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Forming a desired optical field distribution from a given source requires precise spatial control
of a field’s amplitude and phase. Low-loss metasurfaces that allow extreme phase and polarization
control of optical fields have been demonstrated over the past few years. However, metasurfaces that
provide amplitude control have remained lossy, utilizing mechanisms such as reflection, absorption,
or polarization loss to control amplitude. Here, we describe the amplitude and phase manipulation of
optical fields without loss, by using two lossless phase-only metasurfaces separated by a distance. We
first demonstrate a combined beam-former and splitter optical component using this approach. Next,
we show a high-quality computer-generated three-dimensional hologram. The proposed metaoptic
platform combines the advantage of lossless, complex-valued field control with a physically small
thickness. This approach could lead to low-profile, three-dimensional holographic displays, compact
optical components, and high precision optical tweezers for micro-particle manipulation.

I. INTRODUCTION

Synthesizing field profiles that are precise in both am-
plitude and phase is important to a broad range of re-
search areas and applications spanning holography, micro
particle manipulation, beam-forming, and the design of
optical components. In turn, creating a desired complex-
valued scattered field profile requires the ability to inde-
pendently reshape the source field distribution in both
amplitude and phase. While only applying a phase pro-
file to a source can implement functions such as focusing
[1], refraction [2, 3], and phase holography [4], phase-only
control has its restrictions. In particular, power can be
lost to undesirable diffraction orders, holograms include
image speckle [5, 6], and optical tweezers are limited in
their ability to manipulate small particles [7]. Manipulat-
ing the spatial amplitude profile of a source - in addition
to the phase - to achieve a desired output expands the
application space and further improves performance.

Metasurfaces, which are dense two-dimensional arrays
of sub-wavelength scatterers, are well-suited for manip-
ulating the phase, polarization, and amplitude of elec-
tromagnetic waves due to their ability to locally control
scattering parameters [8–10]. However, for single meta-
surfaces, amplitude control is implemented as a form of
loss to the transmitted field. Excess power is removed
via absorption [11], reflection [12], or converting it to
an orthogonal polarization [5, 6, 13–16]. When forming
a desired amplitude and phase profile, each method is
accompanied by an inherent reduction in efficiency - sep-
arate from the particular metasurface realization. Other
approaches which avoid loss use a series of lenses in a 4f
set-up [7, 17, 18], however these are not compact systems.

Here, we use two lossless phase-only metasurfaces sepa-
rated by a short physical distance [19–24] to demonstrate
amplitude and phase control at near-infrared wavelengths
without relying on loss. This configuration is shown in
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Figure 1. A compound metaoptic consisting of two meta-
surfaces, where each metasurface is fabricated on one side of
a substrate. An incident beam is manipulated in amplitude
and phase to form the desired output field profile of a 3D
hologram. The separation distance allows the wavefront am-
plitude to be re-shaped without loss.

Fig. 1, and is termed a compound metaoptic [21, 22]. Se-
quential integration of multiple metasurfaces has allowed
aberration correction [25], single-shot phase imaging [26],
optical retro-reflection [27], and full-color optical holog-
raphy [16]. However, the metasurfaces in these cases were
each individually designed to implement a particular op-
tical function and then used sequentially. Our method
iteratively designs the transmission phase profiles of the
metasurfaces together. This enables a more synergistic
approach to achieving complex wavefront manipulation.
It also expands the application space by combining mul-
tiple optical functions into one compact metaoptic de-
vice. Only two metasurfaces are needed to control the
amplitude and phase profile at a single wavelength with-
out loss, as is presented here. However, more than two
metasurfaces can be used to achieve additional functions,
such as multi-wavelength operation or multi-input multi-
output functionality [28].

Alternative approaches have been developed to opti-
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mize cascaded metasurfaces for spatial complex-valued
control over a wave. A method to design cascaded meta-
surfaces for a variety of optical functions was presented in
[28]. This method uses adjoint optimization to optimize
a sequence of metasurfaces to perform desired field trans-
formations from input to output. A metasurface consist-
ing of cascaded impedance sheets was designed in [29]
using waveguide modes to form desired aperture fields
through mode conversion at microwave frequencies. Al-
ternative methods to optimize paired metasurfaces, pri-
marily for radiation pattern applications at microwave
frequencies, have been shown in [20, 23, 24]. Cascaded
diffractive layers have been designed using deep-learning
methods to implement all-optical diffractive deep neural
networks to perform a variety of detection and classifica-
tion functions, as well as logic operations [30–32].

Manipulating the amplitude and phase of a propagat-
ing wave without reflections using individual metasur-
faces has been proposed at microwave frequencies [33–36].
These approaches utilized surface waves to re-distribute
the power density of a wavefront to form a new ampli-
tude and phase profile. However, the use of surface waves
can restrict bandwidths, enhance absorption losses, and
introduce fabrication difficulties.

In this paper, we first demonstrate an optical compo-
nent where a beam-splitter and beam-former are com-
bined into one lossless device. Specifically, an inci-
dent uniform illumination is manipulated to form mul-
tiple output beams, where peak intensity, propagation
angle, and size of each beam is customized. Single-
layer metasurfaces have shown beam-splitting based on
polarization-dependent phase gradients [37], interleaved
gradient phase profiles [38], or forming diffraction or-
ders from phase gratings [39, 40]. However, the out-
put beams were not shaped and the devices exhibited
diffraction losses. A reflective metasurface at microwave
frequencies [15] demonstrated a beam-splitting/forming
function, but used polarization loss to form the complex-
valued interference pattern of the desired beam profiles.

In another example, we design a compound metaoptic
to form a three-dimensional computer generated holo-
gram. Creating an exact complex-valued output field is
necessary to precisely replicate the 3D scene with op-
tical fields [5, 6, 14]. The advantage of phase-only holo-
grams (single metasurface) is high transmission efficiency,
but the image is degraded by the introduction of image
speckle. Complex-valued holograms can restore image
quality, but at the expense of a lower efficiency if loss
is used to control amplitude [5, 6, 12, 14, 16]. Here, we
show that the metaoptic platform exhibits high efficiency
and produces high-quality images.

In each example, we provide full-wave finite difference
time domain (FDTD) simulation results which verify the
desired performance. These demonstrations show that
compound metaoptics can broaden the application space
in a variety of optical functions while maintaining a high
overall efficiency.

II. METAOPTIC DESIGN PROCEDURE

Compound metaoptics are collections of individual
metasurfaces arranged along a common axis, analogous
to an optical compound lens [22]. The additional degrees
of freedom afforded by a multi-metasurface design en-
ables electromagnetic functionalities not possible with a
single metasurface. Here, we describe compound metaop-
tics at a near-infrared wavelength (λ0 = 1.55µm) that
implement beam-former/splitters and a 3D computer-
generated hologram. Two metasurfaces are used to pro-
vide the required degrees of freedom to reshape the am-
plitude and phase profile of a wavefront.

The two reflectionless metasurfaces are arranged se-
quentially as shown in Fig. 1. The metasurfaces oper-
ate in tandem to re-shape the incident wave into a de-
sired amplitude and phase profile transmitted through
the metaoptic. In this configuration, the first metasur-
face forms the correct amplitude profile at the specified
separation distance, and the second metasurface provides
a phase correction to produce the desired complex-valued
field. High efficiency is achieved by re-arranging the
power density of the wave from input to output instead of
using loss to form the desired field pattern. By requiring
the metasurfaces to be reflectionless and lossless, there is
no imposed upper limit to the device efficiency.

Designing a compound metaoptic involves defining the
incident and output fields, optimizing the metasurface
transmission phase shift, and determining the metasur-
face unit cell design to implement the desired phase shift.
In this section, we discuss how these different elements
were considered in the design of a compound metaoptic.

A. Phase Profile Design

Each metasurface imposes a phase discontinuity on the
incident wave, working together to transform a known
source field into a desired field profile with specified am-
plitude and phase distributions. Here, we assume that all
field profiles and phase discontinuities are functions of the
transverse dimensions (x, y) and are spatially inhomo-
geneous in general. The metasurfaces are polarization-
insensitive, so only scalar fields are considered for sim-
plicity. A time convention of eiωt is assumed.

The first step in designing a compound metaoptic is
to define the incident source and the desired output field
distributions. The desired field profile should be scaled
in amplitude to conserve the global power contained in
the incident field. This is done by multiplying the desired
field profile by the square root of the total power ratio

Edes = Edes1

√ ∫ ∫
|Einc|2∂x∂y∫ ∫
|Edes1|2∂x∂y

(1)

where Edes1 is the original defined desired field profile.
In (1), it was assumed that the field profiles are recorded
in the same medium.
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For an incident wave defined by its electric field profile
Einc, the first metasurface applies a phase discontinu-
ity φMS1(x, y). The field transmitted through the first
metasurface becomes

Etr1 = Eince
jφMS1 . (2)

This transmitted field is decomposed into its plane
wave spectrum using the Fourier Transform, and numer-
ically propagated across the separation distance to the
second metasurface. The first metasurface is designed
to project the desired amplitude profile onto the second
metasurface. However, the phase profile here is incor-
rect relative to the desired field. The second metasurface
provides a phase discontinuity to correct the phase error,
forming the desired output field in both amplitude and
phase. This propagation sequence can be written as

Edes = F−1{F{Etr1}e−jkzL}ejφMS2 (3)

where F denotes the Fourier Transform over the x and
y dimensions, kz represents the wavenumber component
in the normal direction for each plane wave component,
L is the separation distance, and φMS2 is the spatial
phase discontinuity of the second metasurface. The field
distributions are discretely sampled in a grid in the XY
plane, so that the Fourier Transform and its inverse can
be efficiently calculated using the Fast Fourier Transform
(FFT) and inverse FFT algorithms.

From (2) and (3), it is apparent that two separate
phase-discontinuity profiles can form a desired complex-
valued field profile without loss. However, determining
the profiles implemented by each metasurface is not in-
tuitive and is unlikely to follow a mathematical function.

A phase-retrieval algorithm based on the Gerchberg-
Saxton algorithm [41] is used to determine the phase
discontinuity implemented by each metasurface. If the
amplitude profile of a beam is known at two planes, a
phase-retrieval algorithm enables calculation of the phase
profile. Since the phase discontinuity planes are assumed
to be lossless, the amplitude profiles of the wave at each
metasurface are the source and desired amplitude pro-
files. The phase profiles are a free parameter (imple-
mented by each metasurface) so they can be calculated
such that propagation over the separation distance links
the two amplitude distributions. As a result, the power
density of the incident wave can be redistributed as de-
sired. Other approaches using the adjoint optimization
method [28], directly optimizing the plane wave spectrum
[20, 23], and optimizing the equivalent electric and mag-
netic currents of the metasurfaces [24] have been used as
well.

The modified Gerchberg-Saxton algorithm used here
optimizes the phase profile produced by the first meta-
surface to form the desired amplitude pattern. However,
a direct optimization between the two amplitude profiles
might not produce the most accurate result if they are
significantly different. This is especially the case if either
amplitude profile has a steep change in intensity over
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Figure 2. Flow chart of the phase-retrieval algorithm used
with multi-level input adjustment. The phase-retrieval algo-
rithm forms the adjusted amplitude profile (Edes−α) from the
source amplitude (Einc) by adjusting the phase distribution
φ1. The multi-level input adjustment provides a weighted av-
erage between the source and desired amplitude patterns.

a short distance. We employ a more incremental opti-
mization approach to spread the difference in amplitude
profiles over a series of phase-retrieval algorithm steps.
Specifically, the adjusted amplitude profile fed to each
phase-retrieval algorithm instance is a weighted sum of
the source amplitude profile and the overall desired am-
plitude profile. The adjusted amplitude (Edes−α) pro-
file is updated between each successive call of the phase-
retrieval algorithm, calculated as

Edes−α = (1− α)Einc + αEdes (4)

where α increases incrementally from 0 to 1.
Figure 2 shows a flow chart describing this approach.

The multi-level input adjustment block applies (4) to the
desired amplitude profile. The adjusted field amplitude
(Edes α), source field amplitude (Einc), and phase pro-
file (φ1) are then fed into the phase-retrieval algorithm
block. This algorithm updates the phase profile φ1 so
that the source field forms the adjusted field amplitude.
The updated phase profile is then used as the initial phase
estimate during the next adjusted amplitude iteration.

The phase-retrieval algorithm is employed to optimize
the phase profile of metasurface 1, so that the desired am-
plitude profile will be formed at metasurface 2. Figure 2
provides a flowchart summarizing the steps for each itera-
tion. In an iteration, an initial estimate of the phase pro-
file (φ1(x, y)) is applied to the incident field. This forms
a complex-valued field transmitted by the first metasur-
face (Etr1). The field distribution is then decomposed
into its plane wave spectrum, where a spectral filter is
applied to keep only a range of the spectrum. This spec-
trum is propagated across the separation distance to the
second metasurface by applying the appropriate phase
delays [42], and converted to the spatial domain. A new
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field distribution at metasurface 2 (Ei2) is formed by re-
placing the propagated field amplitude with the desired
amplitude distribution, but retaining the phase profile
φ2(x, y). The new field distribution is decomposed into
its plane wave spectrum, and the spectral filter applied.
The plane wave spectrum is then reverse propagated back
to the first metasurface and converted to the spatial do-
main. The resulting phase profile of this field is used as
the phase profile φ1(x, y) in the next iteration.

As the algorithm progresses, the field profile propa-
gated to the second metasurface increasingly matches the
given adjusted amplitude distribution. Once the propa-
gated field amplitude sufficiently matches the adjusted
amplitude, the phase-retrieval algorithm is halted and
the next input level begins. If all input levels have been
completed, then the phase profiles of the field at each
metasurface plane (φ1 and φ2) are recorded and the over-
all algorithm exits. The metasurface phase discontinuity
profiles are then calculated as the difference in phase be-
tween the tangential fields.

φMS1 = φ1 − ]Einc (5)

φMS2 = ]Edes − φ2 (6)

The phase profiles calculated in (5) and (6) are then
sampled at the metasurface unit cell periodicity, to be
implemented with the chosen unit cell geometry. It is
important to note that the phase profiles can be arbi-
trary distributions, so the resulting metasurface array is
in general inhomogeneous.

B. Metasurface Unit Cell

The implementation of each constituent metasurface is
a critical factor in the performance of the metaoptic. Ide-
ally, the metasurfaces should have a high transmittance
and provide a locally-variable phase shift spanning the
full 0 to 2π phase range. In general, this can be achieved
with bianisotropic Huygens’ metasurfaces, which are ca-
pable of providing a reflectionless phase shift for all an-
gles of refraction [2, 43–45]. Access to wide angles of
refraction allows drastic changes in the power density
profile even over short propagation distances [22]. Bian-
isotropic Huygens’ metasurfaces have been implemented
at microwave frequencies but are difficult to achieve at
optical wavelengths with low loss.

Optical metasurfaces have been demonstrated that lo-
cally control phase and polarization with high efficiency
using high dielectric contrast nanopillars [46]. Such
nanopillars act as dielectric resonators which support
multipole resonances [47, 48]. Varying the pillar di-
ameter modifies these multipole resonances to obtain a
phase shift of the incident wave upon transmission. At
near-infrared wavelengths, silicon is a common choice of
nanopillar material due to its high permittivity, low loss,

(a) (b)

Fused Silica

Amorphous
Silicon

PDMS

680 nm 680 nm

1020 nm

Figure 3. The metasurface unit cell and its transmission char-
acteristics. (a) Representative metasurface unit cell geometry,
where silicon nanopillars are placed with a spacing of 680nm
to form each metasurface. (b) The transmission parameters
due to a normally incident plane wave (λ0 = 1.55µm) with
periodic boundary conditions as a function of pillar diameter.
Notably, a 90.5% phase range is available with transmission
magnitude above 0.93.

and ease of fabrication for planar structures [9]. How-
ever, the transmission performance can be angularly-
dependent, so most designs are limited to be paraxial.

Here, we implement each metasurface as an array of sil-
icon nanopillars with circular cross-sections. A circular
cross-section produces a polarization-independent trans-
mission, but polarization-dependent transmission can be
achieved using elliptical cross-sections [49]. The trans-
mission characteristics of each unit cell are determined
assuming the unit cell is one element in an infinite pe-
riodic array of identical elements. This is commonly re-
ferred to as the local periodicity approximation. The
transmission of the inhomogeneous metasurface can then
be estimated using the local transmission of each unit
cell. This approximation has been commonly used and
verified at microwave frequencies [50, 51] and optical
wavelengths [52, 53].

Various full-wave optimization procedures have been
developed to account for interactions between non-
identical unit cells in inhomogeneous metasurfaces.
These procedures have utilized adjoint optimization of
the full metasurface [54] and piece-wise optimization of
the metasurface [55] to improve performance. This is
particularly useful when large angles of refraction are cre-
ated by the metasurface (e.g. large numerical aperture
lenses). These methods could be utilized in the metaop-
tic design to improve the overall performance. However,
this is beyond the scope of this paper.

The operating wavelength is λ0 = 1.55µm, and the sil-
icon pillars are placed at a spacing of d = 680nm with a
height of 1020nm. The metasurfaces are assumed to be
on the surface of a fused silica substrate and embedded
in a layer of PDMS. Similar structures have been success-
fully fabricated in [25, 27], or as two aligned individually-
fabricated metasurfaces [12, 56]. The unit cell geometry
is shown in Fig. 3(a). The index of refraction for the
various materials was assumed to be n = 3.48 for silicon
[57], n = 1.4 for PDMS, and n = 1.44 for fused silica [58].
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Plane wave transmission by this unit cell as a func-
tion of pillar diameter was simulated using the commer-
cial electromagnetic solver Ansys HFSS assuming peri-
odic boundaries. As shown in Fig. 3(b), a 1.81π radian
transmission phase shift range (90.5% phase coverage)
is achieved for pillar diameters ranging from 150nm to
500nm, with transmission magnitude above 0.93.

Two metasurfaces of silicon nanopillar unit cells are
used to form the compound metaoptics, since they can
provide a desired local phase shift while maintaining high
transmission. The low reflection of the unit cells veri-
fies that coupling between the metasurfaces can be ig-
nored, since the transmitted field from each metasurface
will dominate any contribution from reflections. How-
ever, this metasurface implementation has practical lim-
itations that must be accounted for to obtain optimal
performance from the metaoptic.

C. Unit Cell Induced Design Restrictions

A number of design constraints are imposed by the
choice of the metasurface unit cell used here. In [22], we
describe a compound metaoptic implemented with bian-
isotropic Huygens’ metasurfaces. Bianisotropy allows re-
flectionless wide-angle refraction by impedance matching
the incident wave to the transmitted wave [45, 59]. The
silicon nanopillars considered here do not exhibit bian-
isotropy, and cannot implement reflectionless wide-angle
refraction. This fundamental difference results in design
limitations that must be accounted for.

The main restriction is that the transmission phase
of the silicon pillars changes as the angle of incidence
changes. To mitigate this, we allow the metasurface
phase shift to produce a transmitted field containing only
plane wave components with angles less than θlim =
25 degrees. This corresponds to allowing transverse
wavenumber components of

k|| =
√
k2x + k2y ≤ k0 sin (θlim) (7)

where k|| is the transverse wavenumber of the plane wave
spectrum and k0 is the free space wavenumber.

The ability to reshape the power density profile is re-
duced for a given separation distance when the avail-
able plane wave spectrum is restricted. Distributing the
power density of a source into a significantly different
pattern requires a wider spectrum for shorter separation
distances. Since the available spectral region is limited by
the metasurface implementation, the design parameters
must be modified. Two options are available: the desired
field amplitude pattern can be made more similar to the
source distribution, or the separation distance between
metasurfaces can be increased. Increasing the separation
distance is more palatable since it maintains the ability
to form the desired amplitude distribution. Doing so can
also provide structural integrity if a rigid substrate (han-
dle wafer) is used as the separation distance medium.

By limiting the angular spread of the plane-wave spec-
trum, the wave impedance of the fields tangential to the
metasurface plane is approximately equal to the char-
acteristic impedance of the medium. Therefore, the
power density of the wavefront can be accurately approx-
imated as the square of the electric field amplitude. The
power density conservation requirement at each metasur-
face simplifies to conserving the amplitude of the electric
field with a scalar dependent on the material parame-
ters. Since only the amplitude distribution needs to be
considered, the number of calculations required in the
optimization is reduced.

With these considerations in mind, metaoptics can be
designed to perform different optical functions.

III. SIMULATION RESULTS

In this section we discuss two examples of metaoptics
performing different functions: optical beam-forming and
splitting, and displaying a three-dimensional hologram.
These cases use different methods to calculate the de-
sired output field. The beam-former/splitter output field
is defined by direct summation of the output beams. The
3D hologram output field is formed by manipulating the
plane wave spectrum representation of flat images to pro-
vide depth to the hologram scene [60–62].

In each case, the metasurfaces are 250µm× 250µm ar-
rays of silicon pillars, separated by a distance of 500µm of
fused silica. The metasurface parameters are calculated
using the metaoptic design process outlined in Section
II A. Simulations of the resulting metasurface nanopil-
lar distributions were performed with the open-source fi-
nite difference time-domain (FDTD) EM solver MEEP
[63]. The simulations account for the inhomogeneous pil-
lar distribution of the metasurface, and the resulting ef-
fects on the transmitted field distribution. However, it
is impractical to simulate the entire metaoptic due to
the optically large separation distance. Since the sepa-
ration distance is filled by a homogeneous dielectric, the
simulated electric field distribution transmitted by meta-
surface 1 can be numerically propagated to metasurface 2
using the plane wave spectrum without loss of accuracy.
By combining these two features, a hybrid simulation
approach can be taken to accurately simulate the overall
performance of the metaoptic.

Figure 4 shows a diagram of simulation steps to de-
termine the performance for each metaoptic. First, the
transmitted field distribution is recorded from an FDTD
simulation of metasurface 1 using the known source field
as the illumination. Second, this transmitted field is nu-
merically propagated across the separation distance us-
ing the plane wave spectrum. Finally, this propagated
field is used as the illumination for an FDTD simulation
of metasurface 2, where the transmitted field profile is
recorded. This simulated output field is compared to the
expected field distribution to evaluate the overall perfor-
mance of the metaoptic. For each example, the full-wave
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Source
Field Simulated
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Field

1. FDTD Simulation
of metasurface 1

3. FDTD Simulation
of metasurface 2

Metasurface 1 Metasurface 2Separation distance
(homogeneous dielectric)

2. Plane Wave Propagation

Figure 4. The simulation approach for the compound metaop-
tic designs. First, an FDTD simulation of metasurface 1 is
performed. Next, the transmitted field profile is numerically
propagated across the separation distance. Finally, an FDTD
simulation of metasurface 2 is performed with the propagated
field used as the illumination. The field transmitted by meta-
surface 2 is used to evaluate the metaoptic performance.

(b)(a)

Figure 5. Phase discontinuity profiles of (a) metasurface 1,
and (b) metasurface 2 for the in-plane beam-former/splitter
metaoptic design. (Perceptually uniform color bar [65] used
for these and following plots).

simulation results for each metasurface and a compari-
son to a version with phase-only control (desired phase
profile applied to the incident amplitude) are given in
the supplementary material [64]. Reflections from each
metasurface are assumed to be very small due to the unit
cell design, so any interaction between metasurfaces is ig-
nored. Full-wave simulations confirm low reflections from
each metasurface, validating this assumption.

A. Beam-former/splitter

The beam-former/splitter metaoptic is designed to
convert a uniform illumination into multiple desired out-
put beams. Such a device would be useful in optical
tweezer applications, where particle manipulation can re-
quire unique amplitude and phase profiles of laser beams
[7]. Beam-splitter metasurfaces have been designed to
form multiple output beams in previous work. However
the amplitude profiles of the split beams were not altered,
and losses to diffraction orders were present [37–40].

Here, we demonstrate reshaping an incident circular
uniform illumination into multiple output beams with

(b)(a)

Figure 6. The output field amplitude distribution for the
in-plane beam-former/splitter. (a) The expected amplitude
distribution, and (b) the simulated amplitude. The simulated
output field closely matches the expected field distribution.

different beam widths and propagation angles. The
complex-valued interference pattern of the beams is
formed at the output of the device. By doing so, all avail-
able power from the source distribution is redirected into
the desired output beams. Two examples are described:
an in-plane beam-splitter with two output beams, and a
multi-beam splitter with seven output beams.

1. In-Plane Beam-Former/Splitter

The first metaoptic example forms two output Gaus-
sian beams with different beam widths and relative am-
plitudes from a circular uniform illumination. When only
two output Gaussian beams are formed, a plane can
be drawn containing the propagation direction of both
beams, constituting an in-plane beam-former/splitter.
An aperture window can be placed around metasurface 1
to form the uniform illumination from an incident beam
over-filling the device. We describe this illumination
across metasurface 1 as having a uniform phase and am-
plitude, Einc = 1. The output field is calculated from
the direct sum of the desired beams, forming a complex-
valued interference pattern. Beam 1 has a beam radius
of 35λ0, peak relative intensity of 0.5, and propagation
angle of 2◦. Beam 2 has a radius of 49λ0, a relative peak
intensity of 1, and propagation angle of −2◦. The desired
output field is define as

Edes1 = Eg1 + Eg2 (8)

where the Gaussian beams are defined as

Eg1 =
√

0.5e−(r/35λ0)
2

e−jk0x sin(2◦) (9)

Eg2 = −e−(r/49λ0)
2

e−jk0x sin(−2◦) (10)

Note that z-dependence provides a uniform phase offset
to the field distribution and is omitted for clarity.

The phase discontinuity profiles forming the desired
output field are calculated with the metaoptic design pro-
cess described in Section II A and are shown in Fig. 5.
These phase profiles are sampled at the unit cell period-
icity and converted to pillar diameter distributions using
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(b)(a)

Figure 7. Electric field profiles for the in-plane beam-splitter
metaoptic. A cross-section of the output field distribution
along the x-axis for (a) the amplitude and (b) the phase. The
simulated output field closely matches the expected output
field distribution.

the relationship in Fig. 3(b). The silicon pillar array of
metasurface 1 is then simulated in MEEP to obtain the
transmitted field across the entire metasurface.

This field is propagated across the separation distance
and used as the illuminating field for the FDTD simula-
tion of metasurface 2. The resulting amplitude profile of
the transmitted field is shown in Fig. 6. The simulated
output field amplitude matches the desired field profile
defined in (8). Figure 7 shows the electric field ampli-
tude and phase along the x-axis, where the simulated
field profiles closely match the desired profiles.

Since the propagation characteristics of a field distri-
bution are defined by its plane wave spectrum, we can use
the output field spectrum to evaluate the simulated per-
formance of the metaoptic. Figure 8 compares the plane
wave spectrum for the input, expected output, and sim-
ulated output field distributions of the metaoptic (nor-
malized to the input spectrum peak magnitude). We see
that the desired beams are created at the correct spec-
tral locations and with very little spectral noise. There is
no trace of the input field spectrum at the output. This
signifies that the source field distribution has been ac-
curately reshaped in amplitude and phase to the desired
complex-valued output field.

The overall efficiency of the in-plane beam-splitter de-
vice was calculated from the simulations to be 81%. The
efficiency is defined as the percentage of input power (in
the uniform illumination) contained in the two output
Gaussian beams. The majority of the lost power is due
to the minor reflections (about 8% per metasurface) in-
curred by the metasurface implementation using silicon
pillars, with the remainder lost to spectral noise. How-
ever, the overall efficiency of the device is still very high.

2. Multi-Beam Former/Splitter

The multi-beam former/splitter converts a uniform il-
lumination into multiple output beams propagating in
different directions in space. Here, six Gaussian beams
and one Bessel beam are formed from a uniform circular
illumination as a demonstration. The output field pro-

Figure 8. Plane wave spectrum of the input, expected out-
put, and simulated output field distributions, normalized to
the input field. The plots show that the input spectrum is
completely converted to the desired output spectrum by the
metaoptic.

Table I. Parameters for each Gaussian beam formed by the
multi-beam former/splitter metaoptic design

Beam Relative Intensity In θxn (degrees) θyn (degrees)
1 1 1.75 1.8
2 1 -1.75 1.8
3 0.7 -2.25 -1.6
4 0.7 -0.8 -2.45
5 0.7 0.8 -2.45
6 0.7 2.25 -1.6

file is calculated as the direct sum of the different beams,
and varies in both transverse dimensions of the metaoptic
output. The desired field profile is defined as

Edes1 =− 14J0(0.08k0r)+ (11)

e−(r/45λ0)
2

6∑
n=1

√
Ine
−jk0[x sin(θxn)+y sin(θyn)]

where J0() denotes the zeroth-order Bessel function, r is
the radial distance from the center of the metasurface,
and the values for In, θxn, and θyn are given in Table I.

The phase discontinuity profiles of the constituent
metasurfaces are calculated using the design procedure,
and are shown in Fig. 9. The phase profiles are trans-
lated into a distribution of silicon nanopillars to imple-
ment each metasurface and simulated to obtain the out-
put field distribution of the metaoptic.

The multi-stage FDTD simulation approach was again
used to determine the output field profile of the metaop-
tic. The simulated output electric field amplitude is
shown in Fig. 10, which appears nearly identical to the
expected output field amplitude.

To demonstrate that the simulated metaoptic output
field is correct in both amplitude and phase, the plane
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(b)(a)

Figure 9. Phase discontinuity profiles of (a) metasurface 1,
and (b) metasurface 2 for the multi-beam former/splitter
metaoptic design.

(b)(a)

Figure 10. The output field amplitude distribution for the
multi-beam former/splitter. (a) The expected amplitude dis-
tribution, and (b) simulated amplitude. The simulated out-
put field closely matches the expected field distribution.

wave spectrum is observed to show the presence of each
constituent beam. Figure 11 shows the plane wave spec-
tra of the simulated output field distribution, where we
see the characteristic annulus of the Bessel beam and the
six Gaussian beams arranged at the desired spectral lo-
cations. The input source field is completely converted to
the multiple desired output beams with very little spec-
tral noise and no undesired diffraction orders. This shows
that multiple beams can be formed exactly, without loss,
from a given source field profile.

The overall efficiency of the multi-beam former/splitter
was calculated from simulations to be 78%. The effi-
ciency is defined as the percentage of input power con-
tained in the output beams. While still a high efficiency,
the majority of the lost power occurs from slight reflec-
tions from each metasurface (about 10% per metasurface)
and power lost to spectral noise.

B. 3D Hologram

Holography is a process in which optical fields are con-
structed in amplitude and phase for the purpose of form-
ing an image. Computer-generated holography (CGH) is
a technique to generate the complex-valued fields form-
ing a 3D scene using numerical calculation rather than
by direct capture of scattered light [66]. The result is a
2D complex-valued field distribution at one plane which

(b)(a)

Figure 11. Plane wave spectrum of (a) the expected out-
put, and (b) the simulated output fields for the multi-beam
former/splitter. The input field spectrum is completely con-
verted to the desired output field spectrum by the metaoptic,
with high accuracy.

contains the information to produce the desired 3D scene.
Many approaches have been taken to produce holo-

grams using metasurfaces [67]. In particular, a variety
of approaches have been shown to form complex-valued
holograms, which result in high-quality images. How-
ever, these approaches utilize loss in the form of polar-
ization conversion to achieve amplitude control [5, 6, 13–
16], thereby limiting the efficiency. In contrast, com-
pound metaoptics produce desired complex-valued out-
put fields without loss, providing the desired capability
to form high-quality 3D holograms with high efficiency.

In this example, the field profile of the hologram is en-
gineered using CGH methods and implemented using the
metaoptic design process. This demonstrates the value
of using metaoptics to accurately form a desired output
field for holographic display applications. Phase-only
holograms provide a simple approach to forming a de-
sired hologram, but suffer from image quality reduction.
Controlling the amplitude and phase of the output field
avoids these issues [6], and can be directly implemented
in a lossless manner with compound metaoptics.

Many methods have been used to visually approximate
depth in a 3D CGH, differentiated by the sampling ap-
proach of the scene [66]. More simplistic approaches are
modelling the objects as a cloud of point sources, or col-
lapsing a 3D scene into 2D images at different depths.
These methods reduce the required computation but im-
age quality suffers due to reduced sampling of the 3D sur-
face. More complicated approaches are methods which
track ray interactions with the object to approximate
scattering characteristics, and methods that form the 3D
scene from a surface mesh of polygons with defined am-
plitude distributions. The hologram quality can be im-
proved at the expense of calculation complexity.

For the metaoptic hologram example, we utilized a
polygon surface mesh method to form a simple 3D scene
[60–62]. This approach is outlined in the supplemental
material [64]. The hologram is formed from an ensemble
of image components arranged in a 3D scene. Occlusion
of one image component by another is accounted for to
present each image as solid, preventing background im-
ages from leaking through foreground objects. The com-
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Figure 12. The scene formed by the 3D hologram. (a) Shows
a diagram of the scene, and (b) shows the ideal intensity of
the hologram at the plane of the forward most cylinder.

pound metaoptic provides a high-quality realistic repre-
sentation of a 3D scene.

1. Output Field Design

The output field of the compound metaoptic is de-
signed to form a 3D scene with multiple image com-
ponents: a background image, a floor image, and four
cylinders. Shadows cast by the cylinders from a localized
light source are overlaid on the floor image, providing
the appearance of a simple real-world scene. A series of
steps is taken to combine the hologram components into
a single amplitude and phase profile to be formed by the
metaoptic. Figure 12(a) shows a diagram of the scene,
which is tilted to present a view from a elevation angle
of 30 degrees.

The total 3D hologram scene is scaled to cover 90%
of the metaoptic aperture size, so that it is 225µm in
dimension. Each image component was converted to an
electric field distribution and added to the total aperture
field distribution. The background and floor images were
added to the total field profile first, and then each cylin-
der added from back to front. The hologram component
images were rotated in space to provide the desired van-
tage point by applying a coordinate rotation to the plane
wave spectrum of each image [60–62].

Finally, the entire hologram field is shifted so that the
middle of the 3D scene is in focus at the metaoptic out-
put. As a result, half the hologram comes into focus
when imaging a depth behind the output, and half is in
focus when imaging a depth in front of the output. Fig.
12(b) shows the ideal hologram intensity focused on the
forward-most cylinder.

The metasurface phase shift profiles that transform the
uniform square illumination into the 3D hologram are
shown in Fig. 13. The phase shift profiles are sampled
and translated to silicon pillar distributions, which were
then simulated to evaluate the metaoptic performance.

The expected output intensity formed by the metaop-
tic is shown in Fig. 14(a). By simulating the metasur-
faces with the hybrid FDTD approach, the output in-

(b)(a)

Figure 13. Phase discontinuity profiles of (a) metasurface 1,
and (b) metasurface 2 for the 3D hologram metaoptic design.

(b)(a)

Figure 14. The uniform incident illumination is converted to
an output field distribution to form the 3D hologram. (a) The
expected output intensity, which is calculated using phase
shift profiles with perfect transmission. (b) The simulated
output intensity, which is computed using the hybrid FDTD
simulation approach.

tensity is obtained and shown in Fig. 14(b). We see
that the simulated output intensity distribution closely
matches the expected output intensity. Therefore, the
metasurfaces faithfully implement the phase planes and
will accurately produce the 3D hologram scene.

To demonstrate depth of the 3D hologram, the simu-
lated output field profile was numerically propagated to
different depths to image different locations of the 3D
hologram. The depths are determined so that each im-
age has the background or one of the cylinders in focus,
while the other components are out of focus. The depths
of each image plane relative to the output plane are given
in Table II, where the cylinders are numbered from back
to front. These images are shown in Fig. 15 and demon-
strate the 3D nature of the hologram scene formed by
the compound metaoptic.

The simulated 3D hologram clearly shows that com-
pound metaoptics can be designed to produce high-
quality computer-generated holograms. Since the desired
hologram images are formed at multiple planes with high
quality, this signals that the output field amplitude and
phase distributions have been accurately produced by
the metaoptic. Furthermore, loss was not relied upon to
shape the amplitude pattern, so the hologram was formed
with an efficiency of 86% as determined from simulations.
Slight reflections from the metasurfaces account for most



10

(a) (b) (c) (d) (e)

Figure 15. The simulated output field of the compound metaoptic forms a 3D hologram of a scene, with different portions
coming into focus at different distances from the metaoptic output plane. Intensity images at different depths are shown to
display the different image components: (a) the background image, (b) the back left cylinder, (c) the back right cylinder, (d)
the center cylinder, and (e) the front left cylinder.

Table II. Depth of each hologram image component relative
to the output plane of the metaoptic.

Hologram Component Depth Relative to Metaoptic Output
Background −61.5λ0

Cylinder 1 −31.7λ0

Cylinder 2 −16.5λ0

Cylinder 3 5λ0

Cylinder 4 44.12λ0

of the lost power (about 6% per metasurface) with the
rest lost to spectrum noise.

IV. CONCLUSION

Overall, we have shown how compound metaoptics can
reshape the amplitude and phase profile of a source field
distribution, without loss, to perform a variety of opti-
cal functions. Two lossless phase-discontinuous metasur-
faces are used to construct the metaoptic, which leads to
high overall efficiency. In contrast, amplitude and phase
manipulations by single metasurfaces use loss to form the
spatial amplitude profile.

We demonstrated how compound metaoptics can be
used to perform a variety of optical functions. Two
metaoptics exhibiting a combined beam-forming and

beam-splitting function were designed to reshape a uni-
form illumination into multiple output beams. An-
other metaoptic demonstrated that 3D holograms can
be formed from a uniform illumination with high image
quality. The metaoptics were designed at a near-infrared
wavelength and full-wave simulation results show that
their performance matched desired expectations in each
case with high efficiency.

The results show that the metaoptic design process
can accurately reshape a given source field distribution
into an arbitrary complex-valued output field distribu-
tion. With the compound metaoptic approach, the ad-
vantages of lossless field manipulation and a small physi-
cal size can be combined into a single device. Such com-
pound metaoptics could lead to improved performance in
three-dimensional holography, compact holographic dis-
plays and custom optical elements, and micro particle
manipulation with optical tweezers.
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