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ABSTRACT: Deep ultraviolet (DUV) light is critical for novel DUV High-Q Metasurfaces
developments in molecular spectroscopy, clinical imaging, and
nanolithography. It is promising to advance these technologies by
leveraging dielectric metasurfaces’ strong light manipulation
capability. Realizing metasurfaces with high-quality-factor (high-
Q) resonance in the DUV will be beneficial to those applications as
they provide strong field enhancement and light confinement.
However, due to the lack of high-index and low loss materials in
this regime, it is considerably challenging to realize novel high-Q
metasurfaces for sensing and light manipulation. We propose two
device schemes wherein metasurfaces are strategically placed atop
dielectric pillars or freestanding membranes. These configurations
overcome the limitations associated with the low index contrast
between the metasurfaces and substrates, thereby enabling the realization of high-Q resonance. We present multiple high-Q
metasurfaces showcasing diverse DUV functionalities. The first application is spectrometerless biomolecular sensing. It is achieved
through an array of high-Q metasurfaces exhibiting resonance associated with a quasi-bound state in the continuum (quasi-BIC).
The strong field enhancement of the metasurfaces empowers the surface-enhanced deep-ultraviolet absorption (SEDUVA) of the
biomolecules, thus allowing the detection of nanometer-thick analytes. Additionally, we introduce a nonlocal high-Q metasurface
designed for DUV chiral photonics. It shows a narrow and near-unity peak in its DUV circular dichroism (CD) spectrum. These
results establish a robust platform for developing novel nanophotonic devices and systems in the critical DUV wavelength range.

KEYWORDS: metasurface, quasi-bound state in the continuum, nonlocal metasurface, deep ultraviolet light, chiral photonics, biosensing,
surface-enhanced DUV absorption

B INTRODUCTION spectral features. This higher absorption facilitates more
efficient analyte detection. Additionally, the DUV absorption
features of these molecules enable applications such as
refractive index sensing,” in vivo molecular mapping,®® and
label-free cellular imaging.”**’

Previously, DUV metasurfaces and nanophotonic devices are
typically made of aluminum, and their resonances are
associated with localized surface plasmon resonances.”’ Due
to the loss of the constituent materia, DUV aluminum
metasurfaces usually meet critical challenges such as low
resonance quality and light-induced damage/photocorrosion.””
One striking approach to this issue is replacing aluminum with
low-loss dielectric materials. Many works have reported the

Metasurfaces,' > comprised of subwavelength resonance units
known as meta-atoms, are a novel kind of versatile photonic
device carefully designed to realize specific optical function-
alities. Their applications cover a broad range, including light
genc=.1‘ation,4_6 wavefront control,”"* photochemistry,14le and
biological/chemical sensing®'®™'® across the ultraviolet to
infrared spectral ranges. Recent focus has intensified on
developing metasurfaces for deep ultraviolet light (DUV)
applications, covering wavelengths from 200 to 300 nm. The
high photon energy in this range (from 6.2 to 4.1 eV) holds
promise for innovative biomolecular spectrosc(%py,lg_21 clinical
imaging,”*>’ and advanced lithography.”*~*° For example,
critical biomolecules, such as DNA, RNA, nucleotide bases, =
aromatic amino acids, and many drugs, show distinctive and Received:  October 10, 2024 (phitonics
strong absorption features in the DUV range.'” Unlike infrared Revised:  March 22, 2025
(IR) absorption, which is associated with vibrational states, Accepted:  March 24, 2025
biomolecules'”*” and nanomaterials*® exhibit DUV absorption Published: April 1, 2025
due to electronic excitations within their chemical bonds,

resulting in strong absorption cross sections and distinct
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advantages of dielectric metasurfaces in the visible and infrared
range, including low optical loss/heating, large laser damage
threshold, and rich multipolar resonances. Using low-loss
dielectric materials further allows for realizing high-quality
factor (high-Q) resonances in the resulting metasurfaces. Such
high-Q metasurfaces have advanced techniques in the visible
and infrared regimes, including surface-enhanced infrared
absorption spectroscopy (SEIRA),* solid-state high harmonic
generation,” nanolasers,” and augmented reality devices.*®
Recent works have also shown the exciting possibility of using
high-Q metasurface chiral optics, including control of circularly
polarized state and the emission properties. While some works
have explored ultraviolet wave control’”” and harmonic
generation4’u’3’8 through dielectric metasurfaces, realizing high-
Q metasurfaces in this wavelength range remains challenging.
This issue may result from the limited availability of high-index
materials within the DUV spectrum. Only a handful of
generally available dielectric materials, such as aluminum
nitride (AIN) and hafnium oxide (HfO,), exhibit suitable
refractive indices (n > 2) and low optical losses (k ~ 0) for
dielectric metasurfaces in the DUV range.2 Still, the refractive
index of these may not be sufficient for high-Q metasurface
design in the DUV. The relatively low index of the constituent
material contributes to low dielectric contrast between the
resonant units and the substrate, which imposes a challenge for
effectively achieving high-Q modes in DUV metasurfaces and
limiting the development of relevant applications such as
biosensing and light manipulation.

Here, we explore versatile strategies to realize functional
high-Q metasurfaces in the DUV range. In the beginning, we
discuss the impact of the substrate on DUV metasurfaces’
resonance. To address the issue, we begin by strategically
positioning the resonance unit cells of the metasurface atop
dielectric pillars. This configuration minimizes substrate-
induced loss by allowing the resonance to occur away from
the substrate, resulting in a metasurface exhibiting a high-Q
resonance. Through careful tuning of the geometric parameters
of the unit cells, we realize an array of metasurface pixels
(metapixels), expanding the high-Q resonance wavelength
coverage across a significant portion of the DUV range. The
strong resonance field produced by the metapixels enhances
the absorption features of the adjacent biolayer at specific
DUV wavelengths, which is similar to, but yet demonstrated,
the counterparts SEIRA'”*”*" in the mid-infrared (mid-IR)
range. General sensing spectroscopy typically relies on Raman
scattering, photoluminescence, and absorption to detect and
distinguish biomolecules. While metasurfaces have significantly
enhanced the performance of the first two methods in the
DUV,” their potential for DUV molecular absorption
enhancement for sensing applications remains underexplored.
Here, we demonstrate that with the assistance of reported
metapixels, surface-enhanced DUV absorption (SEDUVA)
enables the biosensing of deposited analytes with thicknesses
of only a few nanometers. Subsequently, we demonstrate a
second device scheme involving the placement of the
metasurface on a freestanding membrane. This membrane
provides a near-unity dielectric background for the meta-
surfaces atop, thereby enabling the high-Q resonances. To
showcase, we report a nonlocal chiral metasurface that exhibits
near-unity DUV circular dichroism with a Q factor close to
10000. Our proposed device schemes open a path for realizing
novel high-Q metasurfaces for widespread use in DUV
technologies and relevant applications.
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B RESULTS AND DISCUSSION

Dependence of the Substrate Index. We investigated
the challenges of using common dielectric materials and
substrates to realize high-Q metasurfaces in the DUV range. By
using Ansys Lumerical FDTD, we simulated and analyzed the
optical properties of the metasurfaces reported in this work. In
the simulations, the incident light propagated along the z-axis
and was x-polarized. To understand the substrate’s impact, we
varied its refractive index (n,) from 1 to 1.285 in steps of
0.0189 and calculated the optical response of the high-Q
metasurface atop. Figure la shows the unit cell design, which
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Figure 1. Impact of the substrate for DUV high-Q metasurface. (a)
Schematic of the metasurface on an infinitely thick substrate. Inset:
The unit cell. P, = 212.6 nm, P, = 151.4 nm, H = 60 nm, L = 102.6
nm, W = §1.3 nm, 6 = 15°. (b) The optical constants of HfO, and
AIN. (c) Reflectance spectra of the metasurface versus the refractive
index of the substrate. (d) Enhanced electric field distribution of the
unit cell in vacuum. (e) Enhanced electric field distribution of the unit
cell on a substrate with a refractive index (n;) 1.28. Note the range in
the bottom panel was adjusted so the field profile can be clearly seen.
The black dash lines in (d) and (e) indicate the boundaries of the
HfO, particles. The white dashed line indicates the boundary between
the substrate and the metasurface. Scale bar: 50 nm.

features elliptical nanoresonator pairs with a mutual rotation
angle 6. This design breaks the in-plane symmetry, enabling
the excitation of a high-Q resonance associated with the quasi-
bound state in the continuum (quasi-BIC)."'~* In this test, to
exclude the effect of the dispersion of the constituent material
on the metasurface’s resonance properties, we set the refractive
index as 2.1. In the simulations for other reported devices in
this work, we used the optical constants of HfO, (the top panel
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in Figure 1b). We also confirm the feasibility of AIN (the
bottom panel in Figure 1b) for the designs, see Supporting
Information. Figure lc shows that the resonance strength of
the quasi-BIC mode deteriorates significantly as the substrate’s
refractive index increases, with peak reflectance dropping
sharply, especially when the refractive index of the substrate is
larger than 1.2 (see Figure S3a in Supporting Information).
When n is larger than 1.28, the resonance feature is entirely
quenched. To understand this impact, we simulated the field
distribution within the meta-atom in vacuum and on a
substrate (n, = 1.28). As shown in the insets of Figure 1d,e,
the meta-atoms show similar quadrupole patterns for both
cases, which are optically dark and characteristic of the quasi-
BIC resonance.”' However, the field enhancement is much
weaker with the substrate, with the maximum value decreasing
from 50.5-fold to less than 5-fold. Figure 1d,e show the cross-
sectional electric field distribution at the nanoellipse tips,
without and with a substrate. Without a substrate, the resonant
field is confined around the meta-atom surface. With a
substrate, the field penetrates into it, indicating that the
substrate may introduce an additional loss channel for the
resonance. We can understand the impact of the substrate by
considering the displacement current induced in a dielectric
material. The displacement current in a dielectric material can

be described as

Iy=¢e—

ot (1)

where I, is the displacement current, ¢ is the dielectric
constant of the material, and @ is the electric flux in the
material."* A large refractive index in the substrate will enable a
significant optical response and coupling with the metasurface,
creating a strong loss channel for optical energy and
deteriorating resonance quality. The results in Figure 1
demonstrate that insufficient contrast between the constituent
material and substrate impacts resonance quality, causing a
critical issue in designing DUV high-Q nanophotonic devices.
Notably, in the visible and IR regimes, several works also
observed similar results in the deterioration of the hi§h-Q_
resonances when the devices are placed on the substrates.™ ™"’
While this issue can be effectively mitigated in the other
wavelength regimes by using constituent materials with larger
indexes (e.g, Si), it turns out to be much more challenging in
the DUV regime, where high-index materials are not
commonly available. General DUV photonic substrates like
MgF, and CaF, have refractive indices™*’ much higher than
the maximum simulated value of 1.285 in the test, making
high-Q metasurfaces using common DUV dielectric materials
challenging to achieve. Solutions include reducing the coupling
between the substrate and metasurface or minimizing the
substrate’s optical response.

Metasurfaces on Dielectric Pillars. The first reported
method allowing the excitation of high-Q resonance in DUV
metasurfaces involves positioning the unit cells on low-index
dielectric pillars. Figure 2a shows a schematic illustration of the
metasurface design. The unit cells made of HfO, are
individually placed on SiO, pillars. Despite the proposed
design’s relatively high aspect ratio for the unit cell, fabrication
is feasible using established processes for metalenses,””®'
electronic devices,”>>> and other optoelectronic applica-
tions.”*™>® The proposed on-pillar high-Q metasurfaces can
be fabricated using lithography techniques to define etching
masks, followed by dry etching. This process is similar to those
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Figure 2. High-Q metapixels on dielectric pillars for SEDUVA. (a)
Schematic and the geometric parameters of the unit cell. P, = 235.4
nm, P, = 256.8 nm, h = 60 nm, Hyjjor = 700 nm, L = 128.4 nm, W =
64.2 nm, 6 = 30°. (b) Enhanced electric field distribution of the meta-
atom. Scale bar: 50 nm. (c) Reflectance spectra of the metapixels with
different geometric scaling factors in steps of 0.0061. (d) Reflectance
spectra of biolayer-coated metapixels. (e) Reconstructed absorbance
(recon. abs.) spectrum of the tyrosine in the DUV range. (f)
Molecular barcode corresponded to the DUV absorption of the
tyrosine.

commonly employed in the fabrication of metalenses
consisting of high-aspect-ratio dielectric pillars.’”*" A detailed
discussion is provided in Supporting Information. As can be
seen in Figure 2b, the design enables strong field enhancement
in the metasurface. The metasurface shows a field enhance-
ment of more than 12.2-fold (i.e, >100-fold in the intensity
enhancement) at its resonance wavelength. The field is majorly
confined around the meta-atoms and away from the substrate.
The dielectric nanopillars prevent the metasurfaces’ resonance
field from penetrating the adjacent substrate, thus preventing
the relevant optical loss.

To understand the influence of the pillar height to the
metasurface’s resonance, we changed the pillar’s height and
calculated the corresponding reflectance spectrum. It is found
that, indeed, the peak reflectance and the quality factor
attenuate when decreasing the height of the supporting pillars,
see Figure SS in Supporting Information. We observed that the
SiO, pillars only provide a moderate effect on the resonance of
the metasurface (see Figure S6 in Supporting Information).
We further analyzed the properties of the metasurface when
the sidewalls of the pillars are not perfectly vertical. In addition,
for future experimental implementation, each metapixel must
include a sufficient number of unit cells to maintain proper
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resonance properties and achieve an adequate signal-to-noise
ratio in future experimental measurements, see Figure S30 in
Supporting Information. We also verified that the metasurface
shows adequate tolerance to this type of sample imperfection,
see Figure S7 in Supporting Information.

The field enhancement generated from the metasurface is
comparable to the previously reported plasmonic counter-
parts.””>® Such strong field enhancement is useful for
biomolecular sensing in the DUV range. We demonstrate
that the field enhancement and high-Q resonance properties of
the reported metasurfaces can significantly enhance the
absorption spectral features of biomolecules, enabling bio-
molecular sensing via SEDUVA. The working mechanism can
be understood by using the absorption formula:

Ay, = Im[e(w)]IEP (2)
where A, represents absorbed energy, Im[e(w)] is the
imaginary part of the frequency-dependent dielectric function
of the analyte, and E is the electric field surrounding the
analyte. The strong light-matter interactions between the
incident DUV light and biomolecules due to the electronic
transitions (eg, n, 7, or ¢ to 7* or ¢* molecule orbital
transitions)'’ results in significant and distinctive DUV
absorption features (larger Im[e(@)]). When combined with
the strong electric field enhancement (large IEI*) provided by
high-Q metasurfaces, the DUV absorption signals of
biomolecules are effectively amplified, enabling sensitive
detection of nanoscale biolayers. To demonstrate this, we
designed 49 metasurface pixels (metapixels) whose planar
geometric parameters are gradually scaled up, thus smoothly
moving the resonance wavelength of the metapixels to cover
the DUV absorption bands of biomolecules. In the simulation,
a 5 nm-thick biomolecular layer is deposited on the metapixels.
As shown in Figure 2c, the resonance wavelength of the
metapixels smoothly shifts from 208 to 281 nm by scaling the
unit cell size with a scaling factor ranging from 0.7 to 1. Here,
we use biomolecule tyrosine as the target analyte. Tyrosine is a
critical amino acid that plays an essential role in many
bioprocesses. The optical constants of the tyrosine are from ref
27.

In the simulation, a 5 nm-thick tyrosine thin film was
uniformly coated atop the metapixels, as depicted in the inset
of Figure 2d. The spectra of the metapixels covered with the
tyrosine film are shown in Figure 2d. The absorption of the
tyrosine layer causes significant attenuation for specific spectra.
The absorption features of the biolayer can be retrieved by
analyzing the spectra. However, the metapixels’ sensitivity may
vary, which would cause issues in the spectrum analysis. To
solve it, we simulated the reflectance spectra of the metapixels
covered with a layer of model materials having different
extinction coefficients. In the simulation (see Supporting
Information), we fixed the refractive index of the material and
calculated the reflectance spectra of the metapixels for k = 0
and 0.1, respectively. The ratio of the peak reflectance of each
metapixel (defined as &, i = 1,2, 3, ..., 0.49) from the two cases
is subsequently calculated; see Figure S9 in Supporting
Information. & are used to fix the sensitivity difference
between the metapixels. Similar to the previous work’ on
surface-enhanced spectroscopy in the IR regime, by using the
reflectance properties of the metapixels as the reference, the
absorption information on the tyrosine detected by the
metapixels can be analyzed by using
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R/ ]
R; X ¢ (3)

where A, is the retrieved absorbance of the tyrosine, R} and R;
are the peak reflectance of the metapixel with and without the
biolayer, respectively. The reconstructed absorbance spectrum
of the tyrosine is shown in Figure 2e. The spectrum shows a
good agreement with the extinction coeflicient of the tyrosine,
which corresponds to the absorption of the biolayer. This
result confirms the capability of the reported method to
enhance and reconstruct the spectral features associated with
the analyte’s DUV absorption. We further used the metapixels
for sensing a 5 nm-thick DNA layer and successfully
reconstructed the thin layer’s absorption features (see Figure
S10 in Supporting Information). We also demonstrate that the
metapixels can detect ultrathin biomolecular layers and analyze
their sensitivity, see Supporting Information. We note that, to
demonstrate the sensing capability of the reported metapixels,
we used biomolecules with well-characterized optical proper-
ties. However, the proposed sensing scheme can also assist in
identifying and analyzing unknown analytes by comparing their
spectra with previously reported molecular data, similar to the
approaches used in SERS® and SEIRA'”®' research. In
practical sensing applications, techniques such as self-
assembling,*”®* and spin coating” can be used for preparing
the analyte thin layers. Established methods for binding
specific molecules to the surface of dielectric metapixels can be
incorporated into experimental implementations to enhance
selectivity.”* ™" For sensing processes involving multilayer
captured molecules (e.g, serial binding for antibodies and
DNA) or molecule mixtures, analysis protocols'®***” can be
employed to distinguish the absorption features of individual
molecules.

In principle, the metapixels can further enable spectrometer-
less biosensing in the DUV range. By sending a broadband
DUV light to the array coated with an absorptive biolayer, the
individual metapixels show different resonance attenuation in
their optical images. As the individual metapixels show a
narrow resonance bandwidth, they serve as individual reporters
which provide absorption information on the biolayer at
specific wavelength windows. To confirm this, we converted
the absorption value of the retrieved from the metapixels into
different colors and plotted the result in Figure 2f. The image
shows a specific barcode for the tyrosine film. This result
confirms that by using the metapixels, the absorption property
of biolayers can potentially be effectively detected and analyzed
without DUV spectrometers. By integrating the metapixels
with a DUV light source (e.g, a DUV light-emitting diode), a
DUV-compatible camera, and other relevant components, an
imaging-based sensing device can be constructed, see
Supporting Information for details. This imaging-based sensing
approach may also find applications in mapping the molecular
distribution in biological samples®**° or films. The proposed
method offers unique advantages for many potential biology
and material research applications as optical components for
DUV spectrometers are generally pricy and limited in choice.

We reduced the height of the metapixels” SiO, pillars to 350
nm and performed biomolecular sensing tests, as shown in
Figure S11 in Supporting Information. The results confirm that
although the resonance strength is weaker with shorter
supporting pillars, the metapixels still provide the capability
for sensing nanometer-thick biomolecular layers. Adopting
shorter pillars in the metapixel designs will significantly

A = —log(
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simplify the fabrication process and reduce costs, thereby
enhancing the feasibility of future experimental implementa-
tions.

Metasurfaces on Freestanding Membranes. The
second approach to realize DUV high-Q metasurfaces is to
place the meta-atoms on a freestanding dielectric membrane.
Freestanding dielectric membranes, fabricated using standard
semiconductor processes, '~ have been widely utilized in
biomedical analysis and electronic devices.”>”’° In nano-
photonics, they work as the supporting layers for many
metasurfaces created for biosensing,”’ optical signal switch-
ing,77’78 nonlinear optics,79 and light focusing.7o’ 081 Geveral
previously reported methods have been employed to fabricate
the on-membrane nanophotonic structures, each offering
distinct advantages. For instance, a process combining electron
beam or DUV lithography with double-side alignment and
multiple dry etching steps is particularly effective for
fabricating the reported metasurfaces.””*”** This approach
enables precise patterning and high structural fidelity. Addi-
tionally, focused ion beam (FIB) milling can be utilized to
directly sculpt nanostructures on dielectric thin films deposited
on commercially available freestanding membranes, providing
an alternative fabrication route with high resolution and
flexibility.”” More details on the sample fabrication can be
found in Supporting Information. Optically, freestanding
membranes provide a near-unit effective index to the adjacent
metasurface. This property is very beneficial for high-Q
metasurface designs in the DUV range. We simulated the
resonance properties of metapixels consisting of ellipse pairs on
a freestanding SiO, membrane (Figure 3a). The metasurface
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Figure 3. DUV high-Q metasurface on the freestanding membrane.
(a) Schematic of the unit cell. P, = 224.2 nm, P, =159.6 nm, h = 60
nm, L = 108.3 nm, W = 542 nm, € = 15°. The thickness of the
membrane: 15 nm. (b) The field enhancement simulation of the
metasurface. The scaling factor is 0.947, and the resonance
wavelength is ~269.3 nm. Scale bar: 50 nm. (c) Reflectance spectra
of the metasurface pixels (metapixels) on the membrane with different
geometric scaling factors in steps of 0.0043.

shows a quasi-BIC mode with strong field enhancement (more
than 30-fold) at 269.3 nm, as shown in Figure 3b. In addition,
we also successfully shifted the resonance by imposing different
scaling parameters on the unit cells. Similarly, by scaling the
planar geometric parameters from 0.79 to 1, the high-Q
resonance can be effectively tuned across the DUV range
(Figure 3c). Due to the high transmittance, the membrane can
be used as the observation window when there is a need to
perform the optical measurement from the backside.”” We
simulated the reflectance spectra of the metasurfaces with
incident light coming from the membrane side. The results
confirm that the metasurfaces maintain high-Q resonances
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with backside excitation. These results are presented in
Supporting Information. We also varied other geometric
parameters, including the height of the unit cells and the
membrane thickness, the lattice constants, and the particle size,
to understand their influence on the resonance properties, see
Supporting Information.

The metasurface-on-membrane configuration can enable on-
demand optical functionalities in the DUV range. To
showcase, we designed a metasurface showing a high-Q_chiral
BIC resonance. Chirality of matter pertains to the asymmetry
or handedness exhibited by specific molecules or objects,
distinguishing them as either left-handed or right-handed and
influencing their interactions in various physical and chemical
processes. Metasurfaces with chiral geometries exhibit strong
circular dichroism (CD), characterized by distinct spectral
responses under left- and right-circularly polarized (LCP/
RCP) light excitations.** ™% Maximizing the CD of a chiral
metasurface in the DUV range holds significant potential for
developing nanophotonic devices for novel light sources,
sensing applications, and photochemistry. However, achieving
planar metasurfaces with a strong CD response in the DUV
range remains challenging; only a few examples have been
demonstrated thus far, primarily in the infrared range.*”**
Recent works have shown that enabling a strong chiral
response is possible by introducing a nonlocal effect into the
metasurface’s resonance.”””’ The flexibility of light control
using the mutation interaction of the unit cells allows for
designing a strong and narrowband chiral response in the
metasurface. Figure 4a,b show the design of the metasurface.
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Figure 4. DUV chiral BIC Metasurface. (a) The side view and (b) the
top view of four unit cells. W: 75.35 nm; a: 6.03 nm; H: 165.8 nm; P,:
241.8 nm; P): 100.08 nm; 6: 67.5°%; £: 90°. The unit cells on the left
side are moved 6 nm leftward; meanwhile, the unit cells on the right
side are moved 6 nm rightward. The thickness of the membrane is
13.5 nm. (c) The z-component magnetic field distribution of the unit
cells. (d) Transmittance spectra of Ty, T,, T, and Tj. (e)
Corresponding CD spectrum of the metasurface.

Wavelength (nm)

Four resonance unit cells are assembled in a group. The
metasurface’s chiroptical properties can be effectively tuned by
tuning its height, individual rotation angle, mutual displace-
ment, and periodic constants. The multiple degrees of freedom
in the designs combining the physics of bound state in the
continuum allows for the realization of a metasurface showing
an ultranarrow banded near-unity circular dichroism while
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Figure 5. Effect of the in-plane asymmetry on the chiral BIC metasurface’s properties. (a) The metasurface’s quality factor versus the asymmetry
parameter (a/W). (b) The fitted curve of the Q factor versus the asymmetry parameter (a/W). (c) The metasurface’s maximum CD value versus

the asymmetry parameter (a/W).

maintaining a high transmittance of the resulting metasurface.
More design optimization analysis is shown in Supporting
Information. Figure 4c shows the z-component magnetic field
distribution around the unit cells at the resonance wavelength
(245.9 nm) under RCP illumination from the bottom side.
The metasurface shows a quadruple resonance at the
resonance, which is optically dark for such an excitation
configuration. Note that the reported design belongs to the
type of nonlocal metasurface,'™® as the chiral BIC mode is
enabled by the interactions between multiple meta-atoms in
the array.

The nonlocal-resonance-induced chiroptical property of the
reported metasurface can be observed in the spectral analysis.
As shown in Figure 4d, under RCP illumination, the
metasurface shows a sharp peak for the output component in
LCP (the cross-polarized state) and a resonant dip for the
component in RCP (the copolarized state). Meanwhile, with
the LCP excitation, a dip for both the co- and cross-polarized
components is observed. Notably, being different from
intrinsic three-dimensional chirality, intrinsic planar chirality
is always observed with circular conversion dichroism
(CCD).”' = The result agrees with the previous observations
and confirms the origin of the planar chirality of the reported
metasurface. The selective excitation of the high-Q resonance
results in a large CD of the metasurface. We calculated the
circular dichroism of the metasurface by using the formula
defined in ref 87:

_ (Trr + Tir) - ((’1;1 + T;l))

CD =
(’I;r + Tir) + ((’Iil + T;l))

(4)

where Tj; (i and j can be [ or r, corresponding to LCP or RCP,
respectively) is the transmittance with a polarization in the i
state under the excitation in the j state. As shown in Figure 4e,
the metasurface shows maximum circular dichroism close to
0.93 at 24593 nm. It is the highest CD value from a
nanophotonic device in the DUV range. The metasurface’s
property, which simultaneously exhibits high transmittance of
specific light components and strong CD value, is beneficial for
developing novel chiral devices. We further calculated the
quality factor of the transmittance peak in the T, spectrum
versus the asymmetry parameter, which is defined as the ratio
between the unit cell’s structural perturbation (@) and its
width (W). The result shows that the high-Q resonance of the
metasurface is highly sensitive to the structural symmetry
(Figure Sa). The Q factor drops with an increasing asymmetry
parameter, following the a? law (see the fitting curve, Figure
5b), which confirms that the observed high-Q resonance is
associated with a quasi-BIC resonance.*’ The quality factor
drops with the increased asymmetry parameter. In addition,
the CD versus the asymmetry parameter is also calculated. As
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shown in Figure Sc, the result shows that the maximum CD
value of the metasurface decreases when the asymmetry
parameter is decreased, confirming the relation dependence of
the metasurface’s optical chirality on its mirror symmetry.

B CONCLUSION

In response to the unmet need for high-quality-factor
metasurfaces in the DUV range, we have developed two
device schemes that effectively overcome the limitations of
conventional designs, enabling novel functionalities and
relevant applications in biosensing and chiral optics. The
design schemes enable the high-Q resonances in metasurfaces
made of moderate index materials and open up possibilities to
realize novel nanophotonic devices. By using the reported
design approaches, we show two on-demand optical
functionalities that have not been investigated before in this
high photon energy range. In principle, both reported device
schemes are suitable for designing metasurfaces for SEDUVA
and chiral optics, depending on application requirements,
available fabrication tools, and device integration needs.
SEDUVA offers several advantages and innovations. SEDUVA
can be implemented using relatively low-cost DUV light-
emitting diodes (LEDs), which are recently commercially
available, for illumination. This approach would reduce the
complexity of sensing systems and can open exciting
possibilities for developing compact and novel devices for
sensing, clinical diagnostics. The technique also has potential
applications in material science, particularly for materials like
polymers and 2D transition metal dichalcogenides,28 which
exhibit pronounced absorption peaks. The reported sensing
scheme could be utilized for material quality inspection and
investigation.

Compared with other DUV sensing techniques, a key
practical advantage of SEDUVA is its simplified experimental
setup, as it does not require optical filtering, enabling direct
spectral readout through metapixel reflectance modulations.
This feature, combined with the inherently larger absorption
cross sections of molecules in the DUV range, enhances signal
detection and analysis. Moreover, SEDUVA allows for image-
based detection, offering a promising avenue for high-
sensitivity, label-free molecular sensing. However, we would
like to note that this method would not apply to novel
materials with high energy bandgaps, as it primarily relies on
the absorption properties of the analyte. The reported DUV
high-Q metasurface presents exciting opportunities for
exploring light-matter interactions across different cougling
regimes, including the potential for strong coupling.'® Its
ability to confine light and enhance localized electromagnetic
fields in the deep ultraviolet makes it a promising platform for
studying molecular absorption dynamics and energy exchange.
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Future work could utilize these metasurfaces to probe the
transition between weak and strong coupling regimes,
uncovering new phenomena unique to the DUV spectral range.
Although both the on-pillar and on-membrane metasurfaces
can be produced using fully CMOS-compatible processes, they
have different instrumental requirements. Specifically, well-
established processes for complementary metal-oxide-semi-
conductor (CMOS) imaging sensors (CIS) and memory
devices can be adopted for the throughput of on-pillar
metasurfaces, which require an etcher capable of producing
pillar structures with straight, vertical sidewalls.>? In contrast,
large-scale fabrication of on-membrane metasurfaces requires a
dry etching tool capable of performing deep reactive ion
etching with the assistance of a double-sided alignment
technique, drawing on knowledge from fabrication processes
for microelectromechanical-systems (MEMS) based tunable
nanophotonics®> and metalenses.”” From an application
perspective, both device schemes show promise for developing
miniaturized photonic systems with integrated devices.
Metasurfaces on freestanding membranes can be integrated
into microfluidic devices, with the transparent membrane
serving as a window for backside observation. Additionally,
incorporating MEMS techniques into the design allows for
cascading multiple on-membrane metasurfaces with different
functionalities into a single device and may also enable
tunability of properties by applying external energy.*” Mean-
while, on-pillar metasurfaces can be directly fabricated on top
of photodetectors, such as CIS and single-photon avalanche
diodes (SPADs), through additional film deposition, lithog-
raphy, and etching. This offers exciting possibilities for
realizing integrated nanophotonic devices and their applica-
tions, such as biosensing and light filtering. In addition, except
for the applications investigated in the paper, the function-
alities demonstrated by these metasurfaces hold great promise
for many other DUV applications, including nonlinear optics,
quantum optics, and photochemistry. Considering the
utilization of industry-standard design schemes and materials
in our device designs, we anticipate that large-scale fabrication
of these metasurfaces can be efficiently accomplished using
standard semiconductor processes.”” This work opens up a
new avenue for advancing the photonic technologies and the
relevant applications in this critical wavelength range.

B METHODS

Refractive Index Measurement. The refractive index and
extinction coefficient of AIN and HfO, were measured by using
a spectroscopic ellipsometers (M 2000, J. A. Woollam). The
AIN thin film was deposited on a sapphire substrate by using
PECVD. The HfO, film was deposited on a silicon substrate by
using atomic layer deposition.

Numerical Simulations. The numerical simulations of the
metasurface optical response were performed using commer-
cial FDTD-based software Lumerical (Ansys). In the
simulation, a periodic boundary condition was imposed
along the x axis and y axis. For exciting the metasurfaces
shown in Figures 1—3, the polarization is linear and along the x
axis and incident from the top of the metasurfaces. For the
chiral metasurface, the polarization is circular and incident
from the membrane side. We used the ellipsometer data of AIN
and HfO, in the simulation.
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