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An RGB-Achromatic Aplanatic Metalens

Junhao Li, Wenwei Liu, Haofei Xu, Zhaorui Huang, Jian Wang, Jing Wen, Jia Yang,
Jianguo Guan, Shuming Wang, Andrea Alii, Zhang-Kai Zhou,* Shugi Chen,*

and Lin Chen*

Optical metalenses offer a compact approach for the development of
nanoscale optical devices with various imaging functionalities. Realizing
high-quality images using metalenses with large numerical aperture (NA)
requires eliminating unwanted optical aberrations. Existing strategies have
largely focused only on correcting chromatic aberrations, and a metalens
capable of simultaneously correcting chromatic and spherical aberrations has
not yet been developed. Here, this issue is addresed by realizing an aplanatic
phase profile for a red—green-blue (RGB) achromatic metalens, thereby
demonstrating an RGB-achromatic aplanatic metalens. This device consists of
crystalline silicon nanostructures and it enables RGB-achromatic aplanatic
focusing with an NA of 0.635. The focal length of metalens remains
unchanged at the three RGB wavelengths, whereas the associated focal spots
are significantly smaller than those of an RGB-achromatic metalens with
spherical aberrations. An enhanced RGB imaging resolution is demonstrated,
offering exciting opportunities to power up various imaging and display

1. Introduction

Optical lenses are widely used in imag-
ing tools such as cameras, binoculars,
and telescopes. The numerical aperture
(NA) of an optical lens is a key figure
of merit for its imaging operation that is
important both for achieving high imag-
ing resolution and for maximizing light
collection. The main challenge in the
lens design is arranging a phase profile
that achieves a high NA while elimi-
nating optical aberrations, such as chro-
matic and spherical aberrations. A single
high-NA glass lens cannot simultane-
ously correct chromatic and monochro-
matic aberrations, which makes it nec-
essary to precisely align several lenses
to remove optical aberrations in tradi-

applications using flat metalenses.

tional imaging systems. However, the re-
sulting systems are bulky, expensive, and
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complex to operate, significantly limiting their application in
portable and wearable devices. Metasurfaces have provided a
new platform for the extreme control of light waves; thus, they
are promising for the development of various ultrathin optical
elements for applications such as lenses, holography systems,
polarimeters, polarization elements, retroreflectors, and optical
imaging encoding.!'-14

As one of the most important classes of metasurfaces, met-
alenses hold great promise for color imaging and display ap-
plications but face significant challenges for practical applica-
tions. A monochromatic metalens can achieve a high NA, with
imaging performance comparable to state-of-the-art commercial
objectives.['] However, arranging a phase profile that achieves a
high NA metalens while eliminating other optical aberrations is
challenging, /%151l and most designs are limited to a single wave-
length or narrow wavelength range, limiting applications for full-
color imaging. Considerable attention has recently been paid to
the realization of achromatic metalenses over a wide continuous
wavelength range by engineering the waveguide modes (or reso-
nant modes) of meta-atoms to compensate for the natural disper-
sion that induces chromatic aberrations.['’2!l The associated NA
and working bandwidth are restricted by the limited group delay
achievable with meta-atoms, and the reported achromatic met-
alenses spanning the entire visible region suffer from a limited
NA. In parallel with these advances, several studies have been de-
voted to multiwavelength achromatic metalenses that can elimi-
nate chromatic aberrations at several discrete wavelengths.[22-%]

In addition to chromatic aberration correction, minimizing
monochromatic aberrations such as spherical aberrations is cru-
cial for high-quality imaging with high NA metalenses.[26-%]
Spherical aberrations reduce focal strength which in turn under-
mines both image resolution and clarity. A single high NA metal-
ens that can simultaneously correct chromatic and spherical aber-
rations is a significant challenge for metalens design and has not
been achieved to date. In this study, we introduce an aplanatic
phase profile for a red—green—blue (RGB) achromatic metalens,
thereby achieving a high NA RGB-achromatic aplanatic metal-
ens. Low-loss crystalline silicon (c-Si) nanostructures are used as
building blocks to introduce the required phase profile at RGB
wavelengths, ensuring a consistent focal spot for full-color im-
ages, and simultaneously correcting spherical aberrations. The
focal length of our metalenses with an NA of 0.635 is preserved
over a continuous wavelength region from 490 to 720 nm, while
the associated focal spots are significantly smaller than those
of an RGB-achromatic metalens with spherical aberrations. We
demonstrate that the imaging performance of the proposed met-
alens is superior to the one of RGB-achromatic counterparts with-
out spherical aberration correction.

2. Results

2.1. Design Principles

Generally, an RGB-achromatic metalens focuses incoming light

waves of three RGB wavelengths at normal incidence (Figure 1a)
[22.2430]

imparting a hyperbolical phase profile:

o =Z(F- VP 1) (1)

J
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where J; is the light wavelength in free space (j=1,2,3), F is

the focal length, and r = /x? + y? is the distance from an arbi-
trary position (x, y) on the metalens to the center. The metalens
has a diameter D, with associated NA = —=—. However, such

V4F2+D?

a metalens cannot accurately converge spherical waves emitted
by a point source because spherical aberration is not corrected
(Figure 1b). Here, we correct spherical aberrations at three RGB
wavelengths for an RGB-achromatic metalens, as schematically
shown in Figure 1c,d. According to the generalized Snell’s law,
the aplanatic phase profile is given by

de;(r) 2
dJr = —%(Sin 0; +n sin6,) (2)
j
where sin 0, = ——, sinf, = —2—, s’ is the image distance, n
3 = 2 v g s

is the refractive index of the substrate, and  is the thickness of
the substrate. According to Snell’s law, we have sin 0, = n,sin6,,
where sin9, = ——,sinf, = —2—,r, +r, =r,andl, =s—t
1 ’_r]z+lf 2 ,_f§+t§ 1T1h 1 s
r—r

(sis the object distance), and r, is related to r with ———=——= =
(r=r3)*+(s=t,)?

% Consequently, all variables in Equation (2) are related to
i

r and, hence, ¢;(r) can be retrieved once r is given. By applying
this aplanatic phase profile to an RGB-achromatic metalens, we
can achieve a high NA RGB-achromatic aplanatic metalens, in
which the scattered light from a point source, associated with
a broad incidence angle, can be focused onto one focal spot be-
cause of spherical aberration correction. This aplanatic metalens
is expected to be superior to nonaplanatic metalenses in terms of
imaging resolution and clarity.

The three operation wavelengths for our RGB metalens
are set to 4, = 490nm, 4, = 570nm, and A; = 700nm to cover
the RGB channels. The phase profiles for an RGB-achromatic
aplanatic metalens and RGB-achromatic nonaplanatic metalens
are tailored based on Equations (1) and (2), respectively, and are
shown in Figure Sla—f in Note S1 (Supporting Information).
The two metalenses have the same NA of 0.635, associated with
s =700 pm, s = 1000 pm and F = 365 pm. The SiO, substrate
has a thickness t, = 400 pm and a refractive index of 1.455. Their
phase difference is almost 0 in the paraxial region and gradually
increases when deviating from the optical axis (Figure Slg—i
in Note S1, Supporting Information). In other words, spherical
aberrations are negligible for a metalens with a small NA but they
cause nonnegligible problems to the imaging performance for a
metalens with a large NA. To construct an RGB-achromatic apla-
natic metalens, the meta-atoms should satisfy the desired phase
distribution (Figure S1d—f, Supporting Information) at all three
RGB wavelengths. The transmission phase can be folded into
the 0-2z range by adding an integer multiple of 2z. Considering
that the proposed metalens comprise numerous of meta-atoms,
we should have sufficient degrees of freedom to realize an
arbitrary combination of RGB phases, for example, covering the
full 2z x 27 x 2z phase space. c-Si has been demonstrated to be
a good platform for developing high-performance meta-devices
in the visible region owing to its high refractive index and
acceptable intrinsic loss.[1%31734] Here, meta-atoms belonging to
the C2-symmetry group are considered in the metalens design,
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Figure 1. RGB-achromatic aplanatic metalens. a,b) Schematic of an RGB-achromatic nonaplanatic metalens under normal incidence of plane waves
a) and spherical waves emitted by a point source b). ¢,d) Schematic of an RGB-achromatic nonaplanatic metalens under normal incidence of plane
waves c¢) and spherical waves emitted by a point source d). e) Schematic of the unit cells. The left column is the schematic of the metasurface units,
middle column is the top view, and right column is the corresponding mark in (f). f) Phases realized by the metasurface units (folded into 0-2x). Each
point corresponds to a specific metasurface unit. Each unit consists of a ¢-Si nanopillar with a thickness of 600 nm on a semi-infinite SiO, substrate.
The permittivities of Si and SiO, are from the Palik model.[3”] All the simulations are conducted by FDTD using commercial software Lumerical FDTD
Solutions.

consisting of a 600 nm-thick c¢-Si nanostructure on a SiO,
substrate, and including four types of cross-sections (circle,
ring, and their complementary graphics, Figure 1le). The lattice
constants in the x- and y-directions are set at p = 400nm, close to
the value predicted by Nyquist sampling theorem (p < ﬁ) for
the minimum operating wavelength,?! to minimize higzh-order
diffraction phenomena. The 3D phase distribution of the c-Si
meta-atom units clearly indicates that the provided transmission

phase can completely fill the 2z X 2z X 27 phase space (Figure 1f).
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In addition to the transmission phase, the focusing efficiencies
of the three RGB channels are considered in the metalens design.
Specifically, the weighted mean square error (WMSE) of complex
transmission coefficients at an arbitrary point at a distance r from
the metalens center is defined as

WMSE(r) = (3)
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where t,(r) = exp[ig;(r)] and b=t exp(i(pl?‘) are the theoretical
complex transmission coefficient from Equation (3) and the com-
plex transmission coeflicient realized by the c-Si meta-atoms, re-
spectively. (p}’,‘ is the phase shift caused by a c-Si meta-atom, and g
represents the weighting coefficients used to adjust the focusing
efficiency at different wavelengths. Considering that c-Si has the
largest absorption loss at blue wavelengths, we used 4, = 0.5 and
a, = a; = 0.25 to increase the focusing efficiency at 490 nm in
our design. The WMSE of the meta-atom at (x, y) (r = v/x2 + y?)
can be retrieved using by Equations (2) and (3), and the meta-
atom with the minimum WMSE is selected (see Figure S2 in
Note S1, Supporting Information for the optimized transmission
phase and amplitude distributions imposed by c-Si meta-atoms).

Numerical simulations based on Fresnel diffraction are per-
formed to evaluate the performance of the aplanatic metalens
with an ideal phase distribution (see Figure S3 in Note S2, Sup-
porting Information). Compared with the nonaplanatic metalens
with the same NA, the focal spot of the aplanatic metalens has a
larger peak intensity and a smaller full width at half-maximum
(FWHM), even if the object to be imaged deviates laterally from
the optical axis or longitudinally from the ideal object distance
along the optical axis. We also apply Lumerical FDTD Solutions to
further verify the performance of the aplanatic metalens. Because
the computational simulation with a metalens of NA = 0.635
(D = 600 um) is beyond the memory limit for this software, we
used a metalens with a lower NA in the simulation. Under nor-
mal incidence, both the RGB-achromatic aplanatic and nonapla-
natic metalenses achieve achromatic focusing at ~#490, 570, and
700 nm, while the nonaplanatic chromatic metalens shows a fo-
cusing effect only ~570 nm (see Figure S4 in Note S3, Supporting
Information). Here, we have defined the focusing efficiency as
the energy in three times the FWHM area divided by the energy
of the incident light.®! The simulated focusing efficiencies for
the RGB-achromatic aplanatic metalens are 1.58%, 2.99%, and
4.66% at 490, 570, and 700 nm, respectively.

Our proposed RGB-achromatic aplanatic metalens not only fo-
cuses incoming light waves with normal incidence onto a single
spot but also enable a much smaller and stronger spot size arising
from corrected spherical aberration benefitting high-resolution
images. To evaluate the degree of spherical aberration, a point
source located at the optical axis is used to illuminate the RGB-
achromatic aplanatic and nonaplanatic metalens in the simula-
tion. The spherical aberration is defined as As/s’, where As rep-
resents the longitudinal FWHM of the point image.[**] A smaller
As/s indicates smaller spherical aberration, associated with bet-
ter imaging quality. Our simulation results show that, for the
RGB-achromatic aplanatic metalens, As/s’ is much smaller than
that of RGB-achromatic nonaplanatic metalens for all three wave-
lengths (see Figure S5 in Note S3, Supporting Information). Four
point sources located at the four corners of a 1 ym X 1 um
square centered along the optical axis (r = 0) are considered as
the object to be imaged. The RGB-achromatic aplanatic metal-
ens show the best imaging performance, as the four associated
image spots at all three wavelengths can be clearly distinguished
(see Figure S6a—c in Note S3, Supporting Information). The
image spots with the RGB-achromatic nonaplanatic metalens
(Figure S6d-f, Supporting Information) and the chromatic non-
aplanatic metalens (Figure S6g—i, Supporting Information) can
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be distinguished only at 490 and 570 nm, respectively. For RGB-
achromatic aplanatic metalenses with the same object distance
but different image distances, the distance between the adjacent
image points increases with the image distance (see Figure S7
in Note S3, Supporting Information). For different combinations
of object and image distances, the image spots are always distin-
guishable, and the metalenses are always achromatic.

2.2. RGB-Achromatic Aplanatic Focusing and Imaging

An optical image of the fabricated metalens with NA = 0.635
is shown in Figure 2a, and a magnified scanning electron mi-
croscopy (SEM) image is shown in Figure 2b-c. Further de-
tails regarding the fabrication and optical measurements are pro-
vided in Note S4 (Supporting Information). The measured focal
lengths are 365, 369, and 365 um at 490, 570, and 700 nm, re-
spectively, and undergo a rather low relative shift (~1%), indi-
cating that the chromatic aberration at three RGB colors is well
corrected (upper panels in Figure 3a,c,e). The metalens can also
bring light at 530 and 630 nm to the brightest spots that have less
than 10.7% focusing length deviation in comparison with those
RGB wavelengths (upper panels in Figure 3b,d,f). The FWHM of
the associated focal spots is slightly larger than the diffraction-
limited spot size (lower panels of Figure 3a—e,g). This is mainly
owing to the difference between the theoretical phase distribu-
tions extracted from Equation (1) (Figure S1, Supporting Infor-
mation) and the phase distributions enabled by the metasurface
units (Figure S2 a—c, Supporting Information). The extracted fo-
cusing efficiencies are 1.52%, 2.70%, and 6.54% at 490, 570, and
700 nm, respectively. The focusing efficiency can be enhanced
by using low-loss dielectric materials, such as TiO,, as dielectric
metasurfaces.

To reveal the practical use for optical imaging, we also fabri-
cated an RGB-achromatic nonaplanatic metalens with the same
NA and focal length as our RGB-achromatic aplanatic metal-
ens, and compared their focusing and imaging performance. The
measured focusing performance demonstrates the achromatic
focusing effect because the focusing spots are all diffraction-
limited under normal incidence (see Figure S10 in Note S5, Sup-
porting Information). This RGB-achromatic nonaplanatic met-
alens has a focusing spot size comparable to that of the RGB-
achromatic aplanatic metalens under normal incidence; however,
the associated focusing effect deteriorates as the metalens is illu-
minated with a point source, corresponding to a broad incidence
angle (see Figure S11 in Note S5, Supporting Information). For a
practical image with a nonaplanatic metalens, the different rays
scattered by the imaging targets do not converge into one focal
point after the nonaplanatic metalens, deteriorating the image
quality. Wide-spectrum white light from a lamp is filtered using
bandpass filters to introduce RGB channels (centered at 490, 570,
and 700 nm, with a bandwidth of ~20 nm) to characterize the
monochromatic imaging performance. First, the negative 1951
United States Air Force resolution test chart is used as the imag-
ing target to evaluate imaging resolution. Figure 4a—f shows a
comparison between the imaging results for the RGB-achromatic
aplanatic and nonaplanatic metalenses, clearly indicating that the
resolution of our aplanatic metalens is much better than that of
the nonaplanatic metalens. This can be attributed to the fact that
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(@)

Figure 2. Photos of the fabricated RGB-achromatic aplanatic metalens with NA = 0.635. a) Optical image. b,c) Zoomed-in SEM images bounded by the
red b) and green c) rectangles, respectively, in (a).
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Figure 3. Measured focusing performance of the RGB-achromatic aplanatic metalens. a—e) Light intensity distributions in the x-z plane under a normal
incidence at 490, 530, 570, 630, and 700 nm and their corresponding focusing intensity profiles along the dashed lines. f,g) Measured focal length f)
and FWHM g) as a function of the incident wavelength.
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Figure 4. Imaging performance of the RGB-achromatic aplanatic and nonaplanatic metalens. a—f) Images of the seventh group in the negative 1951
United States Air Force resolution test chart with the RGB-achromatic aplanatic metalens a—c) and RGB-achromatic nonaplanatic metalens d-f) at
490, 570, and 700 nm, respectively. g—I) Images by the RGB-aplanatic achromatic metalens g—i) and RGB-achromatic nonaplanatic metalens j-I) with a
bandpass filter centered at 490, 570, and 700 nm, respectively. m) Optical microscope image of the target object under wide-spectrum white light from a
lamp. n,0) Captured image under white illumination with 25:2:5 RGB mixing ratio with the RGB-achromatic aplanatic metalens n) and RGB-achromatic

nonaplanatic metalens o).

the aplanatic lens is able to focus the scattered light from the test
chart, associated with a broad incidence angle, onto smaller focal
spots owing to spherical aberration correction. Our metalens can
even distinguish the narrowest line features on the chart, that
is, #2.19 um line width in element no. 6 from group no. 7, at
all three RGB channels. In contrast, the images taken with the
RGB-achromatic nonaplanatic metalens appear rather fuzzy in
the same imaging region and, hence, a linewidth of ~2.19 ym
is indistinguishable. Our measurement shows that the imaging
resolution for the nonaplanatic metalens is beyond 7.81 pm at
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all three RGB channels, associated with the linewidth in element
no. 1 from group no. 6.

A bee made of a thin Cr film using the laser direct writing
method was used to demonstrate RGB imaging. A clear RGB im-
age is obtained on the imaging plane using our RGB-achromatic
aplanatic metalens (Figure 4g—i). In contrast, we obtain a much
worse quality image with our nonaplanatic metalens due to the
lack of spherical aberration correction (Figure 4j-1). The white
image of our metalens, as shown in Figure 4n can well replicate
the original optical microscopy image, as shown in Figure 4m,

© 2024 Wiley-VCH GmbH
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which is attributed to excellent RGB-chromatic and spherical
aberration correction. The image captured by the nonaplanatic
metalens does not reproduce the original white image well due
to the lack of spherical aberration correction (Figure 40). We have
employed different exposure parameters of the CCD to extract
the images for the RGB-achromatic aplanatic and nonaplanatic
metalenses, resulting in different brightness for the images. Us-
ing our metalens, we can also implement practical color imag-
ing for colorful slides under white-light illumination. The color
slides, fabricated with color printing on highly transparent plas-
tic boards, are illuminated without bandpass filters, as shown
in Figure S9b (Supporting Information). The color slide com-
prises three primary colors (that is, RGB) and white. The color
images are consistent with the original images (see Figure S12
in Note S5, Supporting Information). Notably, the slight color de-
viation mainly owing to the relatively low intensity of the blue
channel. This can be further improved by adjusting the intensity
ratios of the three RGB channels. A detailed summary of the op-
tical imaging properties of the existing metalenses is provided in
Table S1 in Note S5 (Supporting Information), which suggests no
metalens has been reported with both high NA and correction of
chromatic and spherical aberrations, highlighting the novelty of
our findings. It is also worth emphasizing that, the NA of our
RGB-achromatic aplanatic metalens is determined by the diame-
ter and focal length, but it is not limited by the c-Si nanostruc-
tures and the design principle for correcting spherical aberra-
tions. From the viewpoint of imaging quality,a better option is to
enlarge the NA using a larger metalens, while keeping the focal
length unchanged. However, fabricating larger metalens will in-
crease the experimental difficulty and complexity of the electron
beam lithography (EBL) process.

3. Conclusion

In summary, we have demonstrated an RGB-achromatic apla-
natic metalens with high NA using c¢-Si nanostructures to in-
troduce the required aplanatic phase profile. The focal length of
our metalenses remains almost unchanged over a continuous
wavelength region from 490 to 720 nm, while the associated fo-
cal spots are significantly smaller than those of RGB-achromatic
metalens with spherical aberrations. The metalens can focus a
continuous wavelength region from 490 to 720 nm into the same
plane, whereas the associated focal spots are significantly smaller
than those of RGB-achromatic metalens with spherical aberra-
tion. We demonstrated RGB-color imaging performance in trans-
mission mode, with imaging resolution superior to that of a non-
aplanatic metalens. Our results suggest a promising avenue for
the design of metalens with a large NA while eliminating all opti-
cal aberrations. These RGB-achromatic aplanatic metalenses can
be used in many relevant applications, such as high-resolution
microscopic imaging, color imaging, and displays.

4. Experimental Section

Fabrication: The sample fabrication process of the metalens with
NA = 0.635 starts with the deposition of silica film on an SOI wafer us-
ing inductively coupled plasma chemical vapor deposition (ICP-CVD), fol-
lowed by spin—coating of the adhesive NOA61. Afterward, the SOI wafer
with silica and NOA61, was bonded with a fused SiO2 substrate. After ex-
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posing with UV light for 4 h and baking at 50 °C for 3 days, the silicon sub-
strate was removed with polishing and deep reactive ion etching (DRIE),
the SiO2 box layer is removed with HF acid, and the c-Si layer is reduced
to 600 nm with ICP. Finally, the EBL process and ICP etching were used to
obtain the patterned c—Si metalens (More fabrication details can be found
in Figure S8 of Note S4, Supporting Information).

Measurements: Measurement setup for focusing (Figure S9a of
Note S4, Supporting Information). The light from a tunable laser (NKT-
SuperK EXTREME) was collected by O1 (objective 1, Sigmakoki EPL-5, 5x,
NA = 0.13) and focused by the metalens. The light field was photographed
by O2 (objective 2, Sigmakoki EPLE-50, 50, NA = 0.55), TL (tube lens,
Thorlabs, 1TL200), and the CCD camera (Hamamatsu, C13440-20CU), all
of which were mounted on the same displacement platform to scan dif-
ferent planes.

Measurement setup for resolution evaluation (Figure S9b of Note S4,
Supporting Information). Wide-spectrum white light from a lamp (Thor-
labs, SLS401) was filtered by a band-pass filter (Shenzhen NMOT,
BP490/BP570/BP700, centered at 490, 570, and 700 nm, respectively,
bandwidth of #20 nm) to characterize the monochromatic imaging perfor-
mance. The incident light passed through a diffuser to reduce the speck-
les, and was then collected by O1 to illuminate the resolution chart (the
negative 1951 United States Air Force resolution test chart). The image of
the metalens was finally photographed by O2, TL, and the CCD camera
(monochromatic imaging: Hamamatsu, C13440-20CU).

Measurement setup for imaging (Figure S9c of Note S4, Supporting
Information). The incident light passed through a diffuser to reduce the
speckles, and was then collected by O1 to illuminate the slide. For the mea-
surement of color imaging, the filter was removed. The slide for monochro-
matic imaging was a bee made of a thin Cr film with the laser direct writ-
ing method, and the slide for color imaging was fabricated with color
printing on highly transparent plastic boards. The image of the slide was
zoomed by O3 (objective 3, Sigmakoki EPL-10, 10x, NA = 0.3) to work
as the object, which was further imaged by the metalens. The image of
the metalens was finally photographed by O2, TL, and the CCD cam-
era (monochromatic imaging: Hamamatsu, C13440-20CU; color imaging:
Thorlabs, DCU224C).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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