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We demonstrate transparent metaholograms based on silicon
metasurfaces that allow high-resolution grayscale images to be
encoded. The holograms feature the highest diffraction and
transmission efficiencies, and operate over a broad spectral
range. © 2016 Optical Society of America
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Metasurfaces are ultra-thin patterned structures that emerged re-
cently as planar metadevices [1] capable of reshaping and control-
ling incident light. They are composed of resonant subwavelength
elements that are distributed spatially across a surface. Due to res-
onant scattering, each element can alter the phase, amplitude, and
polarization of the incoming light. Many designs and function-
alities of metasurfaces suggested so far are based largely on plas-
monic planar structures [2]; however, most of these metasurfaces
demonstrate low efficiencies in transmission due to losses in their
metallic components. In contrast, all-dielectric resonant nanopho-
tonic structures [3] avoid absorption losses and can drastically en-
hance the overall efficiency [4–9], especially in the transmission
regime. Recently, we have seen a number of demonstrations of
all-dielectric metasurfaces with ever-increasing transmission effi-
ciencies, in both the near-infrared [4–8] and visible [9] spectral
ranges, including full phase and polarization control. This makes
dielectric metasurfaces a promising novel platform for flat optical
devices, such as waveplates, Q-plates, lenses, and holograms.

Holograms, in particular, showcase a potential of the metasur-
face platform, as they rely on complex wavefront engineering. The
field of holography has gone through several transformations trig-
gered by new technologies. While originally, holographic methods
were applied in electron microscopy [10], the advent of lasers
brought their practical implementation in optics. The develop-
ment of computer-generated holography has further advanced
this field. Today, we witness the next revolutionary step in holo-
graphic optics driven by the enormous progress in our ability to
structure materials at the nanoscale [9,11–15]. This in particular,
enables a new way to create highly efficient holograms with single-
step patterning.

Here, we design and realize experimentally grayscale metaholo-
grams with superior transmission properties. We employ the con-
cept of the multi-resonant response based on the generalized
Huygens’ principle [8], which provides a clear procedure to sup-
press the backward scattering for multiple wavelengths, allowing
forward-light propagation with almost no reflection. We design
different types of holograms composed of subdiffraction lattices of
silicon nanopillars, each supporting several electric and magnetic
Mie resonances [3]. The nanopillars feature a size-dependant phase
delay, which allows us to achieve 2π phase variations across the
hologram with over 2π variation across the operational spectral
bandwidth. Based on this principle, we fabricate different meta-
holograms and demonstrate experimentally diffraction efficiencies
over 99% with transmission efficiencies over 90%.

We use CST Microwave Studio to design the metaholograms.
We employ a set of 36 different silicon nanopillars with 865 nm
height and radii ranging from 79 to 212 nm, arranged in a square
lattice with a 750 nm period. Each nanopillar serves as a subdif-
fractional pixel for the hologram. We design the holograms with
the band-limited angular spectrum method and the Gerchberg–
Saxton algorithm. Our holograms have sizes of 0.75 mm and pro-
duce 5 mm large images at a distance of 10 mm. To fabricate the
metasurfaces, we deposit poly-silicon on a silica wafer with low-
pressure chemical vapor deposition. Electron beam lithography
defines the geometry of the nanopillars, and reactive ion etching
translates the geometry into silicon.

Figure 1(a) shows the electron microscope images of one of the
fabricated metaholograms, and Fig. 1(b) shows its visible dark-
field optical microscope image. This image resembles a layout of
the designed phase mask, since nanopillars of different sizes scatter
different visible wavelengths. Figure 1(c) show the calculated
images. We experimentally observe holographic images on an in-
frared camera by illuminating the samples with a collimated laser
beam of a matching size. Figure 1(d) shows the experimental im-
ages reconstructed from two holograms under illumination with a
wavelength of 1600 nm.

Next, we study the operational bandwidths of the metaholo-
grams in terms of their transmission and diffraction efficiencies.
The diffraction efficiency is defined as the power concentrated in
the holographic image referenced to the total power transmitted
by the hologram, and the bandwidth is defined as the spectral full
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width at half-maximum. We use lasers tunable in the spectral
range from 1360–1650 nm. We also numerically study the effi-
ciency spectra with CST Microwave Studio. Figures 2(a) and 2(b)
show the experimental and numerical spectra for both the trans-
mission and diffraction efficiencies.

Our metaholograms produce grayscale high-resolution images
and transmit over 90% of light with a diffraction efficiency over
99% at a 1600 nm wavelength. The operation spectral bandwidth
is 375 nm. This is the highest efficiency of any metaholograms
demonstrated to date reproducing grayscale images over a broad
spectral range. The design approach is applicable to other materi-
als with high refractive index, such as Ge, GaAs, TiO2, diamond,
etc. The operation range is scalable to other wavelengths and, in
particular, to the visible spectrum.
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Fig. 1. Examples of fabricated metaholograms. (a) Scanning electron
microscope images of fabricated metaholograms. (b) Visible light dark-
field microscope image of a holographic metasurface. (c) Theoretical and
(d) experimental holographic images from two holograms at a 1600 nm
wavelength.

(a)

(b)

Fig. 2. Superior performance of metaholograms. (a) Transmission
and (b) diffraction efficiencies of two holograms (curves: theory,
dots: experimental data). Insets show holographic images at different
wavelengths.
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