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Mitigating Chromatic Dispersion with Hybrid Optical

Metasurfaces
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and Patrice Genevet*

Metasurfaces control various properties of light via scattering across a large
number of subwavelength-spaced nanostructures. Although metasurfaces
appear to be ideal photonic platforms for realizing and designing miniaturized
devices, their chromatic aberrations have hindered the large-scale deploy-
ment of this technology in numerous applications. Wavelength-dependent
diffraction and resonant scattering effects usually limit their working opera-
tion wavelengths. In refractive optics, chromatic dispersion is a significant
problem and is generally treated by cascading multiple lenses into achromatic
doublets, triplets, and so on. Recently, broadband achromatic metalenses in
the visible have been proposed to circumvent chromatic aberration but their
throughput efficiency is still limited. Here, the dispersion of refractive com-
ponents is corrected by leveraging the inherent dispersion of metasurfaces.
Hybrid refractive-metasurface devices, with nondispersive refraction in the
visible, are experimentally demonstrated. The dispersion of this hybrid com-
ponent, characterized by using a Fourier plane imaging microscopy setup, is
essentially achromatic over about 150 nm in the visible. Broadband focusing
with composite plano-convex metasurface lenses is also proposed. These
devices could find applications in numerous consumer optics, augmented
reality components, and all applications including imaging for which mono-

achromatic broadband response has even
been reported by manipulating scalar
properties of light® or by utilizing struc-
tural dispersion of surface plasmon polari-
tons in metal-insulator-metal waveguides
to compensate for metal dispersion.[®!
Various high-efficient components like
polarizers,”# holograms,>!% beam split-
ters!!] have been already designed using
metasurfaces. A recent report on gra-
dient silicon metasurface device showed a
beam deflector having 71% transmission
efficiency and 95% diffraction efficiency,
and operating at a specific wavelength
of 532 nm.”l The dispersion of meta-
surfaces can be varied from positive to
zero and even to a negative value in the
infrared region.*® This control enables
devices such as achromatic deflectors and
lenses.>3-7] The general method pro-
posed to engineer a frequency-dependent
phase profile ¢(F, w), thereby achieving
arbitrary control of metalens dispersion

chromatic performance is not sufficient.

The macroscopic size of conventional optical components based
on refractive optics significantly limits the miniaturization of
optical systems. In addition, the dispersive response of bulk
materials introduces strong chromatic aberrations. Metasur-
faces, ultrathin devices composed of subwavelength array reso-
nators can effectively overcome this problem.'-! Low-efficiency

R. Sawant, P. Bhumkar, Dr. P. Ni, Dr. P. Genevet
CNRS

CRHEA

Université Cote d’Azur, rue Bernard Gregory
Sophia Antipolis

06560, Valbonne, France

E-mail: pg@crhea.cnrs.fr

A. Y. Zhu, Prof. F. Capasso

John A. Paulson School of Engineering and Applied Sciences
Harvard University

Cambridge, MA 02138, USA

E-mail: capasso@seas.harvard.edu

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.201805555.

DOI: 10.1002/adma.201805555

Adv. Mater. 2019, 31, 1805555

1805555 (1 of 6)

over a continuous bandwidth, requires one

to separately engineer the phase, group

delay, and the group delay dispersion of

each nanoelement forming the metasur-
face.'>%] This procedure is rather complex and requires mul-
tiple degrees of freedom in the nanostructures, and is generally
performed by considering systematic parameter search at given
frequencies. To operate over a certain bandwidth of interest,
these constraints limit the size and the numerical aperture
(NA)—or the slope of the local phase gradient—of the devices.
In this contribution, we address the problem of chromatic dis-
persion of conventional refractive components by coupling
refractive devices with metasurface phase elements to care-
fully balance the material dispersion over a broadband range of
wavelengths. This approach is relatively simple and can easily
be combined with various devices, including high numerical
aperture lenses!' and various beam-shaping devices. The dis-
persionless property of geometric phase has been exploited
in achieving achromatic broadband imaging by superoscilla-
tory metasurfaces!'! and to execute achromatic performance
in catenary-based orbital angular momentum generators.[?’!
In contrast to previous works that leverage the geometric
and/or multimode phase property of nanoantennae to fully
address the dispersive response of the metasurface alone,!?!
here we demonstrate achromaticity by combining conventional

13-
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dispersive devices with diffractive phase gradient metasurfaces.
Calculations, done in the context of achieving broadband ach-
romatic focusing across the entire visible, have shown that,
to suppress chromatic aberrations, one needs to address both

delay [99) and delay dispersion |99 )13
group e ay — an group e. ay lsperSIOn — T |.
oW dw*

This has been realized by considering the dispersive nature of
the resonances of nanostructures forming the metasurfaces.
Such a level of refinement, which is beyond the scope of the
work discussed here, is necessary to obtain fully achromatic
devices. In ref. [22] the authors’ simulations also showed that
the dispersive properties of a single metasurface can be engi-
neered to compensate the glass dispersion of a plano-convex
refractive lens, leading to achromatic focusing across the vis-
ible spectrum. Inspired by these works, we show that the dif-
fractive properties of simple phase gradient metasurfaces are
already sufficient to mitigate the dispersive behavior of one of
the most common dispersive components, i.e., a prism. The
latter was historically used by Sir Newton to separate light
into its constituent spectral colors. Coupling it with phase
gradient metasurfaces, we theoretically propose and experi-
mentally show identical refraction angle for all colors within
a certain range of wavelength around the designed frequency.
We discuss extension of this method to other components,
and as an example we realize high transmitting weakly disper-
sive focusing of light over a large range of frequencies.

For the sake of simplicity, we start by considering a glass
prism refractive material working in the 500-800 nm wave-
length range, where the refractive index can be Taylor-expanded
around A, (700 nm) as n(l):A—j’.—?/l+i.—1: where A and B
are Cauchy’s coefficients of the prism material. In this wave-
length range, the dispersion is weak and can be approximated
by just a linear function. This limit of weak dispersion simpli-
fies our analysis to the case of linearly phase gradient metasur-
faces. In principle, one could also extend this approach to more
complex nonmonotonic dispersion. Generalized laws of refrac-
tion can thereby be used to calculate the angle of deflection for
the prism—metasurface doublet?®! (see Section S1 in the Sup-
porting Information). After a few algebraic simplifications, we
obtain the relation for the phase gradient that compensates
linear prism dispersion given by

d¢’ 2zB
dx’ A

1)

This expression is valid for a given incident angle and a prism
with a given apex angle, meaning that new sort of aberrations
would be present for any other incident angle. As discussed in
Section S1 of the Supporting Information,
Equation (S25) shows that a change in inci-
dent angle 6; requires us to adjust the phase
gradient accordingly. However, it should be
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As discussed in details in the Supporting Information, in
the case of normal dispersion, the deflection increases with
the wavelength toward the base of the prism. Compensation is
achieved by adding a metasurface at the exit interface that can
introduce a momentum in the opposite direction, i.e. toward
the apex of the prism. In this configuration, the experimental
results, presented in Figure lc—e, comprise two intensity dis-
persion curves representing the zero-order transmission (lower
line) and corrected case (first-order diffraction of the dispersive
device with the metasurface). It is important to note that since
the metasurface adds an additional transverse momentum to
the refracted light, the achromatic refraction occurs at an angle
of 49.59° which is different from the normal refraction at an
angle of 49.22° for the central wavelength. To simultaneously
observe and compare the dispersive properties of the rectified
first order with respect to the zero order, we enlarged the spot
size of the incident light to be larger than metasurface, i.e., part
of the light is interacting with metasurface and part of the light
is normally refracted by the prism only.

As evidenced by Figure 1, because of the small dispersion
of the refractive material considered in the wavelength range
of interest, the k-space spectra of the bare prism (lower inten-
sity line in Figure lc—e) as a function of wavelength, shows
only small angle changes. Such a regime of small dispersion is
required to validate our simple Taylor expansion calculations,
but one can further expand this method to regime with higher
dispersion. In our case, the momentum to be introduced by the
metasurface has to be relatively small (4 x 10 rad nm™). As a
result, we expect the dispersion curves of normally and anoma-
lously refracted signals to be very close to each other, as shown
in Figure lc—e. Appropriate information is obtained by maxi-
mizing the pixel-to-pixel k-space resolution. This is experimen-
tally performed by using a low-NA microscope objective (4x)
and by collecting the refracted beam along the optical axis of the
microscope objective, i.e., by rotating the sample and incident
light accordingly such that both refracted beams exit almost col-
linear with the microscope objective, within its collection angles.
To correctly extract information from these measurements,
we calculate the slope and the associated error of the disper-
sion curves, with and without the metasurface, as discussed in
details in Section S4 in the Supporting Information. The results,
presented in Table 1, show that metasurfaces can effectively
compensate the dispersion in the range 600-800 nm. Beside the
small deviations, which we attribute to the linear approximation
of the refractive index, the fabrication imperfections and small
misalignment in the optical setup, our simple example shows
that metasurface and material dispersions could be combined
to achieve essentially achromatic refraction in a given range of
frequency. This approach could be extended to more complex

Table 1. The deflection angle results, which confirm that the metasurface helps to rectify the
dispersion of the prism.

ensured that the incident angle is less than the  wavelength [nm]

Prism k,/ko per nm  Prism+metasurface k,/ko per Percentage of compensation

critical angle to prevent total internal reflec- (x107) nm (x 1075) (mean value)
tion. For the given prism geometry it was 540 g00 42401 20405 52%
foupd out that the 1nc1der:t angleO can take any o0 700 2840 05409 2%
arbitrary value from —90° to 16° after which

700-800 -1.4£0.1 02+06 114%

the refracted ray gets internally reflected.
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Figure 1. k-space imaging of metasurfaces. a) Setup for k-space imaging of the transmitted light through a metasurface. Light refracted through the
metasurface is collected with a relatively low numerical aperture objective (NA = 0.2). The spatial Fourier transform of light in the front focal plane
is imaged using a 4f relaying from the back focal plane of the objective onto the entrance aperture of a spectrometer coupled to an intensified CCD
camera. b) To calibrate the image obtained with our experimental setup, we imaged the k-space reflectivity of a bright light source on a silicon substrate
at the zero diffraction order of the spectrometer grating. This image shows intensity distribution that covers the entire NA of the microscope objective,

in the range of —0.2<£—V<0.2. c—e) Both normal refraction and dispersion compensated refraction for three different frequency range ranging from:
0

1) 500-600 nm, 2) 600-700 nm to 3) 700-800 nm. The y-axis of the k-space image is normalized to ko. The result of this experiment is analyzed by

looking at the slopes of the dispersed signal.

geometries and in particular to compensate for the chromatic
dispersion of a conventional plano-convex lens.

In the following, we propose a method to mitigate the focal
length shift of a plano-convex lens over a given range of wave-
length by considering a radially varying phase gradient metasur-
face patterned along the planar surface of the lens. Note that the
compensation effect presented in this section is essentially caused
by the diffracting properties of the metasurfaces, which differs
from the antenna dispersion compensation approach previously
reported in the Supporting Information of ref. [22], i.e., we are
considering the refraction through dispersive lens, assuming it is
working in the regime of linear dispersion approximation. Com-
pared to the results on the prism, we are replacing the uniform
phase gradient metasurfaces with radially varying phase delay
interfaces to mitigate the effect of refraction. After some algebraic
calculations detailed in Section S6 in the Supporting Information,
the expression for the radially varying phase gradient gives

d_(p _ 4nB 1 2)
dr A R

In this calculation, we consider on axis parallel rays that are
impinging upon the curved interface. “R” is the radius of curva-
ture of the lens and “r” is the height of the ray from the optical
axis. After deriving this expression, we implemented this meta-
surface in a ray-tracing Matlab code (Figure S5.2, Supporting
Information), and extracted the focusing properties of our lens
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system as a function of the incident wavelength. The results are
presented in Figure 2.

The dispersion compensation is as high as =94% in the
range of 600-800 nm for all “r” s. Note that although strong
monochromatic aberrations are still present, one could extend
this idea of metasurface compensator to address monochro-
matic aberration, as discussed in few papers already.?*2%] While
working in the infrared region, recent results showed the usage
of metasurfaces for dispersion engineering with high average
efficiency of 60% operating in the bandwidth 8-1.2 um by
custom-tailoring multiresonances.2¢!

We have successfully mitigated the dispersion of refractive
optical components using a metasurface. Our method consists
of combining a simple dispersive refractive component, a prism,
with a linear phase gradient broadband metasurface working in
the visible region from 500 to 800 nm. The achromatic behavior
is observed in the range of 600-700 nm. Instead of designing
complex metasurfaces that involve the control of the dispersive
properties of the antenna resonance, we utilize the intrinsic
dispersion of the phase gradient metasurface as a parameter to
adjust the dispersive properties of the refractive object. In con-
trast to binary optics used to design hybrid diffractive/refractive
components, the metasurface approach enables fabrication of
phased elements with an arbitrary number of phase elements
while requiring only a single step of lithography. We believe
that hybrid metasurface/refractive devices, as proposed in this
manuscript, could challenge the performances of binary optics

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Ray-tracing analysis showing: a) dispersion/shift of the focal length for a plano-convex lens as a function of the wavelength. The different
curves are given for gradually increasing off-axis ray, indicating both monochromatic and chromatic aberrations. The units on both axes are in mm.
b) Same as in (a) but with chromatic aberration correction after introducing the metasurface.

designs. Fourier plane imaging plays a crucial role in this study,
enabling accurate measurements of even small amounts of dis-
persion. Near dispersionless conditions are achieved with slight
deviations due experimental errors. We extend this study to the
design of a metasurface plano-convex lens. This technique is
simple and can be very useful in addressing the problem of
chromatic dispersion in multilayer/cascaded optical systems.

We are also expecting the development of new achromatic
and aberration free devices by combining freeform optical com-
ponents with conformal metadevices.?’]

Experimental Section

The implementation of the metasurfaces with constant phase gradient
satisfying Equation (1) was realized using TiO, phased array nanopillars

dd/dx< 0
(b)

designed at 700 nm, i.e., the central wavelength around which the
material refractive index was Taylor-expanded; see Figure 3a. TiO,
nanopillars of diameters varying from 100 to 300 nm were fabricated
on a glass substrate using electron beam lithography (EBL) technique
and atomic layer deposition (ALD), as discussed previously in the
literature.?8l The phase shift imparted by each element as a function
of its diameter is shown in the phase map (Figure 3b). Considering
an incident circularly polarized light, Pancharatnam—Berry phase
metasurfaces, such as those made of rectangular nanopillars or any
structural birefringent nanostructures, could also give identical results.
The transmission map also indicated that the transmission remained
very high for the range of wavelength considered in this study. This is
because the nanopillars were behaving as truncated waveguides in this
parameter regime, and were free from resonant effects.''l Note that
dispersive response of these structures could be further engineered as
well to improve the design of the hybrid components and to generalize
the study into other wavelength regimes where material dispersion is

phase(rad) Transmission
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Figure 3. a) SEM image of TiO, nanopillars. Scale bar: 1 um. The schematic in the bottom represents the zero- and first-order transmission of a phase
gradient metasurface. b) Phase and transmission map of TiO, nanopillars computed using finite difference time domain simulation as a function of
the incident wavelength and the nanopillar diameters. The simulations are performed considering in-plane periodic boundary conditions with a period
of around 285 nm and perfect absorbing conditions on the top and the bottom of the simulation area.
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Figure 4. a) k-space imaging and spectroscopy setup for measuring the dispersion of the optical components: a supercontinuum laser NKT photonics
laser coupled to a spectral filter is used as a source for the experiment. C: collimator, M: mirror, T: tube lens in the microscope setup, L1: achromatic
convex lens of focal length f; = 10 cm, L2: achromatic convex lens of focal length f, =5 cm, S: slit of the spectrometer. A microscope objective of 4x,
0.2 NAis used for imaging Fourier plane imaging. b) Schematic of the achromatic system. The light is normally incident at the input face of a refractive
prism. At the output facet, in the absence of metacompensator, the wavelength-dependent refractive index of the prim should disperse the transmitted
field accordingly to the conventional Snell laws. With the metasurface, the wavelength dispersion of the linear phase gradient, chosen with opposite
dispersion compared to normal dispersion of refractive material, mitigates the dispersive effect of the prism. c) Picture of the experimentally realized
achromatic optical component. The metasurface is assembled at the output facet of the prism using a thin layer of index-matching oil having sensibly

the same properties of the glass prism.

typically nonlinear, but this level of refinement is beyond the scope here
(Figure 4).

The dispersion was measured using a homemade k-space
microscope. This system works by relaying the Fourier plane image
of the objective lens to the entrance slit of an Andor Shamrock
500i spectrograph (500 mm focal distance), which was in turn
coupled to an intensified iStar CCD camera using 4f configuration of
lenses.l?31 The 2D intensity map measured after spectrally dispersing
the incident k-space image contained both spectral information (along
the x dimension) and transverse k, momentum information. Calibration
of this experimental setup (Figure 1b) was performed by imaging the
reflectivity of a substrate opening the spectrometer entrance slit and
imaging the k-space, bringing the spectrometer diffraction grating to
the zero order. The high intensity limits as denoted by the blue dashed
circle giving 'Z_X,If_)’=|o,2|), occupy around 550 pixels on the CCD.

0 Ko
Since the NA of the objective is relatively small (0.2 NA), i.e., small
angles were considered, and therefore sinf = 6 approximation was
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made to consider that k,/ko increased linearly from -0.2 to 0.2.
With this approximation, each pixel corresponded to a k,/k, value
of 7.3 X 107* units. To validate the accuracy of our experimental
setup, the k-space spectra representing the dispersion of prism and
metasurface were recorded separately; see Section S3 in the Supporting
Information. For these two cases, dispersions with opposite slopes
were observed, as expected from the opposite sign of dispersion
properties of each component. The dispersion of this prism was
measured and compared to known values for the material (BK7); see
Section S3 in the Supporting Information. The transverse k-space (k,)
normalization of the Fourier plane image was determined by measuring
the k™" and k™ of the objective lens used in this experiment.
Further details are given in Section S3 of the Supporting Information.
The slope of k, versus 4 is directly related to the linear dispersion of
the light entering the microscope objective. With this measurement
setup, achromatic dispersion was represented by an intensity line with
vanishing slope, indicating no variation of the transverse k-vector as
a function of the wavelength. The excitation of the prism-metasurface

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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system was performed using a collimated supercontinuum broadband
laser coupled to a spectral filter to select 100 nm bandwidth around
the targeted wavelength. The beam was directed to the metasurface
after entering the prism at normal incidence from the input facet. This
way, the incident angle at the exit facet was equal to the apex angle
of 30°. The size of the beam spot, about 1 mm in diameter, impinges
on the metasurface with a size sufficiently large to cover the entire
metasurface. It was chosen to capture both normal and achromatic
refraction in the same k-space image for direct comparison. By
doing so, the dispersive properties for both first-order diffracted field
(compensated refraction) and the zero-order (uncompensated) can be
observed simultaneously on the CCD camera. The results of k-space
experimental spectra are discussed in Figure 1c—e.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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