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Abstract
Nanostructures with steep side wall angles (swa) play a pivotal role in various technological
applications. Accurate characterization of these nanostructures is crucial for optimizing their
performance. In this study, we propose a far-field detection method based on coherent Fourier
scatterometry (CFS) for accurate quantification of steep swa and heights in cliff-like
nanostructures. Our approach introduces a parameter termed ‘visibility’, derived from the
unique far-field signatures of cliff-like nanostructures. This parameter serves as a quantitative
metric for the calibration of swa and heights. The heightened sensitivity of our method is
demonstrated, particularly when the incident polarization is perpendicular to the invariant
direction of the nanostructure for swa calibration, while both polarization states exhibit
sensitivity to height calibration. Furthermore, a comprehensive sensitivity analysis reveals the
stable nature of our method, showcasing that even with fluctuations of ±10 nm in the position of
the nanostructure, the resulting swa remains stable within a range of ±0.5◦. The exponential
variation of the visibility parameter with edge roundness is observed, with fluctuations in edge
roundness within 10 nm resulting in swa variations within 1.7◦ for both polarization states. In
experimental validations, our results demonstrate reasonable agreement between CFS-derived
and AFM measurements. The AFM data for swa (77.99◦ ± 1.37◦) and height (148.35 nm
±2.11 nm) are corroborated with CFS-derived value of swa (77.75◦ ± 3.61◦, 78.36◦ ± 3.89◦)
and height (149.42 nm ±1.66 nm, 150.05 nm ±1.04 nm) obtained from calibration curves for
TM and TE incident beams, respectively. Overall, our findings underscore CFS as a potential
and reliable tool for nanostructure characterization, offering precise measurements that are
pivotal for advancing nanotechnology.
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1. Introduction

In the ever-evolving realm of nanotechnology, the produc-
tion of nanostructures with precise height and steep side wall
angles (swa) stands as a pursuit of paramount importance
[1, 2]. These sharply defined structures play a crucial role in
the development of cutting-edge semiconductor devices, their
dimensions often shrinking to the nanometer scale. Precision
at this scale is no longer an aspirational goal; it has become
an absolute necessity [3]. Among the myriad of critical para-
meters, the height and steep swa emerge as a linchpin, partic-
ularly in lithography mask fabrication [4, 5]. The height and
steep swa hold the key to preventing shadowing effects dur-
ing the etching process, ensuring that the resulting pattern on
the wafer aligns precisely with the design specifications. Even
the slightest deviation in the height and swa, especially when
dealing with structures at the nanoscale, can trigger a domino
effect of consequences, potentially culminating in the failure
of the entire semiconductor chip [6]. Thus, themeasurement of
these steep swa carries tremendous significance, representing
both the cornerstone of nanoscale precision and the foundation
of faultless device functionality. However, the task of accur-
ately measuring these angles presents a formidable challenge,
one that has confounded researchers for years.

While there have been extensive numerical studies focused
on accurately measuring both height and steep swa, a method
that achieves precise measurements in both aspects remains
elusive. Prior endeavors predominantly leaned on simula-
tions and theoretical models, which offered valuable insights
[7–10]. However, the practical measurements of these struc-
tural parameters remain a formidable task. This disparity
between theoretical understanding and practical application
has become a pivotal challenge in the realm of nanoscale
metrology. Closing this gap is crucial for advancing the
field.

In the pursuit of height and swa measurement, several tech-
niques, including scanning electron microscopy (SEM) [11–
13], atomic force microscopy (AFM) [14–18], and optical
microscopy [19–22], have played pivotal roles. However, each
of these approaches brings its own set of drawbacks to the
table. SEM, despite its flexibility, grapples with the poten-
tial for sample damage, especially when investigating sensit-
ive nanostructures. AFM, on the other hand, faces challenges
when dealing with swa greater than the slant angle of its
probe tips, limiting its applicability. Although conventional
optical microscopy offers non-invasive capabilities and can
be utilized in in-line mode, they are constrained by Abbe’s
diffraction limit and exhibit relatively low spatial resolution
[23]. In response to these challenges, scatterometry-based
metrology techniques have emerged as a promising alternative
[24, 25]. Scatterometry, rooted in the analysis of scattered
light, encompasses various modalities, including spectro-
scopic ellipsometry (SE) [26], Mueller-matrix Fourier scat-
terometry (MMFS) [27], white light interference Fourier scat-
terometry (WL-IFS) [28], and critical dimension small angle
x-ray scattering (CD-SAXS) [29], offering unique capabilities
for nanostructure characterization. All these modalities come
with their advantages and disadvantages. SE provides detailed

information about thin film properties, including thickness and
refractive index. However, it is limited by its sensitivity to sur-
face roughness and the complexity of data analysis. MMFS
enables the characterization of complex periodic nanostruc-
tures. Yet, its application is often restricted to periodic struc-
tures, and it requires advanced modeling for interpretation.
WL-IFS excels in height measurements, especially for struc-
tures with varying heights. However, it may face challenges in
the presence of strong reflections and is confined to the coher-
ence length of the light source. CD-SAXS is a powerful tech-
nique for characterizing nanostructures, but it is limited by the
brightness of available compact x-ray sources, which leads to
long measurement times. Further, these techniques are model-
dependent, relying on solving an inverse problem to deduce
the values of parameters in the nanostructure, and are mostly
applied to periodic structures. Due to the complexity and ill-
posed nature of solving the inverse problem for an aperiodic
structure like a cliff-like nanostructure, these techniques have
commonly been used for characterizing periodic structures.
In contrast, coherent Fourier scatterometry (CFS) stands out
for its versatility, as it is not confined to periodic problems.
CFS can be used as a direct measurement-based technique
eliminating the need for modelling in detecting subwavelength
isolated particles or subtle alterations in the parameters of
nanostructures [30, 31], and a traditional model-based tech-
nique for the characterization of periodic nanostructures [32–
34]. Notably, recent advancements have seen CFS successfully
modeling and experimentally detecting an isolated defect in
the periodic nanostructure [35]. However, compared to other
techniques CFS is very sensitive to the alignment and stability
of the system, and is limited by the surface roughness of the
substrate and the noise of the camera pixels [36].

In this article, we propose a metric-driven calibration
approach for the characterization of nanostructure geomet-
rical parameters, focusing on aperiodic structures with cliff-
like features. Here we depart from traditional inverse problem-
fitting methods, which are often challenging for aperiodic
structures. Instead, we propose an alternative approach using
a quantitative metric termed ‘visibility’. This metric is linked
to the far-field signatures of the nanostructure, providing a
unique means for calibration. Unlike conventional fitting,
our methodology associates geometric parameters with the
variation of this metric, establishing calibration curves that
offer a unique perspective on nanostructure characterization.
Through sensitivity analysis, we also evaluate the method’s
robustness against structural and alignment variations. We fur-
ther show experimental validation of these calibration curves
using CFS. By employing CFS, we perform the height and
swa measurements but also establish a comparison with AFM
measurements, serving as the ground truth. While our meth-
odology exhibits promise, there are some limitations. Notably,
the sensitivity of our approach to noise and the experimental
conditions like stability, noise, and alignment of the system
will impact the overall accuracy. Further low scattering struc-
tures like phase-step objects will be challenging to measure
accurately as the noises will dominate the scattering from
these objects. Despite these limitations, the successful integ-
ration of numerical simulations with experimental validation
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substantiates the efficacy of our approach, marking a signific-
ant step forward in nanostructure calibration methodologies.

2. Method

2.1. Theory

In this section, we provide a detailed description of the
nanostructure under investigation and the associated diffrac-
tion theory. The nanostructure in consideration consists of a
cliff-like configuration with well-defined swa and height. In
figure 1(a) a 2D representation of the nanostructure is schem-
atically shown. The nanostructure is fully characterized by the
geometrical parameters: swa and height (h). We introduce an
additional parameter bwhich denotes the projection of the cliff
on the x−axis, with b= 0 implying that the nanostructure has
swa= 90◦. We define a coordinate system (x,y,z) to describe
the geometry of the nanostructure, with the nanostructure
being infinite along the x−axis and invariant along the y−axis.
Now the profile of the nanostructure can be expressed as

z(x) =


−h if x⩽−b
x tan(swa)− h

2 if |x|< b
0 if x⩾+b.

(1)

The nanostructure described above can be assumed to act as
a pure phase object i.e. a phase step if the slope of the cliff
is steep enough [9]. When the phase step interacts with an
illuminating focused beam, as shown in figure 1(b), the beam
will encounter different path differences across the cliff, and
the resulting scattered beam will experience different offsets
depending on the reflection function of the nanostructure. For
our nanostructure, the reflection function can be expressed as

rf (x) = r


exp(−2ikh) if x⩽−b
exp

[
2ik

(
x tan(swa)− h

2

)]
if |x|< b

1 if x⩾+b
(2)

where k is the wave vector and r(with |r|⩽ 1) is the Fresnel
reflection coefficient of the nanostructure. In the angular
spectrum decomposition formalism, a focused beam can be
decomposed into an infinite number of plane waves of dif-
ferent propagation directions [37]. Let us consider a plane
wave (defined by Ui,θi,ϕi) incident on the nanostructure.
The nanostructure (defined by rf) scatters the incident plane
wave, which is captured by a microscope objective (O) hav-
ing numerical aperture (NA), which further propagates it to
the back focal plane (BFP) (having coordinate system (ξ,η))
based on the Fourier optics theory [38]. The scattered field
propagated to the BFP is given by

Us (ξ,η) =

√
1
λf

exp(2ikf)
ˆ ∞

−∞
Ui (x,y)rf (x)

× exp

[
−2π i

(
ξ

λf
x+

η

λf
y

)]
dx dy (3)

where f is the focal length of the O, and λ is the wavelength
of the incident plane wave. Now, if we take into account the

Figure 1. (a) Geometrical representation of the cliff-like
nanostructure under investigation. (b) Schematic representation of
the cliff-like nanostructure, scattering an incident beam (Ui). The
scattered beam (Us) is captured by a microscope objective (O)
having numerical aperture (NA) and propagated to the back focal
plane (BFP).

scattering from the nanostructure for all plane waves of differ-
ent propagation directions, each θi and ϕi will correspond to a
distinct point in the BFP. However, it is important to note that
this mapping is constrained by the NA of the O.

2.2. Experimental setup

In this section, we illustrate the experimental setup of CFS.
Its general schematic is shown in figure 2. To begin, a col-
limated He–Ne laser with a wavelength of λ= 633 nm is util-
ized for illumination. The collimated laser beam first passes
through a linear polarizer (P1). The linearly polarized beam
passes through a non-polarizing beam splitter (BS), and then
it is directed towards a microscope objective (O) with an NA
of 0.4. The O focuses the beam onto the cliff-like nanostruc-
ture sample (S). The sample is positioned on a piezo-controlled
translation stage (X-Y TS), which is controlled to localize the
region of interest in the S and allows for precise observation.
The scattered light from the S is collected and directed back
through the O and again passes through the BS. We further
incorporate a telescopic setup comprising two lenses (L1 and
L2) to de-magnify the Fourier plane of the O, directing the
light towards a charge-coupled device (CCD) camera. We can
choose the output polarization at the CCD with the help of a
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Figure 2. Schematic of the experimental setup of coherent Fourier
scatterometry (CFS).

second linear polarizer (P2). This approach enables the sim-
ultaneous detection of the angular spectrum for all scattered
waves from every incident plane wave within the focused spot.

With the help of P1 and P2, we can choose between
two orthogonal configurations of polarization, TE and TM.
We use these two polarization configurations throughout
all experiments and simulations in this work. Here, TE
polarization means that the polarization direction of P1 at the
pupil is parallel to the invariant direction of the structure (i.e.
y−axis). Consequently, TM polarization means that the polar-
ization direction of P1 at the pupil is perpendicular to the
invariant direction of the structure (i.e. y−axis). P2 is always
aligned parallel to P1.

2.3. Numerical model

The intricate electromagnetic interaction between a focused
beam and a nanostructure characterized by steep swa presents
a formidable challenge. To tackle this complex problem, we
employed rigorous 3D electromagnetic simulations, specific-
ally the finite difference time domain (3D-FDTD) method,
employing a commercial software package (Lumerical FDTD)
[39]. Within the FDTD framework, Maxwell’s equations are
solved on discretized Yee grids (i.e. spatial and temporal grids)
in the time domain.

In our simulations, we replicate the experimental condi-
tions bymodeling a cliff-like nanostructure invariant along one
direction (along y−axis) and profile variation along the ortho-
gonal direction (along x−axis), as the simulation object. The
dimension of the simulation domain is chosen to ensure that
the width of the focused beam (FWHM ∼ 818 nm) remains
significantly smaller than the dimension of the simulation

Figure 3. The 3D-FDTD simulation scheme of a cliff-like
nanostructure characterized by geometrical parameters: swa and h,
being illuminated by a TE or TM polarized focused spot of
wavelength 633 nm. The corresponding y= 0 plane in (a). The
corresponding z= 0 plane in (b).

domain (= 14µm). Perfectly matched layer boundary condi-
tions are applied to all boundaries to prevent reflections. For
the illumination scheme, we used the vectorial diffraction the-
ory of Richards and Wolf [40, 41] to employ a TE polar-
ized (i.e. the polarization direction at the pupil is parallel to
the invariant direction of the nanostructure) or TM polarized
(i.e. the polarization direction at the pupil is perpendicular
to the invariant direction of the nanostructure) plane wave of
wavelengthλ= 633 nm being focused by amicroscope object-
ive of numerical aperture 0.4 onto the focal plane (we choose
our focal plane to be at the top layer of the cliff-like nano-
structure). The scattered near field emanating from the simu-
lation object is computed and sampled at the monitor plane,
thereafter propagating it into the far-field through the FDTD
simulation.

In figure 3(a), the y= 0 plane, and in figure 3(b), the z= 0
plane of the complete 3D-FDTD model is depicted. The sim-
ulation object’s geometry is characterized by the geometrical
parameters, swa and height (h). The nanostructure’s material is
silicon (Si) with a refractive index of n= 3.88126+ 0.01894i.
To investigate the impact of varying the geometrical paramet-
ers of the cliff-like nanostructure on the far-field signatures,
we systematically sweep swa (ranging from 70◦ to 100◦) and
h (ranging from 100 to 300 nm), while keeping the position of
the source injection plane, monitor plane, and computational
domain constant.

2.4. Sample preparation

The sample has been fabricated at the TU Delft clean room
and it consists of a 2× 2mm square etched on a silicon wafer.

3. Results

3.1. Far-field intensity pattern and definition of visibility

In this section, we perform numerical investigations to under-
stand the electromagnetic interaction of a cliff-shaped nano-
structure with that of a linearly polarized focused beam, with
the nanostructure being defined by the parameters: swa and
h. To understand this phenomenon, let us consider one such
nanostructure with parameters: swa= 90◦ and h= 150 nm.
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Figure 4. (a) Simulated normalized far-field intensity (on the left)
and phase (on the right) for a cliff-like nanostructure with
geometrical parameters: swa= 90◦ and h= 150 nm, being
illuminated by a TM polarized focused spot having λ= 633 nm.
(b) Corresponding far-field intensity (on the left) and phase (on the
right) for the same nanostructure illuminated by a TE polarized
focused spot having λ= 633 nm.

For the study, we have used rigorous 3D FDTD simulations as
already discussed. In figure 4(a) we have shown the normal-
ized far-field intensity pattern (on the left) and the correspond-
ing wrapped phase (on the right) for the TM polarized incident
beam. Similarly, in figure 4(b) we have shown the normalized
far-field intensity pattern (on the left) and the corresponding
wrapped phase (on the right) for the TE polarized incident
beam. Here, we observe two asymmetric radiation fields along
the x−axis i.e. along the direction of variation in the nanostruc-
ture profile, with the central region of the far-field experiencing
weak radiation because of the interference of the beam that is
scattered by the two halves of the nanostructure [7]. Further,
we observe a phase jump along the nanostructure induced by
the height variation (which produces the phase variation) of
the nanostructure. While the far-field intensity patterns appear
similar for both TE and TM polarizations, there are variations
in the intensities of the two asymmetric peaks. This discrep-
ancy arises as a consequence of the distinct treatment of TE
and TM polarized beams due to the electromagnetic boundary
conditions, i.e. the continuity in both tangential components
and their derivatives of the electric fields [42].

We introduce the concept of ‘visibility’ (V) as a quantitat-
ive parameter that characterizes the relative contrast between
the two distinct radiation fields observed in the far-field intens-
ity pattern. The V is a parameter that depends on the swa and
the height of the nanostructure. As the geometrical paramet-
ers of the nanostructure are varying the V will vary provid-
ing us with a unique means for calibration. A similar calib-
ration of nanoparticle size has been performed by Kolenov

Figure 5. Schematic describing the quantity visibility (V)
parameter.

and Pereira [43]. In figure 5, we illustrate the procedure for
calculating V applicable to any normalized far-field intensity
pattern of a cliff-shaped nanostructure. Initially, we examine
the cross-section along the ky = 0 plane within the normalized
far-field intensity pattern. Subsequently, we designate the two
radiation peaks as pk1 (the peak corresponding to −kx) and
pk2 (the peak corresponding to +kx). Finally, the parameter V
is quantitatively determined through the following mathemat-
ical expression:

V=
pk1 − pk2
pk1 + pk2

. (4)

This quantitative parameter V allows us the further possib-
ility to optimize the experimental setup, where instead of util-
izing a CCD camera we can replace it with a set of single-
pixel detectors positioned along the kx-axis which measures
pk1 and pk2 separately while yielding the quantity V. This in
turn will reduce the noises associated with the CCD camera,
further reducing the computation associated with quantifying
V from a far-field intensity map.

3.2. Numerical calibration of CFS for steep swa and height

In this section, we investigate the influence of the two geomet-
rical parameters, namely the steep swa and the height (h), on
the far-field intensity patterns exhibited by the cliff-like nano-
structure when subjected to illumination from a linearly polar-
ized focused beam. Our investigation encompasses two dis-
tinct aspects: the impact of variation in swa and the impact of
variation in h, each considered independently. To explore these
effects comprehensively, we systematically vary the swa over
a range spanning 70◦ to 100◦ while varying hwithin the range
of 100 nm to 300 nm for separate analyses.

Let us first explore the effects of swa on the far-field intens-
ity pattern of the cliff-like nanostructure. In figure 6(a) we have
shown the normalized far-field intensity pattern cross-section
in y= 0 plane, for cliff-like nanostructure with varying swa(=
70◦(green curve),80◦(amber curve), and 90◦( red curve))
while maintaining a constant h(= 150 nm), for a TM polar-
ized incident illuminating beam. Here, we observe that there
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Figure 6. (a) Normalized ky = 0 plane plotted for three different cliff-like nanostructures with different swa(= 70◦,80◦, and 90◦) but fixed
h(= 150 nm), when illuminated by TM polarized beam. (b) Normalized ky = 0 plane plotted for three different cliff-like nanostructures with
different swa(= 70◦,80◦, and 90◦) but fixed h(= 150 nm), when illuminated by TE polarized beam. (c) Calibration curves of swa are
shown for three different h(= 100 nm, 150 nm, and 250 nm) for TE and TM polarized incident illumination schemes.

is a significant difference in the value pk1 − pk2 for the dif-
ferent swa, resulting in different values of V. Consequently, in
figure 6(b) we have shown the analogous cross-sections for the
same cliff-like nanostructure parameters but under TE polar-
ized incident illumination. Although differences in pk1 − pk2
persist across varying swa, the differences are comparatively
smaller than those observed in the TM polarized scenario.
This implies that TM polarization exhibits greater sensitivity
to alterations in swa than its TE counterpart. Further, we per-
form a comprehensive study to understand the trend of change
due to the impact of swa by sweeping it in the range spanning
70◦ to 100◦, with the parameter V calculated for three differ-
ent heights (h= 100 nm (red curve), 150 nm (black curve), and
250 nm (blue curve)) as shown in figure 6(c). Notably, asterisk-
marked curves signify TE polarization, while curves marked
with circles represent TM polarization.We observe that for the
different heights, TM polarization is more sensitive to changes
in the swa. This sensitivity is further accentuated with increas-
ing height, attributing this trend to the increased lateral shadow
accompanying the growth of the nanostructure’s height.

Now, let us investigate the effects of varying h on the far-
field intensity pattern of the cliff-like nanostructure. In this
context, altering h introduces a corresponding modification
in the phase difference between the scattered fields eman-
ating from distinct height levels within the structure, result-
ing in variation in the far-field intensities. For the scenario

where h= λ/4 and swa= 90◦, a phase shift of π is introduced,
resulting in destructive interference between the scattered
beams emanating from different regions within the structure.
Similarly, when h= λ/2 and swa= 90◦, a phase shift of 2π
leads to constructive interference, rendering the change in
h inconspicuous to the incident beam. As we vary the h,
deviations from these distinctive cases become apparent. In
figure 7(a) we have shown the normalized far-field intensity
pattern cross-section in y= 0 plane, for cliff-like nanostruc-
ture with varying h(= 100 nm (green curve), 150 nm (amber
curve), and 225 nm( red curve)) while maintaining a constant
swa(= 80◦), for a TM polarized incident illuminating beam.
Here, we observe that there is a more pronounced difference
in the value pk1 − pk2 for the different h compared to the
variations induced by changing swa. An intriguing observa-
tion emerges at h= 225 nm where the far-field seems to flip
i.e. pk1 < pk2, this is due to the fact that at this h we have a
phase difference surpassing π. Consequently, in figure 7(b) we
have shown the analogous cross-sections for the same cliff-
like nanostructure parameters but under TE polarized incident
illumination. Here, we observe that the difference in the value
pk1 − pk2 is comparably substantial for both TE and TMpolar-
izations, suggesting that the variation in h is sensitive for both
the polarizations states. Further, we perform a comprehensive
study to understand the trend of change due to the impact of h
by sweeping it in the range spanning 100 nm to 300 nm, with
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Figure 7. (a) Normalized ky = 0 plane plotted for three different cliff-like nanostructures with different h(= 100 nm, 150 nm, and 225 nm)
but fixed swa(= 80◦), when illuminated by TM polarized beam. (b) Normalized ky = 0 plane plotted for three different cliff-like
nanostructures with different h(= 100 nm, 150 nm, and 225 nm) but fixed swa(= 80◦), when illuminated by TE polarized beam. (c)
Calibration curves of h are shown for three different swa(= 70◦,80◦, and 90◦) for TE and TM polarized incident illumination schemes.

the parameter V calculated for three different swa(= 70◦(red
curve),80◦(black curve), and 90◦(blue curve)) as shown in
figure 7(c). The curves marked with asterisks denote TE polar-
ization, while circles represent TM polarization. The quasi-
periodic curves as shown in figure 7(c) stem from the inter-
play between the phase difference introduced by the cliff-like
nanostructure among different segments of the incident beam.
These findings demonstrate the capability of CFS as an adept
calibration tool for precisely gauging nanostructures charac-
terized by steep swa and varying heights (h).

3.3. Sensitivity analysis of CFS

In this section, we analyze the sensitivity of the proposed CFS
method for the calibration of steep swa against the edge round-
ness of the cliff-like nanostructure; and the variation in the pos-
ition of the cliff-like nanostructure with respect to the focused
beam.

Accordingly, for the analysis of the influence of edge
roundness of the cliff-like nanostructure, we introduce round-
ness r(= 0 nm to 10 nm) to the nanostructure (as shown in
figure 8), for one such nanostructure with parameters: swa=
90◦ and h= 100 nm. We measure the deviation introduced
in V due to the roundness in the cliff-like nanostructure, by
calculating ∆V, where ∆V= |Vr−Vr=0|. Here, the subscript
r denotes the roundness in the cliff-like nanostructure. In
figure 8(a) we have shown the deviation introduced in V due

Figure 8. Sensitivity analysis, indicating edge roundness of 10 nm
in nanostructure results in a swa variation within 1.7◦.

to the roundness in the cliff-like nanostructure for TM polar-
ized incident beam. Similarly, in figure 8(b) we have shown the
deviation introduced in V due to the roundness in the cliff-like
nanostructure for TE polarized incident beam. The resulting
deviation in the swa measurement, denoted by ∆swa, where
∆swa= |swar− swar=0| is represented in the vertical right
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Figure 9. Sensitivity analysis, indicating fluctuation of ±10 nm in
position of nanostructure results in a stable swa within the range of
±0.5◦.

axis for both plots.We observe thatV varies exponentiallywith
the edge roundness, although for edge roundness within 10 nm
the resulting variation of swa is within 1.7◦ for both the polar-
ization states. Such a variation of V around the edge roundness
of the nanostructure confirms the robustness of the proposed
CFS method implemented against unwanted roundness on the
edge of the nanostructure. Further for nanostructures with lar-
ger h, the deviation in swa due to the same extent of roundness
(i.e. r= 10 nm) will be less than 1.7◦. This is due to the fact
that the effective variation in the nanostructure reduces as the
h increases for the same roundness. We also note that for high
values of roundness, the proposedmethodwill not be sensitive;
this is understandable because as the quality of the nanostruc-
ture reduces, the definition of swa cannot be that of the ideal
nanostructure.

Now, we analyze the sensitivity of the proposed CFS
method for the calibration of steep swa against variation in
the position of the cliff-like nanostructure with respect to the
focused beam. For that, we introduce a displacement d(=
−10 nm to +10 nm) to the nanostructure with respect to the
position b= 0, for one such nanostructure with parameters:
swa= 90◦ and h= 100 nm. In figure 9we have shown the vari-
ation in V due to the displacement in the nanostructure posi-
tion with respect to the focused beam in the horizontal bottom
axis (shown in black curves), together with the swa calibra-
tion curve of the nanostructure (as shown in figure 6(c)) in the
horizontal top axis (shown in red curves). The curves marked
with asterisks denote TE polarization, while circles represent
TM polarization. We observe that V remains unaltered even
in the presence of sufficient fluctuations in the position of
the nanostructure, resulting in a variation of swa within the
range of ±0.5◦. Here, we observe that the proposed method
has a stable value for V as long as the variation in the pos-
ition of the nanostructure is within 20 nm with respect to

Figure 10. (a) 3D visualization of the tilted-AFM data. (b) A
cross-section of the AFM data (shown in (a)), where we define the
swa of the profile. (c) Histogram representing the variation in swa in
the AFM measurement. (d) Histogram representing the variation in
height (h) in the AFM measurement.

the focused beam. Such a stable value of V around the dis-
placement in the position of the nanostructure confirms the
robustness of the proposed CFS method implemented against
unwanted fluctuations due to tolerances of the piezo transla-
tion stage used in the experiments.

3.4. Experimental verification

In this section, we demonstrate the experimental verification
of our numerically simulated results. For that, we measure
a cliff-like nanostructure made up of material Si. Further, to
establish the ground truth of the geometrical parameters of the
nanostructure, the height h and swa have been independently
measured by an AFM. In order to determine the steep swa
value, we mounted the sample in a holder with a tilt of 60◦

and analyzed the measurements following Dai et al [44]. In
figure 10(a) we have shown the 3D visualization of the tilted-
AFM measurement data. Consequently, in figure 10(b) we
have shown a cross-section profile of the data (shown in black
curve), where wemeasure the steep swa by fitting straight lines
through the edge of the profile (shown in red curves) and cal-
culating the angles between them. From the AFM data, we
obtain that the geometrical parameters of the nanostructure
are: swa= 77.99◦ ± 1.37◦ and h= 148.35 nm ±2.11 nm. In
figures 10(c) and (d) we have shown the histograms repres-
enting the variation in measurement of swa and height of the
cliff-like nanostructure, respectively.

Now, to perform experimental measurements using CFS,
we have used the setup as depicted in figure 2. Here, we illu-
minate the cliff-like nanostructure using a TE or TM polarized
focused spot using a microscope objective having NA= 0.4.
The cliff-like nanostructure sample is placed on the piezo
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Figure 11. (a) Experimental and simulated normalized far-field for
TM polarized incident beam. (b) Experimental and simulated
normalized far-field for TE polarized incident beam. (c)
Cross-section along ky = 0 plane of results shown in (a). (d)
Cross-section along ky = 0 plane of results shown in (b).

translation stage, which is used to position the sample at the
center of the optical axis of the focused beam. Finally, the
scattered field is captured by the CCD camera. In the experi-
ment, we capture a set of five far-field intensity images for each
TE and TM polarized incident beam, while moving the sample
around the center of the optical axis of the focused beam, this
is done because the sample cannot be aligned exactly at the
center of the optical axis of the focused beam. In figure 11(a)
we have shown the experimentally captured normalized far-
field intensity (on the left) and corresponding closest simulated
normalized far-field intensity with geometrical parameters:
swa= 77.5◦ and h= 150 nm (on the right). The incident illu-
mination beam is TM polarized. Consequently, in figure 11(b)
we have shown the analogous normalized far-field intens-
ity for the same cliff-like nanostructure parameters but under
TE polarized incident illumination. Here, we observe that
while exact matching between simulated and experimental
far-fields was not achieved due to inherent simulation limit-
ations and the noise in the setup, both the experimental and
simulated far-fields exhibit significant agreement with each

other. To further validate this concordance, in figure 11(c) we
have plotted the cross-section along ky = 0 the plane for both
experimental (black curve) and simulated (red curve) far-field
intensities for TM polarized incident illumination. Similarly,
in figure 11(d) we have plotted the cross-section along the
ky = 0 plane for both experimental (black curve) and simu-
lated (red curve) far-field intensities for TE polarized incid-
ent illumination. Here, we have used a moving average low
pass filter on the cross-sections to reduce the high-frequency
noise. We observe that pk1 and pk2 match for both TE and
TM polarization states for both experiments as well as sim-
ulations. Further, for the experimentally measured far-field
intensities, the parameter V yields the value 0.241± 0.012
for TM polarized incident illumination and 0.299± 0.005 for
TE polarized incident illumination. We introduce a custom-
ized figure of Merit (FOM), analogous to the reduced χ2

[45], defined as the FOMχ2 . The FOMχ2 can be calculated
with, FOMχ2 = [1/n]

∑n
i [kx

Exp
i − kx

Sim
i ]2/δV, where n is the

total number of measurement points, kExpx and kSimx are the
normalized cross-section along ky = 0 plane of the far-field
of experiment and simulation, as shown in figures 11(c) and
(d), δV is the uncertainty measured in V. In our measure-
ments, we find FOMTM

χ2 = 1.85 and FOMχ2TE = 5.4. The cal-
ibration curve presented in figures 6(c) and 7(c) facilitates the
determination of the height and swa value as h= 149.42 nm
±1.66 nm and swa= 77.75◦ ± 3.61◦ from the TM polariza-
tion calibration curve and h= 150.05 nm±1.04 nm and swa=
78.36◦ ± 3.89◦ from the TE polarization calibration curve.
The results experimentally demonstrate that CFS is a viable
calibration tool for the measurement of the steep swa and
heights (h) of cliff-like nanostructures.

4. Discussions and conclusions

In this paper, we have successfully demonstrated the effective-
ness of CFS as a robust calibration tool for accurately meas-
uring steep swa and heights of cliff-like nanostructures. Our
experimental and simulated results show a reasonable agree-
ment, validating the method’s reliability. In this work, we have
introduced a ‘visibility’ parameter that uniquely quantifies the
far-field intensity, providing a quantitative means to assess
steep swa and heights. Utilizing this parameter, the CFS sys-
tem can further be optimized by replacing the CCD camera in
the setup with a set of single-pixel detectors that perform the
arithmetic calculation for ‘visibility’. The proposed method
indicates a higher sensitivity to the TM polarization state for
calibrating steep swa while for calibration of height both the
polarization states are equally sensitive. Furthermore, a com-
prehensive sensitivity analysis reveals the stable nature of our
method, showcasing that even with fluctuations of ±10 nm in
the position of the nanostructure, the resulting swa remains
stable within a range of ±0.5◦. The exponential variation of
the visibility parameter with edge roundness is observed, with
fluctuations in edge roundness within 10 nm resulting in swa
variations within 1.7◦ for both polarization states. Further, as
the variation introduced due to the swa being relatively small
this method is prone to stability, noise, and alignment of the
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system. Performing experimental calibration could provide an
alternative if the system is not ideal. Our analysis revealed
that while exactmatching between simulated and experimental
far-fields was not achieved due to inherent simulation limit-
ations, we observed similar trends in the dependence of far-
field behavior on swa, strengthening the confidence in our
findings. In our experimental validations, we find a reason-
able agreement between the CFS-derived and AFM meas-
urements. The swa (77.99◦ ± 1.37◦) and height (148.35 nm
±2.11 nm) values obtained from AFM closely align with
the corresponding swa (77.75◦ ± 3.61◦, 78.36◦ ± 3.89◦) and
height (149.42 nm ±1.66 nm, 150.05 nm ±1.04 nm) values
derived from CFS calibration curves for TM and TE incid-
ent beams, respectively. Future research endeavors involve the
application of CFS to more complex cliff-like nanostructures,
particularly those with layered compositions, where the uncer-
tainties associated with optical constants become increasingly
significant. Thin layers within these nanostructures can intro-
duce variations in optical constants depending on their thick-
ness, influencing the overall accuracy of our measurements.
Therefore, investigating the influences of simulation errors,
including variations in optical constants, on the calibration
curves obtained through FDTD-based simulations becomes
important for these complex nanostructures. Understanding
these influences will be critical for refining our methodology
and ensuring its robustness and accuracy across varying exper-
imental conditions and material properties. Additionally, con-
sidering the impact of aberrations within the experimental
setup and the roughness of the nanostructure sample is essen-
tial, as they can significantly affect the measured results. We
intend to explore and address these effects to enhance the
reliability and accuracy of our experimental measurements in
future studies. Additionally, investigating the scalability of the
technique to industrial manufacturing processes could pave the
way for its integration into commercial nanofabrication work-
flows. The findings of this study underscore the significance of
the CFS technique as a powerful tool for nanostructure charac-
terization. By enabling accurate and reliable measurements of
steep swa and heights, CFS contributes to the advancement of
nanotechnology and holds promise for a wide range of applic-
ations in nanoscale metrology and beyond.
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