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ABSTRACT

Imaging Earth-like planets around Sun-like stars has become one of the main science drivers for future space
telescope missions. High-contrast imaging using a vortex coronagraph has proven to be a promising approach for
achieving this goal. However, at the huge contrast levels required for future space-based telescopes the vectorial
nature of the well-established vector vortex phase mask becomes a limiting factor, since it imprints phase ramps
of opposite signs on the two circular polarizations. An alternative polarization-independent approach is using
a scalar vortex phase mask, which affects both polarizations in the same way. The achromatic performance of
scalar vortex phase masks for space-based applications has still to be improved, though. Metasurfaces provide a
promising approach to implement a scalar vortex phase mask with relatively simple fabrication techniques. Their
demonstrated ability to implement broadband phase and amplitude masks makes them a prime candidate for
achieving achromatic performance in pursuit of the 10−10 contrast limit required by NASA’s Habitable Worlds
Observatory. We present a metasurface-based design of a scalar vortex phase mask providing a helical phase ramp
across a large bandwidth. We first use rigorous coupled-wave analysis to create a library of square metasurface
building blocks (nanoposts) and choose an optimal set of nanopost sizes providing broadband 2π phase coverage
at a given nanopost height. We then arrange the nanoposts in a design providing a helical phase ramp and
propagate the phase and transmission provided by the mask through a wavefront propagation software to obtain
contrast curves at several wavelengths. Finally we apply electric field conjugation to dig a half-sided dark hole
from 3-10λ/D reaching 3.7× 10−9 contrast in 20% bandwidth.
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1. INTRODUCTION

The direct imaging goals for the Habitable Worlds Observatory (HWO) require a coronagraph that achieves a
contrast of 10−10 at its inner working angle for a 20% bandwidth. Both HabEx1 and LUVOIR-B2 feature a vector
vortex coronagraph of topological charge 6 as the most suitable technology for starlight suppression, providing an
inner working angle of 2.5λ/D. Using wavefront control, and a polarizer-analyzer setup to remove polarization
leakage, contrast values on the order of 2× 10−9 have been demonstrated in lab for a bandwidth of 10% using
a vector vortex phase mask based on liquid crystal polymers.3 However, differential polarization aberrations
become difficult to control at such high contrasts, requiring careful wavefront control in both polarizations
independently. This is challenging to achieve with a single or even multiple deformable mirrors because the vector
vortex coronagraph is polarization-sensitive and imprints phase ramps of opposite signs on the two polarization
states, requiring the polarizations to be split. This results in considerably more complex instrumental designs
basically doubling the number of optics or eliminating half of the total throughput per channel. A polarization-
independent (scalar) vortex coronagraph circumvents this issue since it imprints the same phase ramp regardless
of polarization and is therefore an interesting alternative to the well established concept of the vector vortex
coronagraph.

Scalar vortex coronagraphs using longitudinal phase delays have been shown to yield performance on the
order of 10−8 in narrowband, and 2×10−7 across 10% bandwidth, showing encouraging results so far.4 Stacking
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several layers of dielectrics is one possible solution to increase broadband performance but usually results in
bulky components which are not suitable for use in the focal plane.5,6

The achromatic performance of scalar vortex phase mask designs remains a challenging goal. Compared
to existing scalar vortex phase mask technologies based on the longitudinal phase delay of different dielectrics,
a metasurface framework benefits from a better broadband performance within a single layer. This is due to
the different metasurface topologies which introduce new degrees of freedom by changing the shape of their
constituent building blocks. As a result, metasurfaces are a promising approach to increase the broadband per-
formance of the scalar vortex coronagraph, which can be implemented with relatively simple and well established
fabrication techniques. However, to date no study of a metasurface-based scalar vortex coronagraph for high
contrast imaging applications has been reported.

Metasurfaces are thin structures consisting of subwavelength building blocks conveniently arranged to create
a specific phase and amplitude response to an incoming beam. Recent developments have shown that metasur-
faces can be engineered to provide precise 2π phase coverage and high throughput across large bandwidths.7–9

This makes them a prime candidate for achromatic high-performance coronagraphs. Several applications of
metasurfaces generating vortex beams have been reported10–12 and recently significant progress has been made
in making metasurface components achromatic across large bandwidths.13–15 Polarization-independent metasur-
faces consisting of circular or square nanoposts (more generally axially symmetric metasurfaces in both orthogonal
axes) are of particular interest because they do not require polarization splitting, which is limiting the current
vector vortex coronagraphs using subwavelength gratings or liquid crystal polymers. Combining a polarization-
independent metasurface framework with the design of scalar vortex phase masks therefore greatly increases
our ability to make the scalar vortex coronagraph achromatic and ready for the needs of future space telescope
missions.

In Section 2 we introduce a metasurface framework based on square nanoblocks capable of providing full
2π phase coverage and high transmission at the same time. In Section 3 we optimize the performance of
this framework for the application across 20% bandwidth and propose a scalar vortex phase mask design for
application in the infrared. Due to the scale-invariance of the problem, the results can be properly scaled for
use in the visible wavelength range. In Section 4 we simulate the expected performance in a coronagraphic setup
and outline the potential of wavefront control algorithms when applied to this design. Section 5 concludes this
work and outlines the next steps towards a first prototype.

2. METASURFACE DESIGN FOR SCALAR VORTEX PHASE MASK

The design process of scalar vortex phase masks starts with the identification of a promising metasurface frame-
work. Here, two similar frameworks are considered: circular nanoposts and square nanoblocks. These are the
simplest shapes for a polarization-independent metasurface framework, and both can easily be arranged in a
cartesian pixelization grid to sample the full phase mask. More complicated shapes can be envisaged, like hexag-
onal nanoposts on a hexagonal grid,16 designs with varying spacing between the blocks11 or shapes with holes
or crosses,17,18 introducing more degrees of freedom which could further improve broadband performance in the
future. For an exploration of more complex metasurface patterns including multi-shape designs with varying
spacing we refer to Ref. 19 in these proceedings.

To assess the phase and transmission properties of a metasurface framework, a series of RCWA simulations are
performed. Using RCWA implies using a periodic and infinite pattern of metasurface building blocks. Locally,
these conditions are fulfilled when a metasurface block is surrounded by other blocks of similar geometrical
parameters. This is the case for most parts of the phase masks considered in this chapter, except at the 2π phase
jumps and the central singularity.

The phase and transmission response of a periodic array of circular diamond nanoposts and square diamond
nanoblocks etched into a diamond substrate is shown in Figure 1 for an exemplary metasurface height of 9.5 µm
and a periodicity of 1.4 µm (for application in the astronomical L-band, 3.4-4.2 µm). The choice of a pattern
etched into a single diamond substrate has favorable properties in terms of robustness, durability, as well as
thermal and mechanical stability. The RCWA simulation is carried out for different pillar sizes (x-axis) at a
wavelength of 3.8 µm. The most important quantity to assess the metasurface framework is the phase coverage
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Figure 1. Phase (blue solid curve) and transmission (orange dashed curve) response of a circular diamond nanobloc
(left) and square diamond nanoblock (right) metasurface framework at fixed height of 9.5 µm calculated with RCWA for
λ = 3.8 µm.

of 2π needed to imprint a helical phase ramp. The varying phase pattern of a vortex phase mask is achieved
by spatially varying the optical path length across the mask. This is achieved by locally changing the effective
refractive index, which itself depends on the local filling factor of the metasurface design. The achievable phase
coverage increases with increasing metasurface height and therefore a certain minimum height is needed to
provide full 2π phase coverage.

Compared to the circular nanoposts, the phase curves for square nanoblocks are steeper, meaning that 2π
phase coverage is achieved with a smaller range of block sizes. This is favorable for manufacturing of these
components, since large variations of the filling factor make manufacturing processes based on plasma etching
challenging because of the microloading effect,20 resulting in uneven etch depth. This is due to the varying size
of the gaps in the design (between the nanoblocks) resulting in varying etch rate across the mask. Furthermore,
a metasurface design using a smaller range of block sizes results in neighboring metasurface blocks being more
similar to each other, which reduces the errors due to the pixelization grid in regions of fast spatial phase
variations, like at the central singularity of the vortex phase ramp. Due to its advantages over the circular
nanopost framework, the square nanoblock framework is chosen for the first scalar phase mask designs presented
here. However, a circular nanopost metasurface framework might still be a valid option for other applications of
phase masks, which depend in a different way on the phase and transmission than the vortex.

Another important quality of a metasurface framework for vortex phase masks is the uniformity of the
transmission. A perfect vortex phase mask is a pure phase mask with uniform transmission. Therefore, a
non-uniform transmission pattern arising from a non-uniform metasurface pattern has to be reasonably small.
Typically, the 20% transmission variation encountered in the metasurface frameworks considered in this chapter
results in a peak-to-peak leakage term of the order of 10−6, which is comparable to the chromatic phase error
and therefore acceptable for the first scalar vortex phase masks discussed here. It is interesting to note that a
non-zero sidewall angle (non-vertical height profile of the nanoposts) has an anti-reflective effect21 and therefore
results in smaller transmission variations. A design featuring slightly slanted sidewalls is therefore more favorable
in terms of transmission uniformity, at the expense of a shallower phase curve requiring a larger range of block
sizes to reach 2π phase coverage. On the other side, slanted sidewalls reduce the range of achievable filling factors
for a design, since the sidewalls might touch at the bottom of small gaps in the design, which leads to merging
blocks in those regions of the mask. Overall, the full 2π phase coverage is found to be more important to reach
high contrasts than a uniform transmission, and therefore designs featuring vertical sidewalls will be preferred
in this study. Moreover, varying transmission of the phase mask could be tackled by a grayscale pattern on the
backside of the phase mask implemented in a similar way as amplitude apodizers. For manufacturing perspectives
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however, vertical sidewalls are challenging to achieve and the performance of designs featuring slanted sidewalls
needs to be estimated when envisaging manufacturing of a prototype.

3. OPTIMIZING FOR BROADBAND PERFORMANCE

While achromatic metasurface implementations in the literature focus mostly on the absolute phase response as
used in metalenses,22,23 there is no need to do so for vortex phase masks. The important metric for a vortex
phase mask is to obtain the phase ramp corresponding to the topological charge of the vortex. For scalar vortices
made of a helical shaped dielectric mask, the phase is highly chromatic. The key property of metasurfaces is that
while the phase induced by the metasurface itself might be chromatic, the phase difference ∆ϕ acquired along
a closed path around the optical axis of the vortex phase mask can be engineered to be less chromatic across
a certain bandwidth by optimizing the size of the metasurface building blocks. This is illustrated in Figure 2,
which shows the effective refractive index neff along with the chromatic phase response for a square nanoblock
framework at several wavelengths. While neff is chromatic, the phase difference ∆ϕ is relatively achromatic
across the 20% bandwidth considered here.

After finding a metasurface framework providing 2π phase coverage across 20% bandwidth, a scalar vortex
design is produced using this framework. Here, we will focus on a charge-6 scalar vortex phase mask, as specified
by the HabEx and LUVOIR mission concepts. This topological charge is small enough to provide relatively small
inner working angle (2.5λ/D) and large enough to be resilient to the lowest order aberrations.

For the implementation of a scalar vortex with the present metasurface framework, a sawtooth vortex design
featuring six 2π phase jumps is chosen. This choice is motivated by the limited phase coverage that can be
achieved with a nanopost framework. The sawtooth design needs only 2π phase coverage, while a classical
vortex needs 6 ·2π = 12π coverage. Since the maximal height coverage of a nanopost framework is limited by the
height of the nanoposts, the sawtooth design topology is chosen for a first nanopost scalar vortex phase mask
design. Furthermore, the height and the variation of the block size across the mask has to be kept reasonably
small to keep the design within reach for current manufacturing techniques.

Figure 3 shows a design for a sawtooth vortex of topological charge 6 using a nanoblock framework. The
design shown is a closeup of the central part of the mask including the phase singularity. It is clearly visible that
at increasing distance from the center the pattern becomes locally periodic, except at the 2π phase discontinuities.
The design shown here is optimized for the astronomical L-band (3.4-4.1 µm) but due to the scale invariance of
the problem the results can be applied to other wavelength bands, such as the visible range. However, due to
the subwavelength condition, designs optimized for shorter wavelengths feature smaller building blocks and are
therefore more challenging to manufacture. In addition, the design shown here is not optimal for manufacturing
because of the very small distance between some of the blocks. Taking into account manufacturing constraints
may lead to a slightly smaller width for all nanoblocks and slightly reduced performance.

4. CORONAGRAPHIC PERFORMANCE SIMULATIONS

After obtaining the near field response of the phase masks in the focal plane with RCWA, the performance
in a coronagraphic system has to be evaluated. Here, the Airy pattern of a circular pupil is modulated with
the near field response obtained with RCWA, and propagated to the subsequent pupil plane where a slightly
undersized Lyot stop (90%) is used to block the light diffracted outside the pupil, and further to the final focal
plane producing the coronagraphic image. The Matrix Fourier Transform algorithm implemented in FALCO24

is used to obtain the focal plane image.

Figure 4 shows the contrast curves of the nanoblock scalar vortex design at different wavelengths as well
as the average contrast in a region from 3 to 10λ/D. The nanopost design outperforms the theoretical vortex
shown for comparison because of its optimization for a broad band. At the same time, at the central wavelength
it performs significantly worse than the theoretical vortex. This is because while at the central wavelength both
theoretical and nanopost vortex have the same perfect phase ramp, the nanopost framework suffers from varying
transmission limiting the achievable contrast.

After obtaining the raw contrast, the performance in the scoring region between 3 and 10λ/D can be increased
by using wavefront control algorithms and a deformable mirror to dig a dark hole in the coronagraphic image.
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Figure 2. Chromaticity of a metasurface framework consisting of square nanoblocks. Top: Effective refractive index (left)
and phase response (right). A metasurface framework consisting of square nanoblocks of relatively shallow height (5µm)
is chosen to illustrate the chromatic behavior of the effective refractive index neff (a larger height would feature steeper
phase curves reducing the readability of the right graph). The optimal region providing broadband 2π phase coverage
is highlighted with dashed black lines. Bottom: Effective refractive index difference ∆neff (left) and phase difference
∆ϕ (right) at the 2π phase discontinuities. While neff itself is chromatic, the acquired phase difference ∆ϕ is relatively
achromatic because the linear dependency of ∆neff compensates for the 1/λ dependency of the phase difference. The
achromatic vortex case is shown as red line, and the curve for a sawtooth scalar vortex (with six 2π phase jumps) made
from a helical shaped dielectric mask is shown as green line.

Here, electric field conjugation (EFC)25 is used to dig a dark hole with FALCO in a 178◦ dark hole between 3
and 10λ/D. The resulting focal plane image is shown in Figure 5 along with the associated surface profile of
the deformable mirror. Using EFC, the average contrast in the scoring region is 3.70× 10−9 in 20% bandwidth,
which represents a moderate improvement by a factor of 3 compared to the raw contrast of 1.24 × 10−8. The
contrast values presented here are promising, but still far from the 10−10 goal. However, the use of more complex
metasurface topologies combined with an optimized material choice could reach the required contrast.

5. CONCLUSION

A scalar metasurface framework using polarization independent symmetric building blocks was investigated for
the implementation of scalar vortex phase masks. The study of square nanoblocks led to the design of a scalar
vortex phase mask increasing the contrast by two orders of magnitude compared to a classical sawtooth scalar
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Figure 3. Square nanoblock design for a charge-6 scalar vortex phase mask.

Figure 4. Contrast curves for a nanopost sawtooth vortex computed with FALCO at several wavelengths (left). Only
three wavelengths are shown for the sake of clarity. The region of interest (3-10λ/D) is highlighted (yellow), and used to
obtain the averaged contrast shown in the second graph (right).

vortex phase mask. This technology is potentially applicable to future space telescope missions, which need
contrasts on the order of 10−10 at the inner working angle of the coronagraph. Optimizing the two-dimensional
metasurface framework for achromatic performance led to contrasts of 3.7 × 10−9 using a wavefront control
algorithm, pushing the limits towards the requirements of future space telescopes tailored for imaging Earth-like
planets around Sun-like stars. Although these preliminary results are still a factor 30 short of the 10−10 goal for
HWO, this gap might be addressed with more complex designs featuring multiple shapes and variable period as
described in Ref. 19 in these proceedings.

The manufacturing of a first prototype is an important next step in the development of two-dimensional
metasurface implementations of vortex phase masks. It is therefore mandatory to advance the manufacturing
capabilities in order to overcome the challenges expected with these designs, notably the high aspect ratio and
the varying grating parameters across the mask. In addition, this involves the consideration of different materials
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Figure 5. Dark hole obtained with EFC applied to a nanopost sawtooth vortex design (left) and respective surface profile
of the deformable mirror (right). The scoring region is a circular region between 3 and 10λ/D spanning 178◦ in the focal
plane and optimized for 20% bandwidth.

for a prototype and choosing the most promising manufacturing approach, depending on the wavelength of the
application, the desired chromatic performance as well as the feasibility of the manufacturing process to provide
a high-performance component. Moreover, it is important to accurately characterize the phase response of a
manufactured component to understand the limitations of the simulations and the manufacturing process, as well
as the manufacturing uncertainties and how they impact the performance of the component. Several iterations
adapting the design process to the manufacturing constraints will be needed before obtaining a high-performance
component.
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