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Abstract

In this work, we demonstrate that dielectric metasurfaces consisting of achiral silicon nanocube
dimers can generate pronounced superchiral fields through engineering the electric and magnetic
resonant modes. The superchiral fields exhibit over 20-fold enhancement of optical chirality
density in the visible region. While previous studies have noted the presence of superchiral fields
in both dielectric and metallic nanostructures, detecting and assessing local superchiral fields
remains a challenging task. We show that the third Stokes parameter, readily obtainable from far-
field measurements, can serve as an indicator of the strong chiral hot spot within the gap of an
achiral silicon nanocube dimer. We further characterize the circular dichroism signals of D- and
L-phenylalanine molecules in the presence of silicon nanocube dimers, revealing an approximately
12-fold increase compared to the control experiment conducted without nanocube dimers. The

experimental and simulation results show good agreement. The all-dielectric achiral metasurface
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paves a new way toward chiral molecule detection with the advantages of low loss, low

background noise, and high sensitivity.
Keywords: circular dichroism, third Stokes parameter, superchiral field.
Introduction

Chirality is a fundamental concept with profound implications across the fields of chemistry,
biology, and physics. A pair of chiral molecules, termed enantiomers, are mirror images of each
other. They have identical molecular formulas but can show distinct responses and effects. For
instance, individual enantiomers of chiral drugs may exhibit very disparate bioactivities and
biotoxicities, and chiral pesticides can show significant differences in environmental activity and
persistence.!' ™ Therefore, it is crucial to efficiently and accurately differentiate between
enantiomers. One widely used technique to detect and analyze chirality is circularly dichroism
(CD) spectroscopy, which measures the differential absorption of chiral molecules subject to the
illumination of left-hand circularly polarized (LCP) and right-hand circularly polarized (RCP)
light.5). However, the optical activity of naturally existing chiral entities is generally very weak,
and therefore the chiral effect is detectable only when molecular concentration is sufficiently high,

normally at the micro-molar level.

Over the past years, researchers have proposed and demonstrated various methods to enhance CD
signals of molecules. These methods include the use of standing-wave-induced superchiral light,®!
dielectric-based platform!’~!% plasmonic resonances,!!! >} magnetic resonances,!** %! nano-cavity
resonators,'?’”>”) and fluorescence tags,*°33! Despite the enhanced CD signals with some
designated structures, these methods either introduce strong background noise from the chiral
structure itself or suffer from the non-uniform chiral field distribution that hinders the global CD

enhancement, causing issues such as limited sensitivity and amplitude fluctuations.

In this work, we demonstrate that dielectric metasurfaces composed of achiral silicon nanocube
dimers can yield strong chiral hot spots for CD measurements. Silicon nanostructures, with their
large refractive index, can support electric dipole, magnetic dipole, and higher-order resonances
when excited by linearly polarized light (LPL) at visible wavelengths.*!”) When the incidence
becomes circularly polarized light (CPL), the overlapped electric and magnetic resonant modes

generate a strong, uniform chiral hot spot in the gap of the nanocube dimers with maximized



average chirality if the proper phase condition is fulfilled**>%1. We use the third Stokes parameters
obtained from the far-field measurement to verify the local superchiral field, helping us reveal the
fundamental mechanism of chiral light-matter interactions. Furthermore, we demonstrate that the
achiral dielectric metasurface can achieve 12-fold enhancement in CD signals of D- and L-
phenylalanine molecules in the experiment, reasonably agreeing with the predicted 50-fold
enhancement from full-wave simulations. Table S1 in Section S1 of the Supporting Information
compares our work with the relevant literature. We can see that our work not only achieve
noticeable detection in an aqueous environment, but also show a low detection limit. We believe
that our work would pave the way for enantioselective sensing, sorting, synthesis, and photolysis

based on rationally designed nanophotonic structures with low loss and low background noise.

Results and Discussions
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Figure 1. (a) Schematic of the silicon metasurface for chiral molecule sensing. (b) SEM image of a

fabricated metasurface. (c) Measured and simulated transmittance spectra.

Figure 1(a) schematically shows the designed dielectric metasurfaces consisting of achiral silicon
nanocube dimers. The length, width, and height of a nanocube are all 100 nm, and the gap between
the nanocube dimer in a unit cell is 10 nm. The periodicity of the structure is 360 nm. Electron
beam lithography (EBL) is used to fabricate the nanocube dimers. Briefly, we used the 100 keV
EBL system to pattern the 25-nm hydrogen silsesquioxane (HSQ, Dow Corning XR-1541) on top
of the 100-nm amorphous silicon film as grown by inductively coupled plasma (ICP) chemical
vapor deposition (CVD) method, and followed by ICP etching with Cl» gas chemistry. Figure 1(b)
presents the scanning electron microscope (SEM) image of a fabricated metasurface, from which
we can see the high quality of the sample. Figure 1(c) plots the measured and simulated

transmittance spectra, which show good agreement. The discrepancy is mainly attributed to the



imperfections in the sample fabrication process. The simulation details are provided in Section S2

in the Supporting Information.

To understand the underlying principle of chiral sensing, we start with the discussion of the

chirality of an optical field, which is characterized by the optical chirality density C defined as®*”-**!

C=2F -VXE+—B-VxB=-—22/m(E"-B) (1)
2 2u 2
0

Here E (E) is the real (complex) electric vector fields and B (B) is the real (complex) magnetic
vector fields, and &y and p are the permittivity and permeability of the vacuum, respectively. For

CPL in free space, the optical chirality density can be simplified to
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where c is the speed of light in the vacuum and the sign depends on the handedness of CPL, that
is, left-handed circularly polarized (LCP) or right-handed circularly polarized (RCP) light.
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Figure 2. (a-d) Distribution of the electric field (a), the magnetic field (b), their relative phase (c), and the
normalized optical chirality density (d), in the xz-plane cutting through the middle of the gap between two
silicon nanocube dimers. The wavelength is 560 nm for all the plots. (¢) Simulated third Stokes parameter
(S5, black curve) with linear polarized light, and the normalized optical chirality density (C/C,, red curve)

at the center of the gap of the dimer.

Equation (1) suggests that by overlapping the electric and magnetic fields and controlling their
relative phase to be around /2, we can produce a significantly enhanced superchiral field.

Through multipole expansion analysis (see Section S3 in the Supporting Information), we can



identify that the silicon nanocube dimers can support electric dipole and magnetic dipole
resonances centered around 480 nm and 550 nm, respectively. Figure 2 (a) and 2(b) depict the
distribution of the electric and magnetic fields, respectively, in the yz-plane cutting through the
middle of the gap between two silicon nanocubes, when CPL illuminates the structure at the
wavelength of 560 nm. Figure 2(c) presents the relative phase between the electric and magnetic
fields. These results clearly show that we can satisfy the conditions to generate a superchiral field
by engineering the electric and magnetic resonance of the silicon nancube dimers. Indeed, from
Figure 2(d), we can observe a hot spot of the optical chirality density in the dimer gap, exhibiting
more than 20-fold enhancement. This makes it possible to provide an excellent platform to enhance

CD signals once chiral molecules are adsorbed onto the dimers and experience the local chiral spot.

It is of great interest to understand the principle of this metasurface to be used for chiral sensing.
Characterizing the superchiral field would help to reveal the underlying mechanism of the
proposed platform for chiral sensing. Interestingly, we can resort to the third Stokes parameter (S3),
which can be readily measured in the far field, to probe the near-field chirality. The working

principle can be understood by considering the optical chirality flux,"*” which is defined as
Tzﬁ[Ex(VxB*)—B*x(VxE)] 3)
0

An electric field can be written as E = lE;:p + rExcp, where | and r denoted the weighting
factors of LCP and RCP light. By applying Eq. (3) to LCP and RCP light, we can find that F is
directly related to the power flux (S) in the following form

F == (UPS1cp = I717Srep) )

Therefore, F is proportional to the third Stokes parameter, an easily measurable far-field quantity
that describes the degree of circular polarization. To further elucidate the physical implication of
Eq. (4), in analogy to Poynting’s theorem, Poulikakos ef al. have formulated the conservation law

of optical chirality in a lossy dispersive medium, which is given by 4],

—2w[,Im(xe — xm)d3x + [ ,Re(V - F)d3x = 0 (4)

Here, y, and y,, are the complex harmonic electric and magnetic optical chirality densities,

respectively, which are given by[>”!



Xe="2[E"-(VXE)+E-(VxE)] (5)

Ym =—[B" - (VX B) +B- (VX H")] (6)

8o

From equation (4), one can find that the net chirality flux of linearly polarized light is zero because
it is a superposition of LCP and RCP. In the measurement of the third Stokes parameters that will
be discussed in the following, when linearly polarized light interacts with the silicon nanocube
dimers and generates a chiral hot spot showing one specific handedness, one circular polarization
state will be attenuated due to the preferential dissipation in the system. Based on the conservation
law of optical chirality, a nonzero scattered chirality flux and hence a nonzero third Stokes
parameter will be produced.!!! Furthermore, the sign of S5 is related to the handedness of the local
superchiral field and the incident light, while the amplitude of S; indicates how strong the chiral
field is since it is directly proportional to the chirality flux. In Figure 2 (e), we plot the simulated
S3 and the normalized optical chirality density, tha is, C/C, . The spectra for both parameters show
a very similar trend. Therefore, we conclude that the third Stokes parameter can serve as the far-

field probe of the near-field chirality density.
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Figure 3. (a) Schematic of the optical setup to measure the third Stokes parameter. HWP: half-wave plate;
QWP: quarter-wave plate; LP: linear polarizer. (b) Measured and (c) simulated third Stokes parameter when
the polarization direction of the incident light is varied. The insets illustrate the polarization angle with

respect to the long axis of the nanocube dimer.

Using a customized optical setup illustrated in Figure 3(a), we measured the third Stokes
parameter S3. In the setup, a tunable laser (Coherent Chameleon Ultra I and Chameleon Compact
OPO Vis-Idler) was used as the source. It was collimated by two lenses before it passed through a
half-wave plate, which was used to vary the polarization direction of light impinging on the sample.
Two objective lenses, with 20x and 10x magnification, respectively, were used to focus light on
the silicon metasurface and collect the light transmitted through the metasurface. The diameter of
the focused beam on the sample was approximately 20 um. A quarter-wave plate and a linear
polarizer were placed after the metasurface to obtain the S; spectra. From the measured S5 spectra
in Figure 3(b), we can see that the curves are rather symmetric for two supplementary angles. S;
remains essentially zero at all wavelengths when the polarization direction is parallel or
perpendicular to the dimer axis. In this case, the superchiral field inside the gap cannot be excited,
because the electric and magnetic dipoles are not simultaneously generated.** Specifically, an
electric (or magnetic) hotspot emerges exclusively when the incident electric field is polarized
parallel (or perpendicular) to the long dimer axis. Under this condition, the outgoing chiral flux is
zero, and hence the third Stokes parameter remains zero for all wavelengths. In contrast, S; is
nonzero (except around 500 nm wavelength) when the polarization direction of the incident light
is off the dimer axis. In this case, the linearly polarized incidence, similar to CPL, can induce
electric and magnetic dipoles simultaneously. The spatial overlap between the electric and
magnetic dipoles and their /2 relative phase difference ensures a chiral hotspot in the gap,
producing a nonzero S3 in the far field. The simulated S;spectra are depicted in Figure 3(c), which
generally agrees with the experimental results. The spectra show a blue shift, which is likely due
to the imperfection in the fabrication. We have measured the S3parameter of other silicon
nanocube dimers with different doses in the EBL process. The overall trend is very similar, while
we can observe slight wavelength shifts in the spectra, because of the geometrical variations of the

samples arising from different doses in the EBL process.



To further prove the feasibility of our chiral sensing platform, we conducted CD measurements on
various molecules using the silicon metasurface as the experimental platform, after confirming the
presence of the superchiral field. The measurement setup is illustrated in Figure 4(a). A linear
polarizer and a quarter waveplate wave placed before the sample to generate CPL. A convex lens
with a focal length of 50 mm focused the laser beam onto the sample. After it passed through the
sample, the laser was split into two beams by a beamsplitter, which were captured by a CCD
camera and collected by a photodetector independently. The diameter of the focused beam on the
sample was approximately 20 um. In our experiment, we used a lock-in amplifier and a mechanical
chopper to improve the signal-to-noise ratio and retrieve better CD spectra. For the CD
measurements, we selected D-, L-, and DL-Phenylalanine. D-Phenylalanine exhibits right-
handedness, L-Phenylalanine exhibits left-handedness, while DL-Phenylalanine is achiral. We
used double-sided tape to create a 50 um thick cavity between two slides. The solutions containing
D-, L-, or DL-Phenylalanine could be held in the microcavity for ~7 hours before evaporation.

This duration is sufficient to complete the measurements.
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Figure 4. (a) Schematic of the optical setup to measure the CD spectra. LP: Linear Polarizer; QWP: Quarter-
wave plate; BS: Beamsplitter. (b) Measured and (c) simulated CD spectra of molecules with or without

metasurfaces. The error bar in the plot was calculated by standard derivation.

The expression to retrieve CD spectra is given by

T =T
CD = arctan (ﬁ) (7)

where T;cp and Trcp are the transmittance of LCP and RCP light through the sample, respectively.
Figure 4(b) plots the measured CD spectra of different samples with molecule concentration of
30 ug/ml in the wavelength range of 500-600 nm. The CD spectra of D- and L- Phenylalanine
have reversed signs due to their opposite handedness. Within the visible regime, the intrinsic CD

of D- and L-Phenylalanine is extremely small especially when it is dissolved into solutions.[**



However, in the presence of silicon nanocube dimers, the chiral spot generated by the dimers can
substantially enhance the CD signal by ~12 times at the resonance wavelength of 540 nm. Thanks
to this enhancement, we can detect CD signals for molecules at a concentration as low as 5 ug/ml,
yielding very good sensitivity (see Figure S3 in the Supporting Information). The simulated CD
spectra of different molecules are shown in Figure 4 (c¢). In the simulation, we represented the
chiral molecules in the gap of the nanotube dimer as a thin chiral medium. The simulated CD
enhancement is up to 50 times. Overall, there is good agreement between the simulated and
measured CD spectra. As for the decrease in the amplitude, the slight wavelength shift, and the
narrowing of the CD peaks in the experimental data, they are caused by the imperfection of the
fabrication, the molecule distribution, simplification of the simulation, and bubbles in the cavity.
In addition to molecules in solution, we performed the CD measurements using PMMA thin films
mixed with D-phenylalanine. The experimental results are presented in Figure S4 in the Supporting
Information, showing similar CD enhancement. The CD spectra of pure molecules in the UV

regime are plotted in Figure S5 for reference.

Conclusions

In summary, we numerically and experimentally demonstrate the efficacy of achiral silicon
metasurfaces in enhancing CD detection. Different from plasmonic nanoparticles, which
predominantly exhibit electric dipole resonances, high-index silicon nanocubes provide both
electric and magnetic dipole resonances within the visible spectrum, and their overlap generates
superchiral fields within the gap of the silicon nanocube dimers. By adeptly employing the third
Stokes parameter as a far-field probe, we effectively discern the presence of the local superchiral
fields. Furthermore, we use the achiral silicon metasurfaces to detect enantiomers at concentrations
as low as 5 ug/ml, showcasing very good sensitivity in solution while most detection on CD
signal was done with a solid molecule layer. By comparison, it is easier to measure in solution
environment. The observed CD signals in the presence of metasurfaces are about 12 times higher
than those in the control samples. Our work not only provides deep insights into the intriguing
chiral light-matter interactions but also lays a foundation for detecting enantiomers at low
concentrations. By employing novel photonic nanostructure designs and innovative techniques
such as optical trapping and specialized localization methods, we could further develop in-situ

chiral sensing at even lower concentrations.
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