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(54) OPTICAL SWITCHING DEVICE
(57)  An optical switching device (100, 200, 300),

comprising: a substrate (103, 203, 303); a layer (102,
202, 302) of an active material disposed on the substrate
(103, 203, 303), the active material being either a phase
change material or a material which, by changing its sto-
ichiometry, its optical properties change, wherein the ac-
tive material is configured to change upon application of
an external stimulus between a crystalline phase having
a first refractive index and an amorphous phase having
a second refractive index; and a layer (101, 201, 301) of
a transparent material disposed on the layer (102, 202,
302) of active material, wherein the layer of a transparent
material is a prism (101, 201, 301) defining an angle a
selected such that, when a linearly polarized plane wave
reaches an entrance face of the prism (101, 201, 301)
and radiation is refracted and travels within the prism
(101, 201, 301) until it reaches the surface of the layer
(102, 202, 302) of active material, the Brewster condition
is met for one of the two phases, of the active material,
so that when the active material is in the phase for which
the Brewster condition is met, radiation is not reflected
at the interface between the prism (101, 201, 301) and
the layer (102, 202, 302) of active material, while when
the active material is in the other phase, radiation is re-
flected at said interface and leaves the optical switching
device (100, 200, 300) when it reaches an output face of
the prism (101, 201, 301), thus controlling the switching
mode of the optical switching device (100, 200, 300)
through the presence or absence of reflected light at said
interface.
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Description
TECHNICAL FIELD

[0001] The present invention relates to optical switch-
es. More specifically, it relates to optical switches appli-
cable to, among other fields, optical communications
and/or computing.

STATE OF THE ART

[0002] At present, the transition from electronic to op-
tical circuits is one of the technological challenges in
which material physicists and optical engineers focus
their current research. The goal is to get faster and lower
consumption systems for applications ranging from
health to digital processing and digital communications.
If this is achieved, it is highly likely that optical circuits
will replace the current widely used electronic logic de-
vices in a near future. As an example, digital photonic
logic circuits are key elements in the next generation of
optical computers and memory devices. In combination
with traditional semiconductor processes and integrated
circuittechnologies, the design and manufacture of large-
scale photonic integrated switches for building optical
gates is an essential aspect in the development towards
all-optical processing.

[0003] In order to develop optical switches, different
techniques have been examined. For example,
US2011/0075239A1 discloses an apparatus, system
and method for all-optical switching based on the princi-
ple of Electromagnetically-Induced Transparency (EIT)
in an interface region between two light transmitting me-
dia. EIT is caused by Lambda atoms disposed in the in-
terface region in response to an incident photon.
[0004] For the development of optical switches, key in
the race towards all optical processing, phase change
materials (PCM) are showing outstanding qualities. A pe-
culiarity of these materials is that their optical properties,
such as refractive index, can be controlled by an external
stimulus, such as optical, electrical, thermal, or any other
stimulus. This attractive behavior, shown for example by
a handful of chalcogenide alloys, exemplified by the Ge-
Sb-Te (GST) family, has been exploited in a wide range
of photonic devices including optical switches. For ex-
ample, US2020/0379276A1 discloses a chalcogenide
phase change material all-optical switch based on a pho-
tonic crystal and a manufacturing method therefor. How-
ever, the manufacturing process of this all-optical switch
is complex, which makes the product expensive. What
is more, the optical switch must work in transmission,
which makes its practical implementation in an optical-
electrical circuit difficult. Besides, the proposed all-optical
switch performs satisfactorily only at specific wave-
lengths in the band of 1500 to 1600 nm.

[0005] These and other shortcomings tend to impair
the effectiveness of current optical switches based on
phase change materials. Therefore, there is a need for
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new optical devices that overcome the disadvantages of
conventional ones.

DESCRIPTION OF THE INVENTION

[0006] The present invention aims at overcoming the
drawbacks ofthe priorart. The presentinvention provides
an all-optical switch simple in structure, which performs
in a very broad range of wavelengths and easy to inte-
grate with other optical logic elements, electronic equip-
mentand semiconductors (such as Si, CMOS, MEM plat-
forms, among others).

[0007] The proposed optical switching device is based
on physical phenomena occurring at an interface region
between two light transmitting media. The firstlight trans-
mitting media is any material transparent at the wave-
length of interest. The second light transmitting media is
a material (active element) which can change its optical
state upon application of an external stimulus, such as a
phase-change material or a material which, by changing
its stoichiometry, its optical properties change, such as
molybdenum oxide. The wavelength range of interest in-
cludes the visible and the infrared spectrum of light. The
wavelength range of interest is a range between 0.4 and
5 wm (micrometers, 1 um = 106 m), such as between
0.4 and 2 pm, or between 0.8 and 1.6 um, or between
1.0 and 1.6 pum. Examples of transparent materials are
glass, such as silicon dioxide (silica, SiO,) or borosilicate
glass, silicon nitride (SizN,), sapphire, ITO (Indium Tin
Oxide) and quartz.

[0008] Phase-change materials as well as materials
which, by changing its stoichiometry, its optical properties
change, can undergo areversible state or phase change
when they are submitted to the effect of an external stim-
ulus. The external stimulus can be optical, electrical, ther-
mal, or other. Due to the effect of this stimulus, the state
of the material changes from crystalline state to amor-
phous state or vice versa. Certain phase-change mate-
rials are ideal materials to build an optical switch because
the optical properties (in particular, refractive index) of
the two different states they may show (crystalline state
and amorphous state) are very different between the two
mentioned states. In other words, suitable phase change
materials are those in which, at a waveband of interest,
the refractive index of the material when itis in crystalline
state is very different from the refractive index of the ma-
terial when it is in the amorphous state. This is also ap-
plicable to materials whose optical properties can change
when the stoichiometry of the material changes, as is the
case of molybdenum oxide. Thus, by controlling the ex-
ternal stimulus, the refractive index of the phase change
material is also controlled, which implies that the amount
of reflected light is subsequently controlled. The external
stimulus can be the light radiated by an external laser,
or an electrical field, or an applied voltage, or the tem-
perature applied by a heating means. This means that
the state of the second light transmitting media (such as
phase change material) can be manipulated by an exter-
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nal stimulus. Another condition the selected second light
transmitting media must fulfil is that it is stable in physical
and chemical properties atroom temperature. The optical
switching device is therefore non-volatile, meaning that,
in the absence of the external stimulus (for example, la-
ser), its switch mode (either ON or OFF) does not change
at room temperature.

[0009] The proposed optical switching device performs
with very high contrast at a large wavelength band, be-
cause, in addition to the use of suitable second radiation
transmitting media (such as phase-change materials or
materials whose optical properties change when the sto-
ichiometry of the material changes), the inventors have
surprisingly noticed that under certain physical phenom-
ena derived from a reflection effect, in particular the
Brewster condition occurring at the interface region be-
tween two radiation transmitting media (one of which is
the mentioned second radiation transmitting media), total
absence of reflected radiation (which represents one of
the two modes of the optical switch, for example, the OFF
mode) can be obtained depending on the state of the
second transmitting media. Therefore, high contrast be-
tween the ON and OFF modes of the optical switch is
achieved.

[0010] Non-limiting examples of suitable phase-
change materials are chalcogenide phase-change ma-
terials. They have ultrafast phase-change characteris-
tics, enabling switching response in the range of femto-
seconds (10-15 seconds). More particularly, the following
chalcogenide phase-change materials can be used:
GeTe, GaSe, SbTe, GeSe, GaTe, GaS, Sb,S3, Sb,Se;,
Ga,S; and GST and any derivatives thereof. One skilled
in the art is aware of the fact that a chalcogenide PCM
can be made ad-hoc, e.g. by changing the proportions
of one or more elements to form a new PCM. Another
suitable material is molybdenum oxide (MoO,, wherein
x=2 or 3), which is a material whose optical properties
change when its stoichiometry changes. All these mate-
rials perform with very high contrast at the wavelength
band of interest. For example, for a wavelength of 1550
nm, the refractive indices of Sb,S; for the amorphous
and crystalline states are n=2.71 and n=3.31 respective-
ly. Inthe case of Sb,Seg, the refractive indices are n=3.28
and 4.08 for the crystalline and amorphous states re-
spectively. The index contrast (also referred to as refrac-
tive index contrast) of Sb,S; is 0.6 and the index contrast
of Sb,Se; is 0.8 approx., as reported for example by De-
laney, M., Zeimpekis, |., Lawson, D., Hewak, D. W., &
Muskens, O. L. (2020). A new family of ultralow loss re-
versible phase-change materials for photonic integrated
circuits: Sb2S3 and Sb2Se3. Advanced functional mate-
rials, 30(36), 2002447.

[0011] In use of the optical switching device, when ra-
diation (such as light, when radiationisin the visible spec-
trum of light) is incident with the Brewster angle at an
interface region between the a first material (material
transparent at the wavelength of interest) and a second
light transmitting media (active material, such as phase-
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change material), the amount of reflected radiation de-
pends on the state (amorphous or crystalline) of the sec-
ond transmitting media. In fact, not only does the amount
of reflected radiation depend on the state of the second
transmitting media, such as phase-change material, but
also that amount of reflected radiation is substantially
zero for one of the two states of this material. Therefore,
governing the optical properties of the active material and
the angle with which radiation is refracted when it enters
the optical switching device, the electromagnetic char-
acteristics of the output radiation are controlled.

[0012] In a first aspect of the invention, an optical
switching device is provided. The optical switching device
comprises: a substrate; a layer of an active material dis-
posed on the substrate, the active material being either
aphase change material ora material which, by changing
its stoichiometry, its optical properties change; wherein
the active material is configured to change upon appli-
cation of an external stimulus between a crystalline
phase having a first refractive index and an amorphous
phase having a second refractive index, the first refrac-
tive index being different from the second refractive in-
dex; and a layer of a transparent material disposed on
the layer of active material, wherein the layer of a trans-
parent material is a prism defining an angle a; wherein
the angle o defined by the prism is selected such that,
in use of the optical switching device, when a linearly
polarized plane radiation wave reaches an entrance face
of the prism and radiation (such as light) is refracted and
travels within the prism until it reaches the surface of the
layer of active material, the Brewster condition is met for
one of the two phases, crystalline phase or amorphous
phase, of the active material of which the layer is made,
so that when the active material is in the phase for which
the Brewster condition is met, no radiation is reflected at
the interface between the prism and the layer of active
material, while when the active material is in the phase
for which the Brewster condition is not met, radiation is
reflected at the interface between the prism and the layer
of active material and leaves the optical switching device
when it reaches an output face of the prism, thus con-
trolling the switching mode of the optical switching device
through the presence or absence of reflected radiation
at said interface.

[0013] In embodiments of the invention, the thickness
of the layer of an active material is between 30 and 2000
nm.

[0014] In embodiments of the invention, the layer of
active material is made of a phase change material, the
phase change material being a chalcogenide phase-
change material.

[0015] In embodiments of the invention, the chalcoge-
nide phase-change material is selected from the follow-
ing: GeTe, GaSe, SbTe, GeSe, GaTe, GaS, Sb,S;,
Sb,Se;, Ga,S; and GST.

[0016] In embodiments of the invention, the substrate
is made of the same transparent material as the material
of which the prism is made.
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[0017] Inembodiments of the invention, the linearly po-
larized plane wave travels in the air until it reaches an
entrance face of the prism.

[0018] Inembodiments of the invention, the linearly po-
larized plane wave travels through a waveguide until it
reaches an entrance face of the prism.

[0019] In embodiments of the invention, when the ac-
tive material is in the phase for which the Brewster con-
dition is not met, radiation leaves the optical switching
device through the air when it reaches an output face of
the prism.

[0020] In embodiments of the invention, when the ac-
tive material is in the phase for which the Brewster con-
dition is not met, radiation leaves the optical switching
device through a waveguide when it reaches an output
face of the prism.

[0021] In embodiments of the invention, the optical
switching device operates in the infrared and/or the vis-
ible spectrum of light.

[0022] In a second aspect of the invention, a system
is provided. The system comprises: an optical switching
device according to the first aspect of the invention; and
means for generating a stimulus configured to control the
state or phase of the active material of optical switching
device.

[0023] Inembodiments ofthe invention, the system fur-
ther comprises: a first waveguide configured to carry the
linearly polarized plane wave until it reaches an entrance
face of the prism; and a second waveguide configured
to carry the output radiation when it reaches an output
face of the prism.

[0024] Inembodiments ofthe invention, the system fur-
ther comprises a first air gap between the end of the first
waveguide and a second air gap between the end of the
second waveguide.

[0025] Inembodiments ofthe invention, the system fur-
ther comprises means for collimating the radiation out-
putted by the first waveguide, so that a collimated radi-
ation beam reaches the entrance face of the prism.
[0026] In a third aspect of the invention, a method of
operating an optical switching device between an ON
mode and an OFF mode, is provided. The optical switch-
ing device comprises a substrate, a layer of an active
material disposed on the substrate, wherein the active
material is configured to change upon application of an
external stimulus between a crystalline phase having a
first refractive index and an amorphous phase having a
second refractive index, the first refractive index being
different from the second refractive index; and a layer of
a transparent material disposed on the layer of active
material, wherein the layer of a transparent material is a
prism defining an angle a. The method comprises: con-
trolling, using a stimulus source, the state or phase of
the active material between a crystalline phase having a
first refractive index and an amorphous phase having a
second refractive index, the first refractive index being
different from the second refractive index; providing a
linearly polarized plane wave to incide on an entrance
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face of the prism, so that radiation is refracted and travels
within the prism until it reaches the surface of the layer
of active material; and when the phase change material
is in a phase, crystalline or amorphous, for which the
Brewster condition is met, no radiation is reflected at the
interface between the prism and the layer of active ma-
terial, and the optical switching device is in OFF mode,
while when the active material is in a phase, amorphous
or crystalline, for which the Brewster condition is not met,
radiation is reflected at the interface between the prism
and the layer of active material and leaves the optical
switching device when it reaches an output face of the
prism, and the optical switching device is in ON mode.
[0027] While conventional PCM-based optical switch-
ing devices have a limited operation range (typically in
specific wavelengths within the wavelength range of
1500 to 1600 nm), the optical switch of the present in-
vention, operating under reflection properties of light (ra-
diation), performs optimally in much larger wavelength
ranges, including the visible and the infrared wavelength
range, because with a large collection of phase change
materials, among other active materials, the reflectivity
response (Brewster phenomena) of the device performs
with optimal contrast (ON/OFF switching) in a large
wavelength range (in the visible and the infrared spec-
trum of light).

[0028] High efficiency is obtained when both phases
of the active material, such as phase-change material,
are completely transparent to incident radiation. This im-
plies that there is no light absorption, that is to say, that
the refraction index of the active material in both phases
or states does not have imaginary part (the Brewster phe-
nomenonis thus pure). The highest efficiency is obtained
when the material of the prism (transparent material) and
the material of the substrate is the same, more precisely
when both materials are the same transparent material.
This substantially reduces noise (spurious radiation)
travelling within the device.

[0029] Another advantage of operating under reflec-
tion properties of light is that this operation enables the
optical integration of the device with other optical and
electrical equipment (electro-photonic circuit), because
the set-up to operate under reflection conditions implies
that light travels in a plane parallel to the substrate, which
does not happen in the device of US2020/0379276A1.
Therefore, the proposed optical set-up enables integra-
tion as it does not cause the volume of the substrate to
increase. Therefore, large-scale manufacturing of devic-
es including the optical switching device is enabled.
[0030] The optical switching device performs with high
contrast, high rate and low loss. Therefore, the proposed
optical switching device opens new possibilities for ap-
plicationsinvolving more efficient photonic digital circuits.
[0031] Additional advantages and features of the in-
vention will become apparent from the detail description
that follows and will be particularly pointed out in the ap-
pended claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0032] To complete the description and in order to pro-
vide for a better understanding of the invention, a set of
drawings is provided. Said drawings form an integral part
of the description and illustrate an embodiment of the
invention, which should not be interpreted as restricting
the scope of the invention, but just as an example of how
the invention can be carried out. The drawings comprise
the following figures:

Figures 1A-1C schematically illustrate an optical
switching device according to an embodiment of the
present invention. Figure 1A shows a tridimensional
side view of the optical switching device. Figure 1B
shows a side view (2D) of the optical switching de-
vice. Figure 1C shows a cross-section viewed from
the direction of arrival (wavefront) of a plane wave
(front view from the wavefront).

Figure 2 shows the side view of Figure 1B, in which
relevant geometrical parameters are included.

Figures 3A-3C schematically illustrate different
views of an optical switching device according to an-
other embodiment of the present invention. Figure
3A shows a side view (2D) of the optical switching
device of this embodiment. Figure 3B shows a top
view (2D) thereof. Figure 3C shows a cross-section
viewed from the direction of arrival (wavefront) of a
plane wave.

Figures 4A-4B schematically illustrate an optical
switching device alternative to the one shown in Fig-
ures 3A-3C.

Figures 5-10 show the output reflectivity and contrast
of different optical switching devices of examples ac-
cording to the present invention.

Figure 11 shows a graphic with the refractive indices
of Sb,S; for the amorphous and crystalline states in
the wavelength band of interest.

DESCRIPTION OF A WAY OF CARRYING OUT THE
INVENTION

[0033] The optical switching device of the present in-
vention is based on the physical phenomenon of optical
reflection. In particular, the device operates as an optical
switch when the incident radiation beam fulfils the Brews-
ter angle at an interface region between a first material
and a second material or active material (such as a
phase-change material); for example, between a layer
of a first material and a layer of a second material. The
incident radiation is a linearly polarized plane wave par-
allel to the plane of incidence (p-polarisation). The first
material is a material transparent to the wavelength band
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of interest. For example, the first material is transparent
in the wavelength range of interest, that is to say, in a
wavelength range comprised between 0.4 pum and 5 pum,
approximately. At the Brewster angle there is no reflec-
tion of the p polarization of the waveform. The state or
phase of the active material, such as phase-change ma-
terial, is manipulated by an external stimulus, such as a
laser, an electrical field, an applied voltage or a heating
means providing certain temperature, in such a way that
the refractive index of the active material, and therefore
the amount of radiation it can reflect, is different, depend-
ing on the state ofthe material (crystalline state and amor-
phous state in the case of a phase-change material). In
other words, and referring specifically to phase change
materials, depending on the phase of the PCM either
amorphous or crystalline, the amount of reflected radia-
tion is different. Therefore, under the control of an exter-
nal stimulus (for example, with the use of laser with cer-
tain power level and wavelength or by applying a certain
voltage), the active material can undergo a phase
change. This implies that the optical properties of the
active material (i.e. the PCM) are governed and the elec-
tromagnetic characteristics of the output radiation are
thus controlled.

[0034] A basic configuration of the optical switching
device 100 of the present invention is shown in Figures
1A-1C. In this configuration, the incident radiation (a lin-
early polarized plane wave parallel to the plane of inci-
dence (p-polarisation)) travels in the air until it arrives at
the device. Radiation with the p polarization has electric
field polarized in the same plane as the incident ray and
the surface normal at the point of incidence. In other
words, the incident radiation forms a plane wavefront
travelling in a direction parallel to the substrate. The in-
cident radiation beam has a wavelength preferably within
the infrared (IR) and/or visible spectrum, such as in the
wavelength range between 0.4 and 5 um, or between
0.4 and 2 pm, or between 0.8 and 1.6 um, or between
1.0and 1.6 pm.

[0035] The optical switching device 10 includes the fol-
lowing elements, stacked one on another: A layer 102 of
active material, which is a phase change material (PCM)
or of a material which, by changing its stoichiometry, its
optical properties change, is deposited on a substrate
layer 103. The substrate layer 103 can be for example
made of silicon (Si), silicon dioxide (silica, SiO,) or alu-
minium oxide (Al,O3), sapphire, silicon nitride (SizN,)
and ITO. The substrate layer 103 can be alternatively
made of any other material conventionally used as a sub-
strate. The thickness of the active material 102 is be-
tween 30 and 2000 nm (nanometers, 10 meters), pref-
erably between 30 and 800 nm, or between 50 and 800
nm, more preferably between 50 and 500 nm. A certain
minimum thickness, such as 30 nm, is required so that,
when the state of the active material is such that some
radiation travels within it (because the Brewster condition
has not been met), noise due to the radiation travelling
within the active material is prevented or at least mini-
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mized. Usually, the amount of such noise is reduced as
the thickness of the active material is increased. Also,
the smallerthe thickness, the better for changing the state
of the active material (such as the phase of the PCM).
The inventors have observed that a thickness between
30 and 800 nm, such as between 50 and 500 nm, pro-
vides an optimal response. Layer 102 is the layer called
active layer, because the behaviour of the material of
which it is made determines the mode (ON/OFF) of the
optical switch. The active material can be a phase change
material. The phase change material of layer 102 can be
one of the following chalcogenide phase-change mate-
rials: GeTe, GaSe, SbTe, GeSe, GaTe, GaS, Sb,S;,
Sb,Se;, Ga,S; and GST and any derivatives thereof. In
a particular embodiment, the phase change material is
Sb,S3. In another particular embodiment, the phase
change material is Sb,Se;. The active material can also
be a material whose optical properties can change when
the stoichiometry of the material changes, such as mo-
lybdenum oxide. All these materials perform with very
high contrast at the wavelength band of interest. For ex-
ample, in the wavelength band of interest the refractive
indices of Sb,S; for the amorphous and crystalline states
remain substantially constant and with high contrast, as
shown in the graphic of Figure 11.

[0036] A layer 101 of silicon dioxide (also referred to
as silica, SiO,, colloquially called glass), or alternatively
any other material transparent to the wavelength band
of interest, such as silicon nitride (SizN,), is deposited
onthe PCM layer 102. Layer 101 is the coupling medium
for coupling the radiation travelling in the air to the device
100. Layer 101 is a prism, that is to say, a transparent
(to the wavelength of interest) optical element with flat,
polished surfaces that are designed to refract light. At
least one surface must be angled. In the present case,
both the entrance surface (for the incident radiation
beam) to the prism and the output surface from the prism
are angled and defined by angle a. Following the geom-
etry of the substrate 103, prism 101 has a rectangular
base and four rectangular sides (two of which are an-
gled). Prism 101 is also referred to as prism coupler.
Prism 101 is carved in such a way that when the radiation
beam hits the interface prism 101 - active layer 102, it is
reflected in the active material under Brewster’s condition
for one of the two phases or states of the active material.
This situation is imposed or solved by calculating the an-
gle a of the prism that enables that the radiation beam
travelling within layer 101 hits the interface prism-active
material under Brewster’s condition. The angle o of the
prism is the angle shown in Figures 1A and 1B, i.e. the
angle formed by the slope of the prism 101 with respect
to its base. For this angle, only the component (of light
or, in general, radiation) perpendicular to the plane of
incidence is reflected at the interface prism / active ma-
terial layer. So, if the incident radiation is parallel to this
plane, the reflection for one of the phases is substantially
zero. This angle can be determined considering the op-
tical constants (refraction index) of the prism material and
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of the active material and the prism angle. The phases
or states of the active material which works as "on/off"
can be amorphous/crystalline or crystalline/amorphous,
depending for example on the active material, such as
PCM.

[0037] Linearly polarized radiation with its electric field
contained in the incidence plane (determined by the in-
cident direction and the normal to the entrance face of
the prism coupler 101) travelling in the air is refracted by
the entrance face of the prism coupler 101 (at the inter-
face air - prism 101). The refracted radiation beam travels
within the prism 101 until it hits the surface of the active
material layer 102. The radiation beam s in turn reflected
at the interface prism coupler 101 / active material 102.
If the angle of incidence at the interface air - prism 101
fulfils the Brewster condition (i.e. the tangent of this angle
is equal to the ratio between the active material refractive
index (for one of its phases) and the prism refractive in-
dex), there is no reflected light. The angle of the prism
coupler is calculated in such a way that the angle of in-
cidence atthe interface air - prism 101 fulfils the Brewster
condition for one of the phases or states of the active
material. At the Brewster angle there is no reflection of
the p polarization of the wave. This condition is fulfilled,
for example, for the crystalline phase. The fulfillment of
the Brewster condition corresponds to the OFF mode of
the switch. For the amorphous phase, there is no Brews-
ter condition and, therefore, part of the incident radiation
at the interface prism /active material is reflected. This
corresponds to the ON mode of the switch. Alternatively,
the Brewster condition can be fulfilled (imposed) for the
amorphous phase, in which case it would correspond to
the OFF mode of the switch.

[0038] In other words, the angle of incidence of light at
the interface air-prism region is selected such that when
the active material is in a first state, either the crystalline
state or the amorphous state, radiation is reflected; and
when the active material is in a second state, either the
amorphous state or the crystalline state, different from
the first state, no radiation is reflected. This angle of in-
cidence depends on the refractive index of the prism and
on the refractive index of the layer of active material.
[0039] Inorderforthe device 10to behave asan optical
switch, the presence and absence of light must be con-
trolled, meaning that the presence of reflected radiation
will mean that the optical switch is in ON mode and the
absence of reflected radiation will mean that the optical
switch is in OFF mode. To obtain the OFF mode, it is
therefore necessary that there is no reflected radiation.
Besides, one of the modes will be associated to one of
the states of the active material (layer 102) and the other
mode will be associated to the other state of the active
material. For example, the ON mode of the switch will be
associated to the crystalline state of the active material
layer 102 and the OFF mode of the switch will be asso-
ciated to the amorphous state of the active material layer
102. Alternatively, the ON mode could be associated to
the amorphous state of the active material layer 102 and
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the OFF mode to the crystalline state thereof. This is
geometrically explained referring to Figure 2.

[0040] Figure 2 shows the side view of the optical
switching device already depicted in Figure 1B. The in-
cident radiation is a plane wavefront travelling in a direc-
tion parallel to the substrate 103 (and active material layer
102). Radiation travelling in the air forms an angle of in-
cidence 0; between the incident direction of radiation and
the normal (dotted line perpendicular to the slope of the
prism in Figure 2) to the entrance surface of the prism
coupler 101. Radiation is then refracted at the interface
air - prism 101). The radiation beam refracted with angle
©, (angle of wave transmitted within the prism 101) travels
within the prism 101 until it hits the surface of the active
material layer 102. At the surface of the active material
layer 102, no reflected radiation occurs when the angle
ofincidence (®g in Figure 2) fulfils the Brewster condition,
that is to say, when the tangent of the angle of incidence
is equal to the ratio between the refractive index of the
active material layer 102 and the refractive index of the
layer 101. This is because for the Brewster angle @g,
only the radiation component which is perpendicular to
the plane of incidence, is reflected at the interface be-
tween layers 101 and 102. Therefore, if the incident ra-
diation is parallel to this plane, there is no reflected radi-
ation.

[0041] The Brewster condition can be mathematically
expressed as follows (wherein for simplicity, the active
material is selected to be a phase change material PCM,
although it could alternatively be a material which, by
changing its stoichiometry, its optical properties change):

Bp = atan (M>

Nprism

wherein ngis is the refractive index of the material of
the prism 101 and is npc, is the refractive index of the
PCM (layer 102). It is remarked that the PCM adopts two
different refractive indexes depending on its phase or
state: npcp.c When the PCMis in the crystalline state and
Npcm.a When the PCM is in the amorphous state.

[0042] Therefore, once selected the material for layer
101 (prism) (and therefore its refractive index nysm) and
the material of the PCM layer 102 (the phase change
material presents a certain refractive index npcy,c when
itis in the crystalline state and a different refractive index
Npcm.a Whenitis inthe amorphous state, and these states
can be controlled by an external stimulus, such as a la-
ser), the Brewster angle ®g can be calculated for one of
the two states (either crystalline or amorphous) and the
angle o of the slope of prism 101 can be obtained, by
applying the following geometrical relationships:

theB_a
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;=90 a

[0043] And applying the Snell's law:

Ngir * SINO; = Nppigm - SING;

wherein ng, = 1,

the angle o which fulfils that the Brewster condition
(with Brewster angle ®g) is achieved when the PCM
is, for example, in crystalline state, is obtained. Al-
ternatively, it can be imposed that the Brewster con-
dition is achieved when the PCM is in amorphous
state.

[0044] In Figure 2, the Brewster condition is achieved
when the active material (PCM) is in crystalline state, and
radiation is reflected after hitting on the interface prism
101/PCM layer 102 and then leaves the prism 101, only
in the amorphous phase of the active material (PCM).
[0045] Itis remarked that there can be a certain toler-
ance in the calculation of the Brewster angle ®g and
therefore the prism angle a. Depending on the selected
active material (such as PCM), the maximum tolerance
in the Brewster angle ®g can be of 5° (degrees), such
as 4°, or 3°, or 2°.

[0046] The inventors have surprisingly observed that,
when the stack of layers 101-102-103 is symmetric in
terms of materials, that is to say, the material of which
prism 101 is made is the same as the material of the
substrate 103, the highest efficiency (dB) is obtained.
Therefore, in preferred embodiments, the substrate 103
is made of the same transparent material as the prims
101. Examples of possible materials for the substrate
103 and prism 101 are sapphire, silicon nitride (SizNy4)
and ITO (Indium Tin Oxide, which is a ternary composi-
tion of indium, tin and oxygen in varying proportions),
among others. Because both the prism 101 and the sub-
strate 103 are transparent and of the same material, the
Brewster phenomenon (and Brewster angle) occurs at
both interfaces: interface prism 101-active material 102
andinterface active material 102-substrate 103; asacon-
sequence of which the amount or radiation being reflect-
ed on the second interface active material 102 - substrate
103 is also substantially null, which in turn minimizes the
noise (undesired radiation) in the device. As a matter of
example, the inventors have observed that even when a
layer of active material 102 of very small thickness is
used, the efficiency is very high, in spite of the fact that
reflected radiation travels along a short distance of layer
of active material 102, because the undesired reflections
of radiation are minimized. For example, the inventors
have observed that an active material layer 102 of 35 nm
ofthickness performs very well. Itis noted that nowadays,
the challenge of changing the state of active materials,
such as PCM, is not efficiently solved for structures hav-
ing thickness larger than about 40 nm, for example larger
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than 50 nm, or larger than 80 nm, or larger than 100 nm.
Therefore, minimizing undesired reflections is necessary
to guarantee an adequate efficiency since the thickness
ofthe layer of active material cannot, in practice, be made
as large as could be desired in terms of noise reduction.
[0047] Among the suitable transparent materials to be
used both as substrate 103 and prism 101, ITO is espe-
cially suitable because itcan also act as electrode. When
avoltage is applied to one of the two ITO layers, and the
other ITO layer is set for example to ground (or a refer-
ence voltage), the applied voltage changes the state of
the active layer 102. In other words, when the two layers
101, 103 are made of ITO, the external stimulus applied
to force the active material (for example, PCM) to under-
go areversible phase change is a suitable voltage applied
to the ITO layers, which behave as electrodes. This en-
ables the implementation of the optical switch and also
enables a large-scale integration of many optical switch-
es, which facilitates the development towards all-optical
processing.

[0048] Figures 3A-3C show another configuration of
the optical switching device 200 of the present invention.
This configuration is particularly suitable for integration
with semiconductors technology and production lines
and with other optical logic elements and, in general, for
industrial production. Figure 3A represents a side view
(2D) of the device 200. Figure 3B represents a top view
thereof. And Figure 3C represents a front/rear view there-
of. In views 3B and 3C it is assumed that the substrate
203 occupies a larger surface than the prism 201 and
waveguide 204. In this case, the travelling incident radi-
ation is confined within a waveguide 204 until it arrives
at the device. In other words, a waveguide 204 within
which the incident radiation travels is coupled to the de-
vice 200. For example, the input waveguide 204 is cou-
pled to a first end of the device 200 (in particular, to the
input surface of prism 201). Another waveguide 205 -out-
put waveguide- is coupled to the device 200, at an op-
posite end thereof (to the output surface of prism 201).
Output radiation leaves -when no Brewster condition is
achieved) the device 200 confined within this second
waveguide 205. The waveguides 204, 205 depicted in
the flat, side view of Figure 3A are as thick as the prism
201. The thickness of the waveguides 204, 205 could
alternatively be different from that of the prism, for exam-
ple, it could be smaller thereof. The optical switching de-
vice 200 differs from the device 100 basically in the way
input/output radiation is coupled to/from the device: while
in the device 100 incident radiation arrives at the device
100 through the air and output radiation leaves the device
100 also through the air, in the device 200 both input and
output radiation are confined in waveguides 204, 205.
Waveguides 204, 205 may be made of any conventional
material of which typical waveguides are made, such as
silicon dioxide (silica, SiO,). Waveguides 204, 205 have,
forexample, rectangular or square section, although their
section may take a different shape.

[0049] Like device 100, the optical switching device
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200 includes the following elements, stacked one on an-
other: A layer 202 of an active material (such as phase
change material (PCM)) is deposited on a substrate layer
203. Like in device 100, the substrate layer 203 can be
for example a silicon (Si) substrate. A layer 201 of a sec-
ond material (coupling medium or prism coupler) is de-
posited on the active material layer 202, which is made
of a material transparent in the wavelength band of in-
terest. The input waveguide 204 is coupled (i.e. physi-
cally coupled) to the first end of the layer 201 (that is to
say, to the input surface of prism 201), while the output
wavelength 205 is coupled (i.e. physically coupled) to the
opposite end of the layer 201 (that is to say, to the output
surface of prism 201). Layer or prism 201, to which the
waveguides 204, 205 are coupled, must be made of a
different material from the material of which the
waveguides are made, so that the incoming radiation
beam is refracted towards the layer 202 of active material
and Brewster effect can be produced. The material of
which prims 201 is made must be a material transparent
in the wavelength band of interest. For example, when
the waveguides 204, 205 are made of silicon dioxide,
layer 201 can be made of silicon nitride SizN,, sapphire
or ITO. Apart from the differences listed above, all other
device characteristics (possible materials, use of same
material for prism and substrate, shapes, layer thickness-
es, optical behavior and other properties) are the same
as those of device 100. These features are therefore not
repeated for the sake of conciseness. Therefore, the de-
scription of these features as described for device 100
applies, mutatis mutandis, to device 200.

[0050] The configuration of Figures 3A-3C shows how
to implement the optical switching device 200 in a real
circuit (such as an optical circuit). In this case, linearly
polarized radiation with its electric vector vibrating in the
plane of incidence travels through the input waveguide
204. At the interface between the waveguide 204 and
the coupling layer 201, the incoming radiation is refracted
(inasimilarway as in device 100). The refracted radiation
beam is then reflected at the interface between layers
201 and 202. The operation of the device 200 is the same
as the operation of device 100 (Brewster condition,
change of state of the active material layer 202 under the
control of an external stimulus, etc.). The radiation re-
flected (when no Brewster condition occurs) is coupled
to the output waveguide 205.

[0051] Figures4A-4B show an alternative embodiment
of optical switching device 300 to that of Figures 3A-3C.
Like in Figures 3A-3C, the travelling incident radiation is
confined within a waveguide 304 until it arrives at the
device 300. However, in this case the waveguide 304
within which the incident radiation travels is not physically
(directly) coupled to the device 300. Instead, there is an
air gap between the end of waveguide 304 closest to
prism 301 and the input surface of prism 301. This way,
the interface on which radiation hits and from which it is
subsequently refracted is an air-prism interface, like in
device 100. The same applies, mutatis mutandis, to out-
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put waveguide 305, which is separated from the output
surface of prism 301 by means of an air gap. In a more
particular embodiment, shown in Figure 4B, there is an
optical collimator 308 disposed in the input air gap, that
is to say, between the end of waveguide 304 closest to
prism 301 and the input surface of prism 301. This guar-
antees that radiation enters the prism 301 exactly as it
enters in device 100. Another optical collimator 309 is
disposed in the output air gap, that is to say, between
the end of waveguide 305 closest to the prism 301 and
the output surface of prism 301, to collimate the radiation
entering the waveguide 305.

[0052] A device 100 as shown in Figures 1A-1C has
been designed and simulated in different configurations.
The device has been simulated with commercial software
MATHCAD 15.0. In a first experiment, the following de-
vice has been designed and simulated: On a silicon (Si)
substrate 103, a layer 102 of antimony trisulfide (Sb,S;)
has been deposited. The thickness of layer 102 is 76nm.
A prism 101 of silicon dioxide (SiO,) has been carved on
the antimony trisulfide layer 102. The slope of prism 101
has angle a = 29°. When incident radiation (light) as
shown in Figure 1A hits the input surface of prism 101,
radiation behaves as previously disclosed in both states
(amorphous and crystalline) of the antimony trisulfide lay-
er 102. The Brewster condition occurs at Brewster angle
B®p =66°. Figure 5 shows two curves of the output reflec-
tivity of the device in a wavelength range of 1200 -1600
nm (IR range) in the two possible states of the Sb,S;
layer 102: when the Sb,S; layer 102 is in the amorphous
state (Am) and when the Sb,S; layer 102 is in the crys-
talline (Cr) state. In a third curve, the reflection contrast
between the two phases (states) in dBs is shown. As can
be observed, a difference (contrast) of at least about 15
dB can be obtained in the wavelength range of 1200 -
1500 nm.

[0063] The same device (same materials for layers
101-103) has been simulated in a second experiment,
with the only difference that the thickness of layer 102 is
419nm. The slope of prism 101 also has angle o = 29°.
The Brewster condition occurs at Brewster angle ©g =
66°. In Figure 6, the same curves as in Figure 5 are
shown._As can be observed, a difference (contrast) of
about 18 dB can be obtained in most of the wavelength
range. The improvement in contrast is due to the larger
thickness of the PCM layer, which reduces the spurious
radiation travelling within the device.

[0054] In the third and fourth experiments, a similar
device has been simulated, with the difference that a
transparent material has been used as substrate 103. In
particular, the same transparent material (silicon dioxide,
SiO,) has been used for the substrate 103 and prism
101. The active material (layer 102) is antimony trisulfide
(Sb,S3). The slope of prism 101 also has angle o = 29°.
The Brewster condition occurs at Brewster angle ©g =
66°. In the third experiment (Figure 7), the thickness of
layer 102 is 56nm. Despite this narrow layer 102 of active
material, a difference (contrast) of above 20 dB can be
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obtained in the whole wavelength range. In fact, a con-
trast of above 30 dB is obtained in most of the wavelength
range. This contrast is above 40 dB in a portion of the
wavelength range. In the fourth experiment (Figure 8)
the same device as the one in the third experiment was
simulated, with the only difference that the thickness of
layer 102 is 456nm. A difference (contrast) of above 30
dB can be obtained in almost the whole wavelength
range. This contrast is above 40 dB in a large portion of
wavelength range, and is even above 60 dB in a small
portion of the wavelength range. The excellent perform-
ance of the device of experiments 3 and 4 is due to the
fact that the same transparent material is used to build
the substrate and prism.

[0055] In the fifth and sixth experiments, a device 100
has been simulated, in which, like in the third and fourth
experiments, the same transparent material (silicon di-
oxide, SiO,) has been used as substrate 103 and prism
101. In this case, a different active material (layer 102)
hasbeenused: Sb,Se;. The slope of prism 101 has angle
o =38°. The Brewster condition occurs at Brewster angle
0g = 71°. In the fifth experiment (Figure 9), the thickness
of layer 102 is 46nm. Despite this narrow layer 102 of
active material, a difference (contrast) of above 20 dB
can be obtained in the whole wavelength range. In fact,
a contrast of almost 30 dB is obtained in most of the
wavelength range. This contrastis above 40 dB in a por-
tion ofthe wavelength range. In the sixth experiment (Fig-
ure 10) the same device as the one in the fifth experiment
was simulated, with the only difference that the thickness
of layer 102 is 361nm. A difference (contrast) of above
30 dB can be obtained in almost the whole wavelength
range. This contrast reaches 60 dB in a small portion of
the wavelength range. The excellent performance of the
device of experiments 5 and 6 is due to the fact that the
same transparent material is used to build the substrate
and prism.

[00566] While prior attempts to achieve optical switch-
es, such as in US2020/0379276A1, have reported
switching activity (contrastbetween ON and OFF modes)
in a very narrow wavelength window, in the present case,
as can be seen, the switching ratio of the optical switching
device is very high (minimum of 15 dB, but usually above
30 dB and even 40dB) in the range of 1000 - 1600 nm,
which proves that the device can optimally perform as a
switch in many applications. This implies a large step in
the development of challenging technologies, like the op-
tical computer.

[00567] The optical switching device of the present in-
vention operates under reflection properties of light. One
of the advantages of this characteristic is that an optimal
response in a broad wavelength range is obtained, be-
cause with a large collection of phase change materials
the reflectivity response (Brewster phenomena) of the
device performs with optimal contrast (ON/OFF switch-
ing) in a large wavelength range.

[00568] Another advantage of operation under reflec-
tion properties of radiation (i.e. light) is that it enables the
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optical integration of the device with other optical and
electrical equipment, because the set-up to operate un-
der reflection conditions implies that radiation travels in
a plane parallel to the substrate (as shown for example
in devices 100, 200, 300). Therefore, the optical set-up
enables integration as it does not cause the volume of
the substrate (PCB or the like) to increase. Therefore,
large-scale manufacturing of devices including the opti-
cal switching device is enabled.

[00569] Compared with the related art, the above tech-
nical solutions conceived by this invention can achieve
the following advantageous effects:

(1) The modulation range (range between "ON" and
"OFF" at the output of the optical switch) can be gen-
erated in both the VIS and IR ranges, thereby real-
izing optical switching. The all-optical switch of the
invention has the characteristics of high contrast ob-
tained through the application of the Brewster angle
condition. The all-optical switch has a simple layer
stack structure and therefore production costs can
be reduced.

(2) The optical switch can be coupled to a waveguide
to use it in an integrated optical circuit. Advantages
of using an optical integrated circuit include higher
maximum data speed thatcan be sentoveran optical
link as compared to other means and absence of
damage due to natural and man-made interference
and transient energies.

[0060] In this text, the term "comprises" and its deriva-
tions -such as "comprising", etc.- should not be under-
stood in an excluding sense, that is, these terms should
not be interpreted as excluding the possibility that what
is described and defined may include further elements,
steps, etc.

[0061] Theinvention is obviously notlimited to the spe-
cific embodiment(s) described herein, but also encom-
passes any variations that may be considered by any
person skilled in the art (for example, as regards the
choice of materials, dimensions, components, configu-
ration, etc.), within the general scope of the invention as
defined in the claims.

Claims

1. An optical switching device (100, 200, 300), com-
prising:

a substrate (103, 203, 303);

alayer (102, 202, 302) of an active material dis-
posed on the substrate (103, 203, 303), the ac-
tive material being either a phase change ma-
terial or a material which, by changing its stoi-
chiometry, its optical properties change, where-
in the active material is configured to change
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upon application of an external stimulus be-
tween acrystalline phase having afirst refractive
indexand an amorphous phase having asecond
refractive index, the first refractive index being
different from the second refractive index; and
alayer (101, 201, 301) of a transparent material
disposed on the layer (102, 202, 302) of active
material, wherein the layer of a transparent ma-
terialisa prism (101,201, 301) defining an angle
a,

wherein the angle o defined by the prism (101, 201,
301) is selected such that, in use ofthe optical switch-
ing device (100, 200, 300), when a linearly polarized
plane radiation wave reaches an entrance face of
the prism (101, 201, 301) and radiation is refracted
and travels within the prism (101, 201, 301) until it
reaches the surface of the layer (102, 202, 302) of
active material, the Brewster condition is met for one
of the two phases, crystalline phase or amorphous
phase, of the active material of which the layer (102,
202, 302) is made, so that when the active material
is in the phase for which the Brewster condition is
met, radiation is not reflected at the interface be-
tween the prism (101, 201, 301) and the layer (102,
202, 302) of active material, while when the active
material is in the phase for which the Brewster con-
dition is not met, radiation is reflected at the interface
between the prism (101, 201, 301) and the layer
(102, 202, 302) of active material and leaves the op-
tical switching device (100, 200, 300) when it reach-
es an output face of the prism (101, 201, 301), thus
controlling the switching mode of the optical switch-
ing device (100, 200, 300) through the presence or
absence of reflected light at said interface.

The optical switching device (100, 200, 300) of claim
1, wherein the thickness of the layer (102, 202, 302)
of an active material is between 30 and 2000 nm.

The optical switching device (100, 200, 300) of either
claim 1 or 2, wherein the layer (102, 202, 302) of
active material is made of a phase change material,
the phase change material being a chalcogenide
phase-change material.

The optical switching device (100, 200, 300) of claim
3, wherein the chalcogenide phase-change material
is selected from the following: GeTe, GaSe, SbTe,
GeSe, GaTe, GaS, Sb,S3, Sb,Se;, Ga,S;and GST.

The optical switching device (100, 200, 300) of any
one of claims 1-4, wherein the substrate (103, 203,
303) is made of the same transparent material as
the material of which the prism (101, 201, 301) is
made.

The optical switching device (100, 200, 300) of claim
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5, wherein the substrate (103, 203, 303) and the
prism (101, 201, 301) are made of ITO.

The optical switching device (100, 200, 300) of any
one of claims 1-6, wherein the linearly polarized
plane wave travels in the air until it reaches an en-
trance face of the prism (101, 201, 301), or the line-
arly polarized plane wave travels through a
waveguide (204) until it reaches an entrance face of
the prism (101, 201, 301).

The optical switching device (100, 200, 300) of any
one of claims 1-6, wherein when the active material
is in the phase for which the Brewster condition is
not met, radiation leaves the optical switching device
(100, 200, 300) through the air when it reaches an
output face of the prism (101, 201, 301).

The optical switching device (100, 200, 300) of any
one of claims 1-6, wherein when the active material
is in the phase for which the Brewster condition is
notmet, radiation leaves the optical switching device
(100, 200, 300) through a waveguide (205) when it
reaches an output face of the prism (101, 201, 301).

The optical switching device (100, 200, 300) of any
one of claims 1-9, which operates in the infrared
and/or the visible spectrum of light.

A system comprising:

an optical switching device (100, 200, 300) ac-
cording to any one of claims 1-9; and

means for generating a stimulus configured to
control the state or phase of the active material
of optical switching device (100, 200, 300).

The system of claim 11, further comprising:

a first waveguide (204) configured to carry the
linearly polarized plane wave until it reaches an
entrance face of the prism (101, 201, 301); and
a second waveguide (205) configured to carry
the output radiation when it reaches an output
face of the prism (101, 201, 301).

The system of claim 12, further comprising a first air
gap between the end of the first waveguide (204)
and a second air gap between the end of the second
waveguide (205).

The system of claim 13, further comprising means
for collimating the radiation outputted by the first
waveguide (204), so thata collimated radiation beam
reaches the entrance face of the prism (101, 201,
301).

A method of operating an optical switching device
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(100, 200, 300) between an ON mode and an OFF
mode, wherein the optical switching device (100,
200, 300) comprises a substrate (103, 203, 303), a
layer (102, 202, 302) of an active material disposed
on the substrate (103, 203, 303), wherein the active
material is configured to change upon application of
an external stimulus between a crystalline phase
having a first refractive index and an amorphous
phase having a second refractive index, the first re-
fractive index being different from the second refrac-
tive index; and a layer (101, 201, 301) of a transpar-
ent material disposed on the layer (102, 202, 302)
of active material, wherein the layer of a transparent
material is a prism (101, 201, 301) defining an angle
a; the method comprising:

controlling, using a stimulus source, the state or
phase of the active material between a crystal-
line phase having a first refractive index and an
amorphous phase having a second refractive in-
dex, the first refractive index being different from
the second refractive index,

providing a linearly polarized plane radiation
wave to incide on an entrance face of the prism
(101,201, 301), so thatradiation is refracted and
travels within the prism (101, 201, 301) until it
reaches the surface of the layer (102, 202, 302)
of active material, and

when the phase change material is in a phase,
crystalline oramorphous, for which the Brewster
condition is met, radiation is not reflected at the
interface between the prism (101, 201, 301) and
the layer (102, 202, 302) of active material, and
the optical switching device (100, 200, 300) is
in OFF mode, while when the active material is
in a phase, amorphous or crystalline, for which
the Brewster condition is not met, radiation is
reflected at the interface between the prism
(101, 201, 301) and the layer (102, 202, 302) of
active material and leaves the optical switching
device (100, 200, 300) when it reaches an output
face ofthe prism (101, 201, 301), and the optical
switching device (100, 200, 300) is in ON mode.
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