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The line width (often synonymously used for critical dimension, CD) is a crucial parameter in integrated circuits.
To accurately control CD values in manufacturing, a reasonable CD reference material is required to calibrate the corre-
sponding instruments. We develop a new reference material with nominal CDs of 160 nm, 80 nm, and 40 nm. The line
features are investigated based on the metrological scanning electron microscope which is developed by the National Insti-
tute of Metrology (NIM) in China. Also, we propose a new characterization method for the precise measurement of CD
values. After filtering and leveling the intensity profiles, the line features are characterized by the combination model of
the Gaussian and Lorentz functions. The left and right edges of CD are automatically extracted with the profile decompo-
sition and k-means algorithm. Then the width of the two edges at the half intensity position is regarded as the standard CD
value. Finally, the measurement results are evaluated in terms of the sample, instrument, algorithm, and repeatability. The
experiments indicate efficiency of the proposed method which can be easily applied in practice to accurately characterize

CDs.

Keywords: critical dimension, line width, metrological scanning electron microscopy, traceability

PACS: 06.20.—f, 06.20.fb, 68.37.Hk

1. Introduction

Accurate measurements of nanostructures (e.g., pitch,
height, and width) are crucial to manufacturing at the nanome-
tre scale. Discussions regarding CD have dominated research
in recent years due to its importance. As described in the In-
ternational Technology Roadmap for Semiconductors (ITRS),
the measurement uncertainty of the physical CD needs to be
reduced to 0.7 nm in the year 2024.!"? The CD structure gen-
erally consists of top CD (TCD), middle CD (MCD), bottom
CD (BCD), circular angle, and sidewall angle, as shown in
Fig. 1. Restricted by the level of the manufacturing process,
most of the CD structure is trapezoidal. Because of variety of
TCD and BCD, we usually define MCD as the feature value
of CD. Currently, a multitude of techniques have been devel-
oped for the CD measurement, for instance, atomic force mi-
croscopy (AFM), transmission electron microscopy (TEM),
and scanning electron microscopy (SEM). AFM can gener-
ate three-dimensional (3D) images of material surfaces with
a high spatial resolution near the atomic scale.’! Its image
is a combination of the actual surface topography and the tip
geometry used during scanning. Normally, the tip geometry
should be estimated first, including the detailed parameters,
such as tip diameter, vertical edge height, and tip radius.[*-8]
Then one can reconstruct the true specimen shape from the dis-
torted image by the morphological operations of dilation and

fCorresponding author. E-mail: shiys@nim.ac.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac3225

erosion. However, the accurate estimation of the tip geometry
is arduous because the AFM scanning can easily result in tip
damage. Dai et al.”! described the standard deviations limited
to approximately +£5 nm based on the AFM methods.
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Fig. 1. Key parameters of a nano line width.

TEM is a distinguished CD measurement method re-
cently, especially after the entry of the Si {220} lattice pa-
rameter (dao = 192.0155714 x 10712 m, u. = 0.0000032 x
10~!2 m) into the mise en pratique at the 2018 meeting of the
Consultative Committee for Length (CCL).!'%! If the CD sam-
ple contains monocrystalline silicon, the line features and the
periodical silicon crystal lattice planes can be clearly visible in
an image with the mode of high-resolution transmission elec-
tron microscopy (HRTEM) or scanning transmission electron
microscopy (STEM).['! For the internal CD structure made
of monocrystalline silicon, its value is the number of crystal
planes multiplied by the lattice constant (see Fig. 2(a)). Oth-
erwise, the CD needs to be calculated by the lattice constant
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and the pixel span of the crystal planes and the line width (see
Fig. 2(b)).[1?1 The TEM method is traced to the metre defi-
nition of the International System of Units (SI) via the lattice
constant and has superior measurement accuracy. However,
its measurement needs the sample milled to a lamella with a
thickness of approximately 50 nm by a dual-beam FIB instru-
ment or an ion beam thinner,!!?) as illustrated in Fig. 3. Con-
sequently, the TEM is a destructive measurement that demon-
strates inconvenience in terms of the quantity value transfer.
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Fig. 2. CD measurement principle based on TEM for monocrystalline
silicon (a) within the CD structure and (b) outside the CD structure.
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Fig. 3. Sample preparation of the TEM method.

SEM, based on the secondary electron (SE), is also
widely applied to the CD measurement for its high resolution
and efficiency.['3-131 Since the SEM method can only obtain
the two-dimensional top view of the CD structure, the estima-
tion of the MCD is the distance between the two half intensity
points in a line scan.[!3! Therefore, an appropriate algorithm
is indispensable to extract the widths from the intensity profile
after obtaining the SEM images. Currently, the model-based
library (MBL) for the CD determination, which was written as

an international standard (ISO/DIS 21466.1) in 2019,[1% is a
mainstream method. It can be divided into two phases:

MBL generation The MBL is a set of simulated SE
linescan profiles, which is produced by the Monte Carlo (MC)
simulation with the experimental and specimen geometric pa-
rameters. First, one needs to establish an MBL simulator and
a specimen model. The MBL simulator consists of the elec-
tron probe model described by a gaussian beam model or a fo-
cusing beam model, the SE signal generation model, and the
SE signal detection model. The specimen model is generated
based on the constructive solid geometry (CSG) method!'”! or
the finite element triangle mesh (FETM) method!!8! with the
parameters of its material property and geometry, for instance,
top CD, middle CD, bottom CD, height, and sidewall angles.
Second, the MBL database can be generated based on the MC
simulation.['”] Then the process is repeated for the designed
inputs parameters to form the library.

CD determination After acquisition of an SEM image,
one should find the best fit of the measured image of lines with
the simulated SE linescan profiles according to the least square
method.!!>! Within the range of the library data, the CD values
can be obtained.

The results indicate the usefulness of the MBL method for
the CD precise extraction from the SEM image. 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. As an example, the existing MBL in
our laboratory is only suitable for the CD structure manufac-
tured by Au and the CD value greater than 200 nm.

WD= 79 mm
Signal A = InLens

100 nm* EMT = 15.00 kV
1 Mag=12288K X

Date :28 Dec 2020

Time :13:54:12 ﬁ

Fig. 4. Manual measurement of the line width.

In fact, the actual measurement is manual using the SEM
integrated software. That is, the profile is obtained by manu-
ally pulling a straight line across the two edges on the image,
as the green line Lo shown in Fig. 4. Then one can manually
move the two vertical lines L; and L, on the profile to the half
intensity position of the two edges. The value of profile width
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[ =43.61 nm displayed in the image is the measurement result.
However, this manual operation method greatly relies upon the
experience of the engineers and would inevitably introduce
measurement errors. For instance, is the pulled straight line
really straight? How does one know whether the junction of
two straight lines (L, Ly) and the two edges is the half in-
tensity position? Furthermore, the more detailed process is a
black box to us, which would be not conducive to evaluating
the reasonableness of the measurement results.

To solve these problems, this paper presents a more de-
tailed study on the nano line width reference material includ-
ing its traceability, measurement method and results evalua-
tion based on the metrological SEM. Section 2 introduces the
sample, instrument, and measurement algorithm. In section 3,
we have evaluated the measurement results in detail from the
errors introduced by the sample homogeneity and stability, in-
strument, algorithm, and repeatability. The limitations of the
traceability by the laser wavelength are discussed. Finally, this
paper is summarized and concluded in Section 4.

(a) (b)

Ly: 160 nm ——
Lo: 80 nm —-
L3: 40 nm --

Ly 40 nm —-
Ls: 80 nm —-
Lg: 160 nm——

] EBE .

2. Metrological SEM imaging and image pro-
cessing

2.1. Sample and metrological SEM

The sample TINIM-160-80-40 prepared at Tongji Uni-
versity was applied in this study (see Fig. 5(a)). The sample
has a size of 2.5 mm x 2.5 mm x 2 mm and consists of three
nominal CD values 160 nm, 80 nm, and 40 nm. The nanostruc-
ture is converted through the thickness of the deposition layer
based on the multilayer method.!"! A group of 500 nm SiO,
layers, on 160 nm, 80 nm and 40 nm Si layers, were deposited
on Si (111) wafer surface by radio frequency magnetron sput-
tering technology. Then the fabrication of the nanostructure
is completed by bonding, cutting, grinding, polishing, and se-
lective etching. The thermocompression bonding method is
adopted to improve the bonding quality and eliminate the side
effect.?”) Figure 5(b) illustrates the layout nanostructure. An
SEM image (see Fig. 5(c)) gives a close view of the line fea-

tures.

Date 27 Nov 2020 =
Time :10:14:08

EHT=1500kV Wo= 9.
Mag= 1423KX Signal A

Si Si(111) wafer SiO,

Fig. 5. Photos of the CD sample fabricated at Tongji University: (a) photograph of the sample investigated in this study, (b) schematic diagram
showing the layout of the nanostructure, (c) an SEM image showing the measured line feature.

Fig. 6. Photo of the metrological SEM developed by NIM in China.

In order to realize the precise measurement of the nanos-
tructures by SEM, National Institute of Metrology (NIM) in
China has developed a metrological SEM (see Fig. 6). As one
of the highest measurement standard devices for nanometrol-
ogy in China, this instrument has integrated a laser interferom-
eter displacement measurement module. The module is based
on the Agilent 10706BV high-stability planar interferometer
and uses the L-shaped double-reflecting plane mirror as the
measuring mirror, which is fixed together with the sample on

the nano-stage. The x, y positions of the nanopositioning stage
are recorded in real time by VC++ and LabVIEWS&.5. Con-
sequently, the image scale of the metrological SEM can be
traceable to the SI metre definition.

Hence, samples are all measured by the metrological
SEM to ensure the traceability and accuracy of the results in
this study.

2.2. Measurement of the nano line width

2.2.1. Top, bottom and middle location

With an e-beam energy of 15 kV and 768 pixels x
1024 pixels in the metrological SEM, 160 nm, 80 nm, and
40 nm lines were imaged at the magnification of 110.74 x 103,
125.46 x 103, and 122.88 x 103 (see Fig. 7), respectively. The
averaged intensity profiles of the marked area in Figs. 7(a),
7(c), and 7(e) are shown in Figs. 7(b), 7(d), and 7(f). For the
sake of simplicity, we introduce the averaged intensity profile
given in Fig. 7(f) as an example. By zooming in the profile
(see Fig. 8), one can clearly see two important issues concern-
ing the accurate measurement results.
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Fig. 7. Measured metrological SEM image and the averaged intensity profile of the marked area: (a) metrological SEM image of 160 nm CD,
(b) averaged intensity profile of the marked area in (a), (c) metrological SEM image of 80 nm CD, (d) averaged intensity profile of the marked

area in (c), (e) metrological SEM image of 40 nm CD, (f) averaged intensity profile of the marked area in (e).

200 T s the intensity profile, the bottom plane of the profile is linearly
180r . ' fitted. According to the slope of the fitted curve, the incline
160k ;

1?13 | | angle 0 can be estimated. Then based on Eq. (1), the profile is
£ 120l tton — rotated clockwise by 6 around the point (xc,y. ), which can be
g 100+ ‘ i randomly selected from the matrix.
80y ‘ .

oo NN T H x; = (xi —xc)cos(8) — (i — ye) sin(6) +xc,

;13’ 1 vi = (xi —x¢)sin(0) + (yi —yc) cos(0) + ye. (1)

0 100 200 300 400 500 600 700 800 900 1000
z (pixel)

Fig. 8. A zoom-in view of the profile marked in the red rectangular
window.

First, there is a significant difference in intensity between
the peaks of the left and right edges of the line, leading to
questionable top location areas and consequently the top loca-
tion becomes a major error source. Usually, the background
noise is a factor affecting the top location. In our study, the
wavelet transform is applied to reject noise. The wavelet basis
function is Daubechies 4 wavelet (DB 4) and the decomposi-
tion level is 2. In addition, since the sample needs to be fixed
on the sample stage by carbon double-sided tape (see Fig. 9),
the uneven force of the tape on the sample will cause an in-
visible sample tilt to the naked eyes. Thus, the sample tilt is
another factor that may influence the top location. To level

Figure 10 illustrates the comparison of the intensity pro-
file before and after noise rejection and leveling. It shows that
the difference between the two peaks is significantly reduced.
However, the two peaks may still suffer from being unequal.
To further weaken top location error, the top location is calcu-
lated by the following equation:

Itop = (Ileft,peak + Iright,pea.k)/2~ (2)

Second, at the half intensity position, there may not be
two corresponding sampling points at the two edges of the
line, which can easily lead to large errors in the measurement
results. In order to address this issue, we have established a
function model y = F(x) of the intensity profile, and solve the

variable x = F~!(I,,1¢) at the half intensity.

Carbon double-sided tape

Sample stage

Sample fixed on the sample stage

Fig. 9. Photos of fixing the sample on the sample stage.
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Fig. 10. Comparison of the intensity profile before and after noise re-
jection and leveling.

According to the features of the line width and the inten-
sity profile, Gaussian and Lorentz functions are utilized for
characterization:

Gaussian

N\2
Y )
—— L —vele N\ |3

X—=Vj
wij

Fo)=Y [(1-¢))
= 1+

Lorentz

where c; is the combination ratio of Gaussian and Lorentz, v;
is the peak position, w; is the half-height width of the peak, I;
is the peak intensity. These parameters can be calculated by

m n
min{z [yiF(x,-)]z}. 4)
i=1j=1

We adopted the least square estimation to obtain these pa-
rameters. Figure 11 shows the original and model profiles.
Then, the two pixels xjef and xyighe can be calculated by Eq. (3)
at the half intensity Iy = (Itop +Ib0ttom) /2. Thus, the CD
value can be determined as

Lscale
Ax

where Ly, is the distance of the scale in the metrological

W =

(xright - xleft) =K (xright - xleft) > (5)

SEM image, Ax is the pixel span of the scale, and K is the
scaling factor.

200 ———
— Model profile
150 — Original profile |
>
b
£ 100f
g ]
=]
i
50
% 200 400 600 800 1000

z (pixel)

Fig. 11. Comparison of the original and model profiles.

2.2.2. Automatic measurement

As described in the introduction, there is a lot of uncer-
tainty in the manual extraction of the CD value from the SEM
images. Hence, this paper further studies the automatic imple-
mentation of the CD measurement.

160

=
S
[

—_
[\
(=]

Intensity
—
o
S

80
60
40 1 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000
z (pixel)

Fig. 12. Decomposition of the intensity profile.

The intensity profile can be decomposed into sub-profiles
based on the mean-crossing points. Figure 12 is the decom-
position of the intensity profile (see Fig. 10), where — is the
mean boundary, * is the start and end pixel of the sub-profile,
Spixel (1) is the start pixel of the ith sub-profile, Epiyei(i) is the
end pixel of the ith sub-profile, Al and pixel span are the at-
tributes of the sub-profile. As can be seen, the two edges are
included in the same sub-profile. That is due to the fact that
their intensity is significantly higher than the background and
they can be regarded as anomaly. Hence, we can adopt ma-
chine learning methods to identify those anomalies in the in-
tensity profiles. Due to the limitation of sample size, the k-
means algorithm, the most studied and widely used method in
unsupervised learning, is applied to anomaly identification.

According to the decomposition of the intensity profile,
each sub-profile can be described by the feature vector p;,

Pi = [pilapl?]a (6)

where i represents the ith sub-profile, p;; is the Al attribute
of the ith sub-profile, p;» is the pixel span attribute of the ith
sub-profile.

The sample set of the intensity profile is D =
[P1,DP2,---,Pm]. Then the k-means algorithm would mini-
mize the square error for cluster division C = {C},C,}, which
is expressed as follows:

k=2
E=Y Y llpi—uil (7)
J=1p;eC;
where k is number of cluster division, p; is the mean vector of
the cluster C;. Equation (7) can be approximated by iterative
optimization:

Step 1 Initialize the mean vector p; (j = 1,2) by ran-
domly selecting the sample from D = [p1,pa2,...,Pm]-

Step 2 Calculate the distance d;; = ||p; — pjll2 be-
tween the sample p; and each mean vector p;. According
to min e 1 5)d;j, determine which cluster p; belongs to.

Step 3 Calculate the new mean vector p;. If p'; # pj,
update the mean vector p1; = p';.

Step 4 Repeat steps 2 and 3 until all the mean vectors
are not updated. Then, output the current cluster division
Cc={C,G}.
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The intensity profile (see Fig. 10) is decomposed into
150 sub-profiles.
tor. Hence, D is a 150 x 2 matrix. The initial mean vector

Each sub-profile has a 1 x 2 feature vec-

K1 = p1, M2 = p2. The mean vectors | and po are not up-
dated in the twelfth iteration. Then the iteration stops. Fig-
ure 13 shows the result of cluster division in part of the itera-
tion process. Finally, the cluster division is

= {p75}7

C2:{plap2a'"7p74;p76a"'7p150}' (8)
100 @ 100
o a b
£ 80 g 80 (b)
& 60 & 6
g 40 PE
A 2070, 00e, A2
0 (g .
0 20 40 60 80 100 40 60 80 100
AT AT
100 100
5 80 (c) 5 80
& 60 & 60
‘%’ 40 .“g 40
A 20 A 20f -
Om’ . 0
0 20 40 60 80 100 0 40 60 80 100
AT AT

Fig. 13. The result of the k-means algorithm (k = 2) after each iteration:
(a) Ist iteration, (b) 5th iteration, (c) 10th iteration, (d) 11th iteration.
Noise sample points and CD sample points are represented by black
dots and red dots, respectively.

The sub-profile corresponding to p7s is given in Fig. 14.
It shows that p75 is exactly the CD we need to identify. The

I
. ! 1
SEM image Initializing mean vector
H=D,, =P,

start pixel Spixe1(75) and end pixel Epixe1(75) of the sub-profile
p7s can be easily obtained by indexing because the pixel in-
formation of each sub-profile has been stored during profile
decomposition.

After accurately identifying the two edges of the CD, the
intensity profile is divided into two segments and character-
ized based on Eq. (3):

Spixel (75)+Epixel (75
Fiere(x), x€ [1,%}

bl

©))
Spixel (79)+Epixe1 (75
Fright(x)a = |: P 1( )er P 1( >,N:|

Then, liop, Ivotom and Inaif are estimated according to the
top, bottom and middle location method. Finally, the CD value
W is calculated by Eq. (5). The process of CD estimation is
given in the flow chart (see Fig. 15).

160

140}
1201
100¢

Intensity

80r

0 200 400 600 800 1000
z (pixel)

Fig. 14. The sub-profile corresponding to p7s.
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Fig. 15. Flow chart of CD estimation.

3. Experimental investigations

Based on the proposed method, researchers A and B have
measured the TINIM-160-80-40 sample six times with the
metrological SEM separately, and take the average value as
the standard value of the line width, as listed in Table 1. Dur-
ing the experiments, the parameters of the metrological SEM
were set to 15 kV e-beam energy and 768 pixels x 1024 pix-
els. For the setup of magnification, it should ensure that there
is a complete line width in the field of view. The environmen-
tal conditions of the instrument are temperature (20+£0.5) °C,

and relative humidity > 60%.

3.1. Evaluation of measurement results

Standard deviation is the basic issue in evaluating the
measurement results. Measurement errors mainly come from
Their
corresponding uncertainty is denoted as uj, up, u3 and ug.

the sample, instrument, algorithm, and repeatability.

Therefore, the combined standard uncertainty is

Ue = \/(clu1)2+(

C2u2)2 + (C3u3)2 + (64144)2, (10)
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Table 1. Measurement results of the line width sample.

Nominal Standard CD (nm)
Researcher
CD (nm) 1st 2nd 3rd 4th 5th 6th Average
160 A 165.0 165.0 165.0 165.1 165.8 165.7 165.4
B 165.5 165.0 165.3 165.5 165.8 166.0
20 A 83.4 85.2 84.0 83.9 83.7 85.3 842
B 84.1 83.7 84.4 83.1 85.1 84.5
40 A 45.4 43.0 425 46.4 42.6 453 44.9
B 45.1 46.7 444 47.8 443 44.9

where ¢y, ¢2, ¢3, and c4 are the sensitivity coefficients.
According to “Guide to the Expression of Uncertainty in
Measurement”,[?!! these uncertainties are analyzed as follows.

(1) Sample The uncertainty u; of the sample is mainly
composed of homogeneity and stability:

Uy = \/sﬁ—i—stz,

where sy, is the homogeneity uncertainty and s, is the stability

Y

uncertainty. Homogeneity characterizes the consistent state of
the structure, including between-unit homogeneity and within-
unit homogeneity. For each CD value, we uniformly selected
six measurement areas as the between-unit, and ten measure-
ment positions of each measurement area as the within-unit.
Figure 16 shows the schematic diagram of the measurement
process. Then the sum of squares of the between-unit is

m 1

1 n m n 2
= Zn ;j:ZlWi,j*anZZWi,j

i=1j=1
— pr— 2
()

12)

I
™M= T

i=1

where m = 6 and n = 10. The sum of squares of the within-unit

2
1 n
<Wi,j - Y Wi-,j>
=1

2
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(ngE

I
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I
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(Wij— W) 13)

I
™=

I
~.
I

The uncertainty caused by the homogeneity of the sample
is

l(&_&) if 9~

n\ v V) \% \oN

/102 4/ 1 i QD
n vy vy if Vi < vy !

where vi =m—1 =15 and v, = m(n— 1) = 54. Therefore,
the homogeneity uncertainties sy, for the 160 nm, 80 nm, and

Sh (14)

40 nm CDs are 0.39 nm, 0.37 nm, and 0.46 nm, respectively.
Stability is used to describe the time distribution charac-
teristics of the CD value and can be evaluated by the variation
of multiple measurements for different time intervals at the
same position in the sample. Fitting the obtained data points

to a linear function W = byt + by, where ¢ is the time and W is
the CD value, we can get the stability uncertainty

5= T\/ Y (Wi —bo—bit;)? .
(k=2)Tiy (i — 1 X 1)

In this study, the time period is one year, respectively, in
July 2020, August 2020, September 2020, November 2020,
January 2021, March 2021, and June 2021. Hence, t =
[0,1,2,4,8,12] and T = 12. The stability uncertainties s; of
the 160 nm, 80 nm, and 40 nm CDs are 0.24 nm, 0.60 nm,
and 0.60 nm, respectively. Their uncertainties u; are 0.46 nm,
0.71 nm, and 0.76 nm according to Eq. (11).

5)

CL1L

Measurement position
of each image

aﬁL

Measurement area

Fig. 16. Measurement position for homogeneity test.

(2) Instrument The sample to be measured is magnified
and imaged by the metrological SEM. The basic unit of the
digital image is the pixel, and the actual size represented by a
pixel is closely related to the magnification of the microscope
and the resolution of the image analysis system. Therefore, the
measurement system needs to be calibrated during the mea-
surement process. The uncertainty introduced by the calibra-
tion of the instrument is evaluated by the type-B evaluation.
The “Certificate for Examination of Measurement Standard”
of the metrological SEM shows the relative expanded uncer-
tainty is U] = 3%, k = 2. Then the uncertainty u; is

3%
2
where W, is the nominal CD value. Thus the instrument uncer-

tainties u, of the 160 nm, 80 nm, and 40 nm CDs are 2.40 nm,
1.20 nm, and 0.60 nm.

Uy = X Wh, (16)
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(3) Algorithm In the algorithm, we define the top loca-
tion Iyp as half of the peak intensity of the two edges, as dis-
played in Eq. (2). The inconsistency of the peak intensity of
the left and right edges causes the uncertainty of /i,,. The
bottom location Iyuom 1S the mean value of the baseline inten-
sity. The connection between the edge and the baseline is not
abrupt, but there is a smooth transition area. The uncertainty
of where Lyoom takes the transition area will affect the mea-
surement result. Therefore, the uncertainty of the algorithm
needs to be considered.

160k --zz=z-z -z
140+
>
s
‘m 120+
a
g
g 100+
10) RS —
60 s h . Lbottoml, . T n T
200 400 600 800 1000
z (pixel)

Fig. 17. Measurement position for homogeneity test.

Figure 17 is a schematic diagram of the variation range
of Iiop and Iyoom. The maximum relative measurement error

caused by the algorithm is 2% after statistics. According to
uniform distribution (k = v/3), the uncertainty u3 is

2%
V3

The algorithm uncertainties u3 of the 160 nm, 80 nm, and

X Wh. a7

usz =

40 nm CDs are 1.85 nm, 0.93 nm, and 0.47 nm, respectively.

(4) Repeatability Repeatability is the measurement pre-
cision under a set of repeatable measurement conditions. It
can be expressed as the standard deviation of the arithmetic
mean

N (wi— LyN y)?
Uy = \/ i=1 (VVI Nzl:l VVI) ) (18)

N(N—1)

The sample is continuously measured twelve times. The
repeatability uncertainties u4 of the 160 nm, 80 nm, and 40 nm
CDs are 0.11 nm, 0.21 nm, and 0.56 nm, respectively.

Table 2 displays the uncertainty components (i1, up, us,
u4), the combined standard uncertainty (u.), the expanded
uncertainty (U,k = 2), and the relative standard uncertainty
(Urehk =2).

Table 2. Measurement uncertainty evaluation.

Nominal Uncertainty component (nm) e (nm) U (nm). k =2 Uset (%), k=2
CD (nm) uj U us3 Uy

160 0.46 2.40 1.85 0.11 3.1 6.2 39

80 0.71 1.20 0.93 0.21 1.7 34 43

40 0.76 0.60 0.47 0.56 1.3 2.6 6.5

3.2. Discussion

The method proposed in this article can meet the mea-
surement requirements of a CD value > 40 nm. However, be-
cause the method defined by the laser wavelength traceability
to the SI metre definition is limited by interference fringe sub-
division and nonlinearity, its measurement uncertainty cannot
be further reduced. The traceability method may no longer be
applicable with the CD value decreasing. For example, the CD
below 32 nm in the integrated circuit requires a measurement
uncertainty of less than 10%, in which the proposed method
would not guarantee to meet. At present, the TEM method
based on the crystal lattice has excellent performance at the
atomic scale. However, enough attention needs to be paid to
its limitations, such as the destructive measurement and the lo-
cation of the structure edges which are influenced by the con-
trast, oxygen layers, and the surface roughness, to improve
measurement accuracy. Therefore, the following work will fo-
cus on the research of atomic scale nanometrology based on
TEM.

4. Conclusion

This paper introduces a nano line width reference material
with the 160 nm, 80 nm, and 40 nm nominal CD values that are

measured by a metrological scanning electron microscope and
are traceable to the SI metre definition by the laser wavelength.
The proposed method adopts noise rejection, leveling profile,
half intensity, model characterization, and other ways to im-
prove the CD measurement accuracy. The automatic identifi-
cation and measurement of the CD are realized based on the in-
tensity profile decomposition and the k-means algorithm. We
experimentally analyze the uncertainty caused by the sample,
instrument, algorithm, and repeatability. The relative standard
uncertainties Uy (k = 2) of the 160 nm, 80 nm, and 40 nm CDs
are 3.9%, 4.3%, and 6.5%, respectively. Therefore, the refer-
ence material can be applied to calibrating the length value of
the scanning electron microscope and other nanometer mea-
surement equipment.
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