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ABSTRACT: Archimedean spirals in nanometer scale have shown
remarkable plasmonic responses derived from their linear and
rotational asymmetry. Despite the unique optical properties of
nanoscale spirals, their applications have been limited due to the
difficulty in fabricating large-scale arrays with uniform and
systematic control of the morphology. Here, we report simulation
results of spiral morphologies, which are used to design a scalable
fabrication process for nanoscale spirals and predict their
plasmonic responses. First, self-consistent field theory (SCFT)
simulations were performed to design optimal templates to guide
self-assembly into spiral morphologies. Using the SCFT results, we
developed a scalable fabrication process, which is based on the
micron-scale assembly of microspheres combined with glancing
angle deposition and nanoscale assembly of block copolymers, to induce the formation of uniform nanospirals with diverse size,
handedness, orientation, and winding number. Finally, finite-difference time-domain simulation results show linear dichroism and
electric field intensity enhancement effects of these nanospirals, which are highly dependent on the winding number of the spirals,
indicating the importance of precise control of the structural parameters.
KEYWORDS: nanoscale spirals, self-consistent field theory, finite-difference time-domain, block copolymer, directed self-assembly

Theoretical and experimental investigations of plasmonic
nanostructures have been reported extensively in the last

few decades, fueled by their phenomenal properties with strong
light−matter interactions via localized surface plasmons.1−6

Nanostructures fabricated in a subwavelength scale confine
electromagnetic fields on their surface and modify light
properties in various ways depending on their geometry.7−9

Asymmetric geometries, in particular, have emerged as one of
the most prominent plasmonic nanostructures with novel
properties unseen in regular patterns. Various asymmetric and
chiral nanostructures, such as Archimedean spirals,10−15 tilted
bar pairs,16 asymmetric bulls-eyes,17 split ring resonators,18,19

and helices20 have been reported with practical optical
characteristics such as sharp Fano resonance, circular
dichroism, vortex beam emission, and efficient harmonic
generation. Nanoscale Archimedean spirals, in particular,
have shown unique and promising optical responses applicable
in areas including circular polarimeters,11,21 quantum emit-
ters,22 super-continuum plasmonic emission,13 and second-
harmonic sensing and generation.12,23

However, common nanofabrication techniques with large-
area scalability are often limited in terms of delicate control of
the morphology, and thus the fabrication of nanoscale spiral
patterns on macroscopic substrates has been a challenge
mainly due to the complexity of the structure’s linear and
rotational asymmetries in addition to extremely small feature

sizes below 100 nm. As a result, most previous studies have
simply demonstrated a limited number of spirals fabricated
with high-resolution top-down lithography techniques, such as
electron beam and focused ion-beam lithography techniques,
since such top-down approaches have so far shown superior
precision in nanoscale fabrications.2,12,14,19,24

Despite their advantages, the high cost and low throughput
of these top-down procedures limit their applications and call
for alternative bottom-up methods, such as directed self-
assembly (DSA) of block copolymers (BCPs). BCPs are
known to form various periodic nanostructures as functions of
relative volume fraction and the degree of incompatibility
between the connected blocks.25,26 When BCPs are confined in
a template, their chains are guided to induce directed self-
assembly to form corresponding nanostructures,27−35 enabling
the fabrication of diverse patterns in high resolution and with
good uniformity in a large area. Nevertheless, patterning
techniques using BCP self-assembly share the inherent
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constraints of many bottom-up techniques, especially regarding
morphology control.
A few years ago, a study on BCP self-assembly into spiral

morphology was reported, suggesting possibilities of fabricating
more intricate structures using BCPs.36 The aforementioned
study utilized simulations to predict the BCP’s behavior in
topographic templates and designed trenches to induce DSA
into spiral morphologies by adding notches into circular
trenches. The templates were effective with high yields of
coordinated spirals, especially compared to spirals formed in
symmetric hexagonal trenches, implying superiority of
asymmetric trenches in producing asymmetric BCP patterns.
However, the trenches reported in the previous study were
fabricated with electron beam lithography, forming spiral
arrays on a micron-sized small area. Because the scalability of
the template fabrication technique directly limits the maximum
area of BCP patterns, large-area fabrication of template arrays
is indispensable for practical applications beyond laboratory-
scale experiments.
In this work, we report simulation results on confinement-

induced DSA behaviors of BCPs, which inspired a scalable
fabrication process for asymmetric trenches to induce spiral
self-assembly, and studies on the unique nanoplasmonic
characteristics of the spiral patterns. Self-consistent field theory
(SCFT) simulations suggest optimal template geometries with
inherent asymmetries to induce the self-assembly of spiral
morphologies with controlled winding numbers and handed-
nesses. Inspired by the simulation-based design of templates
for nanoscale spirals, we developed a scalable fabrication
technique via a combination of microsphere self-assembly and
angle-controlled e-beam evaporative deposition. We demon-

strate the generation of asymmetric circular trenches with
artificially incorporated defects, which energetically stabilize
the formation of self-assembled BCP spirals. Finite-difference
time-domain (FDTD) simulations reveal the relationship
between optical characteristics of the spirals and their
structural parameters, such as winding number and pattern
geometry. These findings provide a cost-effective and scalable
fabrication technique using multiple-length-scale bottom-up
approaches to produce an aligned array of spiral nanostructures
with controlled size, handedness, orientation, and winding
number, which have been achievable only via extremely high-
cost and low-throughput lithographic techniques, and suggest
potential applications for the nanostructure array.

■ RESULTS AND DISCUSSION

To predict the DSA behavior of cylinder-forming BCPs within
various trench-type templates, we performed self-consistent
field theory (SCFT) simulations. The confinements were
modeled with top surfaces with high PDMS affinity to
reproduce polymer-air interfaces and bottom and sidewall
surfaces with high PS affinity to reproduce Si trenches with PS
brush layers. In a trench with a shape of a perfect, symmetric
circle, concentric rings, where the radius R of the template
determines the number of rings, are formed as expected.28 The
simulation results in Figure 1a,b present three concentric rings
formed in a circular template with a radius of 10.64Rg = 2.96L0,
where Rg and L0 = 3.6Rg are, respectively, the radius of gyration
and lattice spacing (periodicity) of the cylinder-forming BCP
( f PDMS = 0.3 and χN = 18.0).

Figure 1. SCFT simulation results for self-assembly of cylinder-forming BCPs, with radius of gyration Rg, in various asymmetric trenches. The
green plots indicate trench structures, while the red plots depict isosurfaces where the local density fields of PS and PDMS are equal (interface
between two blocks). The simulations were performed with top surfaces attracted to PDMS and both sidewall and bottom trench surfaces attracted
to PS. The top PDMS layer and the bottom of the trench are removed in images (d)−(n) for better visibility of the trench and BCP morphology.
(a) A circular trench structure with a radius of 10.64Rg and (b) resulting concentric ring structure of BCPs. (c) Bird’s eye view of the asymmetric
trench structure with defect, represented by substituting the top right quarter of the circle with a quarter of an ellipse with a semi-minor axis of R
and a semi-major axis of R + δR, and (d) the resulting spiral formed in the template with δR = 3.92Rg. Simulation results for self-assembly in
asymmetric trench structures with a fixed radius R = 10.64Rg and various defect sizes δR = (e) 2.24Rg, (f) 2.80Rg, (g) 3.92Rg, (h) 4.48Rg, and (i)
5.04Rg. Simulation results for self-assembly in asymmetric trench structures with fixed defect size δR = 3.36Rg and various radii R, forming spirals of
corresponding winding numbers Φ: R = (j) 8.40Rg (Φ = 4.5π), (k) 9.52Rg (Φ = 5π), (l) 10.08Rg (Φ = 5.5π), (m) 10.64Rg (Φ = 6π), and (n)
12.04Rg (Φ = 6.5π).
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On the other hand, to construct a trench to induce self-
assembly into a spiral, we incorporated “an artificial protrusion
defect” at one side of the circular trench, represented by
substituting a quarter of the circle with an ellipse with a semi-
minor axis of R and a semi-major axis of R + δR. To specify
parameters describing the template dimensions, R and δR
hereafter designate the radius of the circular region and the
radius difference at the protruded region, respectively, as seen
in Figure 1c. The intentional defect incorporation generates
lattice mismatch between the two halves of the trench
structure, which increases with the δR value. SCFT calculations
indicate that an appropriate δR value provides sufficient
asymmetry in the trench for the BCP cylinders to form a
connected spiral structure to overcome the free-energy barrier
resulting from the lattice mismatch at the protrusion defect
region. Subsequent simulations, conducted with spectra of
dimensional parameters, showed that R and δR values
determine the spiral morphology, and the results are described
in detail below.
To systematically study the effects of spatial confinement

conditions as a function of δR, we performed a series of SCFT
simulations by increasing δR from 0 to 6.16Rg with the radius
of the circular trench fixed at R = 10.64Rg. For systems with
small δR values (≤2.24Rg), BCPs maintain the concentric ring
structure with the formation of small distortions near the
protrusion defects in the trench, as shown in Figure 1e.
However, when δR and the resultant lattice mismatch are
sufficiently significant, a disconnection in the outermost ring
occurs at the defect region and the BCPs start to wind inward
to form spiral patterns. This phenomenon suggests that the
artificial defects can serve as “spiral initiators,” which
energetically stabilize the spiral geometries.
As can be seen in Figure 1, such spiral morphologies are

observed in trenches with δR between 2.80Rg and 4.48Rg

(Figure 1f−h). BCPs sustain the spiral structure until δR
reaches 5.04Rg, where δR is large enough to alter the spiral
morphology and form a central island ring structure
disconnected from the spiral cylinder, as shown in Figure 1i.
A further increase in δR results in structures considerably
distorted from spiral morphologies due to the large widths of
the defect structure (see Figure S1 in the Supporting
Information for more simulation results). From these
investigations, we could determine that the BCPs form spiral
structures in templates in the range of 2.80Rg ≤ δR ≤ 4.48Rg,
which corresponds to 0.78L0 ≤ δR ≤ 1.24L0. From this
perspective, the defect size δR should approximately be on the
order of L0, which is sufficiently wide for an additional cylinder
pattern to be initiated at the defect but not to a degree of
causing closed cylinder loops to form.
To demonstrate the possibility of forming spiral structures

with various winding numbers (termed Φ hereafter), we
performed additional SCFT simulations for templates with
variations in the radius R and a fixed defect size of δR = 3.36Rg.
As shown in Figure 1j−n, Φ of the spiral morphology increases
from 4.5π to 6.5π as the radius of the trench is enlarged from
8.40Rg to 12.04Rg. It is noteworthy that the winding number Φ
approximately corresponds to 2πR/L0, which is consistent with
R/L0 being approximately the number of concentric rings
formed within a circular trench with a radius R. Furthermore,
the simulation results show that self-assembly into a spiral is
stable in all trenches with various R when the defect size δR is
approximately L0.
We now present how nanoscale spirals with highly

controlled geometries can be fabricated in a scalable manner.
The overall fabrication procedure for an array of nanoscale
spiral patterns is illustrated in Figure 2 with corresponding
SEM images. Figure S2 in the Supporting Information provides
a more detailed representation of each fabrication step with

Figure 2. Overview schematics and SEM images of template fabrication process. (a) Polystyrene nanosphere self-assembly into hexagonally close-
packed monolayer, (b) their size reduction using ICP-RIE, (c) SiO2 vertical deposition, (d) first nickel etch mask GLAD, (e) second nickel etch
mask GLAD, (f) SiO2 anisotropic etching using ICP-RIE, (g) nickel and PS sphere etch masks removal with an acidic solution and ultrasonication
treatment, respectively, and (h) block copolymer self-assembly within the trenches. The scale bars represent 200 nm.
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bird’s eye and cross-sectional views. The trench template
fabrication process utilizes capillary force assembly of micro-
spheres, physical vapor depositions, and ion-etching techni-
ques, which provide outstanding scalability and facilitate
utilization of BCPs in large-area fabrications without hindering
the advantages of DSA as a bottom-up approach. Furthermore,
various structural parameters of the spirals, such as their size,
handedness, orientation, and winding number, can be
controlled with simple adjustments in the fabrication process,
as discussed below.
The templates demonstrated here were fabricated to

reproduce the trench structures and dimensions used in the
SCFT simulations. BCP with lattice spacing of L0 = 60 nm was
used, and the template was customized accordingly based on
the facile controllability over the size and shape of the template
via simple modifications in the fabrication process. First, the
size of microspheres and O2 plasma etching parameters can
adjust the radius R of the template to the optimal size. The
SEM images in Figure 2a,b show polystyrene (PS) micro-
spheres with size reduced from the initial radius of R = 250 nm
to R = 9.52Rg = 159 nm, analogous to the parameter optimized
for 5π spirals (Figure 1k). The pattern period of the templates,
on the other hand, can also be regulated by controlling the
diameters of close-packed PS spheres, as their initial diameter
determines the center-to-center distance between neighboring
circular trenches (see Figure S3 in the Supporting Information
for pattern dimension adjustments). PS microspheres of
various sizes are commercially available and can also be easily
prepared, providing the flexibility to fabricate arrays of different
sizes and pattern periods.
Second, the size and shape of the nanoholes, and

consequently those of the defect, are determined by the
deposition angles in the two-step nickel glancing angle
deposition (GLAD) process. A number of previous stud-
ies37−39 have reported crescent-shaped shadows generated
with the GLAD technique on spherical nanostructures and that
the size and shape of the “deposition silhouette,” where no
materials are deposited, are determined by the glancing angle.
We discovered that the partial overlapping of two

dissimilarly shaped Ni deposition silhouettes from each
GLAD process forms an asymmetric shadow analogous to
the protrusion defects used in the SCFT simulations, as shown
in Figure 2e. The overlapped portion of the shadows, where
deposition did not occur both times, acts as the defect in the
trench after etching SiO2 using Ni as an etch mask. As the
shape of the shadow is also affected by the size of the
microspheres, glancing angles have to be adjusted accordingly
to maintain the defect size δR = L0 for microspheres of
different sizes. For the pattern demonstrated in Figure 2,
nanoholes of optimal size and shape were obtained with polar
angles θ of 50 and 30° relative to the surface normal and an
azimuthal angle γ = 70° (see Figures S4 and S5 in the
Supporting Information for more detailed descriptions on the
angles in the GLAD technique). The underlying SiO2 area
exposed by the nanohole was then etched with anisotropic
inductively coupled plasma reactive-ion etching (ICP-RIE) to
fabricate an asymmetric defect with a sharp edge. Finally, the
nickel mask layers and PS spheres were removed by wet
etching in an acidic solution and ultrasonication treatments,
respectively, to develop the trenches. Trenches of various R
with fixed δR can be seen in Figure 3c. The asymmetric
templates fabricated with defects in the opposite directions and

spirals formed within those templates are shown in the insets
of Figure 3a,b.

Following template fabrication, spiral patterns were
developed within the templates via directed self-assembly of
poly(styrene-b-dimethylsiloxane) (PS-b-PDMS). PS-b-PDMS
can produce well-defined patterns with minimal defects, form
SiOx via a simple dry-etching process with ICP-RIE, and
provide high-resolution patterns for transfer printing40,41 and a
pattern reversal process.28,42 Figure 3 shows the fabricated
trenches and spiral patterns produced within those templates.
In Figure 3a,b, large-scale arrays of uniform 5π spiral patterns
formed in trenches with radii R = 159 nm can be seen. We also
prepared trenches with radii R of approximately 140, 159, 168,
177, and 200 nm to reproduce the template sizes considered in
the SCFT simulations in Figure 1j−n. Spirals with a winding
number Φ of 4.5π, 5π, 5.5π, 6π, and 6.5π were, respectively,
formed in those trenches, validating the simulation results. The
resulting spirals of various Φ in the range of 4.5π ≤ Φ ≤ 6.5π
demonstrate the precise morphological versatility of this
fabrication process and its potential in inducing asymmetric
self-assembly.
Moreover, the control of asymmetry of the trench structure

allows effective alterations in pattern handedness and
orientation. As discussed above, BCP cylinders are initiated
at the wider part of the defect winding inward, and thereby
both the handedness and orientation of the spirals can be
adjusted by tuning the defect. The handedness is determined
by the relative angle between the two GLAD processes.
Trenches fabricated with larger shadows located clockwise to
smaller shadows develop spirals winding inward clockwise,
while trenches with larger shadows located counter-clockwise
to smaller shadows develop spirals winding inward counter-
clockwise. The orientation of the spirals, on the other hand, is
uniformly controlled by the deposition angle as well. Since the
overlapping shadow develops a defect that acts as the starting
point of spiral self-assembly, spirals in the array have their

Figure 3. Spiral nanostructures fabricated in the trenches using block
copolymer. SEM images of (a) clockwise spirals (inset: template
before BCP self-assembly), (b) counter-clockwise spirals (inset:
template before BCP self-assembly), and (c) spirals with winding
numbers from 4.5π to 6.5π. The scale bars represent 300 nm.
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outermost cylinders oriented at the overlapping regions. In the
fabrication method, the defect position and direction can be
easily modified by adjusting the angles of the two nickel GLAD
processes, allowing facile adjustment in the spiral handedness
and orientation with high yield.
As examples, spirals of different handednesses were formed

using templates containing artificial defects fabricated in
opposite directions. The fabricated spirals, winding inward
clockwise and counter-clockwise, can be seen in Figure 3a,b,
respectively, along with their templates as insets. Additionally,
as predicted with SCFT simulations, the winding number Φ of
the spirals was determined by the radius R when the defect size
is maintained at δR = L0, and spirals of various Φ were
fabricated in templates of various radii, as shown in Figure 3c.
These parameters, including the template radius and the defect
size and shape, can be adjusted in the trench fabrication
process with PS microsphere size and GLAD angles, providing
a versatile control of the morphology. Furthermore, the
fabrication method also produces a dense subwavelength-
scale nanostructure array in large scale, which is essential in
amplifying the plasmonic effect.
To investigate the plasmonic effects of the nanoscale

Archimedean spiral arrays, three-dimensional FDTD simu-
lations were carried out using structural parameters based on
the fabricated nanostructures. Three-dimensional chiral
nanostructures are known to show strong circular dichroism,
which is often utilized in applications such as circular
polarimeters or biomolecule sensing.11,21,43−48 However,
simulation results based on our nanopatterns indicate that
two-dimensional Archimedean spirals exhibit greater inter-
actions with linearly polarized waves, analogous to previously
reported studies.14 The nanospirals show strong linear
dichroism determined by their geometries, which can be
used in a number of application fields. The nanostructure array
used in the calculations is modeled as hexagonally ordered
Archimedean nanospirals patterned in an Au layer on a Si
substrate, as described in Figure 4a and the Methods section.
The simulation results in Figure 4 show notable plasmonic
effects induced by the asymmetry of spirals and their
relationship with the spiral’s winding number Φ.

The transmission spectra and the electric field intensity
enhancement effects under incident waves of different
polarization states and wavelengths were calculated for the
spirals with a range of winding numbers. Figure 4b shows
transmission spectra of 5.5π spirals as a function of the
wavelength λ, where linear dichroism can be observed in the
contrasting trends and with large differences in the trans-
mittance between x and y linearly polarized incident waves.
The differences between linearly polarized waves demonstrate
the importance of the spiral’s orientation in determining the
transmittance. Figure 4c illustrates the spectral dependence of
the transmission difference ΔT of spirals with Φ ranging
between 2.5π and 6.5π (see Figure S6 for the transmittance for
X- and Y-polarized linear incident waves). The ΔT values are
affected by both Φ and λ, exhibiting larger differences in wider
ranges of wavelengths with increasing winding number.
However, as the winding number exceeds 6.5π, the trans-
mittance starts to show a significantly reduced polarization
contrast, possibly due to the decreased asymmetry in the spiral.
We note that previous studies have also reported winding-
number-dependent linear dichroisms, which is induced by the
dipole oscillation in the spiral arms along the direction of
incident light polarization.14,24

The maximum local field intensity enhancement near the
top surface of the structure is observed to be between 300 and
1100 depending on the winding number Φ, as shown in Figure
4d. In all cases, the wavelength at which the maximum field
enhancement occurs is around 2 μm, as illustrated with black
dots in Figure 4c. The extreme field enhancements in the spiral
structures can be attributed to the plasmonic field concen-
tration between the closely spaced spiral arms.12,49−51 We note
that the enhancement factor is strongly dependent on the
winding number for Φ < 4π and becomes relatively constant
for Φ > 4π. When the winding number is small (Φ < 4.5π), the
large structural asymmetry induces an asymmetric field
distribution possessing plasmonic hot spots on the rim of the
spirals, as shown in Figure S6c,d, which is highly sensitive to Φ.
As the winding number further increases (Φ > 4π), the
distribution of plasmonic hot spots becomes more centrosym-
metric (Figure S6e), and thus the resonance characteristics
become less sensitive to the winding number. Consequently,

Figure 4. Plasmonic effects of the nanoscale Archimedean spirals obtained by FDTD simulations. (a) Schematic of 5.5π nanospiral cavities,
patterned in a gold film on a silicon substrate. (b) Transmittance of 5.5π nanospiral array for X and Y linearly polarized waves as a function of
wavelength. (c) Transmittance difference ΔT between X and Y polarizations as a function of winding number and wavelength. (d) The maximum
local field intensity enhancement factors near the top surfaces of the nanospirals as a function of winding number for Y polarization. The
wavelengths of maximum field enhancement for each winding number are denoted as black dots in (c). (e) Electric field distribution in 5.5π
nanospiral array at the maximum field enhancement wavelength. The scale bar represents 300 nm.
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the intensity enhancement factors for Φ > 4π is maintained at
around 600 with little fluctuations, as shown in Figure 4d.
The plasmonic properties occurring in spirals with 4.5π ≤ Φ

≤ 6.5π suggest a number of interesting applications, especially
combined with the comprehensive control of the spiral
geometries provided by our fabrication method. Foremost,
the tunable dichroism determined by Φ suggests possibilities
as an ultrathin large-area polarimeter. Large-area fabrication of
ordered nanoscale spirals with precise control of the spiral
winding number and orientation provides highly selective
transmittance, as exhibited in Figure 4b,c. The Φ-dependent
ΔT values show the importance of controlling the spirals’
winding number, while the contrasting responses to the
polarized waves show the importance of uniform orientation of
spirals in an array to amplify the effect. Furthermore, the Φ-
dependent transmission spectra combined with the high field
enhancement is a promising characteristic in realizing a precise
optical sensor.23

■ CONCLUSIONS

In summary, SCFT calculations were performed to deduce a
customized template design that can induce the formation of
spiral morphologies via directed self-assembly of BCPs. In
particular, SCFT demonstrated that the artificial incorporation
of a protrusion defect can play a key role in stabilizing spiral
geometries over concentric rings. This was experimentally
verified by a scalable fabrication of nanoscale spirals based on
BCP self-assembly directed by microsphere self-assembly
patterns. The protrusion defect designed by the SCFT
calculations was realized via two-step glancing angle deposi-
tion, which successfully induced BCP self-assembly for
nanoscale spirals with uniform size, handedness, orientation,
and winding number. FDTD simulation was then used to
investigate the plasmonic responses of metasurface arrays of
nanoscale Archimedean spirals with respect to their winding
number Φ. FDTD results demonstrated promising plasmonic
responses in the nanoscale spirals, including λ- and Φ-
dependent linear dichroism and electric field intensity
enhancement effects, which can be attributed to the asymmetry
and subwavelength scale of the nanostructures. These effects
can be potentially utilized in a number of applications, such as
polarimeters and optical sensors, and our process provides the
scalable fabrication method for a macroscopic array of spirals
with coordinated geometries, including size, orientation, and
winding number. Although the plasmonic responses of
nanospirals simulated by FDTD methods were not demon-
strated in this study, we expect to produce corresponding
structures with noble metals via further developments and
investigations. Nevertheless, the low-cost, versatile, and
scalable fabrication method presented here would be able to
facilitate the fabrication of diverse asymmetric patterns and
also expand applications of BCP self-assembly in producing
complex nanostructures.

■ METHODS
Self-Consistent Field Theory (SCFT) Simulation. Cylinder-

forming block copolymers ( f PDMS = 0.3 and χN = 18.0) were
simulated with appropriate brush layers (modeled with light particles
attracted to one of the blocks) using the hybrid particle-field
simulation methodology originally developed by Fredrickson et al.52

The top surface and trench substrate were modeled with impenetrable
slabs attracted to PDMS and PS, respectively. Modifications in
minority field (ΩPDMS = iΩ+ − Ω− − 5.0 near the PDMS-attracted top

surface) and in majority field (ΩPS = iΩ+ + Ω− − 5.0 near the PS-
attracted trench surfaces) were made to reproduce the strong
attractions of corresponding blocks to the preferred interface, where
Ω+ is the pressure field and Ω− is the exchange potential field in the
diblock copolymer system, as shown in the literature.53,54 The trench
depth was set to 5.4Rg, which fits 1.5 lattice spacing of our simulated
BCPs, ensuring that the polymer film is stable with one cylinder
within the circular trench with a flat PDMS layer on the top surface.
Furthermore, the sufficient distance between the top and bottom
surfaces allows interfacial interactions at the top and bottom of the
polymer film to be independent of each other. Moreover, the
simulations were performed using a lattice Boltzmann diffusion
equation solver optimized for graphics processing units (GPUs).55

Fabrication of the Asymmetric Circular Template. Poly-
styrene (PS) microspheres were coated on a UV-ozone-treated silicon
wafer using capillary force self-assembly to form a hexagonally close-
packed monolayer and etched using an ICP-RIE process with O2
plasma (15 mTorr, 100/5 W). A 90 nm thick silicon dioxide (SiO2)
layer was deposited vertically, and 30 nm thick nickel layers were
subsequently deposited twice with the glancing angle deposition
(GLAD) technique, in different directions with different deposition
angles, to produce asymmetric nanoholes. All metal and oxide
depositions were performed using an electron beam evaporator at a
rate of 1 Å/s. The ICP-RIE process with CF4/O2 plasma (15 mTorr,
150/50 W) was used to etch the SiO2 layer exposed by the nanoholes.
Finally, the nickel mask layers and PS spheres were removed by wet
etching in an acidic solution (HNO3:CH3COOH:H2SO4:H2O =
5:5:2:20) and ultrasonication treatment, respectively.

Archimedean Spiral Formation and Characterization. The
substrates with the fabricated trenches were first spin-coated with
hydroxyl-terminated polystyrene (PS-OH, Polymer Source, Inc., Mn =
38 kg/mol) dissolved to 1 wt % toluene solution, thermally annealed
at 150 °C for 2 h, and washed with toluene to remove excess polymers
on the surfaces. Poly(styrene-b-dimethylsiloxane) (PS-b-PDMS,
Polymer Source, Inc., Mn = 48 kg/mol, f PDMS = 35.4%) was dissolved
to 0.8 wt % in a solution of toluene, heptane, and propylene glycol
methyl ether acetate (mixing ratio = 1:1:1, Sigma-Aldrich). The
substrates were spin-coated with the PS-b-PDMS solution at 2500
rpm for 30 s and placed on a hot plate heated to 50 °C to be dried for
10 min in air. The samples were then annealed in a toluene vapor
chamber at room temperature for 3 h. Subsequently, the ICP-RIE
process was used to convert the PDMS domain of BCPs to SiOx
nanostructure. The samples were treated with CF4 plasma (15 mTorr,
60/30 W for 25 s) to remove the top PDMS layers, followed by
treatment with O2 plasma (15 mTorr, 50/30 W for 30 s) to remove
the PS layers and oxidize the PDMS chains to yield SiOx
nanostructure. The nanostructures were observed using a field
emission scanning electron microscope (FE-SEM, Hitachi, model S-
4800) operated at 10 kV.

Finite-Difference Time-Domain (FDTD) Simulation. Three-
dimensional FDTD simulations were performed to analyze the optical
properties of the nanoscale spiral arrays using a commercial software
package, Lumerical FDTD Solutions. The nanostructures were
modeled as hexagonally ordered Archimedean nanospirals patterned
in a Au layer on a Si substrate, as shown in Figure 4a. The structural
parameters P, d1, and d2 in Figure 4a were set to 500, 25.2, and 24 nm,
respectively, reflecting those of the experimentally fabricated
structures. A Drude model was used to describe the frequency-
dependent dielectric function of Au. The plasma and collision
frequency of Au were set as 1.14 × 1016 and 9 × 1013 rad/s,
respectively. The refractive index of Si was assumed to be constant at
the value of 3.4.
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