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SWITCHING ELEMENT HAVING AN ELECTROMECHANICAL SWITCH AND
METHODS FOR MAKING AND USING SAME

TECHNICAL FIELD
[0001] The present invention relates to a switching element for use in switching power
converters and methods to maximize their efficiency. The switching element has an
electromechanical switch (such as an electrically conductive membrane switch, for example, a
graphene membrane switch). Such a switching element can be made and used to reduce power
loss and maximize efficiency of the switching power converter.

BACKGROUND

[0002] Switching power converters are well known in the art and are typically used to convert
AC power to DC power, to convert DC power to AC power, or to convert one DC voltage level
to another. Power converters are used in electronic equipment to control the power that is
delivered to variety of loads. Thesebconveners typically use semiconductor based switching
elements that are cycled via Pulse Width Modulation (PWM). For exafnple. when used to
convert DC power 1o AC power, PWM alters the width of the conduction waveform of the
switching device such that the output voltage will oscillate back and forth between a positive
peak voltage to a negative peak voltage.
[0003] A simple single-phase power converter is shown in FIG. 1. It is composed of a DC
source 101, switching elements 102 and 103, an inductor/capacitor filter 104 (having inductor
105 and capacitor 106), and an AC load 107. Generally, the switching elements 102 and 103 are
operated at a PWM frequency well above the corner of the inductor/capacitor filter 104 with a
varying duty cycle in order to achieve the desired AC voltage at the load 107,
[0004] In various applications, the switching elements 102 and 103 are each a semiconductor
switch. A semiconductor switch is a switch that includes a semiconductor material such as
silicon, silicon carbide and gallium nitride (which are referred to as silicon-based switches,

silicon-carbide-based switches and gallium-nitride-based switches, respectively. Examples of
1



WO 2012/148603 PCT/US2012/030262

semiconductor switches include insulated gate bipolar transistor (IGBT) switches and metal-
oxide—semiconductor field-effect transistor (MOSFET) switch), which can be made of silicon,
silicon carbide, gallium nitride, a combination thereof, or other semiconductor material (or
materials).

[000S] An example of a semiconductor switch is an insulated gate bipolar transistor (IGBT)
and a diode in parallel. A configuration of an IGBT switch 200 is shown in FIG. 2. The IGBT
.switch 200 includes an IGBT 201 and a diode 202. IGBTs are often selected for their ability to
switch high voltages and currents and for their relatively low on-state voltage (compared with
other silicon-based switches). An IGBT is a three-terminal power semliconductor device (a gate
(G), a collector (C), and an emitter (E). IGBTs switch electric power in many modemn
appliances: electric cars, trains, variable speed refrigerators, air-conditioners and even stereo
systems with switching amplifiers.

[0006] The converter design is significantly impacted by the power losses that result from the
use of semiconductor devices. Cooling and waste heat removal are a major size, weight, and
cost adder for any given power capacity.

[0007] Switching power converting losses generally arise from conduction loss and switching
loss. Conduétion losses are the normal losses of the switching dévice while conducting current
when running in a saturated condition. Switching losses are the losses associated with the
actions of turning active switching devices on and off. Switching losses occur when there is
simultaneously, high voltage across the device and current through it during transitions between
on and off. Because switching losses are incurred every time the device turns on and off, higher
device frequencies result in greater switching losses.

[0008] As shown in FIG. 3, IGBTs suffer from high switching losses due to a high
voltage—current product during turn-on stage 303 and tum-off stage 304. FIG. 3 shows the

typical IGBT voltage and current characteristics in curves 301 and 302, respectively. The
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switched losses are somewhat worse during the turmn-off stage due to the IGBT current tail 305.
Another problem with current IGBT devices is that there are conduction power losses due to the
on-state voltage that persists while the device is carrying current, which is effectively manifests
itself as an on-state resistance.
[0009] Further discussion of losses in switching power converters is described in U.S. Patent
Appl. Publ. No. 2006/0220626 (Partridge).
[0010] A need thus exists for improved switching elements to reduce the losses that occur in
switching power converters and to improve the efficiency of switching power converters.
SQA’IMARY OF THE INVENTION
[0011] The present invention relates to a switching element having an electromechanical
switch (such as an electrically conductive membrane switch, for example, a graphene membrane
switch). In one embodiment of the present invention, the switching element utilizes a hybfid
combination of an electromechanical switch (an electrically conductive membrane switch, such
as a graphene membrane switch) and a semiconductor switch, In another emquiment of the
present invention, the switching element utilizes two different types.of electromechanical
switches (two electrically conductive membrane switches, such as two graphene membrane
switches). For instance, one electromechanical switch can be a graphene membrane switch
optimizpd for high voltage switching and the other electromechanical switch can be a graphene
switch optimized for low conduction losses.
[0012] In general, in one aspect, the invention features a switching element that includes a first
switch, a second switch, and a controller. The second sw"itch includes an electromechanical
switch that i1s connected electrically in parallel with the first switch. The controller is
operatively connected to the first switch and the second switch. The controller is operable for

turning on the first switch at a first. voltage. The controller is operable for turning on the second
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switch at a second voltage after a first time delay such that the second switch is turned on after
the first switch is tumed on by the controller. The second voltage is less than the first voltage.
[0013] Implementations oftlie inventions can include one or more of the following features:
[0014] The controller can be operable for turning off the first switch after a second time delay
such that the first switch is turned off after the second switch is turned on by the controller. The
controller can be operable for turning off the second switch after a third time delay éuch that the
sécond switch is turned off after the first switch is turned off by the controller.

[0015] The second switch can be an electrically conductive membrane switch.

[0016] The controller can be operable for synchronizing the operation of the first switch and the
second switch.

[0017] The second switch can be an electrically conductive membrane switch having an
electrically conductive membrane that is atomically thin. |

[0018] The electrically conductive membrane can be graphene.

[0019] The first switch can be a semiconductor switch.

[0020] The first switch can be a silicon-based switch.

[0021] The first switch can be an insulated gate bipolar transistor switch.

[0022] The first svlvitch can be a metal-oxide-semiconductor field-effect transistor switch.
[0023} The first switch can be a silicon-carbide-based switch.

[0024] The first switch can be a gallium-nitride-based switch.

10025] The first switch can be an electrically conductive membrane.

10026] The first switch can be an electrically conductive membrane switch that includes
graphene.

[0027] The second switch can be a graphene membrane switch.

[0028] The first switch can be a graphene membrane switch.



WO 2012/148603 PCT/US2012/030262

[0029] The switching element can further include a third switch. The third switch can be
connected electrically with the first switch and the second switch. The first switch, the second
switch, and the third switch can be connected in parallel. The controller can be operatively
c01111e§ted to the third switch such that the controller is operable for controlling the third switch.
{0030] The controller can be operable for turning on the third switch after the first switch and
the second switch are turned on by the controller. The controller can be operable for turning off
the third switch after the first switch.and the second switch are turned off by the controller.
[0031] The second switch can be a nano electromechanical switch.

[0032] In general, in another aspect, the invention features a switching element that includes a
first switch, a second switch, and a controller. The second switch is an electrically conductive
membrane switch operatively connected electrically in parallel with the first switch. The
controller i1s operatively connected to the first switch and the second switch such that the
controller is operabie for controlling the first switch and the second switch.

[0033] Implementations of the above inventions can include one or more of the following
features:

[0034] The electrically conductive membrane switch can include a graphene membrane switch,
a graphene oxide membrane switch, or a graphene/graphene oxide membrane switch.

{0035} The electrically conductive :nembrane switch can include a graphene membrane.

[0036] In general, in another aspect, the invention features a switching power converter that
includes a first switching element, a second switching element, a power source, a filter, and a
load. The second switching element includes an electromechanical switch, a parallel switch, and
a controller. The parallel switch is connected electrically in parallel to the electromechanical
switch. The controller is operable for (a) turning on the parallel switch at a .ﬂrst voltage, (b)
turning on the electromechanicali switch at a second voltage after a first time delay such that the

electromechanical switch is tumed on after the parallel switch is turned on by the controller,
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(c) turning off the parallel switch after a second time delay such that the parallel switch is turned
oft after the electromechanical switch is turned on by the controller; and (d) turning off the
electromechanical switch after a third time delay such that the electromechanical switch is
turned off after the parallel switch is tummed off by the controller. The second voltage is less than
the first voltage. The first switch.ing element, the second switching element, the power source,
the filter, and the load are operatively connected for switching power converting operations.
[0037] Implementations of the above inventions can include one or more of the following
features:

[00381 The second switch can in;lude an electrically conductive membrane switch.

[0039] The second switch can be a graphene membrane switch.

|0040] The parallel switch can include a different electrically conductive membrane switch.
[0041] The parallel switch can be a different graphene membrane switch.

[0042] The parallel switch can include a semiconductor switch. The semiconductor switch can
be a silicon-based switch.

[0043| The parallel switch can include an insulated gate bipolar transistor switch.

[0044] The switching power converter can be operable for converting AC power to DC power,
converting DC power to AC power, converti;1g one DC voltage level to another DC voltage
level, or combinations thereof.

[0045] The controller can be operable for cycling the first switching element and the second
switching element via pulse width modulation.

[0046] In general, in another aspect, the invention features a method of operating a switching
element that includes turning on a first switch at a first voltage and turning on a second switch at
a second voltage after a time delay. The second switch includes an electromechanical switch.
The second switch is turned on after the first switch is turned on. The second voltage is less

than the first voltage.
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|0047} Implementations of the above inventions can include one or more of the following
features:
[0048] The method can further include turning off said first switch after a second time delay
such that the first switch is turned off after the second switch is turned on, and turning off the
second switch after a third time delay such that the second switch is turned off after the first
switch is turned off. ’
[0049] The electromechanical switch can be an electrically conductive membrane switch.
[0050] The electromechanical switch can be an electrically conductive membrane switch having
an electrically conductive membrane that is atomically thin.
[0051] The electrically conductive membrane switch can include graphene.
[0052] The first switch can include a semiconductor material.
[0053] The first switch can include silicon.
[0054] The first switch can be an insulated gate bipolar transistor switch.
[0055| The first switch can be a metal-oxide-semiconductor field-effect transistor switch.
[0056] The first switch can include silicon carbide.
[0057] The first switch can include of gallium nitride.

" |0058} The first switch can be a different electromechanical switch.
[0059] The first switch can be a different electrically conductive membrane switch.
[0060] The first switch can be a different electrically conductive membrane switch that includes
graphene.
|0061] The second switch can be a graphene membrane switch.
|0062] The first switch can be a graphene membrane switch.
[0063] In general, in another aspect, the invention features a method of operating a switching
power convertor. The method includes operating a first switching element an operating a second

switching element. Operating the second switching element includes turning on a first switch at
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a first voltage and turning on a second switch at a second voltage after a time delay. The second
switch is connected electrically in parallel to the first switch. The second switch includes an
elecromechanical switch. The second voltage is less than the first voltage. The switching power
converter coverts AC power to DC power, converts DC power to AC power, converts one DC
voltage level to another DC voltage level, or combinations thereof.
[0064] l'mplementatioﬁs of the above inventions can include one or more of the following
features: |
[0065] The second switch can include an electrically conductive membrane switch.
[0066| The electronically conductive membrane switch can be a graphene membrane switch.
{0067] The second sw1:tching element can ﬁu'ﬂwr include a controller that controls the operation
of the electrically conductive membrane switch and the first switch.
[0068] The first switch can include a different electromechanical switch.
[0069] The first switch can include a different electrically conductive membrane switch.
{0070] The second switch can be a graphene membrane switch.
- 10071] Th¢ first switch can be a different graphene membrane switch.
[0072] The first switch can be a semiconductor switch,
[0073] The first switch can be a silicon-based switch
[0074] The first switch can be an insulated gate bipola.r transistor switch.
[0075] The method can further include cycling the first switching element and the second
switching element via pulse width modulation.

| DESCRIPTION OF DRAWINGS
[0076] F1G. 1 depicts a standard power converter configuration.
[0077] F1G. 2 depicts an IGBT switch that can be used as a switching element shown in FIG. 1.
[0078] FIG. 3 is a graph showing typical IGBT voltage and current characteristics in a standard

power converter configuration.
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[0079] FIG. 4 depicts an IGBT/electromechanical hybrid switch configuration that can be used
in an embodiment of the present invention.
[0080] FIG. S depicts a parallel electromechanical switch configuration that can be used in an
embodiment of the present invention. |
[0081] FIG. 6 depicts an embodiment of the present invention that utilizes an
IGBT/electromechanical hybrid switch configuration.
[0082] FIG. 7A is a graph showing voltage and current characteristics of the‘ .
IGBT/electromechanical switching element shown in FIG. 6 (in \thCh the electromechanical
switch has an electrically conductive membrane, and the electrically conductive membrane is a
graphene membrane).
[0083] FIG. 7B is a graph that depicts the commands and outputs of the controller of the
IGBT/electromechanical hybrid sWitching element shown in FIG. 6 to generate the voltage and
current characteristics shown in FIG. 7A.
[0084] FIG. 8 depicts an embodiment of the present invention that utilizes a parallel
electromechanical switch configuration. |
[0085] FIG. 9 is a graph that depicts characteristics of voltage switch logic and analog voltage
that can be utilized so that the use of an electrically conductive membrane can eliminate the need
for a diode in embodiments of the present invention.

DETAILED DESCRIPTION
[0086] The present invention relates to a switching element having an electromechanical switch
(such as an electrically conductive membrane switch, for examples a graphene n'lembrane
switch). Such switching elements can be made and used in a switching power converter to
reduce power loss and to maximize efficiency of the switching power converter.
0087} Graphene membranes (also otherwise referred 1o as “graphene drums”) have been
manufactured using process such as disclosed in Lee ¢f al. Science, 2008, 321, 385-388. PCT

9
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Patent Appl. No. PCT/US09/59266 (Pinkerton) (the “PCT US09/59266 Application”) described
tunneling current switch assemblies having graphene drums (which graphene drums generally
having a diameter between about 500 nm and about 1500 nm). US Patent Appl. Nos.
61/391,727 (Pinkerton et al.) and 61/427.011 (Everett ¢/ al.) further describe switch assemblies
having graphene drums. A switch that includes a graphene membrane is a graphene membrane
switch.

|00§8| Alternatively, other types of electrically conductive membranes (also referred to as
“electrically conductive drums”) may be utilized in lieu of graphene membranes in embodiments
of the present invention, such as, for example, graphene oxide membranes. A switch that
includes a graphene oxide membrane is a graphene oxide membrane switch. A switch that
includes a graphene/graphene oxide membrane is a graphene/graphene oxide membrane switch.
[0089] Such electrically conductive membranes are types of electromechanical switches that can
be used in an embodiment of the present invention. Other types of electromechanical switches
can be used in embodiments of the present invention, such as, for example, micro-
electromechanical system (MEMS) switches.

[0090] As discussed above, in various applications, the switching element of a standard
switching power converter is generally composed of an IGBT switch (such as the IGBT switch
200 shown in FIG. 2).

[0091] One or more electromechanical switches (such as electrically conductive membrane
switches, for example graphene membrane switches) can be connected in parallel with an IGBT
and diode, and any combination or subset of the devices can be used to achieve the desired
performance characteristics. The switching power converter can utilize a switching element
having an IGBT/electromechanical switch configuration, such as shown in the IGBT/
elecromechanical switch hybrid switching element 400 shown in FIG. 4. The 1GBT/electrically
conductive membrane hybrid switching element 400 includes an IGBT switch (which includes

10
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the IGBT 401 and a diode 402), and an electromechanical switch (electrically conductive
membrane switch 403).

[0092] The switching power converter can also (or instead) utilize a switching element having a
parallel electromechanical switch configuration, such as shown in the paralle! electromechanical
switching element 500 shown in FIG. 5. The parallel electromechanical switching element 500
includes two electromechanical switches (electrically conductive membrane switches 501 and
502). For instance, in a parallel electromechanical | switching element 500, electrically
conductive membrane switch 501 can be a graphene membrane switch optimized for high
voltage switching and electrically conductive membrane switch 502 can be a graphene switch
optimized for low conduction losses.

- [0093] Unlike silicon-based devices, the graphene membrane is fully bi-directional, so with the
appropriate feedback control scheme, the graphene membrane switch can also serve as the diode
n the circuit, therefore making it possible to eliminate the need fér both the IGBT and the diode.
[0094] In embodiments of the present invention, at least one of switching elements 102 and 103
(as shown in FIG. 1) includes an electromechanical switch, such as an electrically conductive
membrane switch (for example, at least one of switching elements 102 and 103 can be an
IGBT/electromechanical hybrid switching element 400 or a parallel electromechanical switching
element 500). The other of switching elements 102 or 103 can also include an
electromechanical switch (for example, the other of switching elements 102 and 103 can be an
IGBT/electromechanical hybrid switching element 400 or a parallel electromechanical switching
element 500) or can be a switching element that does not have an electrically conductive
membrane (for example, a semiconductor switch, such as an IGBT switch 200 or a MOSFET
switch).

[0095] In such embodiments of the present invention, the electromechanical switch of the
switching element can be an electrically conductive switch (such as a graphene membrane
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switch) constructed with the capability of switching at the same high voltage level as the IGBT,
but with lower switching losses.

10096} In such enibodiments of the present invention, the electromechanical switch of the
switching element can be an electrically conductive membrane switch (such as a graphene
membrane switch) constructed such that it is not ca;ﬁéble of switching the full voltage of the
IGBT, but has a lower on-state resistance than the IGBT once it is on.

10097} By combining the different semiconductor switches and electromechanical switches
(';ucll as shown in FIGS. 2. 4, and §) and controlling the switch timing, improved overall
efficiency can be achieved.

[0098] FIG. 6 depicts an embodiment of the present invention that utilizes an
IGBT/electromechanical hybrid switch configuration depicts a switching element 600 that can
be connected to voltage at voltage source 601 and that can be connected to the load at load 602.
Switching element 600 includes two switches, namely an IGBT switch 603 (which is “device 17
in depicted switching element 600) and an eleétromechanical switch (an electrically conductive
membrane switch 604, which is “device 2" in depicted switching element 600). Switching
element 600 further includes a controller 605 (i.e., a feédback control) that has as inputs: (a) an
input 606 from a PWM gate 607, and (b) an input 608 from a voltage feedback sensor 607 for
measuring the voltage across IGBT switch 603 and electrically conductive membrane
switch 604. The controller 605 has as outputs: (a) an outpur 610 to the gate control of the
IGBT switch 603, and (b) an output 611 1o the gate control of the electrically conductive
membrane switch 604, so that each device (IGBT switch 603 and electrically conductive
membrane switch 604) can be switched on and off independently at the appropriate times. In an
embodiment of the present invention, controller 605 can be as simple as an array of resistors and
capacitors that will-passively turn on IGBT switch 603 and then turn on electrically conductive

membrane switch 604 after a time delay.
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[0099] FIG. 7A shows the voltage and current characteristics in curves 701 and 702,
respectively, of the switching element 600 depicted in FIG. 6 (having a graphene membrane as
the electrically conductive membrane in electrically conductive membrane switch 604). FIG. 7B
shows the PWM gate logic command 707 (from PWM gate 607) received by the controller 605
and the on/off output signals 708 and 709 sent to IGBT switch 603 (device 1) and graphene
membrane switch 604 (device 2) to generate the voltage and current characteristics shown in
FIG. 7A.

[00100] In this operation of the switching element 600, the ﬁr's,t switch to be switched on
(during device | turn-on stage 703) is an IGBT switch 603 that would lower the voltage to the
point where the low resistance type of graphene membrane switch 604 can be rume-d on (during
device 2 turn-on stage 704). Once the graphene membrane switch 604 is turned on, the IGBT
switch 603 can be turned off (.during device | turn-off stage 705), and the graphene membrane
switch 604 is then be used to switch off the current (during device 2 turn-off stage 706). This
method takes advantage of the low conduction losses of the graphene membrane switch 604 and
eliminates the turn-off losses of the IGBT switch 603, because there is no current tail.

[00101] FIG. 8 depicts another embodiment of the present invention that utilizes a parallel
electrically conductive membrane switch configuration. As compared to the embodiment of
FIG. 6, switching element 800 utilizes a second electromechanical switch (electrically
conductive membrane switch 801) in place of the IGBT switch 603.

[00102] In switching element 800 (having graphene membrane switches for electrically
conductive membrane switches 604 and 801), a high switching voltage type of graphene switch
(graphene switch 801) can be turned on during device 1 turn-on stage 703 to reduce the voltage
and then turn on a'low-resistance graphene switch (graphene switch 604) during the device 2
turn-on stage 704 for the conduction phase of the switching cycle. The high switching voltage
type of graphene switch 801 and the low-resistance graphene membrane switch 604 can be

13



WO 2012/148603 PCT/US2012/030262

turned off during device | turn-off stage 705 and device 2 turn-off stage 706, respectively. This
configuration thus eliminates the IGBT (and the diode, with the appropriate feedback control
scheme) altogether.

[00103] FIG.9 is a graph that depicts characteristics of voltage switch logic and analog voltage
that can be utilized so that the use of an electrically conductive membrane can eliminate the need
for a diode in embodiments of the present invention (such as in the switching element shown in
FIG. 8). Curve 901 and curve 902 représent the electrically conductive membrane switch logic
and the analog voltage, respectively.

[00164] To accomplish the elimination of the IGBT and diode, the controller 605 (in switching
element 800) uses the voltage feedback (from voltage feedback sensor 607) to detect when the
switching element 800 is reversed biased (e.g., when the voltage is negative), in which case the
diode of a IGBT switch (such as the IGBT switch 603 shown in FIG. 6) would be forward
biased. When the voltage goes negative beyond a predetermined threshold (V,,, 903 in FIG. 9)
the controller 605 automatically turns on the graphene membrane switch 801: When the circuit
conditions evolve such that the negative voltage returns across a second predetermined threshold
(Vorr 904 in FIG. 9) the controller 605 automatically turns off the graphene membrane
switch 801, thus mimicking the behavior of the diode utilized in the IGBT switch 603 in
switching element 600 shown in FIG. 6 (which has an IGBT/electrically conductive membrane
hybrid switch configuration). This control Iogic. is thus combined with the PWM gate timing
logic described above to allow the graphene membrane switch 801 to replace both the IGBT and
diode of the IGBT switch 603 in switching element 600 shown in FIG. 6).

[00105] A number of embodiments of the invention have been described. Nevertheless, it will
be understood that various modifications may be made without departing from the spirit and
scope of the invention. Accordingly, otﬁcr embodiments are within the scope of the following

claims.
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|[00106] For instance, while the specification discusses using an electromechanical switch (such
as an electrically conductive membrane switch) in lieu of, or in addition to, an IGBT switch, the
electromechanical switch (such as an electrically conductive membrane switch) can be used in
lieu of, or in addition to, other types of switches in switching elements. For example, a metal—
oxide-semiconductor field-effect transistor (MOSFET) is another type of transistor that is used
as a switch. An electromechanical switch (such as an electrically conductive membrane switch)
can be used in lieu of, or in addition to, a MOSFET switch in a switching element.

[00107] Also, for example, in adairioxl to silicon-based switches, silicon-carbide-based (SiC-
based) switches and gallium-nitride-based (GaN-based) switches are further types of switches
that electromechanical switch (such as an electrically conductive membrane switches) can be
used in lieu of, or in addition to, in switching elements. Indeed, it is believed that SiC-based and
GaN-based switches may have potential advantages over Si-based switches (such as for IGBT
switches), which would render SiC-based and GaN-based switches better, in certain
circumstances, to be used as the “turn on” switch (i.e., “device 17) as discussed above with
respect to the embodiment of the present invention depicted iln FIG. 6.

[00108] Further, for instance, while the switching elements discussed herein are directed to
those having two switches, the switﬁhing element can also be made to have three or more
switches. Such additional switches in the switching elements can also be controlled by the
controller, such as in stages, and by implementing multiple timing imevrvals between the turning
on and off of the various switches in the switching element.

[00109] While embodiments of thé invention have been shown and described, modifications
thereof can be made by one skilled in the art without departing from the spirit and teachings of
the invention. The embodiments described and the examples provided herein are exemplary
only, and are not intendéd to be limiting. Many vaniations and modifications of the invention

disclosed herein are possible and are within the scope of the invention. Accordingly, other
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embodiments are within the scope of the following claims. The scope of protection is not
limited by the description set out above, but is only limited by the claims which follow, that
scope including all equivalents of the subject matter of the claims.

[00110] The disclosures of all patents, patent applications, and publications cited herein are
hereby incorporated herein by reference in their entirety, to the extent that they provide

exemplary, procedural, or other details supplementary to those set forth herein.
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WHAT IS CLAIMED IS

o8]

A switching element comprising:
(a) a first switch;
(b) a second switch, wherein the second switch is an electromechanical switch
connected electrically in parallel with the first switch:; and
() a controller, wherein
(1) the controller is operatively connected to the first switch and the second
switch,
(i) the controller is operable for turning on the first switch at a first voltage,
(i) the controller is operable for turning on the second switch at a second
voltage after a first time delay such that the second switch is turned on
after the first switch is tumed on by the controller, and
(tv)  the second voltage is less than the first voltage.
The switching element of Claim 1, wherein
(a) the controller is operable for turning off the first switch after a second time delay
such that the first switch is turned off after the second switch is turned on by the
controller; and
(b) the controller is operable for turning off the second switch after a third time delay
such that the second switch is turned off after the first switch is turned off by the
controller.
The switching element of Claim 1, wherein the second switch is an electrically
conductive membrane switch.
The switching element of Claim 3, wherein the controller is operable for synchronizing

the operation of the first switch and the second switch.

17
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1.

12.

The switching element of Claim 3, wherein the second switch is an electrically

conductive membrane switch having an electrically conductive membrane that is

atomically thin,

The swifching element of claim 3, wherein the electrically conductive membrane

comprises graphene.

The switching element of Claim 3, wherein the first switch is a semiconductor §vitch.

The switching element of Claim 3, wherein the first switch is an electrically conductive

membrane switch.

The switching element of claim 8, wherein the first switch is an electrically conductive

membrane switch comprising graphene.

The switching element of Claim 3, wherein the second switch is a graphene membrane

switch. ‘

The switching element of Claim 10, wherein the first switch is a graphene membrane

éwitch

The switching element of Claim | further comprising a third switch, wherein

{(a) the tl(lird switch is connected electrically with the first switch and the second
switch;

(b) the first switch, the second switch, and the third switch are connected in parallel;
and

(c) the controller is operatively connected to the third switch such that the controller
is operable for controlling the third switch.

The switching element of Claim 12, wherein

(a) the controller is operable for turning on the third switch after the first switch and

the second switch are turned on by the controller; and
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(b) the controller is operable for turning off the third switch after the first switch and
the second switch are turned off by the controller.

The switching element of Claim 1, wherein the secopd switch is a nano

eleénmnechmical switch,

A switdﬂng element comprising;

(a) a first switch:

(b) a second switch, wherein the second switch is an electrically conductive
membrane switch connected electrically in parallel with the first switch; and

(©) a controller operatively connected 1o the first switch and the second switch such
that the controller is operable for controlling the first swjtch and the second
switch.

The switching element of Claim 15, wherein the electrically conductive membrane

switch comprises a membrane switch selected from the group consisting of graphene

membrane switches, graphene oxide membrane switches, and graphene/graphene oxide

membrane switches.

The switching element of Claim 15, wherein the electrically conductive membrane

switch comprises a graphene membrane.

A switching power converter comprising:

(a) a first switching element;

(b) a second switching element, wherein the second switching element comprises
(1) an electromechantcal switch,
(1)  a parallel switch connected electrically in parallel to the

electromechanical switch, and

(111)  a controller, wherein
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the controller is operable for tuming on the parallel switch at a
first voltage,

the controller is operable for turning on the electromechanical
switch at a second voltage after a first time delay such that the
electromechanical switch_is turned on after the parallel switch is
turned on by the controller,

the contréller is operable for turning off the parallel s#vitch after a
second time delay such that the parallel switch is tued off after
the electromechanical switch is rurned on by the controller; and
the controller is operable for turning off the electromechanical
switch after a third time delay such that the electromechanical
switch is tumned off after the parallel switch is turned off by the
controller, and

the second voltage is less than the first voltage;

(c) a power source;

(d) a filter; and

(e) a load, wherein the first switching element, the second switching element, the

power source, the filter, and the load are operatively connected for switching

power converting operations.

The switching power converter of Claim 18, wherein the second switch comprises an

electrically conductive membrane switch.

membrane switch.

The switching power converter of Claim 19, wherein the second switch is a graphene

The switching power convertor of Claim 19, wherein the parallel switch comprises a

different electrically conductive membrane swiich.

20
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The switching power converter of Claim 20, wherein the parallel switch is a different
graphene membrane switch.
The switching power converter of Claim 19, wherein the parallel switch comprises a
semiconductor switch,
The switching power converter of Claim 18, wherein the switching power converter is
operable for power conversion selected from the group consisting of (i) converting AC
power to DC power, (ii) converting DC power to AC power, (iii) converting one DC
voltage level to another DC voltage level, and (iv) a combination thereof.
The switching power converter of Claim 18, wherein the controller is operable for
cycling the first switching element and the second switching element via pulse width
modulation.
A method of operating a switching element comprising the steps of:
(a)  turning on a first switch ata first voltage; and
(b) turning on a second switch at a second voltage after a time delay, wherein
(1) the second switch is an electromechanical switch,
(i) the second switch is turned on after the first switch is tumed on, and
(i) the second voltage is less than the first voltage.
The method of Claim 26, further comprising the steps of
(a) turning off said first switch after a second time delay, wherein_the first switch is
turned off after the second switch is turned on; and
(b)  turning off the second switch after a third time delay, wherein the second switch
1s turned off after the first switch is turned off.
The method of Claim 27, wherein the electromechanical switch is an electrically

conductive membrane switch.
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30,

31

4)

The method of Claim 28, wherein the electromechanical switch is an electrically
conductive membrane switch having an electrically conductive membrane that is
atomically thin.
The method of Claim 28, wherein the electrically conductive membrane switch
comprises graphene.
The method of Claim 28, wherein the first switch comprises a semiconductor material.
The method of Claim 26, wherein the first switch is a different electromechanical switch.
The method of Claim 28, wherein the first switch is a different electrically conductive
membrane switch.
The method of Claim 28, wherein the first switch is a different electrically conductive
membrane switch comprising graphene.
The method of Claim 26, wherein the second switch is a graphene membrane switch.
The switching element of Claim 35, wherein the first switch is a graphene membrane
switch.
A method of operating a switching power convertor comprising the steps of:
(a) operating a first switching element; and
(b) operating a second switching element, comprising
(1) turning on a first switch at a first voltage and:
(it) turning on a second switch at a second voltage after a time delay, wherein
N the second switch is connected electrically in parallel to the first
switch,
(2) the second switch comprises an electromechanical switch,
3) the second voltage is less than the first voltage, and
the switching power converter coverts power selected from the group consisting of (1)
converting AC power to DC power, (II) converting DC power to AC power, (III)

22
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converting one DC voltage level to another DC voltage level, and (IV) a combination
thereof.

The method of Claim 37, wherein the second switch comprises an electrically conductive
membrane switch.

The method of Claim 38, wherein the electronically conductive membrane switch is a
graphene membrane switch.

The method of Claim 38, wherein the second switching element further comprises a
controller that controls the operation of the electrically conductive membrane switch and
the first switch.

Ti1e method of Claim 37, wherein the first switch comprises a different
electromechanical switch.

The method of Claim 38, wherein the first switch comprises a di{fferent electrically
conductive membrane switch.

The method of Claim 38, wherein the second switch is a graphene membrane switch.

The method of Claim 43, wherein the first switch is a diffefent graphene membrane
switch.

The method of Claim 38, wherein the first switch is a semiconductor switch.

The method of Claim 38 further comprising cycling the first switching element and the

second switching element via pulse width modulation.

23



WO 2012/148603 PCT/US2012/030262

1/9

Prior Art

162

Figure 1

i

2

>%§




WO 2012/148603

200

s
F4

2/9

I~
&
&

PCT/US2012/030262

Prior Art

201

Figure 2



PCT/US2012/030262

WO 2012/148603

S0 ¢ 231
ucibBal e

BLINg 169

awi)

3/9

{0¢

,/

_ FOE _ _ 31 m



WO 2012/148603 PCT/US2012/030262

4/9

4604

Figure 4




WO 2012/148603 PCT/US2012/030262

5/9

6

/

Figure 5




PCT/US2012/030262

WO 2012/148603

6/9

2188 WM

~
£09

PEO) O} 4=
//_

09

g QU314

909 019
~ -
| (0JU00
| Moegpes)
™ N
809 rJ (19
09

90In0s abejjone

/J
9

069



PCT/US2012/030262

WO 2012/148603

awi

7 aoinep

“_

el

&L =8 | DAADD

Y

TSRO | S8

feee

nan

m 80L

ey

........... PURLALIOD 7 am3i.
o120 Wisnd dL &

K

ROy
Y

ERSENeEN
A sy

RSN
-

7/9

440 440
o}

s

RO
AN s

aen
e

NO MO

b

e S W L

_\\;&\
&

S

%, :
sy,

VL m3Lg

B 1
j£179 SARED

DT

BHABE BUABD




PCT/US2012/030262

WO 2012/148603

8/9

PEO] O} «

Q aIn

3120 WMl et OIU00
| woedpssy |

Ny
509

=

A

82in0s abrjjone

008



PCT/US2012/030262

WO 2012/148603

99

0

P
3

6 2N

y 4

N

06

o,

K

ez

W,

%

%

L6

%
\\\%\\\, Yp A Ay

NOA

3
Z \\.\\\\ L A
Z

G A A SIS,

SAA-

A



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2012/030262

A. CLASSIFICATION OF SUBJECT MATTER

INV. HO1H9/54 HO1H1/00
ADD.

HO2M3/00

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

HOIH HO2M HO3K

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

figures 1,2

A Graphene oxide switch;

figures 1,3

X WO 99/19974 A2 (RELIANCE ELECTRIC IND CO
[US]) 22 April 1999 (1999-04-22)

Y page 11, Tine 13 - page 17, line 19;

Y US 2009/235721 Al (ROBINSON JEREMY T [US]
ET AL) 24 September 2009 (2009-09-24)

paragraph [0045] - paragraph [0048];

1,2,4,7,
12,13,
18,23-46
3,5,6,
8-11,
14-17,
19-23

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

15 May 2012

Date of mailing of the international search report

25/05/2012

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Ernst, Uwe

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2012/030262

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2010/116630 Al (PINKERTON JOSEPH F 1-46
[US]) 13 May 2010 (2010-05-13)
cited in the application
figures 22-26
Y Anonymous: "Super-thin membrane breaks 8,10,11,
record", 20
Nonotechweb.org,
28 February 2007 (2007-02-28), pages 1-2,
XP002675947,
Retrieved from the Internet:
URL:http://nanotechweb.org/cws/article/tec
h/27209
[retrieved on 2012-05-11]
A the whole document 1-7,9,
12-19,
21-46

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2012/030262
Patent document Publication Patent family Publication
cited in search report date member(s) date

WO 9919974 A2 22-04-1999  EP 1023765 Al 02-08-2000
US 5943223 A 24-08-1999
WO 9919974 A2 22-04-1999
US 2009235721 Al 24-09-2009 US 2009235721 Al 24-09-2009
WO 2009117628 Al 24-09-2009
US 2010116630 Al 13-05-2010  EP 2345052 A2 20-07-2011
EP 2375428 A2 12-10-2011
US 2010116630 Al 13-05-2010
WO 2010039983 A2 08-04-2010

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - claims
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - wo-search-report
	Page 35 - wo-search-report
	Page 36 - wo-search-report

