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Developing highly accurate critical dimension standards is a significant task for nanoscale metrology. In this paper, we
put forward an alternative approach to fabricate amorphous Si critical dimension structures with direct Si lattice calibration
in the same frame scanning transmission electron microscopy image. Based on the traceable measurement analysis, the
optimized method can provide the same calibration accuracy and increase the fabrication throughput and lower the cost
simultaneously, which benefits the application needs in atomic force microscopy (AFM) tip geometry characterization,
benchmarking measurement tools, and conducting comparison measurements between different approaches.
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1. Introduction
Accurate line width measurements require critical dimen-

sion (CD) standards which are traceable to the international
system of units (SI).[1] As the miniaturization of nanodevices
down to 7 nm node and beyond in semiconductor,[2] accurate
and precise characterizations of CD, height, sidewall angle,
line edge roughness (LER), line width roughness (LWR), and
corner rounding are key tasks for the guarantee of nanostruc-
ture performance and process control.[3–5] According to the
international technology roadmap for semiconductors (ITRS)
metrology roadmap, the measurement uncertainty of physical
CD needs to be as low as 0.7 nm in the year of 2024.[6] There-
fore, there is an increasing need to develop new CD standards
at sub-50 nm region with high accuracy.

Generally, atomic force microscopy (AFM), scanning
electron microscopy (SEM), optical CD tools, and hybrid ap-
proaches are widely used to calibrate the dimensions of CD
standards. Due to the intrinsic limitations of these mea-
surement methods, such as tip geometry dilation and model-
ing errors, there are tool-to-tool matching errors and sample-
to-sample measurement bias variations which are inevitable
and reduce the accuracy.[7,8] In order to solve this prob-
lem, researchers have proposed to use well-calibrated CD
standards to calibrate tip geometry, benchmark measurement
tools, and conduct comparison measurements between differ-
ent approaches/tools.[4,7,9]

The development of CD standards with the calibration
of crystal lattice constant has been successfully demonstrated

to be a new kind of well-calibrated CD standard.[10] And re-
searchers have proved that it holds the same accuracy to be
used as a new approach to realize traceability in nanoscale di-
mensional metrology.[4,11–13] The typical crystal CD material
is based on silicon. Figure 1(a) shows a design of crystal CD
standard with direct Si lattice calibration, the CD value can
be determined by counting the pixels in transmission electron
microscopy (TEM) images together with the distance between
neighbor Si (111) planes acting as an internal ruler.[3] How-
ever, normally this kind of CD structure is fabricated by elec-
tron beam lithography (EBL), which does not have a very high
throughput and costs are high. Thus, an alternative method to
fabricate CD standards at sub-50 nm with high throughput and
low cost is demanded.

Motivated by the aspects above, in this paper, we put for-
ward an alternative method of fabricating amorphous Si criti-
cal dimensional structures with direct Si lattice calibration in
the same frame of TEM image, which is illustrated in Fig. 1(b).
The amorphous structure is fabricated with Si/SiO2 multilayer
deposition and etching. Tortonese et al. have used the same
method to create isolated Si line to produce CD standards,[1]

but they compared the amorphous Si structure and crystal Si
structure in different TEM images, which will bring an ex-
panded error during the Si lattice calibration process. Our
proposal can be treated as the optimization of Tortonese’s ap-
proach. In addition, it should be specified that our optimiza-
tion approach (Fig. 1(b)) is equivalent to the EBL method
(Fig. 1(a)). Because the CD structures both have oxidation
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layers on the surface in Figs. 1(a) and 1(b), the only differ-
ence is that the extract position of the crystal Si lattice is dif-
ferent. One is inside the CD structure, and the other is outside
substrate structure. But both are from the same frame TEM
image. Since the layer deposition for the CD structure fabri-
cation can be conducted uniformly and simultaneously with a
very big area (at both the wafer size level and multi-wafer),
the optimized approach put forward in this paper will act as
an alternative method to fabricate CD standards at sub-50 nm
with high throughput and low cost.
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Fig. 1. (a) Design of crystal Si critical dimension standard with direct
Si lattice calibration. (b) Design of amorphous Si critical dimension
standard with direct Si lattice calibration.

2. Design and fabrication of the Si critical di-
mension structure
The concept of fabrication of Si critical dimension struc-

ture is based on converting the thickness of the deposition
layer to the nominal CD value with the multilayer deposition
of Si/SiO2. Here we introduce the multilayer deposition pro-
cess to provide a complete picture of this technology. A single
protruded Si structure can be used as a candidate for CD stan-
dards.

2.1. Multilayer deposition of Si/SiO2

Figure 2 shows the fabrication process of amorphous
Si critical dimension structure based on multilayer method,
which has ever successfully been used to fabricate 25 nm pitch
standard.[14–17] In this paper, we aim at fabricating a CD struc-
ture with a nominal value of 20 nm as an example to demon-
strate our proposal. The deposition process is illustrated in

Fig. 2(a), a group of 20 nm SiO2 layer and 20 nm Si layer is
deposited on Si (111) wafer (4 inches) surface first by radio
frequency magnetron sputtering technology. Then, a 300 nm
SiO2 layer is followed to isolate the single CD structure. Af-
terwards, 40 cycles of 20 nm Si layer plus 20 nm SiO2 layer
are deposited alternatively, which are designed to be used as
guidance features for quick location during measurements. Fi-
nally, a 500 nm Si layer is deposited on the top to encapsulate
the whole structures.

··
·

···

Si(111) wafer

deposited Si, 20 nm
deposited SiO2, 20 nm

Si/SiO2, 20 nm+20 nm, 40 cycles
to guide measurement

critical 
dimension

(a)

(b)

Fig. 2. Amorphous Si critical dimension structure fabrication based
on multilayer deposition method: (a) alternative deposition of Si/SiO2
layers on Si (111) wafer, (b) amorphous Si critical dimension structure
protrudes after selective wet etching process.

Two wafers are bonded together face to face with adhe-
sives to make the CD structures located near the center for
convenience of measurement.[18] The bonded pair is diced into
small dies (2 mm×2 mm×2 mm cubes). After the small die
is ground and fully polished, a HF acid solution of 2% con-
centration is used to etch the SiO2 layers to the designed depth
and hereby the Si structure nearby the substrate protrudes to
form the CD structure in Fig. 2(b).

2.2. Amorphous Si critical dimension structure

Figures 3(a) and 3(b) show the TEM images of amor-
phous Si critical dimension structure after selected wet etch-
ing. The TEM images are obtained by FEI Talos F200X in-
strument with an accelerating voltage of 200 kV and magnifi-
cation of 8600 and 94000, respectively. The particular trench
between the CD structure and the substrate was etched to a
depth of approximately 200 nm, which indicates that the sin-
gle CD structure will keep standing well with a high aspect
ratio of 10 : 1. It should be noted that the CD structure tilts
a little due to the high aspect ratio, therefore a suitable etch-
ing depth for specified CD structure should be controlled and
related research is ongoing.
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Fig. 3. (a) An overview TEM image of the multilayer structures after
selective wet etching, (b) TEM image of the protruded CD structure
with a high aspect ratio of about 10 : 1, (c) AFM image (2 µm×2 µm)
of the multilayer structures including the CD structure, (d) averaging
profile of AFM image of (c).

A well-calibrated CD structure is very useful to character-
ize the tip geometry for CD-AFM and to examine the model-
ing error for CD-SEM.[5,8] Here we show a commercial AFM
image of the multilayer structures including the CD structure
in Fig. 3(c). The AFM probe used here is RTESP from Bruker
Nano Inc, with a typical tip radius of 8–12 nm, and the scan-
ning mode is tapping. From the averaging profile of the AFM
image in Fig. 3(d), it is obvious that a 20 nm CD structure
is distinguishable with the AFM tip, and the detected depth
of the trenches is around 10 nm because of the tip geometry
influence. It should be noted that the gap between the CD
structure and the substrate is less than the nominal value of
20 nm, which is caused by the etching rate difference between
two sides of the CD structure. This asymmetry will cause
the CD structure tilting. In order to reduce the tilting effect,
we recommend an optimum condition of ultrasonic agitation,
HF acid concentration, and lined width scale in the selective

etching.[19] And as expected, the width of the CD structure is
broadened because of the AFM tip dilation effect. Since the
CD structure has a nearly 90◦ sidewall angle and the CD can
be calibrated by lattice constant (to be elucidated in the next
section) and be distinguishable by AFM, it can be a very good
candidate to be used as an AFM tip characterizer to reconstruct
the AFM tip width, front/back angles, and so on.

3. Traceable measurement of the critical dimen-
sion
Next, we begin to demonstrate the traceable measurement

of the CD structure based on Si lattice constant. The spacing
in undoped Si (111) is 313.56011(17) pm[13,20] according to
the precise x-ray measurement. Because in the high magni-
fication TEM measurement mode, the lattice periodicity can
be resolved in the interference pattern of transmission elec-
tron beams, the image scale can be traced back to the SI unit.
Since the 20 nm amorphous CD structure and the crystal Si
(111) substrate are detected in the same frame of TEM image,
it will realize the amorphous Si critical dimension structures
with direct Si lattice calibration.

3.1. TEM measurements

Figures 4(a) and 4(b) show the high-resolution STEM
images (observed by FEI Talos F200X) of the protruded CD
structure and the Si (111) substrate. The TEM images are ob-
tained by FEI Talos F200X instrument with an accelerating
voltage of 200 kV and magnification of 94000 to 820000. In
Fig. 4(a), both the CD structure and Si (111) planes are re-
solved in the interference pattern within the same frame TEM
image as we designed from the beginning. Since our proposal
must obtain the CD structure and the substrate lattice in the
same frame, it is suggested the CD structure fabricated to be
lower than 50 nm. As the scaling down of nanodevice dimen-
sions, CD structures at the sub-50 nm region where we focus
will be very important.

10 nm

(a) (b) (c)

10 nm 100 nm

Fig. 4. STEM images of different parts of multilayer structures: (a) CD structure together with the Si (111) substrate, (b) Si (111) substrate, (c)
deposition layer for CD with Si (111) substrate in the bulk.
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Low LER and LWR levels are very significant factors
for the uniformity of a CD standard. Figure 4(c) shows the
STEM image of the deposition layer for CD with Si (111)
substrate in the bulk. From the prospective of a qualitative
view, it is obvious that the line edge pair of the CD struc-
ture is almost parallel to the Si (111) surface, which indicates
a very low LER/LWR of the amorphous Si critical dimen-
sion structure. Ideally speaking, the LER should be treated
as the replication of the surface roughness, therefore the LWR
is only determined by the oxidation thickness variation. The
low LER/LWR advantage of CD structure fabricated by mul-
tilayer will be beneficial to guarantee good uniformity to be
used as a CD candidate.

3.2. Evaluation of critical dimension based on the lattice
constant

To accurately evaluate the critical dimension parameters
based on the lattice constant, the most challenging issue is how
to accurately assign the feature edges in the high-resolution
STEM images.[11] Now it has been common sense that the
feature edge detection will contribute the biggest uncertainty
source for the CD structure evaluation. However, previous re-
search agreed that the contribution caused by line edge defini-
tion can be controlled under 0.3 nm.[11,21] And it is suggested
that the half intensity position is a good choice to define the
SiOX –air boundary. Here we introduce our first simple and
fast evaluation of the designed amorphous Si critical dimen-
sion structures. A detail evaluation of the uncertainty of CD
including the line edge detection, repeatability, pixel size cal-
culation, inclination angle, is under research and we will re-
lease the corresponding results.

Figure 5(a) is a reproduction of STEM image of CD af-
ter contrast adjustment from Fig. 4(a) with a magnification
of 500000. Figure 5(b) is the image intensity profile of the
STEM image at specified line (marked red) along the Y axis in
Fig. 5(a) with twenty lines averaging to reduce the noise. As
illustrated in Fig. 1(b), we count the pixel number of the crit-
ical dimension N1 and obtain the pixel number between two
neighbor Si (111) planes first. Then the CD value at a specified
line along the Y axis is calculated by N1a111/N2, where a111

is a constant equal to 0.3136 nm. The CD values in Fig. 5(a)
at Y = 400, 500, 600, 700, and 800 are 20.9 nm, 21.0 nm,
21.2 nm, 20.8 nm, and 21.3 nm, respectively, yielding an av-
erage CD of 21.0± 0.2 nm. The 0.2 nm uncertainty agrees
well with previous study that the uncertainty can be controlled
less than 0.3 nm.[11] According to the previous study,[21] the
bias of threshold level of edge detection, the deviation of pixel
size calculation, and the repeatability of lined width measure-
ments contribute the main parts of the uncertainty of the line
width. A detail analysis of line width uncertainty is under in-
vestigation to elucidate the strategy of lowering the uncertainty

by optimizing the evaluation process. Therefore, as expected,
the optimized proposal we put forward by using amorphous
Si critical dimension structures can be used as an alternative
method to produce CD standards with high throughput and the
same accuracy. In addition, apart from the various applications
in material and physical science,[22,23] the optimized proposal
broadens the application of transmission electron microscopy
in the metrology area.
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Fig. 5. (a) Reproduction of STEM image of CD after contrast ad-
justment, (b) image intensity profile of STEM image at specified line
(Y = 700) along the Y axis in (a).

4. Conclusion
We demonstrate an optimized method by using the Si lat-

tice structures within the same frame STEM images to define
the amorphous Si critical dimension structures. The results in-
dicate that this novel approach will not only provide the same
traceable measurement accuracy with the previous crystal CD
method, but also increase the throughput and lower the parallel
fabrication cost. Amorphous Si critical dimension structures
with direct Si lattice calibration will offer convenience for cal-
ibrating tip geometry, benchmarking measurement tools, and
conducting comparison measurements between different ap-
proaches/tools.
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