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A Holographic Broadband Achromatic Metalens
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Metalens with nanostructured optical elements are designed to control
wavefront shaping at the wavelength-scale thickness. However, most
metalens still suffer from large chromatic aberrations due to phase
dispersion, limiting their wide applications for multiple wavelengths. Here,
avoiding complex resonant designs or multiple-layer nanostructures, a simple
broadband achromatic metalens by holographic diffraction in the visible
spectrum is demonstrated. The hyperbolic phase distributions of multiple
discrete wavelengths within a shared aperture and fabricate a broadband
achromatic diffractive metalens by flexible direct-laser-writing technique is
randomly interleaved. The designed polarization-insensitive metalens
modulate the light field by changing the height of the artificial neuron phase
units to achieve average focusing efficiencies of 55% in the visible spectrum.
This holographic design concept can pave the way to expand achromatic

in contrast to the trend toward minia-
turization of modern optical systems.
In addition, the misalignment between
different devices in manufacturing se-
riously affects the performance of inte-
grated optics.[®!

Metalens, a new class of planar op-
tics lens, reshapes electromagnetic waves
by using artificial subwavelength meta-
atoms,*!l providing a compact design
platform for functional lenses.['>7] Very
recently, the chromatic aberration of met-
alenses has been successfully tackled
by customizing waveguide-like resonant
modes,'#1 and calculating the group
delay.2021] Nevertheless, their practical

metalenses to multiple spectra.

1. Introduction

Optical lenses, indispensable components in optical systems, are
typically limited by the chromatic aberration caused by the dis-
persion for wide bandwidths.["?] In terms of traditional refrac-
tive imaging lenses, the spatial distribution of the constructed
dielectric material refractive index determines the deflection of
the incident light. Since the refractive index of the dielectric
material is related to the wavelength, the behavior of focus in-
evitably shows “positive dispersion.” Generally, the method of
reducing chromatic aberration is distinct dispersion comple-
mentation, including the achromatic doublet (triplet) of differ-
ent glass-based materials®* and the hybrid diffractive-refractive
achromatic lens.’~”1 However, the multi-component design con-
sequentially makes the optical device bulky and heavy, which is
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wide applications are still limited mainly

due to the relatively low efficiency and

polarization sensitivity.[??] Although it is

possible to improve the efficiency of
metalens by using silicon and low-loss dielectric materials,[?324]
complex meta-atoms are highly required for manufacturing,
such as high aspect ratio etching and multi-step operation.!?>2]
Meanwhile, polarization insensitivity can be achieved by using
cylindrical meta-atoms and inverse design.[?”?8] However, it of-
ten has low focusing efficiency and is limited by intrinsic material
loss above the bandgap, which is difficult to extend to multispec-
tral windows.[?!] Intriguingly, holographic metasurfaces can flexi-
bly control complex light fields with high precision,[?>% and have
been extensively implemented in dispersive engineering such as
spectrometers!' and full-color display.l*'-33] Moreover, hologra-
phy has the characteristic of redundancy, showing almost perfect
reconstructed optical fields by fragments of holograms. In princi-
ple, holography is possible to make a hologram for any operating
spectral range.

Three-dimensional (3D) two-photon nanolithography is an im-
portant technology for the manufacturing of 3D structures,**-3¢]
which allows fast and flexible fabrication of micro- and nano-
optical elements at nearly 100 nm resolution,3”3#] even complex
multilayer broadband diffraction optical elements*#l and high
aspect-ratio holographic elements.*!l In addition, the through-
put of two-photon lithography can be significantly improved
by adopting the multifocal strategy!***}] and varying focusing
conditions.[*! Thus, 3D two-photon nanolithography can fabri-
cate meta-atoms of any shape flexibly and efficiently and makes
the stacking of multiple layers easy. More importantly, polymer-
friendly 3D two-photon nanolithography avoids the intrinsic op-
tical loss in the constituent materials of metalenses, which is
considered to be the key factor hindering metalenses from work-
ing on multiple spectral ranges. Recently, 3D-printed achromatic
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Figure 1. Concept of the randomly interleaved holographic broadband diffractive metalens. a) The process of random sampling and multiplexing of
the hyperbolic phase in the diffractive plane. We can think of the abovementioned three wavelengths as discrete RGB channels whose control allows
one to change the chromaticity in an optical system. pg, ps, and pg are the probabilities of selecting the hyperbolic phase of each wavelength. b)
Focusing performance of traditional Fresnel diffractive lens under white light irradiation. Focus dispersion shows negative dispersion characteristics. c)
Focusing performance of the randomly interleaved broadband diffractive lens under white light irradiation. Through the spatial multiplexing scheme, an
apochromatic diffractive metalens is designed to maintain the same focal length for several discrete wavelengths. Inset shows the schematic diagram

of the artificial neuron phase unit, where E;, is the incident light field, and E, is the transmitted light field.

metalenses, exploiting the height as another degree of freedom,
have been successfully applied to near-infrared operation.[*>=’]
However, these works are subject to the principle of design
and polarization conversion efficiency, and do not exhibit high-
efficiency achromatic performance in the visible spectrum. A
low-cost and universal holographic design method for achro-
matic 3D-printed metalenses that is insensitive to polarized light
and has high efficiency remains unseen in the visible spectrum.

Here, we propose a holographic broadband diffractive met-
alens by randomly interleaved artificial neuron phase units.[*8
By randomly interleaving hyperbolic phases of multiple distinct
wavelengths, the point spread function (PSF) of the diffractive
lens is balanced at multiple wavelengths within a single shared
aperture without reducing the numerical aperture of each
subelement.***% In contrast to most metalenses, the randomly
interleaved lens (RIL) can be fabricated in low refractive in-
dex materials, which provides advantageous access to free-form
structures using femtosecond direct laser writing instead of mul-
tilevel or grayscale lithography and etching processes. Hence,
relaxing feature height constraints (height of RIL x1.5 um)
provides additional degrees of freedom such that RIL can simul-
taneously reduce chromatic aberration (bandwidth ~210 nm),
improve focusing efficiency (average focusing efficiency ~55%),
and preserve polarization insensitivity. In addition, the holo-
graphic design concept provides a new and general method
for achromatic metalens in multiple spectra. These highlights
are manifested clearly in Table S1 (Supporting Information),
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which sums up the representative breakthroughs with seven
key parameters: manufacture, spectrum range, polarization
response, aperture, efficiency, number of layers, and materials.

2. Results and Discussion

2.1. Concept of the Randomly Interleaved Holographic
Broadband Metalens

Figure 1 illustrates the construction process of a randomly inter-
leaved diffractive lens to achieve broadband performance within
a shared aperture. As shown in (i) of Figure 1a, the phase distri-
butions of Fresnel diffractive lenses are designed with the same
focal length for different wavelengths. The spatially hyperbolic
phase profile ¢; of each Fresnel diffractive lens is given by

0.0 =22 (f = V7+T7) U

where f is the focal length and r is the radial coordinate. 4,,,, ,
Ariddie » Amax COrrespond to Fresnel diffractive lenses designed for
monochromatic illumination at 400, 590, and 750 nm, respec-
tively, which are referred to as the blue (B), green (G), and red
(R) channels. The three channels show dramatic chromatic focal
dependence, as shown by the ray tracing in Figure 1b. Fresnel
diffractive lens operates by means of interference of light trans-
mitted through a phase mask, where the dispersion characteristic
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Figure 2. Numerical simulation of the holographic achromatic metalens. a) Hyperbolic phase distribution at the wavelength of 590 nm. b) Sampling
mesh of the entire diffractive surface. c) The light intensity along the y direction of the focal plane as a function of the number of pixels in the diffraction
plane. The gray dashed line indicates the number of selected pixels N = 80. d—f) The optical field distribution for hyperbolic phases at operating
wavelengths of 400 nm (d), 590 nm (e), and 750 nm (f), respectively. g—i) The corresponding optical field at operating wavelengths of 400 nm (g),

590 nm (h), and 750 nm (i) after random sampling.

is inversely proportional to the focal length, that is, the larger the
wavelength, the smaller the focal length. In order to balance the
PSF of the diffractive lens at multiple wavelengths, we employ
a multiplexing approach to generate a three-channel diffraction
hologram. In (ii) of Figure 1a, the random sampling is shown
in which the subapertures have sizes of N X N pixels, and the
three probabilities are equal ( py = pc = pg )- Additionally, we can
change the weight of each channel by varying the probabilities
( Ps> P> Pr ) With pg + pe + pr = 1. These pixels fit together to
form a single, multiwavelength holographic lens that fills the en-
tire surface area, as shown in (iii) of Figure 1a. The randomly in-
terleaved holographic lens exhibits wavelength-independent fo-
cusing characteristics (Figure 1c). It is worth mentioning that
the chromaticity of the RIL focus can be determined by the prob-
abilities of the RGB channels. Meanwhile, the randomly inter-
leaved multiplexing of a single pixel can make the pixel distribu-
tion more uniform to decrease the sidelobe in the focusing plane
caused by conventional ring multiplexing.>!]

2.2. Principle and Design of the Randomly Interleaved
Holographic Broadband Metalens

The number of pixels (N) of the diffraction aperture deter-
mines the focusing performance of the holographic metalens.
As a proof of the concept, we selected channel G for mesh-
ing (Figure 2a,b). The focal intensity distribution along the y di-
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rection was different after meshing with different N values, as
shown in Figure 2c. As the number of pixels increased, the focus
got close to the diffraction limit. Weighing the focusing ability
against sample fabrication, N = 80 (gray dashed line) was chosen
as the number of pixels of the diffraction aperture for random
sampling. Subsequently, by presetting the focal length f= 60 um
for the hyperbolic phases of RGB channels, the axial light field
of each channel was numerically calculated (Figure 2d-f). In
terms of random sampling, changing the probabilities of the
three channels to py : p. @ pr = 1:1.5:1, the axial light fields of the
three sets of sampled subapertures were shown in Figure 2g—i.
The focal positions were basically unchanged after sampling due
to the property that the partial hologram can reproduce the whole
information. Taking the three sets of subapertures together, we
obtained the phase profile of the holographic metalens. The PSF
of the randomly interleaved holographic metalens with the sam-
pling ratio of 1:1.5:1 can be balanced in a certain wavelength
range (Figure S1, Supporting Information). In addition, the chro-
maticity of the metalens can be adjusted by changing the sam-
pling ratio (Figure S2, Supporting Information).

We consider constructing a square polymer column with a low
refractive index (n = 1.5) of wide W and height H as the artifi-
cial neuron phase unit, arranged in a L X L square lattice. Each
lattice operates as an element where its effective refractive index,
n5(W), can be modified by adjusting the square polymer column
width W. When a square polymer column fills the entire unit
cell (W = L), the effective refractive index attains its maximum
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value equal to the bulk refractive index n, as shown in the inset
of Figure 1c. The relationship between the transmitted light field
and the incident light field is expressed according to Equation (2):

E, = ng HE, )

and light traveling through an artificial phase unit accumulates a
phase shift ¢

27meﬁH
A

®= ©)
Thus, the phase shift difference Ag between the artificial
phase units is given by

pp=2et U 1) (g = 1) )
A

We fixed the width (W = 400 nm) of the artificial neuron
phase unit and changed the height H to achieve the desired
phase profiles, where the maximum height modulation corre-
sponded to a phase delay of 2z—one of the basic principles of
diffractive optics. Considering the effects of interactions between
neuronal units on light field modulation, we numerically simu-
lated the phase shift and transmission amplitude as a function of
height in visible light with periodic boundary conditions based on
the commercial finite-difference time-domain algorithm, respec-
tively (Figure S3, Supporting Information). The transmittance of
the artificial neuron unit in the visible light spectrum was more
than 929, which indicated that the transmission loss of the poly-
mer material to the incident light is low. In terms of phase shift,
the phase shifts of the three channels used for designing the RIL
almost covered 0-2x, respectively, which satisfied Equation (3).
Furthermore, increasing the height of the polymer artificial
phase unit can extend it to the near-infrared spectrum, which ver-
ifies the universality in multiple spectra of the proposed design
principle (Figure S4, Supporting Information). It is worth noting
that the loss of materials and size limitation of typical achromatic
metalenses make it difficult to expand to multiple spectral ranges.

After completing the mapping between the geometric dimen-
sion and the phase shift of the artificial phase unit, we can trans-
form the phase profiles of the three channels into geometric
height (Figure S5, Supporting Information). According to Equa-
tion (1) and (4), the height ranges corresponding to the three
channels were rounded as 0-800, 0-1200, and 0-1500 nm. Subse-
quently, the height modules of the three channels were randomly
interleaved in the same aperture to form the height profiles of the
RIL as shown in Figure S5 (Supporting Information). Addition-
ally, each pixel of the height profiles corresponds to an artificial
phase unit with the width W = 400 nm.

2.3. Fabrication and Characterization of the Randomly
Interleaved Holographic Broadband Metalens

The RIL was fabricated by femtosecond laser layer-by-layer writ-
ing, and the in-layer fabrication process was controlled by an XY
scanning unit while the step between two layers was realized by a
nano-positioning stage (Figure S6, Supporting Information). The
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optimal fabrication parameter was 5.9 mW laser power at 1 ms
exposure time, and the point spacing in the x and y directions
was 200 nm (Figure S7, Supporting Information). Figure 3a il-
lustrates scanning electron microscope (SEM) images of the pro-
posed randomly interleaved diffractive lens with a diameter of
32 um. To improve the adhesion force of the structure to the silica
substrate and avoid the destruction of the integrity of the struc-
ture during the development process, a polymer disk with a di-
ameter of 38 um and a thickness of 200 nm was fabricated at the
bottom of the lens. The presence of the isotropic disk does not af-
fect the phase modulation of the lens. In addition, the magnified
area image in the inset of Figure 3a shows that the width W of
the fabricated phase unit is 409-454 nm, slightly larger than the
design size. It is worth mentioning that the manufacturing error
of the artificial unit has little effect on the modulation of the light
field, as shown in Figure S8 (Supporting Information). As can be
seen from the local 3D atomic force microscope (AFM) images
(Figure 3b), a small tapering angle can be observed in our fabri-
cated square polymer columns due to the ellipsoid shape of the
diffraction-limited focal voxel. The fundamental building block
in 3D laser printing, however, in terms of amplitude and phase
modulation, the discrepancy between square polymer columns
with a straight and tapered top is small.*!l Moreover, the RIL
topography extracted along the black dashed part of the local
3D AFM profile shows consistency with the designed contour
(Figure 3c). The appearance of non-step-like smooth transitions
is due to the self-smoothing effect’®” as shown in the inset in
Figure 3c.

To characterize the broadband focusing performance of RIL,
Figure 3d plots cross sections of optical intensity in a plane
containing the optical axis for each wavelength. The measured
axial focal positions of the randomly interleaved diffractive lens
remain close to identical (z = 57 um) for different wavelengths,
verifying that our RIL is achromatic in nature. The measured
focal length coincides with the position of the PSF equilibrium
point at each discrete wavelength in the numerical calculation
(Figure S1, Supporting Information). As a contrast, we measured
the axial light field of a Fresnel lens with the same aperture, and
its focal length exhibits a wavelength-dependent property (Figure
S9, Supporting Information). It is worth noting that in principle
the multiplexed achromatic metalens must produce various
monochromatic focalizations. However, due to the equal focal
length programmed in the three Fresnel hyperbolic phase chan-
nels and the appropriate random sampling probabilities set in
the design stage, the focal length at the illumination wavelength
is much more efficient and coincides in the same plane, which
is the focus plane of interest for us. While remaining monochro-
matic focalizations are less efficient and appear as the noise
background, which does not degrade the experimental results ob-
tained as shown in Figure 3d. We defined the focal plane as the z-
coordinate of the maximum measured power intensity on top of
the RIL, and experimentally characterized the focusing efficiency
of our randomly interleaved broadband diffractive lens, giving
rise to efficiency values of 54.7%, 46.9%, 52.9%, 63.7%, 52.6%,
50%, and 48% for incident wavelengths of 470, 510, 550, 590,
632, 660, and 690 nm, respectively (Figure 3e). The focusing effi-
ciency is defined as the ratio of integrated power within the circle
having a radius of 1.5xfull-width at half-maximum (FWHM) to
the incident power on the RIL as shown in the inset in Figure 3e.
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Figure 3. Experimental characterization of the randomly interleaved holographic achromatic metalens. a) SEM of a randomly interleaved diffractive lens.
b) 3D local AFM profile of the manufactured RIL, which corresponds to the solid white box in (a). c) Height profiles of the extracted and designed RIL
along the black dashed lines in (b). d) Measured longitudinal focal spot intensity at different operating wavelengths. e) Experimentally characterized
focusing efficiency of the randomly interleaved diffractive lens at different wavelengths. The lower inset shows the computational model for the focusing
efficiency. E; represents the energy intensity integral within a radius of 1.5XFWHM of the focused spot. E, represents the integral of the energy intensity
incident on the device, which is obtained by multiplying the device area with the incident light energy intensity per unit area outside the device at the

z =0 plane.

Figure 4a plots cross-sections of the optical power intensity in
the focal plane for each wavelength. In Figure 4b, we compare the
normalized power intensity distribution of the measured and airy
disk at the black dashed in Figure 4a. Obviously, the RIL exhibits
anearly diffraction-limited PSF at multiple discrete wavelengths,
and this is quantified in Figure 4c which compares the measured
and diffraction-limited (0‘;1:’1) FWHM for the RIL. Otherwise, to
compare the achromatic performance of RIL with that of a single
wavelength Fresnel diffractive lens, we define the focusing error
as the normalized difference between the nominal and the mea-
sured focal length. As shown in Figure 4d, the maximum devia-
tion from the mean focal length of the RIL is measured as 5.26%,
while the Fresnel diffractive lens is 15%. This implies that the RIL
has effectively corrected chromatic aberration over the entire vis-
ible spectrum.

2.4. Imaging Performance of the Randomly Interleaved
Holographic Broadband Metalens

The measurement configuration for this imaging demonstration
is shown in Figure 5a. A white-light LED source was collimated
to illuminate the mask after passing through a convex lens and
iris, and a series of narrow-band filters with different center wave-
lengths were placed between the iris and the mask. Then, the
image of the object mask illuminated by the polychromatic light
was captured by the microscopy system. In the experiments, we
adjusted the light path system to make the image clear and then
changed only the narrowband filter to another filter or removed it
entirely to observe the imaging qualities for light of different col-

Laser Photonics Rev. 2023, 2300880

2300880 (5 of 9)

ors. Here, we characterized the RIL by imaging the letter “T,” and
images of different colors on the same focal plane are shown in
Figure 5b. In addition, imaging simulations were performed by
diffraction tracing, as shown in the inset in the lower-left corner
of Figure 5b. The images taken with the RIL exhibited relatively
clear line features, showing that the chromatic aberration was im-
proved. In addition, we showed broadband imaging of onion epi-
dermal cells, which held potential applications in biology (Figure
S10, Supporting Information). The 1951 United States Air Force
(USAF) resolution test chart was used as the imaging target and
was imaged with a 5x objective lens under broadband white light
illumination. It was obvious that the image of a system without
dispersion correction appeared blurred due to the effect of chro-
matic aberration (Figure 5c). Meanwhile, we compared the imag-
ing of the Fresnel diffractive lens and RIL with the same aperture
under white light illumination. The image quality of the Fresnel
lens decreased due to chromatic aberration, while RIL effectively
improved the situation (Figure S11, Supporting Information). In
terms of resolution, (i) of Figure 5d showed that an image of the
pattern in the red dashed box of Figure 5c captured by the RIL
with white light illumination, and the intensity curve was plotted
along the red dashed line in (ii) of Figure 5d. It is worth mention-
ing that the resolution of the image of 32 ym diameter RIL is up
to 0.92 pm, which is consistent with the measured FWHM.
Integral imaging (light-field cameras), one of the most promis-
ing 3D imaging techniques, was first proposed by Gabriel Lipp-
mann in 1908.13] As a common component for integrated imag-
ing, the performance and production of microlens arrays have
limited the development of light-field cameras.>*l Here, we
demonstrated the broadband imaging of achromatic microlens
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Figure 4. Experimental characterization of the point spread function of the randomly interleaved holographic achromatic metalens. a) Power intensity
distribution in the x—y focal plane at different wavelengths. Maximum power intensity appears around the focal plane at z=57 pm. b) Comparison of
the diffraction-limited Airy function (dashed red curve) and the measured power intensity across the focal plane (solid blue curve). ¢) Comparison of
the measured FWHM with the diffraction limit. Dashed lines represent diffraction-limited performance. d) Focal length error versus wavelength of the

random interleaved lens and the Fresnel lens.

arrays. The microlens array consisted of 2 X 4 random iterative
holographic broadband metalenses and showed the capability
of broadband achromatic imaging (Figure S12, Supporting In-
formation). More importantly, thanks to the high efficiency of
femtosecond laser two-photon lithography, the manufacturing
time of a single achromatic metalens was only 8 minutes, which
greatly reduced the time cost for large-scale manufacturing of
full-color light-field cameras.

3. Conclusion

In summary, we have demonstrated a holographic metalens that
enables broadband achromatic imaging, achieved by randomly
interleaving the sub-aperture of three different channels (RGB),
with the weight of sampling each channel determining the chro-
maticity of the diffractive lens focus. As an experimental demon-
stration, the low-index polymer square column was used as the
artificial neuron phase unit, and we fabricated a randomly inter-
leaved broadband diffractive lens with a diameter D = 32 pm us-
ing the femtosecond laser layer-by-layer scanning strategy. Evalu-
ating the performance of the lens, we found that the focal length
of the multiple discrete wavelengths was almost the same (focus
deviation is 5.26%), and the average focusing efficiency of the
multiple wavelengths was approximately 55%. Furthermore, the
imaging experiment showed that the lines of the patterns imaged
by the diffractive lens at multiple wavelengths were clear, which
proved that the diffractive lens reduced the influence of chro-
matic aberration on the imaging quality. In addition, the imag-
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ing resolution was 0.92 um. Compared with most metalenses, we
have achieved high performance with low refractive index mate-
rials, allowing large-scale replication of the structure at low cost,
which is beneficial to the development of light field cameras!®!
and holds great promise in optoelectronic integration®®>’] and
endoscopic imaging.*®! Although we have only experimentally
verified the broadband performance of RIL in the visible spec-
trum, this design method is indeed a general approach that could
be extended to other spectral ranges.

4. Experimental Section

Numerical Simulation: The phase shift and transmission amplitude of
the artificial phase unit were calculated on a commercial finite difference
time-domain-based software (FDTD Solutions, Lumerical Solutions, Inc.,
CAN). In the simulation, a plane wave light source was placed inside the
substrate and 2 um below the artificial neuron unit, and a frequency do-
main field and power monitor was placed 12 um above the artificial neuron
unit to collect transmitted power, and the phase shift was collected at the
center point of the monitor. The size of monitor is the 2 X 2 um. The com-
mercial mathematical software (MATLAB, MathWorks, US) was used to
perform imaging and the point spread function simulation.

Randomly Interleaved Holographic Broadband Metalens Preparation
and Characterization: The type of photoresist used for fabricating the
randomly interleaved achromatic lens was commercial zirconium-silicon
hybrid sol-gel material (522080, IESL-FORTH, Greece). 6 uL of photore-
sist was pipetted onto the coverslip, then pre-baked it at 100 °C for 45 min
to evaporate the solvent in the material, and finally used the direct laser
writing to write the designed achromatic microlens inside the photoresist

© 2023 Wiley-VCH GmbH
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Figure 5. Imaging performance of the randomly interleaved holographic achromatic metalens. a) Measurement configuration for the imaging demon-
stration of the randomly interleaved diffractive lens. b) Experimental and simulation of imaging results of the letter “T” under the irradiation of 470, 550,
and 660 nm wavelengths. c) Captured USAF target image with a 5x objective lens under broadband white light illumination. d) Resolution test results for
RIL with a diameter of 32 pm under broadband white light illumination. i) Image result for normal incidence of the red dashed box in (c). ii) Normalized
intensity along the red dashed line in (i). The images have a yellowish tint because a warm white LED was used as the illumination. The scale bars are

5 um in (b), 100 um in (c), and 2 pm in (d).

material. The femtosecond laser source is a mode-locked Ti: Sapphire
ultrafine oscillator (Chameleon Vision-S, Coherent, Inc., US.) with a
central wavelength of 800 nm, a pulse width of 75 fs, and a repetition
rate of 80 MHz, and focuses on the sample through a 60X oil-immersed
objective lens (NA = 1.35, Olympus, JPN) for photopolymerization. After
finishing processing, the samples were developed in absolute ethanol for
30 min to remove unpolymerized parts. The SEM images were achieved
by a secondary-electron scanning electron microscope (EVO18, ZEISS)
with an accelerating voltage of 10 keV after depositing 10 nm of gold.
The topography of the RIL was scanned at a rate of 0.5 Hz in the air
in tapping mode with a commercial atomic force microscope (AFM,
MFP3D-origin OXFORD) using a Tap300AI-G tapping mode tip.

The Optical Characterization of the Randomly Interleaved Holographic
Broadband Metalens: In the experiment, the focusing characteristics of
the sample were measured by the microscope. The position of the sam-
ple was changed by moving a nanoscale 3D piezoelectric platform (E-727,
Physik Instrumente, U.K.) in a predefined axial increment (1 pm), and the

2D image of each increment was collected by using a CCD camera. The
sample plane was chosen as the reference plane for z =0, and the longitu-
dinal intensity distribution of the sample was acquired through a stack of
2D images by commercial mathematical software (MATLAB, MathWorks,
U.S.). The light intensity distribution of different wavelengths was obtained
by inserting color filters.

Supporting Information

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