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Nanopillars are widely used for various applications and require accurate shape characterization to
enhance their performance and optimize fabrication processes. In this paper, we employ coherent Fourier
scatterometry (CFS) combined with rigorous three-dimensional finite-difference time-domain simulations
to accurately determine the shapes of nanopillars with various geometries, including cylindrical, triangular,
square, and rectangular shapes. The nanopillars considered here have lateral dimensions (a) ranging from
100 to 1000 nm. Our methodology utilizes the preferential excitation of the nanostructures by a tightly
focused beam and leverages their inherent symmetry to capture far-field signatures that vary periodically
with rotation. This approach allows us to distinguish between different nanopillar shapes based on these
rotational signatures. Our results demonstrate that the CFS method can reliably characterize nanopillars
with lateral dimensions @ > 300 nm, surpassing the conventional diffraction limit of 351 nm. However,
the method reaches its fundamental limits for a < 200 nm, as also confirmed by simulations, where
we approach the dipole approximation regime (a < A). This constraint is not observed for rectangular
nanopillars, owing to their constant breadth (b = 1000 nm), which prevents such a regime. Furthermore,
our method successfully differentiates nanopillars transitioning from rectangular to square shapes. We also
explored the method’s limitations concerning nanostructure height (%), finding that triangular and square
nanopillars could be characterized accurately for 2 > 50 nm and # > 150 nm, respectively. Furthermore,
the method remains robust against shape distortions such as edge roundness. The method is primarily
effective in determining the lateral (top-down) shape of nanopillars, it does not resolve longitudinal fea-
tures. The ability to accurately characterize nanostructure shapes has significant implications in fields such

as photonics and biosensing, where geometry critically influences device performance.

DO 10.1103/PhysRevApplied.23.024016

I. INTRODUCTION

Nanopillars, subwavelength structures with nanoscale
dimensions, have gained significant attention across var-
ious fields due to their unique properties and wide range
of applications, such as photonics [1-3], electronics [4],
sensing [5—7], energy [8,9], and biotechnology [10,11].
These nanostructures have the ability to manipulate light
and interact with matter at the nanoscale. The chemical and
physical properties of nanopillars, such as electron mobil-
ity, band gaps, and crystal structure, have been shown to
exhibit a strong dependence on their dimensions, specifi-
cally their diameter and length [12—14]. This dependence
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arises from various phenomena, including quantum con-
finement, and enhanced phonon scattering, which become
prominent as the dimensions of the structures approach the
nanoscale. In addition to size, the cross-sectional shape
and overall geometry of nanopillars are also crucial factors
influencing their properties. Recognizing this, researchers
have optimized the shapes of nanopillars in the litera-
ture for specific applications, leading to designs, such as
cylindrical, triangular, square, and rectangular cross sec-
tions [15—17]. However, despite these advancements, the
fabrication of nanostructures with precise and tailored
geometries remains a significant challenge [18—20]. The
fabrication processes often result in cylindrical nanostruc-
tures, which may not always be ideal for all applica-
tions [21]. In the semiconductor industry, for instance,
the presence of defects in wafer manufacturing can lead
to substantial yield losses [22]. To identify the origin
of the defects and ultimately control them, characteri-
zation of the presence, shape, size, and composition is
needed. Therefore, the characterization of nanostructures,
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particularly their shape, becomes essential not only for
improving fabrication techniques but also for ensuring the
desired functional properties of them in their respective
applications.

While significant progress has been made in the char-
acterization of the geometrical shapes of different nanos-
tructures, much of this has focused on structures with
dimensions larger than the illumination beam, such as
step-phase objects defined by height and sidewall angles
[23-25], or periodic structures like gratings [26—28]. How-
ever, characterizing the shape of isolated nanostructures
having dimensions smaller than the illumination beam
presents a considerable challenge due to the limitations
imposed by Abbe’s diffraction limit. This fundamental
constraint restricts our ability to resolve and accurately
visualize structures smaller than the wavelength of the illu-
mination beam, making it difficult to characterize very
small nanostructures. Recent studies have attempted to
overcome this by extracting features from scattering pat-
terns to classify or distinguish different shapes at the
wavelength scale [29-31]. While these methods provide
some insight into structural details, they fall short of offer-
ing accurate and independent determinations of the exact
shapes of nanostructures, particularly for those smaller
than the illumination beam and beyond the diffraction
limit.

A variety of traditional tools have been employed to
characterize the shape of nanostructures, which include
scanning electron microscopy (SEM) [32], atomic force
microscopy (AFM) [33], and scanning near-field opti-
cal microscopy (SNOM) [34]. Each tool has its own set
of advantages and limitations, Both SEM and AFM are
benchmark tools, offering high-resolution imaging. How-
ever, they have low throughput and can potentially inflict
permanent damage to the sample, making them inva-
sive and primarily employed in offline mode. SNOM can
achieve resolution beyond the diffraction limit but is ham-
pered by complex setup requirements, challenging data
interpretation, and limited depth profiling due to the short
propagation distance of near-field light. Scattering-based
techniques have also been widely utilized for nanos-
tructure characterization [35]. Critical dimension small
angle x-ray scattering (CD-SAXS) [36] is highly effective
for analyzing nanoscale dimensions with high precision
but is constrained by the brightness of compact x-ray
sources, which leads to long measurement times. Similarly,
Mueller-matrix imaging ellipsometry (MMIE) [37] and
Mueller-matrix scattered-field microscopy (MSM) [38] are
powerful tools for extracting detailed information about
the optical and geometrical properties of nanostructures.
However, these methods often require advanced modeling
and are typically constrained to periodic nanostructures. In
contrast, coherent Fourier scatterometry (CFS) presents a
more versatile approach that is not confined to periodic
nanostructures and does not require complex modeling.

CFS has been successfully applied to a range of problems,
demonstrating its flexibility and effectiveness. For periodic
structures, CFS has been used to retrieve grating parame-
ters [28], as well as for detection of isolated subwavelength
particles [39]. Moreover, CFS has shown its capability
in hybrid scenarios, such as detecting an isolated defect
within a periodic grating [40]. These applications highlight
the potential of CFS as a robust and adaptable technique for
characterizing both periodic and isolated nanostructures.

This paper presents a methodology based on CFS to
determine the shapes of various nanopillars, including
cylindrical, triangular, square, and rectangular geometries.
By utilizing a focused beam for preferential excitation
and the inherent symmetry of these nanostructures, we
capture distinctive far-field signatures that vary with rota-
tion, allowing us to determine the different shapes based
on these rotational patterns. Our methodology breaks the
diffraction limit while remaining robust against shape dis-
tortions, such as edge roundness. While our methodology
can determine the lateral (top-down) shape of nanopillars,
it has limitations in resolving longitudinal features. Despite
the limitation, the ability to determine the lateral shape of
nanostructures provides a crucial step for advancing the
manufacturing of these nanostructures for applications in
fields such as photonics and biosensing.

II. METHODS
A. Concept

In this section, we introduce the scattering problem and
the associated diffraction theory for CFS. In Fig. 1(left)
the scattering problem is schematically illustrated, where
a subwavelength scatterer present on top of a substrate
is illuminated by a focused laser beam. We introduce a
coordinate system (x,y,z) at the focal plane to define
the geometry of the scattering system. The position of
the subwavelength scatterer is defined as the origin of
this coordinate system. According to the angular spec-
trum decomposition formalism, the focused beam can be
decomposed into an infinite number of plane waves of dif-
ferent propagation directions [41]. Each such instance of
plane waves U;(6;, ¢;) will be scattered (U;) by the scat-
terer and collected by the microscope objective (O) having
numerical aperture (NA), which will be further propagated
to the back focal plane (BFP) (having a different coordinate
system (&, 1)) based on the Fourier optics theory [42]. The
mapping of the scattered beams in the BFP is constrained
by the NA of the O.

A key aspect of our approach is the high NA (=0.9)
illumination, which creates a nonsymmetric field in the
focal region, as predicted by the vectorial diffraction theory
[43,44]. This field is elongated along the polarization
direction of the incident light. In Fig. 1(bottom right)
the elongated electric field intensity in the focal plane
is shown. In the case of NA = 0.9, and wavelength
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FIG. 1. (Left) Schematic representation of a subwavelength
scatterer on a substrate illuminated by a focused laser beam.
A plane wave (U;) within the beam is scattered (Uy) and cap-
tured by a microscope objective (O) having numerical aperture
(NA) and propagated to the back focal plane (BFP). (Bottom
right) Electric field intensity in the focal plane that interacts with
the scatterer. Cross-sections reveal the FWHM, indicating field
elongation along the polarization direction. (Top right) Far-field
image of a point scatterer illuminated by the focused field, con-
sisting of two lobes, manifesting dipole radiation. Arrows denote
the polarization direction.

A = 633 nm, the electric field intensity along the polariza-
tion direction has FWHM = 462.2 nm, and for the electric
field intensity orthogonal to the polarization direction, the
FWHM = 341.2 nm. Let us consider a simple system
where the nanostructure is a very small particle (<« 1) and
can be approximated to a single oscillating dipole. This
approximation yields a characteristic far-field pattern with
lobes oriented according to the polarization direction of
the incident light [as shown in Fig. 1(top right)]. This is
due to the asymmetry in the focal field, which induces
a preferential excitation of the nanostructures along spe-
cific directions. Further, the scattering pattern deviates
from this dipolelike behavior for larger or more com-
plex nanostructures (here nanopillars of different shapes)
where the single oscillating dipole approximation is not
valid. This leads to additional features encoded in the
far-field that provide more detailed information about the
nanostructure. We aim to utilize this encoded information
in the far-field signatures, where the asymmetry in the
focal field induces a preferential excitation of the nanopil-
lars along specific directions, combined with the intrinsic
symmetry of the shape of the nanopillar. For this, we sys-
tematically rotate the nanopillars and analyze the resulting
far-field patterns. By correlating these patterns with the
nanostructure’s orientation, we can infer the shape of the
nanostructures.

B. Experimental setup

In this section, we outline the experimental setup for
CFS, as depicted schematically in Fig. 2. A He-Ne laser
operating at a wavelength of A = 633 nm generates a colli-
mated illumination beam, achieved through coupling with
a single-mode fiber. Lens 1 couples the laser into the fiber,
while lens 2 collimates the light emerging from it. A lin-
ear polarizer is used to control the polarization direction of
the illumination beam. The polarizer can be rotated by an
angle 6 (= 0° to 360°), where the position & = 0° is defined
as that where the polarization direction at the pupil is par-
allel to the x axis. The linearly polarized collimated beam
is directed through a nonpolarizing beam splitter and then
focused onto the nanopillars on the sample using a high
numerical aperture (NA = 0.9) microscope objective. The
sample is mounted on a piezocontrolled translation stage
(XYZ TS), to localize the nanopillars on the sample, allow-
ing for precise observation. The scattered light is collected
by the same microscope objective, passes back through the
nonpolarizing beam splitter, and is then relayed to the back
focal plane of the microscope objective via a telescopic
system composed of lens 3 and lens 4. A CCD camera
positioned at this plane captures the angular spectrum of
the scattered waves from all incident plane waves within
the focused spot.

In the experiments, rather than rotating the nanopillars,
which is practically complex, we manually rotate the linear
polarizer and perform a single-shot measurement with the
CCD camera for each of the different polarization direc-
tions of the illumination beam, defined by 6. For each
of these captured far-field images, we rotate these images
back by an angle —6. This is done to imitate the situa-
tion where we rotate the nanopillars by 6. Further due to
the reflection symmetry of the linear polarizer, the illu-
mination beam for 6 and 6 + 180° is identical. Hence we

Single-Mode Fiber

Lens2

Camera Lens4 Lens3 Polarizer

‘: Beam Splitter

Lens 1
Back Focal Plane L
Objective
x NA= 09 LASER
A =633nm
Sample

z
XYZ Translation Stage

FIG. 2. Schematic of the experimental setup of coherent
Fourier scatterometry (CFS).
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perform only single-shot measurement for the polarization
directions of the illumination beam at 8 with, 8 = A x n,
where A6 = 30° and n € [0,5] N Z.

C. Numerical model

The problem of the interaction between a tightly focused
beam and nanopillars on a substrate is complex and
demands careful consideration due to the intricate geome-
tries and the presence of a substrate that disrupts the sym-
metry of the system [45]. Previous studies have primarily
concentrated on the scattering of electromagnetic waves by
spherical particles on flat surfaces, using various methods
like Mie theory and the extensions of Weyl’s method [46],
and dipole approximations [47,48] to simplify the prob-
lem. However, when dealing with more complex shapes,
these simplified models and assumptions are insufficient.
The substrate’s impact on the scattering becomes more
pronounced, especially when dealing with nonspherical
geometries. Therefore, to accurately model the interac-
tion of a focused beam with these nanopillar structures,
we utilized rigorous 3D electromagnetic simulations, the
finite-difference time-domain (3D-FDTD) method, imple-
mented with the commercial software package Lumerical
FDTD [49]. This approach solves Maxwell’s equations
in the time domain by discretizing space (Yee grids)
and time.

In the simulations, we replicate the experimental con-
ditions by modeling an isolated nanopillar (centered at
the origin on the xy plane) on top of a flat substrate,
as the simulation object. The simulation domain is care-
fully sized to ensure that the width of the focused beam
(FWHM approximately 462 nm) is much smaller than
the simulation domain’s dimension (=14 wm). To pre-
vent reflections, we apply perfectly matched-layer (PML)
boundary conditions on all boundaries. For the illumina-
tion, we utilize the vectorial diffraction theory of Richards
and Wolf [43,50], employing a TM polarized (i.e., the
polarization direction at the pupil is parallel to the x axis)
plane wave of wavelength & = 633 nm being focused by a
microscope objective of numerical aperture 0.9 onto the
focal plane (we choose our focal plane to be at the top
of the substrate, i.e., z = 0 plane). The scattered near field
from the nanopillar is calculated and sampled at a monitor
plane, thereafter propagating it into the far field through
the FDTD simulation [51].

In Fig. 3(a), the y = 0 plane, and in Fig. 3(b), thez = 0
plane of the complete 3D-FDTD model is depicted. The
geometrical parameters, lateral dimension (a), and height
(h) characterize the simulation object’s geometry (here the
case of square nanopillar for illustration). The nanopillar’s
and the substrate’s material is silicon (Si) with a refractive
index of n = 3.88126 4 0.01894i. To investigate the influ-
ence of rotation of the nanopillar on the far-field signatures,
we systematically rotate the simulation object by an angle

@) (b)
-0.5 Monitor plane -7
-0.45 Source injecti
jection plane
-0.4 @
§ Focal planea g_ 0 la
h Ik
1]
Si x Si
015 l‘f PML layer 7 ly PML layer
-7 0 7 -7 0 7
pm pm
©
x
l;’ = 'L/ \ \a‘ ‘a b
a “a
a
FIG. 3. Illustration of the 3D-FDTD model, where a nanopil-

lar (square nanopillar) is illuminated by a TM-polarized focused
beam of wavelength 633 nm (emanating from source injection
plane). The scattered near field is sampled at the monitor plane
and propagated to the far field through the FDTD simulation.
(a) Corresponding y = 0 plane; (b) corresponding z = 0 plane;
(c) the orientation of the different nanopillars at the z = 0 plane
foro = 0.

0 (= 0° to 360°), while keeping the position of the source
injection plane, monitor plane, and computational domain
constant. The position of the different nanopillars at & = 0°
is shown in Fig. 3(c).

D. Sample design and fabrication

A sample consisting of Si nanopillars of different shapes
with nominal geometrical parameters as detailed in Table
I is fabricated using e-beam lithography followed by etch-
ing. The Si wafer, after cleaning is spin coated with the
ARN7520 resist at 4000 rpm followed by a pre-exposure
bake at 85°C for 60 sec. The design is written on the
resist with an exposure dose of 500 mJ/cm? using the
Raith EBPG5200. After exposure, the resist is developed
in MF322 solution for 60 sec followed by rinsing in water.
The structures are then etched using reactive ion etching in
Sentech Etchlab 200. The remaining resist is stripped by
sonicating the sample in acetone for 5 min. In Fig. 4 (top
panel), we show the SEM image of the fabricated nanopil-
lars of the different shapes. The +-shaped markers are
fabricated to facilitate the localization of the nanopillars
on the sample. In Fig. 4 (bottom panel), we show enlarged
SEM images of the different nanopillars having nominal
geometrical parameters: a = 300 nm, and 2 = 250 nm.
The SEM measurements show that the lateral dimensions
of the fabricated nanopillars are within 30 nm of the nom-
inal values, however the tilted plane measurement of the
nanopillars were not conclusive, and we cannot report the
actual height of the fabricated nanopillars.
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FIG. 4. (Top panel) SEM image of the fabricated nanopillars,
described by geometrical parameters of Table I. The +-shaped
markers are fabricated to facilitate the localization of the nanopil-
lars on the sample. (Bottom panel) Enlarged SEM images of the
different nanopillars.

III. RESULTS

A. Comparison of simulations and experiments

In this section, we compare our simulated results with
experimental data. Simulations allow us to explore the lim-
itations of the methodology by varying parameters that
cannot be easily adjustable in experiments, enabling us to
better understand the underlying physics. Therefore, we
need to establish that the simulation results are consis-
tent with the experimental data. To illustrate this, let us
consider a triangular nanopillar of geometrical parameters

J

it 201 (4y — 4) (By — B)

defined by length a = 500 nm and height # = 250 nm.
In Fig. 5(a), we show the simulated far-field signatures
corresponding to different orientations of the triangular
nanopillar, defined by the rotation of the nanopillar (6 =
0°,30°, and 60°). We observe a significant deviation of the
far-field signatures from the symmetric dipolelike signa-
ture when a small spherical particle on a substrate interacts
with a focused beam [39], and that the far-field signatures
are different for the different 6, demonstrating that the far-
field signatures are sensitive to the shape and orientation of
the nanopillars even though the dimension of the nanopil-
lars are smaller than the Airy diameter of the focused spot
(= 1.221/NA = 858 nm). In Fig. 5(b), we show the corre-
sponding experimental far-field signatures, where instead
of rotating the nanopillar sample we have rotated the polar-
ization direction by 6 and the far-field signatures have been
rotated by —6. We observe that the simulated and experi-

mental far-field signatures are consistent with each other
demonstrating that our simulation model is faithful and

that the combination of rotating the direction of polariza-
tion and the far-field signatures is equivalent to rotating the
sample.

B. Determination of shapes of nanopillars

In this section, we demonstrate that the shape of sub-
wavelength nanopillars can be retrieved by utilizing the
influence of geometrical shape and orientation of the
nanopillars on the far-field signatures. We aim to under-
stand how the different orientations, i.e., the rotation of
the nanopillars, will influence the far-field signatures and
how they will differ for the different shapes. Now, to quan-
tify these variations in the far-field signatures, we define a
metric “Cy4 z” which measures the correlation between the
far-field signatures. With “C, g”” mathematically expressed
as

Cyp =

; (M

TABLE I. Nominal geometrical parameters of the nanopillars.
Shape Diameter/length ~ Breadth Height
a (nm) b(nm) A (nm)
Cylindrical nanopillar 100, 200, ...,1000 o 250
Triangular nanopillar 100, 200, ...,1000 ... 250
Square nanopillar 100, 200, . ..,1000 250

Rectangular nanopillar 100, 200, .. .,1000 1000 250

\/(Zf\il ZJN:I (Aij _;1)2> (Zf\il Zszl (Bij - B)2>

(

where, 4; and Bj; are the two far-field signatures at the
(i,j )th pixel, with N? being the total number of pixels in
the square far-field plane. 4 and B are the mean of all the
N? pixels in the far-field plane of 4 and B, respectively.
For the analysis, we consider all the different
shapes of nanopillars defined by geometrical parameters,
a =500nm, b = 1000 nm, and 4 =250 nm. We sys-
tematically rotate each nanopillar by an angle defined by
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FIG. 5. Far-field signatures corresponding to different rota-
tions 6 (= 0°,30°, and 60°) of the triangular nanopillar, defined
by geometrical parameters: ¢ = 500 nm and /2 = 250 nm. (a)
Simulated using 3D-FDTD; (b) Experimental data.

0@ = 0° to 360°) and for each type of nanopillar we
calculate the correlation metric “Cy(= Cyg,+6).” With,
6y = 0°,and 6 = 0° to 360°. However, 0y can be chosen to
be any other arbitrary angle as well. In Fig. 6, we show the
variation in the far-field signatures for the different shapes
of nanopillars. The curves of different shapes have mark-
ers of the corresponding shapes. We observe that all the
nanopillars of different shapes display different periodicity
in the correlation metric. We observe that the periodic-
ity of the correlation metric varies for the different shapes
of the nanopillars i.e., 120° for triangular nanopillar, 90°
for square nanopillar, and 180° for rectangular nanopil-
lar. This periodicity depends on the rotational symmetry
of the shape of the nanopillar. For cylindrical nanopillar,
we do not observe any periodicity in the correlation met-
ric as the cylindrical nanopillar is identical for any rotation
0. Therefore, based on Cy we can determine the shape of
the different nanopillars. Further, we observe that the peak-
to-peak of Cy, of the different shapes of nanopillars is not
the same and indicates that the influence of rotation of the
nanopillars on the variation in the far-field signatures is
most sensitive for the triangular nanopillar, followed by
rectangular nanopillar, with the square nanopillar showing
the least sensitivity.

Now, we demonstrate experimentally that by utilizing
CFS one can determine the shape of all different shapes
of nanopillars. Here, we measure the far-field signatures
of all the fabricated nanopillars described by the geomet-
rical parameters as shown in Table I. For each nanopil-
lar, we systematically rotate the linear polarizer manually
from 6 = 0° to 150° with a separation of 30°, follow-
ing the description in Sec. IIB. From all the far-field
signatures measured, we calculate the correlation metric
“Co(= Cgo’90+9),” where 6y = 0°,0 = A6 x n, with AG =
30° and n € [0,12] N Z. In Fig. 7(a), we show the exper-
imental variation of the correlation metric for cylindrical
nanopillars. The correlation metric shows no periodicity

v

047

cylindrical nanopillar, a = 500 nm
—a—triangular nanopillar, a = 500 nm
0.2 —=—square nanopillar, a = 500 nm
rectangular nanopillar, a = 500 nm, b = 1000 nm

0.0

0 90 180 270 360
0 (°)

FIG. 6. Simulated variation in far-field signatures as a function
of 0 for different nanopillar shapes, quantified by the correlation
metric Cyp(= Cop+0) as defined by Eq. (1). The results demon-
strate a periodic variation in Cy depending on the symmetry
of the nanopillar shapes. The nanopillars are characterized by
geometrical parameters: ¢ = 500 nm, b = 1000 nm, and & =
250 nm.

for all the different dimensions a, indicating that these
nanopillars are cylindrical. Further, we have Cy = Csg9 =
1 as they are the same far-field signature and identical.
However, for the other Cy, it is not 1, this is because of
experimental limitations, as it is not possible to guaran-
tee that the nanopillar is at the exact center of the beam
while we are taking the different measurements by rotating
the linear polarizer manually. Further, there is the pres-
ence of multiple dirt particles in the microscope objective
[can also be seen in the experimental far-field signatures
of Fig. 5(b)], which appears in the far-field signatures, and
as we rotate the far field by an angle —6, these specks of
dirt also rotate and reduce the correlation between them.
Furthermore, as the fabrication process is not ideal, the
presence of surface roughness and the fact that nanopil-
lars are not exactly symmetric, also contributes to the
reduction in correlation between them. In Fig. 7(b), we
show the experimental variation of the correlation metric
for triangular nanopillars. The correlation metric shows a
clear periodicity of 120° for the different dimensions a.
In Fig. 7(c), we show the experimental variation of the
correlation metric for square nanopillars. The correlation
metric shows a clear periodicity of 90° for the different
dimensions a. In Fig. 7(d), we show the experimental vari-
ation of the correlation metric for rectangular nanopillars.
The correlation metric shows a clear periodicity of 180°
for the different dimensions a. Further, it is interesting to
observe the variation in the correlation metric for the situ-
ation where the rectangle is converting to a square i.e., for
a = 800 nm (rectangle), 900 nm (rectangle), and 1000 nm
(square) [shown in the inset of Fig. 7(d)]. For dimension,
a = 800 nm (rectangle), the variation in correlation met-
ric has a periodicity of 180°. For dimension ¢ = 900 nm
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(a) Cylindrical nanopillars

(b) Triangular nanopillars
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FIG. 7.

v 1, +2a= 1000 nm,b = 1000 nm
10 h |-a=900 nm,b =1000 nm
a =800 nm,b=1000 nm,

0.8}

Experimental variation in far-field signatures as a function of 6 for the different fabricated nanopillars, quantified by the

correlation metric Cy(= Cp49) as defined by Eq. (1). The nanopillars are characterized by geometrical parameters as given by Table
1. (a) For cylindrical nanopillars; (b) for triangular nanopillars; (c) for square nanopillars; (d) for rectangular nanopillars, with the inset
showing the periodicity of the correlation metric Cy changing from 180° for ¢ = 800 nm (rectangle) to 90° for @ = 1000 nm (square).

(rectangle), the variation in correlation metric has a peri-
odicity of 180° but with small peaks appearing at 8 = 90°,
and 270°. For dimension a = 1000 nm (square), the vari-
ation in correlation metric has a periodicity of 90°. These
results imply that we can also distinguish the shape of the
nanopillars, which are almost square to square in shape.
This experiment demonstrates that by utilizing CFS we
can experimentally determine the shape of the different
nanopillars (cylindrical, triangular, square, and rectangu-
lar) in a model-independent manner beyond the diffraction
limit (diffraction limit = A/2NA = 351 nm).

C. Limitation of shape determination

In this section, we analyze the limitations of our method-
ology for determining the shape of nanopillars. As our

methodology is based on scattering from the nanopil-
lars, the limiting factors include the lateral dimension of
nanopillars (a), the height of nanopillars (%), and the qual-
ity of the fabrication of the nanopillars. Accordingly, we
define a quantitative metric “pk-to-pk C,” which measures
the maximum change in the correlation metric. The metric
pk-to-pk C indicates the sensitivity of variation in the far-
field signatures due to the rotation of the nanopillars. The
metric pk-to-pk C can be mathematically expressed as

pk-to-pk C = max |loc max(Cy)| — min |[loc min(Cyp)]|,

@

where Cy(= Cy,9,46) 18 the correlation metric as defined
by Eq. (1), with 6y = 0°, and 6 € (0°,360°). With loc
max(Cy) = Cpr> Comax = Co forall 0 € (Bmax — 8, Omax +
8), loc min(Cy) = Cy Cop. <Cy for all 6 € (Bnmin

'min ° min
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FIG. 8. Limitation analysis of the lateral dimension (a) of the

nanopillars. (a) Simulated using 3D-FDTD; (b) experimental
data. Both indicating that the shape of the nanopillars can be
determined for ¢ > 300 nm.

— 8,0min +8), and (8 > 0) considers the immediate
neighborhood of Oy, Omin. We exclude Cy and Csgo to
emphasize on the relative variations in Cy for nonidentical
far-field signatures.

Now, we analyze the limitation of the proposed CFS
method for the determination of the shape of the nanopil-
lars against the lateral dimension (a) of the nanopillars.
Accordingly, we systematically vary the lateral dimension
of the nanopillars ¢ = 100 nm to 1000 nm, for the dif-
ferent shapes of nanopillars (cylindrical, triangular, and
square) with 7 = 250 nm. We measure the correlation “Cy”
and calculate the metric “pk-to-pk C” using Eq. (2). In
Fig. 8 we show how the pk-to-pk C depends on the lat-
eral dimension (@) of the nanopillars for different shapes:
Fig. 8(a) for the simulated results and Fig. 8(b) for the
experimental results, respectively. We observe that for
a < 200 nm, pk-to-pk C — 0, i.e., we cannot distinguish
between the different shapes of the nanopillars. This can
also be observed in Figs. 7(b) and 7(c), where for the tri-
angular and square nanopillars with a < 200 nm, we do
not observe any periodicity, and the variation in corre-
lation metric is similar to that of cylindrical nanopillars.
This indicates that after ¢ < 200 nm, we approach the

0.5 cylindrical nanopillar
—a&—triangular nanopillar
0.4 - | = square nanopillar

pk-to-pk C

50 100 150 200 250

FIG. 9. Limitation analysis of the height (%) of the nanopil-
lars simulated using 3D-FDTD. Indicating that the shape of the
square nanopillars can be determined for # > 150 nm and the
shape of the triangular nanopillars can be determined for 2 > 50
nm.

Sommerfeld-Rayleigh system (¢ < 1), where the nanopil-
lar acts as an oscillating dipole with a defined orientation
positioned near the substrate [52]. However for rectan-
gular nanopillars even for a < 200 nm we always have
b = 1000 nm, which still influences the far-field sig-
natures, preventing such a regime. Further, we observe
that the trends for both the simulated and experimental
results demonstrate reasonable agreement, where the met-
ric pk-to-pk C is largest when a ~ 500 nm as here we have
similar lateral dimensions of the nanopillars and the illu-
minating focused beam. The results demonstrate that the
shape of the nanopillars can be determined for ¢ > 300 nm.

Now, we analyze the limitation of the proposed CFS
method for the determination of the shape of the nanopil-
lars against the height of the nanopillars. Accordingly,
we systematically vary the height of the nanopillars 4
(=50 nm to 250 nm), for the different shapes of nanopil-
lars (cylindrical, triangular, and square) with @ = 500 nm.
We numerically measure the correlation “Cy” and cal-
culate the metric “pk-to-pk C” using Eq. (2). In Fig. 9
we show how the pk-to-pk C depends on the height (/)
of the nanopillars for different shapes. We observe that
pk-to-pk C increases nonlinearly with 4, for triangular and
square nanopillars. With the triangular nanopillars exhibit-
ing a significantly stronger growth than square nanopillars.
Further, we observe that pk-to-pk C is constant (=0) for
cylindrical nanopillars, as there is no variation in the cor-
relation metric Cy. We observe that the shape of the square
nanopillars can be determined for 2 > 150 nm and the
shape of the triangular nanopillars can be determined for
h > 50 nm.

Now, we analyze the limitation of the proposed CFS
method for the determination of the shape of the nanopil-
lars against the distortion in the shape of the nanopillars,
namely the edge roundness. Accordingly, we introduce
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FIG. 10. Limitation analysis of distortion of the shape of the
nanopillars simulated using 3D-FDTD. Indicating the robust-
ness of the methodology with the edge roundness () of the
nanopillars.

edge roundness » (=0 nm to 100) nm (shown schemat-
ically in Fig. 10 for a square nanopillar) to the different
shapes of the nanopillars (triangular, square, and rectangu-
lar) with @ = 300 nm, 500 nm, and 700 nm, and /2 = 250
nm. We numerically measure the correlation “C,” and cal-
culate the metric “pk-to-pk C” using Eq. (2). In Fig. 10
we show how the pk-to-pk C varies with edge round-
ness (r) of the nanopillars for different shapes. We observe
that for all the nanopillars of different shapes pk-to-pk C
remains stable. Although we observe some fluctuation for
the triangular nanopillar with ¢ = 500 nm, pk-to-pk C
remains large. Further, only for the triangular and square
nanopillars with a = 300 nm pk-to-pk C with large edge
roundness goes to 0. This is understandable as at this edge
roundness, these nanopillars are equivalent to cylindrical
nanopillars. These results demonstrate the robustness of
the methodology with the variation of edge roundness of
the nanopillars.

IV. CONCLUSIONS

In this work, we employed CFS to determine the shapes
of various nanopillars, including cylindrical, triangular,
square, and rectangular geometries. Both simulations and
experiments were conducted for nanopillars with lateral

dimensions (a) ranging from 100 to 1000 nm, and the
results from both methods showed excellent agreement.
Our proposed methodology utilizes the preferential stim-
ulation of an illuminating focused beam and the inherent
symmetry of the nanopillars to determine their shapes. By
rotating the nanopillars and capturing their far-field signa-
tures, we observed periodic variations in correlations that
directly relate to the shape symmetry of the structures.
Among the shapes studied, triangular nanopillars exhibited
the highest sensitivity to rotation in the far-field measure-
ments. Our method could reliably determine the shape of
nanopillars with lateral dimensions a > 300 nm, which is
beyond the conventional diffraction limit of 351 nm. How-
ever, for smaller dimensions (a < 200 nm) we approach
the fundamental limitation of our proposed methodol-
ogy, which was also corroborated by simulations, wherein
the nanopillars approach the single dipole approximation
regime. This limitation was not observed for rectangular
nanopillars, as they have a constant breadth 5 (=1000 nm)
preventing them from reaching this regime. Additionally,
our method proved capable of distinguishing nanopillars
as they transition from rectangular shape to square shape.
We also analyzed the limitations of our approach concern-
ing the height (%) of the nanopillars, finding that triangular
nanopillars can be accurately characterized for 2 > 50 nm,
and square nanopillars for # > 150 nm. The method was
further tested for robustness against shape distortions such
as edge roundness (), showing that it remains effective
despite variations up to » = 100 nm. However, it is worth-
while to note that this method is limited to determining
the lateral (top-down) shape of the nanopillars and can-
not resolve longitudinal shape features. Future work will
involve expanding this methodology to characterize lon-
gitudinal shape features of nanopillars and more intricate
shapes. The findings from this study extend the capabili-
ties of CFS to shape determination, potentially leading to
advancements in nanofabrication and nanodevice design.
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