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ABSTRACT: Metalenses with two foci in the longitudinal or
transverse direction, called bifocal or dual-focus metalenses, are
promising building blocks in tomography techniques, data storage,
and optical tweezers. For practical applications, relative movement
between the beam and specimen is required, and beam scanning is
highly desirable for high-speed operation without vibration.
However, dual-focus metalenses employ a hyperbolic phase that
experiences off-axis aberrations, which is not suitable for beam
scanning. Here, we demonstrated a scannable dual-focus metalens
by employing a new phase called “hybrid phase”. The hybrid phase
consists of a hyperbolic phase inside and a quadratic phase outside
to reduce off-axis aberrations while maintaining a high numerical
aperture. We show that the two foci of the scannable dual-focus
metalens move together without severe distortion for incident
angles of up to 2.5°. Our design easily extends to the case of multifocusing, which is essential for various applications ranging from
imaging to manipulation.
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Metalenses are the most promising optical elements that
can replace or improve bulk optical systems.'”® The
recent research on broadband or tunable metalenses has led to
increased interest of the metalenses.” "> The advantages of
their ultracompact properties have already been discussed in
numerous applications, including mobile phone cameras,
endoscopes, and ultrathin microscope objectives.”>™'® In
addition, their capability to manipulate a wavefront provides
additional functionalities for various applications that cannot
be realized in a traditional optical system or require a complex
setup. In particular, metalenses making two focal spots in the
longitudinal or transverse direction, called bifocal or dual-focus
metalens, are promising building blocks for various applica-
tions, including optical communications,’” ™"’ multi-imaging
systems,”””" tomography technique,”*~** data storage,”*”® and
optical tweezers.”” " In these applications, relative movement
between the light beam and specimen is often required. For
instance, one-dimensional nanoparticles, such as nanowires,
which act as probes for high-resolution photonic force
microscopy, should be stably trapped by dual focusing and
displaced to measure a single-molecule force or scan a
biological specimen.”’~** Fundamentally, this movement can
be achieved by employing a specimen translation stage with a
stationary light beam (stage scanning) or a scanned light beam
with a stationary stage (beam scanning). Stage scanning is built
in the early stages of new idea development, owing to its
simplicity. However, stage scanning is prone to vibration,
which deforms the specimen, and the speed of the stage
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movement is relatively slow. Therefore, most modern instru-
ments employ beam-scanning mechanisms. Dual-focus scan-
ning is highly desirable for high-speed, low-vibration bifocal
applications.

However, scannable dual-focus metalenses have not been
demonstrated, because of the problems caused by off-axis
aberrations and spherical aberrations. Metalenses using a
hyperbolic phase, which is free from spherical aberrations,
experience off-axis aberrations, which severely limit the scan
range (SR) of the focal spot. Meanwhile, metalenses using a
quadratic phase achieve a wide SR but introduce large
spherical aberrations, which hinder dual-focusing in the
longitudinal direction.’’ ¢ The aplanatic metalens, a metalens
with an aperture, and a combination of metalenses have been
proposed to address the problem of aberrations.”"*’~*
However, these approaches require a nontrivial fabrication
process and a large volume. A phase profile to reduce both
aberrations is not only crucial for the metalens in a single
planar element but also opens unprecedented opportunities for
various applications, including scannable dual-focus metal-
enses.

Received: November 30, 2022
Revised:  March 22, 2023
Published: April 4, 2023

https://doi.org/10.1021/acs.nanolett.2c04696
Nano Lett. 2023, 23, 3152—-3158


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gi-Hyun+Go"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chung+Hyun+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kie+Young+Woo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minho+Choi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yong-Hoon+Cho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.2c04696&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04696?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04696?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04696?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04696?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04696?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/nalefd/23/8?ref=pdf
https://pubs.acs.org/toc/nalefd/23/8?ref=pdf
https://pubs.acs.org/toc/nalefd/23/8?ref=pdf
https://pubs.acs.org/toc/nalefd/23/8?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c04696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

Nano Letters

pubs.acs.org/NanoLett

In this study, we demonstrated a scannable dual-focus
metalens by employing a new phase profile, namely, a hybrid
phase profile. The hybrid phase consists of a hyperbolic phase
inside and a quadratic phase outside to reduce off-axis
aberrations while maintaining a high numerical aperture
(NA). The optical properties of the hyperbolic, quadratic,
and hybrid phase profiles were characterized by using ray
traces and the calculated focal spots. We confirmed that the
hybrid phase profile is suitable for a scannable dual-focus
metalens. Subsequently, we fabricated single-focus and dual-
focus metalenses to verify the results. In a micrometer SR, the
single-focus metalens achieved a NA >0.9, and the dual-focus
metalens made two focal spots that moved together for oblique
incidence. Our scannable dual-focus metalens easily extends to
the case of multifocusing, which has a significant impact on
various applications in tomography techniques, data storage,
and optical tweezers.

Results. Design of a Metalens with a Hybrid Phase
Profile. We designed a hybrid phase for a scannable dual-focus
metalens to create two focal spots that move together for
oblique incidence, as shown in Figure la. We consider
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Figure 1. Scannable dual-focus metalens design. (a) Schematic of a
scannable dual-focus metalens using a hybrid phase profile with an
incident angle 6. (b) Crystalline silicon nanopillars with a height of H
= 503 nm are arranged on a subwavelength square lattice with a
periodicity of U = 200 nm in an aqueous environment. The
transmittance and phase delay imparted by the nanopillar are
retrieved using rigorous coupled-wave analysis. (c) Scanning electron
micrographs of the fabricated metalens with a diameter of 160 ym.

metalenses comprising crystalline silicon nanopillars that
operate in an aqueous environment (Figure 1b,c). The hybrid
phase consists of a hyperbolic phase inside and a quadratic
phase outside. The effects of each phase were investigated by
ray analysis, as shown in Supplementary Figure 1. In the case
of the hyperbolic phase, the metalenses are free from spherical
aberrations at normal incidence. The chief ray from the central
region and the marginal ray from the edge meet at exactly one
point. Meanwhile, for oblique incidence, the marginal ray on
the left edge is more abruptly bent than the chief ray.
Therefore, the chief ray and marginal ray do not meet at a
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point, resulting in off-axis aberrations. In the case of the
quadratic phase at normal incidence, the chief ray and marginal
ray do not focus at the same point, resulting in spherical
aberrations. The rays that contribute to the focus emerge only
from a limited area, inducing an effective aperture that reduces
the NA. The phase modulation outside of the effective aperture
is so rapid that the beam becomes evanescent. For oblique
incidence, the effective aperture is laterally displaced, and rays
that cause off-axis aberrations do not influence the focus.
Therefore, a metalens with the quadratic phase achieves wide
SR. These results imply that the hyperbolic phase in the central
region reduces spherical aberrations, whereas the quadratic
phase in the outer region reduces off-axis aberration.
Consequently, we designed a hybrid phase consisting of a
hyperbolic phase inside and quadratic phase outside. Quadratic
phase modulation can be obtained through the first-order
Taylor polynomial of the hyperbolic phase with respect to the
square of the radial coordinate. The hybrid phase profile with
the boundary at r = r; is expressed as

for r < 1y,
27n
¢Hyb(r) = _%(\/f2 + rz _f) (1)
for r > r,,
Prap (1) = — e (7 = 1) + by (1)
Hyb ﬂm 0 Hyb 0 (2)

where n,, 4, f, and r are the refractive index of water,
wavelength, focal length, and radial coordinate, respectively.
Here, we consider a water-immersion metalens with a front-
immersion geometry (Figure 1b) to eliminate the restriction
on the working distance (Supplementary Figure 2). Figure 2a,b
shows line profiles for a hyperbolic, quadratic, and hybrid
phase with a boundary r, = 18 ym and their derivatives. The
hybrid phase followed a hyperbolic phase in the central region
and a quadratic phase outside the boundary: ry, = 18 ym. We
compared the optical properties of the hyperbolic, quadratic,
and hybrid phases using ray traces, as shown in Supplementary
Figure 3. Here, the incident angle was defined in the sapphire
substrate (n = 1.76). The results show that the rays of the
quadratic and hybrid phases are virtually unchanged for an
incident angle as high as 2° and are much more tolerant than
those of the hyperbolic phase. Note that the aperture size of
the hybrid phase is larger than that of the quadratic phase for
delivering the high-k components. We also calculate the focal
spots for metalenses with diameters D = 160 ym and a focal
lengths f = 20 um using the Kirchhoff diffraction integral, a
physically rigorous form of the Huygens-Fresnel principle.'
We define NA for our metalens as NA = 0.514/fwhm, where
fwhm is the full width at half-maximum of the focal spot.
Supplementary Note 4 shows NAs and displacements of the
focal spot that are obtained from the calculation. Here, we find
two interesting facts regarding the focal spots of a hybrid phase
profile for different boundaries. First, the trade-off between NA
and SR depends on the position of the boundary, r,
(Supplementary Figure 4a). As r, increased, it became similar
to the hyperbolic phase, and as r; decreased, it became similar
to the quadratic phase. This result provides a methodology that
controls the trade-off between the aberrations. The most
favorable boundary value depends on the specific application.
Second, the displacements of the focal spots for oblique
incidence depend on the boundaries and focal lengths
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Figure 2. Comparison of hyperbolic, quadratic and hybrid phases. (a) Line profile for a hyperbolic phase, quadratic phase, and hybrid phase. (b)
Phase derivatives of three phases. Hybrid phase consists of the hyperbolic phase inside and quadratic phase outside to reduce both spherical and
off-axis aberrations. (c) Focal spots are calculated for the water-immersion metalens of a diameter D = 160 ym and a focal length f = 20 ym, at the
wavelength of 532 nm. The focal spot of the hyperbolic phase profile is perfect at normal incidence, but the spot is badly distorted for an angle of
only 1°. The focal spots of the quadratic and hybrid phases are virtually unchanged for an incident angle as high as 2°. Note that the spot size of the
hybrid phase is much smaller than that of the quadratic phase. (d) NAs of different phase profiles for different angles of incidence. (e) Axial

intensity distributions for normal incidence.

(Supplementary Figure 4b). These results can be interpreted in
terms of the phase profile outside the boundary (eq 2) for
oblique incidence. The effect of oblique incidence is described
as

nn, 27n,
d)Hyb(r >rn) =— = -+ Py(ro) + - “xsin 6

Wf + 13
- _/hlfz + 13 {(x

2 2 2
ml Nf A

An

w

i _n

nw

2
N rgsinﬁ] +y2}
in> 0

(©)

where n, is the refractive index of the sapphire substrate. eq 3
shows that the effect of oblique incidence is a spatial
translation of the focal spot, where the displacement of the
focal spot depends on the position of the boundary r,, as

d(@) = :—s\/fz + rgsin @. This result implies that the same

displacements of the two spots at different axial positions are
possible if the f> + 1} values are the same. The parallel
movement of the focal spots at different axial positions is useful
for the movement of multifocusing holograms formed in 3D
space without distortion. Figure 2¢ shows the calculated focal
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spots for the hyperbolic, quadratic, and hybrid phases with a
boundary of ry = 18 um. The boundary was determined to
maximize the space-bandwidth product in the field of view of 3
pum, which can cover the size of a bacterium, a representative
biological specimen (Supplementary Note 5). The results from
the ray traces were even more apparent from the focal spot.
The position where the intensity is maximum for normal
incidence is defined as the focal position. Owing to the
spherical aberration, the focal positions are slightly changed for
the metalenses with quadratic and hybrid phase profiles. As
expected, the calculated focal spot of the hybrid phase is
virtually unchanged for an incident angle as high as 2°, whereas
that of the hyperbolic phase is badly distorted, even at the 1°
incidence. In addition, the spot size of the hybrid phase was
much smaller than that of the quadratic phase for the incoming
angles. Figure 2d shows the NAs for the three phases with
varying angles of incidence. The calculated NA of the
hyperbolic phase is the highest at normal incidence, but it
decreases abruptly for an angle of only 1°. The NA of the
hybrid phase was significantly higher than that of the quadratic
phase and decreased more slowly than that of the hyperbolic
phase. We conclude that a metalens with a hybrid phase can
achieve an NA higher than 0.9, while minimizing other
aberrations inside an angular cone <2.5°. Figure 2e shows the
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Figure 3. Optical characteristics of the metalens using the hybrid phase profile. (a) Experimentally measured focal spot and (b) its line profile. (c)
NAs for different angles of incidence. (d) Displacement of the focal spot for different angles of incidence.

intensity distribution in the axial direction. The spot size of the
hybrid phase was much smaller than that of the quadratic
phase, even in the axial direction, which is useful for
constructing focal spots in the axial direction.
Implementation of a Single-Focus Metalens with a
Hybrid Phase. To verify the hybrid phase of r, = 18 ym, a
single-focus metalens with a focal length of f = 20 ym and a
diameter of D = 160 um was fabricated on 503 nm-thick
crystalline silicon on 460 um-thick sapphire, as described in the
Methods section. The metalens consisted of cylindrical
nanopillars arranged on a subwavelength square lattice with a
periodicity of 200 nm to satisfy the Nyquist—Shannon
sampling criterion. The transmittance and phase delay
imparted by the nanopillars were retrieved by using rigorous
coupled-wave analysis, as shown in Figure 1b. We chose a
diameter range of 60—110 nm to achieve full 2z phase
coverage with a high transmission. The hybrid phase profile is
wrapped to [0, 2] (i.e, modulo 27) and is matched to the
phase of nanopillar as closely as possible. Since rigorous
coupled-wave analysis works with the assumption of a perfectly
periodic array, the undesired effects caused by large phase
gradients for high NA should be investigated. The diffraction
angles of nanopillar arrays with linear phase change along the
x-direction were computed using the finite-difference time-
domain method. The results confirmed that the desired
diffraction is the major portion of the diffracted field
(Supplementary Figure 6). The fabricated metalens was
characterized using a collimated beam from a 532 nm laser.
The incidence angles were controlled using Galvano mirrors.
The measured focal spots and their line profiles for different
angles of incidence show that the spot shape remains
undistorted inside an angular cone <2.25° (Figure 3a)b).
Figure 3¢ shows the measured NA values at different angles of
incidence. The measured values of NA are 0.97 + 0.01, 0.96 +
0.01, 0.95 =+ 0.02, and 0.93 =+ 0.03, respectively, and the error
bars represent the standard deviation for 5 consecutive
repetitions. Even though the measured NA is slightly smaller
than the designed NA, the values are 0.9 or higher and are
quite tolerant at oblique incidence. Furthermore, we also
fabricated and characterized the single-focus metalenses using
hyperbolic and quadratic phases. Even though the measured
NAs are slightly smaller than the designed NAs, qualitative
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trends are well matched to the simulations (Supplementary
Note 7). Figure 3d shows the measured displacement of the
focal spot, which is consistent with the calculations, indicating
that it has an SR of 2.6 ym. The SR can increase as the size of
the metalens increases. Here, we refer the size of metalens as
the diameter with keeping the ratio of the focal length to the
diameter (Supplementary Figure 10). We also examined the
relationship between an SR and the size of the metalens
(Supplementary Note 8). For a large-diameter metalens, the
region of the quadratic phase should occupy more area than
the hyperbolic phase. Therefore, the fwhm of the focal spot
depends on the diameter of the metalens. Here, we choose the
diameter of 160 um for the smaller fwhm than 250 nm,
corresponding to a NA higher than 1.0, because higher NA
than 1.0 is extremely important in the optical tweezers and
biological applications.

Implementation of a Dual-Focus Metalens with a Hybrid
Phase. In the Gerchberg—Saxton algorithm, the phase
generating two focal spots is assumed to be the superposition
of the phases generating individual spots. We also created a

dual-focus phase by superposing the two-hybrid phase profiles:

Pryyp(r) = arg(ePimn®? 4 o) (4)
where 6 is the constant phase determined to separate the two
spots distinctly, and ¢y, are the phases for the two spots. We
choose a hybrid phase profile of f; = 20 ym and ry; = 20 um
and a hybrid phase profile of f, = 22 ym and ry, = 17.8 um to
have the same f* + 1§ for parallel movements of two spots from
the previous analysis of eq 3. Figure 4a shows the simulated
focusing behaviors of the dual-focus metalens in a plane
containing the optical axis and two focal planes for different
angles of incidence. The positions of the focal planes are
determined at z = 19.9 ym and z = 21.8 um, respectively,
where the peak intensities are local maxima. The calculated
focal spots were virtually undistorted and well separated for
incident angles as high as 2°. The dual-focus metalens was
fabricated using the same process as that for the single-focus
metalens. The optical properties of the dual-focus metalens
were investigated by using the experimental setup in Figure 4b.
The setup was built on a custom-made inverted microscope
with optical components, including a high NA oil immersion
objective lens mounted on a piezo stage to achieve an image
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Figure 4. Optical characteristics of the dual-focus metalens using the hybrid phase profile. (a) Calculated focal spots of the scannable dual-focus
metalens in the xz-plane and the focal planes. The positions of the focal plane are z = 19.9 ym (corresponding to f;) and 21.8 ym (corresponding
to f,), where the peak intensities are local maxima. (b) Experimental setup to characterize the optical properties of the scannable dual-focus
metalens. (c) Measured focal spots of the dual-focus metalens in the xz-plane and focal planes. The positions of the focal plane are Az = 1.4 ym
(corresponding to f;) and 3.2 um (corresponding to f,), where the peak intensity is the local maximum. Even though the intensities decrease, both
focal spots are virtually undistorted for an incident angle of as high as 2°. (d) Line profiles of the focal spots at f; and f,. The displacements of the

experiment are well matched with the simulation results.

along the z-direction (details in the Methods section). Figure
4c shows the measured focusing behavior in a plane containing
the optical axis and two focal planes. The positions of the focal
planes are Az = 1.4 ym (corresponding to f;) and Az = 3.2
um(corresponding to f,), where the peak intensities are the
local maxima for normal incidence. Even though the intensities
of both spots decreased, both focal spots were well separated
for an incident angle as high as 2°. Furthermore, the measured
focal spots in the focal planes were virtually undistorted for
oblique incidences. Figure 4d shows the line profiles of the two
focal spots in the «x-direction. The results are in good
agreement with the simulation, indicating the parallel move-
ment of the two focal spots. The measured focal spots are more
spread out than the calculated results due to the fabrication
error and the point spread function broadening of the imaging
system (Supplementary Note 9). We also examined the dual-
focus metalens with hyperbolic and quadratic phases
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(Supplementary Note 10). From the results of the simulation
and experiment, we confirmed that the hybrid phase is most
adequate for the scannable dual-focus metalens.

Discussion. We designed a hybrid phase consisting of a
hyperbolic phase inside and a quadratic phase outside to
achieve a high NA while minimizing other aberrations. The
hyperbolic phase inside reduces the spherical aberration, and
the quadratic phase outside reduces the off-axis aberrations.
We calculated the focal spots of the hyperbolic, quadratic, and
hybrid phases to compare their optical properties. The focal
spot of the hybrid phase profile was virtually unchanged for an
incident angle as high as 2°, whereas that of the hyperbolic
phase was badly distorted even at 1° incidence. In addition, the
spot size of the hybrid phase was much smaller than that of the
quadratic phase for incoming angles. To verify these results,
single-focus and dual-focus metalenses with a diameter of 160
pum were fabricated on 503 nm-thick crystalline silicon on 460
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um-thick sapphire. In a micrometer SR, the single-focus
metalens achieved a NA >0.9, and the dual-focus metalens
made two focal spots that moved together for oblique
incidence. The metalens with a diameter of 160 gm can
cover an SR of 2.6 ym, which can cover the size of a bacterium,
a representative biological specimen. Note that the SR can
increase as the size of the metalens increases. Our metalenses
have significant applications in tomographic techniques, data
storage, and optical tweezers. Furthermore, our design easily
extends to the case of multifocusing, which would open
unprecedented opportunities for various applications from
imaging to manipulation.

Methods. Metalens Fabrication. Single-focus and dual-
focus metalenses were fabricated on 503 nm-thick crystalline
silicon on 460 pm-thick sapphire. The thickness and refractive
index of the crystalline silicon were measured using a scanning
electron microscope and ellipsometer (Supplementary Figures
16 and 17). The sample was spin-coated with a 150 nm-thick
positive electron beam resist (PMMA), and the pattern was
generated using electron beam lithography. After development,
an electron-beam-evaporated aluminum oxide layer was used
to reverse the generated pattern using a lift-oft process and was
used as a hard mask for dry etching of the underlying
crystalline silicon layer. The dry etching was performed using
an inductively coupled plasma reactive ion etching process.
The aluminum oxide layer was then dissolved in buffered oxide
etchant. Supplementary Figure 18 shows the fabrication flow.

Characterization of Metalens. Figure 4b shows a schematic
of the optical setup. A single-mode laser (4 = 532 nm) was
used to characterize the optical properties of the metalens. A
set of Galvano mirrors was used to control the angle of
incidence. The metalenses were placed in the sample chamber
to create focal spots. The focal spots were measured using a
homemade inverted microscope with a high-NA oil immersion
objective lens (Olympus; Plan APO 100X , NA = 1.4)
mounted on a 1D piezo scanning stage (Figure 4b). By
scanning along the optical axis, the 3D images of the focal
spots were reconstructed. See the Supplementary Figure 19 for
more details on the experimental setup.
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