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PHASE-CHANGE MATERIAL DISTRIBUTED SWITCH SYSTEMS

RELATED APPLICATIONS
[0001] This application claims priority from U.S. Patent Application No. 14/485211,
filed 12 September 2014, the subject matter of which is incorporated herein by reference in its
entirety.
TECHNICAL FIELD
[0002] This disclosure relates generally to electronic systems, and specifically to phase-

change material distributed switch systems.

BACKGROUND
[0003] Switching devices are implemented for a variety of reasons and in a variety of
applications. For example, switching devices can be implemented for logic circuit and
computing applications, for radio-frequency (RF) signal switching in front-end receiver systems,
for RF transmitter systems, or a variety of other applications. Transistor technology has
advanced considerably with respect to reduction of size and increase in efficiency. However,
transistor switching circuits can still exhibit signal losses from switching and interconnects, can
still occupy a sizeable space on a printed circuit board (PCB), and can still consume significant
power in maintaining activation of the switches for a given switching configuration. Other
switching devices can implement micro-electromechanical systems (MEMS) switches.
However, MEMS processing can be expensive and difficult, can require specialized packaging

constraints, and can still exhibit switching losses and activation power consumption.

SUMMARY
[0004] One embodiment of the invention includes a phase-change material switch. The
switch includes a first terminal configured to receive an input signal and a second terminal. The
switch includes an actuation portion configured to receive a control signal in one of a first state

to emit a first heat profile and a second state to emit a second heat profile. The switch further
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includes a switch portion comprising a phase-change material arranged as a plurality of
longitudinal strips that each interconnect the first terminal and the second terminal and that are
each in proximity with the actuation portion. The phase-change material can be selectable
between a conducting state in response to the first heat profile to conduct an input signal from
the first terminal to the second terminal and a blocking state in response to the second heat
profile to substantially block the input signal from the first terminal to the second terminal.
[0005] Another example includes a phase-change material switch. The switch includes a
first terminal configured to receive an input signal and a second terminal. The switch also
includes an actuation portion comprising a pair of actuation terminals configured to receive a
control signal and a conductive strip that extends between the pair of actuation terminals. The
conductive strip includes a central portion having a cross-sectional dimension that is less than a
dimension of the pair of actuation terminals and a pair of tapered portions that each have a cross-
sectional dimension that increases from the cross-sectional dimension of the central portion to a
maximum cross-sectional dimension at a respective coupling to the pair of actuation terminals.
The control signal can be provided in one of a first state to emit a first heat profile and a second
state to emit a second heat profile. The switch further includes a switch portion comprising a
phase-change material in proximity with the central portion of the conductive strip. The phase-
change material can be selectable between a conducting state in response to the first heat profile
to conduct an input signal from the first terminal to the second terminal and a blocking state in
response to the second heat profile to substantially block the input signal from the first terminal
to the second terminal.

[0006] Another example includes a distributed switch system. The distributed switch
system includes a plurality of phase-change material switches that are arranged in one of parallel,
series, and a combination of parallel and series with respect to each other. Each of the plurality
of phase-change material switches includes a first terminal configured to receive an input signal
and a second terminal. Each of the phase-change material switches also includes an actuation
portion configured to receive a control signal in one of a first state to emit a first heat profile and

a second state to emit a second heat profile. Each of the phase-change material switches further
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includes a switch portion comprising a phase-change material in proximity with the actuation
portion. The phase-change material can be selectable between a conducting state in response to
the first heat profile to conduct an input signal from the first terminal to the second terminal and
a blocking state in response to the second heat profile to substantially block the input signal from

the first terminal to the second terminal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 illustrates an example of a phase-change material switch.

[0008] FIG. 2 illustrates an example diagram of a phase-change material switch.
[0009] FIG. 3 illustrates an example of a distributed switch system.

[0010] FIG. 4 illustrates another example of a distributed switch system.

[0011] FIG. 5 illustrates yet another example of a distributed switch system.

[0012] FIG. 6 illustrates an example of a first configuration of the distributed switch

system of FIG. 5.

[0013] FIG. 7 illustrates an example of a second configuration of the distributed switch
system of FIG. 5.

[0014] FIG. 8 illustrates an example of a third configuration of the distributed switch
system of FIG. 5.

DETAILED DESCRIPTION

[0015] This disclosure relates generally to electronic systems, and specifically to phase-
change material distributed switch systems. A phase-change material switch can include an
actuation portion and a switch portion that are proximal to each other. The actuation portion can
be configured to receive a control signal (e.g., control signal pulses) that can generate a heat
profile from the actuation portion to the switch portion based on a state of the control signal. As
an example, the actuation portion can include a pair of actuation terminals to which the control
signal is applied and a conductive portion that interconnects the pair of actuation terminals. For

example, the control signal can be provided to the terminals in a first state (e.g., having a low
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power, longer pulse width) to provide a first heat profile from the conductive strip of the
actuation portion, and can be provided in a second state (e.g., having a high power, shorter pulse
width) to provide a second heat profile from the conductive strip. The heat profile provided from
the conductive strip can set a phase-change material in the switch portion to one of a conducting
state and a blocking state, such as based on crystallizing the phase-change material to crystalline
state or melting then freezing the phase-change material to an amorphous state, respectively.
Therefore, an input signal that is provided to the switch portion can either be conducted or
substantially blocked based on the state of the switch portion. The operation of the phase-change
of the phase-change material in response to the heat profile provided from the conductive strip
based on the control pulses is described in U.S. Patent Application No. 13/803,385 entitled
"Phase-Change Material Reconfigurable Circuits", which is incorporated herein by reference in
its entirety.

[0016] The phase-change material switch can be configured in a variety of ways. As an
example, the phase-change material can be arranged as a plurality of longitudinal strips that each
interconnect the first terminal and the second terminal and that are each in proximity with the
actuation portion (e.g., the conductive strip). For example, the longitudinal strips of the phase-
change material can be arranged parallel and spaced apart from each other and extend
longitudinally to interconnect the first terminal and the second terminal, and can have, for
example, a cross-sectional dimension that is between approximately 50 nm to approximately 10
um. As aresult, the phase-change material can be better constrained (e.g., within a dielectric) to
substantially increase a longevity of the phase-change material switch in response to thermal
expansion/contraction of the phase-change material. Additionally, the gaps between the
longitudinal strips can be affected by the heat profile of the actuation portion, such as to reduce a
voltage of the control signal necessary to change the state of the phase-change material between
the conducting state and the blocking state.

[0017] As another example, the conductive strip can be arranged as tapered at the ends
where the pair of terminals are coupled to the conductive strip. For example, the conductive strip

can have a central portion having a cross-sectional dimension that is less than a cross-sectional
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dimension of the pair of terminals. The conductive strip can also include a pair of tapered
portions that each have a cross-sectional dimension that increases from the cross-sectional
dimension of the central portion to a maximum cross-sectional dimension at a respective
coupling to the pair of terminals. The tapering of the conductive strip can provide for a more
uniform temperature distribution along the longitudinal dimension of the strip during ohmic
heating of the strip by the actuation pulse energy. Tapering the conductive strip can lower the
current density, as well as the temperature of the area between the central portion and the contact
terminals, which can typically become hotter than is necessary to transform the phase-change
portion that is in close proximity to the central portion of the strip due to the lack of phase-
change material in close proximity to the tapered section to absorb the heat. The uniform
temperature profile that results from tapering of the heater lowers the maximum temperature that
is attained along the heater during application of the actuation pulses, and as a result, the
longevity of the phase-change switch can be substantially increased based on mitigating the
degree of temperature-induced damage of the conductive strip.

[0018] Furthermore, the phase-change material switch can be one of a plurality of phase-
change material switches in a distributed switch system. As an example, the phase-change
material switches can be arranged in series, parallel, or in a combination of series and parallel,
and can be controlled by a single control signal. As an example, the distributed switch system
can include series-connected phase-change material switches, such that the phase-change
materials in each of the series-connected phase-change material switches can switch concurrently
in response to the control signal. As another example, the input signal can be provided via a
signal line to a distributed switch system that includes parallel-connected phase-change material
switches. The signal line can be branched to provide the input signal to an input terminal of each
of the parallel-connected phase-change material switches to provide the input signal through
each of the parallel-connected phase-change material switches concurrently. As a result, the
distributed switch system can have varying switching voltages, switching currents, and/or

parasitic capacitances relative to individual phase-change material switches.
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[0019] FIG. 1 illustrates an example of an example of a phase-change material switch 10.
The phase-change material switch 10 can be implemented in any of a variety of applications that
require one or more switches that can be opened or closed to pass or block a signal. For
example, the phase-change material switch 10 can be implemented in logic circuits and
computing applications, radio-frequency (RF) signal switching in front-end receiver systems, in
transmitter systems, or in an arbitrary reconfigurable RF circuit, such as an RF field-
programmable gate array (FPGA). As an example, the phase-change material switch 10 can be
fabricated, at least in part, based on or similar to the fabrication techniques described in U.S.
Patent Application No. 13/828,351 titled "Phase-Change Material Switch and Method of Making
the Same", which is incorporated herein by reference in its entirety.

[0020] In the example of FIG. 1, the phase-change material switch 10 includes an input
terminal 12 that receives an input signal IN, and includes an output terminal 14 that can provide
the input signal IN as an output signal OUT in a conducting state of the phase-change material
switch 10, such that the phase-change material switch 10 acts substantially as a short-circuit, or
can block the input signal IN from being provided as the output signal OUT in a blocking state of
the phase-change material switch 10, such that the phase-change material switch 10 acts
substantially as an open-circuit. As an example, the input signal IN can be provided as a radio
frequency (RF) signal.

[0021] The phase-change material switch 10 includes a switch portion 16 and an
actuation portion 18. The switch portion 16 includes a phase-change material 20 that can allow
the switch portion 16, and thus the phase-change material switch 10, to be set to the conducting
state or the blocking state. As described herein, a phase-change material (e.g., the phase-change
material 20) is any material that exhibits variable electrical resistivity that is dependent on
crystallinity. As an example, the phase-change material 20 can be a chalcogenide material, such
as germanium telluride (GeTe), germanium antimony telluride (GeSbTe), germanium selenium
telluride (GeSeTe), or any of a variety of similar materials. The phase-change material 20 can

thus be set to a crystalline state to set the switch portion 16, and thus the phase-change material
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switch 10, to the conducting state, or can be set to an amorphous state to set the switch

portion 16, and thus the phase-change material switch 10, to the blocking state.

[0022] The actuation portion 18 can be configured to receive a control signal CTRL to
switch the phase-change material 20 between the crystalline state and the amorphous state. The
actuation portion 18 can include, for example, a metal or metal alloy material that exhibits
resistivity and a substantially high thermal conductivity. For example, the actuation portion 18
can be formed from niobium (Nb), tungsten (W), platinum (Pt), nickel chromium (NiCr),
titanium tungsten (TiW), or any of a variety of similar metal or metal-containing alloys. The
actuation portion 18 can be arranged substantially proximal to the phase-change material 20 in
the switch portion 16, such that heat that is generated in the actuation portion 18 can be thermally
conducted to the phase-change material 20 in the switch portion 16. As an example, the
actuation portion 18 can be fabricated above the switch portion 16, below the switch portion 16,
and/or laterally with respect to the switch portion 16. As another example, the actuation

portion 18 could also include a plurality of portions of the metal or metal alloy material that can
be distinct or integral with each other and are arranged adjacent to and/or surrounding the switch
portion 16 and that are provided the control signal CTRL substantially concurrently. As yet
another example, the actuation portion 18 and the switch portion 16 can be separated by a
dielectric material (not shown) to substantially prevent electrical connectivity between the
actuation portion 18 and the switch portion 16. In addition, the type of dielectric material and
the thickness therein can be selected to allow the thermal conductivity from the actuation
portion 18 to the switch portion 16, and to allow heat dissipation from the switch portion 16 to an
associated substrate (not shown), as described in greater detail herein.

[0023] The control signal CTRL can be provided as, for example, a current pulse in one
of two states to generate a heat profile in the actuation portion 18 via ohmic (i.e., I’'R) heat. As
another example, the control signal CTRL can be another type of pulsed signal, such as an
optical pulse having sufficient optical energy to heat the actuation portion 18 and/or the switch
portion 16 directly. Thus, based on the proximal arrangement of the actuation portion 18 with

respect to the switch portion 16, the heat profile can be thermally transferred to the phase-change
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material 20 in the switch portion 16 to control the state of the switch portion 16. As an example,
the control signal CTRL can have pulse characteristics (e.g., amplitude and duration) that can
dictate the heat profile. For example, the control signal CTRL can be provided in a first state
(e.g., with first pulse characteristics) that can generate a first heat profile in the actuation

portion 18, and can be provided in a second state (e.g., with second pulse characteristics) that can
generate a second heat profile in the actuation portion 18. The first heat profile can correspond
to setting the phase-change material 20 to the crystalline state, and thus setting the switch
portion 16 to the conducting state, and the second heat profile can correspond to setting the
phase-change material 20 to the amorphous state, and thus setting the switch portion 16 to the
blocking state. The operation of the state change of the phase-change material between the
conducting state and the blocking state is described in greater detail in U.S. Patent Application
No. 13/803,385 entitled "Phase-Change Material Reconfigurable Circuits", which is incorporated
herein by reference in its entirety.

[0024] FIG. 2 illustrates an example diagram of a phase-change material switch 50. The
phase-change material switch 50 can correspond to the phase-change material switch 50 in the
example of FIG. 1. Therefore, reference is to be made to the example of FIG. 1 in the following
description of the example of FIG. 2.

[0025] The phase-change material switch 50 includes an input terminal 52 that receives
the input signal IN, and includes an output terminal 54 that can provide the input signal IN as the
output signal OUT in a conducting state of the phase-change material switch 50, such that the
phase-change material switch 50 acts substantially as a short-circuit. Additionally, the input
signal IN can be blocked from being provided as the output signal OUT in a blocking state of the
phase-change material switch 50, such that the phase-change material switch 50 acts
substantially as an open-circuit.

[0026] The phase-change material switch 50 includes a plurality of longitudinal strips 56
of a phase-change material that can collectively correspond to the switch portion 16 in the
example of FIG. 1. For example, the longitudinal strips 56 can be formed from a chalcogenide

material, such as GeTe, GeSbTe, GeSeTe, or any of a variety of similar materials. In the
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example of FIG. 2, the longitudinal strips 56 are arranged in parallel and spaced apart from each
other, and are oriented longitudinally to interconnect the input terminal 52 and the output
terminal 54. As an example, the longitudinal strips 58 can have a cross-sectional dimension that
is between approximately 50 nm to approximately 10 pm. As described herein, the term "cross-
sectional dimension" describes at least one cross-sectional dimension, which can include one or
more of width, depth, and/or diameter.

[0027] The phase-change material switch 50 also includes an actuation portion 58. The
actuation portion 58 can include, for example, a metal or metal-containing alloy material that
exhibits resistivity and a substantially high thermal conductivity, such as Nb, W, Pt, NiCr, TiW,
or any of a variety of similar metal or metal-containing alloys. In the example of FIG. 2, the
actuation portion 58 includes a pair of actuation terminals 60 that receive the control signal
CTRL. As an example, the control signal CTRL can be provided as a voltage, such that the
control signal CTRL is provided as a positive voltage on a first of the pair of actuation

terminals 60 and as a return (e.g., ground) on a second of the pair of actuation terminals 60. The
actuation portion 58 also includes a conductive strip 62 that conductively interconnects the pair
of actuation terminals 60. In the example of FIG. 2, the conductive strip 62 includes a center
portion 64 that extends through a gap between the input terminal 52 and the output terminal 54
and beneath a portion of each of the longitudinal strips 56, and is thus in proximity to the
longitudinal strips 56. The cross-sectional width of the center portion 64 of the conductive

strip 62 may be smaller than, equal to, or wider than the gap between the input terminal 52 and
output terminal 54, and the conductive strip 62 may be arranged symmetrically with respect to
the gap or may be misaligned in the direction of one of the terminals 52 or 54. In the example of
FIG. 2, the conductive strip 62 is demonstrated as substantially centered in the gap with a cross-
sectional width in the center portion 64 being smaller than the gap.

[0028] The conductive strip 62 also includes tapered portions 66 that couple the center
portion 64 to the respective pair of actuation terminals 60. In the example of FIG. 2, the center
portion 64 has a cross-sectional dimension that is less than a cross-sectional dimension of the

pair of actuation terminals 60, and the tapered portions 66 have a cross-sectional dimension that
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increases from the cross-sectional dimension of the center portion 64 to a maximum cross-
sectional dimension at the coupling to the respective pair of actuation terminals 60, demonstrated
in the example of FIG. 2 as being approximately equal in cross-sectional dimension at the
coupling to the respective pair of actuation terminals 60. As an example, the maximum cross-
sectional dimension of the tapered portions 66 can range from approximately 1.05 times to
approximately 5 times the cross-sectional dimension of the central portion 64. For example, the
tapering of the tapered sections can begin just beyond the proximity of the conductive strip 62
relative to the phase-change material (e.g., the longitudinal strips 56 in the example of FIG. 2), or
the tapering can begin just beyond the respective terminals 52 and 54. The cross-sectional area
of the center portion 64 of the conductive strip 62 may also vary in width along the longitudinal
dimension of the conductive strip 62, even though it is shown as having non-varying width in the
example of FIG. 2.

[0029] Based on the arrangement of the longitudinal strips 56 of the phase-change
material, the phase-change material switch 50 can achieve improved longevity and more efficient
operation than typical phase-change material switches. As an example, the longitudinal strips 56
can be constrained by a dielectric material (not shown) during fabrication, and can also be
separated from the conductive strip 62 by a dielectric material. Therefore, in response to the heat
profiles provided by the conductive strip 62 in response to the control signal CTRL to change the
state of the longitudinal strips 56, the longitudinal strips 56 are subject to less thermal stress than
a solid piece of phase-change material overlying the conductive strip 62. Accordingly, the
phase-change material switch 50 is less likely to be damaged from breakage of the phase-change
material based on the arrangement of the phase-change material as the longitudinal strips 56, and
thus may have a greater longevity relative to typical phase-change material switches that
incorporate one solid piece of phase-change material. Additionally, because the heat profiles
that are provided by the conductive strip 62 can interact with more surface area of the
longitudinal strips 56 relative to a solid piece of phase-change material, the longitudinal strips 56
can be subject to greater heat absorption. As a result, the control signal CTRL can be provided at

a lesser voltage amplitude to change the state of the phase-change material of the longitudinal
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strips 56 relative to control signals that are provided to change the state of a single solid piece of
phase-change material. Accordingly, the phase-change material switch 50 is more durable and
more efficient than typical phase-change material switches.

[0030] In addition, based on the inclusion of the tapered portions 66 of the conductive
strip 62, the phase-change material switch 50 can achieve an improved longevity than typical
phase-change material switches in a different manner. As an example, the tapered portions 66
can provide a greater uniformity of the temperature along the conductive strip 62 due to the
control signal CTRL by decreasing the current density in the tapered portions 66 relative to the
center portion 64. Therefore, the temperature of the conductive strip 64 can more closely match
the temperature of tapered portions 66 during application of the CTRL signal. As a result, heat
induced damage to the conductive strip 62 can be substantially mitigated. For example, if the
tapered portions 66 were a continuous cross-sectional dimension instead of being tapered, the
temperature in those portions may be higher relative to the temperature in the center portion 64
based on the more distant proximity to the phase change material and dielectric material relative
to the center portion 64, and could thus melt the conductive strip 62 or cause electro-migration in
response to excessive heat. Therefore, the tapered portions 66 can be more robust relative to
non-tapered portions that couple a conductive strip to associated electrodes. Accordingly, the
phase-change material switch 50 is more durable with respect to the conductive strip 62 relative
to typical phase-change material switches.

[0031] It is to be understood that the phase-change material switch 50 is not limited to
the configuration demonstrated in the example of FIG. 2. As an example, while the phase-
change material switch 50 includes both the phase-change material arranged as the longitudinal
strips 56 and the tapered portions 66 on the conductive strip 62, it is to be understood that the
phase-change material switch 50 could be implemented with either of the features individually.
For example, the phase-change material switch 50 could include the longitudinal strips 56 but
not the tapered portions 66, or could include the tapered portions 66 and a single solid piece of
phase-change material. Additionally, while the phase-change material switch 50 is demonstrated

in the example of FIG. 2 as including a total of six longitudinal strips 56, the phase-change
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material switch 50 could instead include more or less longitudinal strips 56 of equal or differing
dimensions. For example, the dimensions of the longitudinal strips 56 and the distance between
them could be optimized to balance contact resistance versus material constraint (e.g.,
durability). Additionally, the cross-sectional width of the center portion 64 can vary along the
longitudinal dimension. For example, the center portion 64 can become wider in the region
where it is not overlapped by the longitudinal strips 56 of the phase-change material and
becoming narrower where it is overlapped by the longitudinal strips 56 of the phase-change
material, thus providing the same benefits as the tapered portions 66. Therefore, the phase-
change material switch 50 can be configured in a variety of ways.

[0032] FIG. 3 illustrates an example of a distributed switch system 100. The distributed
switch system 100 can be implemented in any of a variety of applications that require one or
more switches that can be opened or closed to pass or block a signal. For example, the
distributed switch system 100 can be implemented in logic circuit and computing applications,
radio-frequency (RF) signal switching in front-end receiver systems or transmitter systems, such
as an RF field-programmable gate array (FPGA).

[0033] The distributed switch system 100 includes a plurality of phase-change material
switches, demonstrated in the example of FIG. 3 as a first phase-change material switch 102, a
second phase-change material switch 104, and a third phase-change material switch 106 arranged
in series between an input signal line 108 that receives an input signal IN and an output signal
line 110 that provides an output signal OUT. The distributed switch system 100 includes a first
terminal 112, a second terminal 114, a third terminal 116, and a fourth terminal 118 on which the
input signal IN can propagate to provide the output signal OUT in a conducting state of the
phase-change material switches 102, 104, and 106. In the example of FIG. 3, the first

terminal 112 and the second terminal 114 are associated with the first phase-change material
switch 102, the second terminal 114 and the third terminal 116 are associated with the second
phase-change material switch 104, and the third terminal 116 and the fourth terminal 118 are
associated with the third phase-change material switch 106. Therefore, the second terminal 114

is shared between the first and second phase-change material switches 102 and 104, and the third
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terminal 116 is shared between the second and third phase-change material switches 104

and 106.

[0034] Each of the phase-change material switches 102, 104, and 106 includes a switch
portion and an actuation portion, demonstrated in the example of FIG. 3 as a phase-change
material 120 and a conductive strip 122, respectively. In the example of FIG. 3, the conductive
strip 122 is demonstrated as on the opposite side of the phase-change material 120 as is
demonstrated in the example of FIG. 2. However, it is to be understood that the conductive

strip 122 can be located on either side or both sides of the phase-change material 120. A control
signal CTRL is provided to the conductive strip 122 of each of the phase-change material
switches 102, 104, and 106 to switch the phase-change material 120 of each of the phase-change
material switches 102, 104, and 106 between the crystalline state and the amorphous state,
similar to as described previously. Therefore, in response to the phase-change material 120 of
each of the phase-change material switches 102, 104, and 106 being set to a crystalline state, the
distributed switch system 100 can be set to the conducting state to provide the input signal IN
through the distributed switch system 100 as the output signal OUT. Similarly, in response to
the phase-change material 120 of each of the phase-change material switches 102, 104, and 106
being set to an amorphous state, the distributed switch system 100 can be set to the blocking state
to prevent the input signal IN from being provided through the distributed switch system 100 as
the output signal OUT.

[0035] The distributed switch system 100 therefore provides a different manner of
implementing phase-material switching based on a series-connection of the phase-change
material switches 102, 104, and 106. By implementing the distributed switch system 100 over
the phase-change material switch 50 in the example of FIG. 2, the distributed switch system 100
provides a greater breakdown threshold voltage (e.g., three times greater relative to the phase-
change material switch 50) of the input signal IN, such that the distributed switch system 100 can
be implemented for switching applications at higher voltages of the input signal IN. In addition,
the distributed switch system 100 provides a better off-state capacitance (e.g., three times better)

relative to the phase-change material switch 50.
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[0036] FIG. 4 illustrates another example of a distributed switch system 150. Similar to
the distributed switch system 100 in the example of FIG. 3, the distributed switch system 150 can
be implemented in any of a variety of applications that require one or more switches that can be
opened or closed to pass or block a signal.

[0037] The distributed switch system 150 includes a plurality of phase-change material
switches, demonstrated in the example of FIG. 4 as a first phase-change material switch 152, a
second phase-change material switch 154, a third phase-change material switch 156, and a fourth
phase-change material switch 158 arranged in parallel between an input signal line 160 that
receives an input signal IN and an output signal line 162 that provides an output signal OUT. In
the example of FIG. 4, the input signal line 160 and the output signal line 162 are branched, such
that the input signal IN is provided to each of the parallel-connected phase-change material
switches 152, 154, 156, and 158 and the output signal OUT is provided from each of the parallel-
connected phase-change material switches 152, 154, 156, and 158. Each of the parallel-
connected phase-change material switches 152, 154, 156, and 158 includes a first terminal 164
that is coupled to the input signal line 160 and a second terminal 166 that is coupled to the output
signal line 162.

[0038] Each of the phase-change material switches 152, 154, 156, and 158 includes a
switch portion and an actuation portion, demonstrated in the example of FIG. 4 as a phase-
change material 168 and a conductive strip 170, respectively. In the example of FIG. 4, the
conductive strip 170 is demonstrated as on the opposite side of the phase-change material 168 as
is demonstrated in the example of FIG. 2. However, it is to be understood that the conductive
strip 170 can be located on either side or both sides of the phase-change material 168. A control
signal CTRL is provided to the conductive strip 170 of each of the phase-change material
switches 152, 154, 156, and 158 to switch the phase-change material 168 of each of the phase-
change material switches 152, 154, 156, and 158 between the crystalline state and the amorphous
state, similar to as described previously. Therefore, in response to the phase-change material 168
of each of the phase-change material switches 152, 154, 156, and 158 being set to a crystalline

state, the distributed switch system 150 can be set to the conducting state to provide the input
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signal IN through the distributed switch system 150 as the output signal OUT. Similarly, in
response to the phase-change material 168 of each of the phase-change material switches 152,
154, 156, and 158 being set to an amorphous state, the distributed switch system 150 can be set
to the blocking state to prevent the input signal IN from being provided through the distributed
switch system 150 as the output signal OUT.

[0039] The distributed switch system 150 therefore provides a different manner of
implementing phase-material switching based on a parallel-connection of the phase-change
material switches 152, 154, 156, and 158. By implementing the distributed switch system 150
over the phase-change material switch 50 in the example of FIG. 2, the distributed switch
system 150 provides an improved on-state resistance (e.g., one quarter the on-state resistance
relative to the phase-change material switch 50) relative to the phase-change material switch 50,
while maintaining approximately the same breakdown threshold voltage relative to the phase-
change material switch 50.

[0040] FIG. 5 illustrates yet another example of a distributed switch system 200. Similar
to the distributed switch system 100 in the example of FIG. 3 and the distributed switch

system 150 in the example of FIG. 4, the distributed switch system 200 can be implemented in
any of a variety of applications that require one or more switches that can be opened or closed to
pass or block a signal.

[0041] The distributed switch system 200 includes a plurality of phase-change material
switches, demonstrated in the example of FIG. 5 as four parallel sets of series-connected phase-
change material switches. In the example of FIG. 5, the phase-change material switches are
demonstrated as a first set of phase-change material switches 202, a second set of phase-change
material switches 204, a third set of phase-change material switches 206, and a fourth set of
phase-change material switches 208 that are each coupled in series and which are arranged in
parallel in a first row 210, a second row 212, and a third row 214. The sets of phase-change
material switches 202, 204, 206, and 208 are each arranged in series between an input signal
line 216 that receives an input signal IN and an output signal line 218 that provides an output

signal OUT. In the example of FIG. 5, the input signal line 216 and the output signal line 218

15



WO 2016/039974 PCT/US2015/046567

are branched, such that the input signal IN is provided to each of the parallel-connected phase-
change material switches in the first row 210 and the output signal OUT is provided from each of
the parallel-connected phase-change material switches in the third row 214. Therefore, the
distributed switch system 200 is demonstrated as a combination of the distributed switch

system 100 in the example of FIG. 3 and the distributed switch system 150 in the example of
FIG. 4.

[0042] Each of the phase-change material switches in each of the sets 202, 204, 206,

and 208 includes a switch portion and an actuation portion, demonstrated in the example of

FIG. 5 as a phase-change material 220 and a conductive strip 222, respectively. In the example
of FIG. 5, the conductive strips 222 are demonstrated as on the opposite side of the phase-change
material 220 as is demonstrated in the example of FIG. 2. However, it is to be understood that
the conductive strips 222 can be located on either side or both sides of the phase-change
material 220. The conductive strip 222 of each phase-change material switch in the rows 210,
212, and 214 are conductively coupled. A control signal CTRL can be provided to the
conductive strip 222 of each of the phase-change material switches in the respective rows 210,
212, and 214 to switch the phase-change material 222 of each of the phase-change material
switches in the respective rows 210, 212, and 214 between the crystalline state and the
amorphous state, similar to as described previously. Therefore, in response to the phase-change
material 220 of each of the phase-change material switches in each of the sets 202, 204, 206,
and 208 being set to a crystalline state, the distributed switch system 200 can be set to the
conducting state to provide the input signal IN through the distributed switch system 200 as the
output signal OUT. Similarly, in response to the phase-change material 222 of each of the
phase-change material switches in each of the sets 202, 204, 206, and 208 being set to an
amorphous state, the distributed switch system 200 can be set to the blocking state to prevent the
input signal IN from being provided through the distributed switch system 200 as the output
signal OUT. The manner in which the control signal CTRL can be provided through the

conductive strips 222 of the phase-change material switches of the distributed switch system 200
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can depend on the manner of conductive coupling of the conductive strips 222 between the
respective rows 210, 212, and 214 of the phase-change material switches.

[0043] FIG. 6 illustrates an example of a first configuration 250 of the distributed switch
system of FIG. 5. The first configuration 250 is a first example of an implementation of the
distributed switch system 200 in the example of FIG. 5. Therefore, like reference numbers are
used in the description of the first configuration 250 of the distributed switch system 200 as
provided in the example of FIG. 5.

[0044] In the first configuration 250, the conductive strips 222 of each of the

rows 210, 212, and 214 of the phase-change material switches are conductively coupled by a first
conductive coupling 252 at a first control terminal 256, and are also conductively coupled by a
second conductive coupling 254 at a second control terminal 258. As a result, the current of the
control signal CTRL flows both in series through the conductive strips 222 of each of the sets of
phase-change material switches 202, 204, 206, and 208 and in parallel through the conductive
strips 222 along each of the rows 210, 212, and 214. In the example of FIG. 6, the current flow
of the control signal CTRL is demonstrated in a first dotted line 260 through the first row 210, in
a second dotted line 262 through the second row 212, and in a third dotted line 264 through the
third row 214. Therefore, the current of the control signal CTRL flows in both series and
parallel through the distributed switch system 200 in the first configuration 250. Therefore, the
distributed switch system 200 in the first configuration 250 can exhibit switching characteristics

as follows:

First Configuration 250 (FIG. 6):

Power of the Control Signal CTRL to Switch the State: P*N*M Equation 1
Total Resistance between Control Terminals 256 and 258: R*M/N Equation 2
Voltage of the Control Signal CTRL to Switch: M*SQRT(P*R) Equation 3
Current of the Control Signal CTRL to Switch: N*M*SQRT(P*R)/R Equation 4
Wherein: P = Power required to switch a single phase-change material switch;
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N = The number of phase-change material switches in a given one of the sets 202,
204, 206, and 208;

M = The number of phase-change material switches in a given one of the rows
210, 212, and 214;

R = A resistance of a conductive strip of a given one phase-change material

switch.

Therefore, the first configuration 250 can provide one example of a manner of implementing
phase-material switching based on a combination of series and parallel-connection of the phase-
change material switches (e.g., the phase-change material switch 50 in the example of FIG. 2).
[0045] FIG. 7 illustrates an example of a second configuration 300 of the distributed
switch system of FIG. 5. The second configuration 300 is a first example of an implementation
of the distributed switch system 200 in the example of FIG. 5. Therefore, like reference numbers
are used in the description of the second configuration 300 of the distributed switch system 200
as provided in the example of FIG. 5.

[0046] In the second configuration 300, the conductive strips 222 of each of the

rows 210, 212, and 214 of the phase-change material switches are conductively coupled between
each of the sets 202, 204, 206, and 208. As demonstrated in the example of FIG. 7, a first
conductive coupling 302 couples the conductive strips 222 of the first set 202 and a second
conductive coupling 304 couples the conductive strips 222 of both the first set 202 and the
second set 204. A third conductive coupling 306 couples the conductive strips 222 of both the
second set 204 and the third set 206 and a fourth conductive coupling 308 couples the conductive
strips 222 of both the third set 206 and the fourth set 208, and a fifth conductive coupling 310
couples the conductive strips 222 of the fourth set 208. The second and fourth conductive
couplings 304 and 308 are coupled to a first control terminal 312, while the first, third, and fifth
conductive couplings 302, 306, and 310 are coupled to a second control terminal 314.

[0047] As a result, the current of the control signal CTRL flows in parallel through all of

the conductive strips 222 through only a single conductive strip 222 between each of the
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conductive couplings 302, 304, 306, 308, and 310. In the example of FIG. 7, the current flow of
the control signal CTRL is demonstrated in dotted lines 316 through each of the conductive
strips 222 in the first set 202, in dotted lines 318 through each of the conductive strips 222 in the
second set 204, in dotted lines 320 through each of the conductive strips 222 in the third set 206,
and in dotted lines 322 through each of the conductive strips 222 in the fourth set 208.

Therefore, the current of the control signal CTRL flows in parallel only through the distributed
switch system 200 in the second configuration 300. Therefore, the distributed switch system 200

in the second configuration 300 can exhibit switching characteristics as follows:

Second Configuration 300 (FIG. 7):

Power of the Control Signal CTRL to Switch the State: P*N*M Equation 5
Total Resistance between Control Terminals 312 and 314: R/(M*N) Equation 6
Voltage of the Control Signal CTRL to Switch: SQRT(P*R) Equation 7
Current of the Control Signal CTRL to Switch: N*M*SQRT(P*R)/R Equation 8

Therefore, the second configuration 300 can provide another example of a manner of
implementing phase-material switching based on a combination of series and parallel-connection
of the phase-change material switches (e.g., the phase-change material switch 50 in the example
of FIG. 2). The second configuration 300 thus demonstrates a lower switching voltage of the
control signal, and a higher switching current of the control signal CTRL relative to the first
configuration 250.

[0048] FIG. 8§ illustrates an example of a third configuration of the distributed switch
system of FIG. 5. The third configuration 350 is a third example of an implementation of the
distributed switch system 200 in the example of FIG. 5. Therefore, like reference numbers are
used in the description of the third configuration 350 of the distributed switch system 200 as
provided in the example of FIG. 5.

[0049] In the third configuration 350, the conductive strips 222 of the row 210 and the

row 212 of the phase-change material switches are conductively coupled by a first conductive
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coupling 352. The conductive strips 222 of the row 212 and the row 214 are coupled by a
second conductive coupling 354. A first control terminal 356 is coupled to the conductive

strips 222 of the row 210 opposite the first conductive coupling 352, and a second control
terminal 358 is coupled to the conductive strips 222 of the row 214 opposite the second
conductive coupling 354.

[0050] As a result, the current of the control signal CTRL flows in series through the
conductive strips 222 all of the phase-change material switches in each of the sets 202, 204, 206,
and 208 and in each of the rows 210, 212, and 214. In the example of FIG. 8, the current flow of
the control signal CTRL is demonstrated in a dotted line 360 through the first row 210, in a
second dotted line 362 through the second row 212 in the opposite direction as the dotted

line 360, and in a third dotted line 364 through the third row 214 in the opposite direction as the
dotted line 362. Therefore, the current of the control signal CTRL flows in series only through
the distributed switch system 200 in the third configuration 350. Therefore, the distributed

switch system 200 in the third configuration 350 can exhibit switching characteristics as follows:

Third Configuration 350 (FIG. 8):

Power of the Control Signal CTRL to Switch the State: P*N*M Equation 9

Total Resistance between Control Terminals 356 and 358: R*M*N Equation 10
Voltage of the Control Signal CTRL to Switch: N*M*SQRT(P*R)  Equation 11
Current of the Control Signal CTRL to Switch: SQRT(P*R)/R Equation 12

Therefore, the third configuration 350 can provide yet another example of a manner of
implementing phase-material switching based on a combination of series and parallel-connection
of the phase-change material switches (e.g., the phase-change material switch 50 in the example
of FIG. 2). The third configuration 350 thus demonstrates a higher switching voltage of the
control signal, and a lower switching current of the control signal CTRL relative to the first

configuration 250.
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[0051] It is to be understood that the distributed switch systems 100 and 150 are not
intended to be limited to the examples of FIGS. 3 and 4, and the distributed switch system 200 is
not intended to be limited to the examples of FIGS. 5-8. As an example, the distributed switch
system 100 could include more phase-change material switches in series, the distributed switch
system 150 could include more phase-change material switches in parallel, and the distributed
switch system 200 could include additional phase-change material switches in each of the sets
and rows. Additionally, it is to be understood that the distributed switch system 200 could
include more than one control signal CTRL that is configured to control the phase-change
material switches or a group of the phase-change material switches individually of other phase-
change material switches in the distributed switch system 200. As an example, the multiple
control signals CTRL could provide individual control of multiple input signals IN, or could
provide switching of the input signal IN with different switching characteristics. Furthermore,
the distributed switch systems 100, 150, and 200 demonstrate single, solid pieces of phase-
change material in each of the phase-change material switches, and tapered portions in each of
the conductive strips. However, it is to be understood that one or more of the phase-change
material switches can include the longitudinal strips (e.g., substantially similar to the longitudinal
strips 56 in the example of FIG. 2), and/or can include non-tapered conductive strips, in each of
the distributed switch systems 100, 150, and 200. Accordingly, the distributed switch

systems 100, 150, and 200 can be implemented in a variety of ways.

[0052] What have been described above are examples of the present invention. It is, of
course, not possible to describe every conceivable combination of components or methodologies
for purposes of describing the present invention, but one of ordinary skill in the art will
recognize that many further combinations and permutations of the present invention are possible.
Accordingly, the present invention is intended to embrace all such alterations, modifications and

variations that fall within the spirit and scope of the appended claims.
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CLAIMS
What is claimed is:

1. A distributed switch system comprising a plurality of phase-change material switches that
are arranged in one of parallel, series, and a combination of parallel and series with respect to
each other, the distributed switch system being responsive to a single control signal having a first
state and a second state, each of the plurality of phase-change material switches comprising:

a first terminal for receiving an input signal,

a second terminal;

an actuation portion for emitting a first heat profile upon receiving the single control
signal in the first state and a second heat profile upon receiving the single control signal in the
second state, wherein the actuation portion of each of the plurality of phase-change material
switches receives the single control signal substantially concurrently; and

a switch portion comprising a phase-change material in proximity with the actuation
portion, the phase-change material being selectable between a conducting state in response to the
first heat profile to conduct the input signal from the first terminal to the second terminal and a
blocking state in response to the second heat profile to substantially block the input signal from
the first terminal to the second terminal.

2. The distributed switch system of claim 1, wherein the plurality of phase-change material
switches are arranged in one of parallel and a combination of parallel and series, the distributed

switch system further comprising a signal line on which the input signal propagates, wherein the
input signal is split between the first terminal of each one of the plurality of phase-change

material switches that are coupled to the signal line in parallel.

3. The distributed switch system of claim 1, wherein the phase-change material of each of
the plurality of phase-change material switches is selectable between the conducting state and the
blocking state in response to the first and second heat profiles, respectively, based on the single
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control signal that is provided to the actuation portion of each of the plurality of phase-change

material switches.

4. The distributed switch system of claim 1, wherein the phase-change material of each of
the plurality of phase-change material switches is arranged as a plurality of longitudinal strips
that are arranged parallel and spaced apart from each other and extend longitudinally to
interconnect the first terminal and the second terminal and that are each in proximity with the

actuator portion.

5. The distributed switch system of claim 1, wherein the actuation portion comprises:

a pair of actuation terminals for receiving the single control signal; and

a conductive strip that extends between the pair of actuation terminals and comprises a
central portion having a cross-sectional dimension that is less than a dimension of the pair of
actuation terminals and a pair of tapered portions that each have a cross-sectional dimension that
increases from the cross-sectional dimension of the central portion to a maximum cross-sectional

dimension at a respective coupling to the pair of actuation terminals.

6. A distributed switch system comprising a plurality of phase-change material switches that
are arranged in one of parallel, series, and a combination of parallel and series with respect to
each other, each of the plurality of phase-change material switches comprising:

a first terminal receiving a single input signal;

a second terminal;

an actuation portion receiving a single control signal in one of a first state to emit a first
heat profile and a second state to emit a second heat profile, the actuation portion of each of the
plurality of phase-change material switches receiving the single control signal substantially
concurrently; and

a switch portion comprising a phase-change material in proximity with the actuation
portion, the phase-change material being selectable between a conducting state in response to the
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first heat profile to conduct the single input signal from the first terminal to the second terminal
and a blocking state in response to the second heat profile to substantially block the single input

signal from the first terminal to the second terminal.

7. The distributed switch system of claim 6, wherein the distributed switch system further
comprises a signal line on which the single input signal propagates, wherein the single input
signal is split between the first terminal of each one of the plurality of phase-change material

switches that are coupled to the signal line in parallel.

8. The distributed switch system of claim 6, wherein the phase-change material of each of
the plurality of phase-change material switches is selectable between the conducting state and the
blocking state in response to the first and second heat profiles, respectively, based on the single
control signal that is provided to the actuation portion of each of the plurality of phase-change

material switches.

9. The distributed switch of system of claim 6, wherein the phase change material of each of
the plurality of phase-change material switches is arranged as a plurality of longitudinal strips
that are arranged parallel and spaced apart from each other and extend longitudinally to
interconnect the first terminal and the second terminal and that are each in proximity with the

actuation portion.

10.  The distributed switch of system of claim 6, wherein the actuation portion comprises:

a pair of actuation terminals receiving the single control signal; and

a conductive strip that extends between the pair of actuation terminals and comprises a
central portion having a cross-sectional dimension that is less than a dimension of the pair of
actuation terminals and a pair of tapered portions that each have a cross-sectional dimension that
increases from the cross-sectional dimension of the central portion to a maximum cross-sectional

dimensional at a respective coupling to the pair of actuation terminals.

24



