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Abstract: We numerically demonstrate the capability of a single metasurface to simultaneously
separate and focus spectral features in accordance with the specifications of a pushbroom
hyperspectral imager. This is achieved through the dispersion engineering of a library of two-level
TiO2 nano-elements. Sommerfeld integrals are used to confirm our numerical simulations
provided by our solver based on Fourier modal method. As a proof of concept, a metasurface
with a 175 µm diameter is designed to be compatible with hyperspectral imaging over a spectral
range of ± 50 nm around 650 nm with a spectral resolution of 8.5 nm and a field of view of 8°
around the normal incidence (angular resolution of 0.2°).

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Spectral imaging is an efficient method to determine the electromagnetic properties of objects
within a complex scene by capturing light emitted by these objects across several spectral bands
for each pixel of the image [1]. Light spectral decomposition can be discrete (multispectral
imaging) or continuous (hyperspectral imaging), while the image formation can be achieved pixel
by pixel (whiskbroom scanner), line by line (pushbroom scanner) or in a global way (snapshot
acquisition). This spectral information is often related to the chemical composition of the imaged
objects, which is of great interest in many fields such as food safety [2,3], disease diagnosis [4], or
remote sensing [5]. Optical performances of these imaging instruments become more and more
demanding, so that the complexity of their design increases, and consequently their size and their
mass, which is obviously detrimental for embedded applications. For some applications, this
size reduction objective has led to integrate dedicated interference filters (stripe filters, pixelated
filters, or linear variable filters [6,7]) as close as possible of the focal plane to simplify the global
design of the instrument.

Recently, optical metasurfaces [8], i.e. 2D components spatially structured at the wavelength
scale, have emerged as a powerful technological avenue allowing to develop ultra-thin and high
quality multifunctional devices, such as polarimetric analyzer [9], optical vortex converter [10],
high numerical aperture metalenses [11–14], etc. The purpose of our work is to propose a new
design approach to achieve important size gain in the field of hyperspectral imaging.

Performance of a spectral imager is mainly defined by its spatial and spectral resolution, but
also by its field of view and spectral range. For classical systems using bulk refractive, reflective,
or dispersive components, these features are quantified using ray tracing algorithms and scalar
diffraction theory [15]. As the minimum feature size of elements involved in the design of a
metasurface becomes closer to the incident wavelength, these standard approaches can no more
be used [16] and a full-wave simulation is required to correctly estimate the spatial and spectral
dependence of the electromagnetic field in the vicinity of the focal plane [17]. As a matter of fact,
Pommet et al. [18] have investigated the limit of use of scalar diffraction theory in the case of
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perfectly conducting gratings, and non-negligible errors arise when features size is less than 14 λ
[16]. However, such a full-wave simulation is performed at high computational cost, making it
inappropriate to simulate macroscopic metasurfaces involving millions of scatterers [19].

Besides, the microscopic features of a metasurface enable the use of new degrees of freedom
for the design of a compact optical component. We can play with intrinsic dispersion of the
constitutive nano-elements to tailor the dispersive optical properties of the component: this is the
purpose of the so-called dispersion engineering [20–25]. This approach, first widely used for the
design of achromatic meta-lenses [24,26,27], has recently been extended to the multispectral
imaging domain [28,29]. In 2019, Zhu et al. [28] have demonstrated the ability of a single
metasurface to separate and focus four discrete wavelengths from the visible spectrum in a focal
plane perpendicular to the component. However, the paper does not describe the method used to
optimize the design of the proposed configuration, particularly the choice of detector orientation.
In the same order of ideas, Pestourie et al. [30] have proposed in 2018 a design allowing to focus
three colinear incident beams of different wavelengths in three different points of a plane parallel
to the metasurface. The choice of this design has been made by solving an inverse problem [31],
and then optimizing the structure with the help of a conservative convex separable approximation
variant of the original method-of-moving-asymptotes algorithm (CCSA-MMA) [32].

In this work, we present a method allowing to define and optimize the design of a metasurface
able to synthetize all the optical functionalities of a spatial-scanning pushbroom hyperspectral
imaging system. This implies that this planar component performs both the dispersion of a
continuum of wavelengths over a given spectral bandwidth ∆λ and the focusing of all these
wavelengths along a focal line, and that for all the incidence angles θ defined by the useful height
of the entrance slit of the instrument. In other words, the properties of this metasurface can be
described by a functional F taking both input parameters: incident angle θ and wavelength λ.
Therefore, Section 2 is devoted to the definition of this functional F , while Section 3 presents
the dispersion engineering of the nano-elements involved in the design of this metasurface. After
selecting manufacturable configuration of nano-elements, the macroscopic properties of the
instrument are then analyzed in Section 4 in terms of radiometry and point spread function
(PSF). Its optical performances are then compared to those of an ideal phase mask and a zone
plate. Finally, Section 5 illustrates our design methodology on an example characterized by a
spectral bandwidth of 100 nm around 650 nm and an angular field of view of 8◦, while Section 6
summarizes our main results and provides conclusive remarks.

2. Functional adapted to hyperspectral imaging applications

For a pushbroom hyperspectral imaging system, the metasurface, located in the plane z = 0, must
ensure a perfect stigmatism between an object point rejected to infinity in a direction θ located in
the yOz plane and an image point Fθ,λ located in a uv focal plane where v is parallel to y and
where the u-coordinate of this image point is a linear function of the wavelength λ (see Fig. 1).
This means that the functional F (x, y, λ, θ) that describes the effect of the metasurface must
satisfy the following condition:

−y sin θ +F (x, y, λ, θ) +
[︁
MFθ,λ

]︁
= Cθ,λ (1)

where M is the point of the metasurface that is defined by the coordinates x and y,
[︁
MFθ,λ

]︁
the

optical path between M and Fθ,λ, and Cθ,λ a numerical factor that only depends of the angle θ
and the wavelength λ. The coordinates of Fθ,λ in the u, v, w frame are :

[u(λ), v(θ), 0] where

{︄
u(λ) = aλ + b
v(θ) = c tan θ

(2)
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while the set of linear relations allowing to describe the change of system of coordinates is as
follows ⎧⎪⎪⎪⎨⎪⎪⎪⎩

x = fx + u cosα
y = v
z = fz + u sinα.

(3)

Consequently, the functional F of the metasurface is defined by

F (x, y, θ, λ) = Cθ,λ + y sin θ

−

√︂
[x − fx − (aλ + b) cosα]2 + [y − c tan θ]2 + [fz + (aλ + b) sinα]2

(4)

Fig. 1. Schematic of an optical architecture for hyperspectral imaging system - a) an incident
plane wave coming from the left is focused onto a matrix of photodiodes by a metasurface
(MS) characterized by a functional F and an entrance pupil Dx in the (x, z) plane; the
detector is tilted by an angle α in this plane - b) sketch of the angular illumination θ of the
metasurface in (y, z) plane; the metasurface has an entrance pupil Dy in this plane. The
schematic assumes an entrance slit to keep spatial information along one direction only (y
axis). The scan along x axis is provided by the translation of the whole hyperspectral imager
along this x axis.

The constant Cθ,λ is independent of x and y, which implies that

F (0, 0, θ, λ) = Cθ,λ −

√︂
[fx + (aλ + b) cosα]2 + [c tan θ]2 + [fz + (aλ + b) sinα]2 (5)

By combining the two last equations, we obtain finally

F (x, y, θ, λ) = F (0, 0, θ, λ) + y sin θ

−

{︃√︂
[x − fx − (aλ + b) cosα]2 + [y − c tan θ]2 + [fz + (aλ + b) sinα]2

−

√︂
[fx + (aλ + b) cosα]2 + [c tan θ]2 + [fz + (aλ + b) sinα]2

}︃
.

(6)

For the sake of simplicity, we will restrict the optimization of the metasurface design to a
unique angle of incidence (θ = 0°), then we will analyze the performance evolution of this
spectrally optimized design with respect to θ in the yOz plane (see Fig. 1(a)). In this restricted
case, the phase change induced by the crossing of the metasurface at zero angle of incidence is
defined by :

ΦF (x, y, λ) = ΦF (0, 0, λ) −
2π
λ

{︃√︂
[x − fx − (aλ + b) cosα]2 + y2 + [fz + (aλ + b) sinα]2

−

√︂
[fx + (aλ + b) cosα]2 + [fz + (aλ + b) sinα]2

}︃
.

(7)
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3. Dispersion engineering

One way to design a metasurface achieving the optical function described in Eq. (7) is to use
the direct design approach [33], where the metasurface is considered as an array of independent
scatterers, i.e. not interacting with neighbors. The phase profile ΦF (x, y, λ) is sampled with
a period Λ smaller than the wavelength and the local phase value is obtained by selecting a
nano-element whose effect on the incident wave is in agreement with this value. Moreover, the
choice of a subwavelength period ensures the absence of parasitic diffractive orders and provides
a very good approximation of the theoretical phase profile.

To illustrate this approach in a simple way in the case of a hyperspectral imaging functionality,
the problem is limited to the design of a 1D cylindrical metasurface. For the sake of simplicity,
we call a 1D cylindrical metasurface a subwavelength enginereed component whose structure
and profile are invariant along the y axis (cf. Fig. 2(a)). A 1D problem is chosen to reduce the
computational cost while calculating the electromagnetic fields through a full wave simulation; it
is important to stress here that one can easily extend this design approach to a 2D configuration.
In this 1D version of the design problem, the electromagnetic fields are translation invariant
along the y axis, and the spatial phase gradient necessary to achieve the focusing of the incident
wave only exists along the x axis (see Fig. 1). For such a cylindrical metalens, the stigmatism
condition is only possible along the x axis, because the component does not exhibit any phase
gradient along the y axis. Thus, a single point source is focused along the v axis over a length Dy
which corresponds to the length of the entrance pupil in the yOz plane (see Fig. 1(a) and (b)). In
Section 5.2 is explained how such a cylindrical component is nevertheless able to perform the
imaging function associated with different angles of incidence θ.

The 1D nano-elements used in this direct design approach are two-level TiO2 nano-ridges
characterized by heights hi and widths wi (i = 1, 2), as schematized in Fig. 2(a), and located
at the top of a fused silica substrate. The choice of titanium dioxide provides a high refractive
index contrast between the nano-elements and the surrounding medium (air), which limits the
interactions between closest neighbors [11], also known as cross-talk. The phase response
of an individual stack of nano-ridges is calculated with the help of Fourier Modal Method
(FMM) [34], a version of Rigorous Coupled Wave Analysis [35] implemented in a home-made
solver. Each nano-element located at the position x on the metasurface must delay the locally
incoming wavefront with an appropriate phase term Φ(x, λ). If the spectral bandwidth ∆λ of the
imager contains N elementary wavelengths, each stack of nano-ridge must then fulfill N phase
requirements for a given position x along the metasurface. This approach makes the design of the
metasurface, even 1D, really challenging. Therefore, it is more convenient to approximate the
local phase response ϕ(λ) by a Taylor expansion up to the first order, i.e.

ϕ(λ) = ϕ(λd) + (λ − λd)
∂ϕ

∂λ

|︁|︁|︁|︁
λd

+ O
[︁
(λ − λd)

2]︁ (8)

The Taylor expansion of the local phase response ϕ(λ) has been extensively used to design
achromatic metalenses [20,22,26] or any dispersion-engineered metasurfaces [36]. The Taylor
expansion up to the second order is commonly used for two reasons. Firstly, it ensures a correct
approximation of the nano-element phase response, especially if the bandwidth ∆λ is large.
Secondly, for achromatic lenses the spectral phase has a hyperbolic shape, which is even more
pronounced as the lens diameter increases [22]. In this case, a simple tangent (namely the first
order term) centered at a design wavelength λd is not sufficient to correctly approximated the
phase functional ΦF (x, λ). In our work, the spectral range ∆λ = 100 nm which is small enough
to correctly estimate the nano-element spectral response (see Fig. 2(b)). In this work, we only
consider the TE polarization (Fig. 2(a)), but the design approach can be obviously applied to
a TM polarized field, for which the phase values are obviously no longer the same due to the
asymmetric nature of 1D nano-elements. The analysis has been conducted in TM mode to see if
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Fig. 2. Dispersion engineering in TE polarization. a) Two-level nano-ridge 1D structure
- b) red dots, spectral dependence of the phase response of a nano-element; blue curve,
linear fit of this spectral dependence at λd = 650 nm - c) mapping of the phase space
[ϕ(λd), (∂ϕ/∂λ)λd ] corresponding to the nano-element library made of single level ridge;
the color code is defined by the right bar and corresponds to the mean transmission |t| over
the design bandwidth - d) mapping of the phase space corresponding to the nano-element
library made of two-level ridge system, showing a denser filling of the phase space - e)
comparative plots of the phase requirements of the metasurface (green dots) and the phase
space covered by the nano-element library (same color code as in graph c).
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substantial changes would appear, and the results reported here after remains globally the same
as in the TE polarization.

With such a first order Taylor polynomial, the phase requirements for the nano-elements reduce
to 2 terms, the phase at the design wavelength ϕ(λd) and the derivative of the phase at the same
wavelength (∂ϕ/∂λ)λd . In Fig. 2(b), the phase response is studied in the wavelengths interval
from λmin = 600 nm to λmax = 700 nm, and the partial derivative is computed at a design
wavelength λd = 650 nm corresponding to the middle of this interval. Because of the two-level
structure of the nano-ridges, the number C of possible permutations is a function of geometrical
characteristics of the unit-cell (see Fig. 2(a)). As an example, for a subwavelength periodΛ = 400
nm, a minimum thickness emin = 60 nm, a spacing s = 30 nm at the border of each unit-cell, and
a manufacturing step δe = 1 nm, the possible widths for each level are given by{︄

w1 = emin + n1δe , n1 = 0, 1, . . . , (Λ − s − emin)/δe

w2 = emin + n2δe , n2 = 0, 1, . . . , (w1 − emin)/δe
⇒ C = 281 × 141 = 39621 (9)

where a manufacturability constraint was taken into account for the second level width (w2 ⩽ w1).
Each of these geometries are simulated with the FMM solver over the same spectral bandwidth as
previously defined and for a TE state of polarization, which allows the 2 terms of the corresponding
Taylor expansion to be represented in a phase space [22], as shown in Fig. 2(d). The color code
represents the value of the mean transmission coefficient |t| over the simulated bandwidth, when
both heights hi are equal to 1 µm. With such a nano-element library, dispersion engineering
consists in finding, for each position x along the 1D metasurface, the shape of the nano-ridge that
provides the best approximation of the requested phase function ΦF (x, λ). In a general way, this
phase function can be also approximated by its Taylor expansion to the first order, namely

ΦF (x, λ) ≃ ΦF (x, λd) + (λ − λd)
∂ΦF

∂λ

|︁|︁|︁|︁
λd

(10)

where the two coefficients ΦF (x, λd) and ∂ΦF

∂λ

|︁|︁|︁
λd

are function of the geometric characteristics of
the problem, such as the pupil size Dx of the 1D metasurface, the position (fx, fz) of the focal
plane and its orientation α with respect to the metasurface (see Fig. 1).

To go further, it is necessary to define numerical values for these geometrical parameters, and
as a first example, let us consider the case corresponding to a linear dispersion a of 4 µm nm−1, a
pupil size Dx of 175 µm, an axial distance fz equal to 14 times this pupil size (fz = 2.45 mm), an
offset distance fx equal to zero, and an orientation of the focal plane parallel to the metasurface
(α = 0◦). This orientation is the one which spontaneously comes to mind, so as to maximize
the flux density reaching the focal plane. If we plot the two coefficients of the polynomial
approximation (10) in the phase space of the nano-element library (see Fig. 2(e), green dots), we
can see that the variation range of the specified phase derivative is roughly ±0.6 rad nm−1, to be
compared to the one covered by the library, i.e. [−0.090,−0.065] rad nm−1. This means that this
library can not fulfill the phase specifications corresponding to this particular geometry (fx = 0,
α = 0◦). This problem arises from the relatively low intrinsic dispersion of such nano-elements,
which is a well known limitation to the design of dispersion engineered metasurfaces [20,22,26].

Therefore, to identify a configuration where, for each phase value ΦF (x, λ) defined by the
functional F , there is in the library a nano-element whose phase property ϕ(λ) correspond to
this specified value with a very good approximation, we need to compute the two first coefficients
of Taylor expansion of ΦF (x, λ), and verify that the corresponding point in the phase space is
located in the dense part of the nano-element library. This dense part corresponds to the range
of derivative values (∂ϕ/∂λ)λd for which the condition |φ − ϕ(λd)|<ϵ is fulfilled, when φ is
continuously varying between −π and +π, and where ϵ is a very small phase quantity specified a
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priori, e.g. π/100. As an example, in Fig. 2(d), this dense area corresponds to the derivative
values between −0.072 rad nm−1 and −0.084 rad nm−1, i.e. a range ∆ne of 0.012 rad nm−1s. The
use of a two-level nano-element library is a key point of this study. This allows the phase space
to be filled in a sufficiently dense way so that the condition |φ − ϕ(λd)|<π/100 is everywhere
satisfied. Each level of the two nano-elements system is characterized by identical heights
h1 = h2 = 1 µm and two independent variable widths [w1, w2], whereas the one level counterpart
has a height h = h1 + h2 = 2 µm and a single variable width w. Figure 2(c) shows the phase space
filled with this one-level library, and it is clear that for such configuration, the filling of the phase
space is not dense enough to satisfy the design condition for all points on the metasurface.

Due to the presence of a free term Cθ,λ in the expression of the functional F [see (1)], the
constraint to satisfy becomes

∆ = max

(︄
∂ΦF (x, λ)
∂λ

|︁|︁|︁|︁
λd

)︄
− min

(︄
∂ΦF (x, λ)
∂λ

|︁|︁|︁|︁
λd

)︄
⩽ ∆ne (11)

To illustrate this approach, consider the case where the offset distance fx is equal to its optimal
value, i.e. 3.5 Dx ; we can calculate the variation of the parameter ∆ versus the axial distance fz
and the focal plane orientation angle α. The result is shown in Fig. 3(a) (false color mapping).
When α is greater than 75°, it becomes possible to design a metasurface over a range of axial
distance fz that is a function of the orientation angle. To maximize the numerical aperture of
the system, we need to minimize the ratio fz/Dx, and a quite simple solution is provided by
α = 90◦ and fz = 14 Dx, i.e. a numerical aperture of 0.035. Figure 3(a) illustrates the importance
of choosing an appropriate tilted angle in order to satisfy the inequality (11). For the given
value of parameter fx, the smaller the tilted angle (i.e when the detector tends to be parallel to
the metasurface), the more dispersive the optical function ΦF , and the more difficult it is to
implement with our nano-element library. For fz up to 120Dx, it is impossible to satisfy (11)
when α is smaller than 76◦. Thus, the next results will always consider a detector with a tilted
angle α = 90◦ which satisfy Eq. (11), a convenient choice that has already been chosen by [28].
Note that this approach confirms the impossibility to realize a spectral imaging function with a
detector parallel to the metasurface (α = 0◦).

Fig. 3. Mapping of optical architecture that can be addressed by the nano-elements library.
a) False color representation of the variation of parameter ∆ as a function of the detector
orientation α and the ratio between the axial distance fz and the pupil size Dx (Dx = 175
µm) - b) simplified layout of the optical system; the metasurface (MS) focuses and disperses
a continuum of wavelengths on a detector (D) tilted by an angle α in the (x, z) plane; the
coordinates of the center of the detector are (fx, fz) in the (x, z) plane.
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4. Radiometry and point spread function

In Section 3, we have shown how a comparison between the spectral properties of two-level
nano-elements stored in a library and the spectral dependence of the phase profile corresponding to
the functional F allows the geometric characteristics of the hyperspectral imager to be optimized.
However, knowing the resulting phase function ΦF (x, λ) does not provide any information about
either the spectral dependence of the point spread function (PSF) of this imager along the focal
plane nor on the irradiance level recorded at the top of these PSFs. The latter are quantities
obtained from diffraction integrals and not only stigmatism condition from Fermat principle.
To answer this question, we consider the system depicted on Fig. 4(a), where u⃗1 (respectively,
u⃗2) is a unit vector perpendicular to the metasurface (respectively, to the focal plane), and ρ is
the distance between a fictitious emitter at position xe along the metasurface and a receiving
point (x, z) along the focal plane. For this 1D configuration and a TE polarization, the spatial
distribution of the field amplitude along the focal plane corresponding to the ideal phase profile
ΦF (x, λ) is given by the following Sommerfeld integral [37]:

Ey(x, z, λ) =
iz
√
λ

∫
exp {i[kρ + ϕF (xe, λ)]}

ρ3/2
dxe where ρ =

√︁
(x − xe)2 + z2 (12)

Fig. 4. a) Schematic representation of the optical system ; the metasurface has an entrance
pupil Dx in the (x, z) plane, and focus wavelengths on a matrix of photodiodes tilted by an
angle α equal to 90◦; from a ray tracing point of view, each ray from the metasurface is
separated by a distance ρ to the center of the detector, of coordinates (fx, fz) - b) Plot of
the ideal phase profile at the central wavelength - c) Illustration of a 2D off-axis zone plate
designed to focus the central wavelength at the center of the detector. The middle slice of this
2D component has been chosen to define a 1D amplitude profile for the simulation (purple
dashed line) - d) Absolute 1D irradiance calculated in the detector plane (D) considering
the metasurface from λmin to λmax - e) Absolute 1D irradiance calculated in the detector
plane (D) considering the ideal phase mask of b) - f) Absolute 1D irradiance calculated in
the detector plane (D) considering the 1D zone plate of c).
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The flux density corresponding to this ideal case is obtained from the scalar product of the
Poynting vector Π⃗ with the unit vector perpendicular to the detector plane u⃗2, i.e:

dΦ
dl
= Π⃗ · u⃗2 = Πx sinα + Πz cosα =

1
2
E∗

y (Hz sinα −Hx cosα) (13)

Hx and Hz fields are calculated by differentiating Eq. (12) with respect to z and x, respectively.
Indeed, for a TE polarization:

Hx = −iωµ0
∂Ey

∂z
; Hz = iωµ0

∂Ey

∂x
(14)

Fig. 4(b) illustrates the value of ϕF (xe, λd) along the fictitious surface at the central wavelength.
Such parameter is used to define and ideal phase mask, which serves as a reference to compare
the PSF obtained with the metasurface. We also define a 1D amplitude mask from an off-axis
zone plate, focusing the central wavelength at the center of the detector (Fig. 4(c)).

5. Optical properties

In accordance with the conclusions of Section 3, the following geometric configuration is
considered:

Dx = 175 µm ; fx = 3.5 Dx ; fz = 14 Dx ; α = 90◦ ; θ = 0◦
λ = [600, 700] nm ; a = 4 µm nm−1

and the library of two-level nano-ridges presented in Fig. 2(a) is used to approximate the phase
function of the corresponding spectral imager with a unit cell period of 400 nm.

5.1. Spectral response

The far field response of the 1D metasurface is calculated using a FMM solver with a number
of orders equal to 2417, determined through a convergence test. Figure 4(d) shows the spatial
variation of the 1D-irradiance along the u-axis obtained through this numerical calculation for 21
wavelengths regularly spaced from λmin to λmax. For the same set of wavelengths, the irradiance
is computed from a 1D Sommerfeld integral by considering the ideal phase mask (Fig. 4(e)) and
the zone plate (Fig. 4(f)). The former use the quantities defined in Eq. (12) while the latter does
not contain any phase inside the propagator term (ϕF (xe, λ) = 0 for the zone plate) but rather a
spatial amplitude term which is set accordingly into the integral. In each case, the intensity peak
shifts from left to right as the wavelength decreases, as a natural consequence of a chromatic
diffraction effect [20].

As expected, the 1D zone plate shapes the incident wavefront into a converging one, but the
peak irradiances of the corresponding PSFs are far lower than those obtain with the ideal phase
mask or the metasurface (intensity peak around 0.75 mW µm−1, see Fig. 4(f)). Such decrease in
this peak intensity is inherent to a zone plate in which a significant portion of the incoming light
is either absorbed or reflected by the component (amplitude mask instead of phase mask). As
an example, Fig. 5(a) compares the PSF of the designed metasurface (red curve) at the central
wavelength λd = 650 nm with that obtained considering the ideal phase mask (blue curve).
This small decrease in the peak intensity is due to a slight difference between the phase profile
generated by the crossing of the metasurface and the analytic one defined by (7). The phase
profiles generated by the metasurface at three wavelengths (600 nm, 650 nm, and 700 nm) are
shown in Fig. 5(b), with a shape of tilted hyperbole in accordance with the off-axis nature of the
optical function. Figures 5(c), 5(d), and 5(e) shows the phase difference between these profiles
and the ideal function ΦF (λ) at the same wavelength. These slight differences justify a posteriori
the dispersion engineering approach presented in Section 3.

In addition, the spatial full-width at half maximum FWHM of the PSF at 650 nm (34 µm) can
be used to estimate the spectral resolution δλ of the spectro-imager taking into account a linear
dispersion a of 4 µm nm−1, i.e. δλ = 8.5 nm.
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Fig. 5. a) Comparison between PSFs calculated at λd = 650 nm using 1D Sommerfeld
integral with ideal phase mask (blue curve) and Fourier Modal Method (FMM) (red curve)
- b) Phase profiles generated by the metasurface at three different wavelengths (600 nm,
650 nm, and 700 nm) - c) Residual difference between the phase profile generated by the
metasurface at 600 nm and the ideal profile corresponding to the functional F - d) Same as
graph c for λ = 650 nm - e) Same as graph c for λ = 700 nm.

5.2. Spatial response

To determine the spatial response of the metasurface, it is necessary to consider different
illumination angles θ (see Fig. 1(a)) and to analyze the evolution of the PSF (top irradiance and
spatial width) along the v axis. However, since the metasurface used in our modeling being
one-dimensional, the electromagnetic problem cannot be studied along y axis, which prevents
having information on the v-dependence of the PSF. To nevertheless estimate the response of
this metasurface in 2D and confirm that this component fulfills all the constraints corresponding
to a hyperspectral pusbroom imager, we follow an approach directly derived from that used in
Section 4 to analyze its spectral response. It is based on the use of a 2D Sommerfeld integral:

Ey(x, y, z, θ, λ) =
i
λ

∬
|t|(xe, ye, θ, λ) exp{i[kρ + Φ′(xe, ye, θ, λ)]}

ρ
cos(u⃗1, ρ⃗) dxedye (15)

where

ρ =

√︂
(x − xe)2 + (y − ye)2 + z2 and Φ

′(xe, ye, θ, λ) = ϕ(xe, ye, θ, λ) − kye sin θ (16)
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The function Φ′ gathers the local nano-element response ϕ(xe, ye, θ, λ) obtained with the
FMM solver under different illumination angle θ, and a phase shift term −kye sin θ modeling
the incoming tilted wavefront when considering a plane wave. As this theoretical component is
two dimensional, the studied nano-elements are chosen to be a two-level squared shape pillars
possessing the same geometrical parameters as the 1D counterpart (Fig. 6(a)). In a manner similar
to what has been done before, each nano-element is represented in the phase space based on its
phase response and dispersion (color points Fig. 6(b)). For a hyperspectral imaging system with
a 2D component depicted on Fig. 6(c), the optical function at normal incidence Φ′

F (xe, ye, 0, λ)
is Taylor expanded up to the first order, and plotted in the phase space (green dots Fig. 6(b)). This
allows to choose a set of nano-elements to define the metasurface of aperture Dx = Dy = 175 µm.
Each individual nano-element of the resulting metasurface is studied under different illumination
angle θ along the bandwidth to get the global phase ϕ(xe, ye, θ, λ) as well as the local transmission
coefficient |t|(xe, ye, θ, λ) (Fig. 6(d)). The 2D PSF generated by the metasurface can then be
estimated in the (u, v) plane using a numerical computation of integral (15). Figure 7(a) shows the
normalized irradiance map obtained for 5 illumination angles (0◦, 2◦, 4◦, 6◦ and 8◦). Irradiances
are normalized with respect to the maximum peak intensity value of PSFs from 0◦ to 8◦. We note
the presence of a "smile" effect, i.e. a geometrical distortion of the PSF position for the same
wavelength and different field angles: this effect is frequent in hyperspectral images. To cancel
the contribution of this geometrical distortion effect, the evolution of the PSF peak intensity with
respect to the illumination angle is plotted in Fig. 7(b) along a curve passing by the peak intensity
at each illumination angle (magenta curve in Fig. 7(a)). Figure 6(c) and 6(d) show 1D graphs
corresponding respectively to the normalized PSF variations with respect to the peak intensity,
along u axis for v = 0 and along v axis for u = 0. From the 2D integral, a 10 µm FWHM for the
PSF along the v axis would be expected from this hypothetical 2D metasurface. From Fig. 7(a),
the PSF shifts by an amount dv = 100 µm with respect to a variation dθ = 2◦, leading to a spatial

Fig. 6. a) schematic of the 2D nano-element building block under study for the design of a
2D metasurface. The geometrical parameters are identical to those of the 1D counterpart
(TE polarisation) - b) comparative plots of the phase requirements of the metasurface (green
dots) and the phase space addressed by the nano-element library of two-level square pillars
[same color code as in Fig. 2(c)] - c) illustration of a 2D component with aperture (Dx, Dy))
achieving the hyperspectral imaging function defined in Section 2 - d) pictures of phase
maps ϕ(xe, ye, θ, λ) and transmission maps |t|(xe, ye, θ, λ) used to approximate the far field
response of the 2D metasurface based on Eq. (15).
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variation of the PSF dθ/dv = 0.02 degree µm−1. Taking into account the FWHM of the PSF
along the v axis (FWHM = 10 µm) which limits the spatial resolution, such ideal 2D metasurface
would have an angular resolution δθ = dθ

dv × FWHM of 0.2°.

Fig. 7. a) Irradiance map in the (u, v) plane showing the presence of a smile effect in the
hyperspectral images - b) Normalized irradiance with respect to peak intensity at normal
incidence θ = 0◦ for different illumination angle up to 8◦ along the curvilinear smile axis -
c) Normalized irradiance at normal incidence along the u axis - d) Normalized irradiance at
normal incidence along the v axis.

6. Conclusion

This work demonstrates the capability of a metasurface to simultaneously separate and focus
spectral features in the scope of a pushbroom hyperspectral imager. This has been achieved
through first, a full wave simulation restricted to a 1D problem, and second a confirmation and
an extension of these modeling results by the calculation of 1D and 2D Sommerfeld integrals.
The dispersion engineering approach can easily be extented to any spectral and angular optical
function, provided that the functional F is properly defined with respect to θ and λ dependencies.
As for the case of achromatic lenses [22], the wavefront shaping at several wavelengths is
inherently limited by the dispersion amplitude ∆ne of the two-level nano-elements, restricting
both numerical aperture and linear dispersion. To tackle this issue, the height of each level can be
increased leading to a broader wavelength dispersion dϕ/dλ. Indeed, the nano-element library
is implicitly based on an underlying propagation phase delay mechanism [38,39], in which the
phase dispersion is proportional to the structure height [36]. However, increasing these heights
leads to more complexity in the manufacturing process. As an alternative, it is possible to play
with local resonances of meta-atoms [25] which increases the nano-element dispersion while
keeping a realistic design to be fabricated. The dispersion engineering being validated for 1D
metasurface, similar methodology could also apply to design metasurfaces components based on
a library of 2D nano-elements composed of a two-level structure.

Finally, this work proposes a design methodology based on the relationship between properties
at subwavelength scale and effective optical performances of the whole metasurface component.
Such approach might offer to optical designer community new design pathways, providing easier
understanding of metasurface performance for their introduction in future imaging architectures.
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