(19)

US 20220252909A1

a2y Patent Application Publication o) Pub. No.: US 2022/0252909 A1

United States

DE PROFT et al.

43) Pub. Date: Aug. 11, 2022

(54)

(71)

(72)

@
(22)

(86)

(30)

Jul. 24, 2019

(1)

AN OPTICAL DEVICE FOR MODULATING
INCIDENT LIGHT

Applicants: IMEC VZW, Leuven (BE);
KATHOLIEKE UNIVERSITEIT
LEUVEN, Leuven (BE)

Inventors: Anabel DE PROFT, Leuven (BE);
Xavier ROTTENBERG, Kessel-Lo
(BE); Kristof LODEWILIKS, Wilsele
(BE)

Appl. No.:  17/628,657

PCT Filed: Jul. 9, 2020

PCT No.:

§ 371 (e)(D),
(2) Date:

PCT/EP2020/069427

Jan. 20, 2022
Foreign Application Priority Data

(EP) e
Publication Classification

Int. CL.

GO2F 1101
GO3H 1/02
GO3H 122

19188130.9

(2006.01)
(2006.01)
(2006.01)

131

112

114

121

(52) US.CL
CPC oo GO2F 1/0147 (2013.01); GO3H 1/02
(2013.01); GO3H 1/2294 (2013.01); GO2F
2202/30 (2013.01); GO3H 2225/32 (2013.01);
GO3H 2001/0224 (2013.01); GO3H 2225/12
(2013.01); GO3H 2225/22 (2013.01); GO2F
2203/15 (2013.01)

(57) ABSTRACT

According to an aspect of the present inventive concept
there is provided an optical device (1) for modulating
incident light (L), comprising a resonance defining layer
structure (110) comprising an optical state change material
(112), and an electrode layer (120) comprising at least two
spaced-apart electrode elements (121, 122, 123). The elec-
trode elements are individually addressable and arranged to
cause an optical state change of a portion of the optical state
change material between a first state and a second state,
wherein the portion forms a geometric structure (131, 132,
133, 134, 135, 136) defined by the arrangement of the at
least two spaced-apart electrode elements. The optical state
change material is configured to alter an optical response of
the optical device upon the optical state change between the
first state and the second state, thereby determining the
modulation of the incident light.
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AN OPTICAL DEVICE FOR MODULATING
INCIDENT LIGHT

TECHNICAL FIELD

[0001] The present inventive concept relates to an optical
device for modulating incident light. The present inventive
concept further relates to a method a method of modulating
light incident to the optical device.

BACKGROUND

[0002] A holographic image is formed by controlling a
light field in three dimensions. This is typically done by an
array of optical devices, which each have an optical
response, i.e. a specific way of altering incident light, to
provide at least a part of a light field. To form an optical
response, the optical device may have a metasurface con-
sisting of arrays of sub-wavelength features.

[0003] When a holographic image is to be changed with
time, for instance to create a series of holographic images or
to generate a holographic video, the optical response of the
array of optical devices may need to be altered. In this
regard, it is known to provide an array of optical devices,
which each have a separate addressing port and can be
changed electrically, by a laser, or the like.

[0004] To obtain a sufficiently high efficiency, i.e. in terms
of a ratio of modulated light to incident light, phase modu-
lation is typically preferred over amplitude modulation. It is
known in the field of metasurfaces to use modulation such
as a Pancharatnam-Berry (PB) phase modulation scheme, in
which the phase of the light is determined by the geometry
over which the light is propagating, rather than the distance.
It is however a challenging task to alter the optical properties
between different states of such metasurfaces, and in par-
ticular for visible light applications which require feature
sizes of less than a micrometre.

SUMMARY

[0005] An objective of the present inventive concept is
thus to provide an optical device, whose optical response can
be altered individually and reversibly to change the modu-
lation of incident light whilst maintaining the overall effi-
ciency.

[0006] This and other objectives of the invention are at
least partly met by the invention as defined in the indepen-
dent claims. Preferred embodiments are set out in the
dependent claims.

[0007] According to a first aspect of the present inventive
concept there is provided an optical device for modulating
incident light, comprising:

[0008] a resonance defining layer structure comprising an
optical state change material;

[0009] an electrode layer comprising at least two spaced-
apart electrode elements;

[0010] wherein said electrode elements are individually
addressable and arranged to cause an optical state change of
a portion of the optical state change material between a first
state and a second state;

[0011] wherein said portion forms a geometric structure
defined by the arrangement of the at least two spaced-apart
electrode elements,

[0012] wherein the optical state change material is con-
figured to alter an optical response of the optical device upon
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the optical state change between the first state and the second
state, said optical response determining the modulation of
the incident light.

[0013] Thereby, the optical response of the optical device
may be altered by applying a voltage difference to the at
least two electrodes, thus changing a portion of the optical
state change material. The geometric structure defined by the
arrangement of the at least two spaced-apart electrode
elements allows for a pattern of optical state change material
to be generated in the two different states. A given geometric
structure, i.e. a given pattern, may correspond to a given
optical response, and the optical response of the optical
device may hence be altered. Hence, no geometric structure
needs to be produced during manufacture, in turn allowing
for an easy and more cost-efficient manufacturing.

[0014] By the electrode elements being individually
addressable, a voltage difference may be applied across the
at least two electrode elements. Thereby, a current, a current
field, a magnetic field, an electric field, or the like, may be
induced in the resonance defining layer structure and/or in
the optical state change material to change a portion thereof
from the first to the second state. Correspondingly, the
portion of the optical state change material along the current,
current field, and/or magnetic field may change state,
thereby generating the geometric structure required to pro-
vide a desired optical response. By using the electrode
elements as described herein, it is possible to form geo-
metrical structures having a size of only a few hundred
nanometres. Throughout this text “voltage difference” and
“potential difference” is applied interchangeably, however
both still referring to the concept of applying a difference in
electric potential between two or more elements.

[0015] Moreover, the portion may change state again from
the second state to the first state when another voltage
difference, such as a lower or higher voltage difference, is be
applied across the at least two electrode elements. This, in
turn, allows for the optical device to obtain a first geometric
structure, be “reset”, i.e. with no geometric structure, and
subsequently obtain another or the same geometric structure.
Thus, the optical device may obtain various optical
responses in a simple manner using the structure of the
optical device.

[0016] Insome embodiments, the first and second states of
the optical state change material are stable states. The optical
state change material may have more than two stable states.
The optical state change may be achieved by e.g. Joule
heating caused by the current, current field, electromagnetic
field, or the like, affecting the optical state change material.
In some embodiments, the optical state change material is
arranged in a layer structure.

[0017] According to an embodiment, the optical state
change material may be a phase change material, PCM,
preferably formed of a compound comprising a transition
metal oxide or chalcogenide glass, such as germanium-
antimony-tellurium, GST, wherein an optical state change is
a phase change of the phase change material.

[0018] Thereby, the optical state change may be carried
out by means of a state change of the PCM. By using a PCM,
a substantial difference in optical properties between the first
and the second state may be achieved, thereby allowing for
better control of the optical response and consequently the
scattered light. The difference in optical properties may, for
instance, be a complex refractive index or complex permit-
tivity of the PCM.
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[0019] According to an embodiment, the electrode ele-
ments may further be configured to repeatedly cause an
optical state change of the portion of the optical state change
material between the first state and the second state.
[0020] This, again, allows for the optical device to be used
to obtain a larger variety of different optical responses.
Where the optical state change material is a PCM, the phase
change of the portion from the first state to the second state
may be achieved by applying a given voltage difference to
two of the at least two electrode elements.

[0021] According to an embodiment, the resonance defin-
ing layer structure may further comprise an electrically
conducting and/or an electrically insulating layer.

[0022] A current may thus flow through the insulating
and/or conducting layer of the electrically insulating layer,
but not through the optical state change layer. The electri-
cally insulating layer or the electrically conducting layer
may in some embodiments be interposed between the optical
state change material and the electrode layer. In other
embodiments, a current induced by the at least two electrode
elements may flow through the optical state change material
to change its states. In other embodiments, the optical device
may comprise two electrode layers disposed on each side of
the resonance defining layer structure, such that an electric
field may be generated across the resonance defining layer
structure, when a voltage difference is applied between an
electrode of each of the layers. Preferably, an electrically
insulating layer may be provided between the resonance
defining layer structure and the respective electrode layer.
[0023] According to yet an embodiment, the electrode
elements may be configured to induce a current into at least
one layer of the resonance defining layer structure so as to
cause the optical state change of the portion of the optical
state change material.

[0024] By inducing a current into at least one of the layers,
a local heating may occur along the current path, which may
cause the portion of the phase optical state change material
to change its optical state. Thereby, a simple and relatively
easily controllable optical state change of a desired portion
can be achieved. As the current path may be well-defined
and the heat may be controlled by the current intensity, a
well-defined portion of the optical state change material may
be caused to shift from a first state to a second state or vice
versa. This, in turn, makes it possible to form geometric
structures in the optical state change material, preferably in
the main plane of extension of the resonance defining layer,
wherein each geometric structure may have a specific optical
property so as to modulate incident light in a desired way.
[0025] Alternatively, or in combination therewith, the
optical state change of the optical state change material may
be caused or at least triggered by means of a magnetic field
induced by the current or a potential difference. In some
embodiments, the current will run through the optical state
change material, whereas the current in other embodiments
may run in one or more of the other layers of the device.
[0026] According to an embodiment, the optical device
may comprise at least three electrode elements, arranged to
define at least two different geometric structures in the main
plane of extension of the resonance defining layer.

[0027] The at least two different geometric structures may
for example conform to a V-shape or an L-shape or other,
less complex anisotropic shapes, which may be rotated
relative to each other in the plane of the resonance defining
layer. This allows for a phase modulation according to a
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Pancharatnam-Berry (PB) modulation scheme of the inci-
dent light. As the geometric pattern is furthermore rewrite-
able and reconfigurable, the optical response of the optical
device may be altered in a well-defined and controllable
manner.

[0028] The incident light is preferably incident substan-
tially perpendicular to the surface of the resonance defining
layer, such that the influence of the orientation of the at least
two different geometric structures on the phase modulation
may be increased.

[0029] According to an embodiment, the optical scattering
device may be configured to modulate incident light having
a wavelength in the range from 100 nm to 2000 nm,
preferably from 300 nm to 750 nm.

[0030] Hence, the optical device can be used to modulate
light in the range of light visible to the human eye. This,
again, allows for the optical device to be used for creating
3D holographic images and/or videos.

[0031] According to yet an embodiment, the optical state
change material in at least one of the first state and the
second state may have plasmonic properties for incident
light having a wavelength in the range from 100 nm to 2000
nm, preferably from 300 nm to 750 nm.

[0032] This, in turn, allows for the optical properties of the
optical state change material to be highly dependent on the
geometric structure formed in the optical state change mate-
rial. The plasmonic properties may allow for an enhanced
electromagnetic interaction with the light, and thus
improved modulation capabilities in smaller volumes. Fur-
ther, the visible wavelength range allows the optical device
to be used to modulate light in the visible spectrum of
humans to e.g. provide holograms, or the like.

[0033] According to an embodiment, the phase optical
state change material may be arranged in a layer having a
thickness smaller than a minimum wavelength of the inci-
dent light to be modulated.

[0034] Thereby, the optical absorption of the optical state
change material may be reduced in embodiments for which
the light is transmitted through the device. This, in turn,
allows for a larger portion of the incident light to be
modulated and scattered by the optical device.

[0035] According to an embodiment, the first state of the
optical state change material may be a dominantly crystal-
line state, whereas the second state of the optical state
change material may be a dominantly amorphous state.
[0036] Consequently, a strong response may be provided
based on the material difference between the dominantly
crystalline and dominantly amorphous state.

[0037] A dominantly crystalline state of the optical change
material refers to a state, wherein at least half of the optical
state change material is in a crystalline state. The at least half
of the material may be construed as at least 50% by mass of
the optical state change material. Similarly, a dominantly
amorphous state is to be understood as more than half, such
as more than 50% by mass, of the optical state change
material being in an amorphous state. It is appreciated herein
that the terms “crystalline state” and “amorphous state” with
respect to optical state change material, preferably a phase
change material, will be known to the skilled person. The
specifics of these terms will therefore not be discussed
further throughout the present disclosure.

[0038] In some embodiments, the optical state change
material may have more than one dominantly crystalline
state and/or more than one dominantly amorphous state. The
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dominantly crystalline states and/or dominantly amorphous
states may in some embodiments exhibit different proper-
ties, such as optical properties, of the optical state change
material.

[0039] According to yet an embodiment, the resonance
defining layer structure and the electrode layer may be
arranged in a stack structure, and wherein the electrode layer
may be arranged above and/or below the resonance defining
layer structure when seen in a direction perpendicular to the
surface of the resonance defining layer structure.

[0040] Thereby, the electrode elements of the electrode
layer may be able to induce a current in, and/or generate a
field in or about the resonance defining layer with minimal
losses, thus increasing the efficiency of the optical device. In
some embodiments a current may run from one electrode of
the electrode layer, through at least a portion of the reso-
nance defining layer, such as a portion of the optical state
change material, to a second electrode of the electrode layer.
Alternatively, or in combination therewith, a varying electric
current or an alternating current may be sent through an
electrode of the electrode layer to generate a magnetic field,
at least partly affecting a portion of the resonance defining
layer, e.g. by altering the state of the portion of the resonance
defining layer.

[0041] Furthermore, a first and second electrode layer may
be provided on opposite sides of the resonance defining
layer. In this case, a bias, such as a potential difference, may
be applied between an electrode of the first layer and a
corresponding electrode, opposite the electrode of the first
layer, of the second layer to generate a localized electric field
through at least a portion of the resonance defining layer.
[0042] In some embodiments, the electrode layer com-
prises at least four electrode elements, arranged at positions
spanning a rectangle and/or a hexagon.

[0043] This, in turn, allows for the formation of a plurality
of different geometric structures, such as V-shapes,
L-shapes, X-shaped and I-shapes, in the optical state change
material of the resonance defining layer. Thereby, various
phase modulations of the incident light may be achieved by
the change in optical properties of the optical state change
material.

[0044] The positions spanning a rectangle and/or a hexa-
gon may be such that each electrode may form a corner in
the rectangle and/or the hexagon when seen in a direction
substantially perpendicular to the resonance defining layer.
[0045] In some embodiments, there is provided an array
for forming a distribution of a three-dimensional light field,
comprising a plurality of the optical devices according to
any of the above embodiments, wherein each of the at least
three electrode elements of each of said optical devices are
individually addressable such that the optical response of
each of the optical devices can be altered independent of the
other optical devices of the array.

[0046] This, in turn, allows for an array capable of pre-
senting e.g. holograms or the like by modulating, such as
phase modulating, incident light, whilst maintaining a high
efficiency using optical devices, whose optical responses can
be easily reset and/or altered.

[0047] According to an embodiment, the optical device
may be configured to modulate polarized light. In particular,
the optical device may be configured to form a geometric
shape that is anisotropic so as to allow for an increased
difference in optical response upon the optical state change
between the first state and the second state. This embodi-
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ment is based on the realization that light can be represented
by a traveling wave having an electric field that is perpen-
dicular to the direction of propagation, wherein the polar-
ization of the light wave describes the exact orientation of
the electric field. The polarization may be described by a
linear combination of orthogonal vectors in the plane per-
pendicular to the direction of propagation, and the light can
be said to be linearly, circularly or elliptically polarized
depending on the weights of these orthogonal vectors.
[0048] As light travels, its magnetic field and electric field
may interact differently with the surroundings. Therefore,
polarization becomes an important parameter as the light
passes any structure, medium or interface where the mag-
netic field and the electric field see an anisotropic surround-
ing (such as an elliptically shaped geometric structure or
nanoparticle). The weights of the orthogonal basis of polar-
ization may determine how the light will interact with this
anisotropy.

[0049] The polarization may therefore, in the context of
the present disclosure, be an important factor affecting the
resulting modulation of the light. For a specific (anisotropic)
geometric structure, different polarizations can lead to sig-
nificantly different optical responses. These effects may
therefore be taken into consideration when designing the
shape of the geometric structures. Advantageously, light
comprising a fixed (or at least controlled) polarization may
be used.

[0050] According to a second aspect of the present inven-
tive concept, there is provided a method of modulating light
incident to an optical device which may be similarly con-
figured as the device described above with reference to the
first aspect and the related embodiments. The method may
comprise the following steps:

[0051] applying a first voltage difference to a pair of the at
least two electrode elements of the optical device so as to
cause an optical state change of the portion of phase optical
state change material from a first state to a second state, and

[0052] applying a second voltage difference, said second
voltage difference being lower than the first voltage differ-
ence, to the pair of electrode elements, so as to cause an
optical phase state change of the phase optical state change
material from the second state to the first state.

[0053] Similarly to what is described with reference to the
device according to the first aspect, the optical state change
may be reversible and depend on the voltage difference
applied to the pair of electrode elements. This, in turn,
allows for a controllable optical state change of the portions
of optical state change material. By the reversibility, no
pattern needs to be made in the resonance defining layer
during production, thus allowing for a simpler and more
cost-efficient production. Furthermore, as the state of at least
the portion of the optical state change material is defined by
the electrodes of the electrode layer, no external sources may
be needed to reset the phase change the material. This, in
turn, allows for an easily configurable optical device.
[0054] According to an embodiment, the second voltage
difference is applied for a longer period of time than the first
voltage difference.

[0055] According to an embodiment, the electrode layer
comprises at least three electrode elements, the method
further comprising the steps of:

[0056] applying the first voltage difference to a second
pair of electrode elements so as to cause an optical state
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change of a further portion of the phase optical state change
material from the first state to the second state, and

[0057] applying the second voltage difference to the sec-
ond pair of electrode elements so as to cause an optical state
change of the further portion of the phase optical state
change material from the second state to the first state.
[0058] According to a third aspect of the present inventive
concept, there is provided an array of optical devices,
wherein each optical device in the array is an optical device
according to the first aspect and wherein each optical device
forms a unit cell, wherein each optical device in the array is
individually controllable by controlling the electrode ele-
ments of the respective optical device.

[0059] Hence, the optical devices of the first aspect may be
used in an array of individually controllable optical devices
for defining an optical response of the array of optical
devices, which may be used e.g. for generating a holo-
graphic image.

[0060] According to an embodiment, each of the optical
devices comprises a set of electrode elements.

[0061] Thus, each optical device may be individually
controlled by controlling the set of electrode elements. The
set may comprise at least three electrode elements, arranged
to define at least two different geometric structures in the
main plane of extension of the resonance defining layer, such
that the arrangement of the set of electrode elements may be
used for defining at least two different geometric structures
formed by the portion of each of the optical devices.
[0062] According to an embodiment, the set of electrode
elements of a first optical device differs from the set of
electrode elements of a second optical device. Hence, each
of the first and second optical devices is controlled by its
own set of electrode elements.

[0063] According to an embodiment, the array comprises
a single resonance defining layer common to all unit cells in
the array.

[0064] This implies that the resonance defining layer may
be very easy to produce.

[0065] The different aspects of the present invention can
be implemented in different ways including an optical
device, a method of modulating light incident to an optical
device, and an array of optical devices as described above
and in the following, each yielding one or more benefits and
advantages described in connection with at least one of the
aspects described above, and each having one or more
preferred embodiments corresponding to the preferred
embodiments described in connection with at least one of
the aspects described above.

[0066] Furthermore, it will be appreciated that embodi-
ments described in connection with one of the aspects
described herein may equally be applied to the other aspect.

BRIEF DESCRIPTION OF THE DRAWINGS

[0067] 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.
[0068] FIG. 1 is a perspective view of an optical device
according to an embodiment.

[0069] FIG. 2 is a top view of an array of a plurality of
optical devices according to an embodiment.
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[0070] FIGS. 3a-d are perspective views of an optical
device in which different geometrical structures are formed
in the optical state change material.

[0071] FIGS. 4a-b, S5a-b and 6a-b schematically illustrate
optical devices according to some embodiments of the
present invention.

[0072] FIG. 7 is a flow chart illustrating a method accord-
ing to an embodiment.

DETAILED DESCRIPTION

[0073] Referring now to FIG. 1, an optical device 1 will be
generally described. The optical device 1 may comprise a
resonance defining layer structure 110 comprising an optical
state change material 112 and, optionally, an electrically
insulating or conducting layer 114. Further, the device 1 may
comprise an electrode layer comprising at least two spaced-
apart electrode elements, such as a first electrode element
121, a second element 122 and a third electrode element 123.
In the present example, the resonance defining layer struc-
ture 110 and the electrode elements 121, 122, 123 may be
arranged on a substrate 140, such that the electrode elements
121, 122, 123 are arranged between the substrate 140 and the
resonance defining layer structure 110 and provide an elec-
trical connection between conducting structures of the sub-
strate 140 (not shown) and the resonance defining layer 110.
As shown in the present figure, the optical state change
material 112 and the electrically insulating or conducting
layer 114 of the resonance defining layer structure 110 may
be arranged in a stacked structure, with the electrically
insulating or conducting layer 114 arranged between the
electrode layer and the optical state change material 112.
[0074] The electrode elements 121, 122, 123 may be
individually addressable via for example the substrate 140,
in which conductive paths may be provided for supplying
electrical power to the electrode elements 121, 122, 123.
Thus, the electrode layer may be arranged to enable an
electrical control of the optical state change material 112,
which may be configured switch between at least a first and
a second optical state when exposed to for example a
current, a current field, a magnetic field or a heat provided
by the electrode layer. Examples of these mechanisms will
be discussed in connection with the following figures.
[0075] The electrode layer may for example be formed of
an electrically conducing layer, for example of a metal, that
may be patterned into at least two electrode elements 121,
122, 123 that are laterally separated from each other in the
main plane of extension of the substrate 140. Put differently,
the electrode elements may form electrically addressable
points or regions of electrical contact on the resonance
defining layer structure 110. The separation and/or extension
of'the contact points between at least two electrode elements
121, 122, 123 and the resonance defining layer structure 110
may define a geometric structure (not shown) that can be
formed in the optical state change material 112 upon an
optical state change in a portion of the optical state change
material 112. Examples of such geometrical structures will
be discussed in connection with for example FIG. 6. The
geometric structure formed by the optical state change of the
portion of the optical state change material 112 may be
configured to alter an optical response of the optical device
1, determining the modulation of light [ impinging on the
device 1.

[0076] The optical state change material 112 may be
provided as a substantially uniform layer forming a surface
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onto which the light to be modulated can be brought to
impinge. The geometric structures, which can be used for
affecting the modulation of the incident light L., may there-
fore be defined by the patterning of the electrode layer 120
(or the arrangement of the at least two electrical elements of
the electrode layer) rather than by a direct patterning of the
optical state material 112 itself.

[0077] The optical state change material 112 may for
example be a phase change material, PCM, such as for
example a transition metal oxide or a chalcogenide glass.
Examples of transition metal oxides include VO,, V,0;,
EuO, MnO, CoO, Co0,, LiCo0,, Ca,Ru0,, SrL.rO,, Ti,0;,
LaCoO;, PrNiO,, Cd,0sO,, NdNiO;, Tl,Ru,0,, Ca,_
»Sr,VO;, Fe;04 La,_CaMnO;, La,_, Sri,,,Mn,0,,
Ti,O, and La,NiO,. Examples of chalcogenide glasses, and
other phase change materials, include NiS, ,Se, NiS,
BaCo, _NiS,, PrRu,P,,, BaVSs;, EuBy, CuCl and com-
pounds comprising GeSbTe, also referred to as GST. The
PCM may be configured to switch from a crystalline state to
an amorphous state when exposed to a high-power electrical
pulse, and to return to the crystalline state when exposed to
a series of low-power electrical pulses. Depending on the
arrangement of the electrode elements 121, 122, 123, the
resulting geometrical structure in the PCM may affect the
optical response and thus the modulation of the incident
light L.

[0078] The change of a state change material from one
state to another may be determined by both the voltage
amplitude and the duration of the electrical pulse. This can
be exemplified by a PCM, in which the different phases may
correspond to different percentages of crystallinity. Current
and generated Joule heat may be used to switch the atoms of
the PCM from being orderly packed (crystalline phase) to
randomly packed (amorphous phase) and vice versa.

[0079] If the current injected in the PCM is high enough
to melt the material, the atoms may go to a liquid phase. It
the current, and thus the heat, is then promptly taken away,
the atoms have no remaining energy to travel back to their
preferred crystalline lattice position. They may hence be
locked in the amorphous state. However, when the current,
and thus the heat, is only gradually taken away, the atoms
may have sufficient energy to travel to their preferred
crystalline position. The resulting state may then be crys-
talline.

[0080] Ifthe injected current is not high enough to melt the
PCM material, it can still provide heat and thus energy to the
atoms that is sufficient to allow them to move closer to their
desired crystalline lattice location. The more energy pro-
vided, the more percentage of the atoms may be in a
crystalline state.

[0081] Thus, it is appreciated that the state change may be
effected by the amplitude of the applied voltage pulse alone,
by the duration of the pulse alone or by a combination of
both.

[0082] The electrode elements 121, 122, 123 may be
arranged to cause an optical state change of a portion
forming a subwavelength-scaled geometric structure in the
plane of the resonance defining layer 110 and with reference
to the wavelength of the of the incident to be modulated. The
optical device 1 as shown in the present figure may form a
unit cell of an array of a plurality of unit cells, wherein each
unit cell may be individually controlled in terms of optical
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response to control a wave front of incident electromagnetic
waves by imparting local phase shifts to the incoming
waves.

[0083] The optical device 1 may for example be formed in
an additive process, in which the electrode layer 120 is
deposited and patterned to form the electrode elements 121,
122, 123. In a following step, the resonance defining layer
110 may be provided by first depositing for example an
intermediate layer 114, such as an electrically conducting
layer 114, above the electrode layer 120, and then the optical
state change material 112 above the intermediate layer 114.
[0084] FIGS. 2a-d schematically illustrate an optical
device according to an embodiment, which may be similarly
configured as the device shown in FIG. 1. In the present
embodiment, the resonance defining layer 110 comprises an
optical state change material 112, such as for example the
GST phase change material discussed above, and a first
electrode element 121, a second electrode element 122 and
a third electrode element 123. The electrode elements 121,
122, 123 are electrically connected to the GST layer 112 at
laterally separated contact points, defining electrical current
paths through the phase change material 112. FIGS. 2a-d
shows the device when arranged in four different modulation
states.

[0085] In FIG. 2a, an electrical current I, is passed
between the first electrode element 121 and the third elec-
trode element 123 such that a phase change is triggered in a
portion of the phase change material 112 extending along the
current path. The phase changed portion may for example
assume an amorphous state along the current path, forming
a first geometrical structure 131 extending between the first
electrode element 121 and the third electrode element 123.
[0086] In FIG. 25, an electrical current I,, is passed
between the first electrode element 121 and the second
electrode element 122, resulting in a second geometrical
structure 132 extending between the first and the second
electrode element 121, 122.

[0087] In FIG. 2¢, an electrical current I3 is passed
between the second electrode element 122 and the third
electrode element 123, such that a third geometrical struc-
ture 133 is generated between the second and third electrode
element 122, 123.

[0088] It will be appreciated that the above operation
schemes of the optical device 1 are examples illustrating the
embodiments of the inventive concept. Thus, different num-
bers of electrode elements and arrangements of the same
may be employed to achieve the desired geometrical struc-
tures of phased changed regions in the phase change mate-
rial 122. Further, a current may be passed between three or
more electrode elements as well. An example of is shown in
FIG. 2d, in which a current flow path is formed from the first
electrode element 121 to both the second and the third
electrode element 122, 123. The resulting geometrical shape
is formed of a combination of the second geometrical shape
132 of FIG. 25 and the third geometrical shape 133 of FIG.
2c.

[0089] In the embodiment shown in FIGS. 2a-d, the
optical state change material 112 is configured to alter the
optical response of the optical device in response to an
electrical current being passed through the material. The
current path through the optical state change material may
cause the optical state change by means of Joule heating in
the material itself. However, other configurations are also
possible.
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[0090] FIGS. 3a and b show an optical device that may be
similarly configured as the devices of FIGS. 1 and 2, with
the difference that the resonance defining layer structure 110
comprises an intermediate layer 114 arranged between the
optical state change material 112 and the electrode layer 120.
The intermediate layer 114, which also may be referred to as
a stimulus defining layer, maybe configured o indirectly
change the optical state of the optical state change material
112, for example through Joule heating of the intermediate
layer 114 itself. By arranging the intermediate layer 114
close to the optical state change material 112, the interme-
diate layer 114 may act as a heating layer inducing for
example a phase change in the optical state change material
112. The intermediate layer may for example be an insulat-
ing layer, or an electrically conducting layer through which
a current I,, I, may flow for example between the first
electrical element 121 and the third electrical element 123 as
illustrated in FIG. 3a, and between the first electrical ele-
ment 121 and the second electrical element 122 as illustrated
in FIG. 34, to form the desired geometrical structures 131,
132 in the optical state change material 112.

[0091] FIGS. 4a and b show another configuration of the
electrical elements arranged in an optical device that other-
wise may be similarly configured as the embodiments of the
previous figures. In the present example, the optical state
change material 112 may be configured to change optical
state in response to an electric field generated by a voltage
bias over at least two of the electrode elements 121, 122,
123, 124. The optical state change material 112 may hence
be an electro-optic material exhibiting a change in absorp-
tion or refractive index under the presence of an external
electric field.

[0092] In the present example, the first electrode element
121 may be arranged above a layer of the optical state
change material 122 (as seen in a stacking direction from a
surface of the substrate, not shown in FIGS. 4a and b),
whereas the second electrode element 122 may be arranged
below the optical state change material 112. Hence, the first
and the second electrode element 121, 122 may form an
electrode pair with a portion of the optical state change
material 112 in between. When applying an electric potential
difference over the first and second electrode element 121,
122, an electric field E may be generated between the
electrodes, and passing through the portion of the optical
state change material 112 arranged between the electrical
elements 121, 122. The electric field E may be used to cause
an optical state change of the portion of the optical state
change material 112, resulting in a geometrical structure
extending along at least one of the electrode elements 121,
122 in main plane of extension of the resonance defining
layer structure 110.

[0093] One or several electrode element pair may be
provided so as to allow the formation of other geometric
structures. In FIG. 45, a second electrode element pair 123,
124, arranged on opposite sides at another portion of the
optical state change material 112, is used to generate an
electric field E forming another geometric structure.
[0094] A further example of an optical state change
mechanism is disclosed in FIGS. 5a¢ and b, in which a
magnetic field from an electrical conductor is used to cause
a magneto-optic state change along a current path. Such an
optical device may be similarly configured as the embodi-
ments of FIGS. 1 to 4, with the difference that the first
electrode element 121 and the second electrode element 122
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may be arranged to allow a current I, I, to pass through the
respective electrode element 121, 122 along the main plane
of extension of the resonance defining layer structure 110.
The magnetic field B generated by the electric current I, 1,
through the conductors formed by the electrode elements
121, 122 may be employed to induce an optical state change
in the optical state change material 112.

[0095] As shown in the illustrating examples of the above
figures, several mechanisms may be employed to form a
geometric structure in the optical state change material,
wherein the state change mechanism, as well as the exten-
sion and form of the resulting geometrical structure are
determined by the arrangement and electrical operation of
the electrode elements. Depending on the shape and orien-
tation of the geometrical structure, different optical
responses may be provided to achieve a modulation of light
impinging on the optical device.

[0096] FIG. 6 is a schematic top view of a plurality of
optical devices 1, which may be similarly configured as any
of the above embodiments, arranged in a two-dimensional
array. Hach of the optical devices 1 may be individually
controlled to allow for a unit cell whose optical response can
be tuned accordingly. In the present example, each of the
optical devices 1 comprises a set of electrode elements
arranged to define six different portions in the optical state
change material, each of which corresponding to a respec-
tive geometrical structure in the plane of extension of the
resonance defining layer structure. It should be noted that a
unit cell, formed by an optical device 1 of the array, may be
defined by the arrangement of the electrode elements rather
than the extension of the resonance defining structure. Thus,
the array may comprise a single resonance defining layer
that is common to all unit cells of the array, and a plurality
of unit cells defined by the pattern of the electrode layer.
[0097] For illustrative purposes only, each of the unit cells
may be considered to have a resonance defining layer with
a shape conforming to a quadrilateral and an electrode
element arranged in each corner (or, in the case of a
configuration similar to the ones in FIGS. 4 and 5, extending
along each side). The resulting geometrical structures 131-
136 that can be formed upon an optical state change are
indicated in FIG. 6. In the present, illustrative example, six
different geometrical structures 131-136 can be achieved—
four extending along the sides of the quadrilateral, and two
along its diagonals. Depending on the operation of the array,
i.e., the voltages supplied to the electrode elements, the
generated geometrical structures may vary between different
unit cells and over time. The geometrical structures 131-136
may for example be combined in pairs to form V-shapes and
L-shapes for modulating the light. Other shapes and con-
figurations are however possible.

[0098] FIG. 7 is a flowchart illustrating a method for
modulating light according to an embodiment, wherein the
light is incident on an optical device according to any one of
the previous figures. The method comprises applying 10 a
first voltage different to a pair of the at least two electrode
elements of the optical device to cause an optical state
change of the portion of optical state change material from
a first state to a second state, and applying 20 a second
voltage different to the pair of electrode elements to cause an
optical state change of the optical state change material from
the second state to the first state. In an embodiment, the
second voltage different may be lower than the first voltage
different, and preferably provided in a plurality of pulses, so
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as to cause the optical state change material to return to the
first state. The first state may for example be a predomi-
nantly crystalline state, whereas the second state may be a
predominantly amorphous state. Further, the electrode layer
may comprise at least three electrode elements, allowing the
method to comprise the steps of applying 30 the first voltage
difference to a second pair of electrode elements to cause an
optical state change of a further portion of the optical state
change material from the first state to the second state, and
applying 40 the second voltage difference to the second pair
of electrode elements to cause an optical state change of the
further portion of the optical state change material from the
second state to the first state.

[0099] 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. An optical device for modulating incident light, com-
prising:

a resonance defining layer structure comprising an optical

state change material;

an electrode layer comprising at least two spaced-apart

electrode elements;

wherein said electrode elements are individually address-

able and arranged to cause an optical state change of a
portion of the optical state change material between a
first state and a second state;

wherein said portion forms a geometric structure defined

by the arrangement of the at least two spaced-apart
electrode elements,

wherein the optical state change material is configured to

alter an optical response of the optical device upon the
optical state change between the first state and the
second state, said optical response determining the
modulation of the incident light.

2. An optical device according to claim 1, wherein the
optical state change material is a phase change material, said
phase change material preferably being formed of a com-
pound comprising germanium-antimony-tellurium, GST,
and wherein an optical state change is a phase change of the
phase change material.

3. An optical device according to claim 1, wherein said
electrode elements are further configured to repeatedly cause
an optical state change of the portion of the optical state
change material between the first state and the second state.

4. An optical device according to claim 1, wherein the
resonance defining layer structure further comprises an
electrically conducting and/or an electrically insulating
layer.

5. An optical device according to claim 1, wherein the
electrode elements are configured to induce a current into at
least one layer of the resonance defining layer structure so as
to cause the optical state change of the portion of the optical
state change material.

6. An optical device according to claim 1 comprising at
least three electrode elements, arranged to define at least two
different geometric structures in the optical state change
material.

7. An optical device according to claim 6, wherein the at
least two different geometric structures together form a
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V-shape and/or a L-shape, when seen in a direction perpen-
dicular to the surface of the resonance defining layer struc-
ture.

8. An optical device according to claim 1, wherein the
optical device is configured to modulate incident light
having a wavelength in the range from 100 nm to 2000 nm,
preferably from 300 nm to 750 nm.

9. An optical device according to claim 1, wherein the
device is configured to modulate polarized light.

10. An optical device according to claim 1, wherein the
optical state change material is arranged in layer having a
thickness smaller than a minimum wavelength of the inci-
dent light to be modulated.

11. An optical device according to claim 1, wherein the
first state of the optical state change material is a dominantly
crystalline state, and wherein the second state of the optical
state change material is a dominantly amorphous state.

12. An optical device according to claim-1, wherein the
resonance defining layer structure and the electrode layer is
arranged in a stack structure, and wherein the electrode layer
is arranged above and/or below the resonance defining layer
structure when seen in a direction perpendicular to the
surface of the resonance defining layer structure.

13. A method of modulating light incident to an optical
device according to claim 1, comprising the steps of:

applying a first voltage difference to a pair of the at least

two electrode elements of the optical device so as to
cause an optical state change of the portion of optical
state change material from a first state to a second state,
and

applying a second voltage difference to the pair of elec-

trode elements, so as to cause an optical state change of
the optical state change material from the second state
to the first state.

14. A method according to claim 13, wherein the second
voltage difference is lower than the first voltage difference
and/or applied for a longer period of time than the first
voltage difference.

15. Amethod according to claim 13, wherein the electrode
layer comprises at least three electrode elements, the method
further comprising the steps of:

applying the first voltage difference to a second pair of

electrode elements so as to cause an optical state
change of a further portion of the optical state change
material from the first state to the second state, and
applying the second voltage difference to the second pair
of electrode elements so as to cause an optical state
change of the further portion of the optical state change
material from the second state to the first state.

16. An array of optical devices, wherein each optical
device in the array is an optical device according to claim 1
and wherein each optical device forms a unit cell, wherein
each optical device in the array is individually controllable
by controlling the electrode elements of the respective
optical device.

17. The array according to claim 16, wherein each of the
optical devices comprises a set of electrode elements.

18. The array according to claim 17, wherein the set of
electrode elements of a first optical device differs from the
set of electrode elements of a second optical device.

19. The array according to claim 16, wherein the array
comprises a single resonance defining layer common to all
unit cells in the array.
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