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For the miniaturization of optical holographic and data recording devices, large information capacity or data density is
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indispensable but difficult to obtain for traditional technologies. In this paper, an ultrahigh-capacity metasurface hologram

is proposed by encoding information in deep-subwavelength scale nanoholes array, which can be reconstructed via light

beam with proper designed incident angles. The imaging information capacity of the two-dimensional (2D) hologram,

defined by the distortion-free region, can be increased to 11.5 times, which is experimentally demonstrated by focused ion

beam (FIB) milling an ultrathin metallic film. We also prove the feasibility for three-dimensional (3D) hologram of spiral

lines designed by point source algorithm. Benefitting from the ultrahigh capacity of the deep-subwavelength metasurface,

dynamic holographic display can be realized by controlling the incident angle. The method proposed here can also be

leveraged to achieve large capacity optical storage, colorful holographic display and lithography technology etc.

Introduction

Holography is a technique using the interference pattern
between the scattered light of an object and a coherent
reference beam to reconstruct the 3D features of the objectl’z.
Owing to its potential in the cutting-edge optical technologies,
holography has enjoyed
Traditional holography has scored great achievements and a
lot of holographic productions can be found in our daily life.
However, the applications of the traditional holography are

continuous scientific interest.

restricted by the complicated recording process which needs a
real object to produce the scattered light, i.e., one cannot get
a hologram of a fictitious object. The computer-generated
hologram (CGH)3, which simplifies the recording process by
using numerical calculations, is a good method to solve those
problems. Using the method of CGH to achieve the hologram
and coding the hologram by a certain material/equipment,
such as a spatial light modulator (SLM), one can get the
hologram of any objects, even though the object is inexistent
in the world. But the minimum pixel size of the SLM limits the
realization of a bigger viewing angle of the holographic image".

Metamaterials are natural candidates for the constitutive
materials of the hologram owing to their large flexibilities for
controlling the electromagnetic wave on the subwavelength
scale. They manipulate the electromagnetic wave with a non-
traditional approach. Plentiful novel phenomena and
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functionalities have been realized with metamaterials, such as
negative refractions, zero refractive indexﬁ‘g, super-resolution
1011 despite of the
achievements of metamaterials in so many new functionalities
and the developments of the nanofabrication technology,
applying 3D multilayer metamaterials in practical applications

complicated 3D
metasurfaces, 2D

imaging’ and phase/intensity holography

is still very inconvenient for the

nanofabrication techniquesu. Luckily,

version of metamaterials consisted of subwavelength
structures with various dimensions or orientations“‘”, have
been demonstrated to control the properties of
electromagnetic wave with relatively low fabrication cost.
Different from the phase accumulated in the propagating path
through the traditional materials, the phase change introduced
by the metasurfaces is correlated with the geometrical
parameters such as the dimension and orientation of the
structure rather than the thickness of the configurations. Thus
a number of researches have been reported, such as vortex
beam generatorls‘u, metalens?®?*, various holography25'3°,
laser beam shaper31 and helicity dependent surface plasmon
polariton excitation’. Nevertheless, there are still some
problems restricting the widespread application of the
metasurfaces. In particular, new applications of holographic
technology place greater demands on high information
capacity, data density and integration level.

As is well-known, the deep-subwavelength unit cell of the
metasurface hologram means the evanescent wave may
appear in the hologram’s frequency spectrum. But all the
previously demonstrated metasurface holograms, to our
knowledge, did not use the evanescent wave for far-field
imaging. For example, as shown in a previous work33, only the

spectral region between -0.4k, and 0.4k, is used for the
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holographic image even though the spatial spectrum range of
the hologram is larger than —k;, to ky. In other words, so much
information is discarded in current metasurface holographic
technology. In this paper, the off-axis illumination is proposed
to increase the information capacity by transferring the
evanescent wave into the propagating wave. The metasurface
hologram is designed with variant-orientations elongated
nanoapertures, which possesses great advantages in
holography for its high tolerance to fabrication errors®. The
evanescent wave information of normal incidence has been
used for holographic image in the Fraunhofer region of the 2D
metasurface hologram via off-axis illumination, which is
different from some demonstrated holographic imaging, such
as the high flexibility for incidence angles of meta—hologram34
and wide-angle reflection holography35. Moreover, this
method for increase of the imaging information capacity is also
applicable for 3D hologram, which has been proved with
experiments of 3D spiral line. Furthermore, dynamic
holographic display can be achieved with variant incident
angles.

The principle for the increment of the imaging
information capacity

The schematic of the imaging information capacity’s increment
is shown in Figure 1. When the light normally incidents on the
sample, as shown by the green color light, the holographic
image in the Fraunhofer region can be expressed as:
G(f.f,)=F(g(x,y)), where (x,y) represents the coordinate of the
metasurface hologram, (f,.f,) is the coordinate in the
corresponding frequency spectrum (f,=k,/(Ako), f,=k,/(Ako)), the
g(x,y) describes the electromagnetic field just after the sample
and F means the fast Fourier-transform algorithm. When the
light incidents on the metasurface hologram with an angle
0(0,,0,,0,), the related far field image can be written as:

G(f,-cos(6x)/ 2 f, - cos(0,)/ 2)

= F{o(x,y) expli 2z(x * cos(6:) + y * cos(0,))/ AT}, (1)

where 6, and 6, indicate the angles between the incident

This journal is © The Royal Society of Chemistry 20xx

Figure 1. The green color represents the light normal impinging on tlQﬁe%\mg‘lcelea%%mg

red color means the light incidence on the hologram withcgn ebligum angle| R(Gr85 4%
where 0,, 0, and 0, are the angles between the incident orientation and the positive

directions of x axis, y axis, z axis, respectively. The three regions signed in the frequency
spectrum with different color mean: (A) evanescent wave region; (B) distortion region;
(C) distortion-free region. The incident wavelength is 405 nm.

orientation and the positive directions of the x axis, y axis,
respectively. As shown in equation (1), varying incident angle
could lead to the displacement of the frequency spectrum. It
means that every part of the frequency spectrum can be
transferred to anywhere by providing the corresponding
incident light with a specific phase distribution. It's an
interesting phenomenon that when illuminating the sample
with an oblique angle, the Africa part changes from the down-
left region of the world map (green map) to the central (red
map), but the American part seems to be changing from right-
down region to the left, as shown in Figure 1. This is caused by
that the hologram is pixelated into discrete pixels rather than
continuous hologram. Mathematically, the whole frequency
spectrum of the pixel hologram can be expressed as:

G, (f.f,)= Y S 6(f,-m/p,f,-n/p)

M=—00 N=—00

, where mand n

are integers, p is the period of the square pixels of the meta-
hologram. This equation implies the whole frequency
spectrum is periodic and its unit cell is the green/red map
shown in Figure 1. So the American part (red map in Figure 1)
is not the corresponding part of green map, but the
homologous part of another unit cell of the whole frequency
spectrum. Based on the periodic property of the whole
frequency spectrum of the pixel hologram, it is enough to
investigate only one unit cell, as the green/red map shown in
Figure 1. Theoretically, the range for k,/k, or k,/kq is from —
A/2p to A/2p, where the A is the wavelength of the light. It
signifies that the angular spectrum is composed of the
propagating wave and the evanescent wave when p is smaller
than half of the A, as shown in Figure 1. For the normal
incidence light, the wave vector in region (A) cannot radiate to
Fraunhofer region, so using the information in the region (A)
for 2D holographic imaging is impossible normally. Owing to
the geometric relationship, the 6,, 6, and 6, satisfy the
relational expression: cosz(Qx)+cosz(Hy)+cosz(t92)=1. When k, (k,
= kocos(8,)) is a real, we can obtain the relation:

cos’ (6x) +cos’(0,) <1 (2)

With equation (1) and equation (2), one can conclude that
the wave vector in a circular area with radius of 2k, can be
transferred into the propagating wave field of the frequency
spectrum. So the maximal increasing quantity for the imaging
information capacity should be the ratio of those circular areas
with radius 2k, to ky. It means the information capacity for far-
field imaging of a certain hologram, which can be regard as the
data density, can be increased to 4 times.
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Taking the practical situation into account, the screen of the
holographic image is always a charge coupled device (CCD) or
some other flat planes. It is impossible for a flat screen to get
all the transmissive wave information in a hologram consisted
of deep-subwavelength structures. The receivable range for
k./ko or k,/ko is confined by the limited size of the screen. On
the other hand, the image geometrical distortion will appear
when the bound of the k,/k, or k,/k, is beyond the paraxial
approximation due to the difference between the area space
and the frequency space27. Here, the discrepancy of 10% is
used to distinguish the boundary between distortion region
and distortion-free region. Theoretically, the discrepancy could
be depicted as:

tan(8,) —sin(6;
—( Z_) - ( Z)310%
sin(6;) , (3)
where ¢', denotes the angle between the emitting direction
and the positive direction of the z axis. From equation (3), it
concludes that |sin(6',)| <0.417. Due to the geometric relation

|Sin(01')| = \/(kx / ko)2 +(k, /ko)2 , the distortion region (B)

and the distortion-free region (C) can be confirmed, as shown
in Figure 1. Moreover, the region (C) contains the usable
information for 2D holographic imaging. It should be noted
that the pre-compensated algorithm can eliminate the image
distortion27, but the distances of the controllable nearest
neighbors between the paraxial region and non-paraxial region
of the holographic image are different. This difference would
make the resolution of the image’s central and edge area
nonuniform, so the pre-compensated algorithm is not a good
scheme to achieve a good image with the large field of view.
Theoretically, the information capacity of the meta-hologram
is dependent on the quantity of the pixels in the sample. But
the information in the evanescent wave region and distortion
region is unusable for high quality image, only the distortion-
free region information can be used for imaging conveniently.
With equations (1-3), the maximal increment of the usable
information capacity, defined by the distortion-free region, is
(1.417k0/0.417k0)2 under off-axis illumination, i.e., the usable
information capacity of a certain hologram can be increased to
as high as 11.5 times.

Design and characterization of the metasurface
hologram

In order to validate the scheme proposed in this paper, the
phase hologram of a preset world map is obtained by utilizing
the iterative Fourier-transform algorithm (IFTA) %% and verified
with Fraunhofer diffraction formula (Figure 2a). The elongated
nanoaperture composed of Au film on SiO, substrate is used as
the unit cell of the metasurface hologram, as shown in Figure
2b. The thicknesses of the Au film and SiO, are 120 nm and 2
mm, respectively. The elongated aperture could rotate in the
x-y plane with an orientation angle ¢ to produce a certain

This journal is © The Royal Society of Chemistry 20xx
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phase delay. The phase change is occurred when,the,incident
circularly polarized (CP) light converts tBGtsl®&BF85HENNelRsity
when it transmits through the metasurface. Theoretically, the
phase change can be depicted as: ¢=20¢, where o=%1 denotes
the incident/transmitted polarization. ‘41’ means the left-
handed circular polarization (LCP)/right-handed circular
polarization (RCP) and ‘-1’ signs for RCP/LCP*’. As the phase
change is twice of the orientation angle of the elongated
nanoaperture and its
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Figure 2. (a) The designed phase hologram with 150x150 pixels for the world map
shown in the inset. (b) The scanning electron microscope (SEM) image of part of
the fabricated metasurface hologram and the corresponding scale bar is 4 pm.
The higher resolution ratio SEM image is shown in the up-right inset with scale
bar 1 um. The unit cell adopted is also shown in the figure with the size: P=200
nm (period), L=140 nm (length), W=60nm (width), ¢: the orientation angle of the
nanoaperture, the thickness of the quartz substrate is 2 mm in the experiment.
(c) Conversion amplitude versus the incident angle 6, (6,=90°) (The red line and
green dash line are related to the structure with Aluminum and gold,
respectively). (d) Phase shift with different incidence angle 6, (6,=90°) and
orientation angle ¢. (e) The optical set-up for the observation of the holographic
images with tunable incident angle. The objective in the red dashed line is placed
for the reconstruction of the 3D holographic image.

orientation angle can be set from 0 to 180 degree, the phase
could be modulated from 0 to 360 degree easily. In addition,
the transmission efficiency change is so little with the change
of the nanoaperture’s orientation angle from 0 to 180 degree
that the scattering amplitude can be regard as a uniform
value??. Those above characteristics ensure the elongated
nanoaperture can be used to realize the phase hologram.
Figure 2c-d show the average conversion amplitude and phase
shift for the RCP light under different incidence angle of LCP

J. Name., 2013, 00, 1-3 | 3
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light and orientation angle of the nano-aperture, respectively.
The broadband property of the structure can be found in a
previous work? of our team. In theory, if the incidence
wavelength larger than twice of the period of the structure
(>400nm), the evanescent wave will appear in the frequency
spectrum. But the larger of the incidence wavelength, the
more evanescent wave information appear in the frequency
spectrum, which is difficult to reconstructed with the
restricted incidence angle we can used in the experiment. So
the light of wavelength 405nm is used as the incidence source
both the simulation and experiment. As shown in Figure 2c,
the conversion efficiency of the structure with gold (green
dash line) is very low, which can be solved with high-sensitivity
detector and high-power laser source in the experiment. In
addition, the reflectarrays metasurface?® and dielectric
metasurface® can increase the conversion efficiency. The
efficiency can also be improved by using Aluminum instead of
gold, which is shown in Figure 2c (red line). Figure 2d shows
the phase shift is approximately linear to ¢ with incidence angle
6, introducing a constant phase shift, which will not influence
the holographic image (Some deviation of the linear relation
between the phase shift and ¢ will not affect the holographic
image seriously for the tolerance of the phase hologram33). So the
hologram can be designed with normal incidence light and
measured with some other incidence angles, only introducing

This journal is © The Royal Society of Chemistry 20xx
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displacements for the frequency spectrum, as equatien (1)
implied. DOI: 10.1039/C6NR07854K

The hologram is coded with the elongated nanoaperture
structure according to the ¢-¢ relation. Then, the metasurface
hologram is fabricated with FIB in an area of 30 umx30 pm.
The scanning electron microscope (SEM) image is shown in
Figure 2b. Furthermore, the experimental setup for the off-axis
illumination shown in Figure 2e is used to experimentally
characterize the performance of the fabricated sample. The
laser source at wavelength 405 nm is placed on a five-
dimensional translation stage whose orientation angle in
horizontal/vertical direction and height can be adjusted. The
stage is put on a circle orbit so that the laser can move with a
decided distance in the horizontal plane to produce a certain
incident angle. The hologram sample is mounted on the center
of the circle orbit. The linear polarizer (LP) and quarter wave
plate (QWP) in front of the sample are used to generate the
desired CP light. To enhance the power of the incident light for
the sample with micron size, a lens with focal length at 5 cm is
placed in front of the sample to focus the CP light. The
holographic image scattered by the metasurface is collected
with a CCD. The objective after the sample is used to magnify
the holographic image in the following experiment of 3D
holographic metasurface sample. Theoretically, with the using
of the off-axis illumination, the useful holographic image is
separated from the zero order of the incident light. Then

J. Name., 2013, 00, 1-3 | 4
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Figure 3. (a)-(h) the simulation results with eight groups of incident angles, which are related to different time. The green dashed lines in (a), (d), (e) and (h) denote the boundaries

between the distortion region and distortion-free region. (i) The stitched holographic image of experimental results with different incident angles. The incident wavelength is 405

nm. The intensity has been normalized.

compared to other 2D or 3D metasurface holographic
experimentszs’ B this optical setup does not need a pair of
QWP and LP after the sample to filter the CP light without
cross- polarization. As a consequence, the method of off-axis
illumination can simplify the experimental setup.

The simulated holographic images are shown in Figure 3a-h.

The whole simulated image’s profile is accord with the preset
world map (inset of Figure 2a), which demonstrates the
effectivity of the design method. The quality of the
holographic image can be optimized with larger sample which
can be fabricated through electron beam lithography (EBL)ZG’
7 In experiment, due to the limited photosensitive area of
the CCD, the whole world map image cannot be directly
recorded. Moreover, as described in the principle part, the
distortion-free region (Figure 1) is a circular area with radius
of 0.417k, in the frequency spectrum, so several
measurement windows with all the corresponding images in
the distortion-free region are used in the experiment, even
though the world map is an entire target image shown in

This journal is © The Royal Society of Chemistry 20xx

inset of Figure 2a in the design. Namely, the hologram is
related to a single phase profile for the whole world map
rather than 8 phase profiles for Figure 3a-h. As shown in
Figure 3a-h, eight groups of incident angles (6,,6,): (51°,100°),
(75°,100°), (104°,100°), (129°,100°), (51°,140°), (75°,140°),
(104°,140°), (129°,140°), which are associated with t1-t8, are
adopted in the simulation. A video which contains eight
frames can be theoretically attained in the case of real-time
varying the incident angles. More incident angles are
employed for the limited photosensitive area of the used CCD
in our experiment. After measuring the every part of the
image, the experimental pictures are spliced into an overall
world map image, as shown in Figure 3i. For the incident
angles shown in Figure 3e and Figure 3h, we can conclude
0,=82.5° for the relation: cos’(6,)=1-cos’(51°)-cos’(140°),
which is near glancing incidence in the experiment
(sin(#,)=0.99). Those incidence angles show some evanescent
wave information of normal incidence has been transferred
into the distortion-free region, which prove the scheme of

J. Name., 2013, 00, 1-3 | 5
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using the evanescent wave information for imaging in the far-
field proposed in this paper.

Obviously, the profile of the intensity distribution obtained
by experiment is in very good agreement with the simulation
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result. It should be noted that the intensity distribution of the
whole image, both the simulation andCexpéritientiRisSAGE
smooth enough. This is caused by the appearance of the
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Figure 4. (a)-(e) the simulation results with different distances in z-axis with incident angle: 6,=120°,6,=90°. (f)-(j) the corresponding simulation results with 6,=60°,6,=90°. The scale

bar has been uniformed. (k)-(0),(p)-(t) the experimental results relative to

speckle pattern, which can be further optimized by a N XN (N
is an integer) periodic hologram design based on the concept
of the Dammann gratingsZG‘ 3 As seen in Figure 3i, because
the conversion efficiency will reduce versus the increasing of
the incidence angle, the fringe regions, such as the Africa,
Europe and South America, are much dimmer than the
central region of the world-map, which is matched with the
simulation result of Figure 2c. In addition, with using the off-
axis illumination, a majority of horizontal line of the zero
order is separated from the image to eliminate its influence
on the holographic image, which demonstrates that the
method of off-axis illumination can simplify the optical setup
of metasurface hologram experiment. But restricted by the
incidence angle we used in the design and experiment, we
cannot separate the whole zero-order pattern from the
image, which can be optimized with larger incidence wave
vector, even using the evanescent wave as the illuminating
source. Consequently, one can find that the experimental
results are matched with simulation results except some
stitched traces.

It is important to note that the above method is also
effective for 3D holography. The usable information capacity
for 3D hologram can be defined with the divergent angle of
the emergent light from the sample, which is similar to the
case of 2D hologram. In the following, a 3D metasurface

This journal is © The Royal Society of Chemistry 20xx

(a)-(e) and (f)-(j). The incident wavelength is 405 nm. The unit is pm.

hologram is experimentally demonstrated. The hologram is
generated with point source algorithm and the correctness of
the design is verified through the Fresnel diffraction theory.
For achieving a more uniform amplitude 3D CGH, the
Gaussian distributed pseudorandom phase X~2n*N(u,z2),
with u=0 and z=1, is added to each point source. After
calculated the holograms of right spiral line and left spiral line,
the corresponding phase shifts (exp(i2mxcos(60°)/A);
exp(i2rxcos(120°)/A)) are added to each hologram. And the
final phase hologram is the phase part of the superimposition
of those two complex amplitudes. The coding method and
fabrication strategy of the 3D hologram are same with the 2D
hologram. Figure 4a-e show the simulation results of
different distances in z-axis with the incident angle of 6,=120°,
0,=90°. A clear right spiral line is obtained with the increase
of the distance. Otherwise, the left spiral line is realized with
the incident angle of 6,=60°, 6,=90° (Figure 4f-j).

In order to conveniently characterize the metasurface
hologram, a x100 magnification objective lens (Figure 2e) is
adopted in the measurement system to magnify the spiral line
whose diameter is 40 um. Several transections of the 3D
spiral line are obtained by gradually tuning the distance
between the sample and the objective to demonstrate the 3D
characteristic of the spiral line. Through a series of 2D results
with the depth information of the 3D images, the 3D feature

J. Name., 2013, 00, 1-3 | 6
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of the holographic images is verified. The corresponding
experimental results with the incident angle 6,=120°, 6,=90°
and 6,=60°, 6,=90° are shown in Figure 4k-o and Figure 4p-t,
respectively. The experimental results are perfectly matched
with the simulation results except some experimental errors
of the distance in z-axis. As shown in Figure 4k-t, the
experimental results are very clear and unambiguously
indicate that the scheme for increasing the imaging
information capacity adopted here is feasible for 3D
holography.

Conclusions

The increase of the usable information capacity is crucial for
decreasing the size of the functional device and reducing the
fabrication expense of a certain hologram. As described
above, the imaging information capacity of 2D hologram is 4
times to its propagating wave region and 11.5 times
compared with the distortion-free region via off-axis
illumination. The limiting condition described in equation (2)
will be broken when we illuminate the hologram with
evanescent wave and the usable data density will be further
increased using higher-order evanescent wave. For example,
the imaging information capacity will be increased to 9 times
corresponding to the propagating wave region and 33.6 times
to the distortion-free region with an incident wave vector of
0-2k, rather than 0-ky. In the 3D holographic experiment, we
just used two holograms with respective phase shift to
generate the designed phase hologram and achieved
perfectly matched experimental results.

In summary, we propose and experimentally verify a
method increasing the imaging information capacity of the
2D/3D metasurface hologram with off-axis illumination. A 2D
information in the
evanescent wave region to image in the Fraunhofer region is
designed based on the scheme. The imaging information
capacity determined by the distortion-free region, which can
be regard as the data density, is increased to 11.5 times. The
dynamic display can be achieved with real-time controlling of
the incident angles. In addition, the increase of the usable
imaging information capacity through off-axis illumination is
also proved with 3D holographic experiment. Furthermore,
the method of off-axis illumination will simplify the
experimental set-up for the separation of the zero order
diffraction light and the holographic image. Such a scheme
could potentially be applied in colourful holographic display,
optical information processing and holographic storage etc.

metasurface hologram using the
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