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OPTICAL METALENS

Technical Field

[0001] The present disclosure relates generally to an optical metalens including a plurality of
zones each configured according to a respective angle of incidence of incoming light, and to

methods thereof (e.g., a method of fabricating an optical metalens).

Background

[0002] In general, optical components to manipulate light are a key part in a variety of devices
such as sensors, cameras, display devices, medical equipment, and the like. In particular, optical
lenses allow shaping a light beam according to a desired application, e.g. to focus the light beam
towards a particular direction, to collimate a light beam for uniform light emission, etc. In view
of the constant trend towards miniaturization, a type of lenses gained attention in the recent
years, the so-called metalenses. A metalens is a flat lens technology including nanostructures
that are capable of modify properties of incoming light to engineer the wavefront and achieve
the same functionalities as a traditional lens with a lighter and more compact design. In
particular, a metalens may be thinner than a traditional lens, thus making it an attractive solution
for applications in modern electronic devices, such as mobile communication devices, virtual
reality systems, augmented reality systems, and the like. Improvements in metalenses may thus

be of particular relevance for the further advancement of several technologies.

Brief Description of the Drawings

[0003] In the drawings, like reference characters generally refer to the same parts throughout
the different views. The drawings are not necessarily to scale, emphasis instead generally being
placed upon illustrating the principles of the invention. In the following description, various
aspects of the invention are described with reference to the following drawings, in which:
FIG.1A shows an imaging device in a schematic view, according to various aspects;
FIG.1B shows a metalens in a schematic representation, according to various aspects;
FIG.2A shows a metalens including a plurality of zones in a schematic representation,

according to various aspects;
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FIG.2B shows a nanostructure of a metalens in a schematic representation, according
to various aspects;

FIG.2C shows a plurality of zones of a metalens in a schematic representation,
according to various aspects;

FIG.2D and FIG.2E show an exemplary arrangement of the zones in the metalens in a
schematic representation, according to various aspects;

FIG.3 shows an optical system including the metalens in a schematic representation,
according to various aspects; and

FI1G.4 shows a schematic flow diagram of a method of fabricating a metalens according

to various aspects.

Description

[0004] The following detailed description refers to the accompanying drawings that show, by
way of illustration, specific details and aspects in which the invention may be practiced. These
aspects are described in sufficient detail to enable those skilled in the art to practice the
invention. Other aspects may be utilized and structural, logical, and electrical changes may be
made without departing from the scope of the invention. The various aspects are not necessarily
mutually exclusive, as some aspects may be combined with one or more other aspects to form
new aspects. Various aspects are described in connection with methods and various aspects are
described in connection with devices (e.g., an optical metalens, an optical system). However, it
is understood that aspects described in connection with methods may similarly apply to the
devices, and vice versa.

[0005] In general, imaging devices capable of capturing three dimensional (3D) information
within a scene are of great importance for a variety of application scenarios. A prominent
example is the use of tracking sensors for augmented reality (AR) and virtual reality (VR)
applications. For example, a world-tracking sensor allows sensing the environment around the
user wearing the sensor, and further allows sensing where the user is heading (e.g., similar to
head tracking). As another example, a gesture-tracking sensor allows sensing where the user’s
fingers and hands are, and in which form they are moving. As a further example, an eye-tracking
sensor allows sensing where exactly the user is looking at and what the user is focusing on.
Sensing data from the tracking sensors enable a variety of functionalities in the AR and VR
context, such as presenting information to the user, executing commands based on a gesture or
a gaze of the user, and the like. Other fields of application may include face recognition and

2
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authentication in modern smartphones, factory automation for Industry 5.0, authentication
systems for electronic payments, internet of things (IoT) environments, and the like.

[0006] Tracking sensors for augmented reality and/or virtual reality may be camera based
visual sensors operating in the visible spectral bandwidth and/or near infrared (NIR) spectral
bandwidth, in view of the human sense of sight. An imaging device for such applications may
usually include a compact camera module (CCM) for sensing light and generating
corresponding sensing data. With the advancements of new generations of imaging devices,
there is a constant demand for a miniaturization of their mechanical, optical, and electrical
components.

[0007] In this context, a camera-based tracking sensor may usually include a CMOS image
sensor (CIS), where CMOS stands for Complementary Metal-Oxide Semiconductor. The
desirable properties for a CMOS image sensor may include a reduced (global shutter) pixel size,
an increased quantum efficiency, e.g. in the NIR spectral bandwidth, and a simple integration
in an integrated circuit, which may allow obtaining a reduced chip size and a reduction in costs.
A camera based tracking sensor may further include an optical lens module to collect light from
the field of view of the sensor and direct the collected light to the image sensor (e.g., the CMOS
image sensor). In this context, metalenses have emerged as a promising alternative to traditional
lenses, in view of their flat geometry, small thickness, and overall compact design, which may
allow achieving a reduced footprint of the optical module. In addition, the optical properties of
a metalens may be tailored in a more flexible manner compared to a traditional lens, thus
allowing an adaptation of the optical function to the specific requirements of a given
application.

[0008] The present disclosure is related to an adapted design of a metalens that allows
increasing the efficiency of the light manipulation by taking into consideration the angle of
incidence with which the light impinges onto the metalens. The metalens proposed herein may
be subdivided into a plurality of regions (also referred to herein as zones), and the configuration
of the array of nanostructures present in each region may be adapted according to a respective
angle of incidence of incoming light. The proposed configuration increases the efficiency of
the metalens by optimizing the properties of the array of nanostructures according to the
expected angle of incidence of incoming light during an operation of the metalens.

[0009] Illustratively, the present disclosure may be based on the realization that in operation
(e.g., during a sensing process in an imaging device) light may not arrive with the same angle
of incidence on the whole surface of the metalens. Rather, light may be delivered to the metalens

in such a way that the (meta)surface of the metalens is illuminated by light rays impinging onto
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the surface at different angles. This may be the case, for example, in a camera system in which
optical apertures are present in the optical path through which light propagates. An optical
aperture may cause diffraction of light, thus causing the light to travel towards the metalens at
a plurality of different angles.

[0010] In a conventional configuration, the nanostructures that define the metalens are
characterized and configured for a normal angle of incidence of the incoming light, which may
be the simplest and most straightforward scenario. Such characterization and configuration,
however, does not take into account the observations above, so that when light impinges onto
the metalens at angles other than the normal angle, the metalens may offer a sub-optimal
performance. Illustratively, the nanostructures may still impart a phase change to the light, but
since their configuration has been designed based on a normal angle of incidence the efficiency
of light manipulation may degrade compared to an ideal case.

[0011] The present disclosure may be related to a metalens designed having in mind that in
operation light may impinge onto different regions of the metalens at a different angle of
incidence. The proposed configuration may thus include configuring (and characterizing) the
nanostructures in each region according to a respective angle of incidence of the incoming light,
to provide a uniform performance in terms of phase change over the entire surface of the
metalens, and increasing the overall efficiency of the optical function provided by the metalens.
[0012] According to various aspects, a metalens may include: a metasurface with a plurality of
regions, wherein the plurality of regions include at least: a first region with a plurality of first
nanostructures configured in accordance with a first angle of incidence of light arriving on the
metasurface; and a second region with a plurality of second nanostructures configured in
accordance with a second angle of incidence of light arriving on the metasurface.

[0013] According to various aspects, a metalens may include: a metasurface with a plurality of
regions, wherein each region comprises an array of nanostructures with a respective (average)
spacing, wherein the (average) spacing of each array is within a corresponding range unique to
that array.

[0014] According to various aspects, an optical system may include: a metalens configured as
described herein; and an optical element (e.g., an optical aperture) configured to receive input
light and diffract the input light into output light at a plurality of output angles, wherein the
optical element and the metalens are disposed such that the first region of the metasurface
receives output light at the first angle of incidence, and the second region of the metasurface

receives output light at the second angle of incidence.
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[0015] The configuration described herein may thus be understood as a “zoning” of the surface
of the metalens, in which different zones are configured according to a respective angle of
incidence of incoming light. The zone-configuration allows thus engineering the optical
response of the metalens according to an expected behavior during an operation of the metalens
(e.g., during an operation of a tracking sensor including the metalens) and enhance the overall
efficiency of light manipulation.

[0016] In the context of the present disclosure, the term “metalens” may be used as commonly
understood in the art to describe a lens that manipulates light by means of an array of
nanostructures rather than via refraction. A metalens may thus include a so-called metasurface
with the array of nanostructures. The nanostructures may be configured to manipulate the light
impinging onto the metasurface by imposing a phase change onto the phase of the light. The
nanostructures may thus modify the wavefront of the light to achieve a desired optical function,
e.g. focusing, collimation, and the like. The nanostructures may be disposed over the
metasurface to create a phase change profile that is designed to implement the desired optical
function. A “metalens” may also be referred to herein as “meta-lens”, “meta lens”, or
“metasurface lens”.

[0017] In the context of the present disclosure particular reference may be made to applications
of a metalens configured as described herein for light detection purposes. Illustratively,
particular reference may be made to a use of the lens for focusing light onto an image sensor
(e.g., a CMOS sensor). This application may be a relevant use case for the proposed metalens,
e.g. in the context of AR- or VR-applications. It is however understood that in principle a
metalens configured as described herein may also be used at the emitter-side of an optical
system, e.g. to manipulate the wavefront of emitted light. Furthermore, particular reference may
be made to the use of the metalens in a tracking sensor, but it is understood that the metalens
may be introduced (e.g., integrated) in other types of imaging devices in which an overall
miniaturization of the optical module may be advantageous. Further examples of imaging
devices in which the metalens may be integrated may include a time-of-flight sensor, a stereo
vision sensor, a disparity-based sensor, and the like.

[0018] FIG.1A shows an imaging device 100 in a schematic representation, according to
various aspects. The imaging device 100 may be an exemplary device that includes one or more
image sensors, e.g. for light detection, imaging, face recognition, and the like. It is understood,
that the imaging device 100 provides an exemplary and simplified configuration of a possible
application scenario of a metalens as described herein. In an exemplary configuration, the

imaging device 100 may be a tracking sensor, e.g. the imaging device 100 may be configured
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to track one or more features (one or more elements) in a field of view 110 of the imaging
device 100, as discussed in further detail below. As other examples, the imaging device 100
may be configured as a time-of-flight sensor, a proximity sensor, a stereo vision sensor, and the
like. The representation of the imaging device 100 may be simplified for the purpose of
illustration, and the imaging device 100 may include additional components with respect to
those shown, such as one or more filters, one or more amplifiers, etc.

[0019] The imaging device 100 may include an image sensor 102. The image sensor 102 may
be configured to be sensitive for light in a predefined wavelength range, e.g. the visible range
(e.g., from about 380 nm to about 700 nm), infrared and/or near-infrared range (e.g., in the
range from about 700 nm to about 5000 nm, for example in the range from about 860 nm to
about 1600 nm, for example at 940 nm), or ultraviolet range (e.g., from about 100 nm to about
400 nm). Illustratively, the image sensor 102 may be configured to convert light energy
(illustratively, photons) of light impinging onto the image sensor 102 in electrical energy (e.g.,
in a current, illustratively a photo current). In general, the imaging device 100 may have
compact dimensions, e.g. a small footprint size. For example, the image sensor 102 may be a
chip-scale packaged image sensor.

[0020] The geometry (e.g., the shape and lateral dimensions) of the image sensor 102 may be
adapted according to the system requirements, e.g. according to an overall dimension of the
imaging device 100, according to fabrication constraints, etc. The image sensor 102 may thus
have any suitable shape, such as a rectangular shape, a square shape, or even asymmetric shapes.
In general, the image sensor 102 may include a plurality of pixels, e.g. a first plurality of pixels
Nx defining a first dimension, and a second plurality of pixels Ny defining a second dimension.
In various aspects, the image sensor may include a two-dimensional array of pixels. A number
of pixels Nx, Ny in each direction, as well as a pixel pitch may be adapted depending on the
desired dimension of the image sensor 102. As a numerical example, the image sensor 102 may
include at least 10* pixels (e.g., 100x100 pixels), for example at least 4x10* pixels (e.g.,
200x200 pixels). As another numerical example, the image sensor 102 may have a lateral
dimension (e.g., a width) in the range from 1 mm to 10 mm, for example in the range from
2 mm to 5 mm.

[0021] According to various aspects, the image sensor 102 may be configured according to
CMOS-technology, e.g. the image sensor 102 may be a CMOS image sensor. In this
configuration, the image sensor 102 may include a plurality of CMOS pixels, each including a
photodetector that accumulates an electrical charge based on the amount of light impinging

onto the photodetector. As another exemplary configuration, the image sensor 102 may be
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configured according to Charged Coupled Device (CCD) technology, e.g. the image sensor 102
may be a CCD image sensor. In this configuration, the image sensor 102 may include a plurality
of CCD pixels with a photoactive region and a transmission region.

[0022] In the imaging device 100, an optical module 104 may define the field of view 110 of
the image sensor 102. Illustratively, the optical module 104 may be configured to collect light
and direct (e.g., focus) the collected light onto the image sensor 102, e.g. on one or more of the
pixels of the image sensor 102. According to various aspects, the optical module 104 may
include a metalens 108, e.g. configured as proposed herein (see also FIG.2A to FIG.2D), to
focus the received light onto the image sensor 102. The image sensor 102 may be disposed in
the image plane of the metalens 108.

[0023] The imaging device 100 may further include a processor 106 configured to receive
image data from the image sensor 102 and carry out processing of the image data. For example,
the processor 106 may be coupled with an analog-to-digital converter configured to convert an
analog signal from the image sensor 102 (e.g., a photo current) into a digital signal to enable
digital processing at the processor 106. The processor 106 may be configured to analyze and
manipulate the image data according to the function provided by the imaging device 100.
[0024] As an example, the processor 106 may be configured to carry out a tracking of an
element in the field of view 110. Illustratively, the processor 106 may be configured to follow
an evolution of a spatial position of the element over time, e.g. to associate two-dimensional
coordinates or three-dimensional coordinates corresponding to a position of the element to a
respective time point. The tracked element may be any suitable feature or object of interest,
such as the hand of a user, the eyes of a user, a vehicle, an animal, etc.

[0025] As another example, the processor 106 may be configured to calculate a time-of-flight
associated with the received light. The processor 106 may receive a signal indicative of an
emission time of the light and may identify a time of arrival of light at the imaging device 100
based on the signal delivered by the image sensor 102. This configuration may be provided, for
example, for mapping the presence of objects in the field of view 110, and their properties such
as distance from the device 100, speed, direction of motion, and the like.

[0026] As a further example, the processor 106 may be configured to determine (e.g., estimate,
measure) the distortion of a predefined light pattern (e.g., a grid of light dots for example). This
configuration may be provided, for example, for face-recognition applications, in which the
distortion of the emitted pattern is associated to the profile of an object (e.g., a person) in the
field of view 110 of the imaging device 100. For example, the processor 106 may be configured

to reconstruct a shape of the object (e.g., a face) based on the distorted pattern.
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[0027] In an exemplary configuration, the imaging device 100 may further include a light
emission system (not shown) configured to emit light into the field of view 110. Illustratively,
the light emission system may emit light in a field of illumination that overlaps (fully, or at least
in part) with the field of view 110. The light emission system may include emitter optics (e.g.,
one or more lenses, one or more mirrors, and the like) and a light source configured to emit
light in a predefined wavelength range. As an example, the light source may be or include a
laser source, e.g. a Vertical Cavity Surface Emitting Laser (VCSEL) or a VCSEL-array. The
light source may be configured to emit light having a predefined wavelength, illustratively in
the same wavelength range for which the image sensor 102 is sensitive.

[0028] The light source may be configured to emit light in any suitable manner depending on
the overall configuration of the imaging device 100. As an example, the light source may emit
continuous light. As another example, the light source may emit light in a pulsed manner (e.g.,
for time-of-flight measurements), e.g. the light source may emit a sequence of light pulses. As
a further example, the light emission system may emit light according to a predefined pattern,
e.g. a grid of light dots. In an exemplary configuration, the processor 106 may be configured to
control the light emission by the light source, e.g. the processor 106 may be configured to
instruct or cause the light emission, e.g. at a certain time point, at certain time intervals, in
response to a certain event, and the like.

[0029] As mentioned above, the optical module 104 may include a metalens 108 for
manipulating light, e.g., for focusing light onto the image sensor 102. In general, the basic
principles and elements of a metalens are known in the art. FIG.1B shows an exemplary
configuration of a metalens 150 to provide a brief description of some relevant aspects.

[0030] In general, the metalens 150 may include a plurality of nanostructures 154 arranged
according to a predefined pattern to provide an optical function for manipulating light arriving
on the metalens 150. The nanostructures 154 may be configured to impose a phase change to
light incident on the nanostructures 154, as discussed in further detail below. By disposing the
nanostructures 154 according to a certain pattern the metalens 150 may defined a profile for the
phase change that implements the desired manipulation of the incident light.

[0031] By way ofillustration, the properties and the arrangement of the nanostructures 154 may
be selected to create a target phase profile on the surface of the metalens 150. A first step in
designing a metalens 150 may thus include defining the target phase profile to be provided via
the nanostructures 154. The target phase profile may reproduce the desired light manipulation,
e.g. as it would be achieved by a corresponding traditional lens. As examples, the target phase

profile may be configured to reproduce the function of a converging lens, of a diverging lens,
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of a collimating lens, and the like. Illustratively, the target phase profile may correspond to the
light manipulation that the curvature of the corresponding traditional lens would achieve. The
target phase profile may be designed according to analytical equations describing the
corresponding lens, or via simulations, as known in the art.

[0032] Once the target phase profile has been designed, the next step may include
characterizing the nanostructures 154 to associate the properties of the nanostructures 154 to
corresponding light manipulation, e.g. to a corresponding phase change. For example, the next
step may include a parameter scan to associate geometrical properties of the nanostructures 154,
e.g. height, width, radius, etc. to a corresponding phase change that the nanostructure imposes
onto incident light. This characterization step allows building a library in which each phase
change (e.g., in the range from O to 2) is associated with corresponding geometrical properties
of a nanostructure.

[0033] After the characterization the nanostructures 154 are disposed on a substrate 152
according to their properties to achieve the target phase profile. Illustratively, the target phase
profile defines a distribution of nanostructures 154 according to their geometrical properties to
achieve the desired optical function. The characterization thus allows creating an arbitrary
phase profile on the surface of the metalens by placing the nanostructures 154 at the
corresponding positions based on the respective induced phase change.

[0034] A metalens 150 (and corresponding metasurface) may be fabricated with techniques
analogous to semiconductor technology, e.g. with CMOS fabrication techniques. For example,
the fabrication of a metalens 150 may include one or more photolithography steps, e.g. the
patterning of a photoresist to define a pattern for the nanostructures 154, a material deposition
to form the nanostructures 154, the removal of the photoresist after the material deposition, and
the like. As another example, the fabrication of a metalens 150 may include electron-beam
lithography and material deposition, e.g. conformal deposition such as atomic layer deposition.
[0035] As mentioned above, in a conventional design, the characterization of a nanostructure
to identify the corresponding phase change is carried out based on a normal angle of incidence
of the incoming light. This approximation may hold in some scenarios, however does not
achieve an optimal efficiency of optical manipulation in applications in which light impinges
onto the metalens at different angles of incidence. Illustratively, in a conventional approach the
nanostructures are disposed on the substrate without taking into consideration that in operation
nanostructures disposed in different locations may receive light coming at different angles.
[0036] The present disclosure may provide a metalens in which the distribution of the

nanostructures on the surface takes into consideration the expected angle of incidence of
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incoming light during an operation of the metalens. In particular, the proposed configuration
includes a metalens with a plurality of regions (or zones) each dedicated to a corresponding
angle of incidence of incoming light. The proposed configuration thus characterizes the
nanostructures in different regions to optimize the corresponding phase change for light that
impinges onto the nanostructure at the corresponding incidence angle. This configuration
allows thus optimizing the optical response of the metalens.

[0037] FIG.2A shows a metalens 200 configured according to the strategy proposed herein in
a schematic representation. In general, the metalens 200 may include a plurality of
nanostructures 204 organized in different regions 206 according to an expected angle of
incidence of incoming light onto the region 206. Illustratively, the metalens 200 may be an
adapted configuration of the metalens 108, 150 discussed in relation to FIG.1A and FIG.1B. In
some aspects, an imaging device (e.g., the imaging device 100) may include one or more
metalenses 200, e.g. for light detection and/or light emission.

[0038] As shown in FIG.2A, the metalens 200 may include a substrate 202, and the
nanostructures 204 may be disposed (e.g., formed, or integrated) on the substrate 202. The
substrate 202 may include a first surface 208a and a second surface 208b opposite to the first
surface 208a. The metalens 200 may include a metasurface with the plurality of nanostructures
204 on one of the (main) surfaces of the substrate 202, e.g. on the first surface 208a. In an
exemplary configuration, the metalens 200 may further include a coating on the other (main)
surface of the substrate 202, e.g. on the second surface 208b. The coating may be a protective
coating for the metalens 200. As an example, the coating may be an anti-reflective coating to
suppress reflection of light with wavelength in a predefined wavelength range.

[0039] The substrate 202 may be configured to allow transmission of light, e.g. in a predefined
wavelength range in which the metalens 200 operates (also referred to herein as operating
wavelength range of the metalens 200). Illustratively, the substrate 202 may be configured to
allow light (with wavelength in the predefined range) to pass through. The predefined
wavelength range may be selected according to a desired application of the metalens 200. As
an example, the predefined wavelength range may be the visible range, infrared and/or near-
infrared range, or ultraviolet range, as discussed in relation to FIG.1A. For example, the
predefined wavelength range may be or include a sub-band in the near-infrared wavelength
range, e.g. a sub-band centered around 940 nm. Such wavelength range may be of particular
interest for applications in face recognition, virtual reality, or augmented reality. It is however
understood that in principle the metalens 200 (and substrate 202) may be adapted for operation

in any suitable wavelength range.
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[0040] Illustratively, the (optical) substrate 202 may provide mechanical support to the
metasurface of the metalens 200. The substrate 202 may include or may be made of any suitable
material to provide sufficient support for the metalens and to allow transmission of light in the
desired wavelength range. As examples, the optical substrate 202 may include or may consist
of glass, such as borosilicate glass, or plastic (e.g., a transparent polymer). As other examples,
the substrate 202 may include or may consist of an oxide, a nitride, an oxynitride, and the like.
In some aspects, the optical substrate 202 may be configured to filter out light with wavelength
outside a predefined wavelength range. For example, the material of the substrate may be
transmissive only in the desired wavelength range. As another example, the optical substrate
202 may have a coating configured to block light with wavelength outside the predefined
wavelength range. In general, the dimensions of the optical substrate 202 may be adapted based
on the desired use case, e.g. based on the overall dimensions of the metalens or of the
corresponding imaging device in which the metalens 200 is integrated.

[0041] In general, the metalens 200 may be configured to provide any suitable optical function
to manipulate incident light. In a preferred configuration, the nanostructures 204 may be
configured to define a phase profile on the metasurface of the metalens that causes a focusing
of the light. This configuration may be suitable for imaging applications. It is however
understood that in principle the nanostructures 204 may be configured to define a phase profile
on the metasurface that causes other types of light manipulation, e.g. a collimation of the light,
a diverging of the light, etc. As shown in FIG.2A, in operation the incoming light may propagate
through the substrate 202 before reaching the metasurface 208a. The aspects discussed herein
may also apply in a corresponding manner to the scenario in which the metalens 200 is oriented
such that in operation the incoming light reaches first the metasurface 208a and then propagates
through the substrate 202. In an exemplary configuration, the metalens 220 may include exactly
one metasurface 208a.

[0042] According to the proposed configuration, the metasurface 208a of the metalens 200 may
include a plurality of regions 206. In the exemplary configuration in FIG.2A, the metalens 200
may include a first region 206-1, a second region 206-2, and a third region 206-3. It is however
understood that a metalens configured as proposed herein may be subdivided in any suitable
number of regions, e.g. two, three, four, five, ten, or more than ten, according to a desired
granularity for the light manipulation based on the angle of incidence.

[0043] Each region 206 may include respective plurality of nanostructures 204, e.g. first
nanostructures 204-1 in the first region 206-1, second nanostructures 204-2 in the second region

206-2, third nanostructures 204-3 in the third region 206-3, etc. According to the proposed
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configuration, the nanostructures 204 in each region 206 may be configured in accordance with
a respective angle of incidence of light impinging on the metalens 200 (and accordingly, on the
metasurface 208a). Thus, the plurality of first nanostructures 204-1 may be configured
according to a first angle of incidence 210-1 of light incident on the metalens 200, the plurality
of second nanostructures 204-2 may be configured according to a second angle of incidence
210-2 of light incident on the metalens 200, the plurality of third nanostructures 204-3 may be
configured according to a third angle of incidence 210-3 of light incident on the metalens 200,
etc.

[0044] According to various aspects, the angle of incidence of incoming light may be defined
with respect to the normal to the surface of the metalens 200, e.g. with respect to the normal to
the surface 208a, 208b of the substrate 202. The angle of incidence may thus describe the angle
that light rays form with the normal to the surface 208a, 208b. In some aspects, the angle of
incidence of incoming light may be defined with respect to the optical axis of the metalens 200,
e.g. may be the angle that light rays form with the optical axis.

[0045] Thus, the nanostructures 204 may be disposed on the metasurface 208a according to a
phase profile to implement the desired optical function and, in addition, may be subdivided into
regions within which the plurality of nanostructures are configured (and characterized) based
on the expected angle of incidence of incoming light in that region (see also FIG.2C).

[0046] In principle, the type or properties of the individual nanostructures are not limited,
provided that they may impart the desired phase change onto incident light. FIG.2B shows an
exemplary nanostructure 220 in a schematic representation, according to various aspects (e.g.,
an exemplary realization of a nanostructure 204).

[0047] In general, a nanostructure 220 for a metalens 200 may be understood as a waveguide,
or an antenna, which receives input light with a first phase and delivers output light with a
second phase different from the first phase. Illustratively, the nanostructure 220 may impose a
phase difference into the first phase to obtain the second phase for the output light. A phase
difference may also be referred to herein as phase shift, or phase delta. A nanostructure 220
may thus function as a resonator to impart a phase change (e.g., in the range from 0 to 2m) to
the incident light. Thus the nanostructure 220 (in combination with the other nanostructures)
may cause a variation of the wavefront of the light incident on the metalens to provide an output
wavefront having a desired profile, e.g. to focus light, collimate light, etc.

[0048] The term “nanostructure” may be used herein as commonly understood in the art to
describe an element having dimensions less than 1 micron. In general, the dimensions of a

nanostructure 220 may be related to the wavelength of interest of light incident on the metalens

12



WO 2024/256320 PCT/EP2024/065897

200. As numerical examples, a nanostructure 220 as described herein may have a (first) lateral
dimension 222 in the plane defined by the substrate of the metalens in the range from 50 nm to
500 nm, e.g. in the range from 100 nm to 200 nm. In an exemplary configuration, a
nanostructure 220 may have a (second) lateral dimension 224 in the direction perpendicular to
the substrate (illustratively, a height) greater than the extension in the plane of the substrate
(illustratively, a width, or a length, or a diameter). As a numerical example, a nanostructure 220
may have a height in a range from 100 nm to 1000 nm, e.g. in the range from 200 nm to 600 nm.
It is however understood that in principle the aspects discussed herein may also be applicable
to structures with larger dimensions, e.g. also larger than 1 micron.

[0049] A nanostructure 220 may have any suitable geometry to impose a phase change on the
incident light. In a preferred configuration, which may allow a simple and standardized
fabrication process, a nanostructure 220 may be configured as a nano-pillar, illustratively as a
nano-column. The base of the nano-pillar may have any suitable shape, e.g. the nano-pillar may
have a circular base, a square base, a rectangular base, an elliptical base, a triangular base, or
any polygonal base. However, in principle, a nanostructure 220 may also have other geometries
suitable for scattering light and imposing the corresponding phase change. As another example,
a nanostructure 220 may have a fin-like configuration.

[0050] A nanostructure 220 may include or may be made of any suitable material, e.g. selected
according to the wavelength range in which the metalens should operate. As an example, a
nanostructure 220 may include or may be made of a dielectric material, e.g. an oxide (such as
titanium dioxide, tantalum pentoxide, and the like), a nitride (e.g., aluminum nitride, titanium
nitride, gallium nitride, silicon nitride), a carbide (e.g., silicon carbide), etc. As another
example, a nanostructure 220 may include or may be made of a polymer material, e.g. a
silicone-based polymer. In general, the material of the nanostructure 220 may be selected to
have a refractive index that allows wavefront manipulation. As a numerical example, the
nanostructure 220 may include or may be made of a material with a refractive index greater
than 1.0, e.g. a refractive index greater than 1.5, e.g. a refractive index greater than 2.0. In an
exemplary configuration the refractive index of a nanostructure 220 may be greater than the
refractive index of the substrate 202 of the metalens 200.

[0051] In some aspects, a nanostructure 220 may have an encapsulation layer configured to
enhance the capabilities of the nanostructure in terms of imposing the phase change onto the
incident light. The encapsulation layer may cover the nanostructure 220, e.g. totally or at least

partially, e.g. along the height of the nanostructure 220. The encapsulation layer may be
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configured to cause a scattering of (input) light incident onto the encapsulation layer to provide
(output) light with a phase shift with respect to the incident (input) light.

[0052] As discussed in relation to FIG.1B a nanostructure 220 may be configured to provide a
respective phase change by tailoring one or more of its properties, e.g. one or more of its
geometrical properties in combination with the material properties. For example, a
characterization may be carried out to identify the phase change provided by varying the height
224 and/or the width 222 (e.g., the diameter) of a nanostructure 220 for a given material (or
material combination) and a given shape of the nanostructure 220. The parameter scan may
allow mapping the height 224 and/or the width 222 of the nanostructure 220 (with a certain
material, and a certain shape) to corresponding phase changes, as known in the art.

[0053] The present disclosure may be based on the realization that a nanostructure 220 (and
correspondingly the plurality of nanostructures 204 in a region 206) may be characterized to
identify the phase change that the nanostructure provides for light impinging at different angles
of incidence, i.e. not only the normal angle of incidence but also other angles of incidence. The
proposed approach may thus include mapping the properties of a nanostructure (e.g., width,
height, etc.) to a corresponding phase change and also to a corresponding angle of incidence of
incoming light to then enable a corresponding disposition of the nanostructures in respective
regions of the metalens.

[0054] Going back to FIG.2A, the nanostructures 204 in each region 206 may thus be
configured to provide the respective phase change (according to the target phase profile
defining the optical function) having been characterized for light incident at the angle of
incidence for that region. By way of illustration, the nanostructures 204 in each region 206 may
diffract a maximum amount of light in the first diffraction order for light arriving onto the region
206 at the corresponding angle of incidence. Thus, the first nanostructures 206-1 may diffract
a maximum amount of light in the first diffraction order for light arriving onto the first region
206-1 at the first angle of incidence 210-1, the second nanostructures 206-2 may diffract a
maximum amount of light in the first diffraction order for light arriving onto the second region
206-2 at the first angle of incidence 210-2, etc.

[0055] Stated in a different fashion, each nanostructure 204 may be configured to provide a
nominal phase change when light impinges onto the nanostructure 204 at the angle of incidence
for which the nanostructure 204 has been characterized. When light is incident at a different
angle, the nanostructure 204 may still provide a phase change that however may deviate from
the nominal phase change, thus slightly deteriorating the optical function of the metalens. The

“nominal phase change” may correspond to the phase change that the nanostructure 204 has
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been characterized/designed to provide. In the exemplary configuration in FIG.2A, the first
nanostructures 204-1 may induce a first nominal phase change to light impinging at the first
angle of incidence 210-1, the second nanostructures 204-2 may induce a second nominal phase
change to light impinging at the second angle of incidence 210-2, etc.

[0056] In a preferred configuration (see also FIG.2C), the parameter of choice to configure the
plurality of nanostructures 204 in a region 206 according to a respective angle of incidence may
be a spacing between (adjacent) nanostructures 204 within the region. Illustratively, the
plurality of nanostructures 204 in each region may be characterized by varying the (average)
spacing between nanostructures in the region to provide the target phase change and phase
profile in the region for the corresponding angle of incidence. The spacing has been found to
provide a suitable parameter to implement the strategy proposed herein in a simple, yet efficient
manner. It is however understood that in principle also other parameters may be varied among
the regions 206 of the metalens 220.

[0057] A region 206 may thus be understood as a continuous portion of the surface 208a of the
metalens 202 within which the nanostructures 204 are configured/characterized to provide a
(nominal) phase change to incoming light according to the target phase profile and according
to the respective angle of incidence. In some aspects, a region 206 may be a continuous portion
of the surface 208a of the metalens 202 within which the nanostructures 204 have a respective
average spacing between adjacent nanostructures (illustratively, a spacing within a respective
range).

[0058] The characterization of the nanostructures 204 may thus take into account the combined
effect that the plurality of nanostructures 204 in a region 206 have in manipulating the
wavefront. The nanostructures 204 in each region 206 may thus be configured to define a
corresponding phase change according to the target phase profile for the metalens 220, and may
additionally have an adapted spacing selected according to the expected angle of incidence of
light in that region 206.

[0059] FIG.2C shows the regions 206-1, 206-2, 206-3 of the metalens 220 in which the
nanostructures 204-1, 204-2, 204-3 are disposed with a different spacing between adjacent
nanostructures.

[0060] The nanostructures 204 in a region 206 may be disposed according to a periodic
arrangement or a non-periodic arrangement. In an exemplary configuration, the nanostructures
204 in a region 206 may form a periodic array of nanostructures 204, e.g. a two-dimensional
periodic array. In this configuration, the spacing between adjacent nanostructures 204 may be

a period of the array. The array period may describe a distance (e.g., a center-to-center) distance
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between adjacent nanostructures within the array. For example, the array period may be the
same in all directions within the plane defined by the substrate 202, e.g. defined by the surface
208a of the substrate 202. As another example, the array period may have a first value in a first
direction in the plane and may have a second value in a second direction in the plane, e.g. a
second direction perpendicular to the first direction in the plane.

[0061] In the configuration with a periodic array of nanostructures 204, the plurality of first
nanostructures 204-1 may thus form a first (two-dimensional) array with a first array period
226-1 according to the first angle of incidence 210-1, the plurality of second nanostructures
204-2 may form a second (two-dimensional) array with a second array period 226-2 according
to the second angle of incidence 210-2, etc. In general, in this configuration each region 206
may include a corresponding array of nanostructures 206 with a unique array period,
illustratively with an array period that is different from the array periods of all the other arrays
in the other regions. Considering the scenario in which the array period is the same in all
directions within the plane, each region 206 may have a unique value for the array period.
Considering the scenario in which the array period varies for different directions within the
plane, each region 206 may have a unique first value for the array period in a first direction and
a unique second value for the array period in a second direction (and optionally, further unique
values in other directions).

[0062] The approach proposed herein may be applicable also to a non-periodic arrangement of
the nanostructures 204, e.g. to a disposition of the nanostructures 204 with some randomization
and corresponding variation in the spacing. In this scenario, reference may be made to an
average spacing within the region 206. An average spacing may be understood as an average
of the values for the spacing between adjacent nanostructures 204 within the region. In general,
references to a “spacing” in the present description may refer to an “average spacing” of a
corresponding region of nanostructures.

[0063] In the configuration with a non-periodic arrangement of nanostructures 204, the
plurality of first nanostructures 204-1 may thus form a first (non-periodic) array with a first
average spacing 226-1 according to the first angle of incidence 210-1, the plurality of second
nanostructures 204-2 may form a second (non-periodic) array with a second average spacing
226-2 according to the second angle of incidence 210-2, etc. In general, in this configuration
each region 206 may include a corresponding array of nanostructures 206 with a unique average
spacing, illustratively with an average spacing that is different from the average spacing of all
the other arrays in the other regions 206. Considering the scenario in which the average spacing

is the same in all directions within the plane, each region 206 may have a unique value for the
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average spacing. Considering the scenario in which the average spacing varies for different
directions within the plane, each region 206 may have a unique first value for the average
spacing in a first direction and a unique second value for the average spacing in a second
direction (and optionally, further unique values in other directions).

[0064] In general, it has been found that the spacing (or array period) may be have an inverse
relation with the expected angle of incidence in the region. Illustratively, adapting the
nanostructures 204 of a region 206 to the corresponding angle of incidence may include
selecting a smaller spacing (e.g., with respect to a reference spacing) if a greater angle of
incidence (e.g., with respect to a reference angle, e.g. 0°) is expected in that region.

[0065] With reference to the exemplary configuration in FIG.2A, the first angle of incidence
210-1 may be smaller than the second angle of incidence 210-2, and, accordingly, a first
(average) spacing (e.g., a first array period) 226-1 of the first nanostructures 204-1 may be
greater than a second (average) spacing (e.g., a second array period) 226-2 of the second
nanostructures 204-2. For example, the first angle of incidence 210-1 may correspond to the
normal direction, e.g. may be 0°, and the second angle of incidence 210-2 may correspond to a
direction tilted with respect to the normal direction. In a corresponding manner, the second
angle of incidence 210-2 may be smaller than the third angle of incidence 210-3, and,
accordingly, the second (average) spacing 226-2 of the second nanostructures 204-2 may be
greater than a third (average) spacing (e.g., a third array period) 226-3 of the third
nanostructures 204-3, etc.

[0066] In general, the light incident on a region 206 may have an angle of incidence within a
corresponding range of angles. The range of angles may be centered around the angle of
incidence considered for that region in the characterization (e.g., the first angle of incidence
210-1, the second angle of incidence 210-2, etc.). Illustratively, in view of the spatial extension
of a region 206, light may impinge at different locations within the region at angles of incidence
that differ slightly from the “central” angle of incidence. Reference herein to the “angle of
incidence” associated with a region 206 may thus be understood, in some aspects, to describe
an angle of incidence in a corresponding range for that region, or to the angle of incidence
around which the range is centered.

[0067] The angular extension of the range may vary depending on the number of regions into
which the metalens 200 is subdivided, e.g. according to a compromise between a granularity of
the light manipulation and a complexity of the fabrication process. As a numerical example, the
range of angles of incidence associated with a region 206 may have an extension of about 5°

(e.g., £2.5° around a selected angle of incidence), e.g. an extension of about 10° (e.g., +5°).
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[0068] Depending on the disposition of the regions 206 on the metasurface 208a (see also
FIG.2D and FIG.2E), there may be a relationship between the spacing (e.g., array period) within
a region and a distance of that region from the center of the metalens 220. Illustratively, during
an operation of the metalens 220 it may be expected that a region 206 in a certain position will
receive light at a certain angle, another region 206 in another position will receive light at
another angle, etc.

[0069] In general, it may be expected that a central region 206 of the metalens 220 (e.g., the
first region 206-1 in this example) will receive light having light rays parallel to the normal to
the surface 208a, 208b, while regions 206 farther away from the center of the metalens 220 will
receive light at increasing angles of incidence. The average spacing (e.g., array period) of the
nanostructures 204 in a region 206 may thus be inversely related to a distance of the region 206
from the geometrical center of the metasurface 208a. The distance between a region 206 and
the center of the metasurface 208a may be defined in any suitable manner, e.g. as a distance
between a geometrical center of the region 206 and the center of the metasurface 208a, as a
distance between a border of the region and the center of the metasurface 208a, and the like.
[0070] Considering the exemplary configuration in FIG.2A to FIG.2C, the first region 206-1
may be at a first distance from the geometrical center of the metasurface 208a, the second region
206-2 may be at a second distance from the geometrical center of the metasurface 208a, the
third region 206-3 may be at a third distance from the geometrical center of the metasurface
208a, etc. In this exemplary scenario, the first distance may be less than the second distance, so
that the first spacing 226-1 may be greater than the second spacing 226-2. The second distance
may be less than the third distance, so that the second spacing 226-2 may be greater than the
third spacing 226-3, etc.

[0071] The value of the spacing between adjacent nanostructures 204 in the metasurface may
be selected according to the desired phase change profile for the metalens, and taking into
consideration the angles of incidence, as discussed above. As a numerical example, the spacing
between adjacent nanostructures 204 may be in the range from 50 nm to 1000 nm, e.g. in the
range from 100 nm to 700 nm, e.g. in the range from 200 nm to 500 nm.

[0072] In principle, the nanostructures 204 in different regions 206 may have properties
adapted according to the target phase profile, and according to the expected angle of incidence.
For example, the nanostructures 204 in different regions 206 may include or may be made of
the same material, and may have different geometrical properties, e.g. a different height, a
different width, a different radius, etc. As another example, nanostructures 204 in different

regions 206 may have same geometrical properties and may include or may be made of different
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materials (e.g., materials with different refractive index). As a further example, nanostructures
204 in different regions 206 may have same geometrical properties and may include or may be
made of the same material, and may have a different encapsulation layer (e.g., with a different
encapsulation material having different refractive properties).

[0073] As discussed above, the nanostructures 204 in each region 206 may provide a phase
change according to the target phase profile for the metalens 200. For example, a first
nanostructure 204-1 may be configured to induce a first phase change to incident light, a second
nanostructure 204-2 may be configured to induce a second phase change to incident light, a
third nanostructure 204-3 may be configured to induce a third phase change to incident light,
etc. Depending on the target phase profile, the first phase change may be different from the
second phase change or may be the same as the second phase change. In a corresponding
manner, the second phase change may be different from the third phase change or may be the
same as the third phase change. It is also understood that some of the first nanostructures 204-
1 may provide the same phase change as some of the second nanostructures 204-2, and a
different phase change with respect to other second nanostructures 204-2, etc.

[0074] In principle, the regions 206 may be disposed according to any suitable configuration
within the metasurface 208a, e.g. depending on an intended operation of the metalens 200, e.g.
depending on the expected angles of incidence of incoming light during the operation of the
metalens 200. FIG.2D and FIG.2E illustrate two possible dispositions for the regions 206, but
it is understood that also other configurations may be provided. Furthermore, a region 206 may
have any suitable shape, e.g. any suitable perimeter or contour, depending on the desired
configuration for the metalens 200, the target phase profile, the expected angles of incidence,
etc. In FIG.2D and FIG.2E regions 206 having a circular shape, ring shape, and rectangular
shape are illustrated, but it is understood that a region may have in principle any suitable shape.
A region 206 may have a regular or irregular shape, as other examples a region may have a
square shape, an elliptical shape, a triangular shape, a pentagonal shape, a hexagonal shape, etc.
[0075] In a preferred configuration 250d, which may provide a symmetric light manipulation,
the regions 206 configured according to different angles of incidence may be disposed in a
concentric manner from a geometrical center of the metasurface 208a. Illustratively, in this
configuration, the first region 206-1 may be a central region of the metasurface 208a and may
be a circular region. The other regions 206-2, 206-3 may be disposed in a concentric manner
around the first region 206-1. In an exemplary configuration, the nanostructures 204 within
each region 206 may be disposed with a circular symmetry with respect to the geometric center

of the metasurface 208a.
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[0076] The second region 206-2 and the third region 206-3 (and further regions, if present) may
be configured as ring-shaped regions (illustratively, annular regions) disposed around the first
region 206-1. In this scenario, the second region 206-2 may be disposed to surround the first
region 206-1, the third region 206-3 may be disposed to surround the second region 206-2, etc.
Mlustratively, the first region 206-1 may be a (substantially) circular region disposed around the
center of the metasurface 208a, and the other regions 206-2, 206-3 may be disposed
concentrically around the first region 206-1. In this configuration, the distance of a region 206
from the center of the metasurface 208a may be understood as a radius, e.g. a first radius
between the second region 206-2 and the center, a second radius between the third region 206-
3 and the center, etc.

[0077] In another exemplary configuration 250e, the regions 206 may be disposed adjacent to
one another. Illustratively, the second region 206-2 may be disposed adjacent to the first region
206-1, e.g. in a first direction in the plane of the substrate 202. The third region 206-3 may be
disposed adjacent to the second region 206-2, etc. By way of illustration, in the exemplary
configuration 250e, the regions 206 may be disposed according to a stripe pattern, in which
each region 206 corresponds to a respective stripe, €.g. to a respective coordinate (or range of
coordinates) along the first direction in the plane of the substrate 202 (e.g., a horizontal
direction).

[0078] In an exemplary configuration, as shown in FIG.2E, a symmetric disposition with
respect to the center of the metasurface 208a may be provided also in this case. For example,
the first region 206-1 may be a central region of the metasurface 208a. The metalens may further
include two second regions 206-2 disposed at the two sides of the first region 206-1 (along the
first direction). Illustratively, nanostructures 204-2 configured according to the second angle of
incidence may be disposed at the two sides of the first region 206-1 in two non-connected
second regions 206-2. The metalens may further include two third regions 206-3 each disposed
adjacent to a respective second region 206-2, etc. In this scenario, the average spacing (e.g.,
array period) may be unique to all regions of the same type, illustratively to all regions
configured according to the same angle of incidence or same range for the angle of incidence.
[0079] In principle, the configuration of a metalens as described herein may be adapted in any
suitable manner depending on the conditions expected during an operation of the metalens. In
a preferred configuration, the metalens may be combined with an optical element to ensure that
the different regions of the metalens are illuminated with light at the angle of incidence for

which that region has been characterized and configured. This arrangement may allow to fully
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exploit the adapted configuration of the proposed metalens, and thus to achieve an improved
efficiency for the light manipulation.

[0080] FIG.3 shows an optical system 300 including a metalens 200 configured as described
herein, and an optical element 302 configured to direct light towards the metalens 200 at a
plurality of different angles.

[0081] The optical element 302 may be configured to receive input light 304 and diffract the
input light 304 to provide output light 306 at a plurality of output angles. Illustratively, the
optical element 302 may be configured to diffract the input light 304 so that the light rays at the
output side propagate (towards the metalens 200) at a plurality of different angles, thus
impinging onto the metalens 200 at difference angles of incidence. By way of illustration, the
optical element 302 may be configured to spread the input light 304 so that at the output side
the output light 306 travels in different directions corresponding to different output angles (and,
accordingly, different angles of incidence).

[0082] In the optical system 300, the optical element 302 and the metalens 200 may be disposed
such that the different regions 206 of the metalens 200 receive light output from the optical
element 302 at the angle of incidence for which the region has been characterized/configured.
[ustratively, the optical element 302 and the metalens 200 may be configured such that the
output light 306 impinges on the metalens 200 at a different angle of incidence in each region
206. Considering the exemplary configuration in FIG.2A, the optical element 302 and the
metalens 200 may be configured such that the first region 206-1 receives output light 306 at the
first angle of incidence, the second region 206-2 receives output light 306 at the second angle
of incidence, etc.

[0083] Stated in a different fashion, the optical element 302 may cause light diffraction to
spread light over a plurality of propagation angles, and the metalens 200 may be disposed with
respect to the optical element 302 in such a way that the light propagating at a certain
propagation angle arrives on the surface 208a at a corresponding angle of incidence in the
corresponding region 206 of the metalens 200. The relative arrangement of the metalens 200
with respect to the optical element 302 may thus be adapted according to a known diffraction
pattern at the output of the optical element 302 and according to the subdivision of the metalens
200 into regions 206.

[0084] As mentioned in relation to FIG.2A, the angles of incidence of light illuminating a
certain region may vary slightly within a certain (limited) angular range. In this regard, the
optical element 302 and the metalens 200 may be configured such that each region 206 receives

output light 306 having an angle of incidence within a corresponding angular range for that
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region 206, e.g. an angular range centered around the angle of incidence for which that region
was characterized/designed. The “acceptance angle” of a region 206 may thus vary based on
the number of regions 206 into which the metalens 200 is subdivided, e.g. may increase for
decreasing number of regions 206 (and thus decreasing granularity in the adaptation of the
metalens).

[0085] Considering the exemplary configuration shown in the figures, the optical element 302
and the metalens 200 may be configured (e.g., disposed with respect to one another) such that
the first region 206-1 receives output light at a first range of angles of incidence (e.g., centered
around the first angle of incidence 210-1), the second region 206-2 receives output light at a
second range of angles of incidence (e.g., centered around the second angle of incidence 210-
2), etc.

[0086] The optical element 302 may have any suitable configuration to provide diffraction of
light. In a simple configuration the optical element 302 may include an aperture, e.g. a circular
aperture or an aperture with any other suitable shape. The aperture may have a dimension
suitable to provide diffraction in the wavelength range of interest. The dimension of the aperture
(e.g., its radius) may be adapted to increase/decrease the amount of diffraction (illustratively,
the tilting of the light at the output) depending on the overall configuration of the optical system
300, e.g. the disposition of the regions 206 in the metalens 200, the disposition of the metalens
200 with respect to the aperture, etc.

[0087] In this configuration the optical element 302 may thus be configured to partially block
light and to partially allow light to pass through the aperture (during an operation of the optical
system 300). The input light 304 may pass through the aperture (illustratively, an opening) and
may spread into the plurality of output angles. In this configuration, the optical element 302
may include or may be made of a material that is opaque (or non-transmissive) for light in the
wavelength range of interest, and may have the aperture to let light to pass through at the
aperture.

[0088] The use of an aperture may provide a simple configuration to achieve the desired
distribution of light incident on the metalens 200. It is however understood that in principle the
optical element 302 may also have another (e.g., more complex) configuration to achieve the
diffraction of light and distribute light over a plurality of output angles. As another example,
the optical element 302 may include a diffractive optical element configured to deflect the input
light 304 at a plurality of output angles (e.g., deflection angles). As a further example, the
optical element 302 may itself be a metalens configured to diffract the input light 304 into the

plurality of output angles. It is also understood that other intervening elements may be disposed
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between the optical element 302 and the metalens 200 to direct the light towards the metasurface
208a, e.g. one or more mirrors, one or more lenses, etc.

[0089] In the configuration in FIG.3, the metalens 200 may be disposed with respect to the
optical element 302 such that the metasurface 208a with the plurality of regions faces away
from the optical element 302 (and the other surface 208b faces the optical element). This
configuration may provide a greater angle of acceptance for the manipulation of light at the
metalens 200. It is however understood that in principle also the opposite configuration may be
provided in which the metasurface 208a of the metalens 200 faces the optical element 302 from
which light comes.

[0090] In the exemplary configuration in FIG.3 the metalens 200 may be configured to focus
light onto an image sensor 102. Illustratively, the nanostructures 204 may defined a phase
profile on the metasurface 208a that causes focusing of the light 304, 306 onto an active area
of the image sensor 102. In this scenario the input light 304 may be light from the field of view
of an imaging device (e.g., the imaging device 100 in FIG.1A), e.g. to implement tracking or
other suitable applications. It is however understood that the aspects described in relation to the
optical system 300 may apply in a corresponding manner to other possible applications of the
metalens 200, e.g. for collimating light, diverging light, etc.

[0091] For example, considering light emission, the input light 304 may be light from a light
source, e.g. part of the optical system 300. The light source may emit light which is then
manipulated by the metalens according to a desired emission profile. As an example, the light
source may emit collimated light and the optical element 302 may diffract the collimated light
into the plurality of propagation angles. In another configuration, the light source itself may be
configured to emit light at a plurality of emission angles towards the metalens 200 so that each
region 206 receives light emitted at a respective emission angle corresponding to the respective
angle of incidence for that region.

[0092] Considering light detection, the light 304, 306 received at the metalens 200 may be
probing light emitted by a probing system (e.g., by a light emission system of the imaging
device 100). In this scenario, the light received at the metalens 200 may be a back-reflection of
light emitted into the field of illumination/field of view of the image sensor 102 or imaging
device. As discussed in relation to FIG.2A, the nanostructures of the metalens 200 may be
configured according to the wavelength range of interest, e.g. according to the wavelength of

the emitted light for light emission and/or detection.
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[0093] FIG.4 shows a schematic flow diagram of a method 400 of fabricating a metalens, e.g.
the metalens 200, according to the various aspects. In general, the method 400 may include a
characterization phase 410 and a fabrication phase 420.

[0094] The method 400 may include, in the characterization phase 410, characterizing (e.g.,
simulating, estimating) a phase change induced by a nanostructure to light incident on the
nanostructure at a predefined angle of incidence. The predefined angle of incidence may be
within a range of angles of incidence that the light arriving onto the metalens is expected to
have during an operation of the metalens. The predefined angle of incidence may thus be the
normal angle of incidence or any other angle different from the normal angle of incidence
(illustratively, any other angle greater than 0° and less than 90°).

[0095] The characterization 410 may thus include identifying a correspondence between the
properties of the nanostructure (e.g., the geometrical properties, material properties, etc.) and
the corresponding phase change for a certain angle of incidence of incoming light. The
characterization 410 thus include mapping the properties of a nanostructure to a corresponding
phase change and a corresponding angle of incidence of light incident on the nanostructure. The
characterization allows thus creating a library identifying which nanostructure provides the
desired properties in terms of phase change (to provide a target phase profile) and angle of
incidence (to define where to dispose the nanostructure).

[0096] The method 400 may further include, in the fabrication phase 420, forming a plurality
of nanostructures on a surface of the metalens according to a target phase profile. Illustratively,
the method 400 may include forming the nanostructure on a substrate of the metalens with
properties that provide the phase change suitable to achieve the target phase profile, as indicated
by the characterization 410. The target phase profile may be a distribution of phase shifts over
the surface of the metalens to implement a predefined optical function, e.g. focusing,
collimation, and the like.

[0097] In addition to forming/disposing the nanostructures according to the target phase profile,
the method 400 may include forming/disposing the nanostructures in a plurality of regions, each
corresponding to a respective angle of incidence of light impinging on the metalens.
Mlustratively, each nanostructure may be characterized to identify a corresponding phase
change for a certain angle of incidence, and the method 400 may include forming/disposing
each nanostructure in a region corresponding to the angle of incidence used for the
characterization of the nanostructure (illustratively, the angle of incidence used to determine

the properties of the nanostructure to achieve that phase change).
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[0098] The strategy proposed herein has been characterized via simulations. The optical
efficiency of a metalens subdivided into a plurality of zones have been compared with a
metalens in which the nanostructures had been characterized/configured without considering
the angle of incidence of incoming light. For example, considering an angle of incidence of 20°,
a metalens in which the nanostructures in the region receiving light at that angle of incidence
are adapted as discussed herein (e.g., with a smaller average spacing) showed an improvement
in the efficiency of the first diffraction order. Analogous results were obtained for an angle of
incidence of 30°.

[0099] In conclusion, a metalens as proposed herein includes zones adapted to different angles
of incidence of incoming light, and the properties of the nanostructures are tailored to increase
the efficiency of the nanostructures for light coming at the expected angle of incidence. The
proposed metalens may thus enhance the efficiency of light manipulation to implement a
desired optical function compared to a conventional design in which the nanostructures are
configured/disposed without taking into consideration the actual operating conditions of the
metalens.

[00100] The following examples pertain to aspects of the present disclosure.

[00101] Example 1 is a metalens including: a metasurface with a plurality of regions, wherein
the plurality of regions include, at least: a first region with a plurality of first nanostructures
configured in accordance with a first angle of incidence of light arriving on the metasurface;
and a second region with a plurality of second nanostructures configured in accordance with a
second angle of incidence of light arriving on the metasurface.

[00102] In Example 2, the metalens according to example 1 may optionally further include that
the first nanostructures are configured such that the first nanostructures diffract a maximum
amount of light in the first diffraction order for light arriving onto the first region at the first
angle of incidence; and that the second nanostructures are configured such that the second
nanostructures diffract a maximum amount of light in the first diffraction order for light arriving
onto the second region at the second angle of incidence.

[00103] In Example 3, the metalens according to example 1 or 2 may optionally further include
that the first nanostructures have a first average spacing between adjacent first nanostructures;
that the second nanostructures have a second average spacing between adjacent second
nanostructures; and that the first average spacing is different from the second average spacing.
[00104] In Example 4, the metalens according to example 3 may optionally further include that
the first angle of incidence is less than the second angle of incidence; and that the first average

spacing is greater than the second average spacing.
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[00105] In Example 5, the metalens according to any one of examples 1 to 4 may optionally
further include that the first region is at a first distance from the geometric center of the
metasurface; that the second region is at a second distance from the geometric center of the
metasurface; and that the first distance is less than the second distance.

[00106] In Example 6, the metalens according to any one of examples 1 to 5 may optionally
further include that the first region is a substantially circular region centered around the
geometric center of the metasurface, and that the second region is a substantially ring-shaped
region disposed to surround the first region.

[00107] In Example 7, the metalens according to any one of examples 1 to 6 may optionally
further include that the plurality of regions further include a third region with a plurality of third
nanostructures configured in accordance with a third angle of incidence of light arriving on the
metasurface.

[00108] Example 8 is an optical system including: a metalens according to anyone of
examples 1 to 7; and an optical element configured to receive input light and diffract the input
light into output light at a plurality of output angles, wherein the optical element and the
metalens are disposed such that the first region of the metasurface receives output light at the
first angle of incidence, and the second region of the metasurface receives output light at the
second angle of incidence.

[00109] In Example 9, the optical system according to example 8 may optionally further
include that the metalens includes a substrate with a first surface and a second surface, that the
second surface of the substrate faces the optical element and the first surface of the substrate
faces away from the optical element, and that the metasurface is disposed on the first surface
of the substrate.

[00110] Example 10 is a metalens including: a metasurface with a plurality of regions, wherein
each region includes a plurality of nanostructures configured to impose a phase change to light
incident on the nanostructures; wherein each region has an average spacing between adjacent
nanostructures within the region, and wherein the average spacing of each region is unique to
that region among the average spacings of the plurality of regions.

[00111] The term “processor” (or processing circuit) as used herein may be understood as any
kind of technological entity that allows handling of data. The data may be handled according to
one or more specific functions that the control circuit may execute. Further, a control circuit as
used herein may be understood as any kind of circuit, e.g., any kind of analog or digital circuit.
A control circuit may thus be or include an analog circuit, digital circuit, mixed-signal circuit,

logic circuit (e.g., a hard-wired logic circuit or a programmable logic circuit), microprocessor,
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Central Processing Unit (CPU), Graphics Processing Unit (GPU), Digital Signal Processor
(DSP), Field Programmable Gate Array (FPGA), integrated circuit, Application Specific
Integrated Circuit (ASIC), etc., or any combination thereof.

[00112] The word “exemplary” is used herein to mean “serving as an example, instance, or
illustration”. Any embodiment or design described herein as “exemplary” is not necessarily to
be construed as preferred or advantageous over other embodiments or designs.

[00113] The phrase “at least one” and “one or more” may be understood to include a numerical
quantity greater than or equal to one (e.g., one, two, three, four, [...], etc.). The phrase “at least
one of” with regard to a group of elements may be used herein to mean at least one element
from the group consisting of the elements. For example, the phrase “at least one of” with regard
to a group of elements may be used herein to mean a selection of: one of the listed elements, a
plurality of one of the listed elements, a plurality of individual listed elements, or a plurality of
a multiple of individual listed elements.

[00114] While the invention has been particularly shown and described with reference to
specific aspects, it should be understood by those skilled in the art that various changes in form
and detail may be made therein without departing from the spirit and scope of the invention as
defined by the appended claims. The scope of the invention is thus indicated by the appended
claims and all changes, which come within the meaning and range of equivalency of the claims,

are therefore intended to be embraced.
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List of reference signs

100 Imaging device 208b  Second surface

102 Image sensor 210-1 First angle of incidence
104 Optical module 210-2  Second angle of incidence
106 Processor 210-3  Third angle of incidence
108 Metalens 220 Nanostructure

110 Field of view 222 First lateral dimension
150 Metalens 224 Second lateral dimension
152 Substrate 226-1 First spacing

154 Nanostructures 226-2  Second spacing

200 Metalens 226-3  Third spacing

202 Substrate 250d  Disposition of the regions
204 Nanostructures 250e  Disposition of the regions
204-1 First nanostructures 300 Optical system

204-2  Second nanostructures 302 Optical element

204-3  Third nanostructures 304 Input light

206 Regions 306 Output light

206-1  First region 400 Method

206-2  Second region 410 Method step

206-3  Third region 420 Method step

208a  First surface
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Claims

1.

3.

A metalens (200) comprising:
a metasurface (208a) with a plurality of regions (206),
wherein the plurality of regions (206) comprise, at least:

a first region (206-1) with a plurality of first nanostructures (204-1) configured in
accordance with a first angle of incidence (210-1) of light arriving on the metasurface
(208a) such that the first nanostructures diffract a maximum amount of light in the first
diffraction order for light arriving onto the first region (206-1) at the first angle of
incidence (210-1); and

a second region (206-2) with a plurality of second nanostructures (204-2)
configured in accordance with a second angle of incidence (210-2) of light arriving on
the metasurface (208a) such that the second nanostructures (204-2) diffract a maximum
amount of light in the first diffraction order for light arriving onto the second region

(206-2) at the second angle of incidence (210-2).

The metalens (200) according to claim 1,

wherein the first nanostructures (204-1) have a first average spacing (226-1)

between adjacent first nanostructures (204-1);

wherein the second nanostructures (204-2) have a second average spacing (226-2)

between adjacent second nanostructures (204-2); and

wherein the first average spacing (226-1) is different from the second average

spacing (226-2).

The metalens (200) according to claim 2,
wherein the first angle of incidence is less than the second angle of incidence; and

wherein the first average spacing (226-1) is greater than the second average

spacing (226-2).
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The metalens (200) according to claim 2 or 3,

wherein the first average spacing (226-1) is a first center-to-center distance

between adjacent first nanostructures (204-1); and

wherein the second average spacing (226-2) is a second center-to-center distance

between adjacent second nanostructures (204-2).

The metalens (200) according to anyone of claims 2 to 4,

wherein the first nanostructures (204-1) are disposed in a first periodic array and

the first average spacing (226-1) is a first array period, and

wherein the second nanostructures (204-2) are disposed in a second periodic array

and the second average spacing (226-1) is a second array period.

The metalens (200) according to any one of claims 1 to 5,

wherein the first region (206-1) is at a first distance from the geometric center of

the metasurface (208a);

wherein the second region (206-2) is at a second distance from the geometric

center of the metasurface (208a); and

wherein the first distance is less than the second distance.

The metalens (200) according to any one of claims 1 to 6,

wherein the first region (206-1) is a substantially circular region centered around

the geometric center of the metasurface (208a), and

wherein the second region (206-2) is a substantially ring-shaped region disposed

to surround the first region (206-1).

The metalens (200) according to any one of claims 1 to 7,
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wherein the plurality of regions (206) further comprise a third region (206-3) with
a plurality of third nanostructures (204-3) configured in accordance with a third angle of
incidence (210-3) of light arriving on the metasurface (208a) such that the third
nanostructures (204-3) diffract a maximum amount of light in the first diffraction order

for light arriving onto the third region (206-3) at the third angle of incidence (210-3).

The metalens (200) according to claims 7 and 8,

wherein the third region (206-3) is a substantially ring-shaped region disposed to

surround the second region (206-2).

An optical system (300) comprising:
a metalens (200) according to anyone of claims 1 to 9; and

an optical element (302) configured to receive input light (304) and diffract the input

light (304) into output light (306) at a plurality of output angles,

wherein the optical element (302) and the metalens (200) are disposed such that the first

region (206-1) of the metasurface (208a) receives output light (306) at the first angle of

incidence (210-1), and the second region (206-2) of the metasurface (208a) receives output

light (306) at the second angle of incidence (210-2).

11.

The optical system (300) according to claim 10,

wherein the metalens comprises a substrate (202) with a first surface (208a) and a

second surface (208b),

wherein the second surface (208b) of the substrate (202) faces the optical element
(302) and the first surface (208a) of the substrate (202) faces away from the optical
element (302), and

wherein the metasurface (208a) is disposed on the first surface (208a) of the
substrate (202).
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12.

13.

14.

15.
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The optical system (300) according to claim 10 or 11,

wherein the optical element (302) is or comprises an optical aperture.

The optical system (300) according to any one of claims 10 to 12, further comprising:
an image sensor (102),

wherein the metalens (200) is configured to focus light onto the image sensor

(102).

A metalens (200) comprising:
a metasurface (208a) with a plurality of regions (206),

wherein each region (206) comprises a plurality of nanostructures (204)

configured to impose a phase change to light incident on the nanostructures (204);

wherein each region (206) has an average spacing between adjacent

nanostructures (204) within the region, and

wherein the average spacing of each region (206) is unique to that region among
the average spacings of the plurality of regions (206), such that the nanostructures (204)
within each region (206) provide a nominal phase change to light impinging onto the
nanostructure (204) at a respective angle of incidence associated with the region (206)
and provide a phase change different from the nominal phase change to light impinging
onto the nanostructure (204) at an angle different from the respective angle of incidence

associated with the region (206).

A method (400) of fabricating a metalens, the method comprising:

characterizing (410) a phase change induced by a nanostructure to light

incident on the nanostructure at a predefined angle of incidence;

forming (420) a plurality of nanostructures on a surface of a metalens

according to a target phase profile,
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wherein forming (420) the plurality of nanostructures comprises disposing
each nanostructure in a respective region of a plurality of regions of the surface of the

metalens according to the corresponding angle of incidence used for the characterization

of the nanostructure.
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