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Abstract. Photonic devices that exhibit both sensitivity and robustness have long been sought; yet, these
characteristics are thought to be mutually exclusive; through sensitivity, a sensor responds to external
stimuli, whereas robustness embodies the inherent ability of a device to withstand weathering by these
same stimuli. This challenge stems from the inherent contradiction between robustness and sensitivity in
wave dynamics, which require the coexistence of noise-immune sensitive states and modulation-sensitive
transitions between these states. We report and experimentally demonstrate a subwavelength phase
singularity in a chiral medium that is resilient to fabrication imperfections and disorder while remaining highly
responsive to external stimuli. The combination of subwavelength light confinement and its robustness
lays the foundation for the development of hitherto unexplored chip-scale photonics devices, enabling a
simultaneous development of high-sensitivity and robust devices in both quantum and classical realms.
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1 Introduction
In 1811, Arago reported that linearly polarized light traveling
through a quartz crystal experiences a rotation of its plane of
polarization.1 The concept of chirality, however, was not born
until 1848, when Pasteur discovered the configurational isomers
of asymmetric molecules.2 Since then, chirality, or handedness
of molecules, has continued to fascinate the scientific world and
constitutes the bedrock of today’s many technological and sci-
entific advancements in physics, chemistry, and life sciences.3–7

Chirality, an essential attribute of many life systems, manifests
in the form of two molecular structural forms known as
enantiomers, showcasing its fundamental symmetry property
throughout the universe on scales ranging from galaxies to
subatomic particles.8,9 Although two enantiomers, a chiral mol-
ecule and its mirror image, share many physical and chemical
properties, they can diverge in terms of activation and function.
Observing the effects at the molecular level reveals how it can

have triumphant or tragic results in various contexts. For exam-
ple, the drug thalidomide has one enantiomer that effectively
relieves morning sickness in pregnant women, whereas the
other, tragically, causes severe congenital disabilities.10–12

Therefore, a robust method that rapidly identifies enantiomers
and assesses their purity is urgently needed. Enantioselectivity
technologies using light are usually based on nondestructive
probing of the system in question with electromagnetic waves,
typically utilizing enhanced wave–matter interaction at reso-
nances.

To date, observations of chiral photonic devices have been
limited to intensity-based settings that either have a low spectral
resolution because of the high levels of scattering and dissipa-
tion losses or are diffraction-limited, as well as sensitive to
fabrication imperfections.13–30 Furthermore, conventional light
sources used in intensity-based measurement suffer from high-
intensity (amplitude) noise, thus reducing the detection sensi-
tivity of intensity-based settings.29

By contrast, as a fundamental property of light characterized
by its sensitivity to phase singularity, it gives rise to a myriad of
intriguing features of phase behaviors including the Berry phase*Address all correspondence to Abdoulaye Ndao, a1ndao@ucsd.edu
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of quantum systems, the Pancharatnam phase of light, vortex
beams, and Heaviside step-like jumps.31–33

Such Heaviside step-like phase jumps possess a singularity
whereby the light intensity crosses zero, whereas the phase
around the singularity proceeds continuously through all phase
values ranging from 0 to 2π. Contours of such points of dark-
ness form a continuous line in a multi-dimensional space, but
an individual singular point can be found in a given two-dimen-
sional parameter space if such a plane intersects with the con-
tour line.

Achieving photonic devices that combine sensitivity and
robustness has been a longstanding challenge in optics, as these
characteristics are often viewed as fundamentally incompatible.
Sensitivity enables a device to respond to external stimuli,
whereas robustness ensures stability against disturbances, creat-
ing an apparent paradox in wave dynamics. This paradox arises
from the conflicting requirements: robust operation demands
noise-immune stable states, whereas sensitivity necessitates
transitions responsive to external modulations. In this work,
we resolve this contradiction by introducing a phase singularity
inherently resilient to fabrication imperfections and disorder, en-
suring robustness while maintaining high sensitivity to external
stimuli. The increasing interest in generating and manipulating
phase singularities stems from their sensitivity, portraying them
as ideal platforms for applications such as optical communica-
tions, imaging, and sensing systems.34–41 Moreover, with the
proper design of a sensor scheme, phase noise can be orders of
magnitude lower than those belonging to amplitudes [typically
ranging from 10−6 to 10−5 refractive index units (RIU)], result-
ing in a significantly higher signal-to-noise ratio (10−8 RIU).42,43

Despite its significant advantages, using robust phase-based
sensing in chiral media presents an untapped frontier that holds
promising potential for advancing sensing in classical and quan-
tum realms.

Here, we report for the first time a subwavelength phase
singularity in a chiral medium that is resilient to fabrication
imperfections and disorder while remaining highly responsive
to external stimuli.

2 Principles and Methods
To demonstrate the phase singularity in a chiral medium, the
structure is implemented in a bilayer array of subwavelength
plasmonic resonators with twisted angle θ. The bilayer nano-
structure comprises two plasmonic nanorod arrays interleaved
by a subwavelength-thick polymer spacer (SU-8). The bottom
layer of resonators is embedded in SU-8, whereas the top array
layer of resonators is exposed to the air, making its surface avail-
able for chiral analyte detection. The two different polarizations
of light [right-handed circularly polarized (RCP), in red, and
left-handed circularly polarized (LCP), in blue] are incident onto
the front side of the bilayer and transmitted to the backside (sub-
strate) [Fig. 1(a)].

Figure 1(b) illustrates the unit cell geometry with their design
parameters. Each unit cell consists of spatially separated plas-
monic nanorods, which are twisted at angles (θ ¼ 30 deg) with
respect to one another. The two layers of nanorods are displaced
by dx in the X-direction as an engineered degree of freedom.
Ltop represents the length of the top bars, whereas Lbottom

represents the length of the bottom bars. The bilayer nanostruc-
tures are fabricated using two-step electron beam lithography
(EBL) and metal lift-off on a glass substrate (refractive index
nsub ¼ 1.50). First, the metal array patterns were defined in

the bilayer electron beam resists, followed by metal deposition
and a lift-off process. Then, a 60-nm-thick SU-8 (hs) is spun
over on the first metal array as a planarized dielectric layer
(nSU-8 ¼ 1.57). Finally, the second layer was fabricated using
the same method but included a precise alignment process
(see Fig. S2 and Fig. S3 in the Supplementary Material).
Figure 1(c) presents an enlarged top-view SEM image of
the fabricated multilayer structure, with a lateral shift between
nanorods dx ¼ 80 nm and a twisted angle (θ ¼ 30 deg),
demonstrating excellent alignment accuracy between the two
functional layers and uniform surface texture and morphology
(see Fig. S4 in the Supplementary Material). Although the
oblique incidence of light is typically utilized in the design of
phase singularities, our proposed platform operates under
normal incidence, thus simplifying the sensing mechanism
and its integration process into a single chip. To achieve the
point of darkness (phase singularity), we sweep only one geo-
metrical parameter, the lateral displacement dx, which controls
the coupling between two resonators.

To investigate the optical response of the device to a circu-
larly polarized light illumination, full-wave electromagnetic

Fig. 1 Multilayered periodic photonic nanostructure supporting
robust phase singularity. (a) Schematic of the periodic bilayer
structure enabling robust phase singularity; the array is made
of two plasmonic resonators with detuned resonances and
twisted angle θ. The first layer of resonators is embedded in a
60-nm-thick polymer spacer (SU-8), whereas the second layer
of resonators is on top of the polymer and is exposed to the
air, making its surface available for chiral analyte detection.
Panel (b) illustrates the unit cell consisting of two spatially sep-
arated plasmonic nanorods twisted at an angle (θ ¼ 30 deg).
Ltop represents the lengths of top bars while Lbottom represents
the length of the bottom bars. The structures are fabricated using
two-step electron beam lithography (EBL) and metal lift-off on
a glass substrate (nsub ¼ 1.50). Finally, the second layer was
fabricated using the same method but included a precise align-
ment process. (c) Top-view scanning electron microscope (SEM)
image of the fabricated multilayer structure, with dx ¼ 80 nm and
twisted angle θ ¼ 30 deg, showing the quality of the fabricated
structures.
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simulations were first performed using computer simulation
technology (CST). Figure 2 presents the numerical simulations
of the phase response of the hybridized plasmonic arrays using
incident beams (RCP, in red; LCP, in blue).

Figure 2(a) represents the unit cell of the proposed configu-
ration. LCP light (blue) and RCP light (red) are incident onto the
front side of the bilayer plasmonic nanostructure and transmitted
through the substrate. By varying the offset dx, the coupling
of the two metal bars is tuned, and regular phase response
and phase singularity can be observed when the structure is
illuminated, with two different circular polarizations of the in-
cident light. Thus, the designed chiral nanostructure exhibits a
strong phase behavior with the light with a particular handed-
ness while maintaining a regular phase behavior with another
one. The two layers of nanorods are displaced by dx in the
X-direction. The gold nanorods have a length of Ltop ¼ 170 nm,
Lbottom ¼ 120 nm, a width of W ¼ 50 nm, a periodicity of
Px ¼ Py ¼ 350 nm, and a thickness of t ¼ 40 nm. Figure 2(b)
shows the existence of phase singularity for right circularly

polarized light, thus highlighting the phase singularity in chiral
medium. The phase singularity occurs around dx ¼ 53 nm.

On the other hand, Fig. 2(c) represents a regular phase when
a left circularly polarized light illuminates the structure. It is
worth noting theoretically, switching from RCP light to LCP
light within the same optical configuration (e.g., at a twist angle
of θ ¼ 30 deg) is fundamentally equivalent to using two con-
figurations with opposite angular orientations (e.g., θ ¼ 30 deg
and θ ¼ −30 deg) while keeping the incident light conditions
(LCP or RCP) unchanged. This symmetry arises because the
change in polarization handedness reverses the interaction be-
tween the light and the system, producing the same effect as
flipping the twisted angle (see Fig. S7 in the Supplementary
Material).

To comprehend the origin of the robustness, we use a
coupled mode theory (CMT) to model it. First, we considered
the simplest case, which consists of a single-mode optical res-
onator coupled with one port (see Sec. 1 in the Supplementary
Material). Then, we extended it to two modes with two ports.

Fig. 2 Hybridized plasmonic arrays of spatially separated plasmonic twisted resonators with
two different incident beams (RCP and LCP). (a) Schematic of a bilayer unit cell structure made
of two plasmonic resonators in an array with twisted resonators at a twisted angle (θ ¼ 30 deg).
RCP light (red color) and LCP light (blue color) are incident onto the front side of the bilayer plas-
monic nanostructure, and transmitted through the substrate. The unit cell dimensions consist of
dissimilar gold nanorods with different parameters Ltop ¼ 170 nm, Lbottom ¼ 120 nm, W ¼ 50 nm,
and t ¼ 40 nm. The phase response is designed using the same configuration with two different
incident beams RCP and LCP. (b) Numerical simulation shows the existence of phase singularity
when incident light is RCP, thus highlighting the phase singularity in a chiral medium (red box). The
phase singularity occurs around dx ¼ 53 nm. Panel (c) represents a regular phase when illumi-
nated by a left circularly polarized light (blue box). Panel (d) represents the comparison between
the numerical simulation and the developed model (see Supplementary Material). (e) The polar
plot illustrates the complex amplitudes of the transmission. In this chart, the dots represent the
numerical simulation, whereas solid lines depict the fits obtained through the model (with polar
angles in deg).
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By time-reversal symmetry and considering two loss mecha-
nisms, radiation ðΓrÞ and absorption loss ðΓaÞ, the reflection
coefficient r can be written as

r ¼ 2Γr

−iðω − ω0Þ þ Γr þ Γa
þ β1; (1)

ω is the frequency and ω0 is the resonance frequency of the
resonator. β1 is a proportionality constant. Then, we extended it
to two modes with two ports, and the transmission coefficient t
can be expressed as

t ¼ t0eiΦ0 þ Γ1reiΦ1

iðω − ω1Þ − Γ1r − Γ1a
þ Γ2reiΦ2

iðω − ω2Þ − Γ2r − Γ2a
:

(2)

The first term corresponds to the complex transmission with-
out the resonators (due to the background medium). The second
and the third terms are the ones with the first and the second
resonators with resonance frequency ω1 and ω2. Γ is the loss
rate of the resonance; subscripts r and a indicate radiation loss
and absorption loss, respectively. t0 and Φ0 are the amplitude
and the phase part of the transmission term for the background
medium. Φ1 and Φ2 are the phase parts for the first and the
second resonators.

Details of the model and more numerical simulations are pre-
sented in the Supplementary Material. Figure 2(d) shows a very
good agreement between numerical simulations (solid line) and
the CMT (dots), illustrating additional proof of the existence of
the phase singularity in the chiral medium.

In Fig. 2(e), the polar plot shows the complex amplitude of
the transmission. In this plot, the dots represent the numerical
simulation, whereas solid lines depict the best fit obtained
through the model; dx ¼ 20 nm (purple color) and dx ¼ 70 nm

(green color) represent, respectively, the under-coupling and
over-coupling regime, whereas dx ¼ 53 nm represents the criti-
cal coupling (orange color) corresponding to zero transmission,
thus indicating the point of darkness.

3 Experiment Results
To experimentally demonstrate the existence of the robust phase
singularity in a chiral medium, we characterize the structures of
Fig. 1 using two different circularly polarized lights (RCP and
LCP) (see Fig. S5 in the Supplementary Material). Figure 3
presents experimental (circles) and simulated phase results
(lines). A very good agreement is obtained between numerical
simulations and experiments. Dimensions are chosen to support
a phase jump (Ltop ¼ 170 nm, Lbottom ¼ 120 nm, W ¼ 50 nm,
θ ¼ 30 deg). By varying the offset dx as a function of the
frequency, the phase jump occurs at zero transmission (see
Supplementary Material). The phase singularity occurs between
dx ¼ 48 and 58 nm. Error bars indicate the standard deviation of
measured phases. We observe a phase jump at dx ¼ 58 nm and
a regular phase at dx ¼ 48 nm under RCP incidence, whereas
they maintain regular phase behavior under LCP incidence. This
shows unambiguously the existence of phase singularity. The
experimental results are obtained by measuring the phase of
the transmitted light. It is worth noting that measuring the
singularities cannot be achieved directly through darkness due
to the absence of light and extreme phase jumps. Therefore,
working in the vicinity of the point of darkness is necessary.
For instance, this can be easily accomplished by slightly
adjusting the geometrical parameters (offset dx). The transmit-
ted phase is measured using a custom interferometer (see
Supplementary Material), whereas the transmittance is
measured using a Fourier-transform infrared spectrometer
(Bruker Vertex 70) combined with an infrared microscope.
For extracting the transmission phase of the device, our

Fig. 3 Experimental observation of phase singularity in a chiral medium. Panels (a) and (b) present
the comparison between numerical simulations and experimental phase responses of the hybrid-
ized plasmonic arrays of two spatially separated plasmonic twisted resonators at a twisted angle
(θ ¼ 30 deg) with RCP (a) and LCP (b) as the incident beams. Dimensions are chosen to support
a phase jump (dx ¼ 58 nm, Ltop ¼ 170 nm, Lbottom ¼ 120 nm, W ¼ 50 nm, θ ¼ 30 deg). Left and
right circularly polarized lights are incident onto the front side of the bilayer plasmonic nanostruc-
ture and transmitted through the substrate. By varying the offset dx as a function of the frequency,
the phase jump occurs at zero transmission (see Supplementary Material). The phase singularity
occurs between dx ¼ 48 and 58 nm. Error bars indicate the standard deviation of measured
phases.
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Fig. 4 Robustness of phase singularity in a chiral medium using three primary parameters, width
(W ), length (L), and twisted angle (θ), as well as the effects of various combinations of these
parameters on the performance of the devices. The sweeping ranges are width from 50 to 70 nm
(ΔW ¼ −10 to 10 nm, W center ¼ 60 nm), length from 170 to 190 nm (ΔL ¼ −10 to 10 nm,
Lcenter ¼ 180 nm), and twisted angle from 30 deg to 50 deg (Δθ ¼ −10 deg to 10 deg,
θcenter ¼ 40 deg). Panel (a) represents configuration I where θ ¼ 30 deg with varying L and
W . Panel (b) represents configuration II where L ¼ 170 nm with varying θ and W . Panel (c) illus-
trates configuration III where W ¼ 50 nm with varying L and W . The insets are 2D plots including
regular phase (dx ¼ 0 nm, blue) and phase jump (dx ¼ 80 nm, red) such as in Fig. 3(a). The in-
sets in panel (a) are the case of ΔW ¼ 0 nm with ΔL ¼ −10, 0, and 10 nm. The insets in panel
(b) are the case of Δθ ¼ 0 deg with ΔW ¼ −10, 0, and 10 nm. The insets in panel (c) are the case
of Δθ ¼ 0 deg with ΔL ¼ −10, 0, and 10 nm. The lines are simulations, and dots/squares are
experimental data with an error bar. The error bar indicates the standard deviation of measured
phases. A max phase difference is calculated by subtracting the phase of the regular case from the
phase jump case at the highest frequency. When a phase singularity exists in the system, the max
phase difference is close to 2π. We can observe the max phase difference/π in the 3D plots of
different sweeping variables in Fig. 4 are all close to 2 (surfaces are simulations, and dots are
measurements). Thus, the proposed photonic device is robust, as fabrication imperfections cannot
hinder the existence of phase singularities.
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experimental system comprises a wavelength-tunable source, a
dispersion-canceling free-space Mach-Zehnder interferometer
(MZI), and a post-processing scheme based on fast Fourier
transform to extract the phase response from interferograms
captured by a camera. The experimentally measured optical trans-
mission of both the RCP and LCP agreed well with the numerical
simulations (see Fig. S6 in the Supplementary Material).

A key approach to quantifying the robustness of photonic
devices involves intentionally modifying physical parameters
to replicate the real-world imperfections resulting from the
fabrication process, thereby defining the inherent limitations
of optical sensors. To assess the robustness of the phase singu-
larity, we examine the response of our plasmonic devices with
respect to three primary parameters—width (W), length (L), and
twist angle (θ)—as well as the effects of various combinations
of these three parameters on the performance of the devices. To
compute that, various unit cells of periodic nanostructures have
been experimentally employed to observe the robustness of
the singularities (Fig. 4). The sweeping ranges are width from
50 to 70 nm (ΔW ¼ −10 to 10 nm, Wcenter ¼ 60 nm), length
from 170 to 190 nm (ΔL ¼ −10 to 10 nm, Lcenter ¼ 180 nm),
and twisted angle from 30 deg to 50 deg (Δθ ¼ −10 deg to
10 deg, θcenter ¼ 40 deg). Figure 4(a) represents a configuration
of θ ¼ 30 deg with varying L and W. The insets are 2D plots
including regular phase (dx ¼ 0 nm, blue) and phase jump
(dx ¼ 80 nm, red). The insets in Fig. 4(a) are the case of ΔW ¼
0 nm with ΔL ¼ −10, 0, and 10 nm. Figure 4(b) represents the
case where L ¼ 170 nm with varying θ and W. The insets in
Fig. 4(b) are the case where Δθ ¼ 0 deg with ΔW ¼ −10, 0,
and 10 nm. Figure 4(c) illustrates the case where W ¼ 50 nm
with varying L and W. The insets in Fig. 4(c) are the case
where Δθ ¼ 0 deg with ΔL ¼ −10, 0, and 10 nm. The lines
are simulations, and dots/squares are experimental data with
an error bar. The error bar indicates the standard deviation of
the measured phases. A max phase difference is calculated
by subtracting the phase of the regular case from the phase jump
case at the highest frequency (for more details, see Table 1 in the
Supplementary Material). When a phase singularity exists in
the system, the max phase difference is close to 2π. We can ob-
serve the max phase difference/π in the 3D plots for different
sweeping variables in Fig. 4 is close to 2 for all (surfaces are
simulations, and dots are measurements). Thus, the proposed
photonic device is robust, as fabrication imperfections cannot
hinder the existence of phase singularities. This is in contrast
with design-based machine learning, which is often difficult to
fabricate and computationally heavy.44,45

Calculating the phase enables us to show the robustness of
the chiral sensors. Our proposed approach is more robust than
standard conventional optical sensors. This progress represents
a major leap forward in engineering photonic devices by
harnessing the robustness and unique properties of non-
Hermitian systems. It has the potential to develop highly sensi-
tive sensors and efficient signal amplifiers in both classical and
quantum realms, thereby significantly expanding our toolkit for
new technology in unprecedented and transformative ways.

4 Conclusion
We have reported the first experimental demonstration of
subwavelength robust phase singularities in a chiral medium.
Phase singularity exhibits significant potential for practical
applications, as it can alleviate the strict constraints imposed
by fabrication tolerances. This property enables more flexible

design and fabrication of devices that utilize phase singularities,
which can be challenging to achieve with conventional methods.
The groundbreaking combination of subwavelength light con-
finement and robustness phase singularities lays the foundation
for hitherto unexplored chip-scale photonics devices, enabling
the development of high-sensitivity devices in both quantum
and classical realms.
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