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Traceability is the fundamental premise of all metrological activities. The establishment of a traceability chain char-
acterized by a shortened structure, while simultaneously enabling on-site traceability, represents a key trend in the advance-
ment of metrology. This study explores the periodic accuracy and overall uniformity of self-traceable gratings, employing
multilayer film gratings with a nominal period of 25.00 nm as the medium. We present a comparative analysis of mea-
surement capabilities in a self-traceable grating calibration system characterized by a ‘top-down’ calibration approach and
a Si lattice constant calibration system characterized by a ‘bottom-up’ calibration approach. The results indicate that the
values obtained for the multilayer film grating periods, calibrated using the self-traceable grating system, are 24.40 nm with
a standard deviation of 0.11 nm. By comparing with the values derived from the Si lattice constant, which yield 24.34 nm
with a standard deviation of 0.14 nm, the validity and feasibility of the self-traceable calibration system are confirmed. This
system extends and complements existing metrological frameworks, offering a precise pathway for traceability in precision

engineering and nanotechnology research.

Keywords: nanometrology, self-traceable standard material, Si lattice constant
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1. Introduction

In the field of nanometrology, the continuous miniatur-
ization of manufacturing processes presents increasing chal-
lenges for measurements at the nanoscale. Ensuring the trace-
ability and accuracy of various critical dimensions (CD), fea-
ture shapes, and profile characterization results is particu-
larly crucial.!'! The precise measurement and characterization
of these parameters are key steps in ensuring product qual-
ity, optimizing process parameters, and calibrating measure-
ment equipment, holding significant importance in industries
such as manufacturing, microelectronics, and integrated cir-
cuits. For instance, in integrated circuit chip manufacturing,
as the logical structure size of chips reaches below 3 nm,
the chip structures have expanded from two-dimensional to
three-dimensional. This necessitates the use of a combination
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of optical, probe, electronic, and x-ray measurement devices
for accurate characterization.[?) Different fusion measurement
devices require various calibration methods, highlighting the
need to establish distinct nanometrological systems to meet
the demands of integrated measurement.

In the existing nanometrology systems, there are primar-
ily two methods for achieving traceable measurements: one is
the ‘top-down’ traceability chain based on laser wavelength,
and the other is the ‘bottom-up’ traceability chain based on
the Si lattice constant. The I,-stabilized 633 nm He—Ne laser
radiation serves as a typical representative of the ‘top-down’
length traceability chain, where the value transfer process
is as follows: International System of Units ‘metre’ — I5-
stabilized 633 nm He—Ne laser interferometer — metrological
testing instruments — standard materials — user instruments.
This traceability chain requires calibration through three steps,
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leading to issues such as value accumulation due to the length
of the traceability chain and low calibration efficiency, result-
ing in continuously decreasing calibration accuracy®! (Fig. 1).
The second method utilizes the Si lattice constant as the refer-
ence for a ‘bottom-up’ traceability chain. In 2018, the 26th
International Conference on Weights and Measures recom-
mended using the Si lattice spacing (dayo = 192.0155714 x
10~'2 m) as an auxiliary means for the definition of the me-
ter in nanometric geometric applications.!*! This established

Laser
interferometry

a ‘bottom-up’ value transfer method that employs the Si lat-
tice spacing as an internal ruler to determine the dimensions
of nanostructures. In static applications, to obtain atomi-
cally resolved measurement images, transmission electron mi-
croscopy (TEM) is generally employed, which is considered
a destructive measurement. Meanwhile, in dynamic applica-
tions, the displacement measurement range of x-ray lattice in-
terferometers is typically around 10 pm, making the expansion

of the measurement range a key area of research.

Physical
standards

SI unit (m)

Self

traceable
standards

Fig. 1. Comparison of the traditional traceability chain based on wavelength (upper) and the self-traceable shortened traceability chain (lower).!)

To meet the metrological testing requirements in the field
of micro-displacement measurements for advanced nanofabri-
cation, the team led by Academician Tongbao Li from Tongji
University proposed a shortened nanometrology system based
on Cr self-traceable gratings.!®! The core of this system lies
in the application of atomic lithography technology to mate-
rialize the physical wavelength standard corresponding to the
Cr atomic transition frequency of 7Sz —’Py into self-traceable
gratings, which can be directly used for calibrating measure-
ment instruments. A value comparison with the metrologi-
cal atomic force microscope (AFM) from the Physikalisch-
Technische Bundesanstalt (PTB) confirmed the feasibility of
the traceability chain based on Cr self-traceable gratings.
This self-traceable calibration system not only shortens the
traceability chain and enhances calibration efficiency but also
serves as a beneficial complement to traditional ‘top-down’
calibration systems based on laser wavelength standards. !

However, the comparison between different traceability
chains is crucial for verifying the accuracy of the value trans-
fer system. The research team led by Gaoliang Dai con-
ducted comparative measurements of Si structure linewidths
by contrasting the ‘top-down’ and ‘bottom-up’ traceability
systems.®! The measurement results demonstrate that each
method possesses distinct advantages and limitations, with the
‘bottom-up’ approach demonstrating higher measurement res-
olution and accuracy. The comparative measurement of the
metrological means from both traceability methods is ben-

eficial for enhancing overall calibration capability. Based
on this, we recognize the importance of conducting compar-
isons between different traceability chains. Currently, the self-
traceable calibration system has only undergone value com-
parisons with the ‘top-down’ calibration system.

To conduct a comparative study on the accuracy between
Cr self-traceable gratings and Si lattice constants, it is essen-
tial to select appropriate measurement instruments and com-
parison measurement substrates. In terms of measurement in-
struments, AFM, with its capability to image at the nanoscale
and even atomic level, has become a key tool for obtaining
critical data such as surface roughness and morphology. How-
ever, it is well known that due to the inherent characteris-
tics of piezoelectric ceramics, there is a nonlinear relationship
between the actual displacement of the scanner and the ap-
plied voltage during the measurement process, which can in-
troduce measurement errors of 5% to 10%.1% Thus, selecting
AFM as the comparative measurement instrument is an effec-
tive means to validate the cross-scale calibration accuracy of
self-traceable gratings. Regarding the comparison measure-
ment substrates, on the one hand, atomic-level images must be
obtained for the substrates, necessitating that the grating pe-
riod should generally not exceed 50 nm. On the other hand,
since AFM and TEM cannot be positioned on the same area,
the structural consistency and uniformity within the compar-
ison substrate itself are critical; otherwise, the results may
only reflect structural deviations within the sample. The core
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of multilayer film deposition technology is to translate film
thickness into linewidth structures, providing exceptional uni-
formity while enabling the fabrication of sub-50 nm grating
structures, thus offering advantages in uniformity as a com-
parison substrate. Additionally, the Si substrate of the Si/SiO;
multilayer film grating technology provides atomic-level inter-
planar spacing information for the calibration of grating period
or linewidth,!”! thereby meeting the stringent requirements for
both Si lattice constant and self-traceable grating comparisons.
Inspired by the above factors, this study proposes to uti-
lize multilayer film gratings as the comparison substrate and
employ AFM and TEM as measurement tools to conduct a
comparative study on the metrological calibration accuracy
between self-traceable gratings based on Cr atomic transition
frequency and Si lattice constants. This research leverages the
periodic accuracy and consistency of self-traceable gratings to
directly calibrate the AFM, ensuring the traceability and accu-
racy of its measurement results. By customizing the linewidth
measurement of the TEM based on the Si lattice constant, the
traceability and accuracy of the TEM measurements can be
guaranteed. Additionally, the excellent uniformity of multi-
layer film gratings ensures structural consistency in the com-
parative measurements. The research aims to verify the accu-
racy and consistency levels of different value transfer methods
through comparative studies. This study holds significant im-
portance for the integrated circuit field regarding the hybird
measurement and metrology of gratings and linewidths.

2. Principal, fabrication and measurements
2.1. Manufacturing principle of self-traceable gratings

Using Cr as a case study, the self-traceable grating tech-
nology materializes the physical standard wavelength by pre-
cisely locking onto the specific transition frequency (’S3—"Py)
of Cr atoms, thereby establishing traceability of the grating
pitch to the wavelength value corresponding to this transition
frequency.®) The manufacturing process entails evaporating
Cr in a vacuum environment at approximately 1600 °C to gen-
erate a Cr atomic beam. A laser, intentionally detuned rela-
tive to the transition frequency, is employed to cool the lateral
velocity of the selected Cr atomic beam through the Doppler
cooling principle. The collimated Cr atoms are subsequently
converged within the laser standing wave field, where deposi-
tion occurs at the antinode or node positions according to the
wavelength detuning, resulting in the formation of a periodic
one-dimensional grating structure characterized by high accu-
racy and reliability, as illustrated in Fig. 2. Two laser beams
are stabilized near the 7S; —7P, transition frequency of Cr
atoms, leading to a grating pitch that is half the wavelength
of the standing wave field, which is traceable to the transi-
tion frequency of the Cr atom. Consequently, the Cr grating

pitch exhibits self-traceable properties. The one-dimensional
self-traceable grating produced via this method demonstrates
exceptional accuracy and consistency, with measurements on
the order of 0.001 nm. 13!

Cr atom beam

yVY vy

Laser wavelength Laser wave th
A A

[Ultra-low expansion glass

Fig. 2. Principle of the Cr self-traceable grating.!>*!

2.2. Manufacturing of multilayer film gratings

The manufacturing process of multilayer film gratings is a
technique that translates the thickness values of deposited film
layers into linewidth and grating pitch measurements.!'%) The
preparation workflow is depicted in Fig. 3. Utilizing ion beam
sputtering technology, we sequentially deposit alternating lay-
ers of 15 nm Si and 10 nm SiO; to construct the multilayer
film structure. In this configuration, the 15 nm Si layer is des-
ignated as the linewidth, while the 10 nm SiO; layer acts as a
spacer, with the entire structure repeated for 60 cycles. This ar-
rangement ensures stability and exceptional uniformity among
the film layers across a broad range. Following this, two sam-
ples with identical deposited film layers undergo processes of
bonding, cutting, grinding, and polishing. Wet etching is then
performed using an HF solution to produce standard samples,
which are subsequently mounted on a substrate for further ap-
plication.

vy
=

4-inch
wafer

Multilayer

side

(i) Deposition

Multilayer
C - film sample
[

(v) Mount

(iv) Polish and wet etch

(ii) Bond

[ Si film
M SiO, film

[1 si substrate

(iii) Cut and grind

Fig. 3. Fabrication process of the multilayer film grating. ']
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2.3. Measurement methods for grating pitch

For grating images obtained via AFM, the gravity cen-
ter method is commonly employed to calculate the grating
period.['1?! This method centers on determining a threshold
line between the top and bottom lines of the grating structure
based on a preset percentage p%, and subsequently calculat-
ing the centroid of the upper structure above this threshold line
to accurately ascertain the average grating pitch and positional
deviation, as illustrated in Fig. 4. The specific process is as
follows: (i) Removal of ripple artifacts: The grating profiles
obtained from AFM measurements often exhibit undesirable
ripple artifacts coupled with the actual profiles, leading to er-
roneous identification of structural boundaries and impacting
measurement accuracy. Therefore, this study first employs a
phase-corrected low-pass filter to process the profile data, ef-
fectively recognizing and filtering out ripple artifacts. (ii) Pro-
file line interpolation: Given that the grating profile is sam-
pled as discrete data at a certain pixel density, the limitation
in pixel quantity makes it challenging to accurately determine
the boundary structure of the grating. We perform linear inter-
polation on the profile line based on the measured data points
and the instrument noise level, thereby enhancing the accuracy
of boundary recognition. (iii) Calculation of average grating
pitch: By utilizing the spatial coordinates of the centroids of
each grating structure within the scanning range, we apply a
linear fitting method to determine the slope of the fitting line

and subsequently compute the average grating pitch.

Top line

X

Fig. 4. Principle of the centroid method for calculating grating period.

3. Experiments

This experiment utilizes self-traceable national primary
standard materials. The PTB measured the average pitch
difference between any two self-traceable gratings, yield-
ing a result of 0.001 nm with an uncertainty of 0.008 nm.
The calibrated instrument is a commercial AFM placed in a
temperature-controlled room with an ambient temperature of
(20 £ 1) °C, temperature fluctuations of < 0.2 °C/h, humid-

ity of 40 £20% RH, and humidity fluctuations of < 5% RH.

Prior to calibration, the AFM stage is kept level, and the self-
traceable grating sample is allowed to rest on the stage for
30 minutes. When selecting the calibration position, care is
taken to avoid areas with pits, scratches, or contamination on

the grating.

3.1. AFM calibration method based on self-traceable grat-

ings

In small-scale scanning ranges, measurement errors arise
from issues such as the nonlinear effects of the AFM scan-
ning probe and the probe expansion effects, creating an ur-
gent need for calibration. The self-traceable grating exhibits
extremely high precision in pitch, exceptional consistency be-
tween samples, and well-defined line edges, thereby meeting
the nonlinear calibration requirements for AFM in small-scale
scans. We employed a one-dimensional Cr self-traceable grat-
ing to calibrate the nonlinear errors of the commercial AFM.
The images obtained from scanning a 1 pm X 1 pum area of the

self-traceable grating are illustrated in Fig. 5.

6 )

Height sensor 1.0 pm

Fig. 5. Image of the self-traceable grating obtained by AFM within a
scanning range of 1 pm x 1 pm.

Based on the gravity center method, five positions are ran-
domly selected from each of the four scanned images, and the
average period value for each image is calculated, as shown
in Table 1. This value was then compared with the average
period obtained from the uncalibrated AFM within the same
scanning range to derive the calibration factor K, as expressed
by the following formula:

K= dCr
darM

where dc; is the period of the self-traceable grating obtained
using the gravity center method, and dapy is the period mea-
sured by the uncalibrated AFM. Given that the pitch of the
self-traceable grating is d = 212.782 £ 0.008 nm (k = 2), the
calibration factor K is determined to be 0.9922.
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Table 1. Calibration factor obtained from the comparison of the self-traceable grating period d = 212.782 £ 0.008 nm (k = 2) with the uncali-

brated AFM.
Number Area 1 Area 2 Area 3 Area 4 Area 5 Average period (nm) Calibration factor K
Image 1 214.399 214.425 214.336 214.468 214.373 214.400 0.9925
Image 2 214.429 214.261 214.274 214.533 214.340 214.367 0.9926
Image 3 213.922 214.753 214.686 214.534 214.768 214.533 0.9918
Image 4 214.467 214.461 214.398 214.527 214.483 214.467 0.9921

3.2. Characterization of multilayer film gratings post-
calibrated AFM

Following the precise calibration of the AFM, we em-
ployed it to measure the period of Si/SiO, multilayer film grat-
ing samples with a nominal value of 25 nm. Scanning was
conducted at ten randomly selected positions across the top,
middle, and bottom regions of the sample. To account for
the differing nonlinear effects associated with various scan-
ning ranges, we chose a scanning area of 1 um x 1 um, which
corresponds to the scale of the self-traceable grating used dur-
ing the AFM calibration, as depicted in Fig. 6.

The acquired grating scanning images were imported into
Matlab software, where the gravity center method described
in Subsection 2.3 was employed to calculate the period of the
multilayer film gratings. To convert these measurements into
final AFM results, we multiplied the measured values by the
calibration factor K. The calculated measurement values for
the period of the multilayer film gratings are presented in Ta-
ble 2. Based on the calibration using self-traceable gratings,
the final linewidth value determined by the AFM is 24.40 nm,

with a standard deviation of 0.11 nm.

1.0 pym

Height sensor

1.0 um

Height sensor

Fig. 6. Image of the multilayer film grating structure obtained by AFM within a scanning range of 1 pm x 1 um.

Table 2. Calibrated results of multilayer film gratings before and after
AFM calibration.

Number Original  Calibrated Number Original Calibrated
period (nm) period (nm) period (nm) period (nm)

1 24.51 24.32 6 24.39 24.20

2 24.65 24.46 7 24.74 24.55

3 24.69 24.50 8 24.57 24.38

4 24.57 24.38 9 24.72 24.53

5 24.48 24.30 10 24.59 24.40

Average period (nm) 24.40 Standard deviation (nm) 0.11

3.3. TEM validation measurements based on Si lattice

To cross-validate the integrity of the self-traceable sys-
tem and the feasibility of calibration, a Si lattice-calibrated
TEM was employed as the verification method. The measure-
ments were performed using a Talos F200X G2 transmission
electron microscope. Given that the multilayer film samples
were composed of amorphous Si and lacked information on Si

crystal planes necessary for direct measurement, it was essen-

tial to extract Si crystal plane information from the underlying
Si substrate. For traceable measurements, the structure of the
multilayer film Si grating and the Si substrate was displayed
at a magnification of 36k, with localized measurements con-
ducted at a magnification of 500k, as illustrated in Fig. 7(a).
In the high-magnification TEM measurement mode, accurate
Si lattice periods were derived from the interference pattern
of the transmitted electron beam, yielding TEM images that
are traceable to SI units. This approach utilizes the Si lattice
spacing as a reproducible method for defining the meter at the
nanoscale. Figure 7(b) illustrates the structure of the multi-
layer film grating at a magnification of 22.5k.

The specific calibration procedure is as follows. The mi-
crograph of the Si lattice spacing obtained from the TEM at a
magnification of 500k was analyzed using the integrated soft-
ware Digital Micrograph. Ten lattice spacings were selected
from the scanned image, as shown in Fig. 8. A total of ten

measurements were repeated to determine the calibration fac-
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tor for the Si lattice-calibrated TEM:

k= dl() pxSi 1
pxyg Tsi dsi’

where dg is the 10 nm calibration standard, px is the number
of pixels corresponding to the 10 nm standard, pxg; is the num-
ber of pixels corresponding to the lattice periods of Si lattice
Tsi, and ds; is the lattice length of Si in the (111) crystallo-
graphic direction, with dsj = 0.314 nm. Thus, the calibration
factor k = 0.987.

(a)

Fig. 7. (a) TEM image of the multilayer film grating structure and Si
substrate; (b) TEM image of the multilayer film grating structure.

Table 3. Calibrated results of multilayer film gratings before and after
TEM calibration.

Number Original  Calibrated Original Calibrated
period (nm) period (nm) period (nm) period (nm)

1 24.55 24.23 6 24.81 24.49

2 24.72 24.40 7 24.86 24.54

3 24.47 24.15 8 24.81 24.49

4 24.59 24.27 9 24.73 2441

5 24.51 24.19 10 24.59 24.27

Average period (nm) 24.34 Standard deviation (nm) 0.14

At the same scale (10 nm), we conducted multiple scans
of the multilayer structure using TEM. Figure 8(b) presents
a single multilayer structure at a magnification of 500k, with
the image imported into Matlab for analysis. By measuring
the number of pixel points corresponding to the period of the
single multilayer film and applying the previously calculated

calibration factor, we obtained the final calibrated result for the
multilayer film based on the Si lattice calibration as 24.34 nm,
with a standard deviation of 0.14 nm. The specific measure-
ment results are detailed in Table 3.

Ll
i

Fig. 8. (a) Pixel points of the Si (111) crystal plane spacing. (b) Pitch of
a single period of the multilayer film.

3.4. Discussion

We employed the AFM calibrated using the self-traceable
grating to ascertain the period of the multilayer film grating
and conducted a comparative analysis with the results obtained
from TEM calibrated against the Si lattice constant. Our re-
sults reveal a measurement value deviation of 0.06 nm be-
tween the two calibration methods, corresponding to a relative
error of 0.25%. This consistency between the measurement
outcomes substantiates the coherence of value transfer within
both the self-traceable grating traceability chain and the Si lat-
tice traceability chain.

4. Conclusion and perspectives

In the realm of nano-manufacturing, precision measure-
ment technology is pivotal for ensuring product quality and
performance. Achieving high accuracy and reliability necessi-
tates consistency across various measurement systems. This
study introduces a novel shortened traceability chain based
on the Cr atomic transition frequency (’S3 —>7P4) and uti-
lizes self-traceable gratings fabricated via atomic lithography
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to calibrate AFM nonlinearities and probe expansion effects,
specifically for determining the period of a Si/Si0O; multilayer
film grating with a nominal value of 25 nm. Validation results
show a measured value of 24.40 nm using the self-traceable
grating calibration system, closely aligning with the TEM re-
sult of 24.34 nm calibrated against the Si lattice constant. This
agreement confirms the accuracy of the self-traceable short-
ened traceability system.

In this static calibration process, the method not only en-
hances calibration convenience but also enables direct calibra-
tion in real working environments, effectively avoiding po-
tential errors from equipment relocation. Additionally, this
approach offers nondestructive measurement, crucial for pre-
serving high-value, fragile, or irreplaceable samples. It al-
lows precise measurement without compromising sample in-
tegrity, thus ensuring the authenticity of measurement data.
Furthermore, self-traceable gratings can be applied in dynamic
calibration by integrating them into grating interferometers,
enhancing measurement capability in the micro-displacement
domain.?"! However, current limitations in preparation meth-
ods and principles restrict the grating area, posing certain con-
straints. To meet the need for larger measurement areas, the
research team is exploring splicing atom lithography??! to fur-
ther expand the measurement range.
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