEM image, we perform 2D-DFT
on the image containing the silicon lattice spacings. The
original TEM image is denoted as f(x, y); the transformed
image is F(u, v)=R(u, v) +1 X Ry(u, v), and its amplitude
spectrum is
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Fig.3 2D-DFT pattern of the HRTEM image shown in Fig. 2

A(u,v) =1In <\/R%(u, V) + R3(u, V)> ey

where (x, y) and (u, v) denote the coordinates of the original
image in the spatial and frequency domains, respectively,
and the corresponding units are pixel and pixel ™!, respec-
tively. Figure 3 shows the 2D-DFT pattern of the HRTEM
image of Si shown in Fig. 2. Its zero-frequency component
is shifted to the center of the spectrum.

According to the electron diffraction theory, one diffrac-
tion spot corresponds to a set of crystal lattice spacings.
Therefore, we can obtain an image containing only a set of
lattice spacings through 2D-IDFT for the central spot and
a pair of diffraction spots. Then, we can accurately meas-
ure the lattice spacing through the gravity centre method
after performing erosion and binarization operations on
the image.

2.2 Bright Spot Extraction

To obtain an image containing only a set of lattice spacings
after 2D-IDFT, we first need to extract the corresponding
frequency components from the frequency domain image,
that is, the bright spots symmetrical around the central
bright spot. Each bright spot in the 2D-DFT image consists
of multiple points.

We use the global threshold method to segment the
spots from the amplitude spectrum image A(u, v):
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Fig.4 Zoom-in view of the segmentation result of the marked area in
Fig. 3
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where T is the threshold, and its value is evaluated through
statistical analysis of the grayscale value of the bright spots
in the 2D-DFT pattern. Figure 4 shows a zoom-in view
of the segmentation result of the marked area in Fig. 3 at
T,=10.

The distance between points in the same spot is much
less than that between points in different spots. Therefore,
we can extract the spots by scanning the points that meet
this distance condition in the segmented image A'(u, v). The
extracted spots are shown in Fig. 5, in which points of the
same color belong to the same spot. The number of points
contained in each extracted bright spot is shown in Fig. 6.
Under the same threshold segmentation condition, the cen-
tral spot is greater than the other bright spots; that is, the
extracted central spot contains more points than the others.
Hence, the central spot can be identified from the extracted
bright spots according to the maximum number of points.

2.3 Lattice Spacing Extraction and Measurement

After extracting the bright spots and identifying the central
bright spot, we fit the central spot to the surrounding two
symmetrical bright spots in a straight line “v=ku+b.” The
real part R (u, v) and imaginary part R,(u, v) of F(u, v) are
processed as follows:
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where T, denotes the threshold to constrain the normal width
of the fitted straight line. 7;is 1.5 and is an empirical value.
We can obtain a new transformed image F’ (u, v) as follows:

F'(u,v) = R, (u,v) + i X R, (u, v) 5)

After performing 2D-IDFT on F' (1, v), we can obtain
the image f" (x, y), including a set of parallel lattice spac-
ings (Fig. 7).

Owing to the uneven brightness of the image, we extract
the local lattice spacing area, in which we perform mor-
phological erosion and binarization. Because the line
“v=ku+b” is perpendicular to this group of parallel lat-
tice spacings, the image f" (x, y) can be rotated according
to the slope k. The rotation angle is given as

6 = arctan <—%) (6)

Figure 8 shows the extraction process of lattice spac-
ings. From the intensity profile, we can accurately calcu-
late the lattice spacing through the gravity centre method
[23-25]. We obtain the threshold line using a configurable
percentage of 75%, which denotes the distance between the
threshold line and the top line. The top and bottom lines
take the maximum and minimum positions of the inten-
sity profile, respectively. The centre and peak positions
are calculated inside the area surrounded by the threshold
line and the intensity profile. Finally, the lattice spacing is
calculated by the distance between two adjacent centres of
gravity calculated in parallel with the threshold line. Fig-
ure 9 shows the measurement results of the gravity centre
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method. There are 20 periodic crystal lattice spacings, and
the total pixel span is 485.50. Hence, the pixel span of lat-
tice spacing d,; is 24.28.

Multiple sets of symmetrical bright spots exist around
the central spot; therefore, we can obtain multiple fitted
straight lines. As shown in Fig. 5, three fitted straight lines
correspond to the combination of bright spots as follows:
{1,4,5}, {2,4, 6}, and {3, 4, 7}. Therefore, three silicon
lattice pixel spans will be produced after a series of pro-
cesses. To improve the CD measurement accuracy, we cal-
culate the estimated value of each lattice spacing accord-
ing to the pixel size of the original TEM image, compare
the values with the theoretical values from the standard
powder diffraction file, and select the pixel span corre-
sponding to the lattice spacing with the smallest error. The
selected pixel span is used for CD estimation.

3 Experimental Investigations

We compared the proposed method with the DigitalMicro-
graph-based Si lattice spacing measurement method and
applied the method for CD measurement.

3.1 Silattice Spacing Measurement

To verify the effectiveness of the proposed automatic
measurement method, we acquired HRTEM images with
different magnifications (285 k, 450 k, 590 k, 790 k) for
the same sample. We measured the d|,; pixel span in these
HRTEM images using the proposed method and Digital-
Micrograph. The proposed method is more stable than the
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Fig. 10 Comparison of Si (111) lattice spacings obtained via the pro-
posed method and the DigitalMicrograph-based method; “-o-” and
“-*.” represent the proposed method and DigitalMicrograph, respec-
tively
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DigitalMicrograph-based manual measurement method
(Fig. 10).

3.2 Application in CD Measurement

The experimental sample was a nano line width with a nomi-
nal CD value of 22 nm. It was milled to a lamella by an
ion beam thinner. The HRTEM image was acquired at the
magnification of 450 k with 1024 x 1024 pixels (Fig. 11).
The averaged intensity profile of the marked area in
Fig. 11 is shown in Fig. 12. The top and bottom intensi-
ties were manually measured on the material within the CD
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Fig. 13 Measurement results of the nano line width

structure and the silicon layer, respectively. The edge loca-
tion of CD is defined at the half-intensity, which is deter-
mined by the top and bottom intensities.

The d,;, pixel span was measured as 14.27 pixels using
the proposed method. Ten CD measurements were con-
ducted (Fig. 13). The standard deviation ¢ was 0.09 nm,
and the average value (13.18 nm) was the standard CD of
the line width.

4 Conclusions

This paper introduces an automatic 2D-DFT- and 2D-IDFT-
based method for measuring Si lattice spacings in HRTEM
images. We extract the spots from the diffraction image
using the global threshold method. According to the elec-
tron diffraction theory, a set of lattice spacings is obtained
through the 2D-IDFT of the central spot and a pair of dif-
fraction spots. Afterward, the pixel span of the lattice spac-
ing is calculated through the gravity centre method, and the
standard CD value is estimated through the half-intensity
method. Finally, using the proposed method, we measured
a nano line width with a nominal CD of 22 nm. The results
showed that the standard CD was 13.18 nm, and the standard
deviation was 0.09 nm. The CD value is traceable to the SI
meter definition by the lattice constant. Therefore, the pro-
posed method can be applied for measuring nano line widths
with atomic-level accuracy.

Some issues concerning the lattice spacing measurement
require further research. In the future, we will investigate the
impact of parameters 7', and 7, on the measurement results.
The lattice spacing (in the unit of a pixel) can also be directly
calculated from the spectrum obtained using 2D-DFT. We
will compare the lattice spacing with that obtained from the

proposed 2D-IDFT method. The locations of the top and
bottom intensities and the physical meaning of the definition
of half-intensity in HRTEM images also need to be studied.
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