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Angle-Tolerant Circular Eigenpolarizations Enabled by
Orientational Disorder in Dielectric Metasurfaces

Katsuya Tanaka,* Aso Rahimzadegan, Dennis Arslan, Anna Fitriana, Stefan Fasold,
Dmitry Pidgayko, Michael Steinert, Thomas Pertsch, Manuel Decker, Carsten Rockstuhl,
and Isabelle Staude

Tailored structural disorder in photonic metasurfaces enables advanced light
shaping. Specifically, an orientational disorder in chiral nanostructures leads
to circular eigenpolarizations with a heavily suppressed linear birefringence.
The orientational disorder is, therefore, vital to observing purely chiroptical
effects such as circular dichroism and optical activity. Here, it is
experimentally and numerically demonstrated that all-dielectric orientationally
disordered chiral bilayer square array metasurfaces preserve highly circular
eigenpolarizations for a wide range of incidence angles. The angle-dependent
performance of disordered chiral metasurfaces is compared with that of their
C2 and C4 symmetric periodic counterparts, demonstrating that the
disordered structures provide nearly pure circular eigenpolarizations across a
larger range of angles and wavelengths, whereas the periodic ones do not.
These findings underscore the ability of tailored disorder to enhance the
robustness of engineered chiroptical responses of all-dielectric metasurfaces
and highlight its potential for flat, integrable, and highly efficient optical
components, such as circular polarizers and beam splitters.

1. Introduction

Photonic metasurfaces are powerful tools for manipulating light
at subwavelength scales, offering precise control over wavefronts,
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spectra, and polarization.[1–5] Traditionally,
these metasurfaces are designed with
periodic and ordered arrangements, as
a disorder often leads to increased inco-
herent scattering, degrading the optical
performance.[6,7] Moreover, theoretical
and numerical modeling of disordered
structures is challenging, which has
limited the investigation of disordered
metasurfaces.[6,7] However, reliance on
periodicity limits the potential to explore
a range of complex optical phenomena
observed in disordered systems. Recent
studies suggest that controlled disorder
in photonic metasurfaces can enhance
functionalities, such as increasing channel
capacity, suppressing unwanted anisotropy,
and enabling high numerical aperture (NA)
focusing and fluorescent imaging.[7–10]

Additionally, disorder-induced phase tran-
sitions in dielectric Huygens’ metasurfaces
and resonant near-perfect optical diffusers

have demonstrated the potential of structural disorder to cre-
ate new optical phase states and highly efficient devices not ac-
cessible by periodic metasurfaces.[9,11] These findings underpin
that embracing structural disorder could lead to metasurfaces
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with novel and robust optical properties. Building on this under-
standing, our research focuses on harnessing orientational dis-
order in chiral nanostructures to achieve a chiroptical response
that is largely independent of the incident angle. The orienta-
tional disorder is, therefore, vital to observing purely chiropti-
cal effects such as circular dichroism (CD) and optical activity
(OA). The orientational disorder in chiral metasurfaces refers to
the deliberate randomization of the rotational orientation of in-
dividual meta-atoms around their vertical axis, within a speci-
fied angular range. This randomness modifies the local symme-
try of the metasurface while preserving the overall periodic ar-
rangement, introducing quasi-continuous rotational symmetry.
Such symmetry effectively acts as an infinitely large supercell,
suppressing birefringent effects and maintaining orthogonal cir-
cular eigenpolarizations. Here, “eigenpolarizations” or “polariza-
tion eigenvectors” refers to the polarization eigenvectors of the
Jones matrix of the disordered metasurface. As a result, the struc-
ture exhibits robust and consistent chiroptical responses across
a broad spectral range. In this work, we refer to “purely chiral”
as the ability of a metasurface to exhibit circular eigenpolariza-
tions, resulting in highly selective interaction with left- (LCP)
and right-handed circularly polarized (RCP) light while linear
birefringence is strongly suppressed. This property is quanti-
fied using the “LCP/RCP purity” values, which measure the ex-
tent to which the transmitted light retains its original circular
polarization state. These purity values provide a robust metric
for evaluating the chiral response of metasurfaces across vari-
ous conditions. This behavior parallels the optical response ob-
served in natural chiral solutions, such as randomly oriented
molecules in solution, highlighting the analogy between biolog-
ical and metasurface-based systems. In natural systems, such as
randomly oriented chiral molecules in solution, pure chiropti-
cal effects, including circular dichroism and optical activity, arise
from circular eigenpolarizations that are robust against varia-
tions in molecular orientation. We aim to replicate these proper-
ties in metasurfaces by introducing controlled orientational dis-
order in chiral dielectric nanostructures. Many research groups
have created artificial chiral nanostructures that surpass the chi-
roptical functionalities of natural molecules.[12–17] However, these
designs typically rely on periodically arranged nanoarrays with
ordered orientations, resulting in a strong dependence of man-
made chiral structures on the polarization axis of the input
beam.[18–20] Planar chiral metasurfaces can exhibit strong chiro-
optical effects such as circular polarization conversion and asym-
metric transmission of circular polarizations.[21,22] While planar
designs leverage extrinsic effects to achieve chirality, bilayer (3D)
chiral metasurfaces provide true geometrical chirality due to sym-
metry breaking in all spatial dimensions. This intrinsic chirality
enables bilayer metasurfaces to achieve intrinsic circular eigen-
polarizations, offering maximum flexibility for tailoring chiral
optical responses.[16,23,24] Moreover, most chiral metamaterials in-
vestigated so far do not exhibit pure chiroptical responses, as
achieving circular eigenpolarizations typically requires at least
threefold rotational symmetry in the arrangement of the chi-
ral unit cell.[16,18–20,23,25] Although circular eigenpolarizations are
commonly associated with at least threefold rotational symme-
try, recent work has shown that metasurfaces with no rotational
symmetry can achieve pure chiroptical responses under normal
incidence through tailored symmetry-breaking mechanisms.[26]

While it is possible to restore symmetry by arranging rotated ele-
ments in a supercell,[16,23] this approach typically requires larger
unit cells, leading to unwanted diffractive features. In our previ-
ous work,[23] we demonstrated that circular dichroism with pure
circular eigenpolarizations could be achieved using C4 rotation-
ally symmetric dielectric chiral structures. While these metasur-
faces exhibited strong and pure chiroptical responses due to the
excitation of a chiral super-mode, our study was limited to normal
incident light only. However, periodic chiral structures generally
exhibit strong dependence on the incident angle, complicating
the maintenance of a consistent chiral response across different
viewing angles. In contrast, this angular dependence can be in-
tentionally exploited through extrinsic chirality, where a chiral re-
sponse is obtained even from otherwise achiral structures.[27,28]

Our current study addresses these limitations by introducing ori-
entational disorder in the chiral elements (“meta-atoms”) com-
posing the metasurface. Previously, we already showed for chiral
plasmonic metasurfaces that the orientational disorder of chiral
twisted gold dimers could effectively create an infinitely large su-
percell with quasi-continuous rotational symmetry, suppressing
diffractive features and enabling operation across a broad spec-
tral range without linear birefringence.[29] However, the use of
lossy plasmonic metals in that study limited the resonance qual-
ity at optical frequencies, making it difficult to separate the addi-
tional effect of disorder-induced scattering losses on the overall
response. Moreover, the behavior of the structure at different in-
cidence angles was not studied.

2. Results and Discussion

Here, we experimentally and numerically investigate the chirop-
tical response resulting from rotational disorder in chiral bilayer
metasurfaces composed of extremely low-absorbing dielectric
nanoresonators. Remarkably, we observed nearly circular eigen-
polarizations that remained largely independent of the incident
angle within the studied range—a behavior resembling that of
randomly oriented chiral molecules in solution, such as sugars
and amino acids. Importantly, comparison with the optical re-
sponse of the corresponding ordered metasurfaces, where the
low absorption losses in the dielectric material facilitate strong
and sharp dispersive resonances, allows us to clearly identify the
impact of the disorder on the resonant response. Our findings
underscore the potential of tailored disorder to enhance the ro-
bustness of the chiroptical response of resonant metasurfaces
and suggest new possibilities for designing high-efficiency, com-
pact optical components, such as circular polarizers, beam split-
ters, and polarization shapers.

To explore the chiroptical response enabled by orientational
disorder, we designed a chiral bilayer dielectric metasurface com-
posed of silicon nanocuboids supporting Mie-type resonances
in the near-infrared spectral range (see Figure 1a for a concep-
tual image). As shown in Figure 1b, the basic building block
consists of two silicon nanocuboids. The two nanocuboids are
stacked vertically with a separation distance of s = 255 nm along
the z-axis. The top nanocuboid has dimensions a = 371 nm, b
= 403 nm, and c = 142 nm, while the bottom nanocuboid has
dimensions d = 371 nm, e = 403 nm, and f = 142 nm. These
nanocuboids are rotated relative to each other by ±60° in the x-y
plane, resulting in left-handed (LH) and right-handed (RH) chiral

Adv. Optical Mater. 2025, 2402898 2402898 (2 of 9) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

 21951071, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202402898 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [06/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

Figure 1. a) Conceptual image of chiro-optical effects. In particular, the presence of a circular dichroism and optical activity observed in disordered chiral
bilayer all-dielectric metasurfaces is highlighted. b) Configuration of the individual chiral building block. c) Oblique-view and d) top-view SEM images of
the fabricated bilayer metasurfaces, with both layers revealed by FIB milling.

structures, as depicted in Figure 1b. The geometrical parameters
of the metasurface were chosen with consideration for robust-
ness against fabrication errors, drawing on insights from earlier
simulations and experimental findings on related structures.[23]

The angle ϕ = ±60° was selected based on prior simulations of
C2-symmetric structures,[23] which indicated that this angle pro-
vides a practical balance between maintaining strong optical re-
sponses and achieving the symmetry-breaking necessary for chi-
rality. The entire bilayer structure is embedded in a glass matrix
and placed on a fused silica substrate. The homogeneous embed-
ding prevents substrate-induced asymmetries.To induce orienta-
tional disorder, each building block was randomly rotated by an
angle between 0° and 360° around the z-axis while maintaining
a periodic arrangement with a center-to-center structural spac-
ing between neighboring dimers p = 700 nm.The chiral bilayer
metasurfaces were fabricated using a two-step electron beam
lithography (EBL) process.[23] In the first step, the lower layer of
nanocuboids was patterned on a fused silica substrate. Following
the development, a thin spacer layer of glass was deposited. The
second EBL process was then performed to align and stack the
upper layer of nanocuboids on top of the spacer layer, completing
the bilayer structure. While keeping most of the metasurface area
(500 μm × 500 μm) intact for optical characterization, a small sec-
tion of the final structure was revealed by focused ion beam (FIB)
milling to obtain scanning electron microscopy (SEM) images
of both layers together for structural verification (Figure 1c,d).

Polarization-resolved linear-optical spectroscopy measurements
were conducted to investigate the chiroptical properties of the
fabricated metasurfaces. In the first step, both enantiomers of
the metasurfaces were illuminated with incoherent broadband
LCP and RCP light under normal incidence. The transmission
spectra were recorded for both LCP and RCP outputs, allowing
us to observe circular dichroism and assess the purity of circu-
lar eigenpolarizations.

Figure 2a–d shows the transmission spectra of left- and right-
handed chiral metasurfaces for circularly polarized incident light.
The notation TLCP/RCP → LCP/RCP denotes the transmittance when
LCP or RCP light is used as input, with the same or oppo-
site polarization detected at the output, respectively. Specifically,
TLCP → LCP and TRCP → RCP represent polarization-conserving trans-
mittance, while TRCP → LCP and TLCP → RCP indicate polarization
conversion. The measured spectra (Figure 2a,b) reveal distinct
differences in transmittance between LCP and RCP illumination,
with these differences reversing between the LH and RH struc-
tures. This reversal confirms the strong chiral nature of the meta-
surfaces, as each enantiomer selectively interacts with its corre-
sponding circular polarization. Notably, a pronounced dip is ob-
served around 1.41 μm for RCP to RCP in the LH structure (a)
and LCP to LCP in the RH structure (b). These features can be at-
tributed to the excitation of Mie-type magnetic dipole resonances
within the silicon nanocuboids, which are excitable only by a spe-
cific circular polarization, as discussed in Ref. [23] for periodic
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Figure 2. Experimentally measured and simulated transmission spectra of left- (left column) and right-handed (right column) chiral metasurfaces
under illumination with circularly polarized light. a,b) show the polarization-conserving transmittance (LCP → LCP, RCP → RCP), c,d) the polarization
conversion (RCP→ LCP, LCP→ RCP), e,f) the reflectance and g,h) the CD. The calculated ellipticity of the eigenpolarizations is displayed in i,j), indicating
the high purity of the metasurfaces’ chiral response.

metasurfaces. Crucially, the polarization conversion (RCP→ LCP
and LCP → RCP) remains minimal (below 3%) across the en-
tire considered spectral range, as shown in Figure 2c,d. The sup-
pressed polarization conversion suggests that the eigenpolariza-
tions are predominantly circular, and the optical response is gov-
erned by circular dichroism.[16] The simulated reflection spectra
in Figure 2e,f confirm that reflection remains low across the spec-
tral range, indicating that the transmission suppression, such as
at 1.1 m, arises primarily from scattering. This is likely due to ho-
mogenized resonances, where rotational disorder broadens the
resonant features, such as electric and magnetic dipole modes.[23]

The broadening and attenuation of these resonances result in
a redistribution of light into non-forward directions, a behav-
ior characteristic of disordered systems.[11] CD can be defined
by considering the co-polarized and cross-polarized transmission
components for RCP and LCP light according to:

CD =
(TRCP→RCP + TRCP→LCP) − (TLCP→LCP + TLCP→RCP)
(TRCP→RCP + TLCP→RCP) + (TLCP→LCP + TRCP→LCP)

(1)

The observed highly pure CD directly results from the high rota-
tional symmetry introduced by the orientational disorder, which
effectively suppresses linear birefringence and ensures consis-

tent performance across a broad wavelength range. The maxi-
mum circular dichroism, ∓ 0.18 at 1.41 μm (Figure 2g,h), vali-
dates the metasurface design and compares favorably with previ-
ous studies on disordered chiral plasmonic metasurfaces.[29] To
complement the experimental results, we performed detailed nu-
merical simulations using a T-matrix-based multiple scattering
approach. Unlike traditional large-scale finite-difference time-
domain (FDTD) simulations, which are often used to model dis-
ordered metamaterials,[30,31] the T-matrix-based approach pro-
vides a more efficient framework for accounting for the com-
plex electromagnetic interactions specific to disordered systems.
Moreover, this method offers valuable insights into the behav-
ior of chiral eigenpolarizations and the nature of the associ-
ated resonances, which would be difficult to capture with FDTD
alone. Specifically, here we apply the local-coordinate T-matrix
method[9,32] to capture the effects of rotational disorder in chiral
bilayer dielectric metasurfaces.

In the first step of our simulations, we calculate the T-matrix
of a single nanocuboid with rounded vertical edges (rounding ra-
dius 71 nm, see Figure 1b) embedded in a homogenous silica
embedding. We assumed that both nanocuboids in the two lay-
ers have the same size parameters. We used the finite element
solver JCMsuite to calculate the T-matrix of the nanocuboid. In

Adv. Optical Mater. 2025, 2402898 2402898 (4 of 9) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

 21951071, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202402898 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [06/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

Figure 3. a,b) Rotation angle of the major polarization axis and ellipticity of x-polarized incident light after transmission through the left- (a) and right-
(b) handed disordered chiral metasurfaces.

the solver, the nanocuboid is excited with vector spherical har-
monics of different total angular momentum, orbital angular mo-
mentum, and parity, and the scattered field is calculated across a
closed surface circumscribing the nanocuboid. These scattered
fields are projected into vector spherical harmonics to extract all
individual components of the T-matrix characterizing an individ-
ual nanocuboid.[33]

In the second step, we study the optical response from a
sufficiently large finite-sized disordered metasurface. The finite
metasurface consists of 7 × 7 unit cells. Each unit cell con-
tains two nanocuboids forming a pair. Within each pair, the
two nanocuboids are oriented at 60 degrees to each other, while
each pair is given a random orientation. Using a T-matrix-based
multiple scattering code,[34] we then calculate the scattered light
from the ensemble of particles under illumination with normal-
incidence plane-wave. The algorithm is highly efficient as each
cuboid is represented by its previously retrieved T-matrix only,
and the entire algorithm boils down to a matrix-vector product.
The T-matrix of the considered cuboid is relatively small, and a
quadrupolar approximation is sufficient to reach convergent re-
sults. We then collect the scattered field in a plane close to the
second layer in transmission and parallel to the metasurface. The
spatial average of the scattered field plus the incident field re-
sults in the zero-order transmission. To compensate for the fact
that transmission is only calculated for a specific implementation
of the disorder, we repeated the calculation with different ran-
dom orientations 20 times and took the overall average. That pro-
cedure allows us to predict the transmission on computational
grounds highly accurate.

The simulated transmittance, reflectance and CD spectra are
plotted alongside the experimental curves in Figure 2a–h. Ex-
cellent agreement is achieved regarding the number and spec-
tral positions of the observed resonances, underscoring the ade-
quacy of the numerical model employed. However, some devia-
tions are observed, and the experimental results show less pro-
nounced resonances than the simulations. These discrepancies
are likely due to unavoidable fabrication inaccuracies, including
particle poly dispersity and alignment errors, surface roughness,

asymmetries, and minor material variations. These aspects are
not taken into account in the idealized theoretical description.

Importantly, while only intensities are recorded in our experi-
ment, the simulations yield the full complex transmittance of the
investigated metasurfaces. Access to the simulated complex am-
plitudes enables us to calculate the ellipticity of the eigenpolariza-
tions of our structures. The corresponding results are shown in
Figure 2i,j. The ellipticity of the eigenpolarizations, represented
as the ratio of the minor (s1) to major (s2) axes of the polarization
ellipse (e = s2/s1), quantitatively describes the deviation from lin-
ear polarization. For the metasurfaces investigated, the ellipticity
consistently approaches ±1 across the spectral range, indicating
nearly perfect circular polarization eigenvectors, independent of
the wavelength.

Next, for a quantitative evaluation of the optical activity of the
chiral disordered metasurfaces, we measured and numerically
simulated the rotation angle of the major polarization axis of lin-
early polarized light after passing through the structures. To this
end, the rotating quarter-waveplate method was employed.[35]

Figure 3a,b shows the rotation angle for linearly x-polarized light
after passing through the left- and right-handed chiral struc-
tures, respectively, alongside the measured output ellipticity. At
1.46 μm, the RH metasurface achieves a maximum experimental
optical rotation 𝜃 of 30 degrees, while the LH metasurface reaches
a minimum of –15 degrees. In both cases, the output polariza-
tion remains nearly linear, with the ellipticity e < 0.15 for the RH
structure and e < 0.13 for the LH structure. Despite the scatter-
ing losses introduced through rotational disorder, the observed
values for the optical activity are comparable to those observed
for plasmonic twisted split-ring resonator structures.[16] The ex-
perimentally observed performance differences between the two
enantiomers can be attributed to fabrication imperfections, par-
ticularly related to the alignment of the two layers, which showed
deviations on the scale of 10 nm, as observed in the SEM images.

Again, a good qualitative agreement is obtained with corre-
sponding simulated results. However, quantitatively, the experi-
mental results consistently show a smaller ellipticity of the output
polarization, consistent with the slightly smaller CD observed in
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Figure 4. Angle-dependent response of chiral metasurfaces in experiment. Rows one to four show the transmission spectra (LCP to LCP, RCP to RCP,
LCP to RCP, and RCP to LCP channels) and row five CD as functions of the incident angle for both disordered (left panel) and ordered (middle and right
panels) configurations of LH and RH chiral metasurfaces. The white dashed lines indicate the boundaries for the first-order diffraction condition. The
bottom row displays the RCP/LCP purities.

the experiment (see Figure 2). Additionally, for the RH metasur-
face, the maximum optical rotation is larger in experiments than
in simulations, hinting toward deviations in the exact phase value
imposed by the coupled Mie resonances at given wavelengths.
Such deviations can originate from slight differences in the ge-
ometrical parameters of the individual nanocuboids realized in
the experimental structure compared to theoretically assumed
values.

Finally, we investigated the optical response of the disordered
chiral metasurfaces under oblique incidence and compared it to
corresponding ordered, fully periodic structures. Both C2 sym-
metric and C4 symmetric ordered arrangements were consid-
ered as reference structures, noting that only the C4 symmetric
structure can support circular eigenpolarizations under normal
incidence.[16] For both disordered (C∞) and ordered (C2 and C4)
configurations, both enantiomers were fabricated and analyzed.

Corresponding results are summarized in Figure 4. Note that
the oblique incidence was along the x-direction, as indicated in
the figure. The first two rows show the measured co-polarized
transmittance, and the next two rows show the cross-polarized
transmittance. The CD is plotted in the fifth row. For wavelengths
𝜆 > (1.44 + sin 𝜃)p, where p is the period of the underlying
square lattice structure and 1.44 the average refractive index of
the surrounding silicon dioxide, the structure is non-diffractive.
The solid white lines in the images for the C∞ and C2 struc-
tures indicate the onset of diffraction, shown for p = 0.7 μm.
For the C4 symmetric structures with p = 1.4 μm, the onset of
multiple 2D diffraction orders, such as (±1, 0), (±1, ±1), (±2,
0), and (±2, ±1), can be observed within the considered spectral
and incident-angle range. These boundaries are derived using the
standard 2D grating diffraction theory.[36,37] As already observed
for normal incidence, in all configurations, the angularly resolved
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transmission of the LH structure under LCP incidence closely
mirrors that of the RH structure under RCP incidence. Such a
resemblance is expected from the chiral symmetry of the struc-
ture, which further underpins the high quality of our fabricated
structures.

Comparing the angularly resolved spectra between the dif-
ferent configurations, it is immediately apparent that the opti-
cal response for the disordered metasurface is much smoother
than for the ordered arrangements, showing a weaker depen-
dence on incidence angle and wavelength. All configurations
exhibit Mie resonances. However, while for the ordered con-
figurations a strong interaction of these Mie resonances with
the respective diffractive (lattice) modes is observed, resulting
in a strong angular dispersion of their associated spectral fea-
tures, this coupling appears to be suppressed for the disordered
configuration.

As a result, for the disordered arrangement, the resonance dips
observed at 1.41 μm in the LCP → LCP (RCP → RCP) chan-
nel for the RH (LH) structure persist within a comparably large
incident angle range of approximately –20 to 20 degrees before
the response becomes dominated by a dispersive feature tracing
out the onset of diffraction from the underlying square lattice.
In contrast, for the C2 symmetric structure, the corresponding
resonance dip, while being more pronounced, exhibits a strong
redshift with increasing angle. For the C4 symmetric structure,
the large supercell supports additional diffraction orders. These
additional diffraction orders result in a complicated dispersive
behavior of the resonant metasurface response. Important dif-
ferences between the configurations are furthermore observed in
the polarization conversion channels. For the disordered arrange-
ment, the conversions remain negligible throughout the consid-
ered wavelength and angle range. That observation shows that
the high purity of the circularly polarized eigenpolarizations is
well preserved, even at high angles of incidence. The observed
high purity of circular eigenpolarizations in the disordered meta-
surface can be attributed to the quasi-continuous rotational sym-
metry introduced by the orientational disorder. Similar to the
findings by Fasold et al.,[29] this disorder eliminates linear bire-
fringence while preserving circular dichroism and optical activ-
ity, leading to a globally isotropic chiroptical response. This ap-
proach contrasts with ordered metasurfaces, which rely on ex-
plicit rotational symmetry and exhibit angle-sensitive responses.
This behavior resembles, to some degree, that of natural chiral
molecules, such as sugars and amino acids, which maintain po-
larization purity irrespective of orientation. Conversely, the C2
symmetric structure shows strong polarization conversion across
various areas of the investigated parameter space, including for
normal incidence. As noted above, this is expected from the lack
of at least threefold rotational symmetry, resulting in non-circular
eigenpolarizations for this structure. For the C4 symmetry case,
polarization conversion vanishes at normal incidence, as pre-
viously discussed in ref. [23]. However, polarization conversion
starts playing a significant role for oblique incidence, indicating
that the structure cannot sustain circular eigenpolarizations un-
der these conditions. Such a finding is quantitatively confirmed
by the maximum conversion values observed within the domi-
nant diffraction cones, spanned by the (± 1, 0) lines for C∞ and
C2, and by the (± 2, 0) lines for C4: 0.08 for C∞, 0.71 for C2, and
0.41 for C4. The higher conversion values for C2 and C4 indicate a

significant deviation from ideal circular eigenpolarizations, em-
phasizing the structure’s sensitivity to symmetry breaking under
oblique incidence.

The described features of the measured angle-resolved trans-
mittance for the three configurations directly translate to the
properties of the respective CD. As such, CD is generally weaker
but less dispersive for the disordered case than for its ordered
counterparts. Moreover, for both the C2 and C4 symmetric struc-
tures, the presence of elliptical output polarization due to polar-
ization conversion limits their potential for practical applications.
To further explore the described trade-off between the strength of
the resonance response and undesired conversion, we define new
figures of merit denoted LCP/RCP purity, respectively, as follows:

LCP purity =
TLCP→LCP − TLCP→RCP

TLCP→LCP + TLCP→RCP

RCP purity =
TRCP→RCP − TRCP→LCP

TRCP→RCP + TRCP→LCP
(2)

These purity values quantify how much of the transmitted light
for a given circular input polarization (LCP or RCP) is converted
into the orthogonal polarization. A purity of 1 indicates that none
of the transmitted light undergoes a polarization conversion, 0 in-
dicates equal transmission and conversion, and –1 indicates com-
plete conversion of the transmitted light with no transmission of
the original polarization. Importantly, this quantity corrects for
the influence of the total transmitted intensity.

In terms of RCP/LCP purity, the disordered case shows out-
standing performance, with both LCP and RCP purity remain-
ing nearly 1 over a large parameter space, especially in the non-
diffractive regime where CD effects are most prominent. These
findings indicate that the system can maintain highly pure circu-
lar states upon transmission, even under large incidence angles.
Conversely, in the C2 case, the purity values show fast fluctua-
tions between –1 and 1 as a function of both wavelength and in-
cident angle. Finally, in the C4 case, the circular eigenpolarization
purity approaches 1 near normal incidence. However, as the in-
cident angle increases, the purity decreases due to the effective
breaking of the C4 symmetry by the tilted excitation. As such,
none of the two ordered configurations can provide a pure and
angle-tolerant chiroptical response.

3. Conclusion

In conclusion, we successfully demonstrated a robust chiropti-
cal response in chiral bilayer square lattice of dielectric meta-
surfaces with orientational disorder, characterized by significant
CD and OA. Experimentally, the CD reached 0.18 (RH struc-
ture) and –0.18 (LH structure), while the OA measured 30 de-
grees (RH structure) and –15 degrees (LH structure). These re-
sults surpass those observed in previously studied chiral plas-
monic metasurfaces, offering advantages in terms of lower ab-
sorption and broader bandwidths due to the use of dielec-
tric materials.While prior studies have achieved maximal po-
larization purity using bound states in the continuum[21,26,38,39]

or explored other mechanisms such as spin-preservation[40]

and arbitrary polarization manipulation,[41] their chiroptical re-
sponses are often restricted to specific wavelengths and narrow
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angular ranges, unlike the broadband and angle-tolerant prop-
erties demonstrated in this work. Future enhancement of the
circular dichroism of disordered chiral metasurfaces could be
achieved by further optimizing the nanoresonator design and
nanofabrication process, tailoring the optical properties, particu-
larly the losses, of the constituent materials of the metasurface to-
ward the critical coupling condition,[38] and engineering the sta-
tistical properties of disorder. introducing degrees of short-range
order could enhance localized chiral interactions while maintain-
ing global isotropy. In particular, introducing degrees of short-
range order could enhance localized chiral interactions while
maintaining global isotropy. Importantly, the implemented ro-
tational disorder strongly enhances the robustness of the pure
circular eigenpolarizations to the incident angle. This robust-
ness in the angle-dependent response is accommodated with a
weakening of dispersive diffractive features and their influence
on the overall response of the disordered metasurface. Qualita-
tively, we can understand this behavior in analogy to natural me-
dia hosting chiral molecules in random orientations. Note, how-
ever, that in our case, the orientation of the chiral dimers com-
posing the metasurface is only randomized concerning one axis.
From an application perspective, chiral metasurfaces show signif-
icant potential for compact and versatile optical components such
as circular polarizers, beam splitters, and polarization shapers.
For such components, the angular dependence of the chiral re-
sponse can play a crucial role. Our work clearly highlights the op-
portunities offered by disordered configurations of chiral meta-
surfaces regarding a robust angular performance, which is fa-
vorable whenever a careful alignment of components cannot
be guaranteed. At the same time, while the ordered arrange-
ments are much less robust, their strong resonant and highly
dispersive response may enable carefully tailored complex re-
sponses in different functional regimes. Future work may ex-
plore varying degrees of disorder and scalability, opening avenues
for practical applications and further innovation in metasurface
design.

4. Experimental Section
The experimental setup for optical characterization follows the method-
ology described in ref. [23], with detailed component specifications pro-
vided here for reproducibility. The broadband light source used was a
halogen lamp (Thorlabs, Model SLS301, wavelength range: 360–3800
nm). The light was collimated into a parallel beam using a collima-
tor (Thorlabs, Model RC02, focal length: 7 mm). Circularly polarized
input light was generated using a linear polarizer (Thorlabs, Model
LPNIR100, wavelength range: 650–2000 nm) and a quarter-wave plate
(Bernard Halle Nachfl, Model RSU 2.4.10, wavelength range: 600–2700
nm). The transmitted light was collected by an optical system with a
low NA (0.044) to suppress contributions from scattered light. The col-
lection optics included lenses (Thorlabs, Models LA1131 and LA1464)
and field stops (Thorlabs, Model ID8/M) to ensure precise light collec-
tion. The objective lens (Thorlabs, Model RMS4X, magnification: 4×) was
aligned coaxially with the incident beam to focus the transmitted light
onto into the fiber-coupling system while maintaining the specified NA,
limiting the acceptance angle to approximately 2.5°. This configuration
ensured that only the zeroth-order diffraction was collected, minimiz-
ing scattering light contributions by restricting the collection to a nar-
row angular range. The transmitted light was then directed to an opti-
cal spectrum analyzer (Yokogawa, Model AQ6370B, wavelength range:
600–1700 nm) via a fiber-coupled input (Thorlabs, M43L01) for spectral
analysis.
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