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(57) Abstract: Semiconductor switching devices in-
clude a wide band-gap power transistor, a wide
band-gap surge current transistor that is coupled in
parallel to the power transistor, and a wide band-gap
driver transistor that is configured to drive the surge
current transistor. Substantially all of the on-state
output current of the semiconductor switching de-
vice flows through the channel of the power transis-
tor when a drain-source voltage of the power tran-
sistor is within a first voltage range, which range
may correspond, for example, to the drain-source
voltages expected during normal operation. In con-
trast, the semiconductor switching device is further
configured so that in the on-state the output current
flows through both the surge current transistor and
the channel of the power transistor when the drain-
source voltage of the power transistor is within a
second, higher voltage range.
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POWER SWITCHING DEVICES HAVING CONTROLLABLE SURGE CURRENT
CAPABILITIES

CROSS-REFERENCE TO RELATED APPLICATION
[0001] The present application claims priority under 35 U.S.C. § 119(e) to U.S.
Provisional Patent Application Serial No. 61/183,214, filed June 2, 2009, the content of

which is incorporated herein by reference as if set forth in its entirety.

FIELD OF THE INVENTION
[0002] The present invention relates to semiconductor devices and, more

particularly, to power semiconductor devices having surge current capabilities.

BACKGROUND

[0003] Power Metal Oxide Semiconductor Field Effect Transistors ("MOSFET") are
a well known type of semiconductor transistor that may be used as a switching device in high
power applications. A power MOSFET may be turned on or off by applying a gate bias
voltage to a gate electrode of the device. When a power MOSFET is turned on (i.e., it is in
its "on-state"), current is conducted through a channel of the MOSFET. When the bias
voltage is removed from the gate electrode (or reduced below a threshold level), the current
ceases to conduct through the channel. By way of example, an n-type MOSFET turns on
when a gate bias voltage is applied that is sufficient to create a conductive n-type inversion
layef in a p-type channel region of the device. This n-type inversion layer electrically
connects the n-type source and drain regions of the MOSFET, thereby allowing for majority
carrier conduction therebetween.

[0004] The gate electrode of a power MOSFET is separated from the channel region
by a thin insulating layer. Because the gate of the MOSFET is insulated from the channel
region, minimal gate current is required to maintain the MOSFET in a conductive state or to
switch the MOSFET between its on state and off state. The gate current is kept small during

switching because the gate forms a capacitor with the channel region. Thus, only minimal
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charging and discharging current ("displacement current") is required during switching,
allowing for less complex gate drive circuitry. Moreover, because MOSFETS are unipolar
devices in which current conduction occurs solely through majority carrier transport,
MOSFETs may exhibit very high switching speeds. The drift region of a power MOSFET,
however, may exhibit a relatively high on-resistance, which arises from the absence of
minority carrier injection. This increased resistance can limit the forward current density
achievable with power MOSFETS,

[0005] Most power semiconductor devices are formed of silicon ("Si"), although a
variety of other semiconductor materials have also been used. Silicon carbide ("SiC") is one
of these alternate materials, Silicon carbide has potentially advantageous semiconductor
characteristics including, for example, a wide band-gap, high electric field breakdown
strength, high thermal conductivity, high melting point and high-saturated electron drift
velocity. Thus, relative to devices formed in other semiconductor materials such as, for
example, silicon, electronic devices formed in silicon carbide may have the capability of
operating at higher temperatures, at high power densities, at higher speeds, at higher power
levels and/or under high radiation densities. Power silicon carbide MOSFETSs aré known in
the art that are used as switching devices in a variety of power applications because of their
ability to handle relatively large output currents and support relatively high blocking
voltages.

[0006] In anumber of applications, the amount of current that is carried by a switch
can vary significantly. By way of example, the current carried by switches used in the
electrical power grid varies based on the fluctuating power demand of the users served by the
power grid. Thus, the switches used in the grid must be designed to handle peak current
levels, even though the average current levels may be significantly lower than the peak levels.
Thus, the ability to handle surge currents is an important requirement for power switching
devices. In particular, surge current capability is important for the reliability of the future
power grid, due to the presence of power fluctuations and/or short circuits or other failures

that can create surge current within the grid.

SUMMARY
[0007] Pursuant to embodiments of the present invention, semiconductor switching
devices are provided that include a power transistor, a surge current transistor that is coupled
in parallel to the power transistor and a driver transistor that is configured to drive the surge

current transistor. These devices are configured so that, in their on-state, substantially all of
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the output current of the device flows through the channel of the power transistor when the
voltage across the channel is within a first voltage range, whereas the output current flows
through both the surge current transistor and the channel of the power transistor when the
voltage across the channel is within a second, higher, voltage range. The surge current
transistor may comprise a bipolar junction transistor ("BJT"), the power transistor may
comprise a power MOSFET, and the driver transistor may comprise a driver MOSFET. The
BJT, the power MOSFET and the driver MOSFET may each comprise a silicon carbide
based device.

[0008] In some embodiments, these devices may be configured to saturate a surge
current flowing through the semiconductor switching device. In such embodimehts, the
saturation level may be a function of the voltage across the channel of the power MOSFET
and a bias voltage that is applied to the gates of the power MOSFET and the driver MOSFET.

[0009] In some embodiments, the gate of the power MOSFET may be electrically -
connected to the gate of the driver MOSFET, the first source/drain region of the power
MOSFET may be electrically connected to the collector of the BJT, and the second
source/drain region of the power MOSFET may be electrically connected to the emitter of the
BIT. The first source/drain region of the driver MOSFET may be electrically connected to
the collector of the BJT and the second source/drain region of the driver MOSFET may be
electrically connected to a base of the BJT.

[0010] In some embodiments, the switching device may comprise an n-type silicon
carbide drift layer and a p-type silicon carbide base layer and a silicon carbide p-well that are
on the n-type silicon carbide drift layer. An n-type silicon carbide emitter region is provided
on the p-type silicon carbide base layer, and a first n-type source/drain region of the driver
MOSFET is provided in an upper portion of the silicon carbide p-well. A first n-type
source/drain region of the power MOSFET is provided in an upper portion of the silicon
carbide p-well. The device may also include a heavily-doped p-type silicon carbide region on
the p-type silicon carbide base layer adjacent the n-type silicon carbide emitter region and an
electrical connection between the heavily-doped p-type silicon carbide region and the first n-
type source/drain region of the driver MOSFET. In such embodiments, the n-type silicon
carbide drift layer may act as the collector of the BJT, the second source/drain region of the
power MOSFET and the second source/drain region of the driver MOSFET.

[0011] Pursuant to further embodiments of the present invention, semiconductor
switches are provided that include a first semiconductor device that has a first switching

speed and a second semiconductor device that has a second, slower, switching speed. These
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switches are configured so that substantially all of the output current of the switch flows
through the first semiconductor device for a first range of output current levels, whereas the
output current flows through both the first and second semiconductor devices for a second,
higher, range of output current levels.

[0012] In some embodiments, the first semiconductor device may be a unipolar
device and the second semiconductor device may be a bipolar device. For example, the first
semiconductor device may be a power MOSFET and the second semiconductor device may
be BJT. The BJT and the power MOSFET may be implemented in parallel so that the
collector of the BJT and the first source/drain region of the power MOSFET form a first
common node, and the emitter of the BJT and the second source/drain region of the power
MOSFET form a second common node. The power semiconductor switch may also include a
driver MOSFET that is configured to provide a base current to a base of the BJT. In some
embodiments, the BJT, the power MOSFET and the driver MOSFET may each be a silicon
carbide semiconductor device.

[0013] Pursuant to still further embodiments of the present invention, power
switching devices are provided that include a first wide band-gap MOSFET, a second wide
band-gap MOSFET and a wide band-gap BJT. In these devices, the gate of the first
MOSFET is electrically connected to the gate of the second MOSFET, and the first
source/drain region of the first MOSFET is electrically connected to the first source/drain
region of the second MOSFET and to the collector of the BIT. The second source/drain
region of the first MOSFET is electrically connected to the emitter of the BJT, and the second
source/drain region of the second MOSFET is electrically connected to the base of the BJT.

| BRIEF DESCRIPTION OF DRAWINGS
| f001'4]v FIG. 1 is a circuit diagram of a controllable surge MOSFET ("CST")
according to embodiments of the present invention.

[0015] FIG. 2 is a graph showing the measured current that flows through the CST
of FIG. 1 as a function of the collector voltage and the gate bias voltage.

[0016] FIG. 3 is a schematic cross-sectional diagram of an embodiment of the CST
of FIG. 1 where the device is implemented as a monolithic structure having a planar gate
electrode structure.

| [0017] FIG. 4 is a schematic cross-sectional diagram of another embodiment of the
CST of FIG. 1 where the device is implemented as a monolithic structure having a trench

gate electrode structure.
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[0018] FIG. 5 is a plan view of yet another embodiment of the CST of FIG. 1 where
the device is implemented as a hybrid structure.

[0019] FIG. 6 is a graph that illustrates the measured switching time of a
controllable surge MOSFET according to embodiments of the present invention.

[0020] FIG. 7 is a graph illustrating the on-state resistance for comparably-rated
silicon carbide BJTs and MOSFETs.

[0021] FIG. 8 is a photograph of a CST power switch according to certain

embodiments of the present invention.

DETAILED DESCRIPTION

[0022] The invention is described more fully hereinafter with reference to the
accompanying drawings, in which embodiments of the invention are shown. This invention
may, however, be embodied in many different forms and should not be construed as limited
to the embodiments set forth herein, Rather, these embodiments are provided so that this
disclosure will be thorough and complete, and will fully convey the scope of the invention to
those skilled in the art. In the drawings, the size and relative sizes of layers and regions may
be exaggerated for clarity. It will be understood that when an element or layer is referred to
as being "on", "connected to" or "coupled to" another element or layer, it can be directly on,
connected or coupled to the other element or layer, or intervening elements or layers may be
present, In contrast, when an element is referred to as being "directly on," "directly
connected to" or "directly coupled to" another element or layer, there are no intervening
elements or layers present. As used herein, the term "and/or" includes any and all
combinations of one or more of the associated listed items. Like numbers refer to like
elements throughout.

[0023] It will be understood that although the terms first and second are used herein
to describe various regions, layers and/or elements, these regions, layers and/or elements
should not be limited by these terms. These terms are only used to distinguish one region,
layer or element from another region, layer or element. Thus, a first region, layer or element
discussed below could be termed a second region, layer or element, and similarly, a second
region, layer or element may be termed a first region, layer or element without departing
from the scope of the present invention.

[0024] Furthermore, relative terms, such as "lower" or "bottom" and "upper" or
"top," may be used herein to describe one element's relationship to another element as

illustrated in the drawings. It will be understood that relative terms are intended to
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encompass different orientations of the device in addition to the orientation depicted in the
drawings. For example, if the device in the drawings is turned over, elements described as
being on the "lower" side of other elements would then be oriented on "upper" sides of the
other elements. The exemplary term "lower" can, therefore, encompass both an orientation of
"lower" and "upper," depending of the particular orientation of the figure. Similarly, if the
device in one of the figures is turned over, elements described as "below" or "beneath" other
elements would then be oriented "above" the other elements. The exemplary terms "below" or
"beneath" can, therefore, encompass both an orientation of above and below.

[0025] The terminology used herein is for the purpose of describing particular
embodiments only and is not intended to be limiting of the invention. As used herein, the
singular forms "a", "an" and "the" are intended to include the plural forms as well, unless the
context clearly indicates otherwise. It will be further understood that the terms "comprises,"
"comprising," "includes" and/or "including," when used herein, specify the presence of stated
features, elements, and/or components, but do not preclude the presence or addition of one or
more other features, elements, components, and/or groups thereof.

[0026] Embodiments of the invention are described herein with reference to cross-
sectional illustrations that are schematic illustrations. As such, variations from the shapes of
the illustrations as a result, for example, of manufacturing techniques and/or tolerances, are to
be expected. Thus, embodiments of the invention should not be construed as limited to the
particular shapes of regions illustrated herein but are to include deviations in shapes that
result, for example, from manufacturing, For example, an implanted region illustrated as a
rectangle will, typically, have rounded or curved features and/or a gradient of implant
concentration at its edges rather than a binary change from implanted to non-implanted
region.v Likewise, a buried region formed by implantation may result in some implantation in
the region between the buried region and the surface through which the implantation takes
place. Thus, the regions illustrated in the figures are schematic in nature and their shapes are
not intended to illustrate the actual shape of a region of a device and are not intended to limit
the scope of the invention.

[0027] Unless otherwise defined, all terms (including technical and scientific terms)
used herein have the same meaning as commonly undetstood by one of ordinary skill in the
art to which this invention belongs. It will be further understood that terms, such as those
defined in commonly used dictionaries, should be interpreted as having a meaning that is
consistent with their meaning in the context of this disclosure and the relevant art and will not

be interpreted in an idealized or overly formal sense unless expressly so defined herein.
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[0028] As used herein, source and drain regions may be generically referred to as
"source/drain regions," Which is a term used to refer to either a source region or a drain
region.

[0029] It will likewise be appreciated that the embodiments described herein can be
combined in any way and/or combination.

[0030] High power silicon carbide MOSFETSs are in wide use today for applications
requiring high voltage blocking such as voltage blocking of 5,000 Voits or more. By way of
example, silicon carbide MOSFETSs are commercially available that are rated for current
densities of 10 A/em” or more that will block voltages of at least 10 kV. To form such a high
power silicon carbide MOSFET, a plurality of "unit cells" are typically formed, where each
unit cell comprises a single MOSFET that includes a gate electrode, a source region and a
drain region. In practice, a single gate electrode is typically formed on a first side of a
semiconductor substrate that acts as the gate electrode for all of the unit cells. The opposite
side of the semiconductor substrate acts as a common drain (or source) for the device. A
plurality of source (or drain) regions are interposed within openings in the gate electrode.
These source regions are also electrically connected to each other.

[0031] As noted above, the gate electrode of a typical high power silicon carbide
MOSFET extends across the entire active area of the device, with openings provided in the
gate electrode to provide access to the source (or drain) regions of the unit cells. Moreover,
in order to increase the rated current of the device, the number of unit cells is typically
increased. As the total gate area of the device is a function of the number of unit cells, the
size of the active area generally increases as the rated current is increased. As the active area
of the silicon carbide MOSFET increases, so does the total area of the gate insulation layer
that separates the gate electrode from the underlying channels of each unit cell of the
MOSFET.

[0032] Unfortunately, it can be difficult to manufacture both silicon carbide
substrates and gate insulation layers on silicon carbide substrates that are free from defects.
Defects that are present in the silicon carbide substrate and/or in the gate insulation layer can
cause a high power silicon carbide MOSFET to fail various specified performance parameters
such as,. for example, minimum breakdown voltage, current rating, etc. As the size of the
active area and the gate insulation layer are increased, the probability that a fatal defect is
present may also increase. As such, the manufacturing yield (i.e., the percentage of devices
manufactured that meet specifications) for silicon carbide MOSFETSs having high current

ratings can be relatively low.
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[0033] Additionally, as discussed above, in certain applications where silicon
carbide or other wide band-gap semiconductor MOSFET switches are employed such as, for
example, electrical power distribution, the switch must be rated to handle peak current levels
that may periodically flow through the switch and/or surge currents that may result from
short-circuits in the power grid. The peak surge currents may be, for example, five times or
more the average current that flows through the switch. In order to handle these surge
currents, the number of unit cells in each MOSFET switch must be increased by a
corresponding factor., This can significantly increase the manufacturing cost, and may
significantly lower manufacturing yields due to the above described problems that may result
due to defects in the silicon carbide substrate and/or in the gate insulation layer. In addition,
under certain bias conditions, power silicon carbide MOSFETs may become uncontrollable in
that very small increases in the voltage across the channel may lead to very large increases in
the current flow, with no natural saturation of the surge current level. The very high current
levels that can flow during such surge conditions can damage or destroy the MOSFET and/or
other equipment downstream from the MOSFET switch.

[0034] Pursuant to embodiments of the present invention, power switching devices
and/or circuit configurations are provided that are capable of handling surge currents are
provided. These devices may have extremely fast switching speeds during normal operating
conditions (e.g., switching speeds comparable to the speeds of power MOSFETS). Although
the switching speeds of the power switching devices according to embodiments of the present
invention may be reduced when the devices are conducting surge current levels, even under
these switching conditions the device may still exhibit switching speeds that are more than
sufficient for power grids and various other applications.

[0035] According to some embodiments of the present invention, high power silicon
carbide or other wide band-gap MOSFET switches are provided that include a controllable
surge current capability. These devices, which are referred to herein as controllable surge
MOSFETs or "CSTs", couple a MOS-gated bipolar junction transistor ("BJT") in parallel to
the power MOSFET. The MOS-gated BJT may carry little or no current during normal
operation of the CST. However, when surge currents are received at the CST, the driver
MOSFET of the MOS-gated BIT turns on the BJT, and the surge current is split between the
power MOSFET and the BJT. The power CSTs according to embodiments of the present
invention may, for example, carry surge currents as high as 100 amps or more. Moreover, the

CSTs according to embodiments of the present invention may naturally saturate surge
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currents, thereby providing a power switch which clamps surge currents, which may protect
both the CST itself and downstream equipment from surge current damage.

[0036] As known to those of skill in the art, a BJT is a three-terminal device
constructed of a doped semiconductor material. A BJT includes two p-n junctions that are
formed in close proximity to each other in the semiconductor material. In operation, charge
carriers enter a first region of the semiconductor material (which is called the emitter) that is
adjacent one of the p-n junctions. Most of the charge carriers exit the device from a second
region of the semiconductor material (which is called the collector) that is adjacent the other
p-n junction. The collector and emitter are formed in regions of the semiconductor material
that have the same conductivity type. A third region of the semiconductor material, known as
the base, is positioned between the collector and the emitter and has a conductivity type that
is opposite the conductivity type of the collector and the emitter. Thus, the two p-n junctions
of the BJT are formed where the collector meets the base and where the base meets the
emitter. By flowing a small current through the base of a BJT, a proportionally larger current
passes from the emitter to the collector.

[0037] A BJT may be a "PNP" device or an "NPN" device. In a PNP BJT, the
emitter and collector are formed in p-type regions of the semiconductor material, and the base
is formed in an n-type region of the semiconductor that is interposed between the two p-type
regions. In an NPN BJT, the emitter and collector are formed in n-type regions of the
semiconductor material, and the base is formed in a p-type region of the semiconductor that is
interposed between the two n-type regions.

[0038] BIJTs are current controlled devices in that a BJT is turned "on" (i.e., it is
biased so that current flows between the emitter to the collector) by flowing a current through
the base of the transistor. For example, in an NPN BJT, the transistor is typically turned on
by applying a positive voltage to the base to forward bias the base-emitter p-n junction.
When the device is biased in this manner, holes flow into the base of the transistor where they
are injected into the emitter. The holes are referred to as "majority carriers" because the base
is a p-type region, and holes are the predominant charge carriers in such a region under
equilibrium conditions. At the same time, electrons are injected from the emitter into the
base, where they diffuse toward the collector. These electrons are referred to as "minority
carriers" because electrons are not the predominant charge carrier in the p-type base region
under equilibrium conditions.

[0039] The base of a BJT is made to be relatively thin in order to minimize the

percentage of the minority carriers (i.e., the electrons injected into the base from the emitter
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in an NPN BJT) that recombine with the majority carriers that flow between the base and the
emitter. The collector-base p-n junction is reverse biased by applying a positive voltage to
the collector. This facilitates sweeping the electrons that are injected from the emitter into
the base to the collector. BJTs are referred to as "bipolar” devices because the emitter-
collector current includes both electron and hole current (i.e., both majority and minority
carriers). This is in contrast to unipolar devices such as MOSFETSs which only include
majority carriers. The majority current that flows through the base of a BJT controls the
emitter-collector current.

[0040] FIG. 1 is a circuit diagram of a CST 100 according to certain embodiments
of the present invention. As shown in FIG. 1, the CST 100 includes an n-type power
MOSFET 110 such as, for example, a 20 amp silicon carbide MOSFET. The power
MOSFET 110 has a gate 112, a drain 114 and a source 116. An NPN power BJT such as, for
example, a 20 amp silicon carbide BJT 130 is provided in parallel to the power MOSFET 110
for handling surge currents. The BJT 130 includes a base 132, a collector 134 and an emitter
136. A second n-type silicon carbide MOSFET 120 that has a gate 122, a drain 124 and a
source 126 is also provided, which is referred to herein as the driver MOSFET 120. The
CST 100 includes a gate terminal 102, a drain terminal 104 and a source terminal 106.

[0041] As shown in FIG. 1, the gate 112 of the power MOSFET 110 and the gate
122 of the driver MOSFET 120 are electrically connected to the gate terminal 102 of CST
100. The drain 114 of the power MOSFET 110, the drain 124 of the driver MOSFET 120
and the collector 134 of the BJIT 130 are commonly coupled to the drain terminal 104 of CST
100. The source 116 of power MOSFET 110 and the emitter 136 of BJT 100 are commonly
coupled to the source terminal 106 of CST 100. The driver MOSFET 120 and the BJT 130
are configured as a Darlington pair so that the channel current of the driver MOSFET 120
drives the base 132 of the BJT 130 through the source 126 of MOSFET 120. As the BJT 130
will have a high current gain, the driver MOSFET 120 may be a relatively small MOSFET as
it does not have to provide a large current to drive the BIT 130.

[0042] The BJT 130 has a current gain Bgyr. Thus, during surge conditions where
the BJT operates in its active region, the transconductance of the CST 100 gy, cs is a function
of the transconductance g mosret of the driver MOSFET 120 and the current gain Byt of the
BJT 130. Due to the relatively large current gain‘ of the BJT 130, the transconductance of
CST 100 may be quite high. As a result, the forward voltage drop of the CST 100 may

remain relatively low, even during surge current conditions.
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[0043] The CST 100 of FIG. 1 may operate as follows. ‘An external drive circuit
(not shown in FIG. 1) is connected to the gate terminal 102 of CST 100. When the external
drive circuit applies a bias voltage to the gate terminal 102 of the CST 100 that is greater than
the threshold voltage of gate 112 of MOSFET 110, an inversion layer is formed under the
gate 112 which acts as a channel 118 that allows current to flow from the drain 104 to the
source 106 of power MOSFET 110. However, so long as the drain-source voltage Vps of the
power MOSFET 110 (i.e., the voltage drop between drain terminal 104 and source terminal
106) is less than, for example, about 2.5 volts, the driver MOSFET 120 does not provide
sufficient current to the base 132 of BJT 130 to turn BJT 130 on. Thus, for drain-source
voltages of less than, for example, about 2.5 volts, the CST 100 operates essentially like a
power MOSFET, However, when the drain-source voltage exceeds approximately 2.5 volts,
the current flow through the channel 128 of the driver MOSFET 120 is sufficient to turn on
the BJT 130. At this point, the power MOSFET 110 and the BJT 130 conduct in parallel, and
the current flowing through CST 100 is split between these two current paths. In this manner,
the BJT 130 can be used to handle surge currents through the CST 100,

[0044] The CSTs according to embodiments of the present invention may exhibit a
number of advantages as compared to conventional power MOSFETs. First, the power
MOSFET 110, the driver MOSFET 120 and the BJT 130 may all comprise silicon carbide
devices (or a different wide band-gap semiconductor). Consequently, the above-noted
advantages that silicon carbide and other wide band gap semiconductors may have in power
applications are achieved with the CSTs according to embodiments of the present invention.

[0045] Second, due to its lower on-state drift region resistance, a silicon carbide BJT
can typically conduct significantly more current than can a similarly-sized silicon carbide
MOSFET. For example, a silicon carbide BJT will typically support current densities 2-5
times (or more) higher than a similarly-sized silicon carbide MOSFET. Thus, the CSTs
according to embodiments of the present invention can provide a significant increase in surge
current capability as compared to similarly-sized MOSFET switches. For example, assuming
that the BJT supports current densities that are four times the current density supported by a
similarly sized MOSFET, a CST according to embodiments of the present invention that
includes a MOSFET and a similarly sized BJT (thereby resulting in a device that is
approximately twice as large as a stand-alone MOSFET) can support a current that is five
times higher than the current that can be supported by the stand-alone MOSFET. Thus, the
CSTs according to embodiments of the present invention can support very high surge

currents with a compact device.
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[0046] Third, the CSTs according to embodiments of the present invention may
operate at high frequencies (i.e., exhibit high switching speeds) during normal operation, as
essentially all of the current flows through the power MOSFET of the CST during normal
operating conditions and as the BJT is relatively small and hence does not add a large
capacitance to the circuit that significantly impacts switching speed. In other words, because
the BJT only turns on during surge conditions, it does not substantially affect the switching
characteristics of the device under normal operating conditions, and thus the CST acts as a
unipolar device under such normal operating conditions. As discussed above, because
current conduction in the MOSFET occurs solely through majority carrier transport, the delay
associated with the recombination of excess minority carriers that occurs in BJTs is not
present in MOSFET devices, allowing for switching speeds that can be orders of magnitude
faster than that of BJTs, While the switching speeds of the CSTS according to embodiments
of the present invention may be reduced when the CSTs are conducting higher currents due to
the bipolar nature of the current flow through the BJT, in many applications, the BJT may
conduct current only a small percentage of the time.

[0047] Fourth, the CSTs according to embodiments of the present invention may
have controllable (clamped) surge current capability with a low voltage drop due to the low
saturation voltage of the BIT. This can help the device to survive a short-circuit without
thermal failure,

[0048] Fifth, the CSTs according to embodiments of the present invention may have
a low incremental fabrication cost compared to the cost of fabricating a comparably-rated
MOSFET switch. In particular, the fabrication cost of a silicon carbide BJT is much less than
the fabrication cost of a similarly-sized silicon carbide MOSFET, and the device yield of for
the BJT is typically much higher than the yield for a comparably sized MOSFET due to the
absence of a MOS channel and gate dielectric. As BJTs support higher current densities than
comparably sized MOSFETS, the size of a CST chip may be much smaller than the size of a -
MOSFET switch that is designed to handle similar surge current levels.

[0050] FIG. 2 is a graph showing current-voltage (I-V) characteristics of the CST
100 of FIG. 1. As shown in FIG. 2, at a drain-source voltage Vps of less than about 2.5
volts, the CST 100 exhibits the output characteristics of the driver MOSFET 110, showing
that at low drain-source voltages, the current through the CST 100 is carried through the
channel 118 of the driver MOSFET 110. However, when Vpg exceeds about 2.5 volts, the
driver MOSFET 120 provides sufficient base current to the BJT 130 to turn the BJT 130 on,
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at which point the BJT 130 starts to handle the excessive (surge) current through the CST
100.

[0051] As shown in FIG. 2, the CST 100 may support a total surge current of about
100 amps at a gate voltage Vg of 20 volts and a forward voltage drop Vg of 8 volts. The
total surge current is the sum of the currents through the power MOSFET 110 and the BJT
130, where the BJT 130 conducts about 60 of the 100 amps. The current flowing through the
BJT 130 is limited in this case by the wire bonding in the device. FIG. 2 also shows that the
surge current is well controlled in response to gate bias (i.e., if the gate voltage Vg is reduced
to 10 volts, the surge current drops from about 100 amps to about 22 amps at a forward
voltage drop of 8 volts). As is further shown in FIG. 2, the surge current flowing through the
CSTs saturates as Vpg increases. By way of example, for a gate voltage of 10 volts, the total
current Ips through the device saturates at approximately 30 amps. As a result, surge currents
are less likely to cause thermal damage to the CST 100, and the CST 100 may protect other
downstream components from surge currents.

[0052] The 200 W/em? package power dissipation limit is also shown in FIG. 2. As
can be seen, during normal operation (i.e., operation under this limit), the CST 100 exhibits
an I-V response that is characteristic of the response of a silicon carbide MOSFET, showing
that, at these normal operating conditions, the output current is substantially carried by the
power MOSFET 110. However, when surge currents occur which, as shown in FIG. 2, can
far exceed the 200 W/em? line, the I-V response deviates substantially from the characteristic
response of a silicon carbide MOSFET, showing that the BJT 130 starts to carry a significant
amount of the output current. While the surge currents shown in FIG. 2 clearly exceed the
200 W/cm®* package power dissipation limit, these surge currents typically only occur
infréquently, and for short periods of time, and hence the CST 100 can typically survive the
surge currents without damage.

[0053] As is also shown in FIG. 2, the forward voltage drop at surge conduction can
remain at a relatively low value (e.g., 8 volts for a surge current of 100 amps) as a result of
the high transconductance of the CST 100. In contrast, mathematical calculation shows that
the forward voltage drop during surge conditions can exceed 20 volts if the entire 100 amp
surge current were instead conducted by a single MOSFET that has a plan view area equal to
the combined areas of the power MOSFET 110 and the BJT 130 of the CST 100. This
reduction in forward voltage drop from >20 volts to 8 volts can significantly reduce the

thermal dissipation and thermal stress on the package.
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[0054] CSTs according to embodiments of the present invention can be fabricated as
either monolithic devices or as hybrid devices. FIGS. 3 and 4 are schematic cross-sectional
illustrations of two exemplary monolithic implementations of CSTs according to
embodiments of the present invention, while FIG. 5 is a plan view of hybrid CST according
to embodiments of the present invention.

[0055] As shown in FIG. 3, pursuant to certain embodiments of the present
invention, a CST 200 having the circuit diagram of CST 100 of FIG. 1 may be implemented
as a monolithic device on a single substrate. As shown in FIG. 3, the CST 200 includes a
power MOSFET 210, a driver MOSFET 220 and a BJT 230. All three devices 210, 220, 230
are formed on the same bulk single crystal n-type silicon carbide substrate 250. In some
embodiments, the substrate 250 may be omitted. An n’ silicon carbide drift layer 255 is
provided on the substrate 250. A p-type silicon carbide layer 260 is provided in an upper
surface of the n” drift layer 255. At least part of the p-type silicon carbide layer 260 may be
heavily doped (p*). As discussed below, the p-type silicon carbide layer 260 may act as the
base 232 of the BJT 230 and may also be used to form a p-well 262 in which the source
regions of the MOSFETs 210 and 220 are formed. A heavily-doped (n") n-type silicon
carbide layer 265 is formed in upper regions of the p-type silicon carbide layer 260.
Additionally, a second heavily doped (p") p-type silicon carbide layer 270 is provided on a
portion of the p-type silicon carbide layer 260. All of the layers 255, 260, 265 and 270 may
comprise 4H-SiC layers.

[0056] As is further shown in FIG. 3, the heavily-doped (n") n-type silicon carbide
layer 265 comprises regions 216 and 226 which act as the sources of the MOSFETS 210 and
220, respectively, and a region 236 that acts as the emitter of the BJT 230. Portions of the n’
drift layer 255 act as the drain regions 214 and 224 of the MOSFETs 210 and 220,
respectively, and the n” drift layer 255 also acts as the collector 234 of the BJT 230. A
channel region 218 is provided in the p-well 262 between the source region 216 and the drain
region 214 of MOSFET 210, and a channel region 228 is provided between the source region
226 and the drain region 224 of MOSFET 220. An insulated gate electrode 212 of power
MOSFET 210 is formed on the n” drift layer 255, the p-well 262 and the source region 216.
The gate 212 may comprise, for example, a doped polysilicon or silicon carbide layer, and the
insulating layer 213 surrounding the gate 212 may comprise, for example, silicon dioxide.
Likewise, an insulated gate 222 of driver MOSFET 220 is formed on the n” drift layer 255,
the p-well 262, the source region 226 and the second heavily doped (p") p-type silicon

carbide layer 270. The gate 222 may comprise, for example, a doped polysilicon or silicon
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carbide layer, and the'insulating layer 223 surrounding the gate 222 may comprise, for
example, silicon dioxide. A metal layer 246 or other conductive layer electrically connects
the source region 226 of driver MOSFET 220 to the base 232 of BJT 230 through the second
heavily doped (p") p-type silicon carbide layer 270.

[0057] An ohmic contact 240 (e.g., a metal layer) is formed on the n* source region
216 (in CST 200, the ohmic contact 240 also electrically connects source region 216 to the
source region of a neighboring unit cell) and an ohmic contact 242 is formed on the emitter
region 236 of BJT 230. The ohmic contacts 240 and 242 may be electrically connected to

-each other by a conductive line, wire, via or the like (not shown in FIG. 3) to form the source
terminal 206 of the CST 200. An ohmic contact 244 is formed on the back side of the n”*
silicon carbide substrate 250 that acts as the drain terminal 204 of the CST 200. The gate
electrodes 212 and 222 are electrically connected to each other by a conductive line, wire, via
or the like (not shown in FIG. 3) to form the gate terminal 202 of the CST 200,

[0058] With regard to the carrier concentrations, the p and n" conductivity type
regions and epitaxial layers described above may be as heavily doped as possible without
causing excessive fabrication defects. Suitable dopants for producing the p-type silicon
carbide regions include aluminum, boron or gallium. Suitable dopants for producing the n-
type silicon carbide regions include nitrogen and phosphorus.

[0059] Operation of the CST 200 will now be discussed. When a bias voltage that
exceeds the threshold voltage of the power MOSFET 210 is applied to the gate 212, an n-type
inversion layer is created in the channel 218, and an electron current 219 flows across the
channel 218 of MOSFET 210. This current comprises the current flowing from the source
106 to the drain 104 of the CST 100 of FIG. 1. As the current flow through the device
increases, the drain-source voltage Vpg of the driver MOSFET 220 increases. When Vps
exceeds about 2.5 volts, an electron current 229 flows from the source 226 to the drain 224 of
driver MOSFET 220 into the base 232 of BJT 230. This electron current 229 turns on the
BJT 230. In response to this electron current 229, an electron current 239 flows from the
collector 234 of BJT 230 (i.e., substrate 250 in FIG. 3) to the emitter 236 of BJT 230 (i.e.,
SiC region 265 in FIG, 3) through the n” silicon carbide layer 255 and the base 232. Thus,
once the driver MOSFET 220 and the BIT 230 turn on, the current through the device is split
between the power MOSFET 210 and the BJT 230, with the BJT 230 handling a majority of
the current as the current density increases.

[0060] FIG. 4 is a cross-sectional diagram of a CST 300 according to embodiments

of the present invention that has a trench gate structure. The CST 300 may have the circuit

15



WO 2010/141238 PCT/US2010/035713

diagram of CST 100 of FIG. 1. As shown in FIG., 4, the CST 300 is implemented as a
monolithic device on a bulk single crystal n-type silicon carbide substrate 350, and includes a
power MOSFET 310, a driver MOSFET 320 and a BJT 330. It will also be appreciated that,
in some embodiments, the substrate 350 may be omitted.

[0061] As shown in FIG. 4, an n” silicon carbide drift layer 355 is provided on the
substrate 350. A heavily doped (p") p-type silicon carbide layer 360 is provided in an upper
surface of the n” drift layer 355. At least part of the p-type silicon carbide layer 360 may be
heavily doped (p*). A portion 332 of the p-type silicon carbide layer 360 acts as the base of
the BJT 330, while a portion 362 of the p-type silicon carbide layer 360 is used to form a p-
well in which the source regions 316, 326 of the MOSFETSs 310 and 320 are formed. A
heavily-doped (n") n-type silicon carbide layer 365 is formed in upper regions of the p-type
silicon carbide layer 360. Additionally, a heavily doped (p*) p-type silicon carbide layer 370
is provided on a portion of the p-type silicon carbide layer 360. All of the layers 355, 360,
365 and 370 may comprise 4H-SiC layers,

[0062] As is further shown in FIG. 4, the heavily-doped (n") n-type silicon carbide
layer 365 comprises regions 316 and 326 which act as the sources of the MOSFETS 310 and
320, respectively, and a region 336 that acts as the emitter of the BJT 330. Upper portions of
the n” drift layer 355 act as the drain regions 314 and 324 of the MOSFETs 310 and 320,
respectively, and the n” drift layer 355 also acts as the collector 334 of the BJT 330.

[0063] An insulated gate electrode 312 of power MOSFET 310 is formed to extend
through the p-type silicon carbide layer 360 and into an upper portion of the n” drift layer 355.
The gate 312 may comprise a silicon carbide layer, and the insulating layer 313 surrounding
the gate 312 may comprise, for example, silicon dioxide. Likewise, an insulated gate
electrode 322 of driver MOSFET 320 is formed to extend through the p-type silicon carbide
layer 360 and into an upper portion of the n” drift layer 355. The gate 322 may comprise a
silicon carbide layer, and the insulating layer 323 surrounding the gate 322 may comprise, for
example, silicon dioxide. A channel region 318 is provided in the p-well 362 between the
source region 316 and the n drift layer 355 (which acts as the drain region 314 of MOSFET
310), and a channel region 328 is provided between the source region 326 and the n” drift
layer 355 (which also acts as the drain region 324 of MOSFET 320). A metal layer 346
electrically connects the source region 326 of driver MOSFET 320 to the base 332 of BT
330 through the second heavily doped (p") p-type silicon carbide layer 370.

[0064] An ohmic contact 340 is formed on the n’ source region 316, and an ohmic

contact 342 is formed on the emitter region 336 of BJT 330. The ohmic contacts 340 and 342
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may be electrically connected to each other by a conductive line, wire, via or the like (not
shown in FIG. 4) to form the source terminal 306 of the CST 300. An ohmic contact 344 is
formed on the back side of the n" silicon carbide substrate 350 that acts as the drain terminal
304 of the CST 300. The gate electrodes 312 and 322 are electrically connected to each other
by a conductive line, wire, via or the like (not shown in FIG. 4) to form a gate terminal 302
of the CST 300.

[0065] Operation of the CST 300 may be similar to the operation of CST 200
discusscd above, and hence will not be repeated here.

[0066] While FIGS. 3 and 4 may operate as stand-alone devices, it will be
appreciated that in typical applications the devices depicted in FIGS. 3 and 4 will comprise
unit cells of a larger, high power switch that has increased current carrying and voltage
blocking capability. It will be appreciated that to form such a high power CST, a plurality of
the CSTs 200 or 300 would be implemented in parallel. In some embodiments, the power
MOSFETs 210 or 310 may be spatially separated from the driver MOSFETs 220 or 320
and/or the BJTs 230 or 330 while, in other embodiments, the transistors may be intermixed
throughout the device. In either case, the combination of an individual power MOSFET 210
(or 310), an individual driver MOSFET 220 (or 320) and an individual BJT 230 (or 330) may
functionally be viewed as a unit cell of the high power CST.

[0067] While FIGS. 3 and 4 illustrate the structure of n-channel CSTs 200 and 300,
respectively, according to embodiments of the present invention, it will be appreciated that p-
channel CSTs may be provided pursuant to further embodiments of the present invention.
For example, in exemplary embodiments, unit cells of p-channel CSTs may be provided that
have the same structure as shown in FIGS. 3 or 4, except that the polarity of each of the
semiconductor layers is reversed.

[0068] FIGS. 3 and 4 illustrate CSTs according to embodiments of the present
invention that are implemented as monolithic devices that are formed on a single substrate.
According to further embodiments of the present invention, a CST may be implemented as a
hybrid device that comprises two or more chips. FIG. 5 is a plan view of one such hybrid
CST 400 according to embodiments of the present invention.

[0069] As shown in FIG. 5, the CST 400 comprises a first semiconductor chip 401
and a second semiconductor chip 403. The first semiconductor chip 401 includes a power
MOSFET 410 that has a source 416 that comprises most of the top surface of the chip 401
and a drain 414 that comprises the backside (substrate side) of the chip 401. The chip 401
further includes a driver MOSFET 420 that has a source 426 that comprises an upper right

17



WO 2010/141238 PCT/US2010/035713

corner of the top surface of the chip 401 and a drain 424 that is common with the drain 414 of
power MOSFET 410 and thus comprises the backside (substrate side) of the chip 401.

[0070] The second semiconductor chip 403 comprises a BJT 430 that includes a base
432, a collector 434 and an emitter 436. As shown in FIG. 5, most of the top surface of chip
403 comprises the emitter 436 of BJT 430, with the remaining portion of the top surface of
the chip comprises the base 432 of the BJT 430. The collector 434 comprises the backside
(substrate side) of the chip 403. An electrical connection 440 (shown in FIG. 6 as a pair of
wires) is provided between the source 426 of the drive MOSFET 420 and the base 432 of
BJT 430 to allow the driver MOSFET 420 to provide a drive current to the BJT 430.

[0071] The CSTs according to embodiments of the present invention may also
exhibit high switching speeds, even though the devices include a bipolar junction transistor.
This can be seen in FIG. 6, which is a graph that illustrates the measured switching time of
the CST 200 of FIG. 3. In FIG. 6, curve 450 illustrates the bias voltage Vg that is applied to
the gate terminal of the CST as a function of time, curve 460 illustrates the drain-source
voltage Vps of the CST as a function of time, curve 470 illustrates the collector current (Ips)
as a function of time. As shown in FIG. 6, a bias voltage V¢ of 20 volts (curve 450) is
applied to the gate terminal of the CST. In response thereto, the drain-source voltage Vps
(curve 460) is driven to nearly zero and the collector current Ipg (curve 470) starts to flow.

As shown in FIG. 6, the time for the CST to turn on is approximately 100 nanoseconds.
Thereafter, the bias voltage Vg is removed (curve 450) and, in response thereto, the drain-
source voltage Vps (curve 460) increases to over 20 volts, and the collector current Ips (curve
470) shuts off. As shown in FIG. 6, the time for the CST to turn-off is approximately 250
nanoseconds,

[0072] Thus FIG. 6 illustrates that the CST may have a theoretical switching speed
on the order of 350 nanoseconds, which corresponds to a switching frequency of nearly 3
MHz. While actual switching speeds are typically an order of magnitude less than the
theoretical switching speed, this still indicates a switching frequency on the order of 300 kHz,
which far exceeds the 20 kHz switching frequency that are typically required for power grid
switching applications. These high switching speeds may be obtained by the CSTs according
to embodiments of the present invention because the BJT included therein acts almost as a
unipolar device, and hence the delay associated with the recombination of excess minority
carriers that occurs in most BJTs is less of an issue in the CSTs according to embodiments of

the present invention.
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[0073] FIG. 7 is a graph illustrating the specific on-state resistance (Rgp,on) for
comparable BJTs and MOSFETSs. In particular, FIG. 7 shows the specific on-state resistance
for a 1.2 kV MOSFET as compared to the specific on-state resistance ofa 1.2 kV BJT asa
function of the drain voltage, and further shows the specific on-state resistance of a 3.3 kV
MOSFET as compared to the specific on-state resistance of a 3.3 kV BJT as a function of the
drain voltage Vps. In particular, curve 500 is a graph of Rgyon for a 1.2 kV SiC BJT with a
2.5 volt offset, while curve 510 is a graph of Ry o0 for a 1.2 kV SiC MOSFET with a gate
voltage Vg of 15 volts. Curve 520 is a graph of Rgyon for a 3.3 kV SiCBJT witha2.5V
offset, while curve 530 is a graph of R on for a 3.3 kV SiC MOSFET. The dashed extension
of curve 530 represents a trend line for the 3.3 kV SiC MOSFET.

[0074] As shown in FIG. 7, at low drain voltages, the specific on-étate resistance of
each power MOSFET is less than the specific on-state resistance of its comparably-rated BJT.
However, as the drain voltage increases, this relationship reverses, such that the specific on-
state resistance of the BJT is less than the specific on-state resistance of the comparably-rated
MOSFET at drain voltages above about 3.5 volts (once the offset is accounted for). The ratio
of the current that passes through the power MOSFET versus through the BJT of the CSTs
according to embodiments of the present invention varies with the ratio of the specific on-
state resistances of the MOSFET and BJT. Thus, FIG. 7 shows that at low drain voltages,
the current will be completely or at least primarily carried by the power MOSFET, but at
higher drain voltages, the BJT will carry an increasingly larger percentage of the current,

[0075] FIG. 8 illustrates a CST 600 according to certain embodiments of the present
invention that includes a 20 amp power silicon carbide MOSFET 610, a driver silicon carbide
MOSFET 620, and a 20 amp silicon carbide BJT 630. Each of these transistors 610, 620, 630
has a 1600 volt blocking voltage. The chip sizes for the power MOSFET 610 and the BJT
630 are 4x4 mm® and 3.5x3.5 mm?, respectively.

[0076] Thus, pursuant to some embodiments of the present invention, semiconductor
switching devices are provided that include a wide band-gap power MOSFET, a wide band-
gap BJT coupled in parallel to the power MOSFET, and a wide band-gap driver MOSFET
having a channel that is coupled to the base of the BJT. Substantially all of the on-state
output current of the semiconductor switching device flows through the channel of the power
MOSFET when a voltage across the channel of the power MOSFET is within a first voltage
range, which range may correspond, for example, to the voltages expected across the channel
during normal operation. In contrast, the semiconductor switching device is further

configured so that in the on-state the output current flows through both the BJT and the
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channel of the power MOSFET when the voltage across the channel of the power MOSFET
is within a second, higher voltage range.

[0077] Pursuant to further embodiments of the present invention, power
semiconductor switches are provided that include a first wide band-gap semiconductor device
that has a first switching speed and a second wide band-gap semiconductor device that has a
second switching speed that is slower than the first switching speed. These switches are
configured so that substantially all of the output current of the device flows through the first
wide band-gap semiconductor device for a first range of output current levels and so that the
output current of the device flows through both the first and second wide band-gap
semiconductor devices for a second range of output current levels that are higher than the
output current levels in the first range of output current levels.

[0078] While the present invention has been primarily described above with respect
to silicon carbide MOSFETSs that include a MOS-gated BJT surge current path, it will be
appreciated that in other embodiments the device could comprise a wide band-gap
semiconductor other than silicon carbide such as, for example, gallium nitride, zinc selenide
or any other II-VI or III-V wide band gap compound semiconductor. Herein, the term wide
band-gap encompasses any semiconductor héving a band-gap of at least 1.4 eV. Likewise, it
will be appreciated that, in other embodiments, wide band-gap power transistors could have
gate insulation layers that are not oxide layers. Accordingly, it will be appreciated that
embodiments of the present invention may include MISFET transistors that do not include
oxide layers, and that the present invention is not limited to devices that include MOSFET
transistors.

[0079] As discussed above, the CSTs according to embodiments of the present
invention may facilitate handling surge currents, and may also naturally saturate surge
currents. Herein, the term "surge current” refers to a current that is more than twice the
current rating of the power transistor of the CST (e.g., the power MOSFET of the above-
described embodiments). As is known to those of skill in the art, the current rating of a
transistor is the maximum channel current that does not exceed the package power dissipation
limit of the transistor package.

[0080] While the above embodiments are described with reference to particular
figures, it is to be understood that some embodiments of the present invention may include
édditional and/or intervening layers, structures, or elements, and/or particular layers,
structures, or elements may be deleted. Although a few exemplary embodiments of this

invention have been described, those skilled in the art will readily appreciate that many
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modifications are possible in the exemplary embodiments without materially departing from
the novel teachings and advantages of this invention. Accordingly, all such modifications are
intended to be included within the scope of this invention as defined in the claims. Therefore,
it is to be understood that the foregoing is illustrative of the present invention and is not to be
'construed as limited to the specific embodiments disclosed, and that modifications to the
disclosed embodiments, as well as other embodiments, are intended to be included within the
scope of the appended claims. The invention is defined by the following claims, with

equivalents of the claims to be included therein,
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THAT WHICH IS CLAIMED IS:

1. A semiconductor switching device, comprising:

a wide band-gap power transistor;,

a wide band-gap surge current transistor coupled in parallel to the wide band-gap
power transistor; and |

a wide band-gap driver transistor that is configured to drive the wide band-gap surge
current transistor; |

wherein the semiconductor switching device is configured so that in its on-state
substantially all of an output current of the semiconductor switching device flows through a
channel of the wide band-gap power transistor when a drain-source voltage of the wide band-
gap power transistor is within a first voltage range; and

" the semiconductor switching device is further configured so that in its on-state the

output current flows through both the wide band-gap surge current transistor and the channel
of the wide band-gap power transistor when the drain-source voltage of the wide band-gap
power transistor is within a second voltage range having voltages that are higher than the

voltages in the first voltage range.

2. The semiconductor switching device of Claim 1, wherein the wide band-gap
power transistor comprises a wide band-gap power MOSFET, wherein the wide band-gap
surge current transistor comprises a wide band-gap bipolar junction transistor ("BJT"), and
the wide band-gap driver transistor comprises a wide band-gap driver MOSFET that is
configured to provide a base current to the wide band-gap BJT.

3. The semiconductor switching device of Claim 2, wherein the semiconductor
switching device is confi gured to saturate a surge current flowing through the semiconductor

switching device.

4. The semiconductor switching device of Claim 3, wherein the saturation level
is a function of the drain-source voltage of the wide band-gap power MOSFET and a bias
voltage that is applied to the gates of the wide band-gap power MOSFET and the wide band-
gap driver MOSFET,

5, The semiconductor switching device of Claim 1, wherein the wide band-gap
surge current transistor, the wide band-gap power transistor and the wide band-gap driver

transistor each comprise a silicon carbide based device.
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6. The semiconductor switching device of Claim 2, wherein the wide band-gap
BJT, the wide band-gap power MOSFET and the wide band-gap driver MOSFET each
comprise a silicon carbide based device, and wherein a gate of the power MOSFET is
electrically connected to a gate of the driver MOSFET, wherein a first source/drain region of
the power MOSFET is electrically connected to a collector of the BJT, and wherein a second

source/drain region of the power MOSFET is electrically connected to an emitter of the BJT.

7. The semiconductor switching device of Claim 6, wherein a first source/drain
region of the driver MOSFET is electrically connected to the collector of the BJT and a
second source/drain region of the driver MOSFET is electrically connected to a base of the
BJT.

8. The semiconductor switching device of Claim 2, wherein the switching device
comprises:

an n-type silicon carbide drift layer;

a p-type silicon carbide base layer and a p-type silicon carbide p-well on the n-type
silicon carbide drift layer;

an n-type silicon carbide emitter region on the p-type silicon carbide base layer;

a first n-type source/drain region of the driver MOSFET in an upper portion of the
silicon carbide p-well; and

a first n-type source/drain region of the power MOSFET in an upper portion of the

silicon carbide p-well. -

9. The semiconductor switching device of Claim 8, wherein the switching device
further comprises:

a heavily-doped p-type silicon carbide region on the p-type silicon carbide base layer
adjacent the n-type silicon carbide emitter region; and

an electrical connection between the heavily-doped p-type silicon carbide region and

the first n-type source/drain region of the driver MOSFET.

10. The semiconductor switching device of Claim 9, wherein the n-type silicon
carbide drift layer comprises a collector of the BJT, the second source/drain region of the

power MOSFET and the second source/drain region of the driver MOSFET,

11. A power semiconductor switch that conducts an output current when in an on-

state, comprising;
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a first wide band-gap semiconductor device that has a first switching speed;

a second wide band-gap semiconductor device that has a second switching speed that
is slower than the first switching speed;

wherein the power semiconductor switch is configured so that the output current
flows through the first wide band-gap semiconductor device for a first range of output current
levels; and

the power semiconductor switch is further configured so that the output current flows
through both the first and second wide band-gap semiconductor devices for a second range of
output current levels that are higher than the output current levels in the first range of output

current levels.

12.  The power semiconductor switch of Claim 11, wherein the first wide band-gap
semiconductor device is a unipolar device and the second wide band-gap semiconductor
device is a bipolar device, and wherein the second range of output current levels comprise

surge current levels.

13.  The power semiconductor switch of Claim 12, wherein the first wide band-gap
semiconductor device comprises a power MOSFET and the second wide band-gap

semiconductor device comprises a bipolar junction transistor ("BJT").

14.  The power semiconductor switch of Claim 13, wherein the BJT and the power
MOSFET are implemented in parallel so that a collector of the BJT and a first source/drain
region of the power MOSFET form a first common node, and an emitter of the BJT and a

second source/drain region of the power MOSFET form a second common node.

15.  The power semiconductor switch of Claim 14, further comprising a driver

MOSFET that is configured to provide a base current to a base of the BJT.

16.  The power semiconductor switch of Claim 15, wherein the BJT, the power

MOSFET and the driver MOSFET each comprise a silicon carbide semiconductor device.

17. A power switching device, comprising:

a first wide band-gap MISFET having a gate, a first source/drain region and a second
source/drain region;

a second wide band-gap MISFET having a gate, a first source/drain region and a

second source/drain region; and
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a wide band-gap bipolar j.unction transistor ("BJT") having a base, a collector and an
emitter; |

wherein the gate of the first wide band-gap MISFET is electrically connected to the
gate of the second wide band-gap MISFET; '

wherein the first source/drain region of the first wide band-gap MISFET is electrically
connected to the first source/drain region of the second wide band-gap MISFET and to the
collector;

wherein the second source/drain region of the first wide band-gap MISFET is
electrically connected to the emitter; and

wherein the second source/drain region of the second wide band-gap MISFET is

electrically connected to the base.

18,  The high power switching device of Claim 17, wherein the BJT is configured
to provide a current carrying path for at least a portion of surge currents that flow through the

power switching device.

19.  The high power switching device of Claim 17, wherein the BJT, the first wide
band-gap MISFET and the second wide band-gap MISFET comprise silicon carbide based

devices.

20.  The high power switching device of Claim 17, wherein the switching device
comprises;

an n-type silicon carbide drift layer that comprises the collector, the first n-type
source/drain region of the power MISFET and the first n-type source/drain region of the
driver MISFET;,

a p-type silicon carbide base layer that comprises the base on the n-type silicon
carbide drift layer;

a p-type silicon carbide p-well on the n-type silicon carbide drift layer;

an n-type silicon carbide emitter region that comprises the emitter on the p-type
silicon carbide base layer;

a first gate electrode on the p-well and separated from the second n-type source/drain
region of the driver MISFET and the n-type silicon'carbide drift layer by a first gate

insulation layer; and
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a second gate electrode on the p-well and separated from the second n-type
source/drain region of the power MISFET and the n-type silicon carbide drift layer by a
second gate insulation layer;

wherein the first source/drain region of the driver MISFET comprises an n-type
silicon carbide region in an upper portion of the silicon carbide p-well; and

wherein the first n-type source/drain region of the power MISFET comprises an n-

type silicon carbide region in an upper portion of the silicon carbide p-well;

21.  The high power switching device of Claim 20, wherein the switching device
further comprises:

a heavily-doped p-type silicon carbide region on the p-type silicon carbide base layer
adjacent the n-type silicon carbide emitter region; and

an electrical connection between the heavily-doped p-type silicon carbide region and

the first n-type source/drain region of the driver MISFET.
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