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A Spin-Encoded All-Dielectric Metahologram for Visible
Light

Muhammad Afnan Ansari, Inki Kim, Dasol Lee, Muhammad Hamza Waseem,
Muhammad Zubair, Nasir Mahmood, Trevon Badloe, Selcuk Yerci,* Tauseef Tauqeer,*
Muhammad Qasim Mehmood,* and Junsuk Rho*

Dielectric materials that are low-loss in the visible spectrum provide a
promising platform to realize the pragmatic features of metasurfaces. Here,
all-dielectric, highly efficient, spin-encoded transmission-type metaholograms
(in the visible domain) are demonstrated by utilizing hydrogenated
amorphous silicon (a-Si:H). In comparison to previously reported visible
metaholograms based on TiO2 and other dielectric materials, all-dielectric
metasurfaces provide a cost-effective more straightforwardly fabricated
(aspect ratio 4.7), CMOS compatible, and comparably efficient solution in the
visible domain. A unique way of utilizing polarization as an extra degree of
freedom in the design to implement transmission-type helicity-encoded
metaholograms is also proposed. The produced images exhibit high fidelity
under both right and left circularly polarized illuminations. The proposed
cost-effective and CMOS-compatible material and methods open up an
avenue for on-chip development of numerous new phenomena with high
efficiency in the visible domain.

1. Introduction

Holography is an imaging technique that was invented by Den-
nis Gabor in 1948.[1] Originally, it involved the recording of
an interference pattern using a reference beam and reflected
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beam off an object. The recorded pat-
tern called a hologram, stored both phase
and amplitude of the object. Under the
illumination of a reference beam, a 3D
image of the object can be formed.
With the advancement toward the realiza-
tion of computer-generated holograms
(CGH),[2] an object is not required during
the design of a hologram. The hologram
profiles can instead be generated using it-
erative numerical algorithms.[3] Metasur-
faces, the subwavelength-thick counter-
parts of metamaterials with exceptional
capabilities of tailoring the wavefront
of light in any desired fashion, provide
an attractive platform to realize CGHs.
With sub-wavelength nanoresonators,[4–7]

metasurfaces can spatially modulate the
amplitude, phase, and polarization of
incident light to realize high-resolution

holograms and can overcome problems like higher order diffrac-
tion and twin imaging. Therefore, metasurfaces offer remark-
able promise in realizing both 2D and 3D imaging. Furthermore,
they have proved their applicability in beam engineering,[8,9] data
storage,[10] security,[11,12] communication,[13] and display.[14] There
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are many accounts where plasmonic metasurfaces have been
used to realize holograms. In such metasurfaces, plasmonic
nanostructures were used as a proof-of-concept for visible meta-
surface holography, both in transmission[15,16] and reflection.[17,18]

Due to the strong electron–electron and electron–phonon scatter-
ing, plasmonic nanostructures undergo intrinsic optical losses
(i.e., Ohmic losses), which reduces the optical efficiencies of
functional photonic devices such asmetalenses, metaholograms,
and wave plates in the visible regime.[19] Additionally, they are
not compatible with processes that need ultrathin films, tempera-
ture stability, chemical inertness, and CMOS compatibility.[21] As
a result, the performance of transmission-typemetasurfaces sub-
stantially deteriorates in the visible spectrum. Unlike other met-
als, aluminum (Al) nanoantenna-based metasurfaces possess a
better response, but they suffer from oxidation and their fabri-
cation is quite challenging.[20,21] Moreover, the efficiency of the
transmission-type plasmonic metasurfaces is restricted to 25%
due to the presence of only electric dipole resonance.[22] On the
other hand, high-index dielectric nanoresonators have a clear ad-
vantage due to the presence of both electric and magnetic dipole
resonances at optical wavelengths. Hence, dielectric materials
with high refractive indices and low extinction coefficients ap-
pear to be ideal candidates for the realization of highly efficient
transmission-type metasurfaces. All-dielectric metasurfaces con-
sist of high-index subwavelength dielectric nanoresonators
where particular electric and magnetic dipole excitations are tai-
lored to acquire the desired wavefrontmanipulations (in terms of
phase, amplitude, and polarization) of the transmitted light.[23]

Due to the low-loss feature, all-dielectric metasurfaces per-
form better than plasmonic metasurfaces concerning optical ef-
ficiency and resonance quality factor. Moreover, they surpass
their metallic counterparts not only in transmission but also
in reflection (where plasmonic metasurfaces find very efficient
applications[18]). For example, near-perfect all-dielectric reflectors
(99.7%) surpass metallic reflectors (80%).[18]

Silicon (Si) provides a major advantage among the reported
materials in terms of its cost-effectiveness and simple fabrica-
tion, as it is naturally compatible with already developed and
mature CMOS fabrication technology,[21] hence being the ma-
terial of supreme importance for the CMOS foundries for the
last few decades. Owing to these advantages, many researchers
choose Si to demonstrate all-dielectric metasurfaces. For exam-
ple, Yang et al. illustrate the polycrystalline-Si (poly-Si)-based di-
electric resonators. They have optimized the dimensions of di-
electric resonators for maximum cross-polarized reflection and
proper phase coverage.[24] Using a-Si-based nanostructures, Kho-
rasaninejad et al. presented broadband chiral holograms with
different orientation of nanoantennas and blazed-binary grating
structure to obtain dispersion-free results.[25]

Arbabi et al. demonstrated a highly efficient metasurface by
employing high contrast ellipse-shaped a-Si:H nanorods.[26] Each
nanorod behaves like a resonator, while the rotation angles of
these nanorods are varied to control the helicity-dependent phase
shift of the structure. Measured efficiency of up to 97% was re-
ported in the infrared domain. Recently, Zhou et al. reported an
efficient metasurface with crystalline Si (c-Si).[27] Another meta-
surface was created by transferring thin-film c-Si on top of a
SiO2 substrate followed by the development of nanoposts us-
ing e-beam lithography patterning technique. The metadevice

Figure 1. Operation of the proposed spin-encoded metahologram with
different polarization states. a) Left-handed circularly polarized light and
b) right-handed circularly polarized light. The spin-encoded metaholo-
gram is made up of subwavelength hydrogenated amorphous silicon
(a-Si:H) nanorods. Single metahologram device is capable of producing
off-axis holographic images (i.e., the logo of Information Technology Uni-
versity’s “ITU” or logo of RHO-lab in POSTECH University) at a distance
of 200 µm away from the metahologram in the propagation direction, de-
pending upon the helicity of incident light.

designed from c-Si nanoposts showed transmission efficiency
of 67% with full control on wavefront at a working wavelength
of 532 nm. Capitalizing on the unique advantages of Si, Huang
et al.[19] and Yoon et al.[28] presented Si-based metaholograms at
visible wavelengths in transmission mode. However, substantial
dielectric losses of a-Si (due to higher absorption coefficient in
the visible spectrum) deteriorated image quality and efficiency
(by 3%).[19] Therefore, in the visible spectrum, the applicabil-
ity of metasurfaces based on a-Si is diluted due to inadequate
efficiency.
Novel dielectric materials such as titanium oxide (TiO2) and

gallium nitride (GaN) have succeeded to attain ultra-high trans-
mission efficiency; for instance, Devlin et al. used nanostruc-
tures based on TiO2 and demonstrated a dielectric metasurface
hologram.[29] GaNhas been exploited for highly efficientmetasur-
faces for lensing and color-filtering applications.[30] However, the
fabrication techniques for TiO2 and GaN are complex and expen-
sive for large-scale production due to the required higher aspect
ratios (up to 10 to 15) compared to a-Si, thanks to its higher refrac-
tive index. In some cases, the reported height is even taller than
their working wavelengths which bring numerous other chal-
lenges during fabrication.[30,31] For that reason, novel dielectric
materials with high refractive indices and low extinction coeffi-
cients such as a-Si:H are required to produce low-cost, highly
efficient, and CMOS-compatible metaholograms in the visible
spectrum.
Herein, we demonstrate a transmission-type spin-encoded

metahologram using low-loss hydrogenated amorphous silicon
(a-Si:H) in the visible domain, particularly optimized for a wave-
length of 633 nm. The proposed helicity-encoded metahologram
demonstrates chiral characteristics with high image fidelity and
high transmission efficiency. It can switch between two off-axis
holographic images (“RHO” and “ITU”) under the right and
left circularly polarized illumination (RCP and LCP, respectively)
as shown in Figure 1. To the best of our knowledge, we have
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Figure 2. Numerical optimization of hydrogenated amorphous silicon (a-Si:H) nanorods. a) On the left, the unit cell geometry of a single a-Si:H nanorod
with its optimized parameters, length (l = 200 nm), width (w = 80 nm), height (h = 380 nm), and periodicity (U = 290 nm). On the right, the wavefront
of cross-polarized transmitted light at 633 nm based on the full-wave simulation results using FDTD simulation (Lumerical). Complete 0–2π phase
coverage and total control over the wavefront of the scattered light are achieved with an aspect ratio of 4.75. b) The optical properties of a-Si:H (black)
and conventional a-Si (red) over a broadband wavelength range (200 to 1000 nm). The solid and dotted lines depict the refractive index and extinction
coefficient, respectively. A blue marker is drawn at 633 nm, where the values of the complex refractive indices are equal to 3.25 + 0.047i and 4.22 + 0.47i
for a-Si:H and conventional a-Si, respectively. The reduction in the extinction coefficient shows the suitability of a-Si:H for all-dielectric meta-devices
in the visible regime. c,d) Numerical simulations of optical efficiencies versus orientation angle (φ) of a-Si:H nanorods with respect to the x-axis (c)
and versus wavelength ranging from 400 to 700 nm (d). The blue, black, and red solid lines represent transmission, cross, and co-polarized efficiencies,
respectively. The amplitude of transmission and cross-polarized efficiencies remained almost constant over the entire values of orientation angle (ϕ). The
unit element is optimized for the maximum value of transmission and cross-polarized efficiency (η). A broadband analysis also confirms the maximum
transmission (75%) and maximum cross-polarized efficiency (74%) at λ = 633 nm.

demonstrated an efficient spin-encoded metahologram using a-
Si:H in the transmissionmode. Our measured efficiency reaches
up to (61%) in the visible domain with a much lower aspect ra-
tio (� 4.7) as compared to previously reported all-dielectric meta-
surfaces based upon TiO2 (having aspect ratio of �15[29]) and
GaN (�12–17.7[29,31]). This substantial reduction in aspect ratio
significantly eases the fabrication complexities and cost, making
them an ideal candidate for their practical utility through large
scale production. Our proposed metahologram also performed
better than all previously reported metaholograms made up of
conventional a-Si and poly-Si which showed meager efficiencies
and poor image fidelities at a visible wavelength of 633 nm.
The rest of the research paper is organized as follows: The next

section outlines the material, design, and methods of the unit
cell. It also consists of simulation results, characterization setup,
measured results, and discussion. The research is summarized

and concluded in the fourth section. The fabrication of proposed
metahologram is explained in the last section.

2. Results and Discussion

2.1. Design and Methodologies for Spin-Encoded Metahologram

To achieve the desired phase profile (with uniform amplitude) to
realize a polarization-encoded transmission-type metasurface, a
2D array of rectangular a-Si:H nanorods are patterned on top of a
SiO2 substrate (as shown in Figure 2a). Conventional a-Si cannot
be used in the visible spectrum as its mobility gap is 1.7 eV and
an extinction coefficient at 633 nm is 0.47.[32] According to the
photon energy relationship (E = hc/λ), incident light with a
wavelength shorter than 708 nm will be mainly absorbed. The
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dielectric frequencies of a-Si do not lie in the visible regime, thus
making it only suitable for use at near-infrared wavelengths.
Through ellipsometry, the measured complex refractive index of
our a-Si:H sample at 633 nm is 3.25+0.047i, which indicates a
considerable reduction in the extinction coefficient compared to
the conventional a-Si as shown in Figure 2b. The mobility gap
of a-Si:H has increased due to the inclusion of hydrogen. This
is due to the passivation of unsaturated bonds and elimination
of gap-states by hydrogen.[33] As a result, the strong absorption
in a-Si:H occurs in the near ultraviolet, making it a suitable
candidate for applications in the visible spectrum (particularly
for red and green light).
To achieve significant birefringence for the control and rever-

sal of photon spin, individual rectangular nanorods can be uti-
lized as depicted in Figure 2a. The optimized structure of the
nanorods presented in this paper is equivalent to a miniaturized
half-wave plate. Depending on their orientation, these nanorods
imprint inversed spin photons along their corresponding geo-
metrical phase.[34] To accomplish 0 to 2π phase coverage for full
wavefront control, Pancharatnam–Berry (PB) phase modulation
with continuous phase distribution is implemented. The orienta-
tion angle (ϕ) (between the x-axis and fast axis of nanorod) is var-
ied to attain the required phase shift. By using the relevant Jones
matrix (detailed derivations are provided in Supporting Informa-
tion), the expression of the electric field after passing through an
a-Si:H nanorod with left circularly polarized (LCP) incident light,
takes the following form:[23]

�Etrans (z, t) = Ĵ (ϕ) .ê L = tp + ts
2

ê L + tp − ts
2

ei2ϕ ê R (1)

Considering the anisotropic nature of our proposed a-Si:H
nanorods, the parameters tp and ts are the complex scatter-
ing coefficients of nanorod when the polarization of incident
light is parallel to the fast (longer) axis and short axis of a-Si:H
nanorod, respectively. As depicted in Equation (1), if LCP light
(ê L = (ê x + ê y )/

√
2) impinges onto the a-Si:H nanorod (with an

orientation angle ϕ), the scattered light will have one component
with the same handedness (also known as co-polarized compo-
nent) and a second component (carrying an extra phase of i2ϕ)
with the opposite handedness ( also known as cross-polarized
component).
To maintain the highest conversion efficiency, it is required

that varying the orientation angle should only affect the phase
of the cross-polarized transmitted field which can be achieved
by properly optimizing the dimensions and orientations of the
a-Si:H nanorods (Figure 2a,c). A technique known as particle
swarm optimization[35] is used to optimize the physical dimen-
sion (periodicity U, length l, and width w) of the corresponding
unit element to obtain maximum values of transmission (T)
and conversion efficiency (η) of the cross-polarized component
(as shown in the Figure 2c) at a working wavelength of 633 nm
using a commercially available Finite Difference Time Domain
solver (FDTD Lumerical). The unit cell is subjected to periodic
boundary conditions in both x and y directions and perfectly
matched layer boundary condition in the direction of propaga-
tion. Cross-polarization η is defined as the ratio of the power
of the cross-polarized component of scattered light to the total
power of the impinged light.

Optimization of the unit cell is achieved when the electric
and magnetic dipole resonances coexist in the nanorod struc-
ture for 633 nm light. Moreover, maximum forward scattering
(to achieve complete phase coverage) is also insured by this op-
timization. FDTD simulations predict that the highest value of
cross-polarized η and T are 74% and 75%, respectively, at an
operation wavelength of 633 nm as shown in Figure 2d. The
broadband operation of the a-Si:H nanorods due to the intrinsic
property of PB phase modulation is also elaborated in Figure 2d.
To explain the behavior of dielectric resonance modes with re-
spect to the spin of photon, the cross-sectional intensities, and
field orientations of the optimized unit cell at 633 nm are plot-
ted (Figures 3a–d).The cross-sectional intensity profiles and field
orientations of the electric and magnetic fields under x-polarized
(i.e., incident electric field parallel to the fast (longer) axis of the
nanorod) and y-polarized (linearly polarized illumination parallel
to the short axis of nanorod) light illumination are displayed in
Figures 3a–d. It is evident that both electric and magnetic reso-
nancemodes with different dipolarmode intensities exist and are
well confined within the a-Si:H nanorod. Moreover, in compari-
son with the previously reported work,[19] a-Si:H shows a similar
pattern of electric andmagnetic resonancemodes but withmuch
higher intensity due to the lower extinction coefficient.[19]

The PB phase modulation provides an extra degree of freedom
to realize a merged metahologram with spin-encoded features.
This allows switching between two different images by simply
flipping the handedness of the circularly polarized incident light
on the transmission-type metahologram. When the polarity of
the orientation angle (ϕ) is flipped to –ϕ, the phase of the holo-
gram (θ ), also known as a phase-only hologram, is also flipped
to –θ . Therefore, for a transmission-type metahologram, an im-
age I with position (x, y) will be formed virtually at a position
(−x, −y), as expressed in Equations (S20) and (S21), Supporting
Information.[3,17] The proposed metahologram design will pro-
duce off-axis images of “ITU” or “RHO” at 200 µm in the direc-
tion of propagation (+z) when the incident light beam is LCP or
RCP, respectively, as depicted in Figure 1.

2.2. Experimental Verification of Spin-Encoded Metahologram

A phase map that corresponds to the output beam is required for
the realization of a nanorod-based metaholograms. This phase
map can be achieved by implementing the Gerchberg–Saxton
(GS) algorithm using the desired pattern in the far field along
with the information of the amplitude of incident optical field.
The GS algorithm is modified to incorporate the spin-encoded
feature for two separate output images (“ITU” and “RHO”) into
a merged phase-only hologram. To increase the density of the
nanorods, the pixel size is set equal to the displacement of the
metasurface. To avoid overlapping and distortion of the two holo-
graphic images, the phase map is designed in such a way that
the two reconstructed images would appear off-axis as shown in
Figure 4a,b.
For the proof-of-concept, a modified GS algorithm is imple-

mented with 1378 × 1378 element matrix. This corresponds to a
�400 µm2 spin-encoded metahologram. Figure 4a,b depicts the
desired phase map obtained from the modified GS algorithm for
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Figure 3. Dielectric resonance modes inside an a-Si:H nanorod. a,b) The cross-sectional intensities and field orientations of electric field (V m−1) (a)
and magnetic field (A m−1) (b) under x-polarized light illumination. c,d) Cross-sectional intensities and field orientations of electric field (V m−1) (c) and
magnetic field (A m−1) (d) under y-polarized light. When subjected to x-polarized light, both the electric and magnetic dipoles are confined within the
a-Si:H nanorod with the electric dipole having a higher intensity. When y-polarized light is incident, the electric field exhibits a quadrupole resonance,
while the magnetic field is dominated by a dipole resonance. These depictions are in excellent agreement with numerical FDTD optimizations of the
a-Si:H-based unit cell at the operational wavelength. The mesh size and boundary conditions were kept identical.

far-field images of “ITU” and “RHO,” respectively. Optical out-
puts of the FDTD simulations, as well as an illustration of the
spin-encodedmetahologram concept, are included in the supple-
mentary information. The “ITU” will appear when LCP light is
incident onto the metahologram, and “RHO” will appear under
RCP illumination.
To fabricate the �400 µm2 spin-encoded metahologram, we

deposited 380 nm of a-Si:H on top of SiO2 substrate (with a
thickness of 500 µm) using plasma-enhanced chemical vapor
deposition (PECVD). The deposition rate of material (a-Si:H) is
1.3 nm s−1 at 300 °C with a flow rate of SiH4 and H2 gases equal
to 10 and 75 sccm, respectively. E-beam lithography is used to de-
fine the rectangular nanorods by scanning the geometry onto a
positive tone resist followed by a 30 nm thick chromium depo-
sition and lift-off process. Using the chromium etch mask, dry
etching is performed to translate the geometrical structures onto
the a-Si:H. Figure 4d presents the optical microscopic image of
the fabricated spin-encoded metahologram under the illumina-
tion of a plain white light source. The inset gives a detailed view
of the fabricated sample through a scanning electronmicroscopy
(SEM) image. (Details can be found in Section 4.)
Figure 4c illustrates the experimental setup for the perfor-

mance characterization of the fabricated metahologram. Wave-
length incident light of 633 nm is emitted from a 5 mW HeNe
laser source, passes through two silver mirrors (M1 andM2), and
is collimated and expanded using a beam expander (BE). Dur-
ing the experiment, the full-width half-maximum of the beam is
kept larger than the size of metahologram to acquire illumina-
tion with uniform amplitude and constant phase. The size of the

beam width is controlled using the iris (I1) and BE. The beam
is directed toward the metahologram sample (S1) after passing
through the polarization controllers (LP and QWP) and an ob-
jective lens (OL). The metahologram sample is mounted on a 2D
stage that is positioned at the beamwaist. The impinging beamof
light is either right or left circularly polarized. The gradual change
in polarization is realized by altering the angle between the fast
axis of the QWP and polarization axis of the polarizer. During the
measurement, the size of the incident optical beam is kept equal
to the size of the output optical beam.
The metahologram sample exhibits a defect-free appearance

under a confocal microscope with plain white light illumination
as shown in Figure 4d. An SEM micro-image shown in the in-
set of Figure 4d provides a closer look at the fabricated rectangu-
lar nanorods. In order to calculate the transmission efficiency of
metahologram, the transmitted optical power is measured using
a charge-coupled device (CCD) camera. The CCD camera is first
used to measure the incident optical power, Pi, and then the out-
put optical power, Phol, from the metahologram in the far field.
The measured transmission efficiency of metahologram is de-
fined as:

η = Phol/Pi (2)

The measured transmission efficiency for the designed
spin-encoded metahologram is 61%. Figure 4e,f presents re-
constructed images of the ITU and RHO logos projected by
metahologram in the far field as an assessment of image fidelity
and efficiency, which is measured to be 61 %. Clear images
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Figure 4. Simulation results of the designed, merged spin-encoded metahologram and measured results obtained from the optical characterization of
the fabricated metahologram, showing the reconstruction of the holographic images. a,b) Numerically obtained phase-only holograms depicted using
MATLAB for the incident light with left circular polarization (LCP) (a) and right circular polarization (RCP) (b). c) Schematic diagram of the optical setup
for the characterization (measuring transmission efficiencies and capturing high fidelity images) of the fabricated samples of the transmission-type spin-
encoded metahologram. The setup comprises an HeNe laser (λ = 633 nm); two silver mirrors (M1 and M2) to align the laser beam; a beam expander
(BE) to collimate and expand the waist of the beam for uniform light; iris (I1) to control the beam width; linear polarizer (LP) and quarter wave plate
(QWP) to produce circularly polarized light and to gradually change the helicity of the input light; objective lens (OL) with 40× magnifying power to
zoom in on the holographic images for increased visibility; the 400 µm2 metahologram sample (S1) under test with a-Si:H nanorods on a glass (SiO2)
substrate comprising off-axis “ITU” and “RHO” images; and a CCD camera to measure and capture the optical properties such as efficiency and fidelity
of the reconstructed hologram. d) The left part is an optical microscopy image of the sample under plain white light illumination. The right part of the
figure contains a highly magnified SEM image of the fabricated a-Si:H nanorods on top of the substrate. The scale highlighted on the SEM images is
1 µm. e) Experimentally obtained images for incident light (λ = 633 nm) with left circular polarization, f) right circular polarization, g) elliptical circular
polarization, and h) linear polarization. The minute impressions of unwanted images in (e) and (f) are due to the scattered co-polarized component.
High image fidelity of cross-polarized components is observed in (e) and (f). As the polarization state gradually changes from LCP to RCP and vice
versa, intermediate states contain elliptical and linear polarization states, so the development of spin-encoded holographic images is observed.
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Figure 5. Broadband wavelength analysis for absolute transmission efficiencies and holographic images. a) Measured (red diamond markers) and
simulated (solid black line) transmission efficiencies of the metahologram. Absolute transmission efficiency is defined as the ratio of the optical power
transmitted from the metahologram to the optical power transmitted to a 2D (�400 µm2) aperture (the size of the metahologram). b–d) Holographic
images covering the three most commonly used wavelengths in the visible regime. The incident light is LCP with λ equal to 633 nm (b), 532 nm (c),
and 405 nm (d). All holographic images are reconstructed from the same metahologram sample designed for 633 nm light and depict the broadband
nature of a single metahologram device using a-Si:H.

(“ITU” and “RHO”) with high fidelity are observed under red
light (633 nm) illumination. When the helicity of incident light
is changed from LCP to RCP, the “RHO” appears while “ITU”
disappears, and vice versa. One image is reconstructed when
the metahologram is illuminated with pure left or right circular
polarization. However, both images will be reconstructed by the
illumination of linear or elliptically polarized light, as shown in
Figure 4g,h. Figure 4e–h also shows the relationship between the
gradual change in the incident polarization and evolution process
(from “ITU” to “RHO”) of the reconstructed images. It is also ev-
ident that the efficiency reduces to the point of disappearance for
the same image in the case of helicity inversion. This disappeared
image is formed virtually at a position of (−x,−y) as described in
Equation (S21), Supporting Information. A broadband analysis
is also performed under blue (405 nm), green (532 nm) and
red (633 nm) light as shown in Figure 5a–d. The measured
transmission efficiencies of the spin-encoded metahologram are
12% for blue light, 31% for the green light, and 61% for the red
light. The broadband nature of the spin-encoded metahologram
is also observed over a long range in the visible spectrum with a
transmission efficiency of more than 50% from 546 to 700 nm.
The image fidelity of the a-Si:H-based metahologram is even
higher (Figure 5c) at 532 nm compared to a conventional a-Si
metahologram at 633 nm.[19] The image fidelity and efficiency at
405 nm is poor due to the strong coupling and higher extinction

coefficient of a-Si:H at shorter wavelengths. The results at
405 and 532 nm can also be improved by using a supercell
comprising separately optimized unit cells for three wavelengths
(405, 532, 633 nm). The measured conversion efficiencies are
slightly lower than the simulated predictions due to fabrication
intolerances and the proximity effect of the fabricated nanorods.
From the simulation and experimental results, we clearly ob-

serve that a significant part of the energy is transmitted and
contributes toward the target image. Due to the optimized de-
sign of the proposed low-loss dielectric material, the simulated
and measured efficiencies reach as high as 75% and 61%, re-
spectively. The transmission-type spin-encoded metahologram
demonstrated here not only performed better than previously re-
ported spin-encoded holograms based on plasmonicmaterials, a-
Si, and poly-Si in term of performance[19,28] but also has an extra
degree of advantage over the conventional dielectricmetasurfaces
(made up of TiO2 and GaN) with only two-steps CMOS fabrica-
tion compatibility for on-chip devices.[29,30] We have merged two
phase profiles into a single structure at an operational wavelength
of 633 nm in transmissionmode to reproduce two off-axis images
with much higher efficiency and image fidelity than previously
reported metasurfaces of such kind (to the best of our knowl-
edge). Therefore, the realization of low-cost metaholograms with
high efficiency and better image fidelity is now possible in the
visible spectrum.
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3. Conclusion

In summary, we have demonstrated a CMOS fabrication com-
patible, transmission-type solution for realizing highly efficient
metasurfaces in the visible domain, particularly optimized for
operation at 633 nm. A cost-effective material (a-Si:H) has been
employed that exhibits a low extinction coefficient and high re-
fractive index for visible light. Its high index aids in relaxing the
fabrication challenges faced for other dielectric materials by de-
creasing the aspect ratio to 4.75. We employed a modified GS
algorithm to calculate the phase map of a 400 µm2 metaholo-
gram to produce off-axis holographic images of ITU and RHO at
z = 200 µm. A unique design methodology of polarization-
encoded metahologram is implemented with high-quality holo-
graphic images. The measured transmission efficiency of the
projected hologram is 61% for red light (633 nm). This study
provides evidence that all silicon-based meta-devices can be
fabricated onto a single photonic integrated circuit via mature
CMOS fabrication techniques without compromising the perfor-
mance. Furthermore, the proposed spin-encoded metahologram
can pave the way toward information encryption[36] and dynamic
projective display technology.[37]

4. Experimental Section
Metahologram Fabrication: The total size of the fabricated metaholo-

gram was 400 µm2. The fabrication of the device was carried out on a
substrate made up of fused silica (SiO2) having a thickness of 500 µm.
Using PECVD (BMR Technology HiDep-SC), a-Si with 380 nm height was
deposited. The deposition was controlled at a rate of 1.3 nm s−1 at 300 °C
with a flow rate of SiH4 and H2 gasses equal to 10 and 75 sccm, respec-
tively. With the help of e-beam lithography (ELIONIX, ELS–7800, 80 kV,
50 pA) and a positive resist (Microchem, 495 PMMA A2), the desired
pattern of nanorods was developed. The positive resist had a final thick-
ness of 100 nm after spin coating at a speed of 2000 rpm for 60 s and
baking on the hotplate for 5 min at a temperature of 180 °C. The dielec-
tric substrate had charging effect; therefore, to avoid this effect, prior to
the exposure to e-beam, a layer of conductive polymer named as Showa
Denko, E-spacer 300Z was used via spin coating at a speed of 2000 rpm for
60 s. The amount of e-beam exposure was approximately equal to 1280–
1600 µC cm−2. DI water was used to remove the layer of a conductive
polymer after the e-beam exposure. The development of PMMA resist was
carried out in a 1:3 solution of methyl isobutyl ketone (C6H12O)/isopropyl
alcohol (CH3CHOHCH3) for 12 min at a temperature of 0 °C. After the de-
velopment of PMMA resist, the sample was washed for 30 s with isopropyl
alcohol. Using e-beam evaporation (KVT, KVE–ENS4004), chromium hav-
ing a thickness of 30 nm was deposited, and then lift-off process was un-
dertaken for 10 min in hot acetone (50 °C). The mask was etched away us-
ing chromium nanostructures, and uncovered Si was removed using dry
etching (DMS, silicon/metal hybrid etcher). At last, by using chromium
etchant (CR-7), the remaining chromium mask was removed.
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