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Abstract: Metalenses are one of the most promising metasurface applications. However,
all-dielectric reflective metalenses are rarely studied, especially regarding their off-axis focusing
performance. After experimentally studying the material optical properties in this work, we
propose reflective metalens based on titanium dioxide (TiO,) and silicon dioxide (SiO;), which
operate at a visible wavelength of 0.633 um. Unlike conventional reflective metalenses based on
metallic mirrors, the proposed device was designed based on a modified parabolic phase profile
and was integrated onto a dielectric distributed Bragg reflector periodic structure to achieve high
reflectivity with five dielectric pairs. The focusing efficiency characteristics of the metalens were
experimentally studied for beam angles of incidence between 0° and 30°. The results reveal
that the focusing efficiency for the modified metalens design remains higher than 54%, which is
higher than 50%, making it promising for photonic miniaturization and integration.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Flat mirrors serve as fundamental components in most optical systems, such as microscopes
and spectrometers, and have been widely investigated during the history of optics science.
However, the potential applications for such components are limited because of their lack of
focus and scatter of incident light, although these properties are required in modern optics
applications, such as optical tweezers, which use the high focusing efficiency of the incident
laser beam for particle trapping and rotation [1-3]. Thus, spherical metallic-based mirrors are
most frequently used because they can accurately focus reflected beams at specific positions with
diffraction-limited focal spots, trapping and moving small particles. However, integrating these
mirrors into another optical system rapidly increases the system complexity because they are thick
and bulky, underscoring the need to integrate additional components [4—6]. Another challenge
is the optical aberration of optical fields for off-axis applications, requiring further integration
of multifunctional optical devices with a specific optical functionality [7,8]. Fabricating such a
bulky optical system is highly expensive due to the cost of system engineering and the heavy
mass of the proposed optical circumstances [9].

In recent years, metalenses, flat optics patterned with nanostructures, have been promised for
various applications, such as optical vortex, focusing, and reflections, due to their high-level
integration and miniaturization [10-12]. Among all applications, focusing on reflected light
with minimal losses has attracted substantial interest due to the wide applications in laser-beam
shaping, spectroscopy, and imaging [13,14]. Some studies on reflective metalenses based on
metallic nanopillars and metallic mirrors have been investigated and tested [13,15-19]. However,
these structures suffer from a high intrinsic loss of plasmonic materials that prevent the realization
of high efficiency in the visible spectrum and are not stable at higher temperature applications like
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lasers [9-14]. Another issue with the metallic reflector is the difficulty in fabrication. Building
dielectric layers on top of metallic layers is generally more challenging. Moreover, the subsequent
etching process would inevitably disrupt the surface roughness of the metallic layers, which
reduces the reflection efficiency. These issues can be overcome using dielectric materials to
replace metallic nano-antennae, improving the focusing efficiency of the reflected beam [20,21].
However, most recently proposed reflective metalenses suffer from high mirror losses because
the mirror structure absorbs a significant portion of the incident beam, reducing the focusing
efficiency [22,23].

Furthermore, conventional reflective metalenses use a parabolic phase profile to reshape the
wavefront for the reflected beam [24,25]. Because the parabolic phase profile is approximated
from the same model as the spherical lenses with a radius of curvature focus beam at the focal
point, the beam rays that propagate farther off-axis throughout metalens nano-antenna experience
greater deflections. So they intersect the axis in front of the focal point [26]. Thus, this patterning
phase profile prohibits the designs from maintaining high focusing efficiency and sub-diffraction
limits performance in off-axis angle applications. In other words, if the incident angle of the light
beam is not on the optic axis, metalenses with parabolic phase profiles fail to focus the beam at a
single point (also called “suffering from a coma”), which degrades the symmetric shape of the
focal spot at a high angle of beam incidence. Conventionally, the problem is cured by further
integrating multifunctional optics with specific optical functionality, dramatically increasing the
cost and thickness of the overall optical setup [27,28].

In this paper, we propose a new design for a reflective metalens, in which the dielectric
metalens is integrated with the dielectric distributed Bragg reflector (DBR) to act as a reflective
metalens. The resulting all-dielectric reflector was designed to focus incident electromagnetic
waves in the visible spectrum at different incidence angles with less optical aberration for off-axis
applications. The metalens demonstrates the ease of integrability and minimizes mirror losses
resulting in higher focusing efficiency. We start by simulating and optimizing the reflection
properties of the DBR part of the device. Then, the required phase profile for minimizing the
spherical lens aberration is derived in detail. After the diffraction-limited characteristics of
the focal spot are discussed, the performance of the fabricated normal reflective metalens and
spherical aberration-free metalens are compared in terms of focusing efficiency and full width at
half maximum (FWHM) characteristics at higher incidence angles.

2. Design principles for a reflective distributed Bragg reflector metalens

Figure 1 represents the schematic of the demonstrated dielectric flat reflective metalens. The
building blocks of a metalens are TiO, nanopillars on a SiO,/TiO, DBR planer that introduce
the required phase profile to focus the incident beam on a spot in the reflection mode.

To realize high reflectivity at normal and oblique angles of beam incidence, we followed the
following operating principles of the DBR. First, the reflected beams at a certain wavelength
must constructively interfere. Thus, the optical path length between reflections from the layer
interfaces must correspond to one-quarter of the incident wavelength, which can be achieved if
the thickness of each layer fulfils Eq. (1):

A
n7io, 11i0, = Nsio,1sio, = Zc (1)
where n is the refractive index of TiO, and SiO,, and A, (0.633 um) is the central wavelength at
the DBR reflection band. By fulfilling this equation, the path difference between reflections is
maintained at the half-wavelength (1./2), creating a 180° phase shift. High reflectivity can be
achieved by increasing the number of DBR pairs and the difference in the material refractive

index [29].



Vol. 30, No. 19/12 Sep 2022/ Optics Express 34119 |

Optics EXPRESS

a Normal incident plan wave b Inclined incident plan wave
F A | i\ A4F
AN ' ! /7\
X /1N : (AAN
@ / N ~ Focal length (f) g. ! - 187 - Focal length (f)
y 6, | \ il 7~ 0} \
| N N A A\
[ i
I { \
LIAmel - LIImng -
Ry 0 Ry 0

Fig. 1. Schematic diagram of dielectric flat reflector integrated metalens. Nanopillars of
TiO; on a SiO,/TiO, (DBR) planer create a discrete phase shift and reshape the wavefront of
the nonpolarized reflected beam to focus it on the focal point. Schematic of DBR metalens
planer focusing: (a) normal and (b) inclined incident light rays.

In common cases, the phase profile of the metalens planer is represented by the following

equation [21]:
o= 2 (i), )

C

where x and y denote the position coordinates of the single nanopillar on the DBR substrate,
and f represents the designed metalens focal length. Equation 2 is derived using the infinity
point approach, where the incident beam is approximated as a plane wave. This methodology
exhibits no coma for normal incidence waves. However, at higher angles (>10°), the effect of the
spherical lens aberration starts to appear, degrading the shape of the focal spot and expanding
its size (see Section IV in the supplementary material). This outcome leads to a reduction in
the focusing efficiency of the lens. In conventional spherical lenses, spherical aberration is
minimized to almost zero using at least two lenses, and the object is located at a distance equal to
the lens radius of the curvature. We applied this approach to correct the metalens coma. Based
on the generalized Snell’s law [25]:

Ac dy
21 dR’
where 6; is the incidence angle, 8, denotes the reflection angle, A. represents the designed
wavelength, and n, and n; denote the refractive indices of reflective and incident media,

respectively. As illustrated in Fig. 1, At normal angle of incidence 6; = 0 and the reflected beam
is focused at a point that is normal to the centre of the lens. This result

sin(6,)(n,) — sin(0;)(n;) = 3

sing; = 0
5 “
Sln0, = W
where R? = x% + y2,

By Substitution from equations (4) in Eq. (3)

2 R

ST ™ 4R
ho R Z + 212

To solve for @, in order to provide full control of the wavefront, phase shifts covering the range
0 —to — 2r is needed as well as nanopillar position can take any value from 0 — fo— lens radius

de =
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which could be (R). Thus, the modified phase profile becomes

e(xi, ;) = i—f (\/xiz +y;% +4f2 - 2f) : 5

Equations (2) and (5) are used to design the metalens with optical parameters of f = 200 um,
d = 300um, and a numerical aperture (NA) = 0.6.

3. Experimental method
3.1. SiO,/TiO, distributed Bragg reflector

Five pairs of SiO,/TiO, DBRs were deposited on double-sided polished sapphire substrates with
thicknesses of f1io, = 72 nm and fs;0, = 110 nm, according to Eq. (1) and Table S1. Then,
samples were thermally annealed in ambient air at various annealing temperatures (7,) with
different processing times (z,).

The simulated reflectance spectrum presented in Fig. 2(a) presents the maximum reflectance
of 94% at about 0.633 um and a stop bandwidth of about 0.235 ym. Figure 2(b) depicts the
reflectivity spectrum of the as-deposited sample, followed by thermal annealing for 7, = 30 min
at T, = 40, 600, and 800 °C. The reflectivity increased from about 86% for the as-deposited
sample to 90% for 7,,>600 °C. The central wavelength shifts the designed value as nr;o, increases
as the temperature rises to 800 °C.

In addition, the DBR reflectivity band was gradually modified to approach the theoretical
values obtained by the finite-difference time-domain (FDTD) method illustrated in Fig. 2(c). Thus,
the SiO,/TiO, DBR (five pairs annealed at 800 °C) was annealed for different annealing times
(t, = 30, 60, 90, and 180 min). Figure 2(h) displays a significant increase of 5% in reflectivity
as the annealing time extended from 30 to 60 min due to the thermal annealing process initiating
the crystal structure transformation from TizOs to TiO, of all TiO; layers. Then, the reflectivity
at A, = 0.633 um decreased to 90% because films started to peel off from the sapphire substrates.
Therefore, the five pairs of DBRs annealed at 800 °C for 60 min characteristics were studied
further.

Powder x-ray diffraction (XRD) with a Cu ka radiation source was used to study the phase
and crystalline structure of TiO, layers in the DBR structure. Figure 2(d) depicts the XRD
pattern of the as-deposited DBR samples annealed at 800°C for 60 min, which were recorded by
scanning 26 between 15° and 40°. The pattern indicates that titanium layers in the as-deposited
samples are in form Ti3;Os because the sample has a 26 peak at 20.6°[30]. In comparison, the
annealed sample exhibits different reflectance and transmittance spectra. The 26 peak intensity
at 20.6° is significantly reduced, and a 26 peak at 25.5° was absorbed, indicating the successful
transformation of Ti3Os to TiO, due to the thermal annealing process.

Atomic force microscopy (AFM) measurements were performed to evaluate the surface
roughness and morphology of DBR samples. Figure 2(e and f) presents three-dimensional
(3D) AFM images of the five pairs of SiO,/TiO, DBRs deposited on sapphire substrates. The
measurements were performed on a5 X 5pum area. This area was chosen because it is larger
than the wavelength of the incident light used for the reflectance measurements. As illustrated in
Fig. 2(e), the distribution of grain particles on the as-deposited films is not uniform. However,
Fig. 2(f), displaying the annealed sample at 800°C for 60 min, indicates a finer structure with
smaller grains. Because TiO; particles on the DBR surface tend to agglomerate due to the high
temperature, the kinetic energy significantly reduces the coalescence of the grains. Furthermore,
the root mean square (RMS) in the AFM analysis was used to characterize the surface roughness.
The RMS of the as-deposited sample was (3.9 nm), and the surface roughness increased by 1 to
5.1 nm due to the annealing process. The slight increase in the roughness is due to the change in
the grain size and film phase.
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Fig. 2. (a): Simulation reflectivity spectrum for five pairs of TiO,/SiO, (DBRs) using
the Lumerical finite-difference time-domain (FDTD) tool. (b) Reflectance vs. wavelength
for five pairs of SiO,/TiO, DBRs annealed in ambient air at four annealing temperatures:
as-deposited, 400°C, 600°C, and 800°C for 30 min. (c) Reflectance vs. wavelength for
five pairs of SiO,/TiO, DBRs annealed in ambient air at four annealing times 30, 60, 90,
and 180 min at 800°C. (d) X-ray diffraction (XRD) pattern for five pairs of SiO,/TiO,
DBRs deposited on sapphire substrates. The black curve is the XRD pattern of the DBR
as-deposited with a peak at 26 = 20.6°, corresponding to the (201) plane of amorphous
Ti3Os5. The red curve is the XRD pattern of the DBR after annealing at 800°C for 60 min,
exhibiting a strong peak at 20 = 25.5°, corresponding to the (101) plane of the anatase phase
of TiO,. Atomic force microscopy images and root mean square surface roughness of the
top surfaces of five SiO,/TiO; pairs: (e) before annealing and (f) after annealing. Scanning
electron microscopy cross-section images for (g) five pairs SiO,/TiO, DBRs as-deposited
and (h) after annealing at 800°C for 60 min. Images demonstrate that annealing at high
temperatures does not change the film thickness.
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According to the design criteria in Eq. (1), depositing DBR layers with precise thickness is
critical to obtaining accurate results. Thus, scanning electron microscopy (SEM) cross-section
observations of the as-deposited DBR samples annealed at 800°C for 60 min were conducted in
Fig. 2(g and h, respectively). Darker regions in both figures correspond to TiO; layers, whereas
lighter regions indicate SiO,. The measured spectrum for the layer thickness of both samples was
t1io, = 72 nm and f5;0, = 110 nm. However, the layer interfaces in the annealed samples were
more regular and smoother than in the as-deposited samples because of the phase transformation
of the titanium oxide layer from the amorphous to the anatase phase.

3.2. Design of a distributed Bragg reflector metalens unit cell

This metalens is a special arrangement of TiO, nanopillars at the interface of the TiO,/SiO;
DBR, which is designed to reshape the reflected light wavefront by adjusting the location and
refractive index of the surface nanopillars. Critically, the choice of nanopillar material depends
on its optical properties characterized by the complex refractive index:

i =n+ik. (6)

For high transmission efficiency, a negligible absorption (k ~ 0) and high refractive index
(n>2) is necessary at the operating wavelength, ensuring high light confinement in propagating
media and significantly improving the phase variation from O to 27. Further, the material
should be in an amorphous or single-crystalline form because grain boundaries in polycrystalline
materials increase light scattering, inducing additional, significant sources of light loss [20].
Thus, we selected crystalline TiO, as the nanopillar material because it has zero absorption for
the visible wavelength, and its refractive index is ntio, = 2.21 based on the experimental results
discussed in Section II in the supplemental document.

The proposed metalens is a symmetrical 2D planer. Each unit cell with a different effective
refractive index (n,) was positioned at specific x and y positions to realize the conditions given
in Eqgs. (2) and (5) for conventional and modified metalens, respectively. The subwavelength
nanopillars with fixed separation unit cells P, = P, and a nanopillar height /4 realized the total
phase profile (Fig. 3(c)). To investigate the nanopillar reflection ability and their full two-phase
control, the FDTD method was used to analyze R by fixing Px = Py at 300 nm to meet the Nuquist
sampling criterion (Px = Py<A/2NA) and changing the nanopillar radius from 40 to 130 nm.
Additionally, h was fixed at 600 nm. Figure 3(d) illustrates that a Px = Py = 300 nm unit cell can
achieve 2rr-phase coverage by changing the pillar radius. The arrangement operates at A between
0.5 and 0.7 pm because TiO, nanopillars are placed on the DBR with a bandwidth-operated
wavelength. A 2 phase shift can be obtained across the DBR wavelength bandwidth.

To design a nanopillar that implements these properties, we determined a set of periodic
nanopillars with a different lattice that provides 2 phase shifts. As depicted in Fig. 3(e), by
varying the nanopillar radius as a function of the position (x;, y;) on the DBR, the phase shifts of
the propagating reflected mode varies from 0 to 27 to match the required phase profile in Egs. (2)
and (5) for conventional and modified DBR metalens, respectively. To build the structure of the
metalens on TiO,/SiO, DBRs, we used Eq. (5) for the required phase ¢ at each position (x;, y;)
to calculate the required pillar radius.

3.3. Metalens-integrated distributed Bragg reflector fabrication method

This work uses top-down technique to fabricate TiO, nanopillars on the DBR. Starting with
depositing 600 nm thick TiO;, the e-beam evaporator process deposited the film on the top
surface of the SiO,/TiO, DBR (as deposited) at a substrate temperature of < 400°C. An intense
electron beam is emitted from the environment (Angstrom Engineering) filament to strike the
source material TizOs (CERAC, 99.99%) and vaporize it within a vacuum environment. Then,
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Fig. 3. (a) Top-view scanning electron microscopy (SEM) image of the fabricated metalens
on the distributed Bragg reflector (DBR); scale bar: 5um. (b) Closer-view SEM image
of the DBR metalens; scale bar: 1um. (c) Schematic of the building block of the DBR
metalens. The top part consists of a TiOy nanopillar, with height = 600 nm and radius » on
the SiO,/TiO, DBR. The unit cell has a total square cross section with Py = Py = 300 nm.
By changing the nanopillar radius, the phase profile shift of the reflected beam is realized.
(d) Computed reflection phase profile shift of the nanopillar as a function of its radius at the
wavelength A = 0.633 um. (e) Computed phase map for DBR metalens for wavelengths from
0.50 to 0.70 wm for various sized nanopillars. Each point on the presented map is relative to
the phase shift between the radius of the nanopillars and when neg = 1.

the deposited stacks were thermally annealed in ambient air for 30 min at various temperatures,
T, = 800 °C as previously optimized.

The key to the fabrication of metalens nanopillars is the art of lithography, which was used
to create patterns of nanopillars that vary in size with higher resolution. After the wafer was
sufficiently cleaned with ethanol and acetone using an ultrasound sonicator, a high-resolution
400-nm-thick positive resist AR-P 6200.09 was spin-coated at 1000 rpm for 60 s. Then, an
electron-beam lithography system (Crestec CABL-9000C) at 50 kV was used to transfer the
metalens pattern.

Next, to ensure the structural edges were as smooth as possible, a cold development of the
photoresists was completed using AR 600-546. A 150-nm-thick Ni layer was deposited by
electron-beam evaporation (Angstrom Engineering) as an etching hard mask to ensure high etch
selectivity. A lift-off process using AR 600-71 with the aid of O, plasma etching was applied to
remove residual photoresists.

Subsequently, the reactive ion etch (RIE; Oxford Instrument 5 Plasmalab System 100 RIE180)
with a mixture of CF4/O,/Ar gases at a flow rate of 15:5:2 sccm was applied to etch the
600-nm-thick TiO; layers. The other conditions of the RIE process were optimized to gain
vertical and smooth nanopillar sidewalls. Finally, the rest of the Ni layer was chemically removed
using the stripping solution; hence, TiO, nanopillars were patterned as the desired size and shape
of the designed metalens. The top-view SEM images of a portion of the fabricated DBR metalens
with relatively high magnification are displayed in Fig. 3(a and b).

4. Results and discussion

To evaluate the performance of the modified reflected metalens compared to the conventional
one, we fabricated two DBR metalenses with two different discretized continuous conversion
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phase profiles. The first phase profile given by Eq. (2) was used to fabricate the conventional
reflective metalens for 4; = 0.633 um. The second phase profile (Eq. (5)) was used to fabricate
the proposed modified DBR metalens. For both designs, the diameter and focal-length values of
the micro metalenses were fixed at 300 and 200 um, respectively. The NA of both metalenses
is as large as 0.6. We characterized the 3D intensity distribution of the focused reflected beam
by the fabricated metalenses using the custom-built setup in Figure S2(a), whereas the setup in
Figure S2(b) was used to characterize the focusing efficiency of the DBR metalenses.

Figure 4(a) presents the experimental focal plane (x — y plane ) of the focused beam, as it
was reflected by the conventional DBR metalens (phase profile according to Eq. (2)) at the
center of the focal plane. The performance of the fabricated lenses was compared with the
simulated design obtained using the FDTD method to verify the experimental results. Figure 4(c)
of the simulated lens depicts a highly symmetrical focal spot obtained due to the diffraction
nature of the reflected laser beam. In optics physics, laser beams are often considered in the
form of Gaussian beams. The geometric focus field of a Gaussian beam is determined by the
beam wavelength and optical system NA. The designed wavelength of the first DBR metalens is
Ag = 0.633 um and NA = 0.6 at a normal angle of beam incidence. The diffraction limit of the
designed device is D = 2X’}VA = gf&é = 0.527 um. The designed focal length as a function of
the incident wavelength is 200 um, but the experimental results demonstrate that the fabricated
reflective metalens exhibits a focusing effect within f = 203 to 205 um.

sese
n FOTD

Normalized Intensity (a.u.)

3I Min

Fig. 4. Experimental and FDTD simulation results for the concave distributed Bragg
reflector (DBR) metalens. (a) Diffraction-limited image of the concave DBR metalens focal
spot. (b) Normalized intensity profile of the vertical cut of the simulated and experimental
concave DBR metalenses at 1; = 633 nm with NA = 0.6. (c) Simulated focal spot intensity
profile of the designed concave DBR metalens in the xy plane at z = 204 pum; scale bar: 500
nm. (d) Measured focal spot intensity distribution profile for the fabricated concave DBR
metalens; scale bar: 500 nm.

The simulated and experimental results demonstrate that, when the laser beam was normally
shone on the top surface of the metalens, the reflected focused light has a Gaussian intensity
profile. The vertical cut of the focal spot is also illustrated in Fig. 4(b). The computational
measurements indicate a focal spot on the designed metalens with an FWHM of 0.527 pm,
whereas the FWHM of the normalized intensity profile of the fabricated lens is measured at
0.608 um. Although the diffraction-limited FWHM values for both measurements are not equal,
the difference between these values (<0.1 um) is negligible. The focusing efficiency for this
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measurement is defined as the ratio of the total power of the beam focused within 3 x FWHM of
the normalized intensity profile to the total reflected power by a naked DBR.

Accordingly, the focusing efficiency of the simulated device is about 64%, whereas it is about
62.45% for the fabricated device. The first reason is the imperfect fabrication of nanopillars in
relation to the metalens. From Fig. 4(b), nanopillars were designed for a specific wavelength,
and NAs have different phase shifts for different pillar radii, leading to different refraction angles
of the propagating beam than for what they were designed. In addition, for high aspect-ratio
structures with a linewidth of 35 < r < 120 nm, height of 600 nm, and spacing of 300 nm,
retaining the base diameters as designed is not achievable, leading to tapered sidewall angles for
nanopillars, see figure S5. The influence of the tapering angle on the phase profile is minimal
since the tapering angle is constant across the whole metalens and a constant phase shift would
be expected. The focusing efficiency of the metalens is affected adversely by the tapering angle.
However, we are able to get decent focusing performance despite the tapering angle. The effect
of the sidewall tapering angle on the metalens phase response and performance is discussed in
detail in our previous publication [23]. Second, the resolution limit of the imaging system is
used to characterize the proposed metalens. The imaging system is complex and limited by the
diffraction limit of all-optical components, such as objective lenses, CMOS cameras, and beam
splitters, which have the disadvantage of multiloss sources for beam power while propagating
throughout the system.

For the sake of competence, we discussed in Supplemental Document Figure S4, the per-
formance of a device with a similar device, consisting of a gold mirror and TiO,. As can be
absorbed, the performance of this device is better than DBR-metalens one in terms of focusing
efficiency above 70% and (FWHM = 0.517 um). These values is less than the theoretical value
(~M2N.A. =0.527 um), which indicates the diffraction-limited focusing of the metallic-metalens.
However, while the angle of light beam incidence increased from 0° to 30°, the metallic-metalens
shows focusing efficiency above 70% and the transmittance is zero due to high Ohmic loss. This
is an unwanted prosperity for several applications like blue and green VCSELs and Resonant
Cavity LED applications [31,32].

For the proof of concept demonstrated in Section 3, the intensity profiles of the vertical cuts
of the focus beam focal spots as beam angles of incidence increase from 0° to 30° for the two
DBR metalenses, illustrated in Fig. 5(a—h). The vertical cuts are in the xy plane at the measured
metalens focal spots located 204 and 198 um from the metalenses planer (lens focal lengths of
conventional and modified DBR metalenses, respectively). Figure 5(a—d) corresponds to the
conventional DBR metalens. As displayed in Fig. 5(a), at a normal incidence angle, a highly
symmetrical spherical focal spot of the reflected beam is obtained with a corresponding focusing
efficiency of = 62%. However, at higher incidence angles (20° and 30°), the conventional DBR
metalens displays an obvious expansion of the focus beam focal spot size and a reduction of
the planer focusing efficiency to 56.23% and 52.38%, correspondingly. The conventional DBR
metalens exhibits the coma effect, where the off-axis beam waves reflected by the lens surface
are reflected and focused with more deviation and fail to maintain perfect collimation more than
those near the metalens center. This variation reduces the produced image quality and power
focused by the optical systems.

Unlike the conventional DBR metalens, the metalens part of the device was constructed by
re-engineering the nanopillar distribution according to Eq. (5). Although the focal-length lens was
designed at 200 pm, the real focal length was measured at f = 198 pm. First, the coma correction
characteristics of the modified metalens were demonstrated in Fig. 5(e-h) as the laser-beam
incidence angle increases in the same range chosen to characterize the conventional design. A
comparison of the corresponding vertical cuts in Fig. 5(a—d) of the focal spot cross sections on
the xy plane at z = 198 um with those in Fig. 5(e-h) reveals that the modified DBR metalens
provides a larger focal spot (FWHM ~ 0.722 um) and lower focusing efficiency (~60%) when
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Fig. 5. (a—d) Vertical cuts of the intensity profile of focal spots in the xy plane at a different
angle of incidence (0°, 10°,20°, and 30°) for the conventional DBR metalenses. The
measured intensity values were normalized to the maximum value recorded for the normal
incidence angle. (e-h) Corresponding measurement results for modified DBR metalenses.

the beam is vertically incident to the device surface planer. However, the wavefront aberrations
were corrected over higher incidence angles to meet 57.38% and 54.27% for the corresponding
angles of 20° and 30°, respectively. Hence, the proposed solution facilitates multipurpose,
efficient, integrated optical devices by directly integrating metasurfaces on a highly functional
reflective planer, enabling unprecedented light control with random sources. This solution can
enable the integration of reflective metasurfaces into optoelectronic device applications in optical
communications, tweezers, displays, and other applications. These experimental sites were
lower than the maximum achievable computational limit of this design, which can be acquired
by further improving the fabrication process, especially by overcoming the proximity effect of
electron-beam lithography.

In contrast, both DBR metalens devices were fabricated to operate at the same designed
wavelength (1; = 0.633 um), focal length, lens diameters, and NA. The measured focal length
for the modified device is shorter than the conventional design, corresponding to the modified
phase profile designed to converge all light rays from different incident angles to the same point,
whereas the conventional lens demonstrates obvious divergence. These results provide useful
strategies for controlling the focal length. In addition, the results for normal incident light in both
cases have a phase profile devoid of spherical aberration resulting in a diffraction-limited spot at
a specific design wavelength [33]. However, modified DBR metalenses excel at correcting the
problem of coma aberration at higher beam angles of incidence.

5. Conclusion

In conclusion, an all-dielectric reflective metalens with enhanced off-axis focusing performance
was designed and fabricated based on the modified parabolic phase profile. The NA for both
configurations is 0.6 with a focal length of 200 pm and lens diameter of 300 um. The experimental
measurements demonstrate that both designs could reflect and are capable of diffraction-limited
focusing with a recorded efficiency of up to 62% for a normal beam angle of incidence. However,
the modified metalens-integrated DBR can also realize higher focusing efficiency of up to
54% at a 30° angle of beam incidence compared with 52% for the conventional design. More
interestingly, the small FWHM characteristics of the focused laser beam (1 = 0.633 um) explain
the higher focusing efficiency for the modified DBR metalens at higher angles of beam incidence.
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Finally, the ultrathin design and focusing efficiency are very helpful in developing ultra-compact
optics systems and may lead to developments in terms of new conceptual photonic technologies.
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