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DEVICE FOR SWITCHABLY INFLUENCING
ELECTROMAGNETIC RADIATION, AND
METHOD FOR OBTAINING SUCH A
DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to European Patent
Application No. 17174050.9 filed 1 Jun. 2018, which appli-
cation is herein expressly incorporated by reference.

FIELD

[0002] The invention is related to a device for switchably
influencing electromagnetic radiation, and to a method for
obtaining such a device.

BACKGROUND

[0003] The invention is related to a device for switchably
influencing electromagnetic radiation, and to a method for
obtaining such a device.

[0004] From Ee, H.-S. & Agarwal, R., Tunable Metasur-
face and Flat Optical Zoom Lens on a Stretchable Substrate,
Nano Lett. 16, 2818-2823 (2016), a device for influencing
electromagnetic radiation is known, wherein an optical
response of the device is tuned mechanically. In particular,
a distance between separate nanoresonators is changed by
stretching a flexible substrate. Mechanical actuation, how-
ever, can be undesirable on a microscopic scale due to
inherent space restrictions as well as intrinsic limitations on
the switching speed and/or frequency. Furthermore, the
flexible substrate is prone to fast degradation, thus only
allowing for a small number of switching cycles. Switchable
optical devices so far do not offer the possibility to switch
between different optical functionalities, e.g. between zoom
lensing on the one hand and beam-steering on the other
hand.

SUMMARY

[0005] It is an object of the invention to provide a device
for switchably influencing electromagnetic radiation as well
as a method for obtaining such a device, which overcome
these drawbacks.

[0006] The object of the invention is achieved by provid-
ing the subject-matter of the independent claims. Further
advantageous embodiments are defined in the dependent
claims.

[0007] In particular, a device for switchably influencing
electromagnetic radiation is provided, which comprises a
phase change material being switchable between at least a
first state and a second state, the first state and the second
state having electrical and/or magnetic properties different
from each other. The device further comprises an optically
responsive structure in contact with the phase change mate-
rial, wherein the optically responsive structure has at least a
first nanostructure and a second nanostructure, the first
nanostructure being different from the second nanostructure.
The first nanostructure is optically responsive at a predeter-
mined electromagnetic wavelength when the phase change
material is in its first state and optically non-responsive at
the predetermined wavelength, when the phase change
material is in its second state. At the same time, the second
nanostructure is optically responsive at the predetermined
electromagnetic wavelength when the phase change material
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is in its second state, and optically non-responsive at the
predetermined wavelength when the phase change material
is in its first state. Thus, the first nanostructure and the
second nanostructure are adapted to show an optical
response at the same wavelength but in different states of the
phase change material. It is then possible to switch between
the optical response of the first nanostructure and the optical
response of the second nanostructure at the same wavelength
by just changing the state, in particular the phase, of the
phase change material, which can be done on a short
timescale, in particular on a timescale which is much shorter
than a timescale for mechanical actuation as known in the
State of the Art. Further, the phase change material can be
switched between its different states many times without
degradation, such that the device exhibits a long lifetime and
a large number of possible switching cycles prior to material
failure.

[0008] Furthermore, the different nanostructures may have
different optical functionalities, such that the device allows
for switching between these different functionalities in an
easy and convenient manner.

[0009] “Electromagnetic radiation” with respect to the
present teachings is in particular light, preferably infrared
light, visible light, or ultraviolet light.

[0010] The fact that the phase change material is switch-
able between the at least two different states in particular
means that the phase change material may be switched at
least from one of the first state and the second state to the
other one of the first state and the second state. Preferably,
the phase change material can also be switched back from
the other state of the first and the second state to the one state
of' the first state and the second state. However, it is possible
that the phase change material exhibits a plurality of states,
wherein direct switching between adjacent states is only
possible in one direction, wherein back-switching only is
possible into a predetermined extremal state, e.g. the first
state. Insofar, adjacent states are states which lie next to each
other in a phase diagram of the phase change material,
and/or which fulfill the condition that it is possible to switch
directly in at least one direction between the adjacent states.
[0011] An optically responsive structure in particular is a
structure which is able to influence electromagnetic radia-
tion in a predetermined way, preferably by shaping the
phasefront of electromagnetic radiation incident upon the
optically responsive structure in a way determined by at
least one property and/or feature of the optically responsive
structure, in particular by a geometrical configuration of the
optically responsive structure.

[0012] The fact that the optically responsive structure is in
contact with the phase change material in particular means
that the optically responsive structure is arranged in and/or
on the phase change material, wherein it is possible that the
optically responsive structure is embedded into the phase
change material, or that the optically responsive structure is
arranged on the phase change material. The optically respon-
sive structure is in direct contact with the phase change
material such that the optically responsive structure is
directly influenced by electrical and/or magnetic properties
of the phase change material as an environment of the
optically responsive structure.

[0013] A nanostructure in particular is a structure having
at least one geometrical feature, preferably a plurality of
geometrical features, each geometrical feature having
dimensions on a nanometer length scale, wherein preferably
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the dimensions of the at least one geometrical feature are
smaller than the predetermined electromagnetic wavelength.
The at least one geometrical feature preferably is a substan-
tial or material building block made from a material, which
is able to exhibit a plasmonic resonance at the predetermined
wavelength in a suitable dielectric environment.

[0014] The first nanostructure and the second nanostruc-
ture preferably form metasurfaces, or sub-metasurfaces of a
same metasurface if arranged in the same plane, a metasur-
faces being an artificial material surface with sub-wave-
length thickness and electromagnetic properties determined
by the structure and material of the metasurface. In particu-
lar, a metasurface is adapted to impart a spatially varying
phase profile through abrupt phase jumps, and thus shape a
wave front of an electromagnetic wave transmitted by the
metasurface.

[0015] The nanostructures being optically responsive at
the predetermined electromagnetic wavelength in particular
means that the nanostructures exhibit a plasmonic resonance
at a predetermined electromagnetic wavelength when the
phase change material is in an appropriate state. The first
nanostructure is designed and adapted to the phase change
material such that it exhibits a plasmonic resonance at the
predetermined electromagnetic wavelength when the phase
change material is in the first state, and the second nano-
structure is designed and adapted to the phase change
material such that it exhibits plasmonic resonance at the
predetermined electromagnetic wavelength when the phase
change material is in the second state. The nanostructures
being non-responsive at the predetermined wavelength in
particular means that they do not exhibit plasmonic reso-
nances at the respective states of the phase change material.
Thus, in particular for the first nanostructure, the plasmonic
resonance is shifted away from the predetermined wave-
length in the second state of the phase change material, and
for the second nanostructure, the plasmonic resonance is
shifted away from the predetermined wavelength when the
phase change material is in the first state.

[0016] Thus, the device as suggested herein is a highly-
integrated active optical component that employs a combi-
nation of resonant plasmonic metasurfaces and a phase
change material, which is able to change the plasmonic
resonances by changing its state.

[0017] According to a preferred embodiment of the
device, the phase change material is metastable in at least the
first state and the second state. Thus, it is possible to trigger
a change of state in the phase change material by applying
a predetermined stimulus, e.g. a laser pulse or a sequence of
laser pulses, to the phase change material, wherein the phase
change material is able to maintain the newly obtained state
even if the stimulus is taken away. It is not necessary to
control the environment of the phase change material for
maintaining the current state of the phase change material,
as it is the case with more simple phase change materials,
wherein an environmental parameter such as temperature
acts as a control parameter for not only triggering a phase
change but also maintaining a certain state of the phase
change material. Most preferably, the phase change material
is metastable in at least the first and the second state,
preferably in all its different states, over a large temperature
range, in particular from well below room temperature
(below 25° C.) up to a crystallization temperature or a
melting temperature of the phase change material. The
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device is in this case applicable in an easy and convenient
way without the need for a permanent control of environ-
mental parameters.

[0018] In a preferred embodiment of the invention, the
phase change material is a dielectric in at least the first state
and the second state. Thus, the phase change material does
not exhibit a phase transition between fundamentally differ-
ent states of conductivity, for example a transition between
a dielectric state on the one hand and a metallic or semi-
conducting state on the other hand. Preferably, the phase
change material has a first dielectric constant in the first state
and a second dielectric constant in the second state, wherein
the first dielectric constant is different from the second
dielectric constant. Preferably, there is a considerable con-
trast for the dielectric constant in the different states, pref-
erably more than 150%, preferably more than 170%, pref-
erably more than 180%, in particular 186%, at the
predetermined wavelength. The dielectric constant in par-
ticular is an optical dielectric constant.

[0019] In addition or alternatively, the phase change mate-
rial preferably is amorphous in the first state and crystalline
in the second state. This allows for a well-defined phase
change with large contrast in the optical dielectric constant
between the two states.

[0020] In addition or alternatively, the phase change mate-
rial has more than two different states, preferably a plurality
of different states, the phase change material preferably
being metastable in all of its states. In particular, each state
has a respective dielectric constant, which is different from
the dielectric constants assigned to the other states.

[0021] In addition or alternatively, the phase change mate-
rial has a plurality of preferably metastable intermediate
states between the first state and the second state. In par-
ticular, in a phase change material, which is amorphous in
the first and crystalline in the second state, the intermediate
states can be realized by a domain structure, the phase
change material exhibiting a certain amount of crystalline
domains in an amorphous bulk, or, vice versa, a certain
amount of amorphous domains in a crystalline bulk, the
amount of domains in relation to the bulk defining the
intermediate state. The intermediate state preferably has an
intermediate dielectric constant, which ranges between the
first dielectric constant and the second dielectric constant. In
particular, an intermediate state exhibiting a domain struc-
ture can be assigned a dielectric constant which is a mean
value, in particular an arithmetic mean value, determined by
the amount of domains in the bulk structure.

[0022] A phase change material having an amorphous first
state and a crystalline second state, exhibiting intermediate
states having a domain structure in between the first state
and the second state, is an example for a phase change
material being switchable between adjacent states only in
one direction, in particular from a more amorphous state to
a next, more crystalline state, by stepwise enhancing the
crystallinity of the phase change material, in particular by
generating further crystalline domains by means of laser
pulses, heating or electrical switching. However, it is not
possible to stepwise reduce the crystallinity of the phase
change material. Rather, in order to go back to the first
amorphous state, it is necessary to melt-quench the phase
change material starting from any of the intermediate states
or the second crystalline state. Then, the phase change
material is heated for a short time above the melting tem-
perature, and the heat is dissipated on a short timescale,
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preferably via an appropriate substrate on which the phase
change material is arranged, or directly from the phase
change material. In this way, the phase change material can
be brought back in the first, amorphous state, and the new
cycle of state changes can be started.

[0023] In a preferred embodiment of the invention, the
phase change material is GeSbTe (GST), most preferably the
phase change material is Ge,Sb, Te, (GST-326). GST, and in
particular GST-326 are low-loss phase change materials
being metastable in all possible states, exhibiting a first
amorphous, a second crystalline, and domain-like interme-
diate states, where there is a large contrast of the optical
dielectric constant between the first, amorphous state (n,~3.
5+0.0011), to the second, crystalline state (n~6.5+0.061) at
the predetermined wavelength, which is in a preferred
manner for the above referenced values A=3.1 um.

[0024] In a preferred embodiment of the invention, the
first nanostructure comprises a plurality of first nanoele-
ments, the first nanoelements exhibiting a plasmonic reso-
nance at the predetermined wavelength when the phase
change material is in its first state, and not exhibiting a
plasmonic resonance at the predetermined wavelength when
the phase change material is in its second state. The second
nanostructure comprises a plurality of second nanoelements,
the second nanoelements exhibiting a plasmonic resonance
at the predetermined wavelength when the phase change
material is in its second state, and not exhibiting a plasmonic
resonance at the predetermined wavelength when the phase
change material is in its first state. The nanoelements pref-
erably are nano-antennas, made from an electrically con-
ductive material capable of collective electronic excitation,
in particular at least one metal, preferably a noble metal, like
gold, silver, etc., or copper, nickel, aluminium, palladium,
etc.

[0025] Each single nanoelement is preferably geometri-
cally adapted to allow for a plasmonic resonance at the
predetermined wavelength in a well-defined direction,
which is preferably determined by a longitudinal axis of the
nanoelement. Most preferably, each nanoelement has one
geometrical dimension, which is the longitudinal axis, which
is much longer than the other two Cartesian geometrical
dimensions. In particular each nanoelement has a length
which is much longer than a width and a height of the
nanoelement. Preferably, the length or longitudinal axis of
the nanoelement is one order of magnitude greater than the
other two dimensions, in particular the width and the height.
The plasmonic resonance at the predetermined wavelength
is preferably defined by the length of the nanoelement along
the longitudinal axis. Most preferably, the nanoelements are
configured as bars.

[0026] For example, in an embodiment, where GST-326 is
used as a phase change material and the nanoelements are
made of gold, when the predetermined wavelength is A=3.1
um, the first nanoelements can be bars having a length of 600
nm, wherein the second nanoelements are bars having a
length of 370 nm, wherein the widths and heights of the bars
are identical for the first and second nanoelements, the width
being 50 nm and the height being 40 nm. The different
lengths of the first and second nanoelements allow for
plasmonic resonances at the same predetermined wave-
length in the first state for the first nanoelements and in the
second state for the second nanoelements due to the change
in the dielectric environment.
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[0027] Each nanostructure preferably consists of a plural-
ity of such nanoelements, wherein adjacent nanoelements
are separated from each other by a predetermined distance,
defining a period of the nanostructure, wherein preferably
adjacent nanoelements are rotated relative to each other by
a predetermined angle in a plane defined by the nanostruc-
ture. If neither the period nor this predetermined angle of
in-plane rotation is changed over the complete surface of the
nanostructure, the rotation between the nanoelements
defines a superperiod for the nanostructure. However, both
the period as well as the predetermined rotational angle
between adjacent nanoelements may be varied over the
plane defined by the nanostructure. Insofar, it is possible that
there exists a constant period, but not a constant superperiod,
or even neither a constant period nor a constant superperiod
throughout the whole structure.

[0028] The shaping of the phase front of incident electro-
magnetic radiation is mainly governed by the rotational
angle between adjacent nanoelements and/or the change of
this predetermined angle along the nanostructure.

[0029] In a preferred embodiment of the invention, the
first nanostructure and the second nanostructure are arranged
in the same plane. This allows for a very compact device.

[0030] In addition or alternatively, the first nanoelements
and the second nanoelements are arranged in the same plane
in a staggered configuration. The different nanoelements can
preferably be arranged in rows, columns, concentric circles,
etc., wherein most preferably a row, a column or a concentric
circle of first nanoelements alternates with another, adjacent
row, column or concentric circle of second nanoelements,
and so forth. Staggering different nanostructures in one
single plane is possible due to the inherent local surface
plasmonic resonance property of exhibiting extinction cross-
sections at resonance that are much larger than the geometri-
cal footprints of the individual nanoelements. This allows
for the nanoelements to be spaced relatively far apart from
one another while retaining an effectively continuously
covered surface from a light interaction viewpoint. The only
limiting factor in designing staggered metasurfaces lies in
avoiding propagating surface modes such as Rayleigh
anomalies stemming from a periodic arrangement of the
plamonic antenna elements with certain periodicities that
might introduce undesired loss channels.

[0031] In particular, the first nanostructure and the second
nanostructure form alternative subsets of metasurface ele-
ments, or sub-metasurfaces, in a single metasurface. Switch-
ing the state of the phase change material selectively acti-
vates one of these subsets or sub-metasurfaces.

[0032] In a preferred embodiment of the invention, the
optically responsive structure comprises more than two
different nanostructures, wherein preferably each nanostruc-
ture is assigned to a respective state of a plurality of states
of the phase change material. Thus, it is possible to switch
between a plurality of different optical functionalities and/or
optical properties by activating one of the plurality of
different metasurfaces or sub-metasurfaces at a time by
bringing the phase change material in one of a plurality of
different states adapted to the respective metasurface or
sub-metasurface.

[0033] In particular, each nanostructure exhibits an optical
response in one respective state of the phase change material
at the predetermined wavelength, wherein the same nano-
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structure does not exhibit an optical response at the prede-
termined wavelength in any other state of the phase change
material.

[0034] In a preferred embodiment of the invention, the at
least first nanostructure and second nanostructure have dif-
ferent optical functionalities. An optical functionality is in
particular a well determined way to influence electromag-
netic radiation, in particular by diffraction, beam steering,
lensing, and so on. If two different nanostructures have two
different optical functionalities, it is possible to switch
between different ways to influence electromagnetic radia-
tion in the same device, for example to switch between beam
steering on the one hand and lensing on the other hand.
[0035] In addition or in the alternative, at least two nano-
structures of the first nanostructure and the second nano-
structure share a same optical functionality but have differ-
ent properties within the same functionality. A property
within this meaning is a certain measure describing the
behaviour of the optical functionality, e.g. an angle for beam
steering or beam deflection, or a focal length for lensing.
Such a property may also be the influence on different
chiralities of the incident light, e.g. whether a nanostructure
interacts with right-handed or left-handed circularly polar-
ized light if the nanostructure has the optical functionality of
a chiral beam steering device or a chiral lens. It is thus
possible to selectively choose different properties for a given
optical functionality, for example by realizing beam steering
to different directions, or varifocal zoom lensing.

[0036] If the device has a plurality of different nanostruc-
tures, and the phase change material has a respective plu-
rality of states a plurality meaning more than two—it is
possible to choose different optical functionalities on the one
hand, and additionally to switch between different properties
for the same functionality on the other hand. For example,
there may be a first state wherein the device deflects an
incident light beam to the right, a second state wherein the
incident light beam is deflected to the left, a third state
wherein incident light is focused with a first focal length,
and a fourth state wherein the incident light beam is focused
with a second focal length being different from the first focal
length.

[0037] In a preferred embodiment of the invention, the
device is configured as a switchable beam steering device,
and/or as a varifocal lens, and/or as a chiral lens, as already
explained above. Generally, the device may exhibit any
functionality for influencing electromagnetic radiation
which is achievable by shaping the phase front of the
electromagnetic radiation. Thus, the device is extremely
versatile.

[0038] In a preferred embodiment of the invention, the
phase change material is arranged on a substrate which has
a thermal conductivity greater than or equal to 4 W/(mK),
preferably greater than or equal to 5 W/(mK), preferably
greater than or equal to 9 W/(mK). Thus, it is possible in a
most easy and convenient way to switch the phase change
material back from a crystalline state or a more crystalline
state to an amorphous state by melt-quenching, wherein heat
is dissipated from the phase change material via the sub-
strate. Most preferably, the substrate may be made of a
material selected from a group consisting of diamond, Si,
and CaF,.

[0039] According to another aspect of the invention, a
method for obtaining a device for switchably influencing
electromagnetic radiation is provided, the method compris-
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ing the steps of providing a phase change material, the phase
change material being switchable between at least a first
state and a second state, the first state and the second state
having different electrical and/or magnetic properties; pro-
viding an optically responsive structure in contact with the
phase change material by providing at least a first nano-
structure and a second nanostructure in contact with the
phase change material, such that the first nanostructure is
different from the second nanostructure, and the first nano-
structure is optically responsive at a predetermined electro-
magnetic wavelength when the phase change material is in
its first state and non-responsive at the predetermined wave-
length when the phase change material is in its second state,
and the second nanostructure is optical responsive at the
predetermined electromagnetic wavelength when the phase
change material is in its second state and non-responsive at
the predetermined wavelength when the phase change mate-
rial is in its first state. In particular, the method is adapted to
obtain a device according to at least one of the embodiments
described above.

[0040] The phase change material may preferably be pro-
vided by depositing the same on a substrate surface. How-
ever, the phase change material may also itself serve as a
substrate.

[0041] In a preferred embodiment of the invention, a
plurality of nanoelements is provided for each nanostruc-
ture, the nanoelements exhibiting plasmonic resonances at
the predetermined wavelength in the respective state of the
phase change material assigned to the respective nanostruc-
ture, and the nanoelements being optically non-responsive in
any other state of the phase change material.

[0042] In a preferred embodiment of the invention, the
nanoelements of at least the first nanostructure and the
second nanostructure are deposited in a same plane on the
phase change material, preferably in a staggered configura-
tion.

BEST DESCRIPTION OF THE DRAWINGS

[0043] The invention is further explained with reference to
the drawing, wherein

[0044] FIG. 1 shows a schematic representation of a first
embodiment of a device for switchably influencing electro-
magnetic radiation;

[0045] FIG. 2 shows further details of the first embodi-
ment according to FIG. 1;

[0046] FIG. 3 shows further details of the first embodi-
ment according to FIGS. 1 and 2;

[0047] FIG. 4 shows a second embodiment of the device,
and
[0048] FIG. 5 shows further details of the second embodi-

ment according to FIG. 4.

DETAILED DESCRIPTION

[0049] FIG. 1 shows a schematic representation of the first
embodiment of a device 1 for switchably influencing elec-
tromagnetic radiation. The device 1 comprises a phase
change material 3, hereinafter also referred to as PCM,
which is switchable between at least a first state, shown on
the left in FIG. 1a, and a second state, shown on the right in
FIG. 1a, wherein the first state and the second state have
different electrical and/or magnetic properties. The device 1
further comprises an optically responsive structure 5 in
contact with the phase change material 3, the optically
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responsive structure 5 having at least a first nanostructure 7
and a second nanostructure 9, the first nanostructure 7 being
different from the second nanostructure 9. The first nano-
structure 7 is optically responsive at a predetermined elec-
tromagnetic wavelength when the phase change material 3 is
in its first state, and non-responsive at the predetermined
wavelength, when the phase change material 3 is in its
second state. The second nanostructure 9 is optically respon-
sive at the predetermined electromagnetic wavelength when
the phase change material 3 is in its second state and
non-responsive at the predetermined wavelength when the
phase change material 3 is in its first state.

[0050] The phase change material 3 preferably is meta-
stable in at least the first state and the second state. In
particular, the phase change material 3 is a dielectric in at
least the first and the second state and has a first dielectric
constant in the first state and a second dielectric constant,
different from the first dielectric constant, in the second
state. In the present embodiment of the invention, the phase
change material 3 is amorphous in the first state and crys-
talline in the second state.

[0051] Preferably, the phase change material 3 has more
than two different states, in particular a plurality of prefer-
ably metastable intermediate states between the first state
and the second state, the intermediate states preferably each
having an intermediate dielectric constant between the first
dielectric constant and the second dielectric constant.
[0052] In the present embodiment, the phase change mate-
rial 3 is GeSbTe, also referred to as GST, in particular
Ge,Sb,Te,, also referred to as GST-326.

[0053] The amorphous state of GST is also referred to
hereinafter as a-GST, and the crystalline state of GST is also
referred to hereinafter as c-GST.

[0054] The first nanostructure 7 comprises a plurality of
first nanoelements 11, and the second nanostructure 9 com-
prises a plurality of second nanoelements 13. For clarity’s
sake, only one of the first and second nanoelements 11, 13
is assigned a respective reference numeral. The nanoele-
ments 11, 13 are hereinafter also referred to as nano-
antennas, nanorod antennas, or antennas. The first nano-
structure 7 is also referred to as antenna set A. The second
nanostructure is also referred to as antenna set B.

[0055] The first nanoelements 11 exhibit a plasmonic
resonance at the predetermined wavelength when the phase
change material 3 is in its first state, and do not exhibit a
plasmonic resonance at the predetermined wavelength when
the phase change material 3 is in its second state. The second
nanoelements 13 exhibit a plasmonic resonance at the pre-
determined wavelength when the phase change material 3 is
in its second state, wherein they do not exhibit a plasmonic
resonance when the phase change material 3 is in its first
state.

[0056] As can be clearly seen from FIG. 1a, the first
nanostructure 7 and the second nanostructure 9 are arranged
in the same plane on top of the phase change material 3, and
the first nanoelements 11 and the second nanoelements 13
are arranged in this same plane in a staggered configuration.
In particular, there are alternating lines of first nanoelements
11 and second nanoelements 13, thus the first nanostructure
7 and the second nanostructure 9 are staggered line-wise.
[0057] In another embodiment of the device 1, it is pos-
sible that the optically responsive structure 5 comprises
more than two different nanostructures 7, 9, wherein pref-
erably each nanostructure 7, 9 is assigned to a respective
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state of the phase change material 3, in particular each
nanostructure 7, 9 exhibits an optical response in a respec-
tive state of the phase change material 3 at the predetermined
wavelength, and no optical response at the predetermined
wavelength in all the other states of the phase change
material 3.

[0058] Further, the at least first and second nanostructures
7, 9 can have different optical functionalities, and/or at least
two of the first and second nanostructures 7, 9 share a same
optical functionality but show different properties within this
same functionality. The latter case is true for the first
embodiment shown in FIG. 1, wherein both nanostructures
7,9 share the optical functionality of a beam steering device,
but differ in the direction in which incident radiation is
deflected. As schematically shown in FIG. 1a, incident
radiation 15 shining from above upon the optically respon-
sive structure 5 is deflected in a first direction by the first
nanostructure 7 when the phase change material 3 is in its
first state (left), and deflected to an opposite direction by the
second nanostructure 9 when the phase change material 3 is
in its second state (right).

[0059] The phase change material 3 preferably is arranged
on a substrate 17, the substrate 17 preferably having a
thermal conductivity greater than or equal to 4 W/(mK),
preferably greater than or equal to 5 W/(mK), preferably
greater than or equal to 9 W/(m K).

[0060] In particular, FIG. 1 shows an active plasmonic
metasurface for beam steering. The active metasurface pref-
erably consists of a 50 nm thick GST-326 layer underneath
a geometric phase metasurface for beam steering. Two types
of nano-antennas A and B, in particular the first and second
nanoelements 11, 13, with different plasmon resonances are
alternated line-wise. As shown in FIG. 1a, when the active
layer is in the amorphous phase, only type A rods interact
with the incident light at the predetermined wavelength of
3.1 um and deviate the beam as shown on the left. When the
active layer is in the crystalline phase, only type B rods
interact with the incident light and deviate the beam into the
opposite direction due to their relative orientation, as shown
on the right. FIG. 16 shows a schematic depiction of
transmittance of the active metasurface in the amorphous
(left) and crystalline (right) state.

[0061] FIG. 2 shows further details of the first embodi-
ment of the device 1 according to FIG. 1. FIG. 2a shows the
fundamental building block of the optically responsive
structure 5, consisting of two rows of differently sized
nanoelements 11, 13, or nano-antenna elements A and B, for
the first nanostructure 7 and the second nanostructure 9.
Antennas A are longer and resonant at 3.1 um for an
amorphous GST substrate. The antennas are arranged such
that each consecutive antenna, going from the left to the
right, is clockwise rotated by preferably 12° with respect to
the previous antenna. Antennas B are shorter and resonant at
3.1 um for a crystalline state of the phase change material 3,
in particular for a crystalline GST substrate. They are
arranged in counter-clockwise rotation. Also shown is the
periodicity of 900 nm between adjacent nanoelements 11,
13, and the superperiod of 13.5 um for the rotation of the
nanoelements 11, 13. FIG. 25 shows a simulated transmit-
tance of the beam steering metasurface for a-GST and
c-GST.

[0062] FIG. 3a shows a schematic representation of the
beam steering metasurface of the first embodiment of the
device 1 according to FIGS. 1 and 2, which is preferably
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fabricated by electron-beam lithography. FIG. 36 shows a
schematic representation of the transmittance for the fabri-
cated metasurface in amorphous (left) and crystalline (right)
state of the phase change material 3. FIG. 3¢ schematically
shows intensity plots of the beam transmitted by the active
metasurface in the amorphous (left) and crystalline (right)
state of the phase change material 3. As designed, the
deviated beam switches to the opposite side of the main
beam when switching the phase change material 3.

[0063] FIG. 4 shows a schematic representation of a
second embodiment of the device 1 which is configured as
a varifocal lens. Also in this embodiment, antennas A and B
are line-wise alternated on a phase change material 3,
preferably GST, which yields a cylindrical lens with varying
focus depending on the type of antenna which interacts with
the incident light. At FIG. 4 rotation angle versus x-position
for antenna type A (left) and B (right) is shown. These
distributions give rise to a focus at z=0.5 mm for amorphous
GST and 7z=1 mm for crystalline GST in this specific
embodiment.

[0064] FIG. 5 shows further details of the second embodi-
ment according to FIG. 4. FIG. 5a shows a schematic
representation of camera pictures of the cylindrical varifocal
zoom lens imaged at different distances z from the meta-
surface. Since the design is for a cylindrical lens, only the
x-direction is focused. In the amorphous case of GST, a
bright line appears at z=0.5 mm, whereas the image shows
broad diffuse lightness at the same z-position in the crys-
talline case. At z=1 mm the bright line focus appears in the
crystalline case whereas one can only observe a light patch
in the amorphous case. FIG. 56 shows a schematic repre-
sentation of a portion of the fabricated cylindrical metasur-
face lens.

[0065] In the following, specific embodiments of the
invention are further detailed with reference to FIGS. 1
through 5:

[0066] The principle for constructing bi-functional active
plasmonic devices employing a plasmonic beam-steering
metasurface that refracts an incident beam in opposite
directions depending on the phase of the active PCM layer
is demonstrated with respect to FIG. 1. A dispersionless
geometric phase approach is utilized to design abrupt phase
jumps I at the metasurface where the relative rotation angle
of a nanorod antenna is directly related to the phase that is
picked up by the cross-converted fraction of incident circu-
larly polarized light (CPL). The cross-converted field scat-
tered by the nano-antennas arises from the dipole moment p
that is induced by an incident electric field, which impinges
on a dipole that forms an angle ¢ with the x-axis in the x-y
plane as follows:

PL(R):1/\/7(1(€L(R)t€:i2¢€R(L))

[0067] where o is the electronic polarizability, the sub-
scripts R and L denote right- and left-handed circularly
polarized light (RCP, LCP), respectively, and e, , are the
unit vectors for left- and right-handed circularly polarized
light. The sign in the exponent depends on the combination
incidence/transmission and is + for LCP/RCP and - for
RCP/LCP. Thus, a continuously full O to 27 range of abrupt
phase jumps ¢=2¢ can be realized by rotating the electric
dipole, i.e., a plasmonic nanorod antenna, in the x-y plane
from 0 to rt. Therefore, arranging m nanorods equally spaced
over a superperiod [] with relative rotation angles of Trim in
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between adjacent elements yields a constant phase gradient
d¢/dx. The generalized Snell’s law for the converted circu-
larly polarized light is then

6 ‘0_/\od®_+/\o
n, sin 6, —n; sin i =5 =+

& r

gle
I
H+
>z

[0068] Using this principle, the unit cell of the beam-
steering active plasmonic metasurface is constructed to
consist of two rows of m=15 antennas A and B with lengths
1,=600 nm and 15;=370 nm, thicknesses t,=t;=40 nm, and
widths w ,=wz=50 nm. The antennas are made of gold and
are equally spaced in x-direction with periodicity p=900 nm,
and the distance between rows A and B is d=550 nm (FIG.
2a). This results in plasmon resonances at A,=3.1 pum for
antennas A on an a-GST layer and antennas B on a ¢-GST
layer. The superperiod [J is 13.5 pm, which yields a refrac-
tion angle of 6,=+£13.28°, depending on the helicity of the
incident light. The nanorods in the upper row are rotated
clockwise going from left to right whereas those in the lower
row are rotated anti-clockwise leading to opposite refraction
angles for the same helicity of incident circularly polarized
light. Full-field finite-difference time-domain simulations
were carried out for the unit cell with periodic boundary
conditions in X- and y-directions. The metasurface is located
at z=0 and illuminated from the top at normal incidence with
RCP light. The resulting phase profile of a cut through the
x-z-plane demonstrates the refraction to opposite angles for
cross-converted light (LCP) for a-GST and ¢-GST. The
normalized transmittance spectra reveal that antennas A are
resonant around 3.1 pm in the a-GST case, whereas antennas
B’s resonance shifts to this spectral position in the ¢-GST
case. The state of the phase change material 3 thus selects
whether antenna set A or B interacts with the incident light.
[0069] The design is using fabricated electron beam
lithography over an area of 600 pmx600 um to define the
plasmonic gold nanorods. As substrate, CaF, is used with a
50 nm thick layer of GST-326 followed by a 15 nm thick
ZnS:Si0, capping layer to prevent oxidation. To verify the
switching behaviour of the active metasurface fabricated,
Fourier transform infrared (FTIR) spectroscopy measure-
ments were carried out using a Bruker Vertex 80 coupled to
a microscope. As designed, the plasmon resonance of the
longer nanorods A lies at 3.15 um for a-GST whereas the
shorter nanorods B exhibit a resonance at 2.28 um. After
inducing crystallization by heating the sample on a hot plate
for 2 min at 180° C., the plasmon resonance associated with
nanorod set B is shifted to 3.15 pm, which excellently
coincides with the resonance position of antenna set A in the
a-GST case. Simultaneously, the plasmon resonance of
antenna set A is shifted out of the region of interest to 4.1
um. In both the amorphous and crystalline states, the sample
was characterized at 3.1 pm wavelength using an optical
parametric master oscillator power amplifier (MOPA) sys-
tem that outputs linearly polarized light. Further a quarter-
waveplate was inserted before the sample to generate cir-
cularly polarized light and the resulting far field image was
recorded with a pyroelectric array camera (Pyrocam III,
Ophir Photonics). The results are schematically shown in
FIG. 3¢. When the GST is in its amorphous state, antenna set
A interacts with the incident light and refracts the cross
converted portion of the incoming beam (LLCP) to the right
side of the nonconverted RCP part, which is subjected to the
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conventional Snell’s law and therefore does not change its
propagation direction. The measured deviation angle is
13.23°, in good agreement with the theoretical value of
13.28°, which can be obtained using a=sin™'(A,/A). For
crystalline GST, the incident beam interacts with antenna set
B, thus, the converted portion is refracted to the opposite
direction. The relative intensity of the anomalously refracted
beam in the c-GST case is lower than in the a-GST case
because the scattering of the plasmon resonance of antenna
set B is weaker as can be seen in FIG. 35. This is due to the
fact that the dipole strength of the shorter nanorods used for
antenna set B is weaker, which is further reduced by the
higher real and imaginary parts of the refractive index of
c-GST. One can partially counteract this decrease in plas-
mon resonance amplitude by using thicker and longer nan-
orods for antenna set B or using two rows for each single
row of antenna set A or by developing even less lossy PCMs.
The measured relative efficiency, given by the intensity ratio
of the anomalously refracted beam to the incident beam, is
approximately 5% in accordance with previously reported
values.

[0070] As second embodiment a varifocal cylindrical plas-
monic metasurface zoom lens is demonstrated. The required
spatial phase profile with the corresponding rotation angles
(FIG. 4) for nanorods in antenna sets A and B are calculated
over an area of 600 pm using the formula for diffractive
cylindrical lenses

@x)=0.5k(V = |fT),

[0071] where ¢ denotes the rotation angle, f the focal
length, k, the free space wavevector and x the associated
x-position of the nanorod.

[0072] In particular, focal lengths f,=0.5 mm for antenna
set A and fz=1 mm for antenna set B are used, i.e., for
amorphous GST, the focus will lie at 0.5 mm and for
crystalline GST at 1 mm. The incident polarization is RCP
such that the metalens will operate as converging lens. The
periodicity is kept at 900 nm in x-direction and 110 nm in
y-direction with a center-to-center distance between antenna
sets A and B at 550 nm.

[0073] Full-field simulations were carried out over a 650
um simulation domain with perfectly-matched layers as
boundaries and incident RCP plane-wave illumination at 3.1
um to verify the performance of our design. The results
reveal that indeed focusing occurs in both the amorphous
and crystalline case at the chosen z-positions. The design
was fabricated using the same procedure as before and the
sample was characterized at 3.1 um wavelength with the
MOPA source. Using a quarter waveplate before the active
metalens, RCP was generated from the linearly polarized
MOPA output and subsequently filtered with an identical
quarter waveplate and a linear polarizer for converted LCP
light. Using a microscope with 20x magnification, different
z=const. planes are imaged, revealing the beam shape at
different distances from the varifocal plasmonic zoom lens.
The resulting images for the sample plane and z=0.5 and 1
mm-distances are schematically shown in FIG. 5a. When the
GST is in the amorphous state, as before, only antenna set
A interacts with the incoming light, thus imprinting the
phase profile that creates a focus at z=0.5 mm, which leads
to a bright line focus at this distance. After inducing a phase
change to the crystalline state, as designed, antenna set B
defines the functionality of the metalens. This manifests as
a focal line that becomes visible at z=1 mm.
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[0074] The device 1 as proposed has the benefit that it is
highly-integrated in a layered fashion without relying on any
mechanical motion or reconfiguration. While the specific
embodiments explained above are restricted to interweaving
only two functionalities per sample, it is also possible to
utilize more sets of nanorods with distinct resonances. The
GST layer can be partly switched to generate intermediate
refractive indices that select for the different antenna sets
whereby each of these states would be metastable by them-
selves. The limiting factor lies therein that more antenna sets
would equal less area coverage per antenna set and therefore
a weaker individual performance. However, since the func-
tionality is only imprinted on the converted part of the beam,
one can easily filter out any light that passes through the
metasurface without interacting. Furthermore, a whole range
of PCMs exists that all have unique optical properties such
that an additional design parameter is readily available
through the choice of a particular PCM.

[0075] One is not restricted to combining similar func-
tionalities into one active metasurface: one can easily “mix-
and-match” entirely different optical components in one
active metasurface and thus create highly-integrated multi-
purpose nanophotonic components. Furthermore, while the
specific demonstration given here relies on one-directional
hot-plate induced phase change, it is well-known that GST
can be reversibly electrically and optically switched on
ultrafast time-scales. Overall, the approach presented creates
a new design principle that can be explored in many direc-
tions ranging from on-demand nanophotonic components,
such as novel scanners combining beam steering and lens-
ing, to dynamic phased-array optics for aberration correction
and active holography.

[0076] The device 1 can be obtained by a method com-
prising the steps of providing the phase change material,
preferably depositing the phase change material 3 on a
substrate surface of a substrate 17, the phase change material
3 being switchable between at least a first state and the
second state, wherein the first state and the second state have
different electrical and/or magnetic properties; providing an
optically responsive structure 5 in contact with the phase
change material 3 by providing at least a first nanostructure
7 and a second nanostructure 9 in contact with the phase
change material 3, such that the first nanostructure 7 is
different from the second nanostructure 9, and the first
nanostructure 7 is optically responsive at the predetermined
electromagnetic wavelength when the phase change material
3 is in its first state and non-responsive at the predetermined
wavelength when the phase change material 3 is in its
second state, and the second nanostructure 9 is optically
responsive at the predetermined electromagnetic wavelength
when the phase change material 3 is in its second state and
non-responsive at the predetermined wavelength when the
phase change material 3 is in its first state.

[0077] Preferably, for each nanostructure 7, 9 a plurality of
nanoelements 11, 13 is provided, the nanoelements 11, 13
exhibiting plasmonic resonances at the predetermined wave-
length in the respective states of the phase change material
3 assigned to the respective nanostructure 7, 9, and the
nanoelements 11, 13 being optically non-responsive in any
other state of the phase change material 3.

[0078] Preferably, the nanoelements 11, 13 of at least the
first nanostructure 7 and the second nanostructure 9 are
deposited in a same plane on the phase change material 3,
preferably in a staggered configuration.
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[0079] In particular, the device 1 may be obtained by the
following steps: a 50 nm GST-326 film is DC-magnetron
sputter-deposited with a background pressure of 2x107°
mbar and 20 sccm Ar flow followed by sputtering of 15 nm
of ZnS:S8i0,. Subsequently, the metasurface is prepared
using electron beam lithography employing a polymethyl-
methacrylate (PMMA) double layer resist, where the first
layer is 100 nm 3.5% 200K PMMA and the second layer 100
nm 1.5% 950K PMMA. The resist is baked for 2 min. at
120° C. after each layer. After development in 3:1 MIBK:
isopropyl alcohol, 2 nm of chromium followed by 40 nm of
gold is thermally evaporated and a lift-off is carried out.

1. A device for switchably influencing electromagnetic
radiation, comprising:

aphase change material being switchable between at least

a first state and a second state, the first state and the
second state having different electrical and/or magnetic
properties; and
an optically responsive structure in contact with the phase
change material, the optically responsive structure hav-
ing at least a first nanostructure and a second nano-
structure, the first nanostructure being different from
the second nanostructure;
wherein the first nanostructure is being optically respon-
sive at a predetermined electromagnetic wavelength
when the phase change material is in the first state, and
non-responsive at the predetermined wavelength when
the phase change material is in the second state, and

wherein the second nanostructure is being optically
responsive at the predetermined electromagnetic wave-
length when the phase change material is in the second
state, and non-responsive at the predetermined wave-
length when the phase change material is in the first
state.

2. The device according to claim 1, wherein the phase
change material is metastable in at least the first state and the
second state.

3. The device according to claim 1, wherein:

the phase change material is a dielectric in at least the first

state and the second state and has a first dielectric
constant in the first state and a second dielectric con-
stant, different from the first dielectric constant, in the
second state, and/or

the phase change material is amorphous in the first state

and crystalline in the second state, and/or

the phase change material has more than to two different

states, and/or

the phase change material (3) has a plurality of preferably

metastable intermediate states between the first state
and the second state, the intermediate states preferably
each having an intermediate dielectric constant
between the first dielectric constant and the second
dielectric constant.

4. The device according to claim 1, wherein the phase
change material is GeSbTe, in particular Ge,Sb,Te,.

5. The device according to claim 1, wherein the first
nanostructure comprises a plurality of first nanoelements
exhibiting a plasmonic resonance at the predetermined
wavelength when the phase change material is in its first
state, and not exhibiting a plasmonic resonance at the
predetermined wavelength when the phase change material
is in its second state, wherein the second nanostructure
comprises a plurality of second nanoelements exhibiting a
plasmonic resonance at the predetermined wavelength when

Dec. 6, 2018

the phase change material is in its second state and not
exhibiting a plasmonic resonance at the predetermined
wavelength when the phase change material is in its first
state.

6. The device according to claim 1, wherein:

the first nanostructure and the second nanostructure are

arranged in the same plane, and/or

the first nanoelements and the second nanoelements are

arranged in the same plane in a staggered configuration.

7. The device according to claim 1, wherein the optically
responsive structure comprises more than two different
nanostructures, wherein preferably each nanostructure is
assigned to a respective state of the phase change material,
in particular each nanostructure exhibiting an optical
response in a respective state of the phase change material
at the predetermined wavelength, and no optical response at
the predetermined wavelength in the other states of the
phase change material.

8. The device according to anyone of the preceding
claims, wherein:

the at least first nanostructure and second nanostructure

have different optical functionalities, and/or

at least two nanostructures of the first nanostructure and

the second nanostructure share a same optical function-
ality but show different properties within this same
functionality.
9. The device according to claim 1, wherein the device is
configured as a switchable device selected from a group
consisting of:
a beam steering device,
a varifocal lens, and
chiral lens.
10. The device according to claim 1, wherein the phase
change material is arranged on a substrate, the substrate
having a thermal conductivity greater than or equal to 4
W/(mK), preferably greater than or equal to 5 W/(mK),
preferably greater than or equal to 9 W/(m K).
11. A method for obtaining a device for switchably
influencing electromagnetic radiation, the method compris-
ing:
providing a phase change material, the phase change
material being switchable between at least a first state
and a second state, the first state and the second state
having different electrical and/or magnetic properties;

providing an optically responsive structure in contact with
the phase change material by providing at least a first
nanostructure and a second nanostructure in contact
with the phase change material, such that the first
nanostructure is different from the second nanostruc-
ture, and the first nanostructure is optically responsive
at a predetermined electromagnetic wavelength when
the phase change material is in its first state and
non-responsive at the predetermined wavelength when
the phase change material is in its second state, and the
second nanostructure is optically responsive at the
predetermined electromagnetic wavelength when the
phase change material is in its second state and non-
responsive at the predetermined wavelength when the
phase change material is in its first state.

12. The method according to claim 11, wherein for each
nanostructure a plurality of nanoelements is provided, the
nanoelements of each respective nanostructure exhibiting
plasmonic resonances at the predetermined wavelength in a
respective state of the phase change material assigned to the
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respective nanostructure, and the nanoelements of the
respective nanostructure being optically non-responsive in
any other state of the phase change material.

13. The method according to claim 11, wherein the
nanoelements of at least the first nanostructure and the
second nanostructure are deposited in a same plane on the
phase change material.

14. The method according to claim 13, wherein the
nanoelements of at least the first and second nanostructures
are deposited in a staggered configuration.

#* #* #* #* #*
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