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ABSTRACT

Optical metasurfaces can achieve arbitrary wavefront control using subwavelength nanostructures, enabling imaging, sensing, and display
applications using ultrathin structures. Metasurface optical elements that rely on propagation phase achieve this control using varying fill
fractions of high refractive index materials, resulting in surface regions with significantly different effective refractive index. The intrinsic
need for index variation makes it a non-trivial task to eliminate reflection losses across a complete optical element. Here, we investigate the
optical performance of high-index metasurfaces, modified to suppress surface reflections. We demonstrate that a drastic reduction of surface
reflections across an entire gradient metasurface is possible through the application of a single optimized anti-reflective layer with a thickness
and refractive index that are substantially different from the traditionally expected values.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0177947

The advent of metasurface optics has led to a wide range of appli-
cations involving flat optical devices,  including active wavefront
control,”” sensing,” * imaging,” ' nonlocal flat optics,"” quantum tech-
nology,"” and 3D displays."* '° Metasurface optical elements can
approach or exceed the performance of traditional optical elements in
certain scenarios. They offer unprecedented flexibility in optical func-
tionality using compact structures that can be fabricated through stan-
dard 2D lithographic techniques. Despite the many appealing aspects of
metasurface optical elements, their novel design introduces new chal-
lenges in optical systems. One interesting challenge in the use of gradi-
ent metasurface optics is the introduction of surface reflections that vary
across the optical element. In imaging systems, even a small amount of
reflection introduced by lenses can lead to notable visual artifacts in
high-contrast images. In traditional optics, these issues are readily miti-
gated through the application of anti-reflective coatings (ARC) using
well-established design rules. Such antireflective coatings are commonly
applied in eyeglasses, microscope optics, and zoom lenses to suppress
imaging artifacts originating from multiple surface reflections.
However, as shown below, for gradient metasurfaces that operate based
on spatial variation of propagation phase, the traditional design rules do
not produce minimized reflection and cause significant spatial variation
of reflection losses. Here, we introduce a methodology to achieve mini-
mal reflection over a wide range of metasurface geometries.

A traditional thin-film ARC eliminates backreflection from a
high-index optical element by introducing two reflecting interfaces,
each producing a reflected field of equal amplitude, where one of the
reflected fields incurs an additional phase delay. For the correct choice
of ARC index and thickness, the reflected fields are of equal amplitude
and in antiphase resulting in perfect destructive interference in the
backward direction. Given a bulk optic with known index ng,, sur-
rounded by air, the traditional ARC index nagc and thickness darc
achieve this condition by setting narc = \/#sub and darc = Ao/4narc
respectively. However, as we demonstrate in the following, this tradi-
tional choice of ARC design cannot directly be applied to metasurface
optical elements. Gradient metasurface optical elements typically make
use of lateral patterning of a high-refractive index layer to achieve
effective index gradients, allowing spatially varying propagation phase
delays. As an example, Fig. 1(a) shows a region of an amorphous
silicon-based metasurface lens, taken from Ref. 17, revealing strong
local variation of the silicon fill fraction across the lens surface. The
resulting spatial variation of the effective index represents the core
challenge that is addressed in this manuscript: in order to achieve the
lowest possible reflection, each region of the metasurface would require
a region-specific ARC index and thickness, neither of which can easily
be ensured using standard fabrication steps. In the present study, we
first demonstrate this challenge quantitatively, followed by the

Appl. Phys. Lett. 124, 031701 (2024); doi: 10.1063/5.0177947
© Author(s) 2024

124, 031701-1

£7:65:61 ¥20z Aenuer vz


https://doi.org/10.1063/5.0177947
https://doi.org/10.1063/5.0177947
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0177947
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0177947&domain=pdf&date_stamp=2024-01-17
https://orcid.org/0000-0001-5031-0443
https://orcid.org/0000-0003-3575-3865
mailto:kik@creol.ucf.edu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0177947
pubs.aip.org/aip/apl

Applied Physics Letters

introduction and in-depth analysis of a strategy that produces signifi-
cantly reduced reflection losses across a wide range of fill fractions, and
that is compatible with traditional device processing steps.

To demonstrate the challenge and its impact, Fig. 1(b) shows the
reflectance at Ay = 1550 nm of a silicon-based metasurface for a wide
range of fill fractions, calculated using rigorous coupled wave analysis
(RCWA)'? as implemented in RETICOLO."” The structure consists of
an infinitely extended metasurface containing square silicon pillars
(n=13.5) in air with a width W placed on a square lattice with period
L=200nm. The horizontal axis represents the Si areal fill fraction
f=(W/L)>. Without an ARC applied, regions with large fill fraction
suffer from surface reflection losses as high as 30.9% (black curve). As
the fill fraction is reduced, the effective index drops, which results in a
drop of the reflection loss. To further reduce the reflection loss, a seem-
ingly reasonable approach is to apply an ARC on the Si layer before
patterning, using the traditional index choice and thickness. After pat-
terning the metasurface, this produces the structure shown in the inset
of Fig. 1(b). This approach produces a large drop in reflection for high
fill fractions (red curve), but the reflection rapidly increases as the fill
fraction is reduced. This intrinsic failure of the standard AR-coating
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approach when applied to gradient metasurfaces can be significantly
mitigated, as will be shown below.

To illustrate the physical origin of the breakdown of the standard
ARC approach on metasurfaces, we first consider an effective medium
description for 1D metasurfaces. Figure 1(c) shows the calculated effec-
tive index of a deeply subwavelength grating for a material with index
n =4 as a function of fill fraction (orange line) under TE excitation. As
the fill fraction of the high-index rods is reduced, the effective index
Nefrrods drops gradually. At each fill fraction, the optimum AR coating
index would be given by Nefopt = \/7eff rods a5 shown by the dashed
blue line. However, interestingly when the high index layer is coated
with a layer that has the traditional ARC index narc=+/n (black
solid line) before patterning, after patterning this produces a non-ideal
Negrarc indicated by the solid blue line. Note that for all fill fractions
0 < f< 1, the obtained effective index of the ARC region neg arc is less
than the ideal value, based on the analytical effective medium theory.
To compensate for this effect, the 1D metasurface could be coated with
a material that has a different index for each separate fill fraction, with
an index np that is higher for lower fill fractions (green line). In addi-
tion, for each region, there would be a unique optimum thickness (not
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FIG. 1. (a) SEM image of a Si-based metasurface lens, reproduced with permission from Kamali et al., Laser Photonics Rev. 10, 1002-1008 (2016). Copyright 2016 Wiley-
VCH GmbH."” (b) Calculated reflectance values for Si-based metasurfaces as a function of Si fill fraction without ARC (black line), with nagc = 1.87 (red line), narc = 1.67
(blue line), and narc = 1.58 (green line). (c) and (d) Effective index of rods made of a material with n =4 (orange line) as a function of the fill fraction in 1D structures, the cor-
responding to traditional ARC refractive index choice n =2 (black line), the resulting effective index of the ARC region (solid blue line), the desired effective index of the ARC
region (dashed blue line), and the required index of the ARC material to achieve the ideal effective index (green line) at each fill fraction for TE and TM polarizations,

respectively.
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shown) given by Zo/4ncfope. This is not practical in real-word applica-
tions. For TM polarization [Fig. 1(d)], the fill fraction dependence is
markedly different, but a similar challenge appears: the optimal ARC
material index is different for each fill fraction used. These examples
highlight that even in idealized 1D metasurfaces, applying a traditional
ARC before patterning intrinsically leads to deviations of the ARC
index from the optimum value for all fill fractions 0 < f< 1. Unlike
the case of traditional bulk optics, in metasurface optics, there exists no
single ARC layer thickness and ARC index that can be applied before
patterning to achieve ideal anti-reflective behavior.

As demonstrated above, no single ARC material deposited before
metasurface patterning produces perfect AR behavior. In the following,
we will show that improved choices can be made for both the refractive
index of the ARC material and the thickness of the patterned ARC layer
on an isotropic Si metasurface, leading to substantially improved perfor-
mance. We consider a 2D metasurface intended for use at a wavelength
of 1550 nm (ng;=3.5) with a square unit cell size of L=200nm. In
order to identify improved antireflective behavior, Fig. 2(a) shows a
contour graph of the calculated metasurface reflectance as a function of
Si fill fraction and ARC layer thickness, with the ARC index set to the
traditional value of narc = /715 The reflectance is shown on a log scale
from 0.01% to 10%, with green regions indicating a reflectance below
0.1%. As expected, for low Si fill fractions, the reflectance is always low
independent of the AR layer thickness, since in this region, the metasur-
face has a refractive index close to that of air. At the other end of the fill
fraction range, for a Si fill fraction of 1, we see that a minimum reflec-
tion of ~0.01% is achieved close to darc =207 nm as indicated by the
black dot on the contour graph, corresponding to the traditionally
expected optimum thickness of darc= Ao/4narc. However, for many
intermediate Si fill fractions, the reflectance at this thickness exceeds
1%, corresponding to the data shown in Fig. 1(b) (red line).

In order to reduce the reflection for intermediate Si fill fractions f
that are commonly used in metasurface lenses, we look for modified
ARC index and thickness values that provide improved performance
across a wide fill fraction range. As a starting point, we use an effective
medium model™ to estimate the index of a medium consisting of
square pillars with dielectric function &, in air. This approach can be
shown (see the supplementary material) to result in an effective relative
permittivity given by

o (1 VI
o= (1 \/f)+(1—\/f)+¢f/s/ M
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This formula is most accurate for high-fill fraction subwavelength
square gratings, but as demonstrated below provides a practical guide-
line for selecting an appropriate ARC material index and layer thick-
ness. Based on the effective medium model, we estimate the effective
index of the patterned Si region neg; for any fill fraction. We then use
the same effective medium model to find the ARC material index
needed to achieve the corresponding optimum negarc= /7eff si-
Finally, we use this optimal ARC index to determine the correspond-
ing optimized ARC thickness given by darc = A¢/4negarc. The black
dashed line in Fig. 2(a) shows the thus estimated optimum ARC layer
thickness for each areal fill fraction f.

Following the approach outlined above, we determine an opti-
mized ARC material index and ARC thickness for a given fill fraction
of choice, here f=0.5, and subsequently evaluate the resulting reflec-
tance across a wide fill factor range. At a fill fraction of f=0.5, the
effective medium model gives ng; = 1.53, which would require an
Negarc Of 1.24 in order to achieve minimum reflection. To achieve
this effective ARC index, the effective medium model predicts that we
require a material with nyrc=1.58 and a corresponding optimum
darc=314nm. Figure 2(b) shows the calculated reflectance contour
graph for this nontraditional ARC material index choice. For reference,
the optimized thickness darc =314 nm for f=0.5 is indicated by the
black dot. Note that low reflection is indeed achieved near the calcu-
lated optimum thickness at a fill fraction of f= 0.5, showing good cor-
respondence with the effective medium-based prediction. The
resulting reflectance as a function of fill fraction for this fixed choice of
narc and dagc is included in Fig. 1(b) (green line). A reflection mini-
mum is observed close to f=0.5, and the reflectance is seen to be at
least a factor 5 lower than obtained using the traditional approach (red
line) for all fill fractions up to 73%. A similar curve optimized for a fill
fraction of f=0.75 is shown as the blue line. In this case, R < 0.5% can
be achieved for a wide range of fill fractions spanning from 0% to 88%,
whereas the traditional ARC parameter choices would lead to signifi-
cantly larger reflectance across this same region. Note that this range
of fill fractions includes common fill fractions used in gradient meta-
surfaces, since fill fractions close to zero and close to one are typically
avoided due to the resulting need for impractically small features sizes.

To demonstrate the notable differences in geometry and as well
as substantial performance differences between our approach and the
traditional approach (i.e., applying a standard ARC before patterning),
Figures 3(a)-3(d) show cross-sectional views of the time-averaged
E-field magnitude above 2D Si-based metasurfaces when illuminated
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FIG. 3. Average electric field magnitude above four metasurfaces containing square
Si pillars placed on a 200 nm square lattice under illumination at 1y = 1550 nm, with
the electric field polarized in the plane of the figure. (a) f="50%, traditional ARC
approach (b) f=50% with ARC optimized for f=50%, (c) f=75%, and traditional
ARC approach (d) f=75% with ARC optimized for f=75%.

with 4y = 1550 nm for a meta-atom size of L =200 nm. The 2D cut is
taken through the center of the Si pillars, and the electric field is polar-
ized along the x-direction. Figures 3(a) and 3(b) show the traditional
and optimized ARC for a Si fill fraction of f=0.5. Note the signifi-
cantly larger layer thickness required to achieve optimum performance
at f=0.5. The standard approach is seen to produce a clearly visible
standing wave pattern above the surface, which is almost entirely elim-
inated when using the optimized approach. Figures 3(c) and 3(d) show
the equivalent graphs for f=0.75. The thickness difference between
the two approaches is not as striking in this case; however, again a sub-
stantial standing wave pattern is observed when using the traditional
ARC approach [Fig. 3(c)], which is again almost entirely eliminated
when using the optimized ARC structure [Fig. 3(d)]. The demon-
strated drastic reduction of surface reflections from high-index meta-
surfaces is expected to allow for significantly reduced image artifacts
and ghost images in metasurface optics-based imaging systems, repre-
senting a substantial practical improvement in real-world applications
of metalenses and related structures.

In summary, we have studied the suppression of surface reflec-
tions in high-index gradient metasurface structures using optimized
anti-reflection coatings. Theoretical predictions of the optimum ARC
material index and thickness were made, and predictions based on
effective medium theory were borne out by calculations based on the
RCWA method. It was shown that anti-reflective coatings optimized
for a fill fraction of 50% outperform the traditional approach by over a
factor of 5 for Si-based metasurfaces with areal fill fractions up to 73%.
In addition, reflectance values below 0.5% could be obtained for areal
fill fractions below 88% using an ARC optimized for a fill fraction of
75%. This work shows a path toward low-reflection metasurface optics,
with an approach that is compatible with standard 2D fabrication
methods involving a single patterning step.
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See the supplementary material for the derivation of Eq. (1).
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