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Detecting the circular dichroism (CD) spectra of chiral molecules in the deep ultraviolet (DUV) region is of
significant research importance in the biomedical field, as it can reflect not only enantiomer concentration
but also molecular structural information. Although low-loss dielectric materials in the ultraviolet region can
avoid the photothermal effects of traditional plasmonic materials, their poor electromagnetic field
localization limits their application in molecular signal enhancement. Here, we designed a diamond
nanostructure array. By exciting the collective lattice resonance (CLR) modes with non-local field
distribution characteristics and introducing the coupling between the electric and magnetic CLRs, the
optical chirality enhancement in the gap region between the diamond nanostructures is increased to
a maximum of more than 150, with an average of over 52 at DUV wavelengths. Such characteristics
allow the largely enhanced spatial superposition between the superchiral near field and the target chiral
analytes. Moreover, simulation results demonstrate a 22-fold enhancement in the DUV CD signals of
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Accepted 10th Novernber 2025 chiral molecules, with the enhanced CD intensity exhibiting a linear dependence on molecular
concentration. Our results could be potentially used for ultrasensitive detection of chiral biomolecules,

DOI: 10.1039/d5n200768b which is of interest in biopharmaceutical research applications such as rapid detection of chiral drug
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Introduction

Chirality describes the geometric properties where an object
cannot be superimposed onto its mirror image by rotation or
translation. This concept is pivotal across numerous scientific
disciplines and holds vital importance in biology and chem-
istry: the fundamental biomolecules of life (such as r-amino
acids and right-handed DNA) are predominantly chiral. Taking
proteins as an example, the precise folding of their tertiary
structures strictly depends on sequences composed of r-
configured amino acids. This perpetuation of chirality under-
pins the functionality of biomolecules. Consequently, the
enantiomer-specific interaction between chiral pharmaceuti-
cals and biomolecules can elicit profoundly different biological
effects. A classic case is thalidomide—the (R)-enantiomer alle-
viates morning sickness, while the metabolites of the (S)-
enantiomer cause severe fetal deformities.*

The properties of chiral compounds are dictated by their
stereochemistry, making the distinction between enantiomers
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molecules at ultra-low concentrations.

indispensable in both research and application. Among existing
detection techniques, CD spectroscopy characterizes chirality
by measuring the differential absorption of left-handed (LCP)
and right-handed (RCP) circularly polarized light.> Most organic
molecules absorb light in the ultraviolet (UV) region due to their
electronic transitions, and the absorption bands correspond to
specific functional groups. Therefore, CD spectroscopy in the
deep-ultraviolet (DUV) region with the wavelength A < 300 nm
can simultaneously resolve molecular secondary structure® and
solution purity,* offering inherent advantages for trace sample
detection. However, the intrinsic chiroptical signal of molecules
is exceptionally weak because of the size mismatch between
molecules and the wavelength of light, with the difference in
absorption between RCP and LCP around 10> to 10~ ° times
lower than the absolute absorption.>® Besides, conventional
optical systems exhibit lower transmittance in the DUV band,
and photodetectors show poorer response sensitivity in this
spectral region. These factors combine to drastically reduce the
signal-to-noise ratio during detection, severely hindering the
realization of high-sensitivity chiral detection at
concentrations.

Enhancing the CD signal of chiral molecules is therefore
paramount. In recent years, novel nanophotonic materials have
emerged that can support superchiral near fields to boost the
chiral interaction between light and matter. They can provide
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large optical chirality density, C, thereby enabling significant
enhancement of molecular CD signals.”® C is defined as follows:

C= —Zﬂczlm(E* H), 1)
where C is the speed of light, and w is the angular frequency of
light. E and H are the complex electric and magnetic fields,
respectively. For LCP and RCP light propagating in free space,
Cepr = +(eow/20)E,y’, where &g, w, and E, are the permittivity of
free space, permeability of free space and incident electric field
amplitude. Therefore, the ratio C/Ccp;, demonstrates an
enhancement in the optical chirality of the nanostructures’
nearfield compared to that of circularly polarized light (CPL)
propagating in free space. When the locally enlarged electric
field and magnetic field spatially overlap and are aligned with
a phase difference of +7/2, C is significantly enhanced.*** For
practical chiral sensing, nanophotonic structures that can
produce a large-area distribution of significantly enlarged C
with uniform signs are necessary.

Plasmonic nanostructures can provide strong local field
enhancement and have been demonstrated to amplify CD
signals of large molecules in the visible-near-infrared range."”**
However, it should be noted that in most studies within this
spectral band, the resonance wavelengths of plasmonic nano-
structures do not cover the absorption features of chiral mole-
cules in the UV region.”? Consequently, their CD
enhancement mechanism primarily originates from plasmon-
induced CD responses rather than the intrinsic signals of bio-
logical chiral molecules that reflect the molecular secondary
structures. Furthermore, except for a few metals such as
aluminum,* most plasmonic materials exhibit high ohmic
losses at the absorption peaks of small chiral molecules at DUV
wavelengths, limiting their applicability in biosensing.

In contrast to plasmonic metallic materials, high-refractive-
index dielectric nanostructures (e.g., silicon nitride, diamond,
and silicon) simultaneously support both electric and magnetic
Mie resonance modes.*'***?® Through the involvement of
mechanisms such as intermodal coupling or excitation of dark
modes, these structures can achieve high optical chirality
enhancement with uniform handedness within their internal
regions.'™””*® Diamond, in particular, stands out as a highly
promising material. The growth and etching techniques of
diamond film have achieved great advances recently.* The
extremely low optical loss of diamond in the DUV regime makes
it exceptionally suitable for molecular sensing in such a spectral
range.*® Introducing asymmetry into diamond cylindrical arrays
has been numerically shown to enable optical chirality
enhancement factors up to 1100 in the deep ultraviolet.” This
ultrahigh optical chirality significantly enhances the structure's
efficacy for enantiomer examination. However, strong optical
chirality enhancement supported by diamond and other high-
index dielectric nanostructures is predominantly confined in
their internal volumes. This restricts the effectiveness of
superchiral nearfield in regions outside the nanostructures
where molecules interact, which is crucial for sensing applica-
tions. Additionally, practical implementation requires careful
consideration of micro/nanofabrication feasibility and
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experimental constraints to ensure the designed structures are
viable for real-world use.

Herein, we designed a single-period square lattice array of
diamond nanodisks that will not bring about significant chal-
lenges in nanofabrication. By spectrally overlapping two
distinct collective lattice resonance (CLR) modes to maximize
their coupling through tuning the structure's geometric
parameters, we demonstrated numerically significant optical
chirality enhancement in the external proximity of the diamond
nanostructures at DUV wavelengths. The in-plane nonlocal
nature of concentrated electromagnetic fields of CLR modes
modulates the concentration of the local density of optical
chirality, shifting its spatial distribution with large C enhance-
ment from the interior of the nanostructures to the interstitial
spaces between them. The C enhancement in the in-plane non-
structural region of the diamond nanodisk lattice reaches
a maximum of over 150, with an average of over 52 at the CLR
resonance wavelength, which we can readily tune through
structural parameter adjustment. We further performed simu-
lations to calculate the performance improvement of the dia-
mond nanodisk array brought into the practical CD
measurements. Our results show that a 100-nm-thick chiral
molecule film coated on a square lattice array (lattice constant =
160 nm) of diamond nanodisks (diameter = 121 nm, height =
52 nm) exhibited 22 times stronger CD peak signals than the
control film without any nanostructures in the DUV region.
Thus, our diamond nanostructure array architecture delivers
much stronger and more accessible optical chirality enhance-
ment, making it highly suitable for real-world sensing
scenarios. These findings hold significant potential for detect-
ing biomolecular chirality, with critical implications for appli-
cations such as drug development.

Results and discussion

To quantitatively evaluate the impact of CLRs within diamond
nanostructure lattice arrays and reveal their underlying mech-
anism in improving the chiroptical nearfield surrounding the
nanostructure, we first selected diamond nanospheres and
their lattice arrays as simple model systems. We conducted
finite element method-based numerical simulations on a dia-
mond nanosphere with a diameter of d = 120 nm and an infi-
nitely periodic square lattice array of it (Fig. 1a and b), using the
general-purpose commercial software COMSOL (see Methods in
the SI). The refractive index of the surrounding medium was set
at np, = 1.46 to mimic the effect of commonly employed
substrates and solutions in experiments, as we will present in
this work. The refractive index and extinction coefficient of
diamond were extracted from ref. 30. The lattice constant of the
periodic array was set at a = 154 nm. The array exhibits C4
rotational symmetry, ensuring isotropic optical responses.
Circularly polarized light was incident along the z-axis (Fig. 1a).

Comparative studies revealed significant differences
between the isolated diamond nanosphere and its periodic
arrays. The simulation-calculated scattering cross-section
spectrum of the isolated diamond nanosphere agrees perfectly
with that predicted from Mie theory. We further utilized Mie

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Superchiral near field boosted by collective lattice resonances in a diamond nanosphere lattice. (a) Schematics of an isolated single
diamond nanosphere in a surrounding medium with background refractive index n = 1.46 (left). The scattering spectrum and multipole analysis
of the diamond nanosphere calculated from Mie theory (right). We calculated the contribution from electric dipole resonance (EDR), magnetic
dipole resonance (MDR), electric quadrupole resonance (EQR), magnetic quadrupole resonance (MQR), electric octupole resonance (EOR), and
magnetic octupole resonance (MOR). (b) Schematics of a square array of diamond nanospheres in a surrounding medium with n = 1.46 (left) and
its transmission spectrum (right). (c) £ field enhancement and current vectors of the isolated diamond nanosphere at A =236 nmand A = 305 nm.
(d) E field enhancement and current vectors of a single diamond nanosphere in the lattice at A = 264 nm and A = 282 nm. (e and f) Averaged C
enhancement spectra in the non-structural area for the isolated diamond nanosphere and the sphere array. (g and h) Spatial distributions of the C
enhancements for the isolated single diamond nanosphere at A = 343 nm and the diamond nanosphere in the lattice at 1 = 266 nm.
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theory to analyse the contributions from different multipolar
resonance modes to the scattering of the isolated nanosphere
(Fig. 1a). The mode analysis shows that the broad strongest
scattering peak centred at 236 nm results from the excitation of
multiple resonance modes including electric dipole resonance
(EDR), magnetic dipole resonance (MDR), magnetic quadrupole
resonance (MQR), and magnetic octupole resonance (MOR).
The MQR mode plays the most important role. In contrast, the
scattering peak centred at 305 nm is dominated by the EDR and
MDR modes. The scattering peak centred at 202 nm results
from the excitation of MDR, MQR, MOR, electric quadrupole
resonance (EQR), and electric octupole resonance (EOR), with
the MOR dominating. We then constructed an infinitely sized
square lattice array of the diamond nanosphere with the same
size. The transmission spectrum of the array displayed an
asymmetric line shape (Fig. 1b). A Rayleigh Anomaly (RA) at
225 nm (Ara = a-npg) suppresses higher-order Mie reso-
nances,*** leading to the disappearance of the original reso-
nance near 236 nm. CLR modes emerged in the proximity of the
RA. The narrow-linewidth (~3 nm) transmission dip at 264 nm
corresponds to the electric dipole CLR (ED-CLR), while the
transmission dip at 282 nm corresponds to the magnetic dipole
CLR (MD-CLR) (Fig. 1b), similar to the result reported for
periodic Si nanosphere arrays.*® The excitation of the CLR
modes results in a much more remarkably enhanced electric
field (Fig. 1c and d) because of their higher quality factor. The
CLR resonances also exhibit an in-plane non-local nature, with
their enhanced electromagnetic field extended to non-structural
interstitial spaces between the unit nanospheres.

We then studied the optical chirality enhancement (C/|Ccpy|)
properties of both the isolated diamond nanosphere and its
lattice array. We first calculated the average value of C/|Ccpy| of
the non-structural region over an area of a x a in the horizontal
central plane of the nanostructures as a function of wavelength
(Fig. 1e and f). The diamond nanosphere was placed in the
centre of the square. The spectra of averaged C/|Ccpi| display
distinct peaks, with wavelengths differing from those of the
corresponding scattering spectra. For the isolated diamond
nanosphere, the averaged C/|Ccpy| reaches its peaks at 204, 250,
and 343 nm (Fig. le), where the EQR and MOR, EDR and MDR
or MQR, and EDR and MDR share the same contribution to
scattering, respectively. Similarly, for the diamond nanosphere
array, the averaged C/|Ccpy| reaches its peak at 266 nm, which is
remarkably close to the transmission peak in between the ED-
CLR and MD-CLR modes (Fig. 2f). A sign reversal in C/|Ccpy|
was observed because of the abrupt phase shifts between
narrow ED-CLR and MD-CLR at varying wavelengths. Both
results imply the importance of interaction between electric and
magnetic resonances in generating superchiral near fields. The
spectral overlapping between the electric and magnetic optical
modes greatly affects the density of the optical chirality. Our
results clearly revealed that the excitation of CLRs enables
a large enhancement of the optical chirality, with the largest
averaged C/|Ccp| at non-structural area increasing from 2.2 to
8. We further plot the spatial distributions of C/|Ccp| at the
wavelengths where it reaches its maximum, i.e. 343 nm for the
isolated nanosphere and 266 nm for its lattice (Fig. 1g and h). In
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both cases, the strong optical chirality results from the coupling
between electric and magnetic dipolar resonances, which are
EDR-MDR coupling for the isolated nanosphere and (ED-
CLR)-(MD-CLR) coupling for the nanosphere lattice. The EDR-
MDR coupling is weak for an isolated nanosphere, with the
superchiral near field primarily confined to the central region
inside the nanosphere (Fig. 1e-g). In contrast, (ED-CLR)-(MD-
CLR) coupling is much stronger, and the resulting superchiral
near field maintains a large concentration in the non-structural
area in between the spheres (Fig. 1f-h). Such characteristics are
critical for enhancing chiral optical signals in practical
applications.

We have not achieved a perfect spectral overlap between the
ED-CLR and MD-CLR modes in the nanosphere lattice. Due to
the inherent symmetry of the dielectric nanospheres and the
resulting poor tunability in their resonance frequencies, it is
extremely challenging to tune the geometric parameters of the
nanosphere lattice to precisely adjust the ED-CLR and MD-CLR
resonances at the same wavelength. The spectral separation of
the ED-CLR and MD-CLR modes in symmetric arrays (the lattice
constants along x and y direction a, = a,) of nanospheres can be
resolved via asymmetric designs (e.g., a, # a,), as one recent
experimental work demonstrates in a Si nanosphere lattice.**
However, the fabrication of diamond nanospheres with
uniform sizes remains challenging. In contrast, nanodisks offer
superior manufacturability, and their Mie resonances can be
tuned via both the size and the diameter-to-height aspect
ratio.” We therefore replaced the repeating units in the afore-
mentioned periodic array with diamond nanodisks (Fig. 2a), in
order to design a diamond nanostructure lattice that balances
high optical chirality enhancement, structural fabrication
feasibility, and application viability. To systematically investi-
gate the relationship between CLRs and optical chirality
enhancement, we conducted parametric studies by varying the
array period a from 150 to 170 nm (Fig. 2b and S1) while keeping
the disk diameter d and height 4 fixed at d = 121 nm and & =
51 nm, respectively. Similar to the periodic diamond nano-
sphere arrays, we observed the RA at 220-250 nm (Ars = @ 11g)
suppressing higher-order Mie resonances of individual nano-
disks (Fig. S1). We also observed the excitation of ED-CLR and
MD-CLR modes, which account for the dips in the transmission
spectra of the diamond nanodisk array (Fig. 2b-d and S1). By
varying the lattice constants along the x and y directions, a, and
ay, independently, the two CLRs exhibit distinct periodic
dependence (Fig. S2).>** Under the excitation of linearly
polarized light with the polarization direction along the x axis,
the ED-CLR redshifts while the MD-CLR rarely shifts as a,
increases. In contrast, the MD-CLR redshifts while the ED-CLR
rarely shifts as a, increases. A pronounced transmission peak
was observed between the ED-CLR and MD-CLR in the trans-
mission spectra. This peak can approach its highest intensity as
the ED-CLR and MD-CLR are well aligned at a, = a,, suggesting
that such a peak arises from the destructive interference
between the ED-CLR and MD-CLR modes and can suppress
backscattering under Kerker-like conditions (Fig. $2).>***3 In
addition, by varying the lattice constant a = a, = a,, we found

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Superchiral near field boosted by collective lattice resonances in a diamond nanodisk lattice. (a and b) Schematics of square arrays of
diamond nanodisks in a surrounding medium with n = 1.46 (a) and their transmission spectra (b). The lattice constant of the array a varies from
154 nm to 162 nm. The diameter and height of the nanodisk unit were fixed at 121 nm and 51 nm. (c and d) Distributions of electric field
enhancement and current vectors in the central plane perpendicular to the lattice plane showing excitation of the ED-CLR and the MD-CLR
modes at A = 259 nm and A = 262 nm, respectively, for the nanodisk array with a = 156 nm. (e) Spatial distributions of C/|Ccp|| of an isolated
diamond nanodisk control structure at A =240 nm under RCP excitation (left), and a diamond nanodisk in a periodic array witha =158 nmat A =
262 nm under RCP excitation (middle) and LCP excitation (right), respectively. (f) Averaged C enhancement spectra of the isolated diamond
nanodisk and the nanodisk arrays with different a. The averaged C enhancements were calculated by averaging the value of C/|Ccp| outside the
nanodisk over an area of 158 nm x 158 nm (isolated nanodisk) or a x a (nanodisk arrays) in the horizontal central plane of the nanostructures as
a function of wavelength, with the diamond nanodisk placed in the centre.

that the intensity of the peak generated from (ED-CLR)-(MD-
CLR) coupling can reach unity at their resonance wavelength.
The in-plane non-local resonance nature of CLR modes
enables the distribution of strongly enhanced superchiral near
fields beyond the physical boundaries of the diamond nano-
disks. The perfect alignment between the ED-CLR and MD-CLR
ensures the extremely large local optical chirality in the inter-
stitial spaces between nanodisks. For instance, C/|Ccpr| exceeds
150-fold within the gaps at a = 158 nm, with its average value in
the in-plane non-structural region reaching 52 at the resonance
wavelength (A = 262 nm), both of which are much larger than

© 2025 The Author(s). Published by the Royal Society of Chemistry

that of the isolated diamond nanodisk control structure (Fig. 2e
and f). The value of C/|Ccpr| can reach up to 300 inside the
nanodisk. As predicted, illumination with the opposite hand-
edness of CPL yields results with equal magnitudes but oppo-
site sign (Fig. 2e). The high density of optical chirality in the gap
region is highly advantageous for low-concentration chiral
molecule detection. We would like to highlight that our
symmetric structure enhances the local optical chirality density
of the non-structural region by aligning the ED-CLR and MD-
CLR modes of the lattice through structure design. It is
different from the reported strategy of introducing additional
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geometrical anisotropy of the diamond nanostructure meta-
surface.® Moreover, the resonance wavelengths of the CLRs are
primarily governed by the periodicity. In principle, the reso-
nance modes can be tuned to any specific wavelengths as long
as the material's refractive index permits. Furthermore, this
array allows independent modulation of ED-CLR and MD-CLR
modes by adjusting a, and a, separately, making it highly
suitable for designs aiming to maximize C at specific wave-
length through ED/MD mode engineering. The enhanced chiral
field extends beyond the physical boundaries of the nano-
structures, creating more accessible regions for enhancing
chiral light-matter interaction. Moreover, the CLR resonance
wavelengths can also be tuned by adjusting the nanodisk
diameter d (Fig. S3). As the diameter d increases from 50 to
150 nm, the CLR modes exhibit continuous red shifts as well as
a reduction in quality factor. We also found that the spatial
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distribution of the superchiral near field can be regulated by the
nanodisk diameter d and the lattice constant a. One can
therefore achieve stronger and more extended superchiral near
fields by properly designing the structure. In our design, the
structural parameters (d ~ 120 nm, & ~ 50 nm, a ~ 160 nm) will
not raise significant challenges for the nanofabrication, making
the single-period diamond nanodisk array highly suitable as an
enhancing substrate platform for the detection of the CD
signals of chiral molecules.

To advance toward practical device implementation, we
replaced the idealized uniform background with a more real-
istic material system with an organic molecule, poly(methyl
methacrylate) (PMMA), as the surrounding medium and MgF,
as the substrate (Fig. 3a and b). We chose the PMMA/MgF,
system because its refractive index profiles closely approximate
the homogeneous background conditions in our initial
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Fig. 3 Superchiral near field enabled by collective lattice resonances in a diamond nanodisk array in an environment mimicking the experimental
conditions. (a) Schematics of a square array of diamond nanodisks supported on a MgF, substrate and coated with PMMA. (b) Dependence of the
refractive index and extinction coefficient dispersion curves of MgF,, PMMA, and diamond. The data of MgF, and diamond were extracted from
ref. 32 and 25 respectively. The data of PMMA were obtained from a Lorentzian resonance model by considering the PMMA's absorption at
around 320 nm. (c) Transmission spectra of square diamond nanodisk arrays with the lattice constant and the disk diameter fixed at a = 160 nm
and d = 121 nm. The disk height h varied between 50 and 60 nm. (d) Averaged C enhancement spectra of the nanodisk arrays with different h. The
averaged C enhancements were calculated by averaging the value of C/|Ccp|| outside the nanodisk over an area of a x a in the horizontal central
plane of the nanostructures. (e) Spatial distributions of C/|Ccp| of @ diamond nanodisk in a periodic array with h = 52 nm at A = 261 nm under RCP
excitation.
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calculations, and the experimental feasibility can be main-
tained, since MgF, has a refractive index close to commonly
used organic molecules and exhibits excellent DUV trans-
parency with a negligible extinction coefficient.*” In our simu-
lation, we modelled PMMA's optical properties with
a Lorentzian resonance by considering its ultraviolet absorption
(see Methods in the SI).*® We also provided the complex
refractive indices of diamond that we extracted from ref. 25 and
employed in our simulation in Fig. 3b for comparison. The
primary absorption band of PMMA falls near 320 nm (Fig. 3b),
far away from the DUV wavelength range of interest in our study
(240-300 nm). This ensures minimal absorption-induced side
effects during spectral analysis. Prior studies indicated that the
refractive index mismatch suppresses long-range interparticle
interactions, consequently inhibiting lattice resonances under
normal incidence.**** Introducing the PMMA/MgF, system
inevitably disrupts the perfect index-matching conditions of our
initial design, inducing a slight spectral shift in the CLR modes.
In actual fabrication processes, etching-based control over
nanostructure height (depth) provides more direct parametric
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tunability than lithographic regulation of periodicity and
diameter in 2D patterning. We therefore systematically adjusted
the nanodisk height within the unit cell to parametrically
investigate CLR modes and optical chirality enhancement. We
set the lattice constant and the disk diameter of the nanodisk
array at @ = 160 nm and d = 121 nm, while varying the disk
height 4 between 50 and 60 nm in our simulation (Fig. 3¢ and
d). The calculated performance of the CLRs slightly degrades, as
reflected by the less distinct peak and dip features in the
transmission spectra (Fig. 3c). Despite this, we can still achieve
an alignment between the ED-CLR and the MD-CLR. The largest
value of the average C/|Ccpr| outside the nanodisk over an area
of a x a in the horizontal central plane of the nanostructures
only exhibits a slight decrease from 52 to 47 after taking the real
experimental conditions into account (Fig. 3d and e), validating
the effectiveness of our structure design.

Our preceding investigations have demonstrated the excep-
tional DUV optical chirality enhancement capabilities in the
non-structural area of periodic diamond nanoarrays. Next, we
incorporated chiral molecules into our simulation by blending

PMMA (100 nm) with
4 M chiral molecules

Diamond

MgF,

with diamond lattice

without diamond
x10)

0 250 270 290
& Wavelength(nm)
200
'05); 150t v
.E with diamond
— 100
o
O
50 f
without diamond
O . I

1 2 3 4
Molecule concentration (uM)

Improved CD sensing performance by the diamond nanodisk array in an environment mimicking the experimental conditions. (a)

Schematics of a diamond nanodisk array coated with the mixture of chiral molecules and PMMA on the MgF, substrate. (b) Refractive index and
extinction coefficient dispersion curves of the chiral molecule. (c) Calculated CD signals of the chiral molecule—PMMA film with and without the
periodic diamond nanodisk array. (d) Transmission, reflection, and absorption spectra of the periodic diamond nanodisk array coated with the
chiral molecule—PMMA film. (e) The maximum CD intensities of the periodic diamond nanodisk array coated with the chiral molecule—PMMA

film as a function of the molecular concentrations in PMMA.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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them with PMMA. We modelled the chiral molecule-PMMA
mixture with a 100-nm-thick film to mimic the spin-coating
deposited thin layer of chiral molecule samples in sensing
experiments (Fig. 4a).*" To include the chiral optical response of
chiral molecules, constitutive equations in the simulation were
modified by adding the chiral elements:*>**

D = &¢E — igH, )

B = uouH +i-E, (3)

where ¢ and u represent the relative permittivity and perme-
ability of materials, respectively. « is the Pasteur parameter
denoting the strength of chirality and is determined by the
coupling between the electrical and magnetic responses of the
medium. We selected the mixture of surfen and alpha-sulfated
cyclodextrins, with a strong CD resonance at ~260 nm,** as an
example of chiral molecules in the following calculation. We
analysed the absorption and CD spectra of the molecule
measured by others** using Lorentzian fitting® to extract the
value of its refractive index n, extinction coefficient k, and Pas-
teur parameterx (Fig. 4b). n, k, and « of the chiral molecule are
not independent but connected by:*

1 1
g_sb_y<hwfhwo+il"_hw+hw0+if)’ (4)
1 1
K_ﬁ(hw—hw0+if_hw+hwo+i1")’ (5)
e = (n+ik)’, (6)
w=1 )

where ¢, is the background dielectric constant, w, is the
molecular optical absorption frequency, and v and § determine
the magnitudes of absorptive and chiral properties, respec-
tively. I is the molecular transition damping frequency. We set
the value of w, to ensure the chiral molecule exhibits a CD peak
at 266 nm. More details of the setting can be found in Methods
in the SI. Since we were investigating the chiral optical response
induced by the chiral molecules with a very low concentration
(=4 pM) in the PMMA matrix, the effective refractive index and
extinction coefficient of the mixture film are almost the same as
those of the pure PMMA, as revealed by their calculation
according to the chiral molecule-PMMA mass ratio. « of the
mixture film with different chiral molecule concentrations was
calculated by assuming it is proportional to the molecule
concentration in the mixture.

We then calculated the optical properties of the chiral
molecule-PMMA film deposited on MgF, with and without
diamond nanostructures under the illumination of CPL with
different handedness. We obtained the CD signal by calculating
the degree of ellipticity:

180
4’

+
CD (deg.) =AA xIn 10 x % = 1n<T—) X (8)

T-
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where T" and T~ are the transmission of the sample under RCP
and LCP illuminations, respectively. AA corresponds to the
absorbance difference for RCP and LCP light. In the absence of
any diamond nanostructures, the COMSOL-calculated CD
spectrum of the chiral molecule-PMMA film with the chiral
molecule concentration of 4 pM perfectly reproduces the result
given by the following analytical expression for the CD
response:

CD =—tan"'[tan h(kow Im{x})], (9)

where k, and w are the vacuum wave vector and the thickness of
the molecular film.*” Both the CD spectra calculated from the
analytical model and from the COMSOL simulation are in good
agreement with experimental results in ref. 39 (Fig. 4c), with the
CD peak of the molecular film at 266 nm less than 10 mdeg. We
adjusted the structure parameters of the diamond nanodisk
array (@ = 160 nm, d = 121 nm, # = 54 nm) to match its CLR
wavelength with that of the molecular CD resonance. Because of
the small absorption coefficient of the chiral molecule-PMMA
mixture, the calculated absorption of the sample with the dia-
mond array is very low (Fig. 4d). The transmission peak (or
reflection dip) near 260 nm in the spectrum arises from
destructive interference between the ED-CLR and MD-CLR
modes, indicating the highest optical chirality enhancement
and the resulting highest CD signal at this wavelength (Fig. 4c).
With the help of the diamond nanoarray, we observed
a remarkable 177 mdeg peak at 260 nm in the CD spectrum,
representing a 22-fold enhancement over that of the unstruc-
tured control sample. Such a substantial improvement
demonstrates the exceptional capability of the CLR resonances
supported by the diamond nanostructure array for chiral signal
amplification in the DUV regime. We further performed simu-
lations (Fig. 4e) for mixture films with different chiral molecule
concentrations (Fig. 4e). The CD peak intensity was nearly
proportional to the molecule concentration. This robust
performance, achieving consistent 22-fold signal amplification,
confirms the reliability of our diamond nanoarray platform for
quantitative chiral sensing applications. The linear relationship
between concentration and CD intensity makes the diamond
metasurface applicable for the detection of enantiomer
concentration.

To further illustrate a clear picture of the distribution of the
local optical chirality around the diamond nanostructure in the
three-dimensional space and therefore understand the inter-
action between local superchiral near field and the chiral matter
in a more straightforward way, we extracted the value of each
local C/|Ccpy| in the space (Fig. 5a-c), where a 100 nm-thick
PMMA film embedded with chiral molecules coats the dia-
mond nanostructure. Both the contours of C/|Ccpy| in the
central vertical cross section and the horizontal cross sections at
different heights z of the sample were provided at A = 260 nm
(Fig. 5b and c). Our results clearly revealed that excitation of
coupled CLRs of the nanodisk array not only largely increases
the superchiral near fields in the in-plane non-structural area,
but it also increases the superchiral near fields in the space
above the array. The averaged in-plane non-structural C/|Ccpy|

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Distribution of the local optical chirality around the diamond
nanostructure under RCP excitation in the three-dimensional space.
(a) Schematics of different cross sections of the diamond nanodisk. (b)
The x—z vertical cross section of the structure and the corresponding
spatial distributions of C/|Ccp| at 2 = 260 nm. (c) The x—y horizontal
cross sections of the spatial distributions of C/|Ccp(| at z =0 nm (disk
bottom), 27 nm (disk centre), 54 nm (disk top), 74 nm, respectively, at A
=260 nm. (d) Comparison between averaged C enhancement spectra
of the diamond nanodisk and its array at z = 0, 27, 54, and 74 nm,
respectively. The averaged C enhancements were calculated by
averaging the value of C/|Ccp.| outside the nanodisk over an area of
a x a in the horizontal central planes of the nanostructures.

reaches as high as 25 even at the site 20 nm above the nanodisk
array, i.e. z = 74 nm (Fig. 5d). Such 3D non-local distribution of
strongly enhanced superchiral nearfield is critical for enabling
effective interaction between the chiral near field and target
chiral molecules. Comparative analysis between periodic arrays
and single particle structures, performed after coating with the
PMMA-molecule composite solution, revealed distinctly
different enhancement characteristics. Compared with the
periodic arrays, the isolated diamond nanodisk only produces
weak, broadband enhancement outside the nanostructure. This
striking difference originates from the coupling between the
high-quality-factor CLRs in periodic arrays, which generates
sharp, narrowband C enhancement peaks compared to the
weak, broadband response of isolated particles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In summary, through structural design, we have increased the
maximum optical chirality enhancement factor C/|Ccpy| in the
gap region of the diamond array to 150, and the average value of
C/|Ccpy| in the in-plane non-structural region can reach above
52. The chiral optical enhancement outside the dielectric
nanostructure results from the coupling between electric and
magnetic CLRs in the diamond lattice. The excitation of CLRs
leads to a non-local field enhancement, which enables a greater
number of chiral molecules to interact effectively with super-
chiral regions possessing largely enhanced optical chirality
density, giving rise to significantly enhanced chiral optical
response of the target chiral molecules. By changing the peri-
odic parameters, the nanostructure array can achieve non-local
chiral optical enhancement at specific wavelengths. Our design,
based on the excitation of the ED-CLR and MD-CLR modes in
the periodic array and boosting their coupling through struc-
ture parameter tuning, effectively extends the local superchiral
nearfields of the low-loss dielectric structure at DUV wave-
lengths—fields that are usually confined inside the material—to
the area outside the structure. Compared with other diamond
nanostructure-based strategies employing periodic structures
or asymmetric lattices,” our design enables the generation of
non-structural superchiral near fields with improved optical
chirality enhancement of up to 150, without introducing any
structural complexity. Such performance improvement is ach-
ieved through the mechanism of bringing effective coupling
between ED-CLR and MD-CLR modes. Furthermore, consid-
ering the actual application scenarios and the requirements of
refractive index matching to excite CLRs, we selected PMMA
and MgF, as the ‘solvent’ for chiral molecules and the substrate
supporting diamond nanostructures. Our calculation shows
that the diamond nanodisk array can amplify the CD signal of
a commonly used chiral molecule, sulfated cyclodextrin, in the
DUV region by a factor of 22. The peak intensity of the enhanced
CD shows a proportional dependence on the concentration of
chiral molecules. To summarize, our results provide a powerful
solution enabling much stronger and more accessible optical
chirality enhancement for chiral sensing. The structural
parameters suggested by our calculation will not raise signifi-
cant challenges in nanofabrication, making the proposed
single-period diamond nanostructure array highly suitable as
an enhancing substrate for detecting CD signals of chiral
molecules. Our results should work for any refractive index-
matched surrounding medium (solvents) and substrates,
which allows the selection of a suitable solvent to expand our
proposed chiral sensing strategy for diverse analytes. In real
experiments, one should note that the chiral optical response of
the molecules may be influenced by factors other than the
designed optical enhancement. For example, the solvent
polarity strongly determines the chiral optical signals of the
chiral molecules, because it significantly alters the microenvi-
ronment of the embedded chiral molecules.*® Chiral molecules
embedded in PMMA with moderate polarity and dissolved in
solvents with high polarity such as water and dimethyl sulfoxide
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(DMSO) may exhibit original CD signals with varying intensity,
peak position, and line shape. As a result, one should pay
attention to the specific chemical environment when making
comparisons. Moreover, diamond film's inherent absorption
becomes remarkable at wavelengths below 230 nm and would
degrade the performance of chiral sensing, constraining the
extension of our strategy to shorter wavelengths. Nonetheless,
we believe that by carefully designing the experiments, our
results could boost the development of DUV nanophotonic
technologies for real-world chiral sensing scenarios that are
critical in applications such as biomolecular chirality analysis,
enantiomer examinations, and drug development.
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