Wiley
Online
Library

(issue and page numbers not yet assigned;
citable using Digital Object Identifier — DOI)

Early View publication on www.wileyonlinelibrary.com

Laser Photonics Rev., 1700025 (2017)/DOI 10.1002/Ipor.201700025

Abstract Holography is of great interest for both scientific
research and industry applications, but it has always suffered
from the strong dependence on wavelength and polarization
of the incident light. Having revisited the Huygens—Fresnel
principle, we propose a novel holography mechanism by elab-
orately choosing discrete point sources (PSs) and realize it
experimentally by mimicking the radiated fields of these PSs
through carefully designed photon-nanosieves. Removing the
modulation dispersion usually existing in traditional and meta-
surface holograms, our hologram empowers the simultaneous
operation throughout the ultraviolet, entire visible and near-
infrared wavelength regions without polarization dependence.
Due to the deep-subwavelength dimension of nanosieves, this
robust hologram offers a large angle-of-view of 40°x40° and
possesses a lensing effect under a spherical-wave illumination,
which can work as a high-resolution, lens-less and distortion-
free microprojector that displays a 260x magnified image. It
might open an avenue to a high-tolerance holographic tech-
nique for electromagnetic and acoustic waves.
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1. Introduction

Optical holography has undergone substantial development
for many applications since its invention in 1948 [1], such
as X-ray imaging [2], optical manipulation [3], biological
imaging [4], and data storage [S]. Among the holography
family, computer-generated holography (CGH) has become
the most intriguing member for its capability in reconstruct-
ing images of any real or virtual objects by using a pixelated
phase [6] or amplitude [7-9] mask. However, traditional
CGHs are not suitable for broadband operation because
their modulated phase or amplitude has considerable dis-
persion [10-12]. For example, the phase-CGH in Fig. la
obtains the phase modulation of ¢; = 27 (n—1)h/A, where n
is the refractive index of medium at wavelength A and 4 is
the propagation distance of light through medium, by engi-
neering & in the transparent medium like quartz [6, 13, 14]
or tuning » in spatial light modulators [15, 16]. The phase
modulation has a strong dependence on wavelength, named
as modulation dispersion here, indicating such a CGH with
serious modulation-induced aberration is only valid at the
designed wavelength. Similarly, an amplitude-CGH also

suffers from this modulation dispersion issue because the
diffraction pattern (e.g., scale [17] and amplitude [7]) from
a single unit is sensitive to the illuminating wavelength [18],
which leads to the significant chromatic aberration and dis-
tortion in holographic images [10, 12]. Although novel de-
signs [19] and cascaded holographic elements [11,20] have
been devoted to suppressing the chromatic dispersion, com-
plete elimination of modulation dispersion is impossible
due to these fundamental limitations of traditional CGHs.
Recently, metasurfaces [21,22] consisting of gradually
varied nanostructures have been demonstrated in control-
ling phase and amplitude [23] of a polarized light by plas-
monic resonance in metals [21] or magnetic resonance in
dielectrics [24-27]. These electromagnetic resonances are
wavelength dependent, which determines that the phase or
amplitude modulated by metasurfaces still has significant
modulation dispersion (see Fig. 1b). As a result, metasur-
face CGHs for linear polarization usually operate at several
discrete wavelengths [28-36]. In contrast, geometric meta-
surfaces allow broadband operation for a circularly polar-
ized light due to the dispersion-less Pancharatnam-Berry
phase [37]. Unfortunately, their amplitude responses are
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Figure 1 Principle of point-source-based holograms. (a) Traditional holograms based on the optical path-difference phase modulation
of ¢, with a strong dependence on wavelength. A chromatic modulation dispersion (MD) will be introduced immediately after the reliefs.
(b) Metasurface holograms relying on electromagnetic resonances to achieve wavelength-dependent amplitude and phase modulation.
(c) PS-based holograms using the emitting point sources without producing any MD. It has only the propagation dispersion that has
little influence on the holographic image. (d) Sketch of PS-based holograms for displaying an image. (e) A map of PS-based hologram
with 20, 931 PSs located in an 80 xmx80 um square. Insert: A zoom-in view of a local region. The PSs are denoted by the green
dots. (f) Simulated diffraction efficiency (DE) under the illumination of different wavelengths across the ultraviolet (UV), visible and
near-infrared ranges. Inserts: The simulated intensity profiles at wavelengths of 300 nm, 532 nm and 1100 nm. (g) Simulated DE as
a function of incident polarizations at the wavelength of 532 nm. The inserts (i.e., circles and arrow) show the states of polarization of

incident light.

closely related to the wavelength of plasmonic or magnetic
resonance so that their efficiency decreases rapidly when
the illuminating wavelength falls out of a narrow resonance
band [24,38-41]. To the best of our knowledge, the largest
ever reported bandwidth of geometric metasurface holo-
grams is ~400 nm [39] in both theory and experiment.
Furthermore, all these metasurface CGHs only work under
either linear or circular polarization because the nanostruc-
tures respond selectively to the polarization of incident light
[42]. In addition, the absorption of high-index dielectric
materials makes them unsuitable for operation at shorter
wavelengths such as the ultraviolet (UV) and blue ranges
[24]. There is no solution among existing holographic tech-
niques to simultaneously enable polarization-independent,
distortion-free, large angle-of-view and ultrabroadband op-
eration spanning from the UV to near-infrared (IR) wave-
lengths, which are highly desired for high-performance
holography.

Here, we propose a holographic strategy of employing
an array of point sources (PSs) to reconstruct the diffractive
images without any additional phase or amplitude mod-

ulation and thus remove the intractable modulation dis-
persion for an ultrabroadband (>700 nm bandwidth) op-
eration of light across the ultraviolet, visible and near-IR
wavelength ranges. Realized experimentally by utilizing
photon-nanosieves with 20 931 holes at an optimized di-
ameter of 100 nm, this PSs hologram is verified to en-
able both ultrabroadband (from 355 nm to 1064 nm) and
polarization-independent (i.e., linear, circular and ellipti-
cal polarizations) operations, meanwhile possess fascinat-
ing functionalities such as large angle-of-view under tilting
plane-wave illumination and a distortion-free lensing effect
under spherical-wave illumination.

2. Materials and methods

2.1. Design principle

The Huygens—Fresnel principle shows that diffraction of
light by an aperture in an opaque screen could be described
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by “a superposition of wavelets originating from an infin-
ity of fictitious ‘secondary’ PSs located within the aper-
ture” [43]. Its diffraction pattern is mainly dominated by
the aperture shape because all the PSs within this aperture
contribute to the interfered pattern. However, if only a fi-
nite number of discrete PSs are involved in the interference
(Fig. lc), the resulting pattern might be customized into
any shape, e.g., a picture or hotspot, by carefully arranging
the locations of these selected PSs, which implies a viable
holography mechanism as sketched in Fig. 1d.

According to Rayleigh—-Sommerfeld theory [43], the
diffraction pattern of an array of PSs in Fig. 1d can be
described as a superposition of electric fields from all these
PSs

N
w(r,y, )= Vo yu) - P06y, X s 20 4)
(1)

where P = _—lw(ik—%)z, R? =

2T R, (xn_
x)2+(u—y)>+z%, the incident electric field U, is
taken as unity here for a plane wave, N is the total number
of PSs, k = 2m/A and A is the wavelength of light. Equation
(1) contains two parts: the incident field Uy(x,, y,) at the
position (x,, y,) and the propagation kernel P. For a given
N, the spatial position (x,, y,) of PSs in the opaque screen
is the only variable but sufficient to achieve a customized
pattern through careful optimization. It should be noted
that Up(x,, y,) is not imprinted with any additional
phase or amplitude modulation and therefore removes
the intractable modulation dispersion physically, which
is a significant difference from the previous holography
mechanisms. Such a modulation-dispersion-free feature
is at the cost of low optical efficiency because the filling
factor of PSs cannot be large for reconstructing a hologram.
Therefore, pursuing a high efficiency is beyond the scope
of a Huygens hologram. It is worth noting that, although
the modulation dispersion has been eliminated, the propa-
gation kernel P describing the diffraction of a PS located at
(x4, y») provides the intrinsic propagation dispersion. This
propagation dispersion cannot be eliminated in principle,
however, it mainly influences the imaging position of a
hologram and does not cause significant distortions or
aberrations in the reconstructed holography image [24,38].
A genetic algorithm-based technique (see Supplemen-
tary Section 1 of Supporting Information) is employed here
to determine the locations of PSs for reconstructing an im-
age composed of the picture “Merlion” and letters “IMRE”
(referring to Fig. 1d). Figure le shows the overall map of
these optimized PSs with the smallest spacing of 250 nm,
which is designed to reconstruct this image at zo = 300 um
for the incident wavelength 1y = 532 nm. In Fig. 1f, we
calculate the diffraction efficiency (DE), a ratio of the im-
age intensity (target plane) to the total power of these PSs
(hologram plane), that determines the signal-to-noise ratio
(SNR = DE/(1-DE)) of a holographic image (not confused
with the total efficiency that is defined as the ratio of image
intensity to the total power of incident light). A large DE
means a high-quality holographic image without any sig-

nificant noise or background. The simulated DE is located
between 62% and 73% with a smooth variation across a
wide spectrum range of 300 nm to 1100 nm. The insets of
Fig. 1g show the high-fidelity Merlion images simulated at
three typical wavelengths of 300 nm, 532 nm, and 1100 nm,
which theoretically manifest the robust, reliable and high-
quality images across an ultrabroadband spectrum.

Its polarization response is investigated by using the
vector Rayleigh—Sommerfeld theory [44]. Assuming that
the PSs possess the same optical properties as incident light
[43], all the PSs have the identical polarization profile of

sinfpe, + i - cos bpe,, where 0 determines the state of po-
larization. In its diffraction fields, only the dominated com-

ponents e, and e, are considered in our calculations due

to the negligible longitudinal component e, (Supplemen-
tary Section 2 and Supplementary Fig. S1 of Supporting
Information) [35]. Figure 1g plots the calculated DEs as
a function of 6 (their states of polarization are denoted
by the insets), which shows a nearly constant of 64.3%
without any dependence on linear, circular and elliptical
polarizations.

2.2. Mimicking the electric fields of a point
source by a nanohole

Some approaches have been proposed to approximate the
Huygens PSs by the electrically small antennas at mi-
crowave and midinfrared frequencies [45—47], and dielec-
tric nanodisks in the visible and near-infrared ranges [48].
However, they suffer from the strong wavelength depen-
dence caused by the underlying electromagnetic resonances
and the strong absorption of high-index materials, e.g. sil-
icon, at shorter wavelength [42]. A small air hole is ap-
proximated frequently as a point source [49,50], especially
when the distance between the hole and the target plane of
interest is much larger than the hole diameter. A nanohole
in an opaque screen cannot be taken as an ideal Huygens PS
that requires a purely forward-propagating property without
any reflection [46,47,51,52]. Nevertheless, we find that the
radiated fields of an ideal PS are nearly identical to the op-
tical fields diffracted from an air nanohole, which is critical
because the reconstruction of a holography image mainly
depends on the electric fields of a diffraction unit (such as
a nanohole or PS) at the target plane. In addition, the trans-
mitted wave from a nanohole propagates forwardly while
the reflected light has no influence on the image reconstruc-
tion. More importantly, the air in a nanohole has the least
absorption and dispersion for the spectral range from UV
to near IR, which is not achievable by other approaches.
Therefore, we adopt the concept of photon sieve [53] con-
sisting of many nanoholes for realizing all the proposed
advantages of our hologram.

The lateral profile of light from a nanohole perfo-
rated in an opaque screen has been investigated first, as
sketched in Fig. 2a. Under the x-polarized illumination,
the diffracting electric fields have a dominated E,-
component and an ignorable E,-component under the
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Figure 2 Mimicking a PS by a Nanohole. (a) Sketch for the radiation of a nanohole. The yellow part is the opaque screen made of
PEC in our simulations. (b) Intensity profiles he(X, ¥y = 0, z= 4X) normalized by Ih(x = 0, y = 0, z= 4)) at a wavelength of 532 nm
by using FDTD. The pseudocolors of curves stand for the diameter d of nanohole. The black curve is the normalized intensity profile
haeal(X, y = 0, z = 4)) radiating from an ideal PS. (c) A quantitative evaluation of the radiation from a nanohole. The red dots are the
RMSEs between hoe(X, y = 0, z = 41) (color curves in b) from a d-diameter nanohole and fgea (X, y = 0, z = 41) (black curve in

N

3 1 hhole(Xn, 0, 41) — lgear(Xn, O, 4A)]2/(N — 1), where N is the sampling number along x direction.
n=1
The black dots show the logarithm of simulated ly = hoe(x = 0, y = 0, z = 41) in (b) for the holes with different diameters. (d) The
broadband response of a 100-nm diameter nanohole for wavelengths from 300 nm to 1100 nm. It is characterized in terms of the
RMSEs between hee(X, y = 0, z = 41) and lgeal(X, y = 0, z = 41) by changing the illuminating wavelength i. The color dots and
solid curve are the simulated RMSEs and their corresponding fitting results, respectively. (e) Simulated image of nanosieve hologram
by directly duplicating the locations of ideal PSs in Fig. 1e with 100-nm diameter nanoholes. Scale bar: 20 um. (f) A comparison
of line-scanning (i.e., the line between two white arrows in e) intensity profiles of the ideal (black curve) and nanosieve (red circles)

b) from an ideal PS. RMSE =

hologram.

paraxial approximation. In Fig. 2b, we quantitatively inves-
tigated the lateral (i.e., x—y plane) intensity profiles at the
z-cut plane of z=4X (A = 532 nm for example) by changing
the hole diameter d from 50 nm to 700 nm. This distance
is beyond the evanescent region, while it can facilitate an
easy (i.e., lower demand on memory) implementation of the
rigorously numerical simulation by using a finite-difference
time-domain (FDTD, Lumerical Inc.) method, having a per-
fect electric-conductor screen with 200 nm thickness and
a perfectly matched layer along all x-, y- and z-axes. Fig-
ure 2b shows that small nanoholes have nearly identical
lateral intensity profiles to that of an ideal PS, which is
verified by their small root-mean-square errors (RMSEs,
see the red dots in Fig. 2c) between intensity profiles from
a nanohole and an idea PS, e.g., <5x 107 when d<100
nm. Small nanoholes lead to the low transmission of light
as indicated by the rapidly decreasing on-axis intensity Iy
(black dots in Fig. 2c). Consequently, the 100-nm diam-
eter nanohole is chosen here after a considerate balance

between the optical performance and fabrication challenge
of smaller nanoholes.

We have also checked its broadband operation in Fig.
2d, showing the acceptable RMSEs across the wavelengths
from 300 nm to 1100 nm. The RMSE drops rapidly till
around A = 500 nm, after which it gradually converges
to a small value of ~5x1073. This result suggests several
important points in physics. First, the nanohole size can
be reasonably set at a threshold of d = 0.2, below which
nanoholes perform well to mimic the radiated electric fields
of PSs without much deviation. Secondly, when d<0.24,
there is no noticeable chromatic aberrations at the wave-
length range of interest (e.g., from 0.5 umto 1.1 um in Fig.
2d), making the nanosieve hologram fundamentally out-
perform other binary amplitude holograms plagued by the
strong chromatic aberrations [9, 10, 18]. Although the RM-
SEs increase rapidly at wavelengths smaller than 0.5 um,
the values are also kept at the level of ~ 1072, which is still a
reasonably good approximation of the radiated fields from

© 2017 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3 Experimental measurement of the photon-nanosieve hologram. (a) SEM images of fabricated photon-nanosieve sample in
a gold film. (b) Measured holographic images at the selective wavelengths (distinguished by the pseudocolors) in different spectral
ranges. (c) The measured spectrum of a white-light supercontinuum laser. Insert shows its intensity profile captured by a color CCD
camera. (d) The captured holographic image under the illumination of white light in (c). (¢) Measured DEs for different wavelengths.
Insert: Definition of DE. The upper and lower images are captured by a CCD at the target and hologram (z = 0) planes, respectively.
(f) Measured DEs for various incident polarizations that are realized experimentally by using a linear polarizer with its transmission
axis (T-axis) denoted by the white line and a quarter waveplate with its fast-axis (F-axis) denoted by the red line, as shown in the inset.

a Huygens PS. The practical use of such a threshold is that
the radiated fields of a nanoscale source with its diameter
smaller than 0.2 can be directly approximated by Eq. (1).

The 100-nm diameter nanohole is directly employed
to substitute the PS of Fig. le and construct a photon-
nanosieve hologram. To calculate its diffraction pattern, a
powerful hybrid approach [35] is used instead of the FDTD
technique that requires tremendous computing resources for
such a hologram containing 20 931 nanoholes. Figure 2e
displays the calculated image at the target plane while its
line-scan intensity profile is provided by the red circles of
Fig. 2f, which quantitatively matches well with that of the
ideal hologram (black curve in Fig. 2f).

3. Results and discussions

3.1. Experimental verifications

To realize this photon-nanosieve hologram, we experimen-
tally milled the 100-nm diameter nanohole array in a 200-
nm thick gold film by using focused-ion beam (Helios
Nanolab 600 DualBeam, FEI) with a milling current of
48 pA. Figure 3a shows the scanning electron microscope

images of one fabricated sample, which has ~75.7% of
nanoholes with their diameters located between 95 nm
and 103 nm (Supplementary Section 3.1 and Supplemen-
tary Fig. S2 of Supporting Information). To verify their
performances, a self-built experimental setup in a confo-
cal configuration (Alpha 300S, WITec GmbH) is employed
(Supplementary Section 3.2. and Supplementary Fig. S3(a)
of Supporting Information) under the illumination of laser
sources with various wavelengths from 355 nm to 1064
nm, respectively. Their intensity profiles are recorded by
a charge-coupled-device (CCD) camera (CM-140GE-UYV,
JAI), as shown by the pseudocolor pictures in Fig. 3b.
The high-fidelity images at those representative wave-
lengths verify that our photon-nanosieve hologram works
well across the ultraviolet, entire visible and near-infrared
ranges, with an operating bandwidth of >700 nm. Ben-
efitting from the effectiveness of the photon-nanosieves,
our hologram has no high-order diffraction and twin-image
issues.

The broadband behavior is further characterized by a
while-light source from a supercontinuum laser with its ex-
perimental spectrum and intensity profile shown in Fig. 3c.
Figure 3d displays the resulting image with the intermixed
green, yellow and red colors, recorded at zp = 300 ©m by a

www.lpr-journal.org

© 2017 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



1700025 (6 of 9)

K. Huang et al.: Photon-nanosieve for ultrabroadband and large-angle-of-view holograms

a Nanosieves

e
w

O Experiment
1
2 ﬂ - o

RMSE
o
o

C Nanosieves

Objective

-20° -10° 0°  10° 20°
L <9, 1 1 ¥
M L) L)
2 e ® £
3 € eV € ‘€
i e
d ot

Figure 4 Incident angle tolerance. (a) Sketch of testing setup for tilting the incident light and the experimentally captured intensity
profiles at different light incident angles 61. (b) RMSEs between captured and ideal images for the case in (a). The ideal image is the
simulated image under the normal illumination with 61 = 0. (c) Sketch of testing setup for tilting the hologram and the experimentally
captured intensity profiles at different hologram tilting angles 6,. (d) RMSEs between captured and ideal images for the case in (c).
The ideal image is the simulated image under the normal illumination with 6, = 0.

color CCD camera (AxioCam ICc3, Carl Zeiss). A captured
video exhibiting the dynamic change of intensity profiles
around z = 300 um is also available in Supplementary
Movie 1. Every holographic image for the involved wave-
length A is located at the different z-cut plane by following
a simple relationship of Az = Xzo [24,38], see Supplemen-
tary Section 3.3 and Supplementary Fig. S4 of Support-
ing Information. Due to the chromatic dispersion caused
by the small z-shift between two neighboring images, the
overall image in Fig. 3d is colorful. However, its designed
shape of “Merlion” and “IMRE” is well maintained without
any distortion. This important feature makes our photon-
nanosieve hologram competent at working as a white-light
hologram.

The experimental DE is evaluated by the ratio of the
intensity of captured holographic image (the upper image
in the insert of Fig. 3e) to the transmitted power (the lower
image) that is equivalent to the total power emitting from
all PSs. Figure 3e shows the measured DE with a value of
around 60% over a wide spectrum from 355 nm to 1064 nm,
as predicted. Such high and stable DEs are essential to guar-
antee the high-quality images with minimum background
noise. The polarization response is investigated by using a
532-nm laser for example. Referring to the inserts of Fig.
3f, the states of polarization (linear, circular and ellipti-
cal polarizations) of the incident beam could be tuned by
manipulating a polarization converter composed of a lin-
ear polarizer and a quarter waveplate. The experimental

DEs in Fig. 3f shows a nearly constant of 64.5% (£2%),
indicating its independence on the incident polarizations.
This can be attributed to the fact that the diffracting light
directly inherits the incident-light polarization due to the
axially symmetric geometry of a circular nanohole [54].
The low transmission of our nanohole makes the total ef-
ficiency (mainly constrained by the filling factor of holes
and the transmission of a single hole) of our hologram be-
low 1%. Potentially the transmission could be enhanced by
increasing the hole size (see Fig. 2c) [54] but with some
trade-offs on aberration (see Fig. 2b), or by using some ac-
tive light-emitting nanocrystals [55-57] at the locations of
holes.

3.2. Large angle-of-view

Our photon-nanosieve hologram also has superior tolerance
to the incident angle of a tilting plane wave, verified by two
experiments. First, we rotate the illuminating light to form
a tilting angle of 6, as shown in Fig. 4a. The plane wave
is approximated experimentally by a collimated Gaussian
beam with a 488-nm wavelength as an example. As 6,
changes, the captured image shifts its location in CCD, ac-
companied with a gradual variation in image quality. Five
measured images are provided in the insets of Fig. 4a
from 6, = -20° to #; = 20° with an interval of 10°
(see more images with an interval of 2° in Supplementary
Fig. S5 of Supporting Information). Quantitatively, we

© 2017 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.lpr-journal.org



Laser Photonics Rev. (2017)

(7 of 9) 1700025

Plane Wave

Nanosieves

Spherical Wave

Hologram

% Experiment
Z,=300um

Figure 5 Lensing effect for magnified image projection. (a) Sketch for demonstrating the lensing effect. Under a plane-wave illu-
mination, the photon-nanosieve hologram could generate a 58 umx58 um image at z = z,. For a spherical-wave illumination, the
same photon-nanosieve hologram is able to generate a magnified image at z = z. The center of sphere of this spherical wave is
located at a distance of z; from the hologram plane. (b) Theoretical (red curve) and measured (star) relationship between z; and z.
Inserts: Experimentally captured intensity profiles at different zs. The scale bar is valid for all the images. (c) Working principle of a
microprojector based on our photon-nanosieve hologram. Insert: Projected image with a magnification of ~260x captured by a single

lens-reflex camera.

compare their RMSEs between the captured and ideal im-
ages in Fig. 4b, indicating an increasing deviation for large
|61]. Since the maximal RMSEs is less than 20% within
the range of —20°<6, <20°, this hologram exhibits a high
tolerance to incident angle of 40°x40°. Secondly, referring
to Fig. 4c, we rotate the hologram to achieve a tilting angle
6, between its normal direction and the optical axis. The
recoded images show the similar tendency that the quality
becomes poorer as |6,| increases, while a maximum of RM-
SEs is <20% in the pink region of Fig. 4d. These results
validate its good tolerance to the tilting illumination, im-
plying the nontrivial advantage over those holograms that
only operate at normal incidence of light [16, 36, 38-40].
Physically, the large angle-of-view is benefitted from the
deep-subwavelength size of holes in our hologram.

3.3. Lensing effect

This high angle-tolerance enables our photon-nanosieve
hologram to exhibit an intriguing lensing effect for holo-
graphic display. This phenomenon is demonstrated under
the illumination of a spherical wave, which can be decom-
posed into a weighted superposition of many tilting plane
waves according to the Fourier optics [43]. For an incident
spherical wave having a distance of z; between its center of
sphere and hologram plane (see Fig. 5a), its electric field at
the hologram plane is Uy(x,, y,) = exp(ikR;)/Rs, which

RZ = x,,2+y,,2+z52. After substituting it into Eq. (1) and
applying the paraxial approximation, one can find the imag-
ing equation of a lens

— = - )
and its magnification

M= = " 3
20 1 —zo/zs <)

where z; is the distance between the image plane and
hologram plane. The detailed mathematical derivations
can be found in Supplementary Section 4 of Supporting
Information.

To verify this scenario experimentally, we implement
the measurement (see Supplementary Fig. S3b of Sup-
porting Information) by taking the 532-nm wavelength
spherical-wave illumination for example. Figure 5b shows
the measured z5 and z;, which is consistent with the predic-
tion by Eq. (2). The magnification of image can be observed
especially when z; approaches zop = 300 wm. During this
process, the spherical wave incident on the hologram area
contains more large tilting angle plane-wave components,
whose largest angle is 6 = 10.6° (i.e., tan’1(40\/§/300)).
Fortunately, it is still below the operating limitation of

www.lpr-journal.org
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|6 = 20°for our photon-nanosieve hologram, without pro-
ducing any pincushion or barrel distortion [58].

Such a lensing functionality suggests an immediate ap-
plication of our photon-nanosieve hologram working as a
lens-less lightweight microprojector for portable display.
In Fig. 5c, a proof-of-concept Merlion image with ~15
mmx 15 mm size is experimentally obtained by carefully
tuning z; (see Supplementary Fig. S3c of Supporting Infor-
mation). It should be emphasized that this image is directly
projected onto a screen, without any optical component be-
tween this screen and the hologram plane, and captured
by a simple family-used single-lens-reflex camera. Since
the dimension of the designed image is ~58 umx58 um,
a magnification of ~260 has been achieved without any
distortion, which is usually suppressed with the help of a
complex lens group in commercial projectors. No bulky
lenses are needed here to correct the aberration so that it
reduces the cost in optical design and the size of the whole
system. The chip size of our microprojector is greatly scaled
down to 80 umx80 um, which is ~10* of a commercial
liquid crystal chip (~0.78 inchx0.49 inch, EPSON EB-
536Wi Short Throw Projector). The much smaller pixel
pitch of 250 nm (compared with ~15.5 pum in a liquid
crystal pixel) renders a higher resolution. These features
make this photon-nanosieve hologram a fascinating plat-
form for portable displays, although its reconfigurability
may need to resort to other technologies [59, 60].

4. Conclusions and outlook

In summary, a photon-nanosieve hologram is proposed and
studied comprehensively. Nanoholes are used as practical
point sources with an evaluation methodology provided.
This technique opens up several unexploited areas in holog-
raphy research and significantly relieves the rigorous limi-
tations about the operating environment. The demonstrated
hologram can operate simultaneously with polarization in-
dependence, distortion-free, high resolution and ultrabroad-
band from UV to near-IR. Furthermore, the large angle-
of-view, lensing functionality and compact volume of the
nanophoton-sieve holograms promise a plethora of poten-
tial applications in portable holographic display and virtual
reality. Last but not least, the point-source-based Rayleigh—
Sommerfeld theory has set a versatile platform for model-
ing optical field of other point-like nanoemitters such as
nanocrystals.

Supporting Information

Additional supporting information may be found in the online ver-
sion of this article at the publisher’'s website.
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