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Abstract

Quasicrystal has attracted lots of attention since its discovery because of the mathematically non-periodic arrange-
ment and physically unique diffraction patterns. By combining the quasi-periodic features of quasicrystal and the spe-
cial rotational symmetry with metasurface, many novel phenomena and applications are proposed such as optical
spin-Hall effect, non-linear far-field radiation control, and broadband polarization conversion. However, the additional
functions and effects brought by phase and amplitude modulation on quasicrystal arrangement still lack research.
Here, we design and fabricate a dielectric quasicrystal metasurface which can simultaneously reconstruct holographic
images and exhibit diffraction patterns by assembling the nanostructures in a quasi-periodic array. Most importantly,
we combine the global arrangement of metasurfaces with the local responses (phase and amplitude) of meta-atoms
for achieving the dual functionality. Furthermore, we also suppress the zero diffraction order in the far-field based

on the quasi-momentum matching rule. The proposed method has great mathematical importance and explores
new possibilities for multifunctional meta-devices for holographic display, optical switching and anti-counterfeiting.

Keywords Quasicrystal metasurface, Quasi-periodic array, Holography, Diffraction generation, Multifunctional meta-
devices

1 Introduction holographic technology to metasurface promotes the

Metasurfaces, a type of 2D surface composed of artificial
subwavelength structures, have shown great potential in
manipulating various properties of light (such as ampli-
tude [1, 2], phase [3-5], and polarization [6, 7]) through
elaborately  engineering meta-atoms. Introducing
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realization of many applications including beam shaping
[8-11], optical display [12-16], data storage [12, 17, 18],
communication [19-21], cloak [22], and so on. Color hol-
ogram [23-26], polarization multiplexing [27-30], and
OAM-multiplexing schemes [12, 31-33] are proposed
in order to expand the information storage and multi-
functional capability of metasurfaces. Traditional metas-
urfaces are usually arranged in a periodic pattern such as
a square or hexagonal lattice, which is one of the forms
of a two-dimensional Bravais lattice. In this generalized
design strategy, the first step is to calculate the global
phase or amplitude profile of metasurface, and in the sec-
ond step the meta-atoms with suitable local responses
are selected [34]. Hence, the current researches on meta-
surfaces are biased towards the electromagnetic response
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of local nanostructures, and the attentions to the global
symmetry of metasurfaces array are insufficient [35].
That is, as one of the essential features of the metasur-
faces, the arrangement of meta-atoms has not been
exploited in this regard. However, the new approach that
combines the global arrangement of metasurfaces with
the local responses of meta-atoms may lead to new devel-
opments of multifunctional meta-devices.

The periodic latticed crystal exhibits both short-range
order and long-range order characteristics. The concept
of quasicrystal can be referred to as quasi-periodic and
long-range order, which is the logical extension of the
notion of a crystal [36]. It was initially identified by the
diffraction of metallic solid and the natural quasicrystals
were discovered in 2009 [37]. The quasicrystals and their
distinctive diffraction patterns have attracted consider-
able attentions in a variety of domains including chem-
istry [38], mathematics [39], physics [40], and optics [41].
Numerous unexpected phenomena have been observed
by combining quasicrystal structures with other con-
cepts. Unique features such as complete photonic band-
gaps [42], localized states [43], and nonlinear effect
enhancement [44] have been demonstrated by introduc-
ing quasicrystal to photonic crystal. Quasicrystal metas-
urfaces (QCMs) where meta-atoms are structured in the
quasi-periodic lattice have yielded the optical spin-Hall
effect [45], broadband polarization conversion [46], and
control of nonlinear effects [35] in recent years. Quasic-
rystal metasurface may develop the new design approach
by simultaneously modulate the local phase and ampli-
tude, as well as the arrangement of meta-atoms in differ-
ent way. Moreover, quasicrystal has a natural advantage
in this regard due to its property of long-range order
without translational periodicity. However, additional
functions and effects brought by local phase and ampli-
tude modulation on quasicrystal arrangement still lack
research in previous work.

Here, for the first time, we propose and demonstrate
a kind of quasicrystal metasurface that can generate
diffraction patterns of quasicrystals and reconstruct
holographic images simultaneously. The QCMs are
designed by arranging the meta-atoms in the Penrose
tiling which can possess the local amplitude and phase
response. Due to the quasi-periodic and long-range order
of meta-atoms, distinctive diffraction patterns of such
QCMs can be observed in the far-field. While the recon-
structed image at the predefined distance (either in the
Fresnel domain or Fourier domain) is generated based
on the phase modulation provided by each meta-atom
of QCMs. We fabricate helicity-dependent and birefrin-
gent QCM samples according to the geometric phase and
propagation phase principle for experimental verifica-
tions. Furthermore, a special gradient phase modulation
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is also used to suppress the zero diffraction order in
one polarization channel of birefringent QCMs, and the
holographic images are generated in another channel
Such a concept offers a fresh perspective on quasicrys-
tal metasurface application, as well as provides insight-
ful research of local phase modulation by considering
the position arrangement. The demonstrated approach
can provide metasurface holographic multiplexing with
an additional manipulation dimension including position
arrangement and local phase modulation and pave the
way for various applications such as holographic display,
optical switching, quantum information processing, and
anti-counterfeiting.

2 Results

The schematic illustration of the proposed quasicrystal
metasurface for simultaneously displaying holographic
images and diffraction patterns is shown in Fig. 1. As
the fundamental building block of the QCMs, silicon
nanofins setting on a quartz substrate are chosen and
imprinted in a typical quasi-periodic arrangement of
Penrose tiling pattern [47]. The hologram is encoded
into the local response of the meta-atoms to compose
the phase profile of the QCM, and the holographic image
is reconstructed at the predefined distance. Meanwhile,
the diffraction pattern which is generated in the far-field
is determined by the quasicrystal position arrangement
of the QCM. Both the local response of meta-atoms and
their arrangement can modulate the transmitted light
to achieve such dual functionality. That is, altering the
placement of nanostructures while appending additional
phase modulation can lead to totally different phenom-
ena compared to traditional diffraction patterns from
natural quasicrystal. Hence, distinctive diffraction pat-
tern resulted from the quasicrystal arrangement and pre-
set holographic images can be displayed in the far-field
and near-field, respectively. The design details are as
follows.

For conventional metasurfaces, the meta-atoms are
usually patterned in square or hexagonal periodic lattice,
which is particularly convenient for hologram calcula-
tion based on 2D Fast Fourier Transform (FFT). In addi-
tion, undesired higher diffraction orders are avoided due
to the subwavelength pixel size, and the quality of the
reconstructed holographic image can be improved. The
position of nanoscale optical resonators patterned at the
interface, however, has been neglected to a certain extent
in metasurface holography. The quasi-periodic lattice
lacks short-range order in comparison to the periodic lat-
tice but possesses long-range order. The structure factor
obtained by Fourier transform has an unusual #-fold for
n=>5, 8, 12, and so on, which may reveal rotational sym-
metry [48]. As a result, the incident light is scattered by
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Rhomb unit cells

Fig. 1 Schematic illustration of quasicrystal metasurface holography. The demonstrated QCMs can reconstruct holographic images and display
diffraction patterns simultaneously. Silicon nanofins are arranged in the Penrose tiling pattern as illustrated by the 2D color image on the surface
of the quartz substrate to form the QCM. The letter A" chosen as a holographic image is reconstructed at the predefined distance by the phase
distribution of the QCM. And the far-field diffraction pattern with ten-fold rotation symmetry is generated due to the quasi-periodic array. The unit
cells in the bottom right corner indicate the cyan thick rhombus and pink thin rhombus of Penrose tiling

the quasicrystals, creating intricate and stunning diffrac-
tion patterns in the far-field. In contrast, periodic arrays
in a two-dimensional lattice are limited to a maximum
sixfold symmetry due to the crystallographic restriction
theorem [49]. For periodic square lattice and hexagonal
lattice, only regular and rotationally symmetry limited
diffraction patterns can occur.

Here, we design the QCM samples according to the
famous Penrose P3 tiling, which is created by using
a Robinson triangle decomposition method [50] and
based on two types of fundamental building tiles (thick
and thin rhombus possess tile side length d with vertex
angles of 72° and 36°, respectively). The Penrose tiling is
related to the golden ratio t = (1 + V5)/2 according to
the Fibonacci sequence. The schematic illustration of the
Robinson triangle decomposition method for generat-
ing Penrose tiling is shown in Fig. 2a. The thin and thick
rhombuses R, and Ry are the fundamental building tiles
of Penrose tiling. Each of the rhombuses is decomposed
into two Robinson isosceles triangles (R, to T, and T,
Ry to Ty and Tp). We set the length of the Penrose rhom-
bus side and the initial Robinson isosceles triangle waist
side to d. Then, each Robinson triangle can be substi-
tuted by smaller isosceles triangle tiles with a waist side
length of d/t according to its respective decomposition
mode. These triangles are reduced by a factor of t in each
decomposition. In this way, unlimited Penrose tiling can
be generated and we can make numerous substitutions.

We pattern the silicon nanofins quasi-periodically
on the quartz substrate in either vertex sampling or
center sampling to form QCMs. In the center sampling
case, the meta-atoms are arranged at the center of each
rhombus which helps to correlate the position with the
rotation angle of the tiling building blocks as shown in
Fig. 2b. While, in the vertex sampling case, the nanofins
are located at the vertices of each rhombus. The demon-
strated quasicrystal metasurfaces based on Penrose til-
ing have five-fold rotation symmetry which can generate
a corresponding ten-fold rotation symmetry diffraction
pattern in the far-field.

According to the quasi-momentum conservation rule
[48], strong transmission resonances with aperiodic
arrangement will be observed for such QCMs. In our
demonstrated QCMs, the far-field diffraction occurs
under the following conditions:

ko = ki) +G (1)

where ko, and k;) = 2msind;/4 represent the in-plane
wavevector of diffraction beam and incident light,
respectively. The angle between the wavevector of inci-
dent light and the normal direction of QCMs is 6;. And /4
refers to the wavelength of incident light. It can be obvi-
ously seen that k,| = G for normal incidence. G is the
geometrical structure factor of metasurfaces which can
be calculated according to any vector in the momentum
or reciprocal space by applying Fourier transform to the
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Fig. 2 Schematic illustration of Robinson triangle decomposition method and geometrical structure factor. a Robinson triangle decomposition
method and characteristic distance of the quasicrystal array. The R, and Ry are thin and thick Penrose rhombuses with 36° and 72° vertex angles,
respectively. And d is the side length of the rhombus. The T, T, T, and Ty are Robinson isosceles triangles. b Schematic setup of the radiating

dipole. r is the vector from the origin O directing to the observation P. 6, is the rotation angle of the Penrose rhombus. ¢ Reciprocal vector of our

quasicrystal metasurfaces

positions r, of meta-atoms in real-space. This is equiva-
lent to the accumulation of radiation from each meta-
atom in the far-field. Hence, the diffraction pattern can
be obtained as follow [35]:

S k)

F|> 8 — ry) exp (igy)

1 N
N D ep =itk 1y — )]
n=1

where the meta-atoms are assumed to be dipole emission
sources with uniform amplitude. And ¢, is the phase shift
which is provided by the meta-atom and k refers the wave
vector. The structure factor is also intrinsically connected
with the characteristic distance of the quasicrystal array.
When ¢, is randomly set, the relation can be expressed
as |G1| = 4mn/d1, where di =dt. When the gradient
phase is applied, the reciprocal vector of QCMs can be
represented as |G| =4n/d,(m=1,2,...,5), where
dj is the same as before and d, 5 = d{y, 72, 'CZ)/,‘L'g)/}

withy = /T + 2. The do ~ ds are new characteristic dis-
tance produced by the differences between lattice points
[45]. This leads to the emergence of more abundant dif-
fraction levels as shown in Fig. 2c.

On the other hand, the phase distribution of the
QCM is obtained from the hologram and is additionally
added to each meta-atom that has rarely been applied
in traditional quasicrystal. Therefore, the far-field dif-
fraction patterns can be generated by adjusting the
positions of meta-atoms while the holographic display
can be achieved simultaneously. In this case, the phase
modulation of the meta-atoms on the diffraction pat-
terns can be considered random. We can also apply
special phase modulation to control the far-field radia-
tion behavior to achieve various functionalities. For
example, editing the nanostructures with correspond-
ing gradient phase ¢, ={0,27/5,47/5,6x/5,87/5}
according to the rotation angle of the Penrose rhom-
bus 6, = {0°,36°,72°,108°,144°} in center sampling as
shown in Fig. 2b. In this way, the zero diffraction order
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of the far-field diffraction pattern can be suppressed
by a destructive interference caused by combining the
global rotation symmetry of metasurface arrangement
with the gradient phase modulation.

Based on the above principle, we design a helicity-
dependent and a birefringent QCM named Sample 1 and
Sample 2, respectively. The flowchart of the modified
Gerchberg-Saxton algorithm for generating holograms
and designing the quasicrystal metasurface is illustrated
in Fig. 3. Unlike the conventional method for generating
the hologram with square periodic lattice sampling, the
particularity of the Penrose sampling renders it inapplica-
ble for directly employing 2D FFT. Therefore, we improve
the GS algorithm to make it suitable for computing holo-
grams of arbitrary arrangements. The Fourier transform
used to create an iterative loop between the hologram
and image plane to calculate the desired phase profile is
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replaced by Kirchoff’s diffraction formula. Here, both the
hologram and image plane are considered as a collection
of distinct point sources. By superimposing all optical
wavefronts from the point sources on the image plane,
the complex amplitude A(§;, ¢;) on the hologram plane
can be obtained and vice versa. In this way, the phase-
only holograms of arbitrary arrangement can be obtained
and encoded into the phase distribution of the QCMs.
Moreover, the holographic images can be reconstructed
at an arbitrary predefined distance away from the QCMs.

We design two cases for the demonstration of the
dual functional quasicrystal metasurface. Sample 1 has
only one polarization channel for the reconstruction of
holographic images, and the far-field diffraction pattern
is generated by the quasi-periodic arrangement. While
Sample 2 has two polarization channels for holography
display and diffraction pattern generation, respectively.
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Fig. 3 The flowchart of the modified Gerchberg-Saxton algorithm for generating the holograms and designing the QCMs. The red and blue
dots in the hologram plane grid represent the location of the sampling points for vertex sampling and center sampling, respectively. A(&, ny)
and £ (xm, yn) represent the complex amplitudes of the corresponding positions in the hologram and image planes, respectively. g, is the special
gradient phase modulation to the far-field diffraction of Simple 2. ¢, and gy, are the holograms calculated by the modified Gerchberg-Saxton

algorithm for Sample 1 and Sample 2, respectively
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In contrast to Sample 1, a gradient phase modulation is
applied to the extra channel to suppress the zero order
of the diffraction pattern. Based on the principle of geo-
metric and propagation phase, the obtained holograms
are successfully encoded to Sample 1 and Sample 2,
respectively. Meanwhile, vertex sampling and center
sampling are adopted for designing Sample 1 and Sam-
ple 2. As shown in the illustration of Fig. 3, the QCM
Sample 1 consists of rectangular nanofins with the same
dimension but different orientation angles which are
located at the vertices of the Penrose rhombus. The geo-
metric phase modulation can be expressed as ¢ = + 26
for different circular polarized incidence, where 6 is
the rotation angle of the nanofin, and+and — corre-
spond to left-handed and right-handed circular polari-
zation, respectively. Because the geometric phase is
wavelength-independent, this QCM may operate across
a wide frequency range (see Supplementary Informa-
tion). For Sample 2, the demonstrated QCM is com-
posed of nanofins with different dimensions but fixed
orientation angles which are located at the center of the
Penrose rhombuses as shown by the blue points in the
hologram plane. By varying the dimensions of the nano-
fins, the phase shift ¢, and ¢, of two orthogonal linear
polarizations can be individually adjusted. In this way,
we introduce a special phase modulation to the far-
field diffraction of Sample 2 compared to Sample 1. For
x-polarized incidence, the phase distribution is selected
and the holographic image will be reconstructed at the
predefined distance. For y-polarized incidence, the cor-
responding gradient phase distribution is assigned
according to the rotation angle of the rhombuses where
the nanofins are located and the quasicrystal diffraction
pattern with zero order elimination will be obtained in
the far-field.

Then, we fabricated two QCM samples on top of the
fused quartz substrate by electron beam lithography
for experimental demonstration. The scanning electron
microscopy results of the two samples with top view
and side view are shown in Fig. 4a—d. The total size of
our fabricated QCMs is set at 400X 400 |Jm2, and the
side length of the Penrose rhombus d is set as 1 pm
and 0.5 um for Sample 1 and Sample 2, respectively.
Since the lattice period of Sample 1 is longer than the
target incident wavelength of 540 nm, more diffraction
orders can be observed in the same field of view com-
pared with the target wavelength of 800 nm of Sam-
ple 2. We implemented 2D parameter optimization of
the rectangular nanofins based on the finite-difference
time-domain (FDTD) method to improve the transmis-
sion efficiency of Sample 1. Here, we set the length and
width of the nanofins to 440 nm and 190 nm, and the
height to 1 um. For the selection of form-birefringent
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LP1 ~48))
LS @ e
Fig. 4 Scanning electron microscopy images of the fabricated QCM
samples and experimental setup. a-d Scanning electron microscopy
images of Sample 1 and Sample 2 are shown with a top and side
view. The side length of the Penrose rhombus d is set at 1 um

and 0.5 um respectively. e Experimental setup for observation

of the holographic images and diffraction patterns. LS, the laser
source; LP1 and LP2, linear polarizers; HWP, half-wave plate; QWP1
and QWP2, quarter-wave plates; QCM, quasicrystal metasurface; OB,
objective lens; CCD, charge-coupled device

* Sample 1

QCM nanofins of Sample 2, it is required that the phase
shift ¢, and ¢, should cover the entire 0 ~ 21 range and
arbitrary phase combinations could be allowed with
high transmission. A 2D parameter optimization is
carried out by sweeping the length L and width W of
the nanofin in the range of 80~ 240 nm with an inter-
val of 10 nm based on a rigorous coupled wave analy-
sis (RCWA) method. While the height of nanofin is set
as 600 nm (see Supplementary Information). Further-
more, the deviation between the theoretically calcu-
lated phase distribution of hologram and realistic phase
response of select nanofins is required to be minimum.

The experimental setup used in the experiment is illus-
trated in Fig. 4e. The incident light illuminated the sam-
ple with desired linear or circular polarization states
modulated by polarization optical elements (LP1, HWP,
and QWP1). The fabricated QCM samples were placed at
the working distance of an objective lens and the trans-
mitted light was finally imaged on a charge-coupled
device (CCD) after a lens. Meanwhile, another group
of polarization optical elements were used for selecting
the polarization states of the hologram and diffraction
pattern.

The simulation and experimental results of Sample 1
and Sample 2 are provided in Fig. 5. Note that the sim-
ulation results of holographic images are derived from
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the scalar diffraction theory. The simulated diffraction
patterns are obtained based on Eq. 2. For Sample 1, the
polarization state of incident light is left circular polariza-
tion (LCP) with a wavelength of 540 nm. And the desired
phase modulation is acquired in the cross-polarization
channel as depicted in Fig. 5e. The holographic image
“A” is successfully reconstructed at a distance of 800 pm
away from the QCM. While the quasicrystal diffraction
patterns with ten-fold rotation symmetry and unsup-
pressed zero order can be observed in the far-field. The
diffraction pattern of Sample 1 shows more abundant dif-
fraction orders than Sample 2 in the same field-of-view
(NA=0.85) due to the incident wavelength being much
less than the quasicrystal lattice period. For Sample 2, the
incident and transmitted light have the same linear polar-
ization state (either horizontal or vertical polarization)
according to the propagation phase principle (as shown
in Fig. 5g, h). In this case, the wavelength of incident light
is 800 nm. The holographic image “B” is reconstructed at
the same distance of 800 pum in x-polarization channel.
While in y-polarization channel, the gradient phase mod-
ulation is imposed and the zero order of the diffraction
pattern is well suppressed in the experimental result and
fully eliminated in the simulation. The far-field diffraction
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of Sample 1 has no such special phase modulation apart
from the holographic phase modulation.

In the experiment, the measured transmission effi-
ciency and the polarization conversion efficiency of
Sample 1 are 56.12% and 21.77%, respectively. The trans-
mission efficiency and polarization conversion efficiency
are defined as the power of all transmitted light and of
the holographic image divided by the power of the inci-
dent light, respectively. For Sample 2, the measured
transmission efficiency of x-polarized incidence and
y-polarized incidence is 70.50% and 46.46%, respectively.
The lower efficiency of Sample 1 relative to Sample 2 is
mainly caused by the high absorption of silicon mate-
rial at the working wavelength of Sample 1 and its pitch
being larger than the incident wavelength. For Sample
2, the y-polarized channel has lower efficiency than the
x-polarized channel due to the destructive interference.
Meanwhile, both Sample 1 and 2 have great broadband
properties (see Supplementary Information). The corre-
sponding experimental results and transmission efficien-
cies are also provided in Supplementary Information.

Furthermore, in order to demonstrate the suppres-
sion effect of zero diffraction order in the far-field caused
by the introduced phase modulation more clearly,
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Fig. 5 Simulated and experimental results for Sample 1 and Sample 2. a-d Simulated results of the holographic images and diffraction

patterns. e-h Experimental results of the holographic images and diffraction patterns. The blue and red arrows represent the polarization state

of the incident and transmitted light respectively. Both the holographic images are reconstructed at a distance of 800 um away from the samples.
The diffraction patterns are calculated and captured in the far-field. The wavelengths of incident light for Sample 1 and Sample 2 are 540 nm

and 800 nm respectively
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helicity-dependent Sample 3 and Sample 4 were fabri-
cated through the center sampling method as a compari-
son. As shown in Fig. 6a, none of the nanofins of Sample
3 are rotated which indicates that the additional phase
modulation was not applied, and only the quasicrystal
arrangement contributes to the effect. While the nanofins
of Sample 4 are arranged with gradient phase according
to the azimuth angle of the rhombus. In this condition,
a gradient phase modulation was applied to Sample 4 to
eliminate the zero order. As shown in Fig. 6b, e, the zero
diffraction orders were clearly observed in the simulated
result of Sample 3 and almost completely suppressed in
Sample 4. The suppression effect of zero diffraction order
makes other diffraction orders exhibit higher energy than
Sample 3.

3 Discussion

The quasicrystal metasurface has a wide range of appli-
cations, such as holographic anti-counterfeiting. It
can meet the full-level requirements of anti-counter-
feiting and has strong security and application poten-
tial. In fact, the applicability of using the arrangement

a b
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Penrose

/\'_\. /k,

Simulation
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of meta-atoms as an additional degree of freedom for
multiplexing is extremely broad. The introduction of
quasi-periodic scheduling into metasurfaces can adapt
to almost any function of metasurfaces including holo-
graphic displays, metalense, beam generation, and so
on. In addition to the practical value of quasicrystal
metasurfaces, more importantly, it also gives us inspi-
ration in scientific research. Quasicrystal metasurfaces
provide a direct means of combining the global design
for meta-atom arrangement surpassing traditional peri-
odic ones, which may trigger the discovery of more
novel experimental phenomena and physical proper-
ties. Moreover, it may provide a technical means for the
detection of substances with special arrangements as
well as phases distributions in nature.

In summary, we have proposed a quasicrystal metasur-
face for dual functionality of holography and generation
of distinctive diffraction patterns. By turning the per-
mutation of the meta-atoms into quasi-period, unique
quasicrystal diffraction patterns can be observed in the
far-field without impeding holographic display. This is
because changing the arrangement of meta-atoms only

Experiment

Fig. 6 Simulated and experimental results for Sample 3 and Sample 4. a and d Schematic diagram of Penrose arrangement quasicrystal
metasurfaces. b and ¢ Simulated and experimental results of diffraction patterns of Sample 3. e and f Simulated and experimental results

of diffraction patterns of Sample 4
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affects the reciprocal lattice vector of the metasurfaces,
while additional phase modulation is demonstrated
for the first time to such quasicrystal metasurfaces for
extra functionalities. The demonstrated method has
been proved by the theoretical analysis and experimen-
tal results in helicity-dependent and birefringent QCMs.
Accordingly, a novel holographic algorithm is developed
to solve the problem of incompatibility between the spe-
cial arrangement and traditional hologram calculation
method using FFT. Such an algorithm is achieved by
interpolating the hologram in quasi-periodic arrange-
ment according to the sampling method. Hence, more
functionalities may be opened up by using different
quasi-periodic or well-designed arrangements of QCM.
Furthermore, applicating additional phase modulation is
also one of the ways to control the diffraction patterns.
Such work undertakes in-depth research into the impor-
tant mathematical and physical concept of quasicrystal
arrangement with delicately controlled phase distribu-
tion, as well as provides a new dimension for metasurface
multiplexing technology. The proposed method here may
pave the way for optical switching, holographic display,
optical encryption, and other light field manipulations.

4 Materials and methods

4.1 Experimental design

We use an experimental setup as shown in Fig. 4e to
demonstrate the generation of diffraction patterns and
holographic images based on quasicrystal metasur-
faces. Supercontinuum laser is applied to provide a dif-
ferent coherent wavelength. A pair of linear polarizers
or a combination of linear polarizers and quarter-wave
plates are placed in front of and behind the sample to
select the desired incident/transmitted linearly/circularly
polarized beam. Our quasicrystal metasurface sample is
placed at the working distance of the objective lens (X 60/
NA =0.85) to guarantee that the Fourier plane is located
in the back focal plane. Meanwhile, the magnifying ratio
and numerical aperture of the objective lens are carefully
chosen to collect all the diffraction light from the sam-
ple and reconstruct the holographic images in the prede-
fined plane. Another objective/lens is used for capturing
the Fourier plane on a CCD camera. The CCD camera is
placed on a moving guide and can be moved around the
back focal plane of the imaging lens. The diffraction pat-
terns and the Fourier holographic images are collected at
the position of the back focal plane of the imaging lens,
and the Fresnel holographic images are captured at a dis-
tance in front of the back focal plane.
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4.2 Fabrication of the metasurfaces

The fabrication of the quasicrystal dielectric metasur-
faces was carried out on a glass substrate, adhering to
the steps of deposition, patterning, lift off, and etching.
Initially, we used plasma enhanced chemical vapor dep-
osition (PECVD) to deposited the film of amorphous
silicon (a-Si) with desired thickness. Subsequently, a
poly-methyl-methacrylate (PMMA) resist was applied
over the a-Si layer through spin coating, followed by a
baking phase at 180 °C for two minutes to expel any sol-
vents. Following this preparation, the target metasurface
pattern was created using conventional electron beam
lithography, with the pattern then developed in a mixed
solution of MIBK and IPA at a 1:3 ratio. After patterning,
the specimen was cleansed with IPA and subsequently
layered with a 45-nm film of chromium through electron
beam evaporation. The subsequent stage entailed a lift-
off process, carried out in hot acetone to remove excess
material. The process culminated with the employment
of inductively coupled plasma reactive ion etching (ICP-
RIE), a technique that enabled the transfer of the etched
chromium pattern directly onto the silicon layer, creating
the final quasicrystal metasurface structure.
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