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LIGHT SENSOR AND A METHOD FOR
MANUFACTURING A LIGHT SENSOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims the benefit of and
priority to EP Patent Application Serial No. 22173916.2,
filed May 17, 2022, the entire contents of which is incor-
porated herein by reference.

TECHNICAL FIELD

[0002] The present description relates to a light sensor and
to a method for manufacturing a light sensor. In particular,
the present description relates to a light sensor which may be
manufactured using thin-film deposition techniques.

BACKGROUND

[0003] In many different applications, there is an interest
of acquiring spectral information. For instance, spectrally
resolved detection of light may be used in order to detect
spectral information of an object, such as for analyzing a
chemical composition of an object. Spatial information of
the object may be simultaneously acquired in order to
provide spectrally and spatially resolved information of the
object.

[0004] A light sensor may thus comprise photo-sensitive
element(s) forming an array of pixels, wherein different
pixels may be configured to detect different wavelength
bands in order to acquire spectral information. The pixels
may be arranged in groups comprising a sub-set of pixels of
the array for defining spectrally resolved information for a
particular point of an object and multiple groups may be
repetitively arranged on the light sensor for acquiring spec-
tral and spatial information for spectral imaging. The pixels
may be associated with different filters in order to define
different wavelength bands to be detected by the different
pixels. The filters may be arranged above the photo-sensitive
element(s) such that incident light reaches a filter, and the
filter allows a specific wavelength band to pass the filter to
be detected by the photo-sensitive element.

[0005] Fabry-Pérot filters may be used for defining wave-
length bands of the pixels. A Fabry-Pérot filter uses two
reflective surfaces which are spaced apart such that con-
structive interference of light having traveled different num-
ber of times between the reflective surfaces may be formed.
By changing an effective refractive index of a material
between the two reflective surfaces, a resonant wavelength
of the Fabry-Perot filter is changed.

[0006] The photo-sensitive elements may be formed using
thin-film technology. This may be useful in particular if
spectral information extending into wavelength ranges
beyond a visible range, such as infrared wavelengths, is
desired. However, forming of a Fabry-Pérot filter on photo-
sensitive elements formed through thin-film technology may
damage or harm the photo-sensitive element.

[0007] Thus, there is a need for a set-up of a light sensor,
which could be based on thin-film technology for acquisition
of spectral information, without harming photo-sensitive
elements that are formed with thin-film technology.

SUMMARY

[0008] An objective of the present description is to pro-
vide a light sensor which allows flexibility in manufacturing
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of the light sensor. In particular, an objective of the present
description is to provide a light sensor for acquisition of
spectral information that may be manufactured using thin-
film technology.

[0009] These and other objectives are at least partly met
by the invention as defined in the independent claims.
Preferred embodiments are set out in the dependent claims.
[0010] According to a first aspect, there is provided a light
sensor for spectrally resolved light detection, said light
sensor comprising: an upper reflective element; a lower
reflective element; a photo-sensitive element arranged
between the upper reflective element and the lower reflective
element; a spacer element, which is configured to form the
lower reflective element or is arranged between the upper
reflective element and the lower reflective element; wherein
the elements form a stack of layers with the elements
arranged in mutually unique planes, parallel to each other,
and wherein the stack of layers define a resonance structure
between the upper reflective element and the lower reflective
element for providing a resonance of light dependent on a
wavelength of the light; wherein the spacer element com-
prises at least two different materials, wherein a distribution
of the at least two different materials in a direction parallel
to a plane of the spacer element is different between different
pixels in an array of pixels of the light sensor such that a
resonance wavelength is different for different pixels; and
wherein, for a plurality of pixels in the array of pixels,
geometrical structures having a size smaller than the reso-
nance wavelength are defined by the at least two different
materials, and wherein, for a plurality of pixels in the array
of pixels, the spacer element is formed as a metamaterial,
wherein periodicity of the geometrical structures is suffi-
ciently low such that light diffraction of the resonance
wavelength is not caused by the metamaterial.

[0011] Thanks to the light sensor of the first aspect, the
photo-sensitive element is arranged between the upper
reflective element and the lower reflective element. This
implies that the photo-sensitive element is arranged within a
resonance structure formed between the upper reflective
element and the lower reflective element. Hence, the entire
resonance structure need not be formed above the photo-
sensitive element. The resonance structure ensures that the
photo-sensitive element will detect light within a well-
defined wavelength band.

[0012] The light sensor comprises a spacer element which
is configured to form the lower reflective element or is
arranged between the upper reflective element and the lower
reflective element. The spacer element may thus control a
resonance wavelength of the resonance structure. The spacer
element may be patterned in order to provide a distribution
of the at least two different materials of the spacer element.
[0013] The spacer element may have a common thickness
(in a direction perpendicular to the plane of the spacer
element) for the pixels in the array of pixels. Thus, different
resonance wavelengths need not be achieved by using layers
having different thickness. This implies that the thickness of
the resonance structure may be equal for the pixels, which
may facilitate manufacturing of the light sensor.

[0014] Thanks to the photo-sensitive eclement being
arranged between the upper reflective element and the lower
reflective element, the photo-sensitive element is also
arranged within the resonance structure. This implies that a
filter for selecting wavelength need not be entirely arranged
above the photo-sensitive element. This may further facili-
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tate manufacturing of the light sensor, since at least some
layers of the resonance structure which may need to be
patterned need not be formed on the photo-sensitive ele-
ment. Thus, the photo-sensitive element may be formed after
manufacturing steps for patterning a layer have already been
performed, such that the photo-sensitive element is not
affected by such manufacturing steps.

[0015] Thanks to the photo-sensitive element being
arranged in the resonance structure, the spacer element may
in embodiments be arranged below the photo-sensitive ele-
ment, i.e., the spacer element may be configured to form the
lower reflective element or may be arranged between the
photo-sensitive element and the lower reflective element.

[0016] The stack of layers may be arranged above read-out
circuitry for reading out signals representative of light
incident on the photo-sensitive elements. Thus, during
manufacturing of the light sensor, the layers in the stack of
layers may be formed in an order where layers arranged
close to the read-out circuitry are formed before layers
arranged further away from the read-out circuitry.

[0017] With the spacer clement arranged between the
photo-sensitive element and the lower reflective element, the
photo-sensitive element may be formed after the spacer
element has already been formed. This implies that any
manufacturing steps for forming the spacer element, such as
patterning required for forming the spacer element does not
affect the photo-sensitive element. Hence, the photo-sensi-
tive element will not be harmed by forming of the spacer
element. Forming of remaining parts of the light sensor after
the photo-sensitive element has been formed need not affect
the photo-sensitive element and these remaining parts may
for instance be formed without requiring high-precision
optical lithography.

[0018] However, it should be realized that in other
embodiments, the spacer element may be arranged between
the photo-sensitive element and the upper reflective element.

[0019] According to another aspect, there is provided a
light sensor for spectrally resolved light detection, said light
sensor comprising: an upper reflective element; a lower
reflective element; a photo-sensitive element arranged
between the upper reflective element and the lower reflective
element; a spacer element, which is arranged between the
upper reflective element and the lower reflective element;
wherein the elements form a stack of layers with the
elements arranged in mutually unique planes, parallel to
each other, and wherein the stack of layers define a reso-
nance structure between the upper reflective element and the
lower reflective element for providing a resonance of light
dependent on a wavelength of the light; wherein the spacer
element comprises at least two different materials, wherein
a distribution of the at least two different materials in a
direction parallel to a plane of the spacer element is different
between different pixels in an array of pixels of the light
sensor such that a resonance wavelength is different for
different pixels; wherein, for a plurality of pixels in the array
of pixels, geometrical structures having a size smaller than
the resonance wavelength are defined by the at least two
different materials.

[0020] This implies that the spacer element is separate
from the lower reflective element. Hence, each of the spacer
element and the lower reflective element may be separately
designed for providing respective functionalities of control-
ling a resonance wavelength and providing reflection of
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light, respectively. This ensures that there is a large design
freedom compared to a single element providing both func-
tionalities.

[0021] It should be realized that even though the light
sensor of the first aspect may be particularly advantageous
in facilitating that the light sensor is manufactured using
thin-film technology, the light sensor is not limited to
manufacturing by thin-film technology. On the contrary, the
light sensor of the first aspect may be applied to bulk
semiconductor technology.

[0022] The light sensor may be configured to detect light
in a plurality of wavelength bands, wherein different wave-
length bands are detected in different pixels of an array of
pixels. Thus, the light sensor provides spectrally resolved
light detection. The light sensor may be used for obtaining
merely spectral information content and may in such case
comprise one or a few pixels dedicated to each wavelength
band to be detected.

[0023] The light sensor may be configured to provide
spatial resolution in addition to the spectral resolution of
incident light. This implies that pixels dedicated to a same
particular wavelength are repeated in the array of pixels and
that pixels dedicated to different wavelengths are alternat-
ingly arranged in the array of pixels. Thus, pixels may be
arranged in groups comprising a sub-set of pixels, wherein
each sub-set of pixels provides spectral resolution of light
and identical groups (sub-sets of pixels) are repeated over
the array of pixels for providing spatial resolution of light.
In this manner, the light sensor may form an image sensor
such that an image with spatial and spectral resolution may
be formed based on the light detected by the light sensor.
[0024] It should be realized that the arrangement of pixels
being dedicated to different wavelengths in an array of pixels
may be varied in numerous ways depending on the infor-
mation that is desired to be acquired. The array of pixels may
for instance form a one-dimensional or a two-dimensional
array.

[0025] As used herein, the term “light” should be inter-
preted as electro-magnetic radiation which is not limited to
wavelengths corresponding to visible light. Rather, the light
may be electro-magnetic radiation of other wavelengths,
such as ultraviolet light or infrared light.

[0026] The upper reflective element and the lower reflec-
tive element are arranged to reflect light in a broad range of
wavelengths such that a resonance structure is formed
between the upper reflective element and the lower reflective
element. The resonance structure may form a Fabry-Pérot
filter. Light will thus be reflected back and forth between the
upper reflective element and the lower reflective element.
Interference may thus occur between light having passed
different numbers of round-trips between the upper reflec-
tive element and the lower reflective element. If an optical
path back and forth between the upper reflective element and
the lower reflective element (one round-trip) corresponds to
an integer number of a wavelength of light, constructive
interference will occur. This implies that the resonance
structure may, dependent on the optical path between the
upper reflective element and the lower reflective element,
provide constructive interference (resonance) for different
wavelengths (resonance wavelength) of light.

[0027] The upper reflective element and the lower reflec-
tive element may be reflective over a broad range of wave-
lengths. Thus, the same upper reflective element and lower
reflective element may be used for forming resonance struc-
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tures that are selective to different wavelength bands within
the broad range of wavelengths for which the upper reflec-
tive element and the lower reflective element are reflective.
The upper reflective element and the lower reflective ele-
ment may be highly reflective such that there are low losses
of light at round-trips of the light in the resonance structure.
For higher reflectivity of the reflective elements, the reso-
nance structure is able to define a narrower wavelength band
for which light will be detected by the photo-sensitive
element.

[0028] For example, the upper reflective element and the
lower reflective element may have a reflectivity of more than
70%, such as more than 90%, such as more than 95%, for
light in the range of wavelengths. With a higher reflectivity,
spectral resolution of the pixels may be improved. The upper
reflective element and the lower reflective element need not
have equal reflectivity in the range of wavelengths. How-
ever, the light sensor may provide a good spectral resolution
when the upper reflective element and the lower reflective
element exhibit equal or similar reflectivity.

[0029] In an embodiment, the light sensor is configured to
receive light to be detected through the upper reflective
element. This implies that light to be detected by the
photo-sensitive element may enter the resonance structure
through the upper reflective element.

[0030] The distribution of the at least two different mate-
rials in the spacer element may control a refractive index of
the spacer element. This implies that the optical path through
the spacer element may be changed in dependence of the
distribution of the at least two different materials and that the
overall optical path between the upper reflective element and
the lower reflective element may be changed such that the
resonance wavelength is affected. The spacer element may
thus be transparent to the resonance wavelength and the
effective refractive index of the spacer element may depend
on the distribution of the at least two different materials.
However, if one of the materials in the spacer element is a
metal, light will not penetrate through the metal. Thus,
refractive index of the spacer element may not be changed,
but plasmonic effects may instead affect phase of light being
reflected, so as to affect the resonance wavelength depending
on the distribution of the metal and another material in the
spacer element.

[0031] According to an embodiment of the first aspect, the
spacer element is configured to form the lower reflective
element. This implies that the spacer element is configured
to reflect light. The distribution of the at least two different
materials may control an effective distance into the spacer
element at which reflection occurs so as to control the
resonance wavelength, or plasmonic effects may affect the
resonance wavelength.

[0032] The stack of layers is arranged such that layers are
arranged one layer above another. Each layer may define a
plane having a small thickness transverse to the plane and a
larger extension in directions parallel to the plane. The stack
may thus be formed such that layers are arranged above each
other, with the planes of the layers being parallel to each
other. It should be realized that each of the elements, the
upper reflective element, the photo-sensitive element, the
spacer element, and the lower reflective element may be
formed by one or more layers in the stack. For instance, the
upper reflective element may be formed by a plurality of
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layers forming a distributed Bragg reflector. Thus, one layer
in the stack does not necessarily correspond to one of the
elements.

[0033] As mentioned, thin-film technology may be used
when forming at least some of the layers of the stack of
layers. Thin-film technology may involve deposition of a
material onto a surface such that a thin film (e.g., having a
thickness in a range of a fraction of a nanometer to microm-
eters) is formed on the surface. The deposition of material
may form a layer which has a homogeneous thickness.

[0034] Whereas the spacer element may require patterning
to form very small structures in the direction of the plane of
the spacer element, the photo-sensitive element and the
upper reflective element may not need such patterning.
Thus, at least the photo-sensitive element and the upper
reflective element may be suitably formed using thin-film
technology. The photo-sensitive element and the upper
reflective element may even extend continuously over a
plurality of pixels or over the entire array of pixels. Pixels
may be defined within the array by patterning of the spacer
element and the lower reflective element such that separate
resonance structures are defined, and that light of different
wavelengths may be separately detected in separate pixels.

[0035] The spacer element may be formed as a metama-
terial. Properties of the spacer element may thus be defined
by shape, geometry, size and/or orientation of structures of
the at least two different materials in the spacer element.

[0036] In particular, geometry of the structures of the
materials in the spacer element may be used for modulating
an effect of the spacer element on light propagation in the
resonance structure, such as for modulating a refractive
index of the spacer element. The geometrical structures
defined by the at least two different materials may be smaller
than the resonance wavelength of light of the pixels, such as
being smaller than 14, 15 or Yo of the resonance wavelength.

[0037] The geometrical structures of the spacer element
may be sufficiently small such that the geometrical struc-
tures of the spacer element do not cause diffraction of the
resonance wavelength. In addition, a periodicity of the
geometrical structures of the spacer element may be suffi-
ciently low such that light diffraction of the resonance
wavelength is not caused by the metamaterial.

[0038] The geometrical structures may be formed within
at least one of the at least two different materials. Hence,
very small geometrical structures may be formed in a first
material and the geometrical structures may be defined by
the first material being surrounded by a second material
(which may be continuous around the geometrical structures
of' the first material). Thus, according to an embodiment, the
spacer element may comprise, for each pixel of the plurality
of pixels, a plurality of separate geometrical structures of the
first material, wherein the separate geometrical structures
are separated by the second material along the direction
parallel to the plane of the spacer element.

[0039] The geometrical structures having a size smaller
than the resonance wavelength implies that the geometrical
structures have a small size in at least one dimension parallel
to the plane of the spacer element. The spacer element may
be patterned in two dimensions such that a maximum
extension of the geometrical structure in the plane of the
spacer element is smaller than the resonance wavelength.
For instance, the geometrical structures may have a circular
or square cross-section in the plane of the spacer element.
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However, it should be realized that other shapes of the
geometrical structures may be used, such as irregular shapes.
[0040] However, the spacer element may be patterned
such that geometrical structures may have a relatively large
extension in a first direction of the plane of the spacer
element while being small in a second direction transverse
to the first direction. Thus, the geometrical structures may
form stripes in the spacer element. The geometrical struc-
tures still have a size smaller than the resonance wavelength,
in that the size of the geometrical structures in at least the
second direction is smaller than the resonance wavelength.
[0041] According to an embodiment, the spacer element
comprises, for a pixel in the array of pixels, a plurality of
geometrical structures extending in parallel in a first direc-
tion of the plane of the spacer element, wherein the geo-
metrical structures have a size smaller than the resonance
wavelength in a second direction perpendicular to the first
direction. In such case, the geometrical structures may
further provide a polarization dependent interaction with
light, such that the light sensor may detect light in depen-
dence of polarization of light as well as wavelength of light.
[0042] Each of the plurality of pixels may comprise a
plurality of geometrical structures. The geometrical struc-
tures may be identical and may be arranged in a regular
pattern with an equal distance between adjacent geometrical
structures. This may facilitate that the spacer element pro-
vides an easily predictable interaction with light such that
design of the spacer element is simplified. However, it
should be realized that the geometrical structures need not
necessarily be identical within a pixel and need not neces-
sarily be arranged in a regular pattern.

[0043] It should be realized that the spacer element may
comprise geometrical structures in a plurality of pixels but
not necessarily in all of the pixels of the array of pixels. For
instance, if the at least two different materials are used for
controlling an effective refractive index of the spacer ele-
ment in the pixels, the spacer element may for some pixels
be formed completely by one of the materials. Hence, in
such pixels, the refractive index is controlled by the one
material. However, in order to provide different resonance
wavelengths for the pixels, typically providing a multitude
of resonance wavelengths in the light sensor, geometrical
structures of the spacer element may be used in a plurality
of pixels and the distribution of the at least two different
materials may be different for different pixels among the
plurality of pixels.

[0044] Since the spacer element may comprise structures
of very small size in the direction parallel to the plane of the
spacer element, the forming of the spacer element may
involve steps commonly used in bulk semiconductor manu-
facturing, such as lithography and etching. Since the spacer
element may be formed before the photo-sensitive element
is formed, the manufacturing steps for forming the spacer
element will in such case not affect the photo-sensitive
element.

[0045] The distribution of the at least two different mate-
rials being different between different pixels implies that the
two different materials are differently arranged in the dif-
ferent pixels. For instance, a density of the two different
materials may be different between different pixels such that
a ratio of amount of first material to amount of second
material is different between different pixels. Also or alter-
natively, a pattern of the geometrical structures may be
different, such that a size, shape, orientation and/or distance
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between the geometrical structures and/or number of geo-
metrical structures is different for different pixels.

[0046] The spacer element may be configured to form the
lower reflective element. Alternatively, the spacer element
may be arranged between the lower reflective element and
the photo-sensitive element. According to yet another alter-
native, the spacer element may be arranged between the
photo-sensitive element and the upper reflective element.
[0047] It should be realized that a pixel in the array of
pixels correspond to one resonance structure. Thus, the pixel
may represent an intensity of light of the resonance wave-
length. A plurality of pixels may be combined in an image
for forming a single image point having spectrally resolved
information.

[0048] According to an embodiment, the distribution of
the at least two different materials controls an effective
refractive index of the spacer element.

[0049] The effective refractive index of the spacer element
affects an optical path length of light through the spacer
element. Thus, by changing the effective refractive index of
the spacer element, the resonance wavelength of the reso-
nance structure may be changed.

[0050] According to an embodiment, the spacer element is
configured to enable flow of charges from the photo-sensi-
tive element through the spacer element.

[0051] This implies that the spacer element provides an
electrical function of the light sensor in addition to control-
ling the resonance wavelength of the pixels of the light
sensor. The flow of charges through the spacer element may
contribute to transporting charges generated by light being
absorbed by the photo-sensitive element away from the
photo-sensitive element. The flow of charges through the
spacer element may also or alternatively contribute to accu-
mulation of charges for reading out a signal representative of
the light being incident on the photo-sensitive element.
[0052] This implies that even if the spacer element is
arranged between the photo-sensitive element and read-out
circuitry, charges generated by the photo-sensitive element
may be transported through the spacer element towards the
read-out circuitry such that a signal from the photo-sensitive
element may still be read out.

[0053] The read-out circuitry may comprise an electrode
at which charges are received. The read-out circuitry may
further comprise components for reading out a value corre-
sponding to the amount of charges at the electrode, such as
reading a voltage potential formed at the electrode.

[0054] The spacer element may be configured to enable
the flow of charges by at least one of the first material or the
second material of the spacer element being configured to
allow charges to be conducted therethrough (being conduc-
tive or semi-conductive). Alternatively, the spacer element
may be configured to enable flow of charges through a third
material, which may be configured to allow charges to be
conducted therethrough (being conductive or semi-conduc-
tive). The third material may be arranged in the spacer
element so as not to contribute to controlling the resonance
wavelength of the different pixels.

[0055] The structures of the spacer element may extend
through an entire thickness of the spacer element. This
implies that, if flow of charges is allowed through the
material of a structure, the structure may allow for conduct-
ing charges through the entire thickness of the spacer
element as the structure extends through the entire thickness.
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[0056] The spacer element need not be arranged in contact
with the photo-sensitive element. Thus, the stack of layers
may comprise additional elements between the spacer ele-
ment and the photo-sensitive element. Hence, the spacer
element being configured to enable flow of charges from the
photo-sensitive element does not necessarily mean that the
spacer element receives charges directly from the photo-
sensitive element. Rather, the spacer element may form any
part of a flow of charges originating from the photo-sensitive
element. The flow of charges may flow in a direction
transverse to the plane of the spacer element such that
charges flow through the spacer element.

[0057] The flow of charges from the photo-sensitive ele-
ment may be directed towards a read-out circuitry for
reading out a signal representative of light incident on the
photo-sensitive element. The read-out circuitry may be
arranged such that the lower reflective element is arranged
between the read-out circuitry and the photo-sensitive ele-
ment. This implies that the flow of charges may need to flow
in a direction transverse to the plane of the spacer element
through the spacer element in order for charges to be
transported from the photo-sensitive element for reading out
a signal by the read-out circuitry.

[0058] The flow of charges through the spacer element
may act to transport charges away from the photo-sensitive
element such that charges in the photo-sensitive element do
not affect further detection of light by the photo-sensitive
element. The spacer element may in such case be arranged
between the photo-sensitive element and an electrical con-
tact element which may be configured to control transport of
charges away from the photo-sensitive element.

[0059] The spacer element may in an alternative embodi-
ment be arranged between the photo-sensitive element and
the upper reflective element, while not being arranged
between the photo-sensitive element and an electrical con-
tact element. In such case, the spacer element need not
necessarily provide a flow of charges therethrough.

[0060] According to an embodiment, a first material of the
at least two different materials is configured to enable flow
of charges through the spacer element and wherein the first
material of the spacer element is semi-conductive.

[0061] Thus, the flow of charges through the spacer ele-
ment may be provided by at least the first material which is
also used for controlling the resonance wavelength of a
pixel. This implies that the first material may be selected in
order to be able to control the resonance wavelength of light
and also to be able to provide conduction of charges through
the spacer eclement.

[0062] The first material may be semi-conductive. The
first material may still provide sufficient conduction of
charges for supporting the flow of charges from the photo-
sensitive element. Use of a semi-conductive material may be
useful for providing accurate control of the resonance wave-
length.

[0063] It should be realized that both the first material and
the second material (and any further materials of the spacer
element) contributing to control of the resonance wave-
length may enable flow of charges through the spacer
element.

[0064] According to an alternative embodiment, the
spacer element comprises a third material configured to
enable flow of charges through the spacer element. The third
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material may be formed as a via extending through the
spacer element in a direction transverse to the plane of the
spacer element.

[0065] The third material may be arranged in a corre-
sponding manner for each pixel of the light sensor such that
any effect of the third material on the resonance wavelength
is similar for each pixel. Hence, the resonance wavelength
being different for different pixels may be achieved by the
distribution of the at least two different materials of the
spacer element, wherein the third material does not contrib-
ute to controlling the resonance wavelength to be different
for different pixels.

[0066] According to an embodiment, the first material of
the spacer element is a metal, semiconductor, or a dielectric
material and a second material of the at least two different
materials of the spacer element is a metal, a semiconductor,
or a dielectric material.

[0067] Thus, it should be realized that the first material
and the second material of the spacer element may be
selected from a group comprising metal, semiconductor, and
dielectric material. If a metal is used, flow of charges
through the spacer element may be provided through the
metal. Similarly, if a semiconductor is used, flow of charges
through the spacer element may be provided through the
metal.

[0068] The materials of the first material and the second
material may be selected so as to allow resonance wave-
lengths to be tuned to desired wavelengths in the pixels of
the light sensor. If the first material and the second material
are both dielectric materials, the third material as described
above providing flow of charges through the spacer element
may also be needed.

[0069] If at least one of the first material or the second
material is a metal or a semiconductor, the spacer element
may provide flow of charges through such material.

[0070] According to an embodiment, the first material
may be a metal and the second material may be a dielectric
material or a semiconductor. Light may not propagate
through the metal such that the light may only propagate
through the dielectric material for passing through the spacer
element. However, the resonance wavelength of a pixel may
be affected by plasmonic effects caused by presence of the
metal such that the resonance wavelength may be dependent
on the distribution.

[0071] The first material and the second material may both
be metals. In such case, the spacer element may not allow
light to propagate through the spacer element and the spacer
element may be configured to form the lower reflective
element. The distribution of the at least two materials may
affect plasmonic effects so as to control the resonance
wavelength of a pixel.

[0072] According to an embodiment, for each pixel, the
spacer element comprises a first region and a second region,
wherein the first material is arranged in the first region in a
common manner for all pixels, and wherein the distribution
of the at least two different materials in the second region is
different between different pixels.

[0073] This implies that the first material in the first region
of each pixel may provide flow of charges through the spacer
element. Hence, the flow of charges for each pixel may be
provided based on an identical pattern of the first material in
the first region of the spacer element. Properties for con-
ducting charges through the spacer element may thus be



US 2023/0375406 Al

similar for all pixels such that read-out of signals from the
light sensor need not be affected by different properties for
conducting charges.

[0074] The first region may for instance have a shape of a
ring which may surround the second region. This implies
that the flow of charges may be symmetrically arranged in
a vertical direction of the pixel through the stack of layers,
such that read-out of signals from a pixel is insensitive to
different distribution of charges in a lateral direction of the
pixel.

[0075] According to an alternative, the spacer element
comprises a third material which is arranged in the first
region of the spacer element in a common manner for all
pixels. Thus, the third material may provide flow of charges
through the spacer element. A distribution of the first mate-
rial and the second material in the second region of the
spacer element may then control the resonance wavelength
of the pixel.

[0076] According to an embodiment, a height of structures
of at least one of the two different materials in the second
region is different between different pixels.

[0077] A height of a structure may be defined as a size of
the structure in a direction transverse to the plane of the
spacer element.

[0078] Since flow of charges may be provided through the
spacer element in the first region, flow of charges need not
occur at all through the second region. For example, if the
first material is used for providing flow of charges through
the spacer element, the first material may provide flow of
charges through the spacer element in the first region and the
first material need not extend through an entire thickness of
the spacer element in the second region (as no flow of
charges is needed through the second region). This implies
that a further parameter is provided for controlling proper-
ties of the spacer element and controlling the resonance
wavelength, as the height of the structures may also be
varied between different pixels.

[0079] According to an embodiment, the photo-sensitive
element comprises quantum dots, configured to detect infra-
red light, such as short-wave infrared, (SWIR) light, or
mid-wave infrared (MWIR) light.

[0080] Quantum dots, such as colloidal quantum dots,
may be used for allowing detection of light of wavelengths
extending into the infrared range, such as for detection of
SWIR or MWIR light. Further, a photo-sensitive element
comprising colloidal quantum dots formed by thin-film
technology may be very sensitive and easily affected by
manufacturing steps after the photo-sensitive element has
been formed. Thus, the light sensor that may provide a
spacer element being formed before the photo-sensitive
element is formed may be particularly suitable for using
quantum dots in the photo-sensitive element.

[0081] However, it should be realized that the photo-
sensitive element may be formed in many other ways. Thus,
the photo-sensitive element may comprise an organic mate-
rial, a perovskite material, a semiconductor material, such as
germanium (Ge) or indium arsenide (InAs). The photo-
sensitive element may be selected in view of the range of
wavelengths that is to be detected by the light sensor.
[0082] According to an embodiment, the light sensor
further comprises a substrate carrying read-out circuitry for
reading out signals from the photo-sensitive element for
each pixel representative of an amount of detected light,
wherein the stack of layers is arranged on the substrate with
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the photo-sensitive element arranged between the substrate
and the upper reflective element.

[0083] The stack of layers may be integrated on the
substrate.
[0084] The light sensor comprising a substrate carrying

read-out circuitry implies that signals representative of the
amount of detected light may be directly transferred to the
substrate arranged below the photo-sensitive element for
read-out.

[0085] According to an embodiment, the lower reflective
element is formed by a metal layer arranged on the substrate.
[0086] The lower reflective element may be formed by a
top metal layer (a back-end-of-line layer) of the substrate
carrying the read-out circuitry. The metal layer may be
reflective such that the top metal layer which is anyway
available at a top surface of the substrate may further be used
for forming the lower reflective element of the light sensor.
[0087] According to an embodiment, the metal layer is
patterned to form separate reflective arcas for different
pixels.

[0088] Thus, each pixel may comprise a separate reflective
area. This may facilitate that separate resonance structures
are formed in the light sensor such that cross-talk between
adjacent pixels is avoided or reduced.

[0089] The metal layer may further provide connection for
the signals from the pixels to the read-out circuitry. The
metal layer may therefore also need to be patterned in order
to ensure that the signals from different pixels may be
separately transferred to the read-out circuitry for reading
out signals from the different pixels.

[0090] According to an embodiment, the upper reflective
element is formed by multiple layers forming a distributed
Bragg reflector.

[0091] Using a distributed Bragg reflector (DBR), the
upper reflective element may be highly reflective. High
reflectivity of the mirror also allows wavelength selectivity
of a pixel to be very narrow, such that a narrow wavelength
band is detected by the photo-sensitive elements of the
pixels. Thus, a full width at half maximum (wavelength
width at half maximum intensity of the detected light) may
be very narrow, such as less than 30 nm.

[0092] Using a DBR, the reflectivity of the upper reflec-
tive element may be controlled based on a design of the
DBR, such as number of layers, thickness of layers, and
materials of layers in the DBR. The reflectivity of the upper
reflective element may be configured to be matched to the
reflectivity of the lower reflective element, which may
typically be defined by reflectivity of the metal layer
arranged on the substrate, for providing high sensitivity
and/or spectral resolution of the light sensor.

[0093] According to an embodiment, the light sensor
further comprises an electrical contact element in the stack
of layers, wherein the electrical contact element is config-
ured to form part of the upper reflective element or is
configured to be arranged between the upper reflective
element and the photo-sensitive element and which is con-
figured to form electrical contact with the photo-sensitive
element.

[0094] The light sensor may comprise a first and a second
electrical contact element arranged on opposite sides of the
photo-sensitive element in the stack of layers. The first and
second electrical contact elements together with the photo-
sensitive element may thus form a photodiode.
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[0095] The electrical contact elements are configured to
form electrical contact with the photo-sensitive element.
However, this does not imply that the electrical contact
elements need to be in direct contact with the photo-
sensitive element. On the contrary, one or more layers or
elements may be arranged between the photo-sensitive ele-
ment and the respective electrical contact elements such that
electrical contact is provided via an intermediate layer or
element.

[0096] The photo-sensitive element may be configured to
generate electrical charges in response to absorbing light.
Thus, absorption of a photon may generate an electron-hole
pair. Thanks to the photodiode being formed, generated
electrons may be transported towards one of the first and the
second electrical contact element and holes may be trans-
ported towards the other of the first and the second electrical
contact element.

[0097] The electrical contact element arranged above the
photo-sensitive element may form part of the upper reflec-
tive element. Thus, the upper reflective element may be
formed by the electrical contact element and no separate
reflective element may be needed. Compared to having a
DBR, the electrical contact element may not be as highly
reflective, and the electrical contact element may be used for
forming the upper reflective element when a narrow selec-
tivity of wavelength bands is not needed. In such case, the
electrical contact element may be partially transparent and
partially reflective to light of wavelengths of interest. The
electrical contact element may in such case be implemented,
for example, by an indium tin oxide (ITO) layer, by a thin
metal layer, or by a stack of layers including ITO and a
metal, such as an ITO/silver (Ag)/ITO stack.

[0098] The electrical contact element may be transparent
in order to allow light to propagate through the electrical
contact element towards the photo-sensitive element. This is
used when the electrical contact element is arranged
between the upper reflective element and the photo-sensitive
element. The electrical contact element may thus be imple-
mented, for example, by an ITO layer. ITO may be designed
to be transparent to a broad range of wavelengths.

[0099] According to an embodiment, the light sensor
further comprises a first transport layer and a second trans-
port layer arranged on opposite sides of the photo-sensitive
element in the stack of layers.

[0100] The transport layers are configured to transport
charges generated by absorption of light away from the
photo-sensitive element. The transport layers are configured
to transport charges in a vertical direction through the stack
of layers, i.e., transverse to a direction parallel to the planes
of the layers.

[0101] The transport layers may be configured to transport
charges of different signs, such that the first transport layer
may be configured to transport electrons and the second
transport layer may be configured to transport holes, or vice
versa.

[0102] The transport layers may be patterned in order to
provide separate areas of the transport layers for different
pixels. However, the transport layers may have a conduc-
tivity which is not high enough to transport charges a
sufficient distance such that charges may be transported from
a pixel to an adjacent pixel. Thus, electrical crosstalk
between pixels may be very small even if the transport layers
are not patterned.
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[0103] However, since arrangement of conductive struc-
tures of the spacer element may vary between different
pixels, there may be non-uniformities in pixel performance.
In order to avoid or reduce such non-uniformities, a trans-
port layer in contact with the spacer element may be
provided as a current-spreading layer which is configured to
spread charges in a lateral direction, i.e., in a direction
parallel to the plane of the layer. The current-spreading layer
may alternatively be provided as a separate layer, which may
be arranged between the transport layer and the spacer
element.

[0104] The current-spreading layer may be implemented
by an ITO layer, an indium gallium zinc oxide (IGZO) layer,
an indium tin zinc oxide (ITZO) layer or a layer of another
conductive metal oxide, or by a graphene layer. Since the
current-spreading layer provides flow of charges in the
lateral direction, the current-spreading layer should be pat-
terned to avoid electrical crosstalk between adjacent pixels.
[0105] According to an embodiment, pixels are arranged
in groups comprising a sub-set of pixels configured to detect
different wavelengths of light, wherein the groups are repeti-
tively arranged in the array of pixels such that the light
sensor is configured to provide imaging with spatial and
spectral resolution.

[0106] Thus, the light sensor may be configured to detect
light in the array of pixels such that the detected light may
be used for forming an image with spatial and spectral
resolution. In this respect, the light sensor may form an
image sensor.

[0107] According to a second aspect, there is provided a
method for manufacturing a light sensor, said method com-
prising: forming a spacer element on a surface of a substrate
carrying read-out circuitry, wherein the spacer element com-
prises at least two different materials distributed in a direc-
tion of a plane parallel to the surface of the substrate,
wherein the spacer element forms a lower reflective element
or is arranged on a layer of the substrate forming a lower
reflective element; planarizing the spacer element to form a
smooth top surface of the spacer element; forming a photo-
sensitive element above the top surface of the spacer ele-
ment; forming an upper reflective element above the photo-
sensitive element; wherein the elements form a stack of
layers with the elements arranged in mutually unique planes,
parallel to each other, and wherein the stack of layers define
a resonance structure between the upper reflective element
and the lower reflective element for providing a resonance of
light dependent on a wavelength of the light; wherein the
spacer element comprises at least two different materials,
wherein a distribution of the at least two different materials
in a direction of a plane of the spacer element is different
between different pixels in an array of pixels of the light
sensor such that a resonance wavelength is different for
different pixels; and wherein the spacer element is config-
ured to enable flow of charges from the photo-sensitive
element through the spacer element.

[0108] Effects and features of this second aspect are
largely analogous to those described above in connection
with the first aspect. Embodiments mentioned in relation to
the second aspect are largely compatible with the first
aspect.

[0109] A resonance structure is defined between the upper
reflective element and the lower reflective element and a
photo-sensitive element is formed between the upper reflec-
tive element and the lower reflective element. This implies
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that the spacer element which may be used for controlling
the resonance wavelength of the resonance structure may be
formed before the photo-sensitive element is formed.
[0110] Thus, the method comprises forming the spacer
element before forming the photo-sensitive element. The
spacer element may comprise small structures, such as
sub-wavelength structures, for forming the distribution of
the at least two different materials in the spacer element.
Thus, forming of the spacer element may involve lithogra-
phy and etching in order to define the small structures of the
spacer element.

[0111] Thanks to the spacer element being formed before
the photo-sensitive element, manufacturing steps for form-
ing of the spacer element do not affect the photo-sensitive
element. This implies that material and arrangement of the
photo-sensitive element may be more freely selected since
the photo-sensitive element need not withstand later pattern-
ing steps for forming the spacer element.

[0112] Thus, the manufacturing method allows for the
photo-sensitive element to be formed using thin-film tech-
nology and allows freely selecting materials of the photo-
sensitive element such that the light sensor may be manu-
factured to be sensitive to wavelengths of light from a vast
range of wavelengths. For instance, the photo-sensitive
element may be configured to detect light in the infrared
range, such as SWIR or MWIR light.

[0113] As used herein, forming an element above another
element should not be construed as the element being
necessarily formed directly above the other element. Rather,
there may be further intermediate elements in-between.

BRIEF DESCRIPTION OF THE DRAWINGS

[0114] The above, as well as additional objects, features,
and advantages of the present inventive concept, will be
better understood through the following illustrative and
non-limiting detailed description, with reference to the
appended drawings. In the drawings like reference numerals
will be used for like elements unless stated otherwise.
[0115] FIG. 1 is a schematic view of a cross-section of a
light sensor according to an embodiment.

[0116] FIG. 2 is a schematic top view of a spacer element
of the light sensor according to an embodiment.

[0117] FIG. 3 is a schematic cross-sectional view of a
spacer element of the light sensor according to an embodi-
ment.

[0118] FIG. 4 is a flow chart of a method according to an
embodiment.

DETAILED DESCRIPTION
[0119] Referring now to FIG. 1, a light sensor 100 accord-

ing to an embodiment will be discussed. The light sensor 100
is configured to provide detection of light with a spectral
resolution.

[0120] The light sensor 100 comprises resonance struc-
tures 1024, 1025, 102¢, which are configured with different
resonance wavelengths, such that light of different wave-
lengths will be detected using the different resonance struc-
tures 102a, 1025, 102c.

[0121] A resonance structure 102a, 1025, 102¢ is formed
by an upper reflective element 104 and a lower reflective
element 106. The upper reflective element 104 and the lower
reflective element 106 provide reflection of light back and
forth between the reflective elements 104, 106, such that
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resonance may be created for light having a wavelength
corresponding to an integer number of twice the optical path
length between the upper reflective element 104 and the
lower reflective element 106.

[0122] Each of the resonance structures 102a, 10254, 102¢
may form a Fabry-Pérot filter that is selective to a resonance
wavelength in dependence of the optical path length formed
by layers of material arranged between the upper reflective
element 104 and the lower reflective element 106.

[0123] The light sensor 100 may be configured to receive
light to be detected through the upper reflective element 104,
such that light to be detected may enter the resonance
structure 102a, 1025, 102¢ through the upper reflective
element 104.

[0124] The upper reflective element 104 and the lower
reflective element 106 may be reflective over a broad range
of wavelengths. Thus, the upper reflective element 104 and
the lower reflective element 106 may be reflective for each
of the resonance wavelengths of the resonance structures
102a, 1025, 102¢. This implies that the upper reflective
element 104 and the lower reflective element 106 may be
identical for all of the resonance structures 102a, 1025,
102¢.

[0125] The light sensor 100 comprises a spacer element
108. As shown in FIG. 1, the spacer element 108 may be
arranged within the resonance structure 102a, 10256, 102¢
between the upper reflective element 104 and the lower
reflective element 106.

[0126] The spacer element 108 may be patterned such that
the spacer element 108 may be different for different reso-
nance structures 102a, 1025, 102¢.

[0127] The resonance wavelength A of a resonance struc-
ture 102a, 1025, 102¢ may be defined as:

kA=2 nL cos O,

where k is an integer number, n is a refractive index of a
material between the upper reflective element 104 and the
lower reflective element 106, L. is a distance (thickness)
through the material, and © is an angle of incidence of light
on the resonance structure 102a, 1025, 102c¢.

[0128] When the resonance structure 102a, 10254, 102¢
comprises several layers of different materials between the
upper reflective element 104 and the lower reflective ele-
ment 106, a total optical path length is a sum of the optical
path length through individual layers.

[0129] The spacer element 108 may be configured to affect
the resonance wavelength such that the resonance wave-
length of the resonance structure 102q, 1025, 102¢ may
depend on characteristics of the spacer element 108. The
spacer element 108 comprises at least two different materials
illustrated in FIG. 1 as a first material 110, and a second
material 112. A distribution of the first material 110 and the
second material 112 may be varied between different reso-
nance structures 102a, 1025, 102¢ in order to control the
resonance wavelength of the resonance structure 102a,
1025, 102¢.

[0130] The distribution of the first material 110 and the
second material 112 in the spacer element 108 may affect an
effective refractive index of the spacer element 108, e.g., in
dependence of density of each of the first material 110 and
the second material 112 in a part of the spacer element 108
corresponding to the resonance structure 102a, 1025, 102c¢.
Thus, by changing the distribution of the first material 110
and the second material 112, the optical path length between
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the upper reflective element 104 and the lower reflective
element 106 may be changed such that the resonance
wavelength is changed.

[0131] The first material 110 and the second material 112
may thus have different refractive indices in order for the
change of distribution of the first material 110 and the
second material 112 to affect the optical path length. For
instance, the first material 110 may be amorphous silicon
and the second material 112 may be silicon dioxide. These
materials may be used for varying a refractive index of the
spacer element in the range of 1.6-3.2.

[0132] At least one of the first material 110 and the second
material 112 of the spacer element 108 may be a metal. This
may imply that the resonance wavelength of the resonance
structures 102a, 1025, 102¢ is changed based on a plasmonic
effect instead of a change in refractive index of the spacer
material 108. The distribution of the first material 110 and
the second material 112 may be varied between different
resonance structures 102a, 1026, 102¢ so as to vary the
plasmonic effect and the change the resonance wavelength.
[0133] The resonance structures 102a, 1025, 102¢ may
thus have different resonance wavelengths. The resonance
structures 102a, 1025, 102¢ may be configured to select a
narrow wavelength band forming the resonance wavelength
within a broad wavelength range, in which the upper reflec-
tive element 104 and the lower reflective element 106 are
reflective.

[0134] The spacer element 108 may at least for some of
the resonance structures 102a, 1025, 102¢ be configured to
form a metamaterial. The spacer element 108 may comprise
geometrical structures such that a size of a geometrical
structure and/or a distance between the geometrical struc-
tures is smaller than the resonance wavelength of the reso-
nance structures. The small geometrical structures may thus
be configured to affect interaction between the spacer ele-
ment 108 and light, so as to for instance control the effective
refractive index of the spacer element 108 as described
above. The structures of the spacer element 108 may be
configured to extend through an entire thickness of the
spacer element 108.

[0135] It should be realized that the spacer element 108
need not necessarily include both the first material 110 and
the second material 112 for each resonance structure 102a,
1025, 102¢. As shown in FIG. 1, the spacer element 108 may
comprise only the first material 110 in the resonance struc-
ture 102¢, whereas the spacer element 108 may comprise a
combination of the first material 110 and the second material
112 in the other resonance structures 102a, 1025. Thus, for
the resonance structure 102¢, optical properties of the spacer
element 108 is entirely controlled by the first material 110
and the spacer element 108 does not form a metamaterial in
this resonance structure 102¢. It should be realized that the
distribution of the first material 110 and the second material
112 being different for different resonance structures 102aq,
10256, 102¢ may thus include that the spacer material 108
only includes one of the materials in a resonance structure
102¢. However, for at least some of the resonance structures
102a, 1024, the spacer element 108 includes both the first
material 110 and the second material 112 with different
distributions of the first material 110 and the second material
112 for different resonance structures 102a, 1025.

[0136] Instead of being arranged between the upper reflec-
tive element 104 and the lower reflective element 106, the
spacer element 108 may alternatively form the lower reflec-
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tive element. The spacer element 108 may thus be config-
ured to be reflective to a broad wavelength range. The
distribution of the first material 110 and the second material
112 may be configured to define an effective distance into
the spacer element 108 at which reflection of light occurs, so
as to effectively define the optical path length of the reso-
nance structure 102a, 1025, 102¢. The optical path length
may thus be different for different resonance structures 102a,
1025, 102¢ in dependence of the distribution of the first
material 110 and the second material 112.

[0137] Alternatively, where at least one of the first mate-
rial 110 and the second material 112 of the spacer element
108 is a metal, the resonance wavelength may be changed
based on a plasmonic effect. The distribution of the first
material 110 and the second material 112 may be varied
between different resonance structures 102a, 1025, 102¢ so
as to vary the plasmonic effect and the change the resonance
wavelength.

[0138] The light sensor 110 further comprises a photo-
sensitive element 114. The photo-sensitive element 114 is
arranged between the upper reflective element 104 and the
lower reflective element 106. The photo-sensitive element
114 is configured to be sensitive over the range of wave-
lengths in which the wavelength bands of the resonance
structures 102a, 1025, 102¢ are selected.

[0139] The photo-sensitive element 114 is configured to
absorb light for detecting an amount of light. The photo-
sensitive element 114 may however have a high transmit-
tance of light such that a large proportion of light is
transmitted through the photo-sensitive element 114 such
that a strong resonance is formed between the upper reflec-
tive element 104 and the lower reflective element 106. Even
with a relatively low absorbance of the photo-sensitive
element 114, the photo-sensitive element 114 will still
efficiently detect light incident on the resonance structure
102a, 1025, 102c¢, since light will propagate back and forth
between the upper reflective element 104 and the lower
reflective element 106 so as to pass the photo-sensitive
element 114 multiple times.

[0140] For instance, an absorption coefficient o of the
photo-sensitive element 114 may be in a range of a=1-25
000 cm™', such as a=100-5 000 cm™. A thickness of the
photo-sensitive element 114 may be in a range of 50-1000
nm, such as in a range of 100-300 nm. If the absorption
coeflicient is relatively low, a thickness of the photo-sensi-
tive element 114 may be relatively large, whereas if the
absorption coefficient is relatively high, a thickness of the
photo-sensitive element 114 may be relatively small. Thus,
an overall absorbance of the photo-sensitive element 114
may be designed by selecting the absorption coefficient
(based on material used) and thickness of the photo-sensitive
element 114.

[0141] When a photon is absorbed by the photo-sensitive
element 114, an electron-hole pair is generated. Generated
charges may thus be measured in order to provide a mea-
surement of the amount of detected light. Generated charges
may be transported towards a read-out circuitry 122, which
may be arranged on a substrate 120 on which the resonance
structures 102a, 1025, 102¢ are formed.

[0142] The spacer element 108 may be configured to form
the lower reflective element 106 or may be arranged
between the lower reflective element 104 and the photo-
sensitive element 114. This implies that charges generated
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by the photo-sensitive element 114 may need to be trans-
ported through the spacer element 108 towards the read-out
circuitry 122.

[0143] The spacer element 108 may alternatively be
arranged between the photo-sensitive element 114 and an
electrical contact element which controls flow of charges
away from the photo-sensitive element 114 such that charges
in the photo-sensitive element 114 do not affect further
detection of light by the photo-sensitive element 114. The
photo-sensitive element 114 may be arranged between two
electrical contact elements on opposite sides of the photo-
sensitive element 114. Thus, the spacer element 108 being
arranged between the photo-sensitive element 114 and an
electrical contact element may be arranged above the photo-
sensitive element 114, i.e., on an opposite side of the
photo-sensitive element 114 compared to the read-out cir-
cuitry 122.

[0144] The spacer element 108 may thus be configured to
enable flow of charges from the photo-sensitive element 114
through the spacer element 114. At least one of the first
material 110 and the second material 112 may be configured
to allow flow of charges through the spacer element 108.
Thus, a material may be used in the spacer element 108 both
for providing control of the resonance wavelength of the
resonance structure 102a, 10256, 102¢ and for providing flow
of charges through the spacer element 114.

[0145] The first material 110 of the spacer element 108
may be a semiconductor, which may provide conduction of
charges through the spacer element 108. For instance, the
first material 110 may be amorphous silicon.

[0146] The second material 112 of the spacer element 108
may be a dielectric material such that the second material
112 does not contribute to the flow of charges through the
spacer element 108. According to an alternative, the second
material 112 of the spacer element 108 may also be a
semiconductor such that both the first material 110 and the
second material 112 may contribute to the flow of charges
through the spacer element 108.

[0147] The first material 110 of the spacer element 108
may be a metal, such as copper. This implies that a high
conductivity of charges is provided through the spacer
element 108. Thus, efficient transport of charges through the
spacer element 108 may be provided, which may avoid or
reduce electrical variation in conduction of charges between
different resonance structures 102a, 1025, 102¢. Such elec-
trical variation may otherwise affect a signal representative
of detected light read out from the resonance structure 102a,
1025, 102¢.

[0148] Where the first material 110 of the spacer element
108 is a metal, the second material 112 of the spacer element
108 may be a dielectric material, such as silicon dioxide,
such that the second material 112 does not contribute to the
flow of charges through the spacer element 108. According
to an alternative, the second material 112 of the spacer
element 108 may be a semiconductor such that the second
material 112 may contribute to the flow of charges through
the spacer element 108.

[0149] According to another alternative, both the first
material 110 and the second material 112 of the spacer
element 108 may be metals. In such case, the spacer element
108 will be reflective, such that the spacer element 108
forms the lower reflective element 106. However, it should
be realized that the spacer element 108 may form the lower
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reflective element 106 even if the first material 110 or the
second material 112 is not a metal.

[0150] According to yet another alternative, both the first
material 110 and the second material 112 of the spacer
element 108 may be dielectric materials. In such case,
neither the first material 110 nor the second material 112 of
the spacer element 108 contributes to enabling a flow of
charges through the spacer element 108. The spacer element
108 may then comprise a third material, which is arranged
to extend through the spacer element 108 in each of the
resonance structures 102a, 1025, 102¢. The third material
may be electrically conductive, such as being a metal or a
semiconductor. The third material may be arranged in a
common manner in each of the resonance structures 1024,
1025, 102¢ such that conductivity of charges through the
spacer element 108 is equal for all of the resonance struc-
tures 102a, 1025, 102c.

[0151] According to yet another alternative, the spacer
element 108 may be arranged between the photo-sensitive
element 114 and the upper reflective element 104 such that
no flow of charges through the spacer element 108 is
necessary. Hence, the spacer element 108 may be arranged
between an electrical contact element and the upper reflec-
tive element 104. In such case, both the first material 110 and
the second material 112 of the spacer element 108 may be
dielectric materials. However, the spacer element 108 may
still provide flow of charges through the spacer eclement 108
even though the flow of charges does not contribute to
electrical function of the light sensor 100.

[0152] The lower reflective element 106, the spacer ele-
ment 108, the photo-sensitive element 114 and the upper
reflective element 108 may form a stack of layers, wherein
each element is formed by one or more layers having a large
extension in a plane and a small thickness transverse to the
plane. The layers are arranged with the planes stacked on
each other such that the planes are mutually unique and
parallel to each other.

[0153] The stack of layers may be formed on a substrate
120 carrying the read-out circuitry 122 such that the planes
of the layers are arranged parallel to a surface of the
substrate 120 with the lower reflective element 106 being
arranged closest to the substrate 120.

[0154] The lower reflective element 106 may be patterned
in the plane such that separate areas of the lower reflective
element 106 may be formed and are separated in a direction
parallel to the planes of the stack. The separate areas of the
lower reflective element 106 may define separate resonance
structures 102a, 1025, 102¢ through the stack of layers,
where the resonance structures 102a, 1025, 102¢ are also
separated in a direction parallel to the planes of the stack.
[0155] The spacer element 108 may also be patterned in
that the spacer element 108 comprises different distributions
of the first material 110 and the second material 112 in a
direction parallel to the plane of the spacer element 108. The
distributions of the first material 110 and the second material
112 is aligned with the separate areas of the lower reflective
element 106 such that arrangement of the spacer element
108 for controlling the resonance wavelength is aligned with
the respective resonance structure 102a, 10254, 102c¢.
[0156] The substrate 120 carrying read-out circuitry 122
may be manufactured in a semiconductor fabrication plant
using conventional semiconductor processing steps. The
substrate 120 may be provided with back end of line (BEOL)
metal layers in order to interconnect components, such as
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transistors, formed on the substrate, so as to define the
read-out circuitry 122 and also provide access to the read-
out circuitry 122. The BEOL metal layers are arranged
above the components on the substrate 120.

[0157] A topmost BEOL metal layer may be used for
forming the lower reflective element 106. The BEOL layer
is anyway formed by metal, which is highly reflective. The
metal of the BEOL layer may thus be patterned to define
separate areas for the resonance structures 1024, 1025, 102c.
[0158] Each of the separate areas of the BEOL layer may
be connected to separate parts of the read-out circuitry 122
such that signals from each of the resonance structures 1024,
1025, 102¢ may be separately read out.

[0159] The spacer element 108 comprises small structures
for forming the desired distribution of the first material 110
and the second material 112, such as forming a metamate-
rial. Thus, the forming of the spacer element 108 may
involve high precision patterning steps, such as lithography,
and the spacer element 108 may advantageously be formed
on the BEOL metal layer in the semiconductor fabrication
plant.

[0160] The photo-sensitive element 114 and layers
arranged above the photo-sensitive element 114 (i.e., on an
opposite side of the photo-sensitive element 114 than the
spacer element 108) need not include small structures and
thus need not involve high precision lithography steps in
manufacturing. Rather, these layers may be formed by
thin-film deposition, such as using spin coating.

[0161] The photo-sensitive element 114 and the upper
reflective element 104 may be formed by continuous layers,
which may extend continuously over the resonance struc-
tures 102a, 10254, 102¢. The resonance structures 102a,
1026, 102¢ may still be accurately defined by the lower
reflective element 106 and the spacer element 108.

[0162] Availability of thin-film deposition for manufac-
turing of the photo-sensitive element 114 allows many
different materials to be used in the photo-sensitive element
114. The photo-sensitive element 114 need not be configured
to withstand later steps for patterning structures above the
photo-sensitive element 114.

[0163] The photo-sensitive element 114 may for example
include colloidal quantum dots, such as PbS, PbSe, InAs,
InAsSbh, HgTe. In other embodiments, the photo-sensitive
element 114 may include an organic material, a perovskite
material, or a semiconductor material. Such materials, in
particular colloidal quantum dots, may be particularly sen-
sitive to later steps involving high precision patterning.

[0164] Availability of many different materials to be used
in the photo-sensitive element 114 also allows the photo-
sensitive element 114 to be sensitive to wavelengths extend-
ing outside visible light. Thus, although the light sensor 100
may be configured to detect visible light, the light sensor 100
may in other embodiments be configured to detect infrared
light, such as SWIR light or MWIR light.

[0165] Thanks to the spacer element 108 being arranged
below the photo-sensitive element 114 (closer to the sub-
strate 120), high precision patterning steps need not be
performed after the photo-sensitive element 114 is formed.
Further, thanks to the spacer element 108 being configured
to enable flow of charges from the photo-sensitive element
114, signals representative of the amount of detected light
may still be transferred from the photo-sensitive element 114
for read out.
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[0166] However, as mentioned above, the spacer element
108 may in some embodiments be arranged above the
photo-sensitive element 114. In such case, the spacer ele-
ment 108 may need to be carefully formed in order not to
damage the photo-sensitive element 114. Alternatively, the
photo-sensitive element 114 may be formed in another way,
such as using bulk semiconductor technology. Thus, the
photo-sensitive element 114 may not be as sensitive to later
steps of forming the spacer element 108. According to
another alternative, the spacer element 108 may be formed
on a separate, temporary substrate and may be transferred
from the temporary substrate to be arranged above the
photo-sensitive element 114 so as to avoid patterning of the
spacer element 108 on the photo-sensitive element 114.

[0167] A thickness of the spacer element 108 may be in a
range of 50-500 nm, and more preferably in a range of
100-300 nm. If the spacer element 108 is relatively thick,
there is a higher degree of freedom in controlling the
resonance wavelength of the resonance structures 102a,
1024, 102¢. However, if the spacer element 108 is too thick,
flow of charges through the spacer element 108 may not be
sufficiently efficient. If a metal is used for providing flow of
charges through the spacer element 108, the spacer element
108 may be allowed to be thicker compared to if a semi-
conductor material is used for providing flow of charges,
since the metal provides a high electrical conductivity.

[0168] As mentioned above, the photo-sensitive element
114 may be configured to generate charges in response to
absorbing light. Thus, electron-hole pairs may be generated.

[0169] The stack of layers may further include electrical
contact elements 130, 132 on opposite sides of the photo-
sensitive element 114. Thus, a first electrical contact element
130 may be arranged between the lower reflective element
106 and the photo-sensitive element 114 and a second
electrical contact element 132 may be arranged between the
upper reflective element 104 and the photo-sensitive element
114.

[0170] Each of the electrical contact elements 130, 132
may be in electrical contact with the photo-sensitive element
114. The electrical contact elements 130, 132 may define
potentials on opposite sides of the photo-sensitive element
114 for driving charges generated by absorbance of light
from the photo-sensitive element 114 towards the electrical
contact elements 130, 132. Potential may be set such that
electrons are driven in one direction and holes are driven in
the opposite direction.

[0171] The stack of layers may further include transport
layers 134, 136 on opposite sides of the photo-sensitive
element 114. The transport layers 134, 136 may be in direct
contact with the photo-sensitive element 114. The transport
layers 134, 136 may be configured to transport charges of
different types, such that a first transport layer 134 may be
an electron transport layer and a second transport layer 136
may be a hole transport layer. Thus, the electron transport
layer 134 may be arranged between the lower reflective
element 106 and the photo-sensitive element 114, whereas
the hole transport layer 136 may be arranged between the
upper reflective layer 104 and the photo-sensitive element
114. However, it should be realized that the electron trans-
port layer and the hole transport layer may alternatively be
arranged with the hole transport layer below the photo-
sensitive element 114 and the electron transport layer above
the photo-sensitive element 114.
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[0172] The transport layers 134, 136 may be configured to
efficiently transport charges away from the photo-sensitive
element 114. This implies that charges may be quickly
transported away from the photo-sensitive element 114 such
that charges in the photo-sensitive element 114 do not affect
further detection of light by the photo-sensitive element 114.
Thus, the transport layers 134, 136 may contribute to
performance of light detection of the light sensor 100 and
reduce noise.

[0173] The transport layers 134, 136 may be configured to
mainly transport charges through the transport layers 134,
136. Thus, charges may be transported by the transport
layers 134, 136 in a direction transverse to the planes of the
transport layers 134, 136. This implies that the transport
layers 134, 136 will not provide transport of charges in a
direction parallel to the planes of the transport layers 134,
136 such that the transport layers 134, 136 may be arranged
to extend continuously in the layers 134, 136 extending
across the resonance structures 102a, 1025, 102¢ without
crosstalk occurring between the resonance structures 102a,
1025, 102¢.

[0174] The first electrical contact element 130 need not
necessarily be arranged between the lower reflective element
106 and the photo-sensitive element 114. Instead, the top-
most metal layer on the substrate 120 may form both the
lower reflective element 106 and the first electrical contact
element 130.

[0175] Also, the second electrical contact element 132
need not necessarily be arranged between the upper reflec-
tive element 104 and the photo-sensitive element 114.
Instead, the second electrical contact element 132 may also
form the upper reflective element 104.

[0176] The first electrical contact element 130 and the
second electrical contact element 132 may be configured to
control functionality of the resonance structures 102a, 1025,
102¢. Thus, the first electrical contact element 130 and the
second electrical contact element 132 may, for instance,
apply an electrical bias to the photo-sensitive elements 114,
control signal read-out, control reset of signals, etc.

[0177] The first electrical contact element 130 may be
patterned such that separate areas are formed for each of the
resonance structures 102a, 1025, 102¢. The second electrical
contact element 132 may be arranged to extend continuously
across the resonance structures 102a, 10254, 102c¢.

[0178] The first electrical contact element 130 and the
second electrical contact element 132 may thus be arranged
within the resonance structures 102a, 1025, 102¢ between
the upper reflective element 104 and the lower reflective
element 106. Thus, the first electrical contact element 130
and the second electrical contact element 132 may be
formed from a transparent material, such as indium tin oxide
ITO).

[0179] However, if the first electrical contact element 130
and/or the second electrical contact element 132 form part of
the lower reflective element 106 and the upper reflective
element 104, respectively, layer(s) of an at least partly
reflective material may be used. The first electrical contact
element 130 may be formed by the topmost metal layer on
the substrate 120. The second electrical contact element 132
may for instance be formed by a partly reflective ITO, by a
thin metal layer, by a stack of layers including ITO and a
metal, such as an [TO/silver (Ag)/ITO stack, or by a stack
comprising nano-sheet, such as graphene, graphene oxide,
or metal nanowires.
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[0180] The spacer element 108 may have different distri-
bution of the first material 110 and the second material 112
between different resonance structures 102a, 1025, 102¢. If
the first material 110 and/or the second material 112 is used
for enabling flow of charges through the spacer element 108,
non-uniformities in conduction of charges from the photo-
sensitive element 114 may be observed between resonance
structures 102a, 1025, 102¢. In order to reduce non-unifor-
mities, a current-spreading layer may be used. The current-
spreading layer may be arranged between the first transport
layer 134 and the spacer element 108, or the current-
spreading layer may form the first transport layer 134.

[0181] The current-spreading layer may be configured to
spread charges in a direction parallel to the plane of the
current-spreading layer to ensure that charges can be effec-
tively collected and transported through the spacer element
108, regardless of the distribution of the first material 110
and the second material 112 in the spacer element 108.

[0182] The current-spreading layer may be patterned such
that separate areas of the current-spreading layer are formed
for different resonance structures 102a, 1025, 102¢ so as to
avoid crosstalk between the resonance structures 102a,
1025, 102¢.

[0183] The current-spreading layer may comprise a semi-
conductor, such as amorphous silicon, a transparent oxide,
such as ITO, indium gallium zinc oxide or indium tin zinc
oxide, and/or a nanosheet, such as graphene, graphene
oxide, or metal nanowires.

[0184] The upper reflective element 104 may be formed
by multiple layers forming a distributed Bragg reflector
(DBR). A DBR may provide a high reflectivity with low
optical losses.

[0185] The use of a DBR as the upper reflective element
104 (instead of the second electrical contact element 132
being reflective) may ensure that a high reflectivity is
provided. This implies that the resonance structures 102a,
1024, 102¢ may be configured to define very narrow wave-
length bands for which light is detected by the photo-
sensitive element 114.

[0186] Each resonance structure 102a, 1025, 102¢ may
enable read-out of a separate signal representative of an
amount of detected light by the photo-sensitive element 114
in the respective resonance structure 102a, 1025, 102¢. As
such, one resonance structure 102a, 1025, 102¢ may be seen
as corresponding to one pixel in an array of pixels, in that the
resonance structure 102q, 1025, 102¢ provides separate
information content.

[0187] Information of the amount of detected light may be
read out by the read-out circuitry 122 such that separate
signals may be read out for the different resonance structures
102a, 1025, 102¢ (pixels). However, it should be understood
that the information from each pixel need not necessarily be
separately represented when information is further pro-
cessed by the read-out circuitry 122 or by further processing
of the detected light.

[0188] The array of pixels may be configured to detect
light of a plurality of different wavelengths. Thus, the light
sensor may be used for detecting spectral information,
which may for instance be used for analysis of chemical
substances.

[0189] The array of pixels may be configured to be one-
dimensional. This may be used when spectral information is
to be detected but no spatial information is detected.
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[0190] The array of pixels may be configured to be two-
dimensional. This may be used when spectral information is
to be detected together with spatial information. In such
case, the pixels may be arranged in groups comprising a
sub-set of pixels configured to detect different wavelengths
of light, wherein the groups are repetitively arranged in the
array of pixels such that the light sensor 100 is configured to
provide imaging with spatial and spectral resolution. The
light sensor 100 may thus form an image sensor.

[0191] Referring now to FIG. 2, an embodiment for pro-
viding distribution of the first material 110 and the second
material 112 is discussed. FIG. 2 is a top view of the spacer
element 108 for a plurality of resonance structures 102a,
1025, 1024, 102e.

[0192] The spacer element 108 may comprise a first region
1134 and a second region 114a associated with each reso-
nance structure 102q, 1025, 102d, 102e. The first region
1134 and the second region 1135 may be arranged in areas
which are defined in a common manner for all resonance
structures 102a, 1025, 1024, 102e.

[0193] The first region 113a may be completely filled by
the first material 110, which may provide flow of charges
through the spacer element 108. For example, as shown in
FIG. 2, the first region 113a may surround the second region
1135, e.g., forming a ring around the second region 1135.
This implies that electric field is evenly distributed for the
resonance structures 102a, 1025, 1024, 102¢ in the plane of
the spacer element 108, which ensures efficient charge
collection by the spacer element 108.

[0194] According to an alternative, a plurality of vias may
be arranged in a fixed pattern in the first region 113a,
wherein the vias are filled by the first material 110 for
providing flow of charges through the spacer element 108.

[0195] The distribution of the first material 110 and the
second material 112 in the second region 1135 may then
control the resonance wavelength of the resonance structure
102a, 1025, 1024, 102¢ such that the distribution of the first
material 110 and the second material 112 in the second
region 1135 may be different for different resonance struc-
tures 102a, 1025, 1024, 102e.

[0196] It should be further realized that, if a third material
of the spacer element 108 is used, the third material may be
provided in the first region 113a. Thus, the third material
may enable flow of charges through the spacer element 108
in a common manner for all resonance structures 102a,
1025, 1024, 102e.

[0197] The first material 110 and the second material 112
may then be arranged in the second region 1135 with
different distributions of the first material 110 and the second
material 112 in order to control the resonance wavelength of
the resonance structures 102a, 10254, 1024, 102e.

[0198] Referring now to FIG. 3, another embodiment for
providing distribution of the first material 110 and the
second material 112 is discussed. FIG. 3 is a top view of the
spacer element 108 for a resonance structure 102f.

[0199] As indicated in FIG. 3, structures of the first
material 110 need not extend through the entire spacer
element 108. Thus, height of the structures of the first
material 110 may be varied, which may be used as a further
parameter for controlling resonance wavelength of the reso-
nance structure 102f.
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[0200] It should be realized that structures of the first
material 110 and/or the second material 112 need not extend
through the entire spacer element 108 and may be varied in
height.

[0201] As further illustrated in FIG. 3, a structure 109 is
extending through the entire thickness of the spacer element
108 for providing flow of charges through the spacer ele-
ment 108. For instance, a structure in the first region 113a of
the spacer element 108 may extend through the entire
thickness of the spacer element 108, whereas structures in
the second region 1135 of the spacer element 108 may be
provided with variable height.

[0202] Thus, the embodiment in FIG. 3 for providing
variable height of structures may be advantageously com-
bined with the embodiment in FIG. 2, where a first region
1134 and a second region 1135 is defined for the spacer
element 108 in each resonance structure.

[0203] Referring now to FIG. 4, a method for manufac-
turing a light sensor 100 where the spacer element 108 is
arranged below the photo-sensitive element 114 will be
described.

[0204] The light sensor 100 may be manufactured on a
substrate 120 carrying read-out circuitry 122. The substrate
120 carrying read-out circuitry 122 may comprise an inte-
grated circuit which is manufactured on a substrate using
semiconductor manufacturing technology. This may involve
forming components of the read-out circuitry 122 in comple-
mentary metal-oxide-semiconductor (CMOS) technology.
The components may then be connected by BEOL metal
layers formed on the components.

[0205] A topmost BEOL layer may be patterned on the
substrate 120 so as to define electrodes which may be used
for receiving a signal for a pixel of the light sensor 100,
which may further be read by the read-out circuitry. Thus,
the topmost BEOL layer may be patterned with separate
areas, wherein each area is associated with a pixel of the
light sensor 100. The patterning of the topmost BEOL layer
may be provided by conventional semiconductor fabrication
technology.

[0206] The topmost BEOL layer comprises a metal and is
hence reflective to light. Thus, the topmost BEOL layer may
form a lower reflective element of the light sensor 100,
wherein each separate area of the BEOL layer forms a lower
reflective element for an individual pixel of the light sensor
100.

[0207] The method comprises forming 202 a spacer ele-
ment 108 on a surface of the substrate 120. The spacer
element 108 forms a layer arranged on the surface of the
substrate 120 and parallel therewith. The spacer element 108
is configured to be arranged in contact with the topmost
BEOL layer on the substrate 120.

[0208] The spacer element 108 according to any of the
embodiments discussed above may be formed. Thus, the
spacer element 108 comprises at least two different materials
110, 112, which are distributed in a direction of a plane
parallel to the surface of the substrate 120. The distribution
of the at least two different materials 110, 112 may control
a resonance wavelength of pixels of the light sensor 100,
such that the spacer element 108 has different distributions
of the at least two different materials 110, 112 for different
pixels so as to define different resonance wavelengths.

[0209] The spacer element 108 may be configured to be
aligned with the patterned topmost BEOL layer such that the
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distribution of the materials 110, 112 for a particular pixel is
associated with the corresponding separate area of the
topmost BEOL layer.

[0210] The spacer clement 108 is further configured to
enable flow of charges through the spacer element 108
according to any of the embodiments described above. The
spacer element 108 may thus allow charges to flow through
the spacer element 108 to reach the electrode of the topmost
BEOL layer.

[0211] The spacer element 108 may form the lower reflec-
tive element 106 of the pixels of the light sensor 100.
Alternatively, a layer on the substrate 120, such as the
topmost BEOL layer may form the lower reflective element
106 such that the spacer element 108 is arranged on the
lower reflective element 106.

[0212] The forming of the spacer element 108 involves
defining small structures in the spacer element 108. The
spacer element 108 may form a metamaterial having geo-
metric structures and/or distances between geometric struc-
tures that are smaller than a wavelength to be detected by the
light sensor 100, such as smaller than 1 um when infrared
light is to be detected.

[0213] The forming of the spacer element 108 may thus
involve steps for defining very small structures, such as
using lithography, etching, and several steps of depositing
material. The forming of the spacer element 108 may
advantageously be performed at a semiconductor fabrication
plant, at which the substrate 120 has also been produced.
Equipment required for defining the small structures of the
spacer element 108 are readily available at the semiconduc-
tor fabrication plant.

[0214] The method further comprises planarizing 204 the
spacer element 108. A smooth top surface of the spacer
element 108 may thus be formed after the patterning steps
for defining structures of the spacer element 108 have been
performed. Thus, the spacer element 108 may provide a flat
top surface, which facilitates forming of layers above the
spacer element 108.

[0215] The planarizing of the spacer element 108 may for
instance be achieved by chemical mechanical polishing
(CMP).

[0216] The method may further comprise forming 206 a
current-spreading layer on the spacer element 108. The
current-spreading layer may be optionally used. The current-
spreading layer may form a layer arranged on the surface of
the spacer element 108 and parallel therewith.

[0217] The current-spreading layer may provide spreading
of charges along a direction parallel to a plane of the
current-spreading layer. The current-spreading layer may
thus ensure that charges can be effectively collected and
transported through the spacer element 108, regardless of the
distribution of the at least two materials 110, 112 in the
spacer element 108.

[0218] The current-spreading layer may be patterned such
that separate areas of the current-spreading layer are formed
for different pixels of the light sensor 100. The separate areas
of the current-spreading layer may be configured to be
aligned with the distribution of the materials 110, 112 of the
spacer element 108 for a particular pixel.

[0219] The current-spreading layer may not involve as
small structures as the spacer element 108. Nevertheless,
forming of the current-spreading layer may involve pattern-
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ing steps, such as using lithography and etching, which may
be provided by equipment readily available at the semicon-
ductor fabrication plant.

[0220] The current-spreading layer may further be planar-
ized to provide a smooth, flat top surface on which further
layers are formed.

[0221] The method may further comprise forming a first
electrical contact element 130. The first electrical contact
element 130 may provide electrical contact with a photo-
sensitive element 114 of the light sensor 100 and may
control a photodiode in which light is detected.

[0222] The topmost BEOL layer may form the first elec-
trical contact element 130. However, according to an alter-
native, the first electrical contact element 130 is formed in
a separate layer. The first electrical contact element 130 may
be formed on the spacer element 108, possibly between the
spacer element 108 and the current-spreading layer if a
current-spreading layer is present. The first electrical contact
element may form a layer arranged on the surface of the
spacer element 108 and parallel therewith.

[0223] The first electrical contact element 130 may be
patterned such that separate areas of the first electrical
contact element 130 are formed for different pixels of the
light sensor 100. The separate areas of the first electrical
contact element 130 may be configured to be aligned with
the distribution of the materials 110, 112 of the spacer
element 108 for a particular pixel.

[0224] The first electrical contact element 130 may not
involve as small structures as the spacer element 108.
Nevertheless, forming of the first electrical contact element
130 may involve patterning steps, such as using lithography
and etching, which may be provided by equipment readily
available at the semiconductor fabrication plant.

[0225] The first electrical contact element 130 may further
be planarized to provide a smooth, flat top surface on which
further layers are formed.

[0226] The method may further comprise forming 208 a
first transport layer 134 above the spacer element 108, such
as on the first electrical contact element 130 or on the
current-spreading layer. The first transport layer 134 is
configured to transport a particular type of charges, such as
electrons. The first transport layer 134 may thus be formed
by a suitable material.

[0227] According to an alternative, the current-spreading
layer may also form the first transport layer 134 such that no
separate first transport layer 134 may be needed.

[0228] However, where the first transport layer 134 is
separate from the current-spreading layer or where no cur-
rent-spreading layer is used, the first transport layer 134 may
be formed as a continuous layer extending over an entire
area in which the light sensor 100 is to be formed. The first
transport layer 134 may form a layer arranged on the surface
of the spacer element 108 and parallel therewith.

[0229] The first transport layer 134 may be configured to
mainly transport charges in a direction transverse through a
plane of the first transport layer 134. Thus, there may be no
need in patterning of the first transport layer 134 in order to
avoid crosstalk between pixels.

[0230] Thus, the first transport layer 134 may be formed
by thin-film deposition. This may provide a possibility to use
materials which do not need to be adapted for use with
semiconductor processing steps.

[0231] All following steps of producing layers may be
provided by thin-film deposition, such that a semiconductor
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fabrication plant need not be used for the forming of the first
transport layer 134 and the following steps. However, it
should be realized that other manners of depositing material
to form the layers may be used.

[0232] The method further comprises forming 210 a
photo-sensitive element 114 above the spacer element 108.
The photo-sensitive element 114 may for instance be formed
directly on the spacer element 108 or may be formed on the
first transport layer 134 if the first transport layer 134 is
present.

[0233] The photo-sensitive element 114 is configured to
absorb light and generate electron-hole pairs in response to
light being absorbed. The first transport layer 134 may thus
be formed by a suitable material in dependence of wave-
lengths of light to be detected. For instance, the photo-
sensitive element 114 may include colloidal quantum dots.
[0234] The photo-sensitive element 114 may be formed as
a continuous layer extending over an entire area in which the
light sensor 100 is to be formed. The photo-sensitive ele-
ment 114 may form a layer arranged on the surface of the
spacer element 108 and parallel therewith.

[0235] For instance, the photo-sensitive element 114 may
be formed by thin-film deposition. This may provide a
possibility to use materials which do not need to be adapted
for use with semiconductor processing steps.

[0236] The method may further comprise forming 212 a
second transport layer 136 on the photo-sensitive element
114. The second transport layer 136 is configured to trans-
port a particular type of charges having an opposite sign to
the charges transported by the first transport layer 134. For
instance, the second transport layer 136 may be configured
to transport holes. The second transport layer 136 may thus
be formed by a suitable material.

[0237] The second transport layer 136 may be formed as
a continuous layer extending over an entire area in which the
light sensor 100 is to be formed. The second transport layer
136 may form a layer arranged on the surface of the
photo-sensitive element 114 and parallel therewith.

[0238] The second transport layer 136 may be configured
to mainly transport charges in a direction transverse through
a plane of the second transport layer 136. Thus, there may
be no need in patterning of the second transport layer 136 in
order to avoid crosstalk between pixels.

[0239] Thus, the second transport layer 136 may be
formed by thin-film deposition. This may provide a possi-
bility to use materials which do not need to be adapted for
use with semiconductor processing steps.

[0240] The method may further comprise forming 214 a
second electrical contact element 132. The second electrical
contact element 132 may provide electrical contact with the
photo-sensitive element 114 and may together with the first
electrical contact element 130 control a photodiode in which
light is detected. Since the first electrical contact element
130 may be patterned, there may be no need for patterning
of the second electrical contact element 132.

[0241] The second electrical contact element 132 may be
formed as one or more continuous layers extending over an
entire area in which the light sensor 100 is to be formed. The
second electrical contact element 132 may form a layer
arranged on the surface of the second transport layer 136 or
on the surface of the photo-sensitive element 114 and
parallel therewith.

[0242] The second electrical contact element 132 may be
formed by thin-film deposition.
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[0243] The method further comprises forming 216 an
upper reflective element 104 above the photo-sensitive ele-
ment 114, such as forming the upper reflective element 104
on the second electrical contact element 132. However,
according to an alternative, the upper reflective element 104
may also form the second electrical contact element 132
such that the forming of the upper reflective element 104
may simultaneously form the second electrical contact ele-
ment 132.

[0244] The upper reflective element 104 may be formed as
one or more continuous layers extending over an entire area
in which the light sensor 100 is to be formed. The upper
reflective element 104 may form a layer arranged above the
surface of the photo-sensitive element 114 and parallel
therewith.

[0245] For instance, the upper reflective element 104 may
be formed by thin-film deposition. This may provide a
possibility to use materials which do not need to be adapted
for use with semiconductor processing steps. The upper
reflective element 104 may be formed by a plurality of layers
arranged on top of each other for forming a DBR.

[0246] The stack of layers formed as described above
define resonance structures 102a, 10254, 102¢ between the
upper reflective element 104 and the lower reflective ele-
ment 106 for providing resonance of light dependent on the
wavelength of light. The spacer element 108 is configured to
control the resonance wavelength.

[0247] The forming of a pattern of the lower reflective
element 106 and/or the spacer element 108 may define
pixels that extend through the stack of layers and are spaced
apart in a direction parallel to the planes of the layers. The
pixels may thus be defined by the lower reflective element
106 and/or the spacer element 108, whereas other elements
of'the light sensor 100 need not be patterned and may extend
continuously over the entire area of the light sensor 100.
[0248] In the above the inventive concept has mainly been
described with reference to a limited number of examples.
However, as is readily appreciated by a person skilled in the
art, other examples than the ones disclosed above are equally
possible within the scope of the inventive concept, as
defined by the appended claims.

1. A light sensor for spectrally resolved light detection,

said light sensor comprising:

an upper reflective element;

a lower reflective element;

a photo-sensitive element arranged between the upper
reflective element and the lower reflective element;

a spacer element, which is configured to form the lower
reflective element or is arranged between the upper
reflective element and the lower reflective element;

wherein the elements form a stack of layers with the
elements arranged in mutually unique planes, parallel
to each other, and wherein the stack of layers define a
resonance structure between the upper reflective ele-
ment and the lower reflective element for providing a
resonance of light dependent on a wavelength of the
light;

wherein the spacer element comprises at least two differ-
ent materials, wherein a distribution of the at least two
different materials in a direction parallel to a plane of
the spacer element is different between different pixels
in an array of pixels of the light sensor such that a
resonance wavelength is different for different pixels;
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wherein, for a plurality of pixels in the array of pixels,
geometrical structures having a size smaller than the
resonance wavelength are defined by the at least two
different materials; and

wherein, for a plurality of pixels in the array of pixels, the
spacer element is formed as a metamaterial, wherein
periodicity of the geometrical structures is sufficiently
low such that light diffraction of the resonance wave-
length is not caused by the metamaterial.

2. The light sensor according to claim 1, wherein the
distribution of the at least two different materials controls an
effective refractive index of the spacer element.

3. The light sensor according to claim 1, wherein the
spacer element is configured to enable flow of charges from
the photo-sensitive element through the spacer element.

4. The light sensor according to claim 3, wherein a first
material of the at least two different materials is configured
to enable flow of charges through the spacer element and
wherein the first material of the spacer element is semi-
conductive.

5. The light sensor according to claim 1, wherein the light
sensor is configured to receive light to be detected through
the upper reflective element.

6. The light sensor according to claim 1, wherein the first
material of the spacer element is a metal, semiconductor, or
a dielectric material and a second material of the at least two
different materials of the spacer element is a metal, a
semiconductor, or a dielectric material.

7. The light sensor according to claim 1, wherein, for each
pixel, the spacer element comprises a first region and a
second region, and wherein the first material is arranged in
the first region in a common manner for all pixels, and
wherein the distribution of the at least two different materials
in the second region is different between different pixels.

8. The light sensor according to claim 7, wherein a height
of structures of at least one of the two different materials in
the second region is different between different pixels.

9. The light sensor according to claim 1, wherein the
photo-sensitive element comprises quantum dots, config-
ured to detect infrared light, such as short-wave infrared,
SWIR, light, or mid-wave infrared, MWIR, light.

10. The light sensor according to claim 1, further com-
prising a substrate carrying read-out circuitry for reading out
signals from the photo-sensitive element for each pixel
representative of an amount of detected light, wherein the
stack of layers is arranged on the substrate with the photo-
sensitive element arranged between the substrate and the
upper reflective element.

11. The light sensor according to claim 10, wherein the
lower reflective element is formed by a metal layer arranged
on the substrate.

12. The light sensor according to claim 1, wherein the
upper reflective element is formed by multiple layers form-
ing a distributed Bragg reflector.

13. The light sensor according to claim 1, further com-
prising an electrical contact element in the stack of layers,
wherein the electrical contact element is configured to form
part of the upper reflective element or is configured to be
arranged between the upper reflective element and the
photo-sensitive element and which is configured to form
electrical contact with the photo-sensitive element.
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14. The light sensor according to claim 1, further com-
prising a first transport layer and a second transport layer
arranged on opposite sides of the photo-sensitive element in
the stack of layers.
15. The light sensor according to claim 1, wherein pixels
are arranged in groups comprising a sub-set of pixels
configured to detect different wavelengths of light, wherein
the groups are repetitively arranged in the array of pixels
such that the light sensor is configured to provide imaging
with spatial and spectral resolution.
16. A method for manufacturing a light sensor, said
method comprising:
forming a spacer element on a surface of a substrate
carrying read-out circuitry, wherein the spacer element
comprises at least two different materials distributed in
a direction of a plane parallel to the surface of the
substrate, wherein the spacer element forms a lower
reflective element or is arranged on a layer of the
substrate forming a lower reflective element;

planarizing the spacer element to form a smooth top
surface of the spacer element;

forming a photo-sensitive element above the top surface

of the spacer element;

forming an upper reflective element above the photo-

sensitive element;

wherein the elements form a stack of layers with the

elements arranged in mutually unique planes, parallel
to each other, and wherein the stack of layers define a
resonance structure between the upper reflective ele-
ment and the lower reflective element for providing a
resonance of light dependent on a wavelength of the
light;

wherein the spacer element comprises at least two differ-

ent materials, wherein a distribution of the at least two
different materials in a direction of a plane of the spacer
element is different between different pixels in an array
of pixels of the light sensor such that a resonance
wavelength is different for different pixels;

and wherein the spacer element is configured to enable

flow of charges from the photo-sensitive element
through the spacer element.

17. A light sensor for spectrally resolved light detection,
said light sensor comprising:

an upper reflective element;

a lower reflective element;

a photo-sensitive element arranged between the upper

reflective element and the lower reflective element;
a spacer element, which is arranged between the upper
reflective element and the lower reflective element;

wherein the elements form a stack of layers with the
elements arranged in mutually unique planes, parallel
to each other, and wherein the stack of layers define a
resonance structure between the upper reflective ele-
ment and the lower reflective element for providing a
resonance of light dependent on a wavelength of the
light;

wherein the spacer element comprises at least two differ-

ent materials, wherein a distribution of the at least two
different materials in a direction parallel to a plane of
the spacer element is different between different pixels
in an array of pixels of the light sensor such that a
resonance wavelength is different for different pixels;



US 2023/0375406 Al Nov. 23,2023
17

wherein, for a plurality of pixels in the array of pixels,
geometrical structures having a size smaller than the
resonance wavelength are defined by the at least two
different materials.
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