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Abstract
With the progress in nanotechnology, the importance of nanodimensional standards is increasing. Realizing nanodimen-
sional standards requires multiple types of high-precision microscopy techniques. The National Metrology Institute of Japan 
(NMIJ), one of the research domains in the National Institute of Advanced Industrial Science and Technology (AIST), is 
developing nanodimensional standards using atomic force, transmission electron, and scanning electron microscopes. The 
current status of nanodimensional standards in NMIJ is introduced herein.
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1 Introduction

With the progress in nanotechnology, the importance of 
dimensional nanometrology, which is the precise meas-
urement of the dimensions of developed nanostructures, 
is increasing. To perform nanometrology precisely, highly 
reliable nanodimensional standards technology is required. 
Realizing nanodimensional standards technology requires 
developing multiple types of high-precision microscope 
technologies and an effective sample preparation technol-
ogy for microscopes. National Metrology Institutes (NMIs) 
worldwide have developed various nanodimensional stand-
ards, such as the pitch of a one-dimensional grating [1, 2], 
pitch of a two-dimensional grating [3], step height [4, 5], 
linewidth [6, 7], degree of surface roughness [8], and size 
of standard nanoparticles [9, 10], as measured using several 
types of instruments [11].

The National Metrology Institute of Japan (NMIJ), the 
NMI in Japan and one of the seven research domains in 
the National Institute of Advanced Industrial Science and 
Technology (AIST), was reorganized in April 2020, and the 

Nanodimensional Standards Group was established. The 
group is working to develop nanodimensional standards 
using several types of microscopes, such as metrological 
atomic force microscopes (metrological AFMs) [12–14], 
scanning probe microscopes (SPMs) [15, 16], a scanning 
electron microscope (SEM) [17, 18], and a transmission 
electron microscope (TEM) [19]. Moreover, using these 
technologies, we aim to contribute to society through cali-
bration services, the distribution of certified reference mate-
rial (CRM) [20], standardization [21, 22], and collaboration 
(both inside and outside the group). Herein, the current sta-
tus of the activities of the group is described.

2  Atomic Force Microscope

2.1  Metrological Atomic Force Microscope

This subsection introduces a new metrological AFM. We 
previously developed atomic force microscopes equipped 
with high-resolution laser interferometers (metrological 
AFMs) [22–24]. We also provided calibration services for 
measuring the pitches of one-dimensional [23] and two-
dimensional [23] gratings, step height [24], and surface 
roughness [25] using metrological AFMs. Recently, we 
developed a new metrological AFM and started a linewidth 
calibration service. Building upon our previous work, we 
developed a metrological AFM with a tilt probe mechanism 

 * Ichiko Misumi 
 misumi.i@aist.go.jp

1 National Institute of Advanced Industrial Science 
and Technology, AIST Tsukuba Central 5, 1-1-1 Higashi, 
Ibaraki 305-8565 Tsukuba, Japan

http://orcid.org/0000-0001-5431-7298
http://orcid.org/0000-0002-9638-0006
http://orcid.org/0000-0003-4153-3885
http://orcid.org/0000-0002-3740-0687
http://orcid.org/0000-0002-4642-1690
http://orcid.org/0000-0002-1914-8553
http://crossmark.crossref.org/dialog/?doi=10.1007/s41871-021-00119-1&domain=pdf


8484  Nanomanufacturing and Metrology (2022) 5:83–90

1 3

(tilting-mAFM) that extends the 3D nanomeasurement func-
tion for high-resolution topography measurement on the sur-
face of the vertical side wall and traceable measurement of 
nanodevice linewidth [24]. In the new mAFM, the tip of the 
tilting-mAFM probe is tilted vertically up to 16° so that it 
can be traced in contact with the vertical sidewalls of the 
nanoscale line patterns. Conventional AFM probes cannot 
reach the vertical sidewall due to the finite cone angle. The 
displacement of the probe was measured on three axes using 
a high-resolution laser interferometer that was traceable to 
the national standard of length. The parallel spring construc-
tion of the centrally symmetric 3D scanner enabled probe 
scanning with very low crosstalk between axes. A unique 
technique was also developed to scan the vertical sidewalls 
that showed high reproducibility in the scan profile and side 
wall angle measurements. Further, the 3D measurements of 
line patterns were demonstrated, and data from both side-
walls were combined with subnanometer accuracy (Fig. 1).

The linewidth, which is the critical dimension (CD) of 
a nanoscale line pattern, was calibrated using the tilting-
mAFM [26]. The tilting probe allows the scanning of the 
vertical sidewalls of the line pattern. In the measurement 
of the linewidth, two measurements on each side of the line 
pattern were made using the tilting-mAFM; the two datasets 
were stitched; and the complete shape of the line pattern 
was reconstructed. Moreover, the CD based on this pattern 
was measured. To validate this CD calibration procedure, 
a linewidth standard with subnanometer-scale uncertainty 
[27] was used as the measurement sample. The CD cali-
brated with tilting-mAFM was 111.2 nm, and the expanded 
uncertainty was 1.0 nm. This uncertainty is the minimum 
uncertainty observed during CD measurements reported 
using a tilted AFM. Moreover, the difference between this 
CD value and the CD reference value was only 0.2 nm. 
This result shows that a tilting-mAFM can be used for CD 
measurements with single nanometer accuracy. We are cur-
rently providing the calibration service of CD using the 
tilting-mAFM.

2.2  AFM Probe Characterizer

An AFM can measure the nanostructures of size from 
several hundred nanometers to atomic structures as three-
dimensional images, which cannot be seen with an opti-
cal microscope. However, artifacts (shape errors) arise 
in AFM measurements because AFM probes are several 
nanometers to tens of nanometers in size. To realize highly 
accurate nanomeasurement without shape errors, we devel-
oped a probe characterizer to be used with an AFM [25]. 
Figure 2 shows a schematic of the AFM probe character-
izer [15]. The AFM probe characterizer uses thin plate 
knife edges to measure the cross-sectional shape of the 
AFM probe and multiple gaps of different sizes to meas-
ure changes in the aspect ratio of the probe. The aspect 
ratio of the probe can be measured from the character-
izer’s AFM image, and the relationship between the width 
and length of the probe can be displayed (Fig. 3) [15]. 
The probe shape function allows the shape correction of 
the nanomaterial morphology. Based on this technology, 
“ISO 13095: 2014 Surface Chemical Analysis—Atomic 
force microscopy—Procedure for in situ characterization 
of AFM probe shank profile used for nanostructure meas-
urement” [21] has been established by ISO TC 201 SC9 
(ISO 201 Committee, surface chemistry analysis, scanning 
probe microscope).

Fig. 1  Three-dimensional shape measurement of a silicon line pattern 
using a metrological atomic force microscope with a tilt probe mech-
anism (tilting-mAFM)
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Fig. 2  Schematic of the probe characterizer

Fig. 3  An example of the probe shape analyzed from the averaged 
line profile of the probe characterizer
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3  Scanning ew32 Microscope

As with other microscope technologies, spatial image 
resolution is one of the greatest concerns for both equip-
ment manufacturers and the users of SEMs. Considerable 
care must be taken when the image resolution is evaluated 
because resolution is one of the important indicators of 
SEM equipment performance. The spatial resolution of an 
SEM depends on the diameter of the primary electron (PE) 
beam, image contrast, and signal-to-noise ratio. There are 
several evaluation methods for spatial resolution, e.g., the 
PE beam diameter evaluation [28], gap method [29], Fou-
rier transform (FT) method [30], derivative (DR) method 
[31], contrast-gradient (CG) method [32], and correlation 
method [33]. Each of these methods has its advantages and 
disadvantages. For example, the gap method, which is a 
simple and common method of specifying the resolution 
of an SEM image that measures the smallest visible gap 
between two particles in an image, remains unclear and the 
reproducibility is low because it detects the smallest gap 
with the human eye. ISO TC 202, Microbeam Analysis, 
Subcommittee SC 4, Scanning electron microscopy has 
standardized the methods of image resolution measure-
ment by building a consensus among related industries 
and research areas. Further, a published technical speci-
fication provides image analysis procedures for FT, DR, 
and CG methods [34]. Recently, the committee has begun 
to develop a new international standard for quantitatively 
determining image sharpness by adopting the DR method 
from the three methods of technical specifications [35].

The main purposes of evaluating image resolution are 
to evaluate the device performance and to visualize the 
SEM operator’s skill. The image sharpness value is the 
value given to each SEM image that reflects all the factors 
related to image formation. According to the SEM image 
formation principle, an SEM image depends on the sam-
ple, electron optics system, and observation conditions of 
the device. Therefore, when performing image sharpness 
evaluation for the above purposes, using the same sample 
and fixing at least the parameter of the sample are neces-
sary. Considering the requirements and convenience of 
technical specifications, the sample for image sharpness 
evaluation should meet the following characteristics: (1) 
Magnification calibration and image sharpness evalua-
tion can be performed on the same sample; (2) No image 
contrast abnormality due to the edge effect or charging 
should occur; (3) The image contrast is stable over a wide 
accelerating voltage range; and (4) The sample has a par-
ticle structure. Considering the above four conditions, a 
sample for image sharpness evaluation was designed with 
a dot array in which tungsten dots are arranged in a grid 
pattern at a constant pitch d on a silicon substrate as the 

basic structure and is manufactured via a semiconductor 
process (Fig. 4) [17, 18]. Tungsten dots in the SEM image 
show a bright contrast against the silicon substrate, and 
the contrast is stable in the accelerating voltage range of 
general-purpose SEMs. The dot pitch is certified, and it 
can be used to determine the pixel size of an SEM image, 
in other words, to calibrate the magnification. The image 
sharpness value can be obtained in the dimension of length 
by performing image sharpness evaluation using the DR 
method on the image whose magnification has been cali-
brated using the dot array. Three types of dot arrays, i.e., 
A, B, and C with different dot diameters and pitches, are 
arranged, and these can be used in a wide range of mag-
nifications of conventional SEMs. This sample has under-
gone a certification process at NMIJ, AIST, and is supplied 
as a CRM “NMIJ CRM 5207-a Tungsten Dot array” with 
dot pitches as the certified values [20]. The SEM images 
of NMIJ CRM 5207-a are shown in Fig. 5.

The uncertainty of the dot pitch of the CRM was 
evaluated [17]. The major uncertainty components are 
the homogeneity of samples, fluctuation of the dot pitch 
within ten samples, fluctuation of the dot pitch within three 
fields of view, fluctuation of the dot pitch within 11 rows 
in a secondary electron image, fluctuation of the dot pitch 
within ten intervals in a row, fluctuation of the dot pitch 
within repeated image acquisitions, microscale for magni-
fication calibration, and image digitization. Table 1 shows 
the uncertainty budget of the dot-pitch values for Array 
B, and Table 2 shows the certified values and expanded 
uncertainties.
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Fig. 4  a Whole view of the NMIJ CRM 5207-a; b schematics of the 
tungsten dot-array part



8686  Nanomanufacturing and Metrology (2022) 5:83–90

1 3

4  Transmission Electron Microscope

Traceability has been mainly ensured through nanodimen-
sional standards calibrated to the international system of 

units (SI) traceable in industrial fields. NMIs have mainly 
developed AFMs equipped with laser interferometers 
(metrological AFMs) to calibrate nanodimensional stand-
ards. Metrological AFMs have ensured traceability to SI 
by calibrating the frequencies of the light sources of laser 
interferometers. However, the miniaturization of nanodi-
mensional standards is progressing rapidly, and the uncer-
tainty in the calibration of the nanodimensional standards 
is not sufficiently small due to the uncertainty derived 
from the metrological AFMs, such as the periodic error 
of the laser interferometer [36]. This limit has become 
apparent in the fact that only laser frequencies have been 
recommended as Mise en pratique (MeP) for the definition 
of the meter in the SI. The International Committee for 
Weights and Measures (CIPM), Consultative Committee 
for Length (CCL) recommended the value of Si lattice 
parameters as MeP for the definition of the meter in the SI 
in 2019 [5, 37–40]. Three guidelines for secondary realiza-
tions were also proposed in 2019 as follows.

• CCL-GD-MeP-1: Secondary realization of the SI meter 
using silicon lattice parameter and X-ray interferometry 
for nanometer- and subnanometer-scale applications in 
dimensional nanometrology

• CCL-GD-MeP-2: Secondary realization of SI meter 
using silicon lattice and transmission electron micros-
copy for dimensional nanometrology

• CCL-GD-MeP-3: Secondary realization of SI meter 
using the height of the monoatomic steps of crystalline 
silicon surfaces

The technical background of the CCL-GD-MeP-2 is 
briefly explained as follows. Techniques such as X-ray scat-
tering can provide a link to the Si lattice spacing for a par-
ticular measurement (particularly film thickness) defined 
over a wide sampling area. However, various types of trans-
mission electron microscopes appear to be the most suit-
able binding method for highly localized measurements of 
specific nanostructures. Both NIST (NMI in the US) and 
PTB (NMI in Germany) have made significant efforts in 
dimensional nanometrology that rely on this approach. The 
NIST Single Crystal Critical Dimension Reference Material 
project was a multigenerational effort to develop standards 
for linewidth measurements below 100 nm [6, 41–44]. The 
purpose of this project was to establish traceable linewidth 
measurements for specific crystalline Si nanostructures. In 
such measurements, the measurement target is localized by 
a unique mutual navigation index. Only native Si oxide is 
present on the Si structure used in such measurements. A 
common approach is to use a critical dimensional atomic 
force microscope (CD-AFM) as a comparator between those 
structures cross-sectioned for TEM and those that remain. 
The expanded uncertainty using this common approach is 

1.5 mm                     200 nm
(a)                       (b)

Fig. 5  SEM images of NMIJ CRM 5207-a: a whole view; b the tung-
sten dot-array part (Array B)

Table 1  Uncertainty budget of the dot-pitch values for Array B

Name of uncertainty component Uncertainty component 
(nm)

x-direction y-direction

Homogeneity 0.026 0.060
Sample 0.006 0.054
Field of views (FOV) 0.007 0.003
Rows 0.005 0.006
Intervals in a row 0.024 0.024
Repeated image acquisitions 0.002 0.001
The microscale for magnification calibra-

tion
0.995 0.995

Image digitization 0.672 0.672
Combined standard uncertainty 1.202 1.204
Expanded uncertainty (coverage factor, 
k = 2)

2.4 2.4

Table 2  Certified values and expanded uncertainties of the dot 
pitches

Dot array Dot pitch (nm) (certi-
fied value)

Expanded uncertainty 
(coverage factor, k = 2) 
(nm)

A x 119.0 1.5
y 119.0 1.5

B x 199.1 2.4
y 199.1 2.4

C x 597.7 7.3
y 597.7 7.3
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0.6 nm (k = 2). However, the standard samples distributed to 
users expanded the uncertainty (k = 2) between 1.5 and 2 nm. 
Using TEMs to achieve this overall approach and traceabil-
ity has been generally accepted in the field of dimensional 
nanometrology, especially in semiconductor metrology. In 
fact, vendors with secondary standards for the industry have 
introduced a similar approach to calibrate one of their prod-
ucts [45]. PTB has independently implemented conceptu-
ally relevant methodologies [46–48]. The PTB implemen-
tation of CD-AFM is based on a method known as Vector 
Approach Probing. The final uncertainties in implementing 
NIST and PTB were found to be similar. However, the poten-
tial for outliers suggests that the PTB method can potentially 
extend to even lower uncertainties. PTB, in collaboration 
with commercial standard sample vendors, has developed a 
standard sample for commercially available crystalline sili-
con linewidth standards.

Unfortunately, these previous studies and CD-S/TEM 
are not easily applicable for measuring subnanometer-
scale hyperfine structures. Measurement uncertainty must 
be reduced to at least the picometric scale to achieve such 
measurements. The TEM measurement target is limited to 
the CDs of materials containing Si single crystals because 
the magnification calibration is performed through direct 
image calibration [39]. Ordinal measurements using TEM 
require calibration (transfer image calibration [39]) fol-
lowed by the replacement of reference material (such as a 
crystalline Si sample) with the desired sample. However, 
in TEM measurements, sample replacement (i.e., when the 
sample holder is removed from the TEM sample chamber 
and reintroduced into the TEM sample chamber and then the 
alignments of the electromagnetic lenses are adjusted) can 
cause variations with respect to magnifications calibrated 
based on the reference material [39]. The magnification vari-
ation of TEM images is considered to be a major source of 
uncertainty in TEM measurements. Therefore, suppressing 
this magnification fluctuation is important for realizing sub-
nanometer measurement. Furthermore, revealing the major 
elements of magnification variation in the TEM images of 
subnanometer-scale hyperfine structures is essential.

We experimentally evaluated the measurement uncer-
tainty due to the magnification variation of the TEM image 
by the instrument and the measurement error of the mag-
nification calibration by comparing the measurements of 
the Si lattice spacing d220 under various conditions [19]. 
An example TEM image of Si (220) is shown in Fig. 6. 
The uncertainty components evaluated were interday mag-
nification variation, intraday repeatability, the rotation of 
the TEM image by 90°, specimen exchange, error in the 
incident electron beam direction, defocusing, the magnetic 
hysteresis of the objective lens, the magnetic hysteresis of 
the intermediate lenses, projection lens distortion, quantiza-
tion error, and cosine error. Table 3 shows the results of the 

uncertainty evaluation. The uncertainty evaluation revealed 
that the change in magnification over time, magnetic history 
of the intermediate lens, and aberration of the projection lens 
are the major sources that give uncertainty to the measured 
value.

In the future, we will analyze changes in the lattice spac-
ing distance caused by silicon thin film processing. Further, 
we will develop an absolute length measurement technology 
for the lattice plane spacing distance via the tilted-mAFM.

5  Sample Preparation Technology

The need to accurately measure the size distribution of nano-
particles is increasing to meet the new regulations that are 
being implemented [49]. For example, dynamic light scat-
tering [50, 51] provides good ensemble data for particle size 

Fig. 6  TEM image of Si (220)

Table 3  Evaluation results of the uncertainty for the measured d220 
values of Si crystal due to the TEM instrument (JEOL, JEM-3000F) 
and measurement errors

Name of uncertainty component Uncertainty 
component

Interday magnification variation 0.27 pixels
Intraday repeatability 0.08 pixel
Rotation of TEM image by 90° 0.05 pixels
Specimen exchange 0.03 pixels
Error in incident electron beam direction Negligible
Defocusing 0.04 pixels
Magnetic hysteresis of the objective lens 0.03 pixels
Magnetic hysteresis of intermediate lenses 0.12 pixels
Projection lens distortion 0.08 pixels
Quantization error 0.06 pixels
Cosine error Negligible
Combined standard uncertainty 0.33 pixels
Expanded uncertainty (coverage factor, k = 2) 0.66 pixels
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as long as the size distribution is narrow. For samples with 
a wide size distribution, although the number of observed 
particles is often too small to provide high-quality statistical 
data, microscopy (electron microscopy [52, 53] or atomic 
force microscopy [54]) is a reliable way to estimate the dis-
tribution. This chapter focuses on providing a means to pro-
duce sufficient-quality nanoparticle samples for microscopy.

When the suspension is dropped onto the substrate, nano-
particles are deposited in a ring (coffee ring effect [55]). 
Because the particles are stacked in a ring, identifying the 
isolated particles needed to obtain a reliable value for the 
particle size is difficult. In this case, the coffee ring effect 
can be avoided by vertical colloidal deposition [56]; how-
ever, horizontal particle separation cannot be achieved. Sep-
arating particles is essential for obtaining an accurate size 
distribution of nanoparticles using a microscope.

Nanoparticle-specific deposition methods have already 
been determined. For example, gold nanoparticles can be 
adsorbed onto a silicon substrate in a nearly isolated man-
ner by simply immersing the substrate in a suspension [57]. 
However, there is often no guarantee that the original size 
distribution will be maintained during such a process, and 
we are currently looking for a common (physical rather than 
chemical) method that can be used for all types of nano-
particles. One of the most effective physical methods for 
depositing isolated nanoparticles is electrospray ionization 
[58]; however, it is not clear whether this process maintains 
the size distribution. Therefore, a more useful way to clearly 
maintain the size distribution of the original suspension is 
necessary.

Freeze-drying is the most intuitive method to obtain a 
sample that retains the original particle size distribution in 
water dispersion in all microscopic areas. However, when 
frozen, the nanoparticles agglomerate. In the pharmaceuti-
cal industry, chemicals are often added to suspensions to 
raise the glass transition temperature of the solvent [59] and 
immobilize nanoparticles at high temperatures. Although 
this technique works well, the nanoparticles are embed-
ded under the dried chemicals during drying. Therefore, 
such samples are unsuitable for microscopic observation. 
For atomic force microscopy, the situation is exacerbated 
because the dry chemicals on the substrate make it almost 
impossible to determine the height of the substrate. Without 
adding chemicals, the low thermal conductivity and high 
heat of solidification of water give the nanoparticles in the 
suspension sufficient time to agglomerate. The freezing pro-
cess by preparing a thin film of suspension was selected to 
increase the speed. Sample pretreatment with thin films also 
has the advantage of being able to create the two-dimen-
sional samples needed for microscopy from the beginning.

In contrast to the biological case [60], water does not need 
to be in a glassy state during freezing. Liquid nitrogen tem-
perature is not required, but such low temperatures are useful 

for obtaining sufficient freezing rates. The freezing tempera-
ture of − 80 °C was selected because it is easily available 
in conventional freezers. Because silicon wafers are widely 
used for microscopic measurements, despite their low ther-
mal conductivity, they were used as substrates. Thus, a 
method of rapidly freezing the dispersion under these con-
ditions is necessary.

Figure 7 shows the procedure of the sandwich freeze-
drying method [26, 51]. (1) A 100-nl suspension is placed 
on a 1-cm-square silicon substrate. (2) The suspension 
is extended between the silicon substrate pair. (3) The 
sandwich substrate is packed between the copper blocks 
at − 80 °C. (4) The substrate pair is separated with twee-
zers. After performing these steps, the substrates are placed 
in a container and connected to a lyophilizer to dry. Fig-
ure 8 shows an example of an AFM image of a sample 

The suspension: 100 nl
(1)

Silicon substrate

Substrate pair

Extended suspension
(2)

-80 oC copper block

-80 oC copper block

Substrate pair

(3)

Freeze dryer
(4)

Separated substrate pair

Fig. 7  Procedure for the sandwich freeze-drying method

Fig. 8  AFM image of a sample prepared through the sandwich 
freeze-drying method. (Polystyrene latex nanoparticles with diam-
eters of  100, 50, and 25 nm)
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(polystyrene latex nanoparticles with diameters of 100, 50, 
and 25 nm) prepared through the sandwich freeze-drying 
method. It can be observed in the figure that the particles 
are individually fixed without agglomeration.

6  Summary

We described the current status of the research and develop-
ment of nanodimensional standards technology at the NMIJ 
in AIST. In the future, we will expand the calibration service 
range of the step height measurement using metrological 
AFM and start a calibration service of TEM magnification 
calibration samples. We also plan to distribute the next CRM 
for SEM image sharpness evaluation. We will continue to 
develop increasingly accurate nanodimensional standards.
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