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[57] ABSTRACT

A silicon carbide power MOSFET device includes a
first silicon carbide layer, epitaxially formed on the
silicon carbide substrate of opposite conductivity type.
A second silicon carbide layer of the same conductivity
type as the substrate is formed on the first silicon car-
bide layer. A power field effect transistor is formed in
the device region of the substrate and in the first and
second silicon carbide layers thereover. At least one
termination trench is formed in the termination region
of the silicon carbide substrate, extending through the
first and second silicon carbide layers thereover. The
termination trench defines one or more isolated mesas in
the termination region which act as floating field rings.
The termination trenches are preferably insulator lined
and filled with conductive material to form floating
field plates. The outermost trench may be a deep trench
which extends through the first and second silicon car-
bide layers and through the drift region of the silicon
carbide substrate. Since the termination region is
formed from the first and second silicon carbide layers
in the termination region, a time consuming, high tem-
perature diffusion to form a floating field ring is not
necessary. Rather, the same epitaxial first and second
silicon carbide layers which are used to form an FET in
the device region may also be used to form the floating
field ring in the termination region.

24 Claims, 6 Drawing Sheets
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SILICON CARBIDE POWER MOSFET WITH
FLOATING FIELD RING AND FLOATING FIELD
PLATE

FIELD OF THE INVENTION

This invention relates to semiconductor devices, and
more particularly to semiconductor power devices and
methods for fabricating such devices. -

BACKGROUND OF THE INVENTION

Power devices are widely used to carry large cur-
rents at high voltages. Since the early 1950’s, develop-
ers of electronic power systems began to base their high
power systems on semiconductor devices.

The power bipolar transistor was first developed in
the early 1950, and its technology has matured to a
high degree, allowing the fabrication of devices with
current handling capability of several hundred amperes
and blocking voltages of 600 volts. However, despite
the attractive power ratings achieved for bipolar tran-
sistors, there are several fundamental drawbacks in their
operating characteristics. First, the bipolar transistor is
a current-controlled device. A large base-drive current,
typically one fifth to one tenth of the collector current,
is required to maintain the power bipolar transistor in
the on state. Even larger reverse base drive currents are
necessary to obtain high speed turn-off. These charac-
teristics make the base drive circuitry complex and
expensive.

Bipolar transistors are also vulnerable to a second
breakdown failure mode under the simultaneous appli-
cation of a high current and high voltage to the device,
as would commonly be required in inductive power
circuits. It is also difficult to parallel bipolar power
devices because the forward voltage drop in bipolar
transistors decreases with increasing temperature. This
decrease in forward voltage drop promotes diversion of
the current to a single device which can lead to device
failure.

The power Field Effect Transistor (FET) was devel-
oped to solve the performance limitations of power
bipolar transistors. Power FETs are typically variants
of the Insulated Gate FET (IGFET) or the Metal Insu-
lator Semiconductor FET (MISFET). These device
types are commonly referred to as Metal Oxide Semi-
conductor Field Effect Transistors (MOSFET) because
they include a conducting gate electrode, typically
metal, that is separated from a semiconductor surface by
an intervening insulator, typically silicon dioxide. Ac-
cordingly, all field effect transistors which use a con-
ducting gate electrode separated from a semiconductor
surface by an intervening insulator will be referred to
herein as MOSFETs.

The power MOSFET applies a control signal to the
metal gate electrode that is separated from the semicon-
ductor surface by an oxide. Accordingly, the control
signal required is essentially a bias voltage with no sig-
nificant steady-state gate current flow in either the on-
state or the off-state. Even when switching between
these states, the gate current is small because it only
serves to charge and discharge the input gate capaci-
tance. The high input impedance is a primary feature of
the power MOSFET that greatly simplifies the gate
drive circuitry and reduces the cost of the power elec-
tronics.

Moreover, because current conduction in the MOS-
FET occurs through majority carrier transport only, no
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delays are observed as a result of storage or recombina-
tion of minority carriers in power MOSFETs during
turn off. Their switching speed is therefore orders of
magnitude faster than that of bipolar transistors. Power
MOSFET: also possess an excellent safe operating area.
That is, they can withstand the simultaneous application
of high current and voltage for a short duration without
undergoing destructive failure due to second break-
down. Power MOSFETS: can also easily be paralleled,
because the forward voltage drop of power MOSFETs
increases with increasing temperature. This feature
promotes an even current distribution in parallel de-
vices.

In view of the above desirable characteristics, many
variations of power MOSFETSs have been designed for
power devices. Two of the most popular types are the
double-diffused MOS (DMOS) device and an ultra-low
on-resistance MOS device (UMOS). Both of these de-
vices are vertical devices, in which the source is located
on one face of a semiconductor substrate and the drain
is located at the opposite face of the semiconductor
substrate, so that carrier movement is transverse to the
faces of the semiconductor substrate.

The DMOS structure, and its operation and fabrica-
tion are described in the textbook entitled Modern Power
Devices, authored by the present inventor, the disclosure
of which is hereby incorporated herein by reference.
Chapter 6 of this textbook describes power MOSFETs
at pages 263-343. FIG. 1 herein is a reproduction of
FIG. 6.1(¢) from the above cited textbook, and illus-
trates a cross-sectional view of a basic DMOS structure.
As shown, the DMOS structure is fabricated using pla-
nar diffusion technology, with a refractory gate such as
polycrystalline silicon (polysilicon). The p-base region
and the n+ source region are typically diffused through
a common window defined by the edge of the polysili-
con gate. The p-base region is driven in deeper than the
n+ source. The difference in the lateral diffusion be-
tween the p-base and n+ source regions defines the
surface channel region. The p-n junction between the
p-base region and the n-drift region provides forward
blocking capability to carrier current from drain to
source.

In the power DMOS, a conductive path is formed,
extending between the n+ source region and the n-drift
region. This can be accomplished by applying a positive
gate bias to the gate electrode. The gate bias modulates
the conductivity of the channel region by the strong
electric field created normal to the semiconductor sur-
face through the oxide layer. The gate induced electric
field attracts electrons to the surface of the p-base re-
gion under the gate. This field strength is sufficient to
create a surface electron concentration that overcomes
the p-base doping. The resulting surface electron layer
in the channel provides a conductive path between the
n+ source regions and the drift region. Application of
a positive drain voltage results in current flow between
drain and source through the n-drift region and the
channel.

To switch the power DMOS to the off-state, the gate
bias voltage is reduced to zero by externally short cir-
cuiting the gate electrode to the source electrode. In
order to insure that parasitic bipolar transistor operation
is kept inactive during operation of the power DMOS,
the p-base region is short circuited to the n+ emitter
region by the source metallization shown in FIG. 1.
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The UMOS device, also referred to as a “Trench
DMOS” device, is described in publications entitled An
Ultra-Low On-Resistance Power MOSFET Fabricated by
Using a Fully Self-Aligned Process, by Ueda et al., IEEE
Transactions on Electron Devices, Vol. ED34, No. 4,
April, 1987, pp. 926-930; Numerical and Experimental
Comparison of 60V Vertical Double-Diffused MOSFETS
and MOSFETS with a Trench-Gate Structure by Chang,
Solid State Electronics, Vol. 32, No. 3, pp. 247-251,
1989; and Trench DMOS Transistor Technology for High-
Current (1004 Range) Switching by Buluce et al., Solid
State Electronics, Vol. 34, No. 5, pp. 493-507, 1991.
The UMOS is a rectangular (U-shaped) groove MOS-
FET with a high packing density and a reduced channel
resistance. The device is fabricated by diffusing p-body
and n+ source regions into an n-epitaxial drift region of
an n+ wafer. Reactive ion etching is used to form rect-
angular grooves or trenches in the substrate, followed
by a gate oxidation. A first polysilicon layer is grown
and slightly oxidized and a second polysilicon layer is
deposited for groove filling. In order to form the gate,
the first polysilicon layer is etched off and then the
device is metallized. FIG. 2 herein is a reproduction of
a portion of FIG. 1 of the above identified Ueda et al.
publication illustrating an embodiment of the UMOS
structure.

The above description of power MOSFETs has as-
sumed that the junctions are semi-infinite. However, for
practical devices it is necessary to consider edge effects
to obtain a realistic design. The edge termination limits
the breakdown voltage of practical devices to below the
theoretical limits set by semi-infinite junction analysis.
If the junction is poorly terminated, its breakdown volt-
age can be as low as 10-20% of the theoretical case.
This severe degradation in breakdown voltage can seri-
ously compromise the device design and lead to re-
duced current ratings as well.

Accordingly, much effort has been focused on the
proper termination of the device region of power MOS-
FETs. It has been found that the diffusion process
through a mask layer creates cylindrical junctions at the
mask edges and spherical junctions at the sharp corners
of the mask. These curvatures result in severe reduction
in the breakdown voltage as a result of electric field
crowding.

The art has solved the junction termination problem
by providing a specially designed termination region
around the periphery of the device. One approach for
solving the termination problem uses “floating field
rings”. Floating field rings are formed of diffused re-
gions that are isolated from the main junction but lo-
cated close to it. These regions can assume a potential
intermediate to that of either side of the junction. Their
potential is established by the depletion layer extending
from the main junction. Floating field rings are usually
fabricated simultaneously with the main junction, be-
cause this can be achieved by creating an extra diffusion
window in the mask that surrounds the main junction.

A detailed discussion of the design and fabrication of
floating field rings and the manner in which they solve
the breakdown voltage problem may be found in Sec-
tion 3.6 of the above cited textbook by the present in-
ventor, pages 79-100. A properly designed floating field
ring can result in nearly a two-fold increase in the de-
vice's breakdown voltage. Multiple field rings can re-
sult in higher increases. FIG. 3 illustrates a silicon
power UMOSFET structure including two diffused
floating field rings in the termination region. The dif-

0

20

25

30

35

40

43

55

60

65

4
fused floating field rings are typically fabricated by
patterning the p-base diffusion at the device edges to
form a planar termination to obtain high breakdown
voltages.

Another approach for solving the termination prob-
lem uses “field plates”. The field plate is typically a
metal or other conductor ring at the edge of the planar
junction. By altering the potential on the field plate, the
depletion layer shape can be adjusted. The field plate is
typically created by extending the junction metalliza-
tion over the oxide. The presence of the field plate at
the diffusion region potential forces the depletion layer
to extend at the surface beyond the edge of the field
plate. This reduces the depletion layer curvature and
reduces the electric field. A detailed discussion of the
design and fabrication of field plates and the manner in
which they solve the breakdown voltage problem may
be found in Section 3.6.7 of the above cited textbook by
the inventor pp. 116-119. Typically, a field plate is used
in conjunction with one or more floating field rings to
achieve high breakdown voltage.

Almost all power MOSFETs being marketed today
are fabricated in monocrystalline silicon. However, as is
known to those skilled in the art, crystalline silicon
carbide is particularly well suited for use in semicon-
ductor devices, and in particular, for power semicon-
ductor devices. Silicon carbide has a wide bandgap, a
high melting point, a low dielectric constant, a high
breakdown field strength, a high thermal conductivity
and a high saturated electron drift velocity compared to
silicon. These characteristics would allow silicon car-
bide power devices to operate at higher temperatures,
higher power levels and with lower specific on resis-
tance than conventional silicon based power devices.

A power MOSFET such as the above described
DMOSFET or UMOSFET can be readily translated
into silicon carbide using known manufacturing tech-
niques. However, the formation of the floating field
rings in the termination region would require very high
temperature diffusions for very long time periods be-
cause the diffusion coefficient for dopants is much
smaller in silicon carbide than in silicon. The use of
these high temperatures would require specialized
equipment that would increase processing costs. More-
over, the long diffusion times would add to the process
cycle time, and adversely impact manufacturing volume
and cost.

SUMMARY OF THE INVENTION

It is therefore an object of the invention to provide an
improved power MOSFET and method of making the
same.

It is another object of the present invention to pro-
vide an improved silicon carbide power MOSFET and
method of making the same.

It is yet another object of the present invention to
provide an improved termination region for a silicon
carbide power MOSFET and method of making the
same.

These and other objects are provided, according to
the present invention, by a silicon carbide power FET
device formed in a silicon carbide substrate of first con-
ductivity type (for example n-type), having first and
second opposing faces, and including a device region
extending from the first face to the second face and a
termination region extending from the first face to the
second face. A first silicon carbide layer of second con-
ductivity type (for example p-type) is formed on the
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first face, extending over the device region and the
termination region. A second silicon carbide layer of
the first conductivity type (n-type) is formed on the first
silicon carbide layer, extending over the device region
and preferably also extending over the termination re-
gion of the substrate. A power field effect transistor is
formed in the device region of the silicon carbide sub-
strate and in the first and second silicon carbide layers
over the device region.

A termination trench is formed in the termination

region of the silicon carbide substrate, extending
through the first and preferably the second silicon car-
bide layers thereover. The termination trench defines an
isolated mesa in the first silicon carbide layer and pref-
erably in the second silicon carbide layer in the termina-
tion region. This isolated mesa acts as a floating field
ring to reduce the electric field at the edge of the de-
vice.
- The termination trench is preferably filled with a
conductive material such as polysilicon. The conduc-
tive material is preferably insulated from the silicon
carbide surrounding the trench by lining the trench
with an insulator. A floating field plate is thereby
formed.

A plurality of concentric conductive trenches may be
formed to encircle the device region of the substrate
and define a plurality of floating field ring mesas. The
outermost trench may be a deep trench which extends
through the first and second silicon carbide layers and
through the drift region of the silicon carbide substrate.

The power device of the present invention is prefera-
bly made by epitaxially growing a first silicon carbide
layer of second conductivity type (for example p-type)
on the first face of a silicon carbide substrate of first
conductivity type (for example n-type), over the device
region and termination region of the silicon carbide
substrate. Then, a second silicon carbide layer of the
first conductivity type is epitaxially grown on the first
silicon carbide layer, over the device region and prefer-
ably also over the termination region of the substrate.
Alternatively, the top surface of the first silicon carbide
layer is converted to the first conductivity type by a
diffusion or implantation of first conductivity type dop-
ants.

A power field effect transistor is formed in the device
region of the silicon carbide substrate and in the first
and second silicon carbide layers thereover. A termina-
tion trench is etched in the termination region of the
silicon carbide substrate through the first and second
silicon carbide layers thereover. The trench is lined
with oxide or another insulator and then filled with
polysilicon or another conductor.

Since the termination region is formed from the first
and second silicon carbide layers in the termination
region, a time consuming, high-temperature diffusion to
form a floating field ring is not necessary. Rather, the
same epitaxial first and second silicon carbide layers
which are used to form the FET in the device region
may also be used to form the floating field ring in the
termination region. The needs for high temperatures to
form the diffused floating field ring, and for specialized
high temperature processing equipment, may be elimi-
nated. The long diffusion times and the associated long
process cycle time may also be eliminated, so that a low
cost device may be fabricated.

It will be understood by those having skill in the art
that the mesas produced by the trenches in the termina-
tion regions may be used independently of conductor
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6

filled trenches in the termination regions to form a float-
ing field ring for the silicon carbide power FET. More-
over, the conductor filled, insulator lined trenches in
the termination region may be formed without the
mesas, to form a floating field plate. However, it will be
understood by those having skill in the art that the
mesas and insulator lined conductive trenches are pref-
erably used together, to provide improved termination
for a silicon carbide based power FET.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional side view of a known
DMOSFET device.

FIG. 2 is a cross-sectional side view of a known
UMOSFET device.

FIG. 3 is a cross-sectional side view of a known sili-
con based power UMOSFET device. *

FIG. 4 is a cross-sectional side view of a first embodi-
ment of a silicon carbide power device according to the
present invention.

FIG. 5 is a cross-sectional side view of a second em-
bodiment of a silicon carbide power device according
to the present invention.

FIG. 6 is a cross-sectional view of a third embodi-
ment of a silicon carbide power device according to the
present invention.

FIGS. TA-TF are cross-sectional side views of the
silicon carbide power device of FIG. 4 during interme-
diate processing steps.

DESCRIPTION OF A PREFERRED
EMBODIMENT

The present invention now will be described more
fully hereinafter with reference to the accompanying
drawings, in which a preferred embodiment of the in-
vention is shown. This invention may, however, be
embodied in many different forms and should not be
construed as limited to the embodiment set forth herein;
rather, this embodiment is provided so that this disclo-
sure will be thorough and complete, and will fully con-
vey the scope of the invention to those skilled in the art.
In the drawings, the thickness of layers and regions are
exaggerated for clarity. Like numbers refer to like ele-
ments throughout.

Referring now to FIG. 3 a prior art silicon power
UMOSFET is illustrated. As shown, the silicon power
UMOSFET 20 is formed in a monocrystalline silicon
substrate 15 of first conductivity type (here n-type). The
silicon substrate 15 includes a device region 13, gener-
ally interior to the substrate, and a termination region 14
generally a peripheral region of the substrate. The sub-
strate 15 may also include a relatively heavily doped
region 15¢ and a relatively lightly doped drift region
15d.

As shown in FIG. 3, a p-type diffusion 18 is formed at
the first face 15a of silicon substrate 15. The p-type
diffusion also forms a plurality of floating field rings
184, 184 in the termination region 14. It will be under-
stood by those having skill in the art that although two
termination rings 18a, 18b are shown, a single ring or
more than two rings may be provided.

In the device region 13, an n+ type diffusion 19 is
also formed within p-type diffusion layer 18. One or
more gate regions 26 may be used to define multiple
parallel source regions. The gate regions 26 include an
insulating layer 27 such as silicon dioxide and a con-
ducting layer 28 such as polycrystalline silicon. A poly-
crystalline silicon gate contact 23 is formed on the con-
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ducting layer 28. Source and drain contacts 21 and 22
respectively are also provided. The design and fabrica-
tion of the UMOS device of FIG. 3 is well known to
those having skill in the art and will not be described
further herein.

As already described, the silicon power UMOSFET
structure of FIG. 3 could be readily translated into
silicon carbide using known manufacturing techniques.
However, the formation of the floating field rings 18a,
18b in the termination region would require very high
temperature diffusions for very long time periods be-
cause the diffusion coefficient for dopants is much
smaller in silicon carbide than in silicon. The use of
these high temperatures would require specialized
equipment which would increase processing costs.
Moreover, the long diffusion time would add to the
process cycle time and adversely impact manufacturing
volume and cost.

Referring now to FIG. 4 there is illustrated an em-
bodiment of the invention which overcomes these prob-
lems. As shown in FIG. 4, power MOSFET 10 includes
a silicon carbide substrate 11, having a first (top) face
11a and a second (bottom) face 114. The silicon carbide
substrate 11 includes a relatively heavily doped region
11c of first conductivity type (here, n+) adjacent the
second face, and a relatively lightly doped region of
first conductivity type (here, n—) 114 adjacent the first
face. It Will be understood by those having skill in the
art that drift region 114 is preferably epitaxially formed
on heavily doped region 11c using epitaxial growth
techniques well known to those having skill in the art.

The silicon carbide substrate 11 also includes a device
region 13 and a termination region 14. As described
above, device region 13 is typically interior to the sub-
strate and termination region 14 is typically at the pe-
riphery of the substrate. However, multiple devices can
be formed on a single substrate, in which case a periph-
eral region may surround each device region on the
substrate.

Still referring to FIG. 4, a first silicon carbide layer 16
of second conductivity type (here p) is formed on the
first face 11a and extends over the device region 13 and
the termination region 14. A second silicon carbide
layer 17 of first conductivity type (here n+) is located
on the first silicon carbide layer and extends over the
device region 13 and preferably also extends over the
termination region 14. However, second silicon carbide
layer need not extend over termination region 14. First
silicon carbide layer 16 and second silicon carbide layer
17 are preferably formed by epitaxial growth on drift
region 11d, thereby eliminating the need for long diffu-
sion times at high temperature. However, it will be
understood by those having skill in the art that the
second silicon carbide layer 17 may be formed by diffus-
ing n-type dopants into p-type first silicon carbide layer
16, to convert the exposed surface of first silicon carbide
layer 16 into n-type.

A power MOSFET, such as the UMOS structure
already described, is formed in device region 13. As
already described, the FET includes gate regions 26
having an insulator 27 and polycrystalline silicon or
another conductor 28 therein, and a (polysilicon) gate
contact 23. Source and drain contacts 21 and 22 com-
plete the device. It will be understood by those having
skill in the art that other silicon-based power MOSFET
designs can be translated into the device region 13 of
silicon Carbide substrate 11, or new designs for power
MOSFETs Which are unique to silicon carbide and its
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8
characteristics, may be included. It will also be under-
stood by those having skill in the art that the conductiv-
ities shown herein may be reversed to provide a com-
plementary device, and the source and drain designa-
tions shown herein may also be reversed.

Still referring to FIG. 4, the power device according
to the present invention includes unique termination
areas in the termination region 14. As shown, a termina-
tion trench 30a is formed in the termination region 14,
extending through the first and preferably the second
silicon carbide layers 16 and 17 to define a mesa 31a of
the first and preferably the second silicon carbide layers
16 and 17 respectively over the termination region. The
termination trench preferably includes a conductive
material 33a, such as polysilicon, therein. The termina-
tion trench 304 a is also preferably lined with insulating
material 32a such as silicon dioxide. The mesa 31a forms
a floating field ring to effectively terminate the MOS-
FET device. The conductor filled termination trench
30a forms a floating field plate for effectively terminat-
ing the silicon carbide field effect transistor.

The width of the trench W;and the width of the mesa
W, may be varied to optimize the termination of the
device. The optimum widths W, and W, will be depen-
dent upon the device type and device size of the power
MOSFET, and may be determined mathematically,
empirically, or by computer simulation. Size and loca-
tion considerations for a floating field ring and a field
plate of a conventional silicon based device are de-
scribed at pages 92-99 and 116-119 of the above identi-
fied textbook by the inventor. Similar design consider-
ations apply for the invention.

As also shown in FIG. 4, a second termination trench
30b may be formed in the termination region 14 of the
silicon carbide substrate to define a second mesa 31b in
the first and preferably the second silicon carbide layers
16 and 17 respectively. The second termination trench
30b may be lined with oxide 325 and filled with a con-
ductor such as polycrystalline silicon 33b. Preferably,
trench 30b is concentric to trench 30g, which is also
concentric to the device itself. It will also be understood
that more than two trenches may be formed.

Finally, as also shown in FIG. 4, a deep termination
trench 30c may also be formed, extending through the
first and preferably the second silicon carbide layers 16
and 17 and through the drift region 11d. This deep
trench 30c is preferably the outermost trench and may
be used for isolation as well as termination. This deep
trench 30c also preferably has an insulating lining 32¢
and is filled with a conductor 33c.

It will be understood by those having skill in the art
that the polysilicon 332-33¢, or other conductive mate-
rial in the trenches formed in the termination region are
not connected to the gate terminal 23. Accordingly,
they behave as floating field plates. Similarly, the mesas
31a-31c are not connected to the source terminal 21 so
that they behave as floating field rings.

It will also be understood by those having skill in the
art that the termination trenches 30 and the termination
mesas 31 may operate independently of one another.
FIG. 5 illustrates a configuration of mesas 31a, 3154, and
31c which are defined by trenches 30a, 30b and 30c,
wherein the trenches are not filled with a conductive
material as was the case in FIG. 4. Trenches 30a, 305
and 30c may be filled with an insulating material to
provide planarity. Conversely, FIG. 6 illustrates termi-
nation trenches 30a, 306 and 30c, lined with insulator
324, 32b and 32¢ and filled with polysilicon 33a, 335,
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and 33c respectively, without the use of mesas 31q, 315,
and 31c. However, it will be understood by those hav-
ing skill in the art that mesas 31, 315 and 31c and con-
ductor filled, insulator lined trenches 30a, 306 and 30c
preferably operate together to form a termination re-
gion.

Referring now to FIGS. TA-7F, a process for form-
ing a power device according to the present invention
will now be described. As shown, a silicon carbide
substrate such as an n-type silicon carbide substrate
having 10!% dopants cm—3 is provided. Drift region 11d
is epitaxially grown on region 1lc¢ using nitrogen or
other n-type dopants at a concentration of 107cm—3.
Region 11c is preferably between about 100 um to 500
pm thick, and region 114 is preferably about 5 pm to 30
pm thick. '

Then, referring to FIG. 7B, the first silicon carbide
layer 16 is epitaxially grown on drift region 114. During
epitaxial growth, the first epitaxial layer 16 is doped
with aluminum or other p-type atoms at a concentration
of 1017 atoms cm— 3. First epitaxial layer 16 is preferably
0.5 pm to 2 pm thick.

Then, referring to FIG. 7C, second silicon carbide
layer 17 is epitaxially formed on first silicon carbide
layer 16. During epitaxial growth, layer 17 is doped
with nitrogen or other n-type atoms at a concentration
of 1019 atoms cm—3. Layer 17 is preferably about 0.25
pm-1 pm thick. It will be understood by those having
skill in the art that second silicon carbide layer 17 may
also be formed by diffusing nitrogen or other n-type
atoms into silicon carbide layer 16, since formation of
relatively shallow region 17 would not require inordi-
nately long diffusion times. It will also be understood by
those having skill in the art that layers 11¢, 114, 16 and
17 form a monolithic crystalline structure due to the
epitaxial growth process.

Referring now to FIG. 7D, device trenches 29 and
termination trenches 30s-30c may be formed using a
known reactive ion trench etch process. Trench 30c
may be etched deeply through drift region 11d, while
the remaining trenches are etched through first and
second silicon carbide layers 16 and 17 respectively.

Then, as shown in FIG. 7E, a thin insulating layer is
grown by thermal oxidation at 1100°-1200° C. using
wet oxidation, to form insulating layers 27 and 324-32¢.
As shown in FIG. 7F, the trenches are then filled with
polysilicon or metal to form regions 28 and 332-33c.
Polysilicon trench filling may be accomplished, for
example, by chemical vapor deposition at 900° C. using
silane. The polysilicon or metal may be oxidized to fully
encapsulate the polysilicon regions in oxide. Source,
drain and gate contacts 21, 22 and 23 may then be
formed using known techniques.

Analysis of the silicon carbide power MOSFET de-
scribed above indicates that these devices would have
such low specific on-resistance that they could out-per-
form even a 5,000 volt silicon thyristor. This makes
them candidates for replacement of all presently used
silicon devices. By eliminating the need for long, high
temperature diffusions, the devices may be made rap-
idly and inexpensively.

In the drawings and specification, there have been
disclosed typical preferred embodiments of the inven-
tion and, although specific terms are employed, they are
used in a generic and descriptive sense only and not for
purposes of limitation, the scope of the invention being
set forth in the following claims.

That which is claimed:
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1. A power device comprising:

a silicon carbide substrate of first conductivity type,
having first and second opposing faces and includ-
ing a device region extending from said first face to
said second face, and a termination region extend-
ing from said first face to said second face;

a first silicon carbide layer of second conductivity
type on said first face, extending over said device
region and said termination region;

a second silicon carbide layer of said first conductiv-
ity type on said first silicon carbide layer, extending
over said device region;

a power field effect transistor in said device region of
said silicon carbide substrate and in said first and
second silicon carbide layers thereover; and

a first termination trench in said termination region of
said silicon carbide substrate, and extending
through said first silicon carbide layer thereover, to
define a mesa of said first silicon carbide layer over
said termination region.

2. The power device of claim 1 wherein said first
termination trench contains a conductive material
therein.

3. The power device of claim 2 wherein said first
termination trench is lined with insulating material, and
contains said conductive material therein.

4. The power device of claim 2 wherein said conduc-
tive material is electrically isolated from said power
field effect transistor.

5. The power device of claim 1 wherein said mesa is
electrically isolated from said power field effect transis-
tor.

6. The power device of claim 1 wherein said first
termination trench encircles said device region.

7. The power device of claim 1 wherein said second
silicon carbide layer also extends over said termination
region, and wherein said first termination trench ex-
tends through said first and second silicon carbide lay-
ers thereon, to define a mesa of said first and second
silicon carbide layers over said termination region.

8. The power device of claim 1 further comprising a
second termination trench in said termination region of
said silicon carbide substrate, extending through said
first silicon carbide layer thereover to define a second
mesa of said first silicon carbide layer between said first
termination trench and said second termination trench,.
said second termination trench being laterally spaced
apart from, and concentric to said first termination
trench.

9. The power device of claim 8 wherein said second
termination trench contains a conductive material
therein.

10. The power device of claim 9 wherein said second
termination trench is lined with insulating material, and
contains said conductive material therein.

11. The power device of claim 1 wherein said silicon
carbide substrate includes a lightly doped region of said
first conductivity type adjacent said first face, and a
heavily doped region of said first conductivity type
adjacent said second face, and wherein said power de-
vice further comprises a deep termination trench in said
termination region of said silicon carbide substrate,
which extends through said first silicon carbide layer
and through said lightly doped region.

12. The power device of claim 11 wherein said deep
termination trench contains a conductive material
therein.
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13. The power device of claim 12 wherein said deep
termination trench is lined with insulating material, and
contains said conductive material therein.

14. The power device of claim 1 wherein said power
field effect transistor includes a source contact on said
second silicon carbide layer and a drain contact on said
second face of said silicon carbide substrate.

15. A power device comprising:

a silicon carbide substrate of first conductivity type,
having first and second opposing faces and includ-
ing a device region extending from said first face to
said second face, and a termination region extend-
ing from said first face to said second face;

a first silicon carbide layer of second conductivity
type on said first face, extending over said termina-
tion region;

a power field effect transistor in said device region of
said silicon carbide substrate; and

a first termination trench in said termination region of
said silicon carbide substrate, said first termination
trench extending through said first silicon carbide
layer and being lined with insulating material, and
containing a conductive material therein.

16. The power device of claim 15 wherein said con-
ductive material is electrically isolated from said power
field effect transistor.

17. The power device of claim 15 wherein said first
termination trench encircles said device region.

18. The power device of claim 15 further comprising
a second termination trench in said termination region
of said silicon carbide substrate, said second termination
trench being laterally spaced apart from, and concentric
to said first termination trench, said second termination
trench being lined with insulating material and contain-
ing a conductive material therein.

19. A power device comprising:

a silicon carbide substrate of first conductivity type,
having first and second opposing faces and includ-
ing a device region extending from said first face to
said second face, and a termination region extend-
ing from said first face to said second face;

a first silicon carbide layer of second conductivity
type on said first face, extending over said device
region;

a second silicon carbide layer of said first conductiv-
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ity type on said first silicon carbide layer, extending

over said device region;

a power field effect transistor in said device region of
said silicon carbide substrate and in said first and
second silicon carbide layers thereover; and

a first termination trench in said termination region of
said silicon carbide substrate, said first termination
trench being lined with insulating material, and
containing a conductive material therein;

wherein said silicon carbide substrate includes a
lightly doped region of said first conductivity type
adjacent said first face, and a heavily doped region
of said first conductivity type adjacent said second
face, and wherein said power device further com-
prises a deep termination trench in said termination
region of said silicon carbide substrate, which ex-
tends through said lightly doped region, said deep
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termination trench being lined with insulating ma-
terial and containing a conductive material therein.

20. A power device comprising:

a silicon carbide substrate of first conductivity type,
having first and second opposing faces and includ-
ing a device region extending from said first face to
said second face, and a termination region extend-
ing from said first face to said second face;

a first silicon carbide layer of second conductivity
type on said first face, extending over said device
region and said termination region;

a second silicon carbide layer of said first conductiv-
ity type on said first silicon carbide layer, extending
over said device region and said termination re-
gion;

a power field effect transistor in said device region of
said silicon carbide substrate and in-said first and
second silicon carbide layers thereover; and

a first termination trench in said termination region of
said silicon carbide substrate, extending through
said first silicon carbide layer and said second sili-
con carbide layer thereover, to define a mesa of
said first silicon carbide layer and said second sili-
con carbide layer over said termination region, said
first termination trench being lined with insulating
material, and containing a conductive material
therein, said conductive material being electrically
isolated from said power field effect transistor.

21. The power device of claim 20 wherein said first .

termination trench encircles said device region.

22. The power device of claim 20 further comprising
a second termination trench in said termination region
of said silicon carbide substrate, extending through said
first and second silicon carbide layers thereover to de-
fine a second mesa of said first and second silicon car-
bide layers between said first termination trench and
said second termination trench, said second termination
trench being laterally spaced apart from, and concentric
to said first termination trench, said second termination
trench being lined with insulating material, and contain-
ing a conductive material therein, said conductive mate-
rial being electrically isolated from said power field
effect transistor.

23. The power device of claim 20 wherein said silicon
carbide substrate includes a lightly doped region of said
first conductivity type adjacent said first face, and a
heavily doped region of said first conductivity type
adjacent said second face, and wherein said power de-
vice further comprises a deep termination trench in said
termination region of said silicon carbide substrate,
which extends through said first silicon carbide layer
and said second silicon carbide layer and through said
lightly doped region, said deep termination trench being
lined with insulating material, and containing a conduc-
tive material therein, said conductive material being
electrically isolated from said power field effect transis-
tor.

24. The power device of claim 20 wherein said power
field effect transistor includes a source contact on said
second silicon carbide layer and a drain contact on said

second face of said silicon carbide substrate.
* * * % %



