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ABSTRACT: Plasmonic nanostructures with spatial symme-
try breaking have a variety of applications, from enhancing the
enantioselective detection of chiral molecules to creating
photonics devices such as circular polarizers. Compared to
their molecular counterparts, engineered nanostructures
exhibit orders of magnitude larger circular dichroism (CD)
at optical frequencies. Although 3D nanostructures such as
nanohelices have been reported with high CD at mid-IR
frequencies, such high CDs have not yet been achieved at
visible frequencies with decent efficiencies. Here, we propose
a planar array of plasmonic ramp-shaped nanostructures with
an azimuthally gradient depth that exhibits a giant CD and
dissymmetry factor at visible frequencies. The structure is
fabricated on a gold-coated glass slide using focused ion beam (FIB) with gradient intensity to induce the required gradient
depth, hence, breaking symmetry. Optical experimental characterization in the reflection spectrum shows a CD up to 64% and a
dissymmetry factor up to 1.13 at 678 nm, in a good agreement with numerical simulations. We envision our proposed structure
together with the suggested fabrication method to inspire the design of novel optical devices such as nanoscale circular
polarizers and a host of chiral molecules to improve enantioselectivity in the pharmaceutical industry.
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Plasmonic nanostructures with broken symmetry can show
different electromagnetic response to left- and right-

handed circularly polarized (LCP and RCP, respectively)
light.1−11 The different responses can be observed in both
transmission2,3 and reflection,12 and the difference between the
reflected (or transmitted) power under LCP and RCP
illumination is often referred to as circular dichroism (CD),2

which is a measure of the selectivity of the structure in
interacting with the sense of handedness of the incident light.
The concept of the CD used to describe artificially made
nanostructures2,6,13,14 is borrowed from the field of stereo-
chemistry and is defined as the difference between the
absorbance of LCP and RCP illumination by chiral
molecules,15−18 molecules that are not superimposable on
their mirror-image by any rotation or translation.19,20

Although chiral molecules show different responses to LCP
and RCP lights, their CD is very small due to their relatively
weak interaction with light.21−23 On the other hand, plasmonic
nanostructures with broken symmetry can exhibit orders of
magnitude higher CD.1,8−11 This originates from the strong
interaction of plasmonic nanostructures with light and creation
of strong hot spots,24−30 leading to many fascinating
applications, including enantioselectivity enhancement,14,31−36

engineered materials with negative index of refraction,37

circular polarizers,3−5 second-harmonic generation CD

(SHG-CD) microscopy,38,39 light harvesting,6 and chiral
imaging.7 Such applications are hard to achieve with naturally
chiral materials due to their weak optical interaction.
Therefore, extensive research studies have been recently
performed on the design and fabrication of broken-symmetry
nanostructures with highest possible achievable CDs.8−11

It is worth mentioning that CD measurements have been
reported as the absolute2 or normalized13 LCP-RCP difference
in different conventions. To avoid confusion, we consider the
following definitions throughout this paper, that is, we assume
the absolute difference is defined as CD = L − R, and the
normalized difference is defined as g = 2(L − R)/(L + R),
which is called the g-factor or dissymmetry factor and has
values between −2 to 2. Here, L and R are the transmittance or
reflectance (the total transmitted or reflected power
normalized to the incident power) when the excitation is
LCP and RCP, respectively (i.e., the total measured or
calculated reflected or transmitted power is the sum of the
power in each polarization; in other words, no analyzers are
used). Although the g-factor as a normalized quantity in some
respects is a better descriptive measure, CD must be
simultaneously monitored to show the absolute asymmetry
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efficiency. Therefore, ideally, a broken symmetry plasmonic
nanostructure should exhibit both a significant CD and a
significant g-factor.
Several nanostructures have been introduced and reported

to exhibit high CD. However, it is still a challenge to provide
an effective high CD within the visible range.2,6,13,33 For
instance, the nanohelices fabricated by two-photon direct laser
writing (DLW)40 functions as broadband circular polarizers at
mid-IR.3−13 Smaller nanohelices or other broken symmetry
nanostructures have been fabricated to be operative at the
visible regime using other techniques, such as colloidal
nanohole lithography for large-area fabrication,2 glancing
angle deposition (GLAD),41,42 and focused ion and electron
beam-induced deposition (FIBID and FEBID).13 However, the
maximum achieved CDs in the visible are not as high as those
reported in the mid-IR. As another example, the plasmonic
slanted nanoapertures in ref 7, fabricated with tilted focused
ion beam (FIB) milling, show a high value of dissymmetry
factor at visible frequencies (about 1.56 at 748 nm), but the
CD is small (about 12%), which indicates a low energy
efficiency.7 In addition to the addressed top-down lithography
methods, bottom-up techniques based on molecular self-
assembly also offer a different route to fabricate broken
symmetry structures with sub-10 nm resolution, but with even
lower reported values of CDs in the visible range.43,44

Therefore, it is essential to design plasmonic nanostructures
that are not only convenient to fabricate but also offer a huge
CD and dissymmetry factor at visible frequencies.
To that end, we propose a two-dimensional (2D) periodic

array of three-dimensional (3D) plasmonic ramp-shaped
nanostructures, which exhibits a giant CD in the reflection
regime up to 64% as well as a huge dissymmetry factor up to
1.13 at the visible range. The proposed structure is fabricated
using the FIB technique with a gradient milling approach to
achieve the desired gradient depth (or height) and, hence,
providing the required spatial symmetry breaking conditions to
obtain a huge CD. Although the fabrication of both positive
(removing the background and leaving the structure) and
negative (removing the structure from the background)
variants of the structure is possible, we focus on the negative
structure since FIB technique results in a much better
fabrication quality with more accurate nanogeometry com-
pared to our desired structure. Therefore, since the proposed
negative structure is mostly reflective, the CD is demonstrated
in the reflection spectrum rather than the transmission one.
We also support the experimental results with theoretical
studies.
Before starting the discussion, we note that CD can originate

from any kind of symmetry breaking of the structure, which
can be either the structure’s chirality or the structure’s in-plane
anisotropy (in the plane normal to the propagation
direction).45−50 The geometrical and material features of a
structure are responsible for its electromagnetic properties,
here described by chirality or anisotropy tensors (assuming the
structure’s response is well described by dipole approximations
and ignoring higher-order multipoles), relating the electric and
magnetic field components to the electric and magnetic dipole
moments (see Supporting Information for a more detailed
explanation). It is important to note that, although a structure
may be chiral or in-plane anisotropic (by looking at the
geometry), its electromagnetic response may or may not carry
the signature of chirality or in-plane anisotropy since the
scattered signature depends on the kind of chosen excitation.

In other words, one should select a proper excitation
depending on what geometrical property is investigated.51

Therefore, if a CD is obtained from a broken symmetry
structure, referring to that structure as chiral or anisotropic
may be confusing, and more analysis is required to determine
the origin of the CD. A complete and thorough explanation
about the origin of CD has been given in ref 51. Here, our
structured surface is a reflective structure (transmission is
almost zero), so we have only the reflection data, and not the
transmission response, to analyze it and infer its properties. It
can be shown that determining the origin of CD, that is,
whether it is from chirality or from in-plane anisotropy, is not
possible from only the amplitude of the reflection data.51

Therefore, we cannot necessarily attribute the observed CD
from our structure to chirality, although our structure is indeed
geometrically chiral. That is why to describe our structure we
refer to broken symmetry as a more general term. In summary,
our study presents a new broken symmetry structure and
fabrication technique for generating huge CD at the visible
range, with such CD arising from chirality and anisotropy.
The organization of the paper is as follows. First, we

introduce the ramp-shaped nanostructure, its geometry, and
fabrication. Next we analyze the structure in both linear and
circular polarization bases and present the CD measurement
results. We also study the near-field distributions on the
nanostructure, as illuminated by LCP and RCP light, to
investigate the near-field origins of CD at different resonances
of the nanostructure. We finally study the effect of the depth of
the ramp-shaped nanostructure on CD and show that a
relatively deep nanostructure is required to obtain such a giant
CD. A conclusion and final remarks are presented at the end.

■ RESULTS AND DISCUSSION
Breaking the Symmetry: Introducing the Ramp-

Shaped Nanostructure. Figure 1a shows a step by step
fabrication procedure of a single unit cell of the proposed array
of plasmonic nanostructures for both the positive and negative
variants. A thin film of gold is deposited on a glass slide using
an E-beam evaporator. A pattern is then made on the
deposited gold using an FIB milling. The key fabrication idea is
to upload a gray scale bitmap (BMP) file to the FIB machine.
As shown in the upper row of Figure 1a, if the BMP file
uploaded to the FIB machine is only black and white, the
resulting output structure is then a uniform-height split ring,
and consequently, such a structure demonstrates a zero CD in
the experiment. However, uploading a gradient gray scale BMP
file to the machine results in fabrication of a ramp-shaped
structure with a gradient height (see the lower row of Figure 1
a), and therefore, is capable of providing a huge CD. We refer
to these structures as positive. Now, uploading the negative
BMP file of the first pattern, one achieves a reversed pattern,
which we refer to as a negative structure. Therefore, in the
positive structure, the height of the three-quarter split-ring gold
nanostructure increases gradually, whereas in the negative one,
the depth in the background gold increases gradually.
Figure 1b shows the schematic of one unit cell of the

positive structure. The parameters of the structure, including
the inner radius, width, height, and period of the array, were
optimized to achieve a maximum possible CD at visible
frequencies (see the caption of Figure 1 for values). As it can
be seen in Figure 1a, the milling volume of the positive
structure is about 10× more than that of the negative one,
which causes a longer fabrication time with a lower quality for
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a positive structure compared to a negative one. Therefore,
although based on the theoretical predictions and simulation
results, both the negative and positive structures suggest huge
CDs, we have focused on the fabrication and characterization
of the negative structure, which is enough to prove the ability
of the proposed structure as a device with a huge CD
performance. Simulation results of the positive structure are
presented in the Supporting Information. As a control
experiment, we have further fabricated both the left- and
right-handed (LH and RH) structures, which are expected to
provide CDs with opposite signs.
Figure 1c,d shows the scanning electron microscopy (SEM)

and atomic force microscopy (AFM) topography images of the
fabricated structures. The gradient intensities prove that the
gradient depth has successfully been achieved. The maximum
depth for the LH and RH fabricated structures is 180 and 220
nm, respectively, which is close to the designed depth of 200
nm.
Optical Characterization Setup. The schematic of the

measurement setup is shown in Figure 2. A collimated white
light, generated by a tungsten-halogen lamp, is used as the
source. The required circularly polarized (CP) light is
generated via a linear polarizer and a quarter-wave plate
(QWP) and is then focused on the sample by a 10× objective
(NA = 0.25). Finally, the reflected light is read through a
spectrometer and a charge-coupled device (CCD) camera. For
analysis in linear polarization base, another linear polarizer is

used before the spectrometer as the analyzer. An iris is used to
clip the beam, so that the beam is incident only on the center
of the array and not on its edges.52 Arrays of 18 μm by 18 μm
(30 elements by 30 elements) were fabricated (see the SEM
image in Figure 2), which are sufficiently larger than the
focused beam spot on the array.

Analysis in Linear Polarization Base. We first analyze
the structure in linearly polarized (LP) base. Since the QWPs
do not have a perfect quarter retardance for all wavelengths,
generated CP light may not be purely right or left; therefore,
LP based measurements, in which no QWP is used, can be
utilized to confirm fabrication quality. It is worth mentioning
that LP-base responses could be used in determining the origin
of the CD of some structures, whether it is chirality or in-plane
anisotropy. However, in our case, the structure is reflective
(the transmission is almost zero), so we have only the
reflection data available, which is not enough to determine the
origin of the CD.51 Nevertheless, it is interesting to observe the
results based on LP incidence here, which show the agreement
between simulation and experiment and also verifies the
fabrication and measurement setup. Figure 3 shows the
reflection response of the LH structure in LP base. Co- and
cross-polarized (co- and X-pol) coefficients of power reflection
are shown for simulation and measurement. For example, xy
means that the illuminating LP is oriented along the x-axis, and
the received LP (analyzer) is oriented along the y-axis (Figure
2). The reference in all measurements is taken when the light is
focused on an area without the patterned array, basically on a
gold-coated glass substrate, which acts as a nearly perfect
mirror (Figure 2). As shown in Figure 3, both X-pol
coefficients are very small and do not exhibit any resonance
in the experimental and simulation results. On the other hand,
one strong absorption resonance is observed at 790 nm for xx
(the dip in reflection), and two other small absorption dips are
detected at 620 and 650 nm for both xx and yy cases in the
experiment with lower amplitude for yy case. The full-wave
simulation results, carried out with the finite element method
(implemented by ANSYS Inc.), follow the same trend and
confirm the experimental ones with some differences: the
broad resonance for the xx case occurs at 824 nm rather than
at 790 nm, which is observed from the experimental results;
the lower-wavelength resonances are much sharper (for both

Figure 1. (a) Fabrication procedure of uniform/gradient and
positive/negative variants of the ramp-shaped nanostructure. The
gradient structure is realized using gradient milling with gradient BMP
pattern. Also shown is the corresponding BMP pattern uploaded to
the FIB machine for each case. (b) Schematic of one single unit-cell of
the periodic array with r = w = 100 nm, t = 200 nm, and p = 600 nm,
where p is the period of the array. (c) SEM and (d) AFM topography
images of the left-handed (LH) and the right-handed (RH)
structures. The darker pixels correspond to the deeper points. The
scale bar is 600 nm.

Figure 2. Schematic of the experimental setup: WLS, white light
source; L, lens; LP, linear polarizer; QWP, quarter-wave plate; BS,
beam splitter; M, mirror; CCD, charge-coupled device. Second LP in
front of the spectrometer acts as an analyzer. Also shown is the SEM
image of an array of the ramp-shaped nanostructures. The adjacent
area, which is gold-coated glass without any structure on it, is used as
a reference for reflection measurements.
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xx and yy cases) than those in the experiment and occur at
around 595 and 643 nm. The slightly shifted and broadened
resonances can be attributed to the imperfections in the
fabrication (Figure 1c,d). However, what is important is the
broken symmetry, which will result in a CD, demonstrated in
the following section.
Analysis in Circular Polarization Base and Measure-

ment of Circular Dichroism. Figure 4a,b shows the response
of the LH and RH structures, each illuminated by LCP and
RCP light, respectively. Here, we measure the total reflected
power (the sum of the power in each reflected polarization);
and “L” and “R” in the legend denote the reflectance coefficient
(total reflected power normalized to the incident power) when
the incident beam is an LCP or an RCP, respectively.
Moreover, “CD” in the legend is defined as the difference
between the reflectance coefficients in the two experiments

with LCP and RCP illuminations, that is, CD = L − R. Due to
the symmetry inversion between the LH and RH structures, we
expect from the theory that the L and R coefficients for the LH
to be equal to the R and L coefficients for the RH structure.
However, there is a small difference between the measured
quantities (see Figure 4a,b), which is attributed to the
imperfections of the QWPs, which do not have a perfect
quarter retardance for all wavelengths, and hence, their outputs
do not provide purely LCP or RCP lights to be used as the
excitation beams. Nevertheless, the results are quite promising
and clearly show the trends. Indeed, the symmetries in
reflectance coefficients discussed above (L/R and R/L for LH
and RH structures, respectively) are regarded as a control
experiment, which proves the property of our experimental
setup together with the optical activity (asymmetric reflection)

Figure 3. Characterization of the negative ramp-shaped structure in a linearly polarized base in (a) experiment and (b) simulation. The reflected
power is normalized to the incident power, which is measured in the experiment as the power reflected from an unpatterned area, acting as a mirror.
ij shows that the incident beam polarization is aligned along the i-axis, and the analyzer (reflected-field polarization) is along the j-axis, with i and j
being either x or y. A broad resonance is observed at 790 nm (simulation) and 824 nm (measurement) for the xx case, and two sharper resonances
occur at lower wavelengths around 620 and 650 nm for both xx and yy cases.

Figure 4. Characterization of the negative ramp-shaped structure when illuminated by electromagnetic wave with circular polarization and the CD
measurement. (a, b) Reflectance coefficients for the LH and RH structures for incident beams with LCP (denoted by L) and RCP (denoted by R).
Reflectance coefficients are defined as the total power (in both polarizations) divided by the incident LPC or RCP power. The difference between
the reflectance coefficients is denoted by CD. A measured high CD of 64% and 49% is observed at 680 nm for the LH and the RH structures,
respectively. (c) Simulation results of the reflected power for the RH structure. The maximum CD in the simulation is 24% at 655 nm. (d)
Comparison between the measured CDs obtained from the LH and the RH structures. (e) Comparison between the measured g-factors of the LH
and RH structures. A high g-factor of 1.13 and 0.8 is obtained for LH and RH structures, respectively. The small asymmetry in the measured results
is due to fabrication imperfections and purity of the two senses of incident CP light handedness.
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of the proposed structure to illumination waves with opposite
handedness (i.e., LCP and RCP) at around 640 and 680 nm.
From Figure 4a,b, we observe three distinct resonances

(reflection dips) at around 640, 680, and 740 nm. While the
behavior of the reflectance spectra (red and blue curves in
Figure 4a,b) for the first two resonances at 640 and 680 nm is
asymmetric for the illuminations with opposite senses of
handedness, that of the third resonance at 740 nm is
symmetric. Therefore, we observe considerable CDs (yellow
curves in Figure 4a,b) at 640 and 680 nm, whereas the CD is
almost zero at 740 nm. Note that the maximum CD is
obtained at 680 nm and is 64% and 49% for the LH and the
RH structures, respectively. The experimental results are in
agreement with the full-wave simulation results in Figure 4c.
Note that we have only shown the simulation results for the
RH structure since the simulation results for the LH structure
are perfectly matched to the dual of the RH structure.
Comparison of Figure 4a,b with Figure 3c demonstrates that
the simulation results are generally confirming the exper-
imental results with the following differences.
First, the two lower resonance frequencies are red-shifted

whereas the upper one is blue-shifted in simulations compared
to the experiments. Basically, the resonance shift is due to two
reasons: (a) the dimensions of the fabricated design do not
match those of the simulations and (b) the materials (gold and
glass) are not exactly the same in the fabrication and
simulation designs. However, the different shift behaviors for
the different resonance frequencies are explained as follows:
the first lower resonances are attributed to the resonant
behavior of the array inclusions, that is, the proposed ramp-
shaped split rings, whereas the upper resonance is associated
with the array period. This is exactly the reason why there is no
difference between the reflectance spectra for the two LCP and
RCP illuminations at the upper resonance in contrast to the

two lower resonances. Therefore, it is normal to observe
different shift behaviors for these two sets of resonances, that
is, the array inclusion and period resonances. Indeed, the
mismatch between the parameters of the fabricated and
simulated designs, which are related to the inclusion
resonances, caused a blue-shift in resonances, whereas those
mismatch parameters associated with the array period result in
a red-shift.
Second, the resonance bandwidths are narrower in the

simulation results as compared to the experimental results. The
reason is attributed to a mismatch between the material losses
in the fabricated and simulated designs.
Finally, the observed values of CD are smaller in the

simulations compared to the experiments. Such a difference is
attributed to the imperfections in the fabrication (Figure 1c,d).
Specifically, the AFM topography images (Figure 1d) show
that the width of the ramp-shaped structure is not uniform, the
transition from the deepest (darkest) to the highest (brightest)
points is not very smooth, and the edges are not sharp. Given
the limitations of FIB milling (especially gradient milling in
this case) such imperfections are inevitable. However, such
imperfections are not harmful, and they are even in favor of the
observation of larger CDs in experiments compared to the
simulations. This is because an additional anisotropy is
introduced to the ramp-shaped structure due to the fabrication
imperfections (see Figure 1d); that is, the width of the ramp is
not uniform, and it is wider at deeper points while narrower at
the higher points. Such an enhanced anisotropy helps to
increase the value of CD by contributing to the cross
components reflected power. Other sources of disagreement
between the values of the observed CD are perhaps associated
with the degradation of the CPLs induced by the optics used in
the setup (mirrors and beam splitters), as discussed in the
Supporting Information.

Figure 5. Distribution of the normalized electric field on the top surface of the RH structure illuminated with LCP and the RCP light, at three
distinct wavelengths corresponding to the three major resonances. (a) Illustration of the z = 200 nm plane, the top face of the RH structure, at
which the electric field is shown. (b−g) Field distribution at three major resonances (refer to Figure 4c) at 605, 655, and 825 nm for both LCP and
RCP illuminations. While the distributions are different at 605 and 655 nm for the LCP and the RCP incidences, they are almost the same at 825
nm, which agrees with the observed nonzero CD at 605 and 655 nm and zero CD at 825 nm in Figure 4c. All the fields are normalized to E0 = 1.76
× 109, the maximum observed value of the total electric field for the LCP case at 825 nm.
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The other important factor commonly used in the literature
for characterization of the chiral nanostructures, as mentioned
earlier, is a normalized difference or g-factor, defined as g = 2(L
− R)/(L + R), shown in Figure 4e. The maximum measured g-
factor obtained at ∼680 nm is 1.13 and 0.8 for LH and RH
structures, respectively. The small asymmetry is due to
fabrication imperfections and purity of the incident CP lights.
Near-Field Distributions on the Ramp-Shaped Nano-

structure. Next, to further elaborate the distinctive behavior
of the structure with respect to two illuminations with different
sense of handedness, we examine the normalized near-field
distribution of the RH structure when illuminated with an LCP
and an RCP at its three major resonances, namely, at 605, 655,
and 825 nm, shown in Figure 4c. The CD, as a far-field
response, originates from the asymmetric near-field distribu-
tions of the structure in response to LCP and RCP
illuminations; therefore, we theoretically expect to observe
asymmetric near-field behaviors at the wavelengths with
nonzero CDs. Figure 5 shows the distribution of the simulated
electric field on a cut-plane on the gold surface (crossing the
aperture at z = 200 nm of the ramp-shaped structure on the
illumination side) at the three resonances in response to LCP
and RCP incidences. All fields are normalized to the maximum
value of the total electric field in Figure 5f, which is the highest
value among all the cases in Figure 5b−g. The kind of response
of the structure at the two lower resonances (i.e., 605 and 655
nm) is distinct from that at the resonance at 825 nm. At 825
nm, although the structure is at resonance, and the electric field
demonstrates a hot spot at the inner edge of the ramp, the field
distribution for LCP and RCP illumination cases are almost
the same. This is in complete agreement with the zero CD
observed at 825 nm in Figure 4c. On the other hand, as
explained before, at 605 and 655 nm, the near-fields of the
structure show distinct behaviors for LCP and RCP
illuminations, that is, although the positions of the hot spots
are fixed, the values of the fields are obviously different for the
two kinds of CP illuminations in each hot spot, correlating to
the observed CD at these wavelengths (see Figure 4c).
Effect of the Depth of the Ramp-Shaped Nanostruc-

ture on the Circular Dichroism. Finally, we study the effect
of the depth of the ramp-shaped gold nanostructure and
correlate it to the obtained CD. Simulations in Figure 6 shows
the effect of the depth of the ramp-shaped structure on the
maximum achievable CD. Also shown is the wavelength at
which this maximum occurs. As it can be seen, a shallow
structure, having the depth of 100 nm, that is, equal to half of
the designed depth (200 nm), shows almost no CD and acts as
an almost symmetric planar structure. Note that, in the
simulations, the structure is located on a glass substrate, and as
it is observed, even the z-asymmetry of the structure does not
generate significant CD for this thin case. Therefore, it is
important to have a relatively deep structure to achieve a high
CD at visible wavelengths. Note that similar crescent positive
structures with low height have been proposed and reported to
exhibit much lower CDs compared to our proposed
structure.2,6 The results in Figure 6 justify our choice for a
depth of 200 nm for the gold ramp structure, considering also
fabrication limitations since deeper structures prevent us from
making smaller features with FIB.

■ CONCLUSIONS
We presented a 2D planar array of 3-D plasmonic azimuthally
graded-depth ramp-shaped nanostructures that show a giant

CD at visible frequencies. Experimental and numerical results
show three major resonance wavelengths in the reflection
spectrum, two of which show asymmetric reflections when
excited with LCP and RCP, resulting in a giant CD, whereas
one of the resonances exhibits almost no CD. The structure
shows a very high CD up to 64% and a g-factor up to 1.13 at
678 nm. Based on the reflection response of the structure in
the LP base, we also concluded that the origin of the giant CD
may not be due to its chirality, although the structure exhibits
broken mirror symmetry and is indeed chiral. The ramp-
shaped nanostructure is simply realized with a gradient milling
using focused ion beam. The giant CD obtained by this
structure at visible wavelengths as well as its simple fabrication
overcomes the challenges of design and realization of
complicated 3D nanohelical plasmonic structures. We believe
this study is providing a physical insight into the response of
photonic structures made of chiral/anisotropic unit cells, and is
useful for the design of circular polarizers as well as for
biosensors that are enantioselective of chiral molecules. It is
important to note that enantioselectivity of chiral molecules
using a chiral plasmonic nanostructure as the host can be
tricky, as the CD generated by the host itself can be much
stronger than that of the molecules. Therefore, a comparison
between the CD with and without chiral molecules should be
performed, and the change in the CD when the molecules are
added should be recorded. A symmetric structure, as a host,
that does not generate any CD, but enhances the chiral fields
(i.e., helicity), would be a better option, as any CD obtained
from the host−molecule system would be attributed to the
molecules. These details have been thoroughly discussed in
refs 35, 36, and 53.

■ METHODS
Fabrication. Gold deposition on a glass slide was done

using electron-beam evaporation with an Angstrom evaporator.
The FIB millings were done at 30 kV and 1.5 pA with a FEI
Quanta 3D SEM/FIB machine. The fabrication time for a
single unit cell was about 20 s.

Figure 6. Effect of the ramp’s depth (i.e., the thickness of the gold
layer) of the ramp-shaped structure on the maximum achievable CD,
and the change of the corresponding resonant wavelength at which
maximum CD is observed. This graph shows the importance of
having a significant ramp depth as halving the depth almost eliminates
the maximum CD. Thickness is important to observe broken
symmetry and, hence, CD.
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Optical Characterization. The optical elements used in
the characterization setup were as follows: White light source:
Tungsten-halogen light source, 360−2600 nm, Thorlabs
(SLS201L); White light source collimated: Collimation
package, Thorlabs (SLS201C); Linear polarizer: Thorlabs
(LPVIS050-MP2); Quarter-wave plate: Achromatic QWP,
400−800 nm, Thorlabs (AQWP05M-600); Objective lens:
10×, 0.25 NA, Newport (M-10X); CCD camera: AMScope
10MP digital camera; Spectrometer: Ocean Optics Flame.
Simulation. Numerical simulations are conducted using

commercially available software tools based on the finite-
element method (ANSYS Electronics Desktop 2017). Periodic
boundary conditions are used in the simulations. CD spectra
are calculated by extracting the left-handed and right-handed
reflected fields at the ports, approximately two wavelengths
away from the structure. The gold permittivity used in the
simulations is taken from the experimental data by Johnson
and Christy.54 The glass permittivity is taken from the
experimental data by Malitson.55
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