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ABSTRACT

The interaction between chiral molecules and circularly polarized light is largely influenced by the local optical chirality density. This
interaction prompts substantial demand of the design of nanophotonic platforms capable of enhancing such effects across large and
accessible volumes. Such a magnification requires nanostructures that provide strong electric and magnetic field enhancements while
preserving the phase relation of circular light. Dielectric nanostructures, particularly those able to support resonances, are ideal candidates for
this task due to their capacity for high electric and magnetic field enhancements. On the other hand, efficient third harmonic generation
requires strong electric field resonances within dielectric materials, a feature often boosted by incorporating plasmonic materials into hybrid
systems. In this work, we numerically propose a coupled silicon disk-gold ring system that can exploit the anapole-induced field confinement
to provide a broadband magnified circular dichroism under realistic conditions, reaching values up to a 230-fold enhancement. We also dem-
onstrate that this structure can be employed as an efficient third harmonic generator, which, when integrated with chiral media, enables an
800-fold enhancement in circular dichroism. Furthermore, we show that pulsed illumination at intensities up to 10 GW/cm” does not induce
temperature increments that could potentially damage the samples. These findings suggest that this system can be a promising and versatile
approach toward ultrasensitive chiral sensing.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0212393
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Efficient discrimination of molecular chirality has lately emerged
as a critical challenge for the nanophotonics community.'~ Chirality
refers to the property whereby an object cannot be superimposed onto
its mirror image,” * meaning that chiral molecules have mirror-image
counterparts, referred to as enantiomers.q

Although these enantiomers often share similar properties, their
chirality plays a vital role in biological interactions.'”'" Many biorecep-
tors are chiral, so the coupling between chiral molecules and biorecep-
tors is dependent on this handedness, which can lead to different
outcomes. For instance, changes in protein chirality are likely responsi-
ble for serious health issues such as Parkinson and Alzheimer’s dis-
eases.'” Thus, there is a growing interest in the precise enantiomer
identification, especially in the biosciences and the pharmaceutical
industry,'” where such distinction becomes critical.

Traditionally, enantiomer discrimination have relied on circular
dichroism (CD) spectroscopy. These techniques measure the differ-
ences in enantiomer absorption under right- and left-handed circularly
polarized light (CPL) illumination.” However, since these differences
are intrinsically minuscule (1072 —107° times the strength of

absorption), this approach requires high sample concentrations and
long measure periods to be effective.'* This challenge has prompted
many nanophotonic platforms to overcome these limitations.

As the authors Tang and Cohen demonstrated in their seminal
work,'”'® the CD effect, expressed as the difference in absorption rates
A between the two circular polarizations, can be calculated as

CD = AR — A¥ o Im(x)C, (1)

where K is the Pasteur parameter of the chiral medium, accounting for
the coupling between electric and magnetic dipoles through the consti-
tutive relations D = ¢E — ix/gioH and B = uH + ix, /g iiE, and
C is the optical chirality density (OCD), defined as

C=-5m(E B) = - 2 |E|Hlos@), @)
5 2¢2

where O is the phase angle between iE and H. As can be seen from the
right-hand side in Eq. (2), for fixed amplitude values of the electric and
magnetic fields, OCD is maximized when the fields are collinear
and the phase angle ® is zero, equivalent to a 7/2 phase difference.'”
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For plane waves in vacuum, these conditions are both met in circular
polarizations, maximizing the OCD to Ccp = Fwéey/2c|E |2.
Furthermore, with the use of nanophotonic structures, enhanced opti-
cal fields can be engineered to achieve higher values of the OCD if the
aforementioned conditions are satisfied.'”

Several approaches to improve chirality detection have come
from plasmonics, exploiting the intense local fields created by localized
surface plasmon resonances (LSPRs) nearby structures.'” These reso-
nances induce strong local OCD enhancements, but spatial variations
of its sign are often found, leading to negligible spatial averages.'’
Moreover, LSPR excitation in metals, which exhibit resistive losses,
usually translates into thermal effects that might damage samples.”””'

On the other hand, OCD enhancement with high refractive index
dielectric (HRID) structures is achieved based on both electric and
magnetic field enhancements through Mie resonances.”” ** This is
particularly relevant when these spectrally overlap, as it occurs at the
Kerker conditions”>”" or in dielectric nanodisks, where resonances can
be tuned by manipulating the geometrical aspect ratio.””** Thus, dual
structures with both metal and dielectric materials have led to optimal
OCD enhancements.””

Interestingly, HRID structures can also support anapole resonan-
ces, characterized by non-radiation and extreme field confinement.”’
Anapole modes have been relevant for several applications in nano-
photonics,”’ such as invisibility effects’* or nanolasing.” In chiral sens-
ing, anapolar field confinement has been speculated to provide
background-free OCD enhancements.” This has also been exploited
for boosting nonlinear optical effects, particularly in third harmonic
generation (THG).””" Specifically, the usage of HRID materials
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together with metallic materials has led to very efficient THG in hybrid
metastructures.”**

In this work, we numerically show how a hybrid structure, com-
posed of an HRID (amorphous silicon) holed nanodisk (consisting of
a small hollow cylindrical gap located in the center of the silicon disk)
coupled to a gold ring, is a promising platform for chiral sensing, pro-
viding a broadband high average OCD value across a significant vol-
ume. This enhancement comes from the confinement of electric and
magnetic energy near anapole resonances, which can also be exploited
to provide an enhanced nonlinear third harmonic (TH) CD signal.
Moreover, we demonstrate its high thermal tolerance to the illumina-
tion conditions needed to generate a significant TH signal without
inflicting thermal damage to the sample.

Dielectric disks offer the possibility of tuning their resonances
by changing the radius/height aspect ratio. To evaluate the potential
of these resonances to enhance chirality, and following the strategy
shown in Ref. 34, we perform 3D finite-difference time-domain
(FDTD) numerical simulations on amorphous silicon holed disks
(material data from Palik’”), embedded in water (nw, = 1.33),
closely resembling conditions in real experiments.”’ The choice of
amorphous instead of crystalline silicon is based on its nonlinear
properties, as amorphous silicon shows significantly lower two-
photon absorption while keeping similar optical properties in the
infrared range."'

We set the disk and inner gap radii, Ry = 300nm and
rss = 25nm, and explore disk heights from h = 150nm to
h =510nm (corresponding to aspect ratios h/Rg; = 0.5 — 1.7 in
steps of 0.1). In these simulations, the electric and magnetic fields, and
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FIG. 1. Evolution of the (a) OCD, (b) electric field, (c) magnetic field enhancements, and (d) phase factor cos(®) averaged within the inner gap with respect to the disk height
and the incident wavelength A. In (a), marked with solid lines, the evolution of the different resonances can be seen. Insets with spatial distributions in the central xz plane at
point A (h = 450 nm, 2 = 1350 nm) are shown in (b)—(d). (e) Far field scattering cross section for the h = 450 nm case. In red, the spectral position of point A, where anapole
resonances overlap, is highlighted. (f) Spatial distribution of the OCD (central xz plane) enhancement at point A.
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OCD enhancement C within the inner gap are calculated and spatially
averaged. Since the mesh size within the gap was uniform, the averag-
ing procedure consisted in a simple arithmetic mean. A far-field multi-
pole decomposition’”*’ was performed to obtain insight into the
evolution of the different resonances with respect to the aspect ratio.
These results are summarized in Fig. 1. Scattering cross section results,
together with their respective multipole reconstruction, can be found
in the supplementary material (Fig. S1).

Generally, there is a high OCD area [Fig. 1(a)] following the mag-
netic dipole (MD) resonance, owing to high magnetic field enhance-
ment at that resonance [Fig. 1(c)], together with the electric dipole
(ED), which offers a strengthening of the electric field [Fig. 1(b)]. This
joint boost of both fields and the phase condition of circular light
cos(®) satisfying Eq. (2) lead to significant OCD enhancement.
Additionally, the electric dipole anapole (EDA) mode shows a notable
trace of local electric field enhancement, as seen in Fig. 1(b). This find-
ing, and the preservation of the phase condition [Fig. 1(d)], set the
basis for our proposal.

The EDA mode, although useful for several purposes, such as
nonlinear effect boosting, has a limited utility by itself in terms of
OCD. However, when mixed with other strong magnetic resonances,
it can provide remarkable conditions for both purposes. This is what is
found in the (1200-1400nm and 350-500nm) region in Fig. 1(a),
with strong OCD averages (up to 15). In this region, there is a signifi-
cant overlap of several modes, notably the electric quadrupole (EQ), its
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anapole (EQA), the magnetic quadrupole (MQ), and a magnetic dipole
anapole (MDA) mode [see Fig. 1(e)]. This superposition creates an
intense concentration of electric and magnetic fields, which together
with a conservation of phase [as seen in Fig. 1(d)] leads to a very strong
average OCD. As it can be seen in Fig. 1(f), although this area shows
inhomogeneous OCD enhancement, owing to an uneven concentra-
tion of magnetic field in the gap, the OCD enhancement sign is
unfluctuating.

Calculations for a more realistic system, i.e., considering a high
thermal conductivity substrate (amorphous alumina, n4; = 1.75), can
be found in the supplementary material (Fig. S2). There, the addition
of a substrate causes a mild reduction in the overall enhancement, but
the same trends can still be found. For the next step, which consists of
adding a gold ring that enhances the nonlinear response while keeping
a similar chiroptical response, we choose an optimal size of
h = 450 nm (aspect ratio h/R = 1.5).

After finding an optimal silicon disk configuration, we add gold
rings (material properties from Johnson and Christy**) to enhance the
nonlinear response of the HRID disk while preserving the OCD
enhancement. To find an optimal configuration, we explore rings with
inner radii r4, € [350,550] nm, where the minimum value corre-
sponds to a separation of 50 nm from the silicon disk, and outer radii
Ry, € [400,750] nm. The optimization process consisted on first fix-
ing the inner radius to its minimum value (r4,, = 350 nm) and chang-
ing the outer radius until an optimum point was found. Then, the

800 1250 1700 2150 2600
A (nm)

FIG. 2. FDTD results for the gold ring optimization. For a fixed inner radius (rs, = 350 nm), (a) OCD and (b) Fg factor inside the silicon disk. For a fixed outer radius

(Ray = 650 nm), (c) OCD and (d) F factor.
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same optimization process was applied to the inner radius for the opti-
mal outer radius. The ring height was fixed to t4,, = 100 nm.

The results for the optimization can be found in Fig. 2(a), where
we can see that a high average OCD band (values close to 15) over a
relatively broad wavelength range covering from around 1230 to
1500 nm appears. In particular, the outer radius does not affect signifi-
cantly the overall chirality within this band.

Since the geometry of the gold ring does not seem to significantly
affect the chiral properties of the overall structure, we instead focus on
optimizing its potential for THG. In order to predict its capabilities,
the electric field intensity confined inside the silicon disk is calculated,
giving rise to the Fj, factor,”’

[

Fg BV (3)
where V is the volume of the Si nanodisk. In nanophotonic structures,
THG is optimized by maximizing the excitation density, i.e., the elec-
tric field intensity. This means that we can predict efficient THG from
high values in the Fy factor.

This factor evolution with respect to the incident wavelength and
outer radius value can be seen in Fig. 2(b). Two lines corresponding to
anapolar resonances (see Sec. SIII in the supplementary material) are
found. In particular, the more intense line at 1500 nm, corresponding
to the EDA mode, displays a maximum value at R4, = 650 nm, mark-
ing our optimum value for the first step.

After fixing the outer radius to this value, the ring inner radius is
optimized in a similar manner. Figure 2(c) displays analogue results
for the OCD average, though reversed, indicating some correlation
between OCD and the amount of gold. Focusing again in the Ff factor,
in Fig. 3(b), we observe an overall maximum at r4,, = 400 nm.

After finding an optimal configuration for the structure, we char-
acterize its THG capabilities as well as its thermal behavior, using finite
element method (FEM) calculations (COMSOL Multiphysics-RF
Module). Scalar third-order nonlinear susceptibilities were applied to
gold (ng =2 % 107 m?V?) and amorphous silicon (;{((137)31» =278
x 1078 m?/V?), consistent with other values found in the literature.”
As the typical values for molecules are several orders of magnitude

ARTICLE pubs.aip.org/aip/apl

lower than those of gold and silicon,"” nonlinear optical effects gener-
ated within the chiral medium were neglected, thus eliminating the
necessity to consider its tensorial character. Simulations were carried
out in two steps, following procedures found in previous works.">"” In
the first step, electromagnetic fields are calculated for the fundamental
frequency under plane wave excitation. To do so, the background plane
wave field against the substrate is calculated to serve as input for the scat-
tering problem, which is solved for the complete geometry, considering
perfect matched layers (PMLs) across the boundaries of the simulation
region. The second step consists in the nonlinear calculations, where the
nonlinear polarization term Pyz(30) = &y ®) [E(w) - E(w)] E(w) is
taken from the fundamental frequency field calculated in the first step.
This nonlinear polarization is used as a field source for the second step
via an external current excitation J oy = i3wPyz (3). Additional details
for the thermal analysis can be found in the supplementary material
(Sec. SIV), and the results are summarized in Fig. 3.

Figure 3(a) compares the Fg factor with the generated TH signal
and average temperature obtained in the FEM simulations. In FEM sim-
ulations, mesh size is not uniform at any domain, and therefore, spatial
average values were obtained using COMSOL built-in features. A good
correlation between the Fy peaks and the integrated TH power Pry is
found, except for a small Fg peak at around 1100 nm, which can be
associated with the ring ED resonance rather than an anapolar mode.
We focus on the peaks at 1220 and 1510 nm, which are of interest as
they fall within the high OCD band. The evolution of integrated TH
power at those wavelengths with the pump intensity Iy, going from
mild (0.1 mW/um?®) to high values (10* mW/um?), is shown in
Fig. 4(b). Consistently with the Fg factor, the peak at 1510 nm displays
higher TH powers. As seen in the figure, both peaks follow the fitted I*
law, reaching efficiencies #76 = Prr/IonR3, of 0.009% (1220 nm)
and 0.088% (1510nm) at I = 1 GW/cm?. Near field TH profiles at
1220 and 1510 nm are shown in the supplementary material (Fig. S6),
suggesting that TH fields radiate toward the substrate at 1220 nm and
back to the source at 1510 nm.

Figure 3(a) also shows a good correlation of the average tempera-
ture with the anapolar modes where the TH signal is being generated.
High Ohmic losses in metals can significantly increase temperature,
potentially damaging samples. The high pump intensities required for
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FIG. 3. Results for the nonlinear and thermal analysis. (a) Integrated TH and average temperature spectra compared with Fg (black line), displaying peaks at 2 = 1220 and
1510 nm. (b) Evolution of TH and average temperature maxima under CW illumination for different light intensities, both fitted to cubic and linear functions, respectively. The
inset contains the evolution of the THG efficiency #74 with the incident intensity (circles for 1220 nm and diamonds for 1510 nm). (c) Evolution of average temperature maxima
(circles for 1220 nm and diamonds for 1510 nm) for different light intensities under femtosecond-pulsed illumination.
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FIG. 4. (a) Scheme of the proposed metasurface. (b) Transmittance and reflectance spectra for the simulated metasurface with RCP and LCP illuminations, as well as the
obtained transmission CD enhancement with respect to a bare chiral layer, whose CD signal is shown in the inset. (c) Simulated CD enhancement compared with the theoreti-
cal value predicted by OCD enhancement and the contribution from the chirality transfer mechanism. (d) TH integrated power spectra. T refers to integration below the metasur-
face, and R refers to power integrated above the metasurface. The CD enhancement is shown for both integrations, compared to the transmission CD spectrum of a bare

chiral layer at TH frequencies.

nonlinear effects require calculating the maximum temperature rise to
ensure sample integrity within a safe intensity range. For continuous
wave (CW) illumination, as provided in Fig. 3(b), intensities up to 10
mW/um?® were considered, resulting in a maximum temperature
increase in 60K. Since temperatures above 80°C (corresponding
approximately to the temperature increment of 60K from room tem-
perature) typically lead to irreversible protein denaturation,*” intensi-
ties below this value must be considered to prevent sample damage. A
temperature distribution map, valid for both illumination wavelengths,
is shown in the supplementary material (Fig. S6).

Although THG usually requires high illumination intensities, and
CW illumination has a relatively low intensity threshold for thermal
damage, THG typically uses femtosecond lasers with microsecond rep-
etition times, exceeding the cooling time of typical gold nanoparticles
in water.”” This allows heat dissipation into the high thermal conduc-
tivity surrounding media, preventing overheating. Following previous
literature, time-dependent heat transfer simulations were carried out
in COMSOL assuming typical femtosecond illuminations. The results
can be seen in Fig. 3(c), showing the evolution of maximum tempera-
tures with the fluence/intensity. Here, the average temperature incre-
ments still follow a linear dependence with fluence/intensity, but the
peak values are much lower, so that for all considered intensities (up to
10 GW/cm?), no thermal damage is expected.

Finally, to demonstrate the practical functioning of our design,
we propose a metasurface design to further illustrate its capabilities to
enhance the CD effect. After an optimization process (supplementary
material, Sec. SV), we set up a square array with period A = 1850 nm
and cover it with a chiral thin layer, representing a sample, with thick-
ness 0 =20nm, characterized by a constant refractive index
n =1.45—0.01i and a realistic complex scalar Pasteur parameter
Kk = 107* 4 107%, owing to the random orientation of molecules."”’
The details of the chiral FEM simulations can be found in the supple-
mentary material (Sec. SVI). Linear and nonlinear CD signals were cal-
culated as

TR - TL P;w o Piw
a an( Tt TL)’ TH = atan <_P13zm TP ) 4)

where Ty represents the transmittance for either right- or left-
handed incident polarizations and P3" is the integrated TH power
(either in reflection or transmission diréctions) for the same incidence.
Since the CD effect is correlated with the volume of chiral material,”*
we increase the radius of the inner gap to rg; = 50 nm to place more
molecular volume in the high chirality inner gap.

The results for these calculations are summarized in Fig. 4, with
the proposed metasurface depicted in Fig. 4(a). Figure 4(b) contains
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the calculated linear reflectance and transmittance for both polariza-
tions, as well as the CD effect enhancement CDg,, = CD/CD, with
CD calculated from Eq. (4) and CD, being the CD signal from a bare
chiral layer covering the substrate, which is shown in the corner inset.
The CD, signal was calculated analytically using a transfer matrix
method approach.”’ Two peaks (one negative and one positive) can be
observed, corresponding to the anapole modes, at both ends of the
high transmittance band, with the higher one reaching approximately
a 230-fold enhancement.

Figure 4(c) compares the obtained simulation results with the
«©
theoretical values given by CDgunocp = @29
from the chirality transfer mechanism (differential absorption in the
nanostructure as a result of scattering from the chiral medium due to
its real part of ) plus other effects from differential reflection.”’ Here,
due to the relationship between the real and imaginary parts of x (10
across all the spectrum), chirality transfer dominates the shape of the
signal, particularly at the observed peaks, which correspond to anapole
resonances. This can be explained as the field confinement caused by
anapole resonances enhances the light-matter interaction in the chiral
medium, significantly strengthening the effect. Further discussion,
including additional simulation results with a pure imaginary Pasteur
parameter and its agreement with theory can be found in the supple-
mentary material (Sec. SVII).

Finally, Fig. 4(d) shows the results for the conducted nonlinear
simulations, including integrated powers above and below the meta-
surface (similar to reflection and transmittance) for both circular
polarizations, as well as the CD effect enhancement. At the first THG
wavelength (A7 = 410 nm), transmission dominates for both polar-
izations, whereas at the second THG wavelength (Arp; = 490 nm),
reflection prevails. In this case, we find that the CD effect is signifi-
cantly enhanced at both wavelengths, with 100-fold enhancements
compared to the bare chiral film and beyond. In particular, the second
THG wavelength showcases an 800-fold enhancement in reflection,
suggesting the utility of this metasurface in both transmission (linear
CD) and reflection (nonlinear CD) applications.

In conclusion, we have presented a hybrid structure consisting on
a holed silicon nanodisk surrounded by a gold ring, achieving a high
average OCD and efficient THG. Using FDTD simulations and multi-
pole analysis, we related the high OCD with the spectral overlap of
electric and magnetic resonances within the disk’s gap, including ana-
poles. Thermal calculations confirmed no thermal side effects under
pulsed illuminations.

To give more insights on the practical functioning of our design,
FEM simulations with chiral matter mimicking a real sample were
conducted. The proposed metasurface showed up to 230-fold enhance-
ment of the CD effect in transmittance for the linear regime and an
800-fold enhancement in reflectance for the nonlinear TH regime,
with a good agreement with theory. We believe that these results lay
the foundations toward enhanced measurements of molecular
chirality.

and the contribution

See the supplementary material for the following: results for the
scattering cross sections of different aspect ratio silicon holed disks in
water with corresponding multipole decompositions; an analysis on
the influence of the alumina substrate on the average optical chirality
density and multipole analysis; details for the geometrical optimization
of the gold ring and multipole analysis; details on thermal FEM
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calculations; results for the third harmonic and temperature profiles;
the optimization of the metasurface; details on chiral FEM calculations;
and a complementary analysis on the chirality transfer mechanism
and the differential transmittance and reflectance in metasurfaces,
showing compatibility between theory and simulation results.
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