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AN OPTICALLY ACTIVATED LINEAR SWITCH FOR RADAR LIMITERS OR
HIGH POWER SWITCHING APPLICATIONS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application is claims priority to U.S. Provisional Patent
application, Serial No. 61/682,606, filed August 13, 2012, entitled “An Optically
Activated Linear Switch for Radar Limiters or High Power Switching
Applications,” which is hereby incorporated by reference in its entirety.

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support under
grant number HQOI47-1I-C-7662 by the Missile Defense Agency. The

government has certain rights in the invention.

FIELD OF THE INVENTION

[0003] The present invention relates to solid state limiter switches
and systems, as well as, optically activated gallium nitride (GaN) or aluminum
gallium nitride (AlGaN) linear mode switches. In particular, the present invention
relates to a solid-state optically-triggered signal limiting device or switch based
on an AlGaN semiconductor.

BACKGROUND OF THE INVENTION

[0004] A wide variety of electronic systems contain highly-sensitive
electronic components, such as amplifiers and transistors, which can be
damaged or destroyed by a discharge of high energy. Prior efforts to protect
sensitive components from damage have included enclosing the components in
a conductive metal structure to form a Faraday cage. Although effective, this
solution prevents the systems from engaging in wireless communication with
other systems or devices. Therefore, a need exists for a robust system or device
that can protect sensitive electrical components from high energy discharges,
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high power microwaves, or high power radar signals without inhibiting or
otherwise diminishing the other capabilities or functions of the components.

SUMMARY OF THE INVENTION

[0005] The present invention relates to optically activated switches
that can be used as a limiting device or high power switch. The switches may be
optically triggered to protect a variety of electrical systems and sensitive circuits
from a high energy discharge, a high power microwave signal, or a high power
radar signal while allowing the systems and circuits to communicate wirelessly
with other systems. In one embodiment, the limiting device includes a
semiconductor material that may include an aluminum gallium nitride layer, a
conductive contact on the semiconductor material, and a set of one or more
grounding electrodes also deposited on the surface of the semiconductor
material. A portion of the semiconductor material separates set of one or more
grounding electrodes from the conductive contact. The resistance of the portion
of the semiconductor material between the conductive contact and the ground
electrodes is decreased when contacted with an optical signal, such that an
incident signal at the conductive contact is shunted to the one or more grounding

contacts.
DESCRIPTION OF FIGURES
[0006] FIG. 1A depicts the limiting device according to one
embodiment.
[0007] FIG. 1B depicts a semiconductor wafer with a number of

limiting device conductive contacts and electrodes.

[0008] FIG. 2 is a graph an off-state transient response of the

limiting device according to one embodiment.

[0009] FIG. 3 is a graph an on-state transient response of the

limiting device according to one embodiment.
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[0010] FIG. 4 depicts the limiting device according to one
embodiment.
[0011] FIG. 5 is a series testing circuit for testing various

embodiments of the limiting device according to one embodiment.

[0012] FIG. 6 is a graph of the minimum calculated switch

resistance versus an incident pulse according to one embodiment.

[0013] FIG. 7 is an oscilloscope trace of the AlGaN load voltage

response according to one embodiment.

DETAILED DESCRIPTION OF THE INVENTION

[0014] The present invention relates to a solid-state optically
activated limiting device that can effectively reduce the amplitude of harmful
signals while allowing normal signals to pass unimpeded. As such, the device
may be used in-line to protect a variety of electrical systems and their sensitive
circuits while allowing them to communicate wirelessly with other systems. The
effectiveness of various embodiments of the limiting device as a signal limiter
was estimated by performing an electromagnetic analysis using Microwave
Studio® by CST.

[0015] In one aspect, the limiting device includes an aluminum
gallium nitride (AlGaN) semiconductor. AlGaN is selected due in part to its large
band gap energy and its ability to withstand normal environmental conditions with
little or no additional ancillary protective components. The limiting device may
also be used for photoconductive switching. As such, the limiting device may be
triggered optically to achieve sub-nanosecond rise times for switching, while also
achieving a low-jitter response. Moreover, various embodiments of the limiting
device have a structure and geometry configured to reduce an incident signal by
99% in an on-state (i.e. when the limiting device is optically illuminated).
Conversely, the limiting device allows for up to and greater than 99.9999%
transmission of the incident signal in an off-state (i.e. when the limiting device is
not optically illuminated). The limiting device may be used in a variety of

3
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electrical systems. For example, the limiting device may operate in a linear
mode to function as a limiter switch for sensitive electronic systems including, but
not limited to, radar systems. The device may also have a structure and
geometry configured to switch a high power signal in a very low loss mode. As
such, the device may also be used as a high power switch for transfers of energy

in series or in parallel arrangements.

[0016] In one embodiment, the limiting device 100 has a modified
coplanar configuration, as shown in FIG. 1A, which is well suited for use as an in-
line signal limiter. The limiting device 100 includes an AlGaN or GaN wafer 102
consisting of an AlGaN layer having a thickness in a range between about 0.5
pum and about 2,000 um grown on a substrate having a thickness in a range
between about 100 um and about 40,000 um. In a preferred embodiment, the
AlGaN layer is grown using any suitable method to a thickness of approximately
0.10 -1000 um on an approximately 400 um thick sapphire substrate. In various
other embodiments, other substrate materials and other thicknesses for the
substrate materials may also be used. The limiting device 100 also includes one
or more ground plane electrodes 104A-B. The plane electrodes 104A-B are
dimensioned to limit the effect of leakage across the AlGaN wafer 102 and to
maximize the off-state transmission of an incident signal. The limiting device 100
also includes a conductor contact 106. In one embodiment, the centrally-
positioned conductor contact 106 is a microstrip conductor having a resistance in
a range between about 30 Q and about 80 Q. Preferably, the conductor 106 has

a resistance of approximately 50 Q.

[0017] In various embodiments, the central conductor 106 and the
ground plane electrodes 104A-B are spaced to provide a negligible coupling
effect. For example, an analysis may be performed to verify the impedance of an
input signal by varying the spacing “D” between the conductor 106 and the plane
electrodes 104A-B while recording the output voltage. The smallest spacing D
that results in off-state transmission equal to or greater than 99% is desired. In
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various embodiments, the spacing D may be in a range between about 2 um —
and 50,000 um.

[0018] By way of example and not limitation, the spacing D between
the conductive contact or conductor 106 and the ground plane electrodes 104A-B
may be carefully tailored to ensure minimal impedance ripple. Increasing the
spacing D maximizes the off-state transmission of the incident signal by reducing
the coupling between conductors (i.e. ground plane electrodes and central
conductor) 104A-B and 106 and the impedance ripple. Conversely, decreasing
the spacing D effectively decreases the on-state resistance, thereby maximizing
the limiting effect of the device 100 for a given conductivity.

[0019] In this embodiment, an input signal 108 is applied to the
conductive contact 106 while the plane electrodes 104A-B are held at ground
potential. When the limiting device 100 is illuminated by a laser pulse 110, the
resistivity of the AlIGaN or GaN material decreases which forms a low-resistance
electrical connection between the conductors 104A-B and 106. As a result, a
portion of the input signal 108 is reflected back to the input and a portion of the
input signal is shunted to ground. The limiting device 100, therefore provides
dual, parallel current paths to ground (e.g. one to the left ground electrode 104A
and one to the right ground electrode 104B), which decreases the effective
channel resistance of the limiting device. In various embodiments, the decrease
in the effective channel resistance may not scale linearly with the paths to
ground.

[0020] FIG. 1B depicts another embodiment of the limiter device
100. This embodiment includes an AlGaN or GaN wafer 102 that includes
multiple arrangements of conductive contacts 106 and ground plane electrodes
104A-B. The multiple arrangements 114 of conductors 106 and ground
electrodes 104A-B may be isolated or, alternately, in electrical communication
with one another so that an input signal 108 at one conductor 16 may be shared
across one or more other conductors. As such, an optical signal at one of the
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arrangements 114 may cause the input signal 108 at another arrangement to be
shunted to ground.

[0021] To test the effectiveness of the coplanar embodiment of the
limiting device 100, as shown in FIG. 1A, various simulations were conducted
where a potential laser illumination region 112 was given a specific conductivity.
The z-minimum plane for the simulation was set to a boundary condition where
E= 0 V/m to simulate a ground plane. A wideband Gaussian excitation pulse was
used as the incident input signal 108 which spanned a frequency range of 0 GHz
to 10 GHz. The input signal 108 was applied though a waveguide port and the
transmitted signal was collected with a second waveguide port at an output. The
conductivity value of the laser illumination region 112 was simulated with a
conductivity value of 1 x 10 S/m for the off-state and 1 x 10’ S/m for the on-
state.

[0022] Fig. 2 illustrates the off-state transient response for the
coplanar limiting device 100. In particular, the graph illustrates the ability of the
coplanar configuration to transmit normal signals for a conductivity of 1 x 102 - 1
x 10° S/m. Similarly, FIG. 3 illustrates the on-state transient response for the
coplanar limiting device 100. In particular, this graph illustrates the ability of the
coplanar configuration to limit the amplitude of a harmful incident input signal for
a spot conductivity of 1 x 10”. As shown, the scale for the output is enlarged on
the right hand axis of the graph.

[0023] In FIGS. 2-3, the input signal 108 is shown for reference,
along with the signal 116 reflected back to the input and the output signal 118 at
the second waveguide port. As shown, the off-state transmission response of
the coplanar configuration illustrates the ability of the limiting device 100 to pass
normal signals while the on-state transmission response illustrates the ability of
the device to limit a harmful signal. As shown in FIG. 2, the off-state
transmission response shows a transmission ratio greater than 99%. Such a
ratio is well suited for a number of applications including, but not limited to use as
a limiter switch for radar systems. The leakage current in the GaN or AIGaN can
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be controlled by the level of doping in the device 100. The doping can also
selected to grade the electric field in the semiconductor or to provide an increase
or decrease in the leakage current, as desired. The on-state attenuation of the
incident input signal 108 is also very high for this configuration. As shown in FIG.
3, the incident input signal 108 was effectively limited to approximately 0.2% of
its original magnitude, as indicated by 118. Alternatively, various geometries of
the device 100 can be fabricated that can reflect approximately 99.9999% of the
incident signal. This correlates to the approximate reduction of a 1kV signal to a
2V signal. During illumination of the on-state, the majority of the incident pulse
108 is reflected back to the input, as indicated by 116, due to an effective short
placed across the contacts 106 and 104A-B. As such, the coplanar configuration
of the limiting device may be useful in a variety of applications as an in-line signal

limiter.

[0024] In another embodiment, as shown in FIG. 4, the limiting
device 100 has a generally circular configuration 200. In this embodiment, the
AlGaN or GaN wafer 102 may be manufactured with compensation doping to
create a high-resistivity semiconductor. Alternatively, a high purity
semiconductor can be used to reduce leakage currents in the device 100. Air-
drying conductive silver paint, such as Silver Print || #22-023 produced by GC
Electronics, may be used to create contacts 202A-B. In other embodiments, the
contacts 202A-B can be sputtered onto the wafer using a vacuum deposition
process. The paint was applied using masking to create rectangular contacts. In
one embodiment, the contacts 202A-B are approximately 2 mm x 4 mm, with a
gap spacing D1 of approximately 3 mm. The laser illumination region 204
encompasses the gap spacing D1 between the two contacts 202A-B and
provides a conductive channel between the contacts. In various embodiments,
copper wire (not shown), for example AWG #30 wires, may be connected to the
contacts 202A-B to ensure good electrical connections to other circuitry (not

shown).
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[0025] To test the ability of the circular configuration of the limiting
device 100, as shown in FIG. 4, to act as an optical switch, the device was
placed in series with other electrical components. A series testing circuit 300 for
testing the limiting device 100 is shown in FIG. 5.

[0026] In one embodiment, a laser is used to illuminate the device
100. By way of example and not limitation, the laser may be a Spectra Physics
DCR-11 Nd:YAG laser system. The output wavelength of the laser system was
tripled to produce an approximately 355 nm beam to allow for more efficient
carrier generation in the wide band gap AlGaN. The output laser light is filtered
by a dichroic mirror reflective at 355-nm and directed onto the laser illumination
region 204. The energy from the incident laser effectively modifies the resistance
value of the device 100 indicated as the Rqy resistor 302 that corresponds to the
resistance between the contacts 202A-B. The testing circuit 300 also includes a
voltage source 304, a capacitor 306, a first resistor (R1) 308, a second resistor
(R2) 310, and an oscilloscope 312 indicated as Rscope- As shown, the
oscilloscope 312 was used in both a 50 Q (DC coupling) and a 1 MQ (AC

coupling) termination configuration.

[0027] In equilibrium, the leakage current across the limiting device
100 gives rise to a steady-state switch resistance, and consequently, a steady-
state load voltage. During illumination, the voltage at the load increases due to
the decrease in the resistance between the contacts 202A-B (i.e. the Rsw resistor
302). The change in the load voltage can then be used to determine the

minimum achieved switch resistance according to Equation 1:

[0028] Rsw= ([Vee -(Vbase + AVioad )]R'10ad)/( Vbase + AVioad); [Eq. 1]
where V. is the applied voltage, Vease iS the equilibrium load voltage, and R'ioad =
(R1+R2)||Rscope- Equation 1 is derived from Kirchhoff's current law and Kirchhoff's
voltage law in view of the test circuit 300.

[0029] FIG. 6 shows the minimum calculated switch resistance
plotted against an incident pulse. As shown, the line 400 is a plot of the results
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from a first test run that was completed with a visual alignment of the laser onto
the semiconductor channel. The line 402 is a plot of the results from a second
test run that was completed by optimizing the position of the device to produce

the largest change in load voltage as viewed on the oscilloscope 312.

[0030] As shown in FIG. 6, the initial switch resistance, with no
illumination, was approximately 12 kQ. FIG. 6 also illustrates a switching effect
in the resistance. In particular, a change in switch resistance from 12 kQ to
below 2 kQ was observed. As such, in one embodiment, only 5 mJ of energy
resulted in a 6-fold decrease in the resistance of the device 100. This decrease
indicates that the limiting device 100 is suitable for use with more compact
excitation sources that produce lower energy pulses, such as but not limited to
laser diodes or any other suitable light source, while still maintaining a high level
of performance by the limiting device or the optically activated linear mode
switch.

[0031] The final resistance, as shown in FIG. 6, indicates that the
switch resistance approaches a minimum value of 200 Q. In various
embodiments, the switch resistance as shown in Fig. 6 encompasses any
external resistances in the structure in addition to the semiconductor channel
resistance. These results, combined with semiconductor channel resistance
predictions in the milliohm range, suggest that a limiting factor in the resistance is
due to the large Schottky barrier between the silver paint contacts 202A-B and
the wafer 102.

[0032] In various embodiments of the limiting device 100, ohmic
contacts may be used for the contacts 202A-B. By way of example and not
limitation, the contacts 202A-B may be titanium and/or aluminum based. In
another example, the contacts 202A-B may include layers of titanium, aluminum,
or combinations thereof. Such ohmic contacts may be used to lower the

minimum switch resistance into the milliohm range.
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[0033] FIG. 7 illustrates the load voltage during switching as
captured by the oscilloscope 312. The upper trace 500 is the load voltage shown
with 200 mV/div and the lower trace 502 is the scattered optical pulse as
detected by a Thorlabs DET 10A PIN photodetector with 300 mV/div. The time
scale for the traces 500 and 502 is approximately 25 ns/div.

[0034] It will be appreciated that the device and method of the
present invention are capable of being incorporated in the form of a variety of
embodiments, only a few of which have been illustrated and described above.
The invention may be embodied in other specific forms without departing from its
spirit or essential characteristics. The described embodiments are to be
considered in all respects only as illustrative and not restrictive and the scope of
the invention is, therefore indicated by the appended claims rather than by the
foregoing description. All changes which come within the meaning and range of

equivalency of the claims are to be embraced within their scope.
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CLAIMS

What is claimed is:

1. An optically-activated semiconductor switch device comprising:

at least one semiconductor material comprising nitride;

at least one conductive contact engaged to the semiconductor material;

one or more grounding electrodes engaged to the semiconductor material,
wherein a portion of the semiconductor material separates the one or
more grounding electrodes from the at least one conductive contact; and,

wherein an incident signal received at the at least one conductive contact is
shunted to the one or more grounding electrodes, when the portion of the

semiconductor material is contacted with an optical signal.

2. The semiconductor switch device of claim 1, wherein the at least one

semiconductor material comprises aluminum gallium nitride or gallium nitride.

3. The semiconductor switch device of claim 1 wherein a resistance of the
portion of the semiconductor material is decreased when the portion of the
semiconductor material is contacted with the optical signal.

4. The semiconductor switch device of claim 1, wherein the semiconductor

device has a coplanar configuration and is configured as an in-line signal limiter.

5. The semiconductor switch device of claim 1 further comprising a substrate
and wherein the at least one semiconductor material is engaged to the substrate.

6. The semiconductor switch device of claim 1 wherein the substrate
comprises sapphire.

7. The semiconductor switch device of claim 5, wherein the semiconductor

material is grown on the substrate.

11
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8. The semiconductor switch device of claim 5 wherein the at least one
semiconductor material has a thickness in a range between about 0.5 pm and
about 2000 um and the substrate has a substrate thickness in a range between
about 100 um and about 40,000 pm.

9. The semiconductor switch device of claim 8 wherein the thickness of the
at least one semiconductor material is between about 0.1 um and about 1000 um
and the substrate thickness is approximately 400 um.

10.  The semiconductor switch device of claim 1, wherein the distance
between the at least one conductive contact and the one or more grounding
electrodes is in a range between about 2 um and 50,000 um.

11. The semiconductor switch device of claim 1, wherein the semiconductor

material is doped.

12.  The semiconductor switch device of claim 1, further comprising:
an off-state when the semiconductor device is not contacted by the optical
signal; and
an on-state when the semiconductor device is contacted by the optical
signal.

13.  The semiconductor switch device of claim 12, wherein the semiconductor
device transmits signals for a conductivity in a range between about 1 x

102 S/m and 1 x 10 S/m, when the device is in the off-state.
14. The semiconductor switch device of claim 12, wherein the semiconductor

device can limits an amplitude of an undesired incident signal for a spot

conductivity of approximately 1 x 107 S/m.

12
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15.  The semiconductor switch device of claim 12, wherein, when in the on-
state, the semiconductor device limits an amplitude of an undesired input signal
to approximately 0.2% of an original amplitude for the undesired input signal.

16.  The semiconductor switch device of claim 12, wherein, when, in the on-
state, the semiconductor device limits an amplitude of an undesired input signal

having a voltage of approximately 1 kV to approximately 2 V.

17.  The semiconductor switch device of claim 1, wherein the incident signal
received at the at least one conductive contact is switched in a series to the one
or more grounding electrodes, when the portion of the semiconductor material is

contacted with an optical signal.

18.  An optically-activated semiconductor switch device comprising:

at least one semiconductor material comprising nitride;

a plurality of conductive contacts engaged to the semiconductor material;

a plurality of grounding electrode pairs engaged to the semiconductor material,
wherein a portion of the semiconductor material separates each grounding
electrode of the plurality of grounding electrode pairs from a conductive
contact of the plurality of conductive contacts the at least one conductive
contact; and,

wherein an incident signal received at at least one of the plurality of conductive
contact is shunted to at least one of the grounding electrodes of the
plurality of grounding electrode pairs, when the portion of the
semiconductor material is contacted with an optical signal.

19.  An optically-activated semiconductor switch device configured as a switch,
the switch device comprising:
at least one compensation-doped semiconductor material comprising nitride;

13
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two or more conductive contacts engaged to the semiconductor material, wherein
the two or more conductive contacts define an illumination region of the
semiconductor material;

wherein the illumination region defines a conductive channel between the
conductive contacts;

wherein an optical signal received at the illumination region decreases the
resistance of the semiconductor material to permit an incident signal
received at at least one of the two or more conductive contacts to traverse

the illumination region.

20. The semiconductor switch device of claim 19, wherein the two or more

conductive contacts are painted on to the semiconductor material.

21. The semiconductor switch device of claim 20, wherein the two or more

conductive contacts comprise silver paint.

22. The semiconductor switch device of claim 19, wherein the two or more

conductive contacts are generally rectangular.

23. The semiconductor switch device of claim 22, wherein the two or more

conductive contacts are approximately 2 mm x 4 mm.

24.  The semiconductor switch device of claim 19, wherein the two or more
conductive contacts are sputtered on to the semiconductor material by a vacuum

deposition.

25. The semiconductor switch device of claim 19, wherein the distance

between the two or more conductive contacts is approximately 3 mm.

26. The semiconductor switch device of claim 19, wherein the two or more
conductive contacts are further engaged to conductive wires to permit electrical

14
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communication with one or more circuits not engaged to the semiconductor

malterial.

27.  The semiconductor switch device of claim 19, wherein the two or more
conductive contacts are further engaged to conductive wires to permit electrical

communication with one or more circuits engaged to the semiconductor material.

28.  The semiconductor switch device of claim 19, wherein optical signal is
generated by a laser and the optical signal causes up to an approximate 6-fold

decrease in a resistivity of the illumination region.

29. The semiconductor switch device of claim 19, wherein the two or more

conductive contacts are ohmic contacts

30. The semiconductor switch device of claim 29, wherein the two or more
ohmic conductive contacts comprise titanium, aluminum, or combinations

thereof.
31. The semiconductor switch device of claim 29, wherein the two or more

ohmic conductive contacts reduce a resistance of the switch device to a

minimum resistance on an order of milliohms.
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