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Continuously Geometrical Tuning to Boost Circular
Dichroism in 3D Chiral Metamaterials

Qiang Chen, Yawei Wu, Yongzhi She, Yilong Zhao, Jinlong Yang, Lijuan Chen, Peiwu Liu,
Min Wu, Changgan Zeng, Zeming Qi, Chuansheng Hu, Hengjie Liu, Ying Xiong,
Yangchao Tian, Yang Chen,* Hongbing Cai,* Nan Pan,* and Xiaoping Wang

Chiral metamaterials possess unique optical chiral responses, and the
attainment of remarkable intrinsic chirality typically necessitates the
disruption of their mirror symmetry to facilitate cross-coupling between
electric and magnetic dipoles. However, achieving such symmetry breaking in
a flexible and controllable manner remains challenging due to the limited
range of applications afforded by available methodologies. Here, a method is
proposed for fabricating robust three-dimensional (3D) chiral metamaterials
by projecting arbitrary planar chiral metasurfaces onto on-demand
height-tunable 3D silicon structures, thereby effectively modulating their
optical chiral responses through continuously tuning the degree of
cross-coupling between dipoles. Experimental and simulation results
demonstrate this approach’s ability to precisely control circular dichroism
(CD) from a non-chiral state to various activated and enhanced chirality.
Enhancing CD with high precision and continuous control manners can
naturally provide an advanced opportunity and platform for the future design
and actual applications of chiral optical systems.

1. Introduction

Chirality is a geometric property that refers to an object’s inability
to overlap with its mirror image through translation or rotation.[1]
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Chiral objects can exhibit remarkably differ-
ent optical responses; for example, the di-
vergence in the absorption of left-handed
circularly polarized (LCP) and right-handed
circularly polarized (RCP) light caused by
the difference in the imaginary part of the
refractive index is so-called circular dichro-
ism (CD).[2–4] Constructing chiral metama-
terials with on-demand CD value holds
enormous significance in optical devices,
sensors, life science, analytical chemistry,
and medicine,[5–15] which can, in principle,
be designed by tuning their cross-coupling
of electrical and magnetic responses.[16–18]

Benefiting from the continuous progress of
nanofabrication technologies, the strategies
and methods for preparing various novel
metamaterials with higher optical chiral-
ity are developing rapidly. Generally, two
mainstream design routes exist to obtain
chiral response using the cross-coupling
of electric and magnetic response. On

the one hand, even planar chiral metasurface can get gi-
ant extrinsic chirality,[16,17,19] producing similar CD signals to
intrinsic chiralit[20,21] under the oblique incidence of circu-
larly polarized light (CPL). However, extrinsic chirality requires

Y. She, Y. Zhao, J. Yang, P. Liu, M. Wu, C. Zeng, X. Wang
Department of Physics
University of Science and Technology of China
Hefei, Anhui 230026, China
L. Chen, Z. Qi, C. Hu, H. Liu, Y. Xiong, Y. Tian
National Synchrotron Radiation Laboratory
University of Science & Technology of China
Hefei, Anhui 230029, China
H. Cai
Division of Physics and Applied Physics
School of Physical and Mathematical Sciences
Nanyang Technological University
Singapore 637371, Singapore

Adv. Optical Mater. 2024, 12, 2400593 © 2024 Wiley-VCH GmbH2400593 (1 of 8)

http://www.advopticalmat.de
mailto:richard.cai@ntu.edu.sg
mailto:npan@ustc.edu.cn
mailto:cyang_phys@ustc.edu.cn
https://doi.org/10.1002/adom.202400593
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202400593&domain=pdf&date_stamp=2024-05-16


www.advancedsciencenews.com www.advopticalmat.de

activation by oblique incidence, which limits its application in
integrated optics such as on-chip chiral emission and polarized
photodetection.[5,22] On the other hand, numerous efforts have
been made to achieve substantial intrinsic chirality by construct-
ing 3D chiral metamaterials straightforwardly, including direct
laser writing and subsequent electroplating,[5,23,24] stacking mul-
tilayer structures via electron beam lithography (EBL),[25–27] us-
ing a physical mask to grow materials,[28] controllably linking
small nanoparticles together by self-assembly,[29–31] tilted angle
etching,[22,32] in situ cutting and buckling a suspended metal film
with programmed ion beam irradiation,[33–35] stencil lithography
on a curved surface,[36,37] and so on. 3D chiral metamaterials can
exhibit robust and remarkably enhanced intrinsic chirality, but
the complexities of their fabrication processes pose challenges for
high-precision and high-yield fabrication; the inadequate struc-
tural and mechanical stabilities also hinder the further on-chip
integration with other materials, and the still limited controlla-
bility leads to the inability to achieve flexible and continuous con-
trol of the chiral response. Therefore, many constraints and draw-
backs in preparing 3D chiral metamaterials with robust and con-
trollable intrinsic chirality have impeded their further practical
applications.

Here, we propose a method to manipulate the CD response by
precisely projecting an arbitrary planar chiral metasurface onto
spherical crown silicon bases with different heights and trans-
forming them into robust 3D chiral metamaterial. First, most
high-precision micro and nano processes, such as EBL and re-
action ion etching, are two-dimensional (2D) methods. Our ap-
proach benefits from manufacturing on a non-planar/curved sur-
face, realizing the preparation of 3D chiral metamaterials with
high resolution using a 2D processing method. Second, silicon
bases’ height and aspect ratio can be continuously and precisely
controlled, guaranteeing the excellent tuning of the CD response
of the final structure from scratch to gradually increase with-
out changing the graphic design. In addition, the support of ro-
bust silicon bases endows the upper 3D chiral metamaterials
with good structural and mechanical stability, thus facilitating
the on-chip multiple integrations with other materials. More-
over, not only arbitrary planar metasurfaces can be transformed
into 3D chiral metamaterials on demand, but the deposited ma-
terials and compositions can also be arbitrarily selected on de-
mand, like using phase change materials[38] to achieve tunable
or switchable functionalities. Finally, the chiral structure man-
ufactured by this scheme may satisfy the two mechanisms of
chiral nanostructure and superchiral near field in the nanopho-
tonic mechanisms.[10] This achievement showcases its potential
for chiral sensors, which are expected to play an essential role in
clinical, chemical, and biological research.

2. Results

To start with, it is essential to note that the physical origin of the
optical chiral response in some metamaterials arises from the
cross-coupling of electric and magnetic dipoles in parallel direc-
tions under dipole approximation.[35] According to Rosenfeld’s
calculation,[18,39] the condition of optical chiral response can be
written as:

p ⋅ m ≠ 0 (1)

where p and m are electric and magnetic dipole moments, respec-
tively. One example of a planar chiral metasurface: the split-ring
resonator (SRR), as shown in Figure 1a. When polarized light is
incident normally, an electric dipole moment can be induced in
the gap. The charge oscillations follow the bending of the struc-
ture, resulting in an induced ring current. Thus, the structure
produces a magnetic dipole moment pointing out of the plane.
By lifting one end of SRR, as depicted in Figure 1b, the orthog-
onality of the dipole moment generated by the structure is elim-
inated, resulting in p · m ≠ 0 and the structure having chirality.
However, in other planar structures, such as fourfold rotational
symmetry structure, it is known that only tangential current ex-
ists when the circularly polarized light is incident normally. Con-
sequently, the resultant magnetic dipole moment always points
out of the plane. It is orthogonal to the in-plane electric dipole
moment, which makes them uncoupled and leads to a lack of
chirality, as shown in Figure 1c. By inducing a bulge in the mid-
dle of the structure, we can alter the chirality from zero to some
value by making the electric and magnetic dipoles generated by
the structure non-orthogonal, as illustrated in Figure 1d.

We have designed the process depicted in Figure 1e to real-
ize the cross-coupling of electric and magnetic dipoles discussed
above. We obtain cylindrical patterns through EBL on intrinsic
silicon with marks and coated with poly(methyl methacrylate)
(PMMA) resist, as shown in Figure S1a (Supporting Informa-
tion). To ensure the continuity of the upper pattern, we annealed
the cylindrical PMMA, forming a spherical crown resist base with
a gradual change in height, as illustrated in Figure S1b (Sup-
porting Information). Figure S2 (Supporting Information) shows
the influence of different annealing temperatures and spinning
parameters on fabricating a spherical crown e-beam resist pat-
tern. Then, we employed inductively coupled plasma (ICP) etch-
ing to transfer the spherical crown pattern to the intrinsic silicon
substrate to create the spherical crown silicon base, as shown in
Figure S1c (Supporting Information), which makes the base and
substrate homogeneous and reduces the impact of different ma-
terials during the measurement process. The scanning electron
microscope (SEM) images of the annealed PMMA and the etched
silicon substrate demonstrate the uniformity of the silicon sub-
strate replication of the PMMA pattern. Moreover, the height of
the silicon base can be accurately controlled by the ICP process.
The etching rate ratio between PMMA and silicon during ICP
etching is calculated and presented in Figure S3 (Supporting In-
formation). Table S1 (Supporting Information) shows different
etching rate ratios obtained by different etching parameter set-
tings. To ensure the uniformity of the thickness of the film on
an uneven substrate, we transferred the PMMA film peeling off
with potassium hydroxide solution to the etched silicon substrate.
Through precise EBL alignment and electron beam evaporation
(EBE), we have successfully projected a variety of planar chiral
metasurface capable of generating strong local surface plasmon
resonance onto spherical crown silicon base and transformed it
into 3D chiral metamaterial with strong intrinsic chirality. A de-
tailed description of the process steps can be found in the Ex-
perimental Section. Using the above methods, we have success-
fully fabricated several different 3D chiral metamaterials arrays,
including single 3D metallic spirals, double-spiral, and fourfold
rotational symmetry metallic metamaterials. The SEM images of
these arrays are shown in Figure 1f–h, respectively.
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Figure 1. Fabricating 3D chiral metamaterials. a,c) 2D planar chiral metasurfaces. b,d) 3D chiral metamaterials. The images show the direction of
the electric dipole moment (p, red arrow) and magnetic dipole moment (m, green arrow) generated by the structure under the normal incidence of
circularly polarized light. These moments are illustrated as simple arrows for ease of understanding. e) The schematic illustration of fabricating 3D
chiral metamaterials. i) The electron-beam resist PMMA is annealed to transform from a cylindrical to a spherical crown shape after EBL exposure. ii)
The PMMA patterns are transferred to the silicon substrate by ICP etching. iii) The PMMA membrane stripped from the Si/SiO2 wafer is transferred
onto the etched silicon substrate. iv) The transferred PMMA membrane is exposed by EBL with alignment, and electron beam evaporation is performed.
v) A standard lift-off procedure is performed. Tilt-view SEM images of single 3D metallic spirals f), double-spiral g), and fourfold rotational symmetry
h) metallic metamaterials. The scale bars in the images are 1 μm.

To investigate the CD of the chiral structure, we selected
the fourfold rotational symmetry metamaterials for a detailed
study, which can avoid anisotropy effects that lead to polarization
conversion.[27,40] We selected appropriate parameters to evaluate
the extent to which the upper and lower structure centers devi-
ate due to instrument error. Figure S4 (Supporting Information)
shows that the CD of the slightly mismatched structure exhibited
minimal effect, exhibiting only a marginal disparity in intensity.
This observation underscores the scheme’s remarkable tolerance
for alignment accuracy and its potential for large-scale manufac-
turing of 3D chiral metamaterials with high reproducibility. 2D
right-handed (RH), 3D left-handed (LH), and RH metamaterials
arrays with lattice periodicity of 2 μm are fabricated, as shown in
Figure 2a,b, where the central part of the 3D structure is fitted to
the spherical crown silicon base. Due to the precise directionality
of the exposure and metal deposition process, the projection size
of 2D and 3D structures on the silicon substrate plane remained
consistent. As the structural parameters of a unit cell shown in
Figure 2c, the short side of the “L” type measured ≈500 nm, the
long side ≈800 nm, and the width roughly 120 nm on the pro-
jection plane. Before the 30 nm gold film was deposited, a 5 nm

titanium film was deposited as an adhesive layer. Optical mea-
surements indicate that the 2D RH structure exhibited no CD
effect under normal incidence, as plotted in Figure 2c. In com-
parison, the experimental 3D structure in Figure 2a,b exhibits
apparent CD effects, in which the CD spectra of LH and RH 3D
structures show nearly opposite signs with similar amplitudes; a
CD peak can be seen at a wavelength of 2.35 μm, as the curves
plotted in Figure 2c. Here, we define CD = (TR − TL)/(TR + TL),
where TR and TL denote the transmission of the structure under
RCP and LCP light incidence, respectively. The calculation pro-
cedure of the experimental data and the transmission spectrum
corresponding to the CD curve of 2D and 3D chiral structures
are shown in Figures S5 and S6 (Supporting Information). As
plotted in Figure 2d, the simulation results show the line shape
of the simulated CD curve; the peak position and intensity agree
well with the experimental results. The simulated CD curve fluc-
tuates at a wavelength of 2 μm, which may be due to Wood’s
anomalies[35,41] and can be more clearly observed in the transmis-
sion curve, as shown in Figure S6d–f (Supporting Information).
Periodic structures can show abrupt changes in reflection, which
will be eliminated by the inhomogeneity of the period caused
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Figure 2. Characterization of CD in chiral metamaterials. a,b) Tilt-view SEM images of 3D LH and RH chiral metamaterials with a periodicity of 2 μm. The
scale bar is 1 μm. c,d) Measured and simulated CD in transmission versus wavelength for 2D RH, 3D LH, and 3D RH chiral metamaterials, respectively.
CD is defined as CD = (TR − TL)/(TR + TL). Inset is the structural parameters of a unit cell. The length of the short side of the “L” shaped structure “s”
is ≈500 nm, the long side “l” is ≈800 nm, and the width of the “L” shaped structure “w” is ≈120 nm. e) Normalized electric field amplitude distribution
of a 3D chiral metamaterial with a height of 300 nm simulated under RCP incidence with a wavelength of 2.35 μm. The arrows indicate the direction of
the electric field.

by micro-nano processing errors in the experiment. Both experi-
mental and simulation results unambiguously demonstrate that
the introduction of 3D structures through the above methods re-
markably enhances optical chirality compared with the 2D coun-
terpart, data over a broader range shown in Figure S7 (Supporting
Information).

Aiming to comprehend the coupling of electric and magnetic
dipoles in generating CD responses in our structure, we con-
ducted simulations to analyze the distribution of the normalized
electric field amplitude on the 2D and 3D chiral metamaterials
under the normal incidence of different CPL at their character-
istic wavelengths, as shown in Figure S8 (Supporting Informa-
tion). Upon comparison, it is evident that the normalized electric
field amplitude under RCP light incidence is remarkably higher
than that under LCP light incidence, which matches the phe-
nomenon of lower transmittance under RCP light incidence in
Figure S6c,d (Supporting Information), indicating the differen-
tial absorption of the structure for different CPL, and the CD
response of the structure. Then, we just focus on the distribu-
tion of the normalized electric field amplitude on the 3D chiral

metamaterial under RCP light incidence, as shown in Figure 2e.
Compared with the 2D structure, the difference in the normal-
ized electric field amplitude of the 3D structure is mainly in the
convex part, while the part in the plane remains consistent. Thus,
our subsequent analysis concentrates on the convex part of the
main structure, specifically the short arm part of the “L” shaped
structure. The complexity of our 3D structure prevents it from
being adequately explained and analyzed by the coupled oscilla-
tor model.[27] From the short arm’s normalized electric field am-
plitude distribution, we can approximate it as an electric dipole
with a direction downward along the structure. Due to the four-
fold symmetry of the structure, the stacking of four electric dipole
moments (p) induces an upward-oriented magnetic dipole mo-
ment (m), as shown in Figure 1c,d. The simulation results for the
normalized magnetic field amplitude distribution of the Bz com-
ponent (Figure S9, Supporting Information) confirm our suspi-
cions. In a 2D structure, p and m are perpendicular, and no chi-
rality is generated, but in a 3D structure, p and m form obtuse an-
gles and are coupled with each other to produce chiral responses.
Moreover, as the height of the base increases, the angle between
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Figure 3. CD curves of samples at different upper structure parameters. a,b) Experimentally measured and simulated CD curves for chiral metamaterials
of different widths, respectively. The structural parameters of a unit cell are illustrated in the inset. The CD peak intensity increases with the growth of the
width of the structure. c,d) Experimentally measured and simulated CD curves for chiral metamaterials of different short side lengths, respectively. The
CD peak position redshifts with the short side lengths of the structure growing, and the experimental spectra are in good agreement with the simulated
spectra.

the p and m becomes larger until it tends to be parallel, which
could result in more robust chiral responses.

We have investigated the functional range and tunability of chi-
ral metamaterials produced by the above preparation schemes.
First, we delved into the impact of upper structure parameters
on the chiral metamaterial’s CD. According to the approximate
model mentioned above, the chirality of the structure primar-
ily comes from the coupling of the electric dipole in a down-
ward direction along the short side structure and the magnetic
dipole pointing out of the plane. As the structure’s width in-
creases, the surface current’s total strength increases, leading to
stronger electric and magnetic fields and increased CD intensity,
as shown in Figure 3a,b. However, the short side length remains
unchanged with an increase in width, resulting in no significant
change in CD’s characteristic wavelengths or peak position. On
the other hand, an increase in short side length leads to a red-
shift in the peak position of CD, as illustrated in Figure 3c,d. It’s
important to note that both the morphology and total surface cur-
rent intensity of the 3D structure change with an increase in short
edge length, leading to a non-monotonic change in CD intensity,
with the maximum peak intensity observed at a short side length
of 500 nm. The corresponding structures’ SEM images are pre-
sented in Figures S10 and S11 (Supporting Information). Then,
we scaled the size and period of the structure to different propor-

tions, using the structure depicted in Figure 2b as a reference.
Due to the limited range of wavelengths in the experiment, we
only tested samples with scaling ratios of 0.75, 1, and 1.25. The
SEM images of the corresponding structures are shown in the
illustrations in Figure 4a. From the experimental (Figure 4a) and
simulated (Figure 4b) data, it is evident that with the increase of
scaling ratio, the feature size increases and the CD peak redshifts.
In summary, scaling can obtain the desired CD peak according
to the corresponding CD peak demand. We can also enhance the
CD peak intensity by increasing the width of the upper structure.

In addition, we can manipulate the angle between p and
m by adjusting the height of the spherical crown silicon base
to control the CD response of the structure, which highlights
the flexibility of our proposed fabrication scheme for 3D
chiral metamaterials. As mentioned above, varying etching
parameters can achieve different PMMA to silicon etching
rate ratios. Consequently, we can use other etching parameters
to etch the same substrate or use the same etching param-
eters to etch different substrates to obtain silicon bases of
different heights. Figure S12 (Supporting Information) shows
the circular truncated cone-shaped silicon substrate formed
after etching for 30 s and the spherical crown silicon sub-
strate formed after exactly etching off the upper PMMA layer
at different etching rates and ratios. Then, various 3D RH
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Figure 4. CD curves of structures with different sizes under equal scaling. a) Experimentally measured CD curves for chiral metamaterials of different
sizes, respectively. The dashed line serves as a visual representation indicating that the measured data surpasses the designated measurement range
and is solely intended for reference purposes. Insets are tilt-view SEM images of the structures. The scale bars in the images are 2 μm. b) Simulated
CD curves for chiral metamaterials of different sizes, respectively. The CD peak position redshifts with the growing scaling ratio and the trend of the
experimental spectra is consistent with that of the simulated spectra.

chiral structures were constructed by projecting planar RH
structures onto spherical crown silicon substrates of different
heights. Figure 5a,b shows the SEM images of 3D RH chiral
metamaterial at 190 and 280 nm, and Figure 5c shows the
height curves of different 3D RH chiral metamaterial. More
SEM images of varying height samples can be found in Figure
S13 (Supporting Information). To explore the trend of chirality
changing with height, we measured the CD response of chiral
metamaterials with different heights, as shown in Figure 5d.
The structure’s height is from 0 to 98, 190, 280 nm, and the
peak intensity of CD gradually increases from 0% to 1.6%,
3.5%, and 6%, respectively. The redshift of the CD peak with
increasing base height can be attributed to the elongation of
the actual length of the short arms due to the height increase.
Additional CD curves corresponding to samples of different
heights can be found in Figure S14 (Supporting Information).
The simulated results of CD response for chiral metamaterials
with 0, 100, 200, and 300 nm heights are presented in Figure 5e.
The peak intensity of the CD curve and the trend of peak position
changing with height are almost consistent with the experimen-
tal results. The minor difference between experimental and
simulation results may stem from the error introduced during
the experimental process. The above intensity trend of the CD
curve indicates that we can effectively control the CD response of
chiral metamaterials by increasing the height of the silicon base.

3. Conclusion

We have developed a well-controlled scheme for the fabrication
of robust 3D chiral metamaterials based on the principle that the
cross-coupling of electric and magnetic dipoles induces intrinsic

optical chiral responses, through which we can transform an arbi-
trary planar chiral metasurface into a robust 3D chiral structure
by precisely projecting the former onto a patterned 3D silicon
base of different heights on demand. Specifically, we have sys-
tematically investigated the geometrical tuning of optical chirality
by fabricating fourfold rotational symmetry 3D chiral structures.
The experimental and simulation results verify the correctness of
our proposed electric and magnetic dipole coupling model, and
we can use the structural parameters of chiral metamaterials to
control the surface current intensity and manipulate the degree
of coupling between the electric and magnetic dipoles. As a re-
sult, the strength and wavelength of the optical chiral response
can eventually be well-tuned. The proposed approach has the po-
tential to pave the way for the development of metamaterials with
higher chirality and actively modulated optical chiral responses.
This, in turn, presents opportunities for realizing chirality mod-
ulation or switching, sensing, and expanding the applications for
optical devices.

4. Experimental Section
Sample Fabrication: The PMMA film was produced beginning with the

spinning coating of PMMA (950K, 4 wt% in chlorobenzene) on a Si sub-
strate at an initial rotary speed of 600 rpm for 10 s and then at 2000 rpm
for 30 s. Then, the sample was baked on a hot plate at 180 °C for 2 min,
and the final thickness of the PMMA membrane was ≈350 nm. All expo-
sure procedures were prepared using a standard EBL process. For develop-
ment, the exposed sample was inserted into a solution of isopropyl alcohol
(IPA) and methyl isobutyl ketone (MIBK) of a 3:1 volume ratio for 60 s and
then inserted into IPA for 40 s before blow-drying it with a flow of nitro-
gen. The PMMA patterns were annealed in an oven at 120 °C for 1 hour
and cooled to room temperature naturally.[37] Due to the glass transition
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Figure 5. Modulating the structural chirality with the height of the silicon base. a,b) Tilt-view SEM images of 3D chiral metamaterials with varying
silicon substrate heights of 190 and 280 nm. Scale bar, 1 μm. c) Height curves of individual structures of different silicon substrates. d,e) Experimentally
measured and simulated CD curves for chiral metamaterials of different heights, respectively. The CD peak intensity increases and peak position redshifts
with the height of the base growing, and the experimental spectra are in good agreement with the simulated spectra.

of the PMMA, the PMMA’s cylindrical structure changed to a spherical
crown shape. The ICP etching system implemented the etching procedure
(Oxford, Plasma System 100 ICP 380). Height measurements were all ob-
tained by atomic force microscopy (AFM). Potassium hydroxide solution
was used at 95 °C to peel PMMA films spin-coated on Si/ SiO2 substrate
in a petri dish for subsequent transfer operations. To ensure the accurate
alignment of the upper pattern with the lower structure, the mark to cal-
ibrate the exposure position was used during each EBL exposure. After
EBL exposure, the metallic 3D metamaterials of 35 nm thickness (5 nm
titanium and 30 nm gold film) were deposited by the E-beam evaporator
system with a rate of 0.6 Å s−1. A standard lift-off procedure in acetone
was performed.

Infrared Transmission Spectra Characterization: Micro-area transmis-
sion spectra were collected at room temperature on a Fourier transform
infrared (FTIR) spectrometer (Bruker IFS 66v, Germany) on the infrared
beamline station (U4) at the National Synchrotron Radiation Laboratory
(NSRL), Hefei, China. All the IR spectra were measured in transmission
mode at the step resolution of 2 cm−1. The specific area for Figures 2c
and 3a–c, Figures 4a and 5d, Figures S4–S7 and S14 (Supporting Informa-
tion) were ≈10 μm2 × 10 μm2. For the measurement of CD, a linear po-
larizer (1000 to 3000 nm; Thorlabs) and a superachromatic quarter-wave
plate (600 to 2700 nm; Thorlabs) were inserted into the input optical path
at specific orientations.

Numerical Simulations: All the simulations in this work were con-
ducted by a finite-element-method solver in COMSOL Multiphysics. Pe-

riodic boundary conditions were applied in the x and y directions, whereas
perfectly matched layers were used in the z-direction. The refractive in-
dex of gold was taken from the Brendel–Bormann model,[42] while that
of Si was set as 3.33. The geometric parameters used in the simu-
lation were the same as the values from the SEM images for each
sample.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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