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Abstract. Traceability is a fundamental issue for nanoscale dimensional metrology. The lack of traceability in
measurements inhibits the comparison of tools from different manufacturers and limits knowledge about the real
size of fabricated features. Two approaches for realizing traceability in nanometrology, referred to as a top-down
approach and a bottom-up approach, are presented. Following the top-down approach, for instance, realized
using metrological atomic force microscopes, the dimension of nanostructures is derived from the displacement
of the scanner, which is directly measured by laser interferometers whose optical frequency is calibrated to an
iodine frequency-stabilized laser. Thus, the measurement result is directly traceable with an unbroken chain to
the International System of Units—the meter. However, to achieve subnanometer measurement accuracy,
which is far smaller than the optical wavelength (632.8 nm in this study), the subdivision of the interference
fringe is essential for obtaining desired measurement resolution and accuracy. On the contrary, with the bot-
tom-up approach, the dimension of nanostructures is determined using the silicon crystal lattice as an internal
ruler. Due to the small dimension of the crystal lattice constant (e.g., d111 ¼ 0.313 nm), the bottom-up approach
offers measurements with potential highest accuracy. The crystal lattice constant can be traceably calibrated to
the meter by, e.g., a combined optical and x-ray interferometer; thus, the traceability of the bottom-up approach is
also ensured. The consistency of the two approaches is experimentally confirmed in this paper. © 2016 Society of
Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.55.9.091407]
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1 Introduction
Nanoscale dimensional metrology is a key task of develop-
ing various nanotechnologies. For instance, in the nano-
manufacturing industry, progressive miniaturization of
advanced techniques, such as the extreme ultraviolet lithog-
raphy, nanoimprint, and directed self-assembly, currently
delivers nanodevices with feature size below 20 nm. Accurate
measurement of the dimensional parameters [including the
critical dimension (CD), height, sidewall angle, line-edge
roughness/line-width roughness, corner rounding, footing,
and so on] of the nanostructures both on silicon wafers and
photomasks is a crucial task for process development and
process control. As stated in the ITRS metrology roadmap,1

the measurement uncertainty of the physical CD needs to be
reduced to 1.6 nm (year 2016) and 0.7 nm (year 2024).

Traceability is identified as a fundamental challenge of
nanometrology.2 The metrological traceability is defined
in the International Vocabulary of Metrology as “property
of a measurement result whereby the result can be related
to a reference through a documented unbroken chain of
calibrations, each contributing to the measurement un-
certainty.”3 The lack of traceability in measurements
inhibits the comparison of tools from different manufac-
turers and limits knowledge about the real size of fabri-
cated features.4

Taking the semiconductor industry as an example, various
measurement tools are being applied for process develop-
ment and process control, for instance, the optical CD

tools,5,6 critical dimension small-angle x-ray scattering, scan-
ning electron microscopy (SEM),7 and atomic force micros-
copy (AFM).8 The state-of-the-art tools are capable of
individual tool reproducibility of far below 1 nm; however,
the deviation between the results of different tools on the
same set of samples—referred to as the tool-to-tool matching
and sample-to-sample measurement bias variation—may
exceed several nanometers, remaining as a significant chal-
lenge today.9 This is due to the intrinsic limitations of the
individual techniques from either the probe geometry (e.g.,
in AFMs and SEMs) and/or the modeling errors (e.g., SEMs
and scatterometry). To solve this challenge, a feasible
approach is to apply traceably calibrated high-quality refer-
ence materials, for instance, for calibrating the probe geom-
etry, testing or benchmarking tools, performing comparison
measurements between different methods/tools as well as
verifying theoretical modeling with experimental results.

Traceability is also crucial for implementation of the
hybrid metrology approach10 in industry. Today different
CD tools have their inherent limitations and merits. The con-
cept of the hybrid metrology is to apply different tools in a
combined manner, so as to bring together the strengths of
different metrology toolsets for providing more comprehen-
sive measurement of the same measurand than any instru-
ment in the ensemble. As the data obtained by these tools
must be shared with each other in a complementary or
synergistic way for enhancing the metrology capability, the
metrology consistency of these tools in the hybrid metrology
is an essential issue.
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In this paper, two approaches for realizing traceability
in dimensional nanometrology, referred to as a top-down
approach (or optical interferometry approach) and a bot-
tom-up approach (or crystal approach), are presented in
detail. The consistency of the two approaches is experimen-
tally confirmed.

2 Top-Down Approach
The traceability chain of the top-down approach is illustrated
in Fig. 1. The geometric properties of nanostructures being
measured can be related to the physical standards that are
applied to calibrate the measurement tool. Such physical
standards include, for instance, step height, one-dimen-
sional/two-dimensional (1-D/2-D) gratings, or three-dimen-
sional (3-D) pyramid standards, which are available for
calibrating the scaling factors of the vertical and lateral
axes of the measurement tools.11 Prior to their usage,
these physical standards are usually calibrated by metrology
tools such as diffractometer (for lateral standards),12 interfer-
ence microscopy (for height standards),13 or metrological
AFM with built-in interferometers (for lateral, height, and
3-D standards).14 According to the wave optic theory, the
measurement results of these metrology tools can be directly
related to the wavelength (λ) of the applied optical source,
which can in turn be linked to the SI unit meter, as the optical
frequency is calibrated either to an iodine frequency stabi-
lized laser or an optical frequency comb.15 Through such
an unbroken calibration chain described above, the traceabil-
ity of dimensional properties of nanostructures can be
ensured.

Todaymore and more metrological AFMs14,16–18 have been
built up and are becoming a kind of major nanometrology
tool. They have outstanding metrology properties, such as
high lateral and vertical resolution, low measurement uncer-
tainty, and nondestructive and 3-D measurement capability,
offering high calibration versatility for nanometrology.

To demonstrate such a metrological AFM, we introduced
in this paper a metrological large-range AFM (Met.LR-AFM)
developed at Physikalisch-Technische Bundesanstalt (PTB),
which has a capable measurement volume of 25 mm ×
25 mm × 5 mm.14 The schematic diagram and the photo of
the instrument are shown in Figs. 2(a) and 2(b), respectively.
In the instrument, the sample (S) is fixed on a piezo stage
(PZT stage), which is in turn mounted on a mirror corner,
which is a motion platform of a high-precision mechanical
stage referred to as a nanopositioning and nanomeasuring
machine (NMM).19 The mirror corner is moved by stacked
mechanical x-, y-, and z-stages, which offer a motion range
of 25, 25, and 5 mm, respectively.

TheMet.LR-AFMmeasures in the so-called scanning sam-
ple principle. During measurements, the sample is scanned in
the xy-plane at the given speed and is servo controlled along
the z-axis to keep the AFM tip–sample interaction to be con-
stant. In such a way, the geometry of the nanostructure can be
derived from the x-, y-, and z-coordinates of the scanner, in a
principle similar to coordinate measuring machines. The Met.
LR-AFM may work in the contact, noncontact, or intermittent
contact mode. The static deformation or dynamic properties of
the cantilever, which is related to the tip–sample interaction, is
detected using an optical lever.

Fig. 1 Traceability chain of nanoscale dimensional metrology with top-down approach.

Fig. 2 Met.LR-AFM developed at PTB applicable for traceable nanoscale dimensional calibrations,
shown as (a) schematic diagram and (b) photo of the instrument.
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Instead of nanometric positioning sensors, such as capaci-
tive sensor, strain gauge, or linear variable differential trans-
ducer (LVDT) applied in commercial AFMs, metrological
AFMs typically apply laser interferometers for measuring
the scanner motion for direct traceability. In the Met.LR-
AFM, three interferometers [only that of x- and z-axes are
shown in Fig. 2(a)] and two autocollimators (not shown
in figure) measure the six degrees of freedom of the mirror
corner stage with respect to the metrology frame. By servo
controlling the position and angles of the mirror corner stage,
the NMM can either measure or position the sample with
nanometer accuracy.19 The measurement loop of the instru-
ment is shown as the red dot lines.

The principle of the nanometric displacement measuring
interferometer built-in in the NMM is shown in Fig. 3. It is a
Michelson type interferometer with plane reference mirror
(RM) and measurement mirror (MM). The incident laser
beam is polarized by a polarizer located in the 45-deg
orientation and is then split into two beams with s- and
p-polarizations by a polarizing beam splitter (PBS) forming
the reference and measurement beams, respectively. The
reflected reference beam (s-polarization) is turned into a cir-
cular polarization beam by a quarter wave plate (QWP)
whose fast axis is oriented at 45 deg. After being reflected
by the RM and passing the QWP the second time, the refer-
ence beam is turned into a p-polarization and thus passes
through the PBS. Similarly, after the measurement beam
(p-polarization) passed through a QWP, being reflected at
MM and then passed the QWP the second time, it is changed
into s-polarization and is reflected at the PBS, and thus
recombined with the reference beam forming the interfer-
ence. The recombined beam is divided by a beam splitter
(BS) into two detection beams, which after passing a pair
of polarizers rotated 45 deg relative to each other are detected
by the photo detectors PD1 and PD2, and a pair of 90 deg
phase-shifted signal Scos and Ssin is obtained. Such a signal
pair forms a circular Lissajous figure where the phase shift
(Φ) of the interferometer can be determined. The displace-
ment of the MM can be calculated as

EQ-TARGET;temp:intralink-;e001;63;323L ¼ λ

2n

�
mþ ∅

4π

�
; (1)

where λ is the vacuum wavelength of the applied laser
source, n is the air refractive index,m is the measured integer
number of interference fringes, and Φ is the measured phase
indicating the fractional interference fringe.

In the Met.LR-AFM, the air refractive index (n) is deter-
mined by applying the Ciddor equation 20 with measured
environmental parameters (air temperature, air pressure,
and humidity). As the measurement setup is located in a
good instrument chamber, the air temperature gradient
and air turbulence is kept small; thus, the change of air
refractive index is slow and can be determined with
quite high accuracy (better than 1 × 10−7). The wavelength
of our working lasers (frequency stabilized He–Ne lasers) is
calibrated by the iodine frequency stabilized laser at PTB as
(632 991 234� 5) fm. The optical frequency variation
over a time period of 80 h is measured to be below 6 MHz,
i.e., <1.3 × 10−8.

With the calibrated λ and n, the displacement of the meas-
urement mirror (i.e., the stage motion) can be measured accu-
rately and with direct traceability to the SI unit meter.
Consequently, the measured dimensional parameters of
nanostructures are also traceable, since the scales of the mea-
sured data are ultimately derived from the displacement of
the stage.

We named this traceability approach as a top-down
approach due to two facts. First, compared to the size and
the measurement volume of the instrument, the size of the
nanostructure is much smaller. Second, in the metrology
tool, it is the laser wavelength that actually acts as the meas-
urement ruler. As the wavelength is much larger than the
desired measurement resolution/accuracy typically at sub-
nanometer level in nanometrology, the subdivision of the
scale by interpolation of interference fringes is needed. It
leads to another challenging issue, namely the inherent non-
linearity error of optical interferometers.

Today metrology AFMs are widely applied for accurate
and traceable calibrations of, for instance, step height and
depth setting standards, lateral standards (1-D/2-D gratings),
nano flatness standards, 3-D pyramid standards, roughness
standards as well as 3-D form of nanostructures.21 As an
example, Fig. 4 presents the pitch calibration of a 2-
D1000 grating with a nominal pitch value of 1000 nm.
The 3-D view of the measured AFM image is shown in
Fig. 4(a), and the evaluated deviations of the center of gravity
of the grid structures from their ideal position is plotted in
Fig. 4(b). Results from five repeated measurements taken
at the same region of the grating are plotted, indicating
good measurement reproducibility. It should be mentioned
that the results mainly reflect the imperfections in the sample
itself, as the metrology performance of the Met.LR-AFM is
actually much better than that. Typically, it has a relative
measurement accuracy up to 1 to 2 × 10−5 for the mean
pitch value of gratings.

3 Bottom-Up Approach
With the development of modern spherical aberration correc-
tion technique, currently the (scanning) transmission elec-
tron microscopes [(S)TEMs] are capable of microscopic
imaging and microanalysis with a spatial resolution down
to 0.05 nm, i.e., true atomic resolution. Such outstanding im-
aging power offers new solutions for nanometrology. As
illustrated in Fig. 5, if the atoms in the nanostructures are
resolvable, its dimensional parameters (shown as the line
width) can be easily determined by using the atom spacing
as an internal ruler. A remarkable progress applying this idea
is the development of single crystal CD reference material by

Fig. 3 Measuring principle of the nanometric displacement interfer-
ometer built in the NMM.
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Dixson et al.22 Later, Takamasu et al.23 and our group24 have
also utilized this idea for traceable and high accurate line
width metrology.

A measurement example is presented in Fig. 6 to demon-
strate the measurement power of the idea presented above.
Before the measurement, a line feature made of a single crys-
tal silicon sample is prepared using a dual-beam focused ion
beam (FIB) instrument (Helios nanolab 660 of FEI) at the
target measurement location. To protect the target feature
not being influenced during the sample preparation, two pro-
tection layers (first a carbon layer followed by a platinum
layer) are deposited to the target feature before the TEM
lamella is prepared. Lamellas were produced utilizing the
FIB lift out technique. The lamellas were further thinned
to have a thickness of ∼50 nm using 2 kV Ga+ ions before
being measured in TEM.

Figure 6(a) shows the STEM image of the line feature
measured in a high-end TEM device (Titan Themis 300
of FEI) at a magnification of 910k and with a resolution
of 22.5 pm∕pixel. The structure at the top-left corner in
the marked box is zoomed in and shown in Fig. 6(b). The
crystal planes of f1 1 1g can be well resolved. As shown
in the figure, the atom spacing between the crystal planes
f1 1 1g, a111, which was calculated traceably as 313.560
11(17) pm from the d220 value determined by combined

x-ray and optical interferometry,25 can be used as an internal
ruler for measurements.

To apply the bottom-up approach in practice, it remains
as a challenging issue to accurately assign the feature edges
in high-resolution (S)TEM images. Different methods have
been developed.22–24,26,27 One method is to define the edge
as the end of Si lattice structure between the Si lattice and
silicon oxide film.22,23 It, however, encounters two prob-
lems in practice. First, the contrast of fringes will appear
dimmed near the boundary, leading to questionable edge
location areas.22 To mitigate this issue, an averaging
method by applying Si lattice pattern has been applied in
Ref. 23. But it demands that the obtained TEM image offers
true atomic resolution, which unfortunately cannot always
be satisfied. Second, only the boundary between the Si-
SiOx (the curve BSi-SiOx shown in the figure) is determined
using the method; however, the boundary between the
SiOx-C (the curve BSiOx-C shown in the figure) is usually
the real physical boundary, e.g., when the feature is mea-
sured by AFMs. To determine the needed boundary of
SiOx-C, it is usually expanded by an estimated thickness
value of the silicon oxide layer. Consequently, the uncer-
tainty of the thickness value directly impacts the measure-
ment result. Alternatively, the half intensity26 or the
maximum intensity gradient27 method is also applied for
defining the edge. As different definitions will lead to dif-
ferent results, consequently it raised a fundamental ques-
tion: which definition agrees better with the physical
edge of the structure?

We had investigated this issue in our previous study.24 Our
conclusion suggested that the feature edge should be better
defined as the half intensity position for STEM images. The
definition is analogous to the edge assignment issue in con-
ventional optical microscopic images measured with an inco-
herent light source. Physically, it stands for the edge location
where the material occupation is about 1∶1. This edge def-
inition is adopted in this study, and the width of the line fea-
ture is determined as (44.3� 0.3) nm for the example shown
in Fig. 6. This result is also traceable to the SI unit of meter
via an unbroken calibration chain. It is worth mentioning that
the uncertainty is driven much more by determining the edge
position of the SiOx-C boundary than the lattice spacing.

Fig. 5 Basic idea for the determination of feature width using the crys-
tal lattice constant as an internal ruler.

Fig. 4 Calibration of the pitch of a 2-D 1000 grating by the Met.LR-AFM, shown as (a) a 3-D view of the
measured AFM image and (b) the evaluated deviation of the gravity center of the measured 2-D grating
grid from its ideal position. Results from five repeated measurements are plotted, indicating the good
measurement reproducibility.
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Based on the research works achieved above, recently
CIPM CCL (International Committee for Weights and
Measures, Consultative Committee for Length) working
group on dimensional nanometrology (CCLWG-N) has pro-
posed to use TEM and the reference value of the bulk silicon
lattice constant as a pathway for traceability to the SI meter
for applications in dimensional nanometrology.28 We name
this crystal approach as a bottom-up approach, since com-
pared to the top-down approach where the optical wave-
length is used as the physical ruler, in this approach, the
physical ruler—the atom spacing—is much smaller. It
also fits nature regarding how the structure is formed.

We summarize the traceability chain of the bottom-up
approach in Fig. 7. Nanostructures are first measured with
high-resolution TEM with true atomic resolution; thus,
their geometry can be related to the lattice constant of the
crystal, which is calibrated to standard optical wavelength
using, e.g., a combined optical and x-ray interferometer.
Similar to the top-down approach, the optical wavelength
is calibrated to the SI unit meter via either an optical fre-
quency comb or an iodine frequency stabilized laser.

4 Comparison of Two Approaches
Comparing the two different traceability approaches, a fun-
damental question is if they are consistent with each other or
not. To verify this issue, we have designed a measurement
experiment where a same line width structure is measured
using two different approaches. The line width structure is

made of single crystal silicon as shown in Fig. 8. The meas-
urement of its line width using the bottom-up approach is the
same as shown in Figs. 5 and 6. To determine the line width
using the top-down traceability approach, we calibrated the
pitch p of line features using our Met.LR-AFM before the
feature being sample prepared for TEMmeasurements. After
the line features were STEM imaged as shown in Fig. 8, we
again derived the line width related to the calibrated pitch as
W1 � p∕D andW2 � p∕D, whereW1 andW2 are the widths
and D is the pitch of line features evaluated from the STEM
image in the unit of pixels, respectively. The measured line
widths using two different approaches are compared in
Table 1; the agreement is better than 0.3 nm, confirming
the consistency of the two approaches.

Fig. 6 Width of a crystal silicon line feature determined by the bottom-up approach, shown as (a) the
measured STEM image of the line feature and (b) the zoom-in view of the image at the marked box in (a),
where the crystal plane is clearly visible for being applied as an internal ruler.

Fig. 7 Traceability chain of nanoscale dimensional metrology with bottom-up approach.

Fig. 8 Calibration of the feature width with traceability via the pitch of
a line pair, which was calibrated by a metrological AFM using the top-
down approach.
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It should be stressed that using metrological tools such as
AFM and SEM for nanometrology, the traceability of their
scanner’s displacement is ensured by optical interferometry.
For some measurands (e.g., line width, corner radius, and so
on), the measurement results are related not only to the prop-
erties of the scanners, but also to the tip–sample interaction.
For ensuring the traceability for such measurements, the tip
related issues also need to be calibrated traceably.

A measurement example is shown in Fig. 9. In this meas-
urement, a group of five line features with nominal feature
width of 50, 70, 90, 110, and 130 nm, respectively, is first
measured using a CD-AFM8 using the top-down approach
and then a TEM device using the bottom-up approach.
The CD-AFM was traceably calibrated using a set of step
height and lateral standards to the Met.LR-AFM. Figure 9(a)
plots the apparent CD-AFM results (without tip correction)
shown as the y data with respect to the TEM results shown as
the x data. By linear regression of the measured data, we get
y ¼ 0.9988 xþ 128.32 nm with x in nm. The result con-
firms the consistency of the measurement scale of both
approaches; however, it also reveals an offset of 128.32 nm,
which is attributed to the tip geometry and the tip–sample
interaction in the CD-AFM measurements. Physically, it
has been well understood since in AFM measurement, the
profile obtained is the dilated result of the real structure
by the (effective) tip geometry,29 as shown in Fig. 9(b).

Consequently, to ensure traceable line width measurement
results in CD-AFMs, not only the scale factors but also
its (effective) tip geometry needs to be calibrated traceably.
We had reported the development of a kind of line width
standard that is suitable for such purpose,30 where the trace-
ability of its calibration is based on the bottom-up approach.
With the characterized (effective) tip geometry, the tip-
induced dilation in the apparent results can be compensated.
In the given measurement example, the (effective) tip width
can be regarded as a zeroth-order component4 and the com-
pensation can be performed by subtracting the offset value of
128.32 nm from the apparent CD measurement results.

5 Conclusion
Traceability is a fundamental issue for nanoscale dimen-
sional metrology. In the nanomanufacturing industry, for
instance, the traceability is needed to make the results of
different measurement tools comparable, to allow data
fusion, and to understand the real size of the fabricated
nanostructures.

Two traceability approaches have been presented in the
paper: the top-down approach (or optical interferometry
approach) and the bottom-up approach (or crystal approach).
The top-down approach is based on optical interferometry,
which is usually built-in in metrological tools, for instance,
metrological AFMs. AFM images of nanostructure measured
in such tools are derived from the displacement of their scan-
ner, which is precisely measured by nanometric laser inter-
ferometers. Thus, the measurement results can be related to
the wavelength of the laser source calibrated to the SI unit
meter using either an optical frequency comb or an iodine
frequency stabilized laser. In the bottom-up approach, the
measurement is performed using the atom spacing as a
physical ruler. The atom spacing can be calibrated to the
SI unit meter using, e.g., a combined optical and x-ray
interferometer.

The two traceability approaches we have described
both have advantages and disadvantages. The bottom-up
approach uses the atom spacing as a ruler, which is much
shorter than the optical wavelength; therefore, it is capable
of much higher measurement resolution and accuracy. In

Table 1 Comparison of line width measurement results using two
different traceability approaches: the top-down and bottom-up. All
data are in nm.

Line feature no. 1 2 3 4 5

Crystal lattice
constant method
(bottom-up approach)

99.33 93.94 100.71 96.34 93.16

Pitch method
(top-down approach)

99.59 93.92 100.71 96.14 93

Difference −0.26 0.02 0 0.20 0.16

Fig. 9 (a) Comparison of the feature width of five line features measured by a CD-AFM (the top-down
approach) without tip correction and the results obtained by TEM measurements (the bottom-up
approach) and (b) schematic diagram showing the dilation of the measured nanostructure by the tip
geometry only. EL and ER indicate the tip–sample interaction points at the middle height (H∕2) of
the feature, while the center positions of the tip, E 0

L and E 0
R , are registered as the measurement result.

VEH indicates the so-called vertical edge height of the tip.
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addition, thanks to the true atomic resolution power, the
measurement results suffer much less from probe–sample
interaction than that of other measurement tools (for in-
stance, AFM, SEM, and optical scatterometry). However,
using the bottom-up approach, the sample material needs
to be a perfect single crystal structure. The measurable fea-
ture size is limited since it is difficult to obtain true atomic
resolution over a large imaging range. In addition, the low
throughput of the TEM measurements and the destructive
nature of the sample preparation also limited its practical
applications. In contrast, the top-down approach is easier
to be used, applicable for large feature size, and (almost)
nondestructive. However, as the optical wavelength is typi-
cally at the order of several 100 nm, precise interpolation of
interference fringes is necessary and the nonlinearity error of
the interferometer becomes a challenge. Furthermore, the
measurement bias due to tip–sample interaction could be
a critical issue for some measurements.

Two traceability approaches introduced in this paper can
not only be applied separately, but also be used in a joint
manner for more calibration capabilities, especially in under-
standing the complicated tip–sample interaction issues.
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