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We proposed an ingenious, highly efficient TiO, meta-atom (MA)-based near-infrared disordered metalens
structure harnessing bird's eye-inspired hyperuniform distribution and analyzed its optical and imaging
properties employing the finite-difference time-domain (FDTD) method. The hyperuniform disordered
MAs constructed an image at a focal length by engineering the phase shift of transmittance. We obtained
a high focusing efficiency of 84.39% at a wavelength of 820 nm for disordered metalens structures.
Amazingly, our proposed disordered metalens structures can mimic the optical properties of ordered
metalens structures. Similar focusing efficiencies of disordered and ordered metalens structures were
found in a wavelength range from 850 to 890 nm due to the long-range periodic properties of

hyperuniform disordered structures. The focal length shifts and NAs of disordered metalens structures
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Accepted 16th December 2024 were comparable to the focal length shifts and NAs of periodic metalens structures in the entire
operating region from 770 to 970 nm with a constant FWHM of 1.503 pm. Our proposed structure paves

DOI: 10.1039/d4na00661e the way for designing new and innovative imaging, sensing, and spectroscopic technologies, such as
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1 Introduction

The consumer electronics, industrial, medical, and automotive
industries are increasingly interested in small and light imaging
systems. ™ Dielectric optical lenses are the primary components of
these devices that concentrate light. Therefore, it is crucial to
create lightweight and minuscule lenses. However, these proper-
ties are not easy to obtain utilizing conventional lenses. Dielectric
metalenses are small and promising optical components that can
manipulate light like conventional optical lenses but are no
thicker than a piece of paper.* Several metalens structures con-
sisting of various materials have been reported experimentally and
numerically; some involved dielectrics, while others were made of
metal or phase-changing materials.>” Metalenses can reduce the
size and weight of the optics in the system, which is conducive to
many applications, such as lidar for 3D sensing in autonomous
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lidar, medical devices, IR and machine vision cameras, display systems, and holography.

vehicles and facial recognition systems, medical devices, surveil-
lance systems, and holography. Metalenses comprising noble
metal structures have significant light attenuation due to high
visible plasmatic metal loss.® In contrast, dielectric metalenses
hold great promise for achieving high transmission efficiency
while minimizing visual reflection.® Several dielectric materials,
such as silicon (Si),* silicon dioxide (SiO,),” titanium oxide (TiO2),?
and gallium nitride (GaN),’ have all been utilized to exhibit
different types of metalens structures. Among them, TiO, is
a promising material for metalens applications due to its high
band gap, excellent transmission efficiency, minimum light
absorption, and high refractive index. Numerous TiO, MA-based
metalens structures have been reported experimentally and
numerically by harnessing these unique properties.**

MA structures can be classified into two distinct arrange-
ments: ordered MA structures and disordered MA structures.
Most importantly, these structures enhance optical device
performance and miniaturization by varying the size, shape,
and material composition of MAs. The arrangement of MAs is
properly ordered in periodic formations to achieve maximum
efficiency in optics. Hence, many optoelectronic devices, such
as solar cells," LEDs,”” photodetectors,” polarization-
controlling devices,"*** and sensors,' can be used with this
periodic arrangement. In contrast, MAs are arranged in an
aperiodic formation for disordered MA structures. Though
several disordered structures exist in nature, these structures
rarely exhibit the properties of an ordered structure. The
hyperuniform structure, such as the pigment distribution in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a chicken's eye, is a rare pattern that acts as an ordered struc-
ture in a disordered structure.” The cone cell distribution of
hyperuniform structures can mimic the distribution of periodic
structures by increasing the window radius. Thus, this hyper-
uniform distribution is called long-range periodic disordered
distribution. Several investigations were conducted to analyze
this disordered pattern theoretically and experimentally for
numerous optoelectronic applications, including bandgap
engineering,'® waveguides," polarizers,* and topological insu-
lators.*® Recently, researchers reported several TiO,-based
metalens studies to enhance performance parameters, such as
maximum focusing efficiency, numerical aperture (NA), and
full-width half-maximum (FWHM). Wang et al. reported
a highly efficient TiO, MA-based periodic metalens structure;
however, the structure comprised four differently shaped MAs
to obtain the desired phase, which requires a complex fabrica-
tion technique.® Khorasaninejad et al. designed a narrowband
rectangular TiO, MA metalens structure in the visible wave-
length region using the Pancharatnam-Berry phase tech-
nique.”> However, the average efficiency was poor without the
ability to control light. The problems associated with control-
ling light can be assuaged by a slanted two-rectangular dielec-
tric structure.*® However, the structure had an efficiency of 20%
at 500 nm. All previously reported MA metalenses were
designed with ordered structures; however, no disordered MA
metalens structure has been proposed yet. Therefore, there is
a scope for designing highly efficient disordered MA metalens
structures with a flexible fabrication process by taking inspira-
tion from the bird's eye's color-sensitive cone cell distribution.

In this work, we proposed a disordered TiO, MA metalens
structure on a SiO, substrate harnessing nature-inspired hyper-
uniform distribution and analyzed the optical imaging perfor-
mance utilizing the FDTD method. We obtained the
transmittance amplitude and phase shift by varying the struc-
tural parameters, such as MA height and radius, via parametric
sweep. Additionally, the target phase shift and MA radius profiles
for the desired focal length of the metalens were calculated. We
designed our metalens structure according to the radius and
phase profiles and calculated the simulated phase shift. We

(b)
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designed the metalens structure for a focal length of ~50 um. We
compared the target phase shift with the simulated phase shift of
our proposed disordered structure. Moreover, we compared the
performance analysis of our proposed disordered metalens
structure with the periodic TiO, MA metalens structure. A high
focusing efficiency of 84.39% was obtained at a wavelength of
820 nm for disordered metalens structures. Additionally, similar
focusing efficiencies of disordered and ordered metalens struc-
tures were found in a wavelength range from 850 to 890 nm due
to the long-range periodic properties of hyperuniform disordered
structures. Finally, we conducted an extensive comparative
analysis between our proposed structure and previously reported
metalens structures.

2 Design and methodology

Metalenses comprised meticulously constructed unit cells or
MAs with sub-wavelength specifications. Fig. 1(a) depicts the
unit cell of the ordered and hyperuniform disordered metalens
structures. We utilized a TiO, nanorod due to its large bandgap,
low light absorption, and excellent light transmission efficiency
on a glass (SiO,) substrate. We obtained the material properties
of TiO, and SiO, from Palik.>* We optimized the MA's height,
hpinar, and the substrate's height, A, to achieve the highest
transparent medium. The optimized &,y and gy, were set to
be 1000 and 280 nm, respectively. We varied the width, d, of the
MA to obtain the desired phase. We adopted structural
parameters using a parametric sweep technique. The unit cell's
periodicity, Py = P,, was considered 520 nm for the best
outcomes. We developed a phase profile with varying MA
radius, d/2, ranging from 50 to 230 nm. We used this phase
profile to set MAs accurately to obtain the desired phase at each
grid point of the metalens.

Fig. 1(b) and (c) depict two-dimensional (2D) illustrations of
the spatial distribution of circular ordered and hyperuniform
disordered MA metalens structures, where the diameter of the
metalens was 30 um. We adopted a straightforward and
conventional approach to building the ordered MA metalens by
arranging meta-atoms or unit cells. The MAs in the black and

(©)

Fig. 1 (a) Illustration of the unit cell of TiO, MAs on a SiO, substrate. The structural parameters of the unit cell are P, = P, = 520 nm, hyjyar =
1000 nm, and hg,, = 280 nm. The schematics of (b) periodic and (c) disordered metalens structures. The diameter of the metalens structures was
set to be 30 um. The black and red rectangles illustrate the zoomed-in view of the periodic and disordered metalens structures, respectively.
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red rectangles illustrate the ordered and disordered distribu-
tions of metalenses, respectively. In contrast, Birdson's Poisson
disk sampling algorithm was implemented to determine spatial
coordinates for the placement of unit cells for our proposed
disordered MA metalens structure.® We generated these
structures using predefined desired and unit cell phase profiles.
An extensive discussion is provided in the later section. We
considered a minimum point-to-point separation distance, m,
of 520 nm for our proposed structures, where each cell size was
set to be m/2. The selection process of m for our hyperuniform
disordered metalens structure is provided in the later section.
The grid of our proposed structures was designed so that each
cell could occupy just a single element. Hence, the algorithm
effectively eliminated any clustering. We provided our gener-
ated coordinates of ordered and hyperuniform disordered MA
metalens structures in GitHub.** We can utilize a top-down
etching approach to fabricate these ordered and hyperuni-
form disordered MA structures. Lin et al.”’ and Wang et al.®
fabricated a hyperuniform disordered NW laser and an ordered
MA metalens structure using the top-down etching approach.
They utilized the electron beam lithography technique to grow
the MA on the substrate layer, where they employed polymethyl
methacrylate (PMMA) and acetone as the photoresist and
etchant, respectively. The patterned nanoholes of PMMA could
be developed on the substrate. Then, TiO, can be deposited by
using the atomic layer deposition method. This conformal
coating fills the patterned gaps in the PMMA nanoholes,
forming a precise structure. Finally, a lift-off process to remove
the PMMA can be performed by utilizing acetone, which leaves
the periodic and disordered TiO, MA structures on the
substrate.

We conducted our study employing the three-dimensional
(3D) FDTD method using Ansys Lumerical.”® Additionally, we
utilized Python open-source scripting software to generate the
coordinates of our ordered and hyperuniform TiO, MA metal-
ens structures. For unit cell simulation, anti-symmetric and
symmetric boundary conditions were applied in the x- and y-
directions, respectively. We used 12 steep angle perfectly
matched layers (PMLs) in the z-direction. In contrast, we
adopted the PML boundary condition in all directions for our
ordered and hyperuniform TiO, MA metalens structures. A
transverse magnetic (TM) plane wave was incident normally on
the bottom surface of the metalens structures along the z-
direction. We used a mesh size of 10 nm in the x- and y-direc-
tions to increase the accuracy of the results. We obtained the
transmission light's amplitude and phase profile from extract-
ing S parameters.

We analyzed the scalar variance, ¢*(R), by varying the window
radius, R, for our proposed ordered and hyperuniform disor-
dered structures. In conventional disordered systems, such as
liquids and glasses, the scalar variance of MAs inside a d-
dimensional observational window follows ¢*(R) ~ R%. The
o*(R) increased with increasing R. In contrast, when R
increased, the variation of ¢*(R) was lower compared to R? for
our proposed hyperuniform disordered structure, as shown in
Fig. 2(a). Hence, the ¢”(R) values of our proposed ordered and
hyperuniform disordered structures were closely aligned with
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Fig. 2 (a) The scaled variance of the number of elements inside
a randomly placed observation window for periodic and hyperuniform
disordered metalens structures. (b) Percentage distribution of the
radius of the MAs of both metalens structures.

each other. Thus, we can model a hyperuniform disordered
structure to obtain an ordered structure's properties as it
adheres 0%(R) ~ R? . We calculated ¢*(R) by using

o’(R) = (N*(R)) — (N(R))>. (1)

Here, N(R) represents the number of MAs in R. Moreover, we
studied the percentage distribution of MAs for different radii.
This study reveals why the ¢*(R) of the hyperuniform disordered
metalens follows the o*(R) of the ordered metalens. The
hyperuniform disordered metalens structure consists of 1651
MAs in our study, whereas 2609 MAs were required for the
ordered metalens structure (see ESIT). The numbers of MAs
were different; however, the MA distribution in percentages for
different MA radii was closely identical for ordered and disor-
dered structures, as depicted in Fig. 2(b). Notably, the MAs with
a radius of 130 and 175 nm exhibited the highest percentage of
20% and 25% of the total distribution, respectively.

3 Results and discussion
3.1 Impact of structural parameters of metalenses

Metalenses comprise numerous tiny elements called MAs. Each
MA is engineered to introduce specific phase delays to incoming
light. By varying the size, shape, and arrangement of these MAs,
metalenses can achieve complex wavefront modulation. This
capability allows them to bend light in desired directions,
effectively focusing it or creating other optical effects without
the need for bulky curved surfaces. Moreover, metalenses can
focus light beyond the diffraction limit, which is a significant
limitation of conventional lenses. Thus, we need to study the
impact of changing structural parameters on transmittance and
phase before delving into a full lens study. We varied the
structural parameters of the MA, such as radius and height, and
analyzed its transmittance and phase, as shown in Fig. 3. A good
metalens requires perfect transmittance and phase coverage
from 0 to 27. We tuned the height and radius of the MA to
obtain the phase and transmittance; however, controlling both
variables was difficult for fabrication and handling codes,
increasing the computation requirements. Hence, we fixed one
variable while varying the other. Our proposed unit cell
exhibited a perfect transmittance and a complete coverage of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Spatial distributions of (a) the transmission and (b) the phase of a TiO, MA unit cell with varying height and radius. Here, we considered P, =
P, =520 nm for our study. We varied the MA height from 0.98 to 1.35 um and the MA radius from 40 to 240 nm, respectively, to cover the phase
range from O to 27. (c) Transmission spectra of a unit cell structure for different radii of the MA. Here, the height of the MA was set to be 1 um. The
unit cell exhibited a constant transmittance at 820 and 900 nm for different radii. (d) Numerically calculated phase shifts of a TiO, MA unit cell
with varying MA radius, where the wavelength of incident light was set to be 820 nm.

the phase from 0 to 27 around a MA height of 1000 nm, as
shown in Fig. 3(a) and (b). Therefore, we adopted a MA height of
1000 nm for our study.

Moreover, we studied the spatial distributions of the phase by
changing the height and radius of the MA. Our proposed unit cell
achieved the phase spectrum from 0 to 27 by varying the radius
from 40 to 240 nm at a MA height of 1000 nm, as shown in
Fig. 3(b). Additionally, we analyzed the impact of the MA radius
on the transmittance spectra. We obtained a near-perfect trans-
mittance for different MA radii at 820 and 900 nm, as depicted in
Fig. 3(c). When we increased the radius of the TiO, MA, our meta-
atom exhibited reflection at the transmittance dips. The
absorptance was negligible for our proposed meta-atoms. Here,
we considered 820 nm as our operating wavelength; however, we
performed an extensive performance analysis in a broad wave-
length range in a later section. We obtained the phase shift from
0 to 27 by varying the MA's radius, as shown in Fig. 3(d), where
the height of TiO, was set to be 1000 nm. This phase profile
provided information for placing the MAs to achieve the desired
phase of the metalens structure.

3.2 Target phase and radius profiles

We analyzed the desired phase shift of every MA's position on
the full structure of the metalens, as shown in Fig. 4(a). We
calculated the desired phase shift of the metalens as*

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

o) = -2 (VAT ~1). @)
Here, ¢(r, A) is the phase shift profile of the metalens structure
at a focal length, where we varied the radius, r, of the MA and
the A of the incident light. The focal length, f, an indicator of
how strongly the metalens converges or diverges, was consid-
ered to be 50 um for our study. We calculated the required
phase shift for the x-axis of the metalens, as the structures of the
metalens were symmetrical in both x- and y-directions.
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Fig. 4 (a) The analytically calculated phase shift of a metalens struc-
ture at a wavelength of 820 nm, where we adopted a focal length of 50
um. (b) The analytically calculated radius profile of the TiO, MA on the
substrate layer required to achieve the target phase shift. The positions
of TiO, MAs on the SiO, substrate were symmetrical in the x- and y-
axes.
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Moreover, it is essential to know the MAs' radius, which must
be placed in the metalens to accomplish the target phase
profile. Therefore, we calculated the radius profile of the MAs
according to the target phase profile of the metalens at a focal
length of 50 um, as depicted in Fig. 4(b). It can be inferred that
the radius of MAs sharply declined at the positions of ~8 and
~12 um, which resulted in two discontinuities in metalens
structures, as shown in Fig. 1(a) and (b). Meanwhile, we
observed these discontinuities due to discontinuities in the
phase shift profile.

3.3 Hyperuniform disordered metalens structure

A random metalens structure produces an ambiguous image
due to the random phase distribution because of the random
positing and overlapping MAs with each other. In contrast,
hyperuniform disordered structures can mimic the properties
of periodic structures. It can be inferred from Fig. 2(a) that the
hyperuniform disordered distribution is a long-range periodic
distribution. The hyperuniform disordered structures ensure
that each MA maintains a minimum distance from one another
and avoids overlapping. We used the Poisson-disk sampling
algorithm to generate this long-range periodic disordered
distribution.”>** We studied the performance of the disordered
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metalens structure and compared the simulated phase shift
with the target phase shift, as shown in Fig. 5(a). The simulated
phase shift profile slightly differs from the target profile.
Meanwhile, the coupling between neighboring MAs has a near-
field coupling effect, which depends on the dielectric constant,
shape, and size of MAs, multipoles, and distance between
MAs.*

Moreover, we studied the far field intensity for our proposed
hyperuniform disordered metalens structure. The generalized
Snell's law of refraction provides insight into the confinement
of light at a point as described by*

A d¢

A (3)
Here, n, and n, denote the refractive indices of media 1 and 2,
and #; and 6, are the incident angles of media 1 and 2,
respectively. and A and d¢/dx represent the wavelength of
incident light and the phase gradient. This law suggests that the
angle of refraction can be controlled by altering the phase
gradient, which results in light confinement at the focal length
of the metalens. To implement this law in our proposed struc-
ture, we modulated the phase gradient of our metalens struc-
ture by adjusting the effective refractive index by changing the
MA's radius. Hence, our proposed disordered structure
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(a) The numerically calculated target phase shifts utilizing the analytical model and simulated phase shifts obtained via the FDTD technique

for the disordered metalens structure. (b) The xy-view of the electric field's far-field intensity at a wavelength of 820 nm, where the focal length
was set to be 50 um. Inset shows the electric field's far-field intensity at a wavelength of 820 nm for the x- and y-axes. (c) The electric field
distributions of the disordered metalens structure for different focal distances. (d) The xz-view of the electric field distributions at the focal length.

We achieved the highest intensity at a focal distance of 48.65 um.
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confined the light at a focal length of 48.65 pm, as shown in
Fig. 5(b); however, we designed our proposed metalens struc-
tures for achieving light confinement at a focal length of 50 pm.
This discrepancy arose due to inadequate MAs in our proposed
metalens structures. The structure was symmetrical in the x-
and y-axes, as the intensities of the x- and y-axes were the same,
as shown in the inset of Fig. 5(b). The FWHM was calculated to
be 1.503 um for our proposed disordered metalens structure.
Additionally, the spatial electric field distributions at different
focal distances revealed that the maximum amount of light was
collimated at a focal length of 48.65 pm due to the phase
gradient of the disordered MA metalens structure, as depicted
in Fig. 5(c). Light collimated with the increase of the collimation
of the phase gradient. The maximum intensity lies at the focal
length of the proposed disordered metalens structure, as illus-
trated in Fig. 5(d). The TiO, MA acted as a partially guided
waveguide, where different modes were coupled with the MA,
which changed the effective refractive index.*® Our results
corroborated this phenomenon, as seen in Fig. 8(b) and (c).

3.4 Attainment of ordered metalens performance by the
hyperuniform disordered metalens

We calculated our proposed metalens structures’ performance
parameters, such as focal length shift, focusing efficiency, spot
size's FWHM, and numerical aperture (NA), for different inci-
dent light wavelengths. The optical lensing properties of peri-
odic TiO, MA distribution are provided in Section S1 of the ESL.{

We analyzed the xz-view of electric field distributions for
periodic and disordered metalens structures at the wavelengths
of 770, 820, 870, 920, and 970 nm, as shown in Fig. 6(a) and (b),
respectively. The focal length shift became low when we
increased the wavelength of the incident light, which reduced
the lens's image quality. However, there is no discernible
change in the strength of electric field distributions. Interest-
ingly, our proposed periodic and disordered metalens struc-
tures exhibited a linear change in the focal length shift when we
changed the wavelength of the incident light, as shown in
Fig. 7(a). We calculated the focal length shifts from 2.37 to
—8.61 um and 2.12 to —8.8 pm for periodic and disordered
metalens structures, respectively, when we increased the inci-
dent light's wavelength from 760 to 970 nm. The focal length
shift of periodic and disordered metalens structures due to
changing incident optical wavelengths can clearly be seen in
Fig. S2 of the ESL.{ Here, we considered the increased phase
shift beyond the target focal length as a positive focal length
shift and the reduced phase shift as a negative one. Meanwhile,
the MAs' geometrical characteristics influenced the metalens’
optical dispersion, which caused the focal length shift. The
Taylor expansion of the wavelength-dependent phase profile
elucidates this phenomenon, as described by*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The spatial distributions of electric fields for (a) periodic and (b)
disordered metalens structures with varying wavelengths of the inci-
dent light. The white dashed lines denote the target focal length of 50
pum.

Here, the right side term regulates the phase shift for
a design wavelength (wgq). The first and second derivative terms
of eqn (4) provided the group delay and group delay dispersion,
resulting in the metalens structures’ phase shift. This
phenomenon can mitigate adjusting the position of the TiO,
MAs of the metalens structures.

Moreover, we calculated the focusing efficiency of our
proposed periodic and disordered metalens structures for
varying the wavelength of incident light. Focusing efficiency
refers to the proportion of the incident electric field intensity
transmitted through the metalens, considering a circular
aperture on the focal plane with a diameter three times the
FWHM of the focal spot. Our study revealed that hyperuniform
distribution can mimic the performance of periodic structures.
A similar focusing efficiency was obtained in the wavelength
range from 820 to 845 nm, as shown in Fig. 7(b). We achieved
the maximum focusing efficiencies of 86.04% and 85.28% for
periodic and disordered metalens structures, respectively.

The NA provides information about the size of the metalens
structure's focal spot. Therefore, we calculated the NA of our
proposed metalens structures by varying the wavelength of the
incident light. The NA was calculated using®

A

NA = S FwaM

(5)

We obtained a constant FWHM of 1.507 and 1.503 pm for
periodic and disordered metalenses, respectively, as shown in
Fig. 7(c). Afterward, we utilized the FWHM of our proposed
metalens structures to calculate the NA. We achieved the NA

Fo(r, w)

2002 (0 —wq)’ + ... (4)

W
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ranges from 0.2554 to 0.3217 and 0.2561 to 0.3227 for periodic
and disordered metalens structures, respectively, as depicted in
Fig. 7(d). Here, we considered the Nyquist sampling condition
(P < A/2NA) to maintain the period of MAs, which guaranteed the
precise phase shifts of our proposed metalens structures.*
Furthermore, we studied the impact of the minimum
distance between two MAs (/) on performance metrics, such as
focusing efficiency and the constructed image at the focal
length, for the hyperuniform disordered metalens structure.
Our proposed hyperuniform disordered metalens structure
generated an image at a similar focal length when we varied m,
as shown in Fig. 8(a). We obtained a constant focal length of
~48.65 pm for our proposed disordered structure. We analyzed

(2)

o
S

m 50

D ~
(=} W

Focusing efficiency (%)
S
S
Focal length (um)

. - - 430
550 600 650 700
Minimum distance, m (nm)

-200

-250

-125

Fig. 8

(a) The focal length shift, (b) focusing efficiency, (c) FWHM, and (d) NA spectra for periodic and disordered metalens structures.

the focusing efficiency of our proposed disordered structure by
varying m. We achieved a maximum focusing efficiency of
84.39% for m = 520 nm, as illustrated in Fig. 8(a). The focusing
efficiency was reduced when we increased the m. Therefore, we
adopted an m of 520 nm for our study. Fig. 8(b) and (c) illustrate
the spatial electric field distribution of the meta-atom at the MA
radii of 75 and 150 nm, respectively. We obtained a larger
effective index for the MA radius of 150 nm compared to the MA
radius of 75 nm. Meanwhile, the MA with a larger radius
produced a greater phase shift compared to the MA with
a smaller radius. This phenomenon was attributed to the longer
effective path for the incident light.

(©)
] 1400 E 1.0
1000 0.8
—~
0.6
E 0
N
N 0.4
200
0.2
-200 0.0
0 125 250 =250 -125 0 125 250
X (nm) X (nm)

(a) Focusing efficiency and focal length of the disordered metalens structure for varying m. Normalized electric field distribution of the

meta-atom for the MA radii of (b) 75 and (c) 150 nm. The bottom and top rectangles represent the SiO, substrate and TiO, MA, respectively.
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Table 1 Comparative performance analysis of different metalens structures

Maximum focusing

Structure Wavelength (nm)  Focal shift (um) NA FWHM (um)  efficiency (%) Ref.
Circular GaN NW dual-layer achromatic 550 ~0 0.26 ~1.45 59 39
Polarization tunable rectangular GaN 633 ~1.1 ~0.257 ~1.11 63.1 40

NwW

Hexagonal array of rectangular TiO, 532 — 0.95 0.228 17.2 41
nanopillars

Rectangular air-slotted Au-SiO, PCF 1550 2 0.37 ~2.5 16.9 42
Circularly ordered Si nanopillar 1065 — 0.97 5.0 50 43
Hyperuniform disordered TiO, MA 820 1.35 0.2727 1.503 84.39 This work

4 Comparative analysis

We conducted a comprehensive comparative performance
analysis among our metalens structures and previously re-
ported metalens structures with diverse designs and materials,
as listed in Table 1. Conventional and metamaterial-based
metalens structures require additional arrangement to couple
light efficiently,”*®* which adds complexity to the imaging
systems. Li et al.** and Zhang et al.*® developed GaN nanobar-
based metalens structures in the visible wavelength range.
They achieved a metalens structure that can provide a narrow
FWHM; however, the obtained focusing efficiencies were low.
On the other hand, Zhuang et al. reported an ingenious met-
alens structure positioning TiO, MAs in a hexagonal pattern.**
Although they obtained a notable NA of 0.95, the focus effec-
tiveness was poor, at around 17.2%. Yang et al studied
a photonic crystal fiber-based near-infrared metalens structure
experimentally and numerically.*> However, the performance
parameters, such as focal shift, FWHM, and efficiency, were
inadequate. Wang et al. proposed a silicon (Si) nanobar-based
metalens structure with a maximum focusing efficiency of
50%,* even though there is a scope to increase the performance
parameters. Khorasaninejad et al. and Chen et al. designed TiO,
MA metalens structures in the visible wavelength region.*>*
However, the average efficiency was poor. In contrast, our
proposed disordered metalens structure exhibited an out-
performed focusing efficiency of 84.39% with a higher NA of
0.2727 compared to previously reported studies. In addition,
numerous studies were found by employing ordered or periodic
structures; however, there is still a research gap to explore
disordered metalens structures, which differentiated our
hyperuniform disordered metalens from previously reported
periodic metalenses. Moreover, an experimental study obtained
a similar result to ours; however, the structure comprised four
differently shaped MAs to obtain the desired phase, which
requires a complex fabrication technique.®

5 Conclusion

We proposed a bird's eye-inspired TiO, MA-based hyperuniform
disordered metalens structure employing the FDTD method.
The proposed metalens structure generated an image at a focal
length by engineering the phase shift of the transmittance via
the disordered MA's position. A high focusing efficiency of

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

84.39% was obtained at a wavelength of 820 nm for disordered
metalens structures. Amazingly, a similar focusing efficiency
was achieved by the disordered metalens structure compared to
the ordered one in a wavelength range from 850 to 890 nm due
to the long-range periodic properties of hyperuniform disor-
dered structures, which corroborated the calculated scalar
variances of disordered metalens structures. The focal length
shifts and NAs of the disordered metalens structure perfectly
aligned with the focal length shifts and NAs of the periodic
metalens structure in the entire operating region from 770 to
970 nm. We designed the metalens structure for a focal length
of 50 um; however, we obtained the highest intensity of an
image at a focal length of 48.65 um for the disordered metalens
structures due to aberration. Additionally, we obtained
a constant FWHM of 1.503 um in the entire operating region for
the hyperuniform disordered metalens. The insights gained
from our metalens design and performance analysis will be
beneficial in developing novel and revolutionary high-
resolution imaging, sensing, and spectroscopic technologies.
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