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Photon nanosieves, as amplitude-type metasurfaces, have been demonstrated usually in a transmission mode for optical
super-focusing, display, and holography, but the sieves with subwavelength size constrain optical transmission, thus lead-
ing to low efficiency. Here, we report reflective photon nanosieves that consist of metallic meta-mirrors sitting on a trans-
parent quartz substrate. Upon illumination, these meta-mirrors offer the reflectance of ~50%, which is higher than the
transmission of visible light through diameter-identical nanoholes. Benefiting from this configuration, a meta-mirror-based
reflective hologram has been demonstrated with good consistence between theoretical and experimental results over the
broadband spectrum from 500 nm to 650 nm, meanwhile exhibiting total efficiency of ~7%. Additionally, if an additional
high-reflectance layer is employed below these meta-mirrors, the efficiency can be enhanced further for optical

anti-counterfeiting.

DOI: 10.3788/C0L202220.053602

1. Introduction

Photon sieves composed of etched holes on an opaque film have
been proposed firstly, to the best of our knowledge, to reduce the
focal spot size and alleviate high diffraction orders in soft X-ray
and the optical spectrum!’, With the rapid development of
nano-fabrication technology, photon sieves have been demon-
strated at nanoscale and worked as binary-amplitude metasur-
faces for optical focusing!>*). The photon nanosieves have the
advantages of polarization independence and more degrees of
freedom in design than the concentric rings in zone plates'®],
which therefore enable more complex manipulation of light,
such as hologram!®®), by arranging the locations of holes in a
customized way. Due to the subwavelength feature of nano-
sieves, their related holograms usually support broadband
operation'. In addition, the non-resonating mechanism of
amplitude modulation makes the nanosieve hologram have a
wider spectrum than other metasurface devices with resonating
nano-structures'”). The nanosieve hologram also enables a large
tield of view for holographic display when combined with tun-
able phase realized by a spatial light modulator!®!. Beyond the
circular shape, rectangle nanosieves have also been proposed
to control the geometric phase of a circularly polarized light
by rotating the orientations of the rectangular nanosieves'>'%),
thus enabling full-color holography!"" and the generation of
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All of these reported nanosieves operate in a transmission
mode, where optical transmission of light through the nano-
sieves is low because of the weak coupling between the propa-
gating light and the waveguide modes supported within the
nanoholes'>'”). Persistent efforts have been made to solve this
efficiency issue. For example, a 15-layer MoS, film with a thick-
ness of 10 nm can enhance the coupling for higher transmission,
meanwhile blocking the undesired background with strong exci-
ton absorption!"®). The resulting hologram has a record-high
efficiency of ~22%, where the contribution from the background
light is also involved. Dielectric nanobricks located at only spe-
cially chosen positions, as an extension of classic photon nano-
sieves, are used to sieve the circularly polarized light with an
additional geometric phase for realizing a wavelength- and
polarization-sensitive hologram''?, Although their demon-
strated efficiency for one single channel is only 2% at the wave-
length of 670 nm due to small bandgap of the employed silicon,
it indeed generalizes the concept of photon sieves, hereby sug-
gesting new approaches for improving the efficiency of photon
nanosieves.

Here, we generalize the concept of the photon nanosieve by
proposing well-designed and location-optimized meta-mirrors
that could sieve the reflected photons for holography. These
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aluminum meta-mirrors are located on a transparent quartz  thinner aluminum cannot reflect light efficiently. Therefore,
substrate, working as an analogue of transmissive photon nano-  the reported meta-mirrors have a height of 100 nm and a diam-
sieves. Although the reflective photon sieves (with their dimen-  eter of 200 nm in a subwavelength period of 250 nm. Note that
sions larger than the operating wavelengths) have been proposed ~ the photons reflected by the meta-mirrors are sieved for
at the extreme ultraviolet (EUV) wavelengths for optical focus- ~ manipulation of light, while the transmitted photons through

ing!®"), our reported nanosieves are subwavelength at the inter-  the transparent substrate are not used in this work.

ested visible spectrum and exhibit stronger electromagnetic We compare the broadband reflectance for these meta-mir-
interaction between light and nanosieves than the EUV case.  rors with the transmission for the classic photon nanosieves.
More importantly, our demonstration is focused on the meta-  For a fair comparison, the heights, diameters, and periods are

mirror hologram that has an experimental efficiency of ~7%  equal for both cases of meta-mirrors and nanosieves. The simu-
over a broad visible spectrum, exhibiting an enhancement factor ~ lated results implemented by using the finite-difference time-
of ~3.5 compared with the previous transmissive nanosieves! >, domain (FDTD) method are presented in Figs. 1(b) and 1(c),
which exhibit higher reflectance for the meta-mirrors than
the transmission for the classic nanosieves at the different diam-
eters over a broadband spectrum. It reveals an enhancement fac-
tor of ~8 at the 650 nm wavelength, hereby verifying the
The working principle of the proposed reflective nanosieves is ~ potential performance enhancement of the proposed meta-mir-
sketched in Fig. 1(a), where the meta-mirrors with subwave- rors in theory. Note that, although the classic photon nanosieves
length diameters are used to reflect the incident light. By con- ~ made in the thinner film can offer high transmission®, its cost
trolling the locations of these meta-mirrors, one customizes  is the increasing undesired background. Therefore, we compare
the expected optical field at the target plane. Under such a con-  the performance of both cases at the thickness of 100 nm, which
figuration, the efficiency of the meta-mirror is determined by its ~ could exclude the background efficiently.

geometry, such as the diameter, height, and period, as well as the Based on this meta-mirror platform, we design a hologram to
material constructing the meta-mirror. Compared with other  verify the efficiency, as sketched in Fig. 2(a). In our simulation,
metals such as silver and gold, aluminum is employed here  the hologram has the pixel number of 800 X 800, where each
due to the lower cost and less absorption of visible and ultravio- ~ pixel has a pitch of 250 nm X 250 nm, thus leaving the total size
let light. For these aluminum meta-mirrors, their periods along ~ 0f 200 pm X 200 pm. The distance between the meta-mirror and
the x and y directions are chosen to be 250 nm, which is almost ~ the target plane is 1 mm, which is large enough for experimental
below half of the entire visible wavelength. In addition, the  recording of the holographic image. To optimize such a holo-
heights of these aluminum meta-mirrors are optimized to be ~ gram, we employ our previous modified genetic algorithm with
100 nm, which is a good balance between optical efficiency =~ only the mutation operation'?), where the optical field dif-
and fabrication issues. For example, at the chosen height, the  fracting from each meta-mirror can be approximated by using
meta-mirrors with an optimized diameter of 200 nm could yield the field from a point source!®*". During the optimization, the
optical reflectance of ~50% at the interested wavelengths from  value of one for one pixel indicates that a meta-mirror exists at
450 nm to 650 nm [Fig. 1(b)], which cover the preferred red,
green, and blue colors in optical display. If the thicker aluminum
is used, its high-reflectance spectrum might shift out of this
region due to the electromagnetic resonances. Similarly, the

2. Design Principle
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Fig. 1. (a) Sketch of reflective nanosieves composed of aluminum meta-mir- Fig. 2. (a) Sketch of meta-mirror-based hologram. The total size of the holo-
rors that could sieve reflective photons for holography. (b) Reflectance of vis- gram is 200 pm x 200 pm. (b) Designed meta-mirrors for the hologram. The
ible light from the 100-nm-height meta-mirrors with different diameters from white region stands for the meta-mirrors. The right panel shows the zoomed-
50 nm to 200 nm. (c] Transmission of light through the classic nanosieves. To in pattern, which clearly gives the details of meta-mirrors. (¢) Simulated inten-
be consistent, the thicknesses of meta-mirrors and nancholes are 100 nm, sity profile at the target plane of zy = 1 mm at the wavelength of Ay = 532 nm.
and their periods are also kept with the same value of 250 nm. Both (d) Scanning-electron-microscopy (SEM) image of the fabricated meta-
nano-mirrors and nanoholes have the same diameters from 50 nm to 200 nm. mirrors. It displays the region encircled within the green rectangle in (b).
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this pixel, while the value of zero stands for the case of no meta-
mirror. Thus, we can address every meta-mirror and superpose
their electric fields coherently, hereby achieving the total field at
the target plane. Considering that all these meta-mirrors have
the same geometry, the total field depends on only the locations
of meta-mirrors. Thus, the aim of this modified genetic algo-
rithm is to optimize the positions of meta-mirrors so that the
resulting field is convergent to the ideal pattern, i.e., a lion with
four letters “IMRE”. Quantitatively, the root-mean-square error
(RMSE) between the simulated intensity and the ideal pattern is
employed as a cost function to optimize the hologram. The
smaller RMSE means the better hologram design. The optimi-
zation is a process of minimizing the RMSE. In one iteration,
we need the ergodic addressing of 800 X 800 positions in a ran-
dom way (realized by using a self-made program). To finalize
the design, 10 iterations are used during our optimization.
Figures 2(b) and 2(c) show the designed meta-mirrors with
nearly random distribution and the simulated intensity profile,
respectively. Note that, because only the mutation operation
exists in the modified genetic algorithm, the number of the pop-
ulation is employed to be one for accelerating the optimization,
implying that the local optimal solution is obtained in our case.
However, as observed from the simulated intensity profiles in
Fig. 2(c), such a local optimal solution satisfies the requirement
for optical holographic images.

3. Experimental Results

To verify it experimentally, we fabricate the designed meta-mir-
rors by using the e-beam lithography (EBL) technique. A bare
quartz substrate is coated with positive-tone resist polymethyl
methacrylate (PMMA) at 3000 r/min to a thickness of 180 nm.
The designed meta-mirrors patterns are created in PMMA by
using EBL (Elionix ELS-7000) at an accelerating voltage of
100 kV and a beam current of 500 pA. Then, the pattern is devel-
oped with a 1:3 methyl isobutyl ketone/isopropyl acetone
(MIBK/IPA) liquid, removing the exposed regions where the
meta-mirrors should be located. After a dry blowing by N,,
the developed sample is deposited with a 100-nm-thick alumi-
num at a rate of 2 A/s (1 A = 0.1 nm) by using an electron-beam
evaporator (Explorer Coating System, Denton Vacuum Inc.).
Finally, the expected meta-mirrors shown in Fig. 2(d) are
formed by lift-off process. The achieved meta-mirrors have
the diameters of 190 nm, which approaches the tightly designed
value of 200 nm. The inhomogeneity at the surface of aluminum
meta-mirrors is caused by the inevitable grain'*?! during the
deposition process.

The performance of the aluminum meta-mirror photon
nanosieves is characterized by using the experimental set-up
shown in Fig. 3(a). A supercontinuum laser (SuperK FIANIUM)
is employed as the illuminating source with the tunable wave-
length that is controlled by an acousto-optic modulator. A
spherical lens and an objective lens 1 (20X) are used to create
a convergent wave that works as a point source for illuminating
the sample. Note that the distance (labelled as d) between the
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Fig. 3. (a) Experimental setup for the meta-mirror hologram characterization.
BS: beam splitter. (b) Measured intensity profiles (raw data) at the exemplified
wavelengths. (c) Simulated (curve) and experimental (asterisks) efficiency at
the interested wavelengths.

point source and sample is slightly larger than z; = 1 mm, so
that the holographic image is projected at the position
z; =2y -d/(d —zy), which is called the lensing effect of the
Fresnel hologram[6]. Meanwhile, the holographic image is mag-
nified with a factor of M =z,/d, facilitating its experimental
capture. Considering the reflective operation mode, we put a
50:50 beam splitter between the sample and objective 1 so that
the reflected light can be collected by objective lens 2 (10x) and
then imaged onto a color camera (Thorlabs CS505CU).

Figure 3(b) shows the measured intensity profiles at the exem-
plified wavelengths from 450 nm to 650 nm. These holographic
images cover blue, green, yellow, and red colors, which makes
this technique suitable for optical static display. It therefore con-
firms the validity of this hologram at a broadband spectrum of
200 nm width. Importantly, the imaging plane shifts at the dif-
ferent wavelength with a dispersion relationship of z4 = zy4,,
where z is the distance between the imaging plane at the wave-
length A and the meta-mirror hologram'®’. Due to the Fresnel
imaging location of the demonstrated hologram!**!, these recon-
structed images have the same size, which is similar to the case of
classic photon nanosieves. In addition, no aberration or distor-
tion is observed at the recorded images, implying good quality of
the holographic reconstruction.

To characterize the efficiency experimentally, we decrease the
size of the incident beam so that light is only shining within the
area (i.e., 200 pm X 200 pm) of the meta-mirror hologram, thus
excluding optical reflectance of quartz outside the meta-mirror
region. The incident power is recorded by a power meter
(Thorlabs model) at the position P; [see the insert in Fig. 3(c)]
and taken as I;,. Similarly, the power of the holographic image is
measured by the same power meter at the position P, and
labelled as I,,,;. Note that the filling factor [defined by the ratio
of the meta-mirror number in the hologram to the total number
(i.e., 800 x 800) of all the pixels] of our designed meta-mirror
is only 20%. It means that 80% of the meta-mirror hologram
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is the quartz substrate, which leads to the undesired opti-  matching well with the simulation. Although the achieved effi-
cal reflectance. Thus, the recorded power I, =20% " I ca + ciency in the reflective photon nanosieve is still lower than those
80% Iy, where I, and I, are assumed to be the reflected  of dielectric metasurfaces®®), it provides potential technology
power from the meta-mirrors (100% filled in the region of  for optical display and anti-counterfeiting if the lower-cost
200 pm X 200 pm) and the substrate (200 pm X 200 pm), respec-  nano-printing technique is employed for mass production.
tively. The signal light is extracted as Iggna = oy * 7> Where
y=1/(1 + 4l /I er)- The ratio Iy, /I e, can be obtained by
using the ratio of optical reflectance from the periodic meta- Acknowledgement
mirror and the bare substrate. Thus, the total efficiency of the
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