A 0O OO0 P O

0 03/073471 A2

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
4 September 2003 (04.09.2003)

PCT

0 00T

(10) International Publication Number

WO 03/073471 A2

(51) International Patent Classification”: HO1L

(21) International Application Number: PCT/US03/05156

(22) International Filing Date: 21 February 2003 (21.02.2003)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

10/079,892 22 February 2002 (22.02.2002) US

(71) Applicant: SEMISOUTH LABORATORIES, INC.
[US/US]; One Research Boulevard, Suite 201B, Starkville,
MS 39759 (US).

(72) Inventors: SANKIN, Igor; 118 N. Montgomery Street,
Apartment #9, Starkville, MS 39759 (US). DUFRENE,
Janna, B.; 1145 Longview-Adaton Road, Starkville, MS
39759 (US).

(74) Agents: KELBER, Steven, B. et al.; Piper Rudnick LLP,
1200 Nineteenth Street, N.W., Washington, DC 20036
(Us).

(81) Designated States (national): AE, AG, AL, AM, AT, AU,
A7, BA, BB, BG, BR,BY, BZ, CA, CH, CN, CO, CR, CU,
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,
GM, HR, HU, ID, IL,, IN, IS, JP, KE, KG, KP, KR, KZ, LC,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, SC, SD, SE,
SG, SK, SL, TJ, TM, TN, TR, TT, TZ, UA, UG, UZ, VC,
VN, YU, ZA, 7ZM, ZW.

(84) Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, SE, SI,
SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM, GA, GN,
GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: POWER SiC DEVICES HAVING RAISED GUARD RINGS

Po1e 19 9g 1 yg 1 4

16

(57) Abstract: Silicon carbide semiconductor power devices having epitaxially grown guard rings edge termination structure are
provided. Forming the claimed guard rings from an epitaxially grown SiC layer avoids the traditional problems associated with im-
plantation of guard rings, and permits the use of self aligning manufacturing techniques for making the silicon carbide semiconductor

power devices.



10

15

20

WO 03/073471 PCT/US03/05156

TITLE OF THE INVENTION

POWER SiC DEVICES HAVING RAISED GUARD RINGS

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates generally to epitaxially grown guard ring edge
termination structures for vertical and lateral SiC power semiconductor devices,
SiC power devices having such guard rings, and methods of preparing these

devices.

Background of the Technology

One distinguishing feature of semiconductor power devices is their high
voltage blocking capability. The ability to support high voltages is largely
determined by the onset of the phenomenon known as avalanche breakdown, which
occurs when the electric field within the device structure becomes very large and
the rate of impact ionization through the depletion region approaches infinity. The
large electric fields in semiconductor devices that may trigger avalanche
breakdown can occur both within the interior regions of the device, where current
transport takes place, and at the edges of such devices. Proper design of
semiconductor power devices requires careful attention to field distributions at the
interior and at the edges to ensure high voltage blocking capability. B. Jayant

Baliga, Power Semiconductor Devices, Chapter 3, pp. 66-125 (1996).
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Silicon carbide (SiC) semiconductor devices are known to possess superior
voltage blocking capability as compared with silicon (Si) semiconductor devices,
and it is desired for power SiC semiconductor devices to have a breakdown voltage
that is as high as possible. See, ¢.g., Bakowsky. et al., U.S. Patent 5,967,795,
Avalanche breakdown for SiC devices may occur when the maximum electric tield
within the device exceeds the critical electric field for SiC, which is believed to be
from 2 to 4 MV/cm. The maximum electric field of such devices usually occurs
wherever the depletion region has the smallest width, typically at the surface or

edges of the device, and terminates in the vicinity of the junction, or interface

‘between two semiconductor layers. In the context of this application, the term

junction also refers to the interface between a semiconductor and a metal layer.
The depletion region is the region across the junction where the mobile carrier
densities approach zero, and the size and shape of the depletion region varies as a
function of semiconductor design, including the nature of the junction between the
different layers of such a device. The occurrence of high electric fields at the edges
of these devices may significantly reduce the breakdown voltage of such devices.
B. Jayant Baliga, Power Semiconductor Devices. One way to solve this problem is
to use mesa etching, which simply removes semiconductor material from the
region of highest electric field. This approach, however, requires advanced
passivation steps to reduce surface leakage current. Another way to solve the
problem is to extend the depletion region from the edge of the device. The typical
methods used are:

L extension of the electrode metal of a semiconductor device over the

field oxide layer (so called field plates);

2.
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° formation of a sequence of conductive regions with floating
potential surrounding the device, typically, heavily doped diffused
or implanted rings with conductivity type opposite to that of the
device bulk (so called guard rings);

o generation of a single wide diffused or implanted ring surrounding
the device, with conductivity type opposite to that of the device
bulk, which becomes fully depleted, and so that reduces potential
gradient at the device edge (so called junction termination
extension, or JTE).

Use of field plates is limited by relatively low voltages because of the finite-

dielectric strength of the field oxide between the plates and the device bulk.

Because of slow diffusion rates in SiC, JTE regions or guard rings are usually

. implanted, or introduced. For example, the use of junction termination extension

structures has been suggested for different types of devices by Bakowsky, et al.,

U.S. Patent 5,967,795; Mitlehner, etal., U.S. Patent 5,712,503; Ueno, et al., U.S.

Patent 5,789,311; and Xueqing, et al., [CSCRM '99, Part 2, pp. 1375- 1378 (2002).
In addition, the use of guard rings, fabricated by combination of ion
implantation and etching steps is disclosed by, e.g., Chang, et al., U.S. Patent
4,982,260. An implementation of implanted p-type guard ring in a lateral
MOSFET was also disclosed in Spitz. et al., [EEE Electron Devices Ltrs., Vol. 19,
No. 4, (1988). Unlike the implanted guard rings in the cases mentioned above,
epitaxially grown guard rings (EGR) are not believed to affect electron flow in the

drift region, and are further believed to improve the traditional RESURF



10

15

20

WO 03/073471 PCT/US03/05156

technology disclosed in Ludikhuize, “A Review of RESURF Technology”, ISPSD
(2000).

However, ion implantation is a costly fabrication step which requires a high
temperature post implant annealing, and it may also lead to surface and bulk
damage, which may result in a significant increase in leakage current. Therefore,
there still exists a need for a better method for forming guard ring edge termination

structures on SiC power semiconductor devices.

SUMMARY OF THE INVENTION

In accordance with one aspect of the present invention, diodes and
transistors in SiC which implement edge termination structure by guard riﬁgs
formed from a p-type epitaxial SiC layer, grown on top of an n-type SiC drift
region are provided. In such known devices as bipolar junction transistors (BJTs),
static ipduction transistors (SITs), and PiN diodes, this novel edge termination
structure may be self-aligned, because it may be done at the same etéhing step with
formation of another part of the device, for example PiN diode anode region, BJT
overgrown base region, or SIT overgrown gate region.

A second aspect of the present invention provides a Schottky barrier diode
in SiC having guard rings formed from a doped p-type epitaxial layer, grown on
top of an n-type drift region. Further, in accérdance with a third aspect of the
present invention, lateral SiC semiconductor devices, such as LMOSFETs and
lateral diodes having guard rings formed from a doped p-type epitaxial layer,

grown on top of a lightly doped n-type drift region are provided.
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The present invention is further directed to methods of preparing these
semiconductor devices having the disclosed novel edge termination structures.

It should be noted that the enumerated SiC semiconductor devices are
representative only, and are not intended to limit the scope of the invention to the
disclosed devices. Furthermore, the number size, and spacing of the epitaxial
guard rings may vary, depending on the application and the desired target blocking
voltage and are not limited to the representative examples provided in this

specification.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention may be better understood by reference to the
accompanying drawings in which:

FIG. 1A is a portion of a schematic cross-section of a PiN diode with guard
rings made from the same epitaxial layer as the anode region;

FIG.1Bisa portion. of a schematic cross-section of a Schottky diode with
epitaxial guard rings;

FIG. 1C is a portion of a schematic cross-section of an advanced fully
epitaxial bipolar junction transistor (BJT) with guard rings made at the same
etching step with the overgrown base region;

FIG. 1D is a portion of a schematic cross-section of an advanced fully
epitaxial static induction transistor (SIT) with guard rings made at the same etching
step with the overgrown base region;

FIG. 2A is a portion of a schematic cross section of a lateral MOSFET with

epitaxial guard rings (EGR);
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FIG. 2B is a portion of a schematic cross-section of a Lateral PiN diode
with epitaxial guard rings (EGR);

FIGs. 3A - D show cross-sectional views of the respective products of steps
in a method of forming a simple PiN diode according to the invention; and

FIG. 4 shows an aerial view of the PiN diode shown in FIG. 1A.

DETAILED DESCRIPTION OF THE INVENTION

When considering the fabrication of epitaxial éemiconductor devices,
which can be PiN diodes, Schottky diodes, bipolar junction transistors (BJTs),
static induction transistors (SITs), and other well known semiconductor devices,
with all other factors being equal, the use of epitaxially grown guard rings is more
preferable than implanted guard rings, because their fabrication can be combined
with etching steps for other parts of the device and because it allows costly
implantation steps to be avoided. Moreover, the leakage current due to the surface
and bulk damage produced by ion implantation, can be greatly reduced by using
epitaxially grown edge termination structures.

In addition, SiC semiconductor devices comprising SiC layers of differing
conductivity type, i.e., negative (n) and positive (p) types, are formed by
introducing chemical impurities into SiC. Introducing electron donor atoms into
pure SiC generates n-type SiC, and introducing electron acceptor atoms into pure
SiC generates p-type SiC. Typically, the process of introducing donor or acceptor
atoms into SiC, known as doping the SiC, is accomplished by ion implantation, or
by the introduction of such impurities in situ during growth of the SiC layer. Ion

implantation, however, can result in surface and bulk damage. Ion implantation

-6-
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also requires a special treatment after implantation (e.g., a post implant anneal) to
activate the implanted impurity. Further, even after a high temperature post-
implant anneal, a large percentage of certain implanted impurities (e.g., boron and
aluminum which are typically used for p-type doping in SiC) can remain
electrically inactive occupying interstitial sites. This phenomenon can result in a
reduction in the electron lifetime of the implanted layer, e.g., when the free hole
concentration is much smaller than the atomic concentration of the impurity.

Doping in situ during epitaxial growth can be used to avoid the
aforementioned problems associated with ion implantation. In particular, the guard
rings of the present invention are formed from an epitaxially grown layer, and thus -
avoid the problems associated with ion implantation.

According to the present invention, various semiconductor devices having
epitaxially grown edge termination structures are provided, as are methods for
preparing these devices.

FIG. 1A shows a portion of a cross sectional view of a portion of a PiN
diode with epitaxially grown guard rings according to a first embodiment of the
invention. The diode 10 comprises a SiC substrate doped with donor atoms (n-
type) 12 having a top and a bottom surface, a SiC layer, lightly doped with donor
atoms (n-drift layer) 13 disposed on the top surface of the SiC substrate, an anode
disposed on the n-drift layer comprising a SiC layer doped with acceptor atoms (p-
type) 14, an ohmic contact at the anode 15, a second ohmic cathode contact 16, and
p-type guard rings 17. The surface at which the n-drift and p layers meet is the
main junction 19 of this device. The guard rings are spaced from the edge of the

main junction between the anode and the n-drift region by trenches 18.

-
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The structure shown in FIG. 1A can be made by providing an n-type SiC
substrate 12, forming on a top surface of the n-type substrate 12, in succession, an
n-type drift layer 13, and a p-type layer, and by the subsequent etching of the p-type
layer to produce the anode 14 and patterned rings 17 shown. The substrate 12 may
be a doped SiC single crystal, such as those which may be obtained commercially
from Cree, Inc. of North Carolina.

The n-drift layer 13 and p-type layers are preferably formed by known
techniques for epitaxial growth. The anode 14 and guard rings 17 may be formed
from the epitaxially grown p-layer by masking, patterning and etching through this
p-type layer using well known techniques. The anode ohmic contact 15 can then
be disposed as shown.

According to a preferred embodiment of the invention, the n-type substrate
layer is heavily doped with'a donor material and the drift layer is lightly or
moderately doped with a donor material. Suitable donor materials include arsenic,
nitrogen and phosphorous. Nitrogen is a preferred donor material according to the
invention. The above materials are merely exemplary, however, and any suitable
donor material for silicon carbide can be used.

The layer from which the anode and the guard rings are formed is
preferably heavily doped with an acceptor material. Suitable acceptor materials for
doping silicon carbide include aluminum, boron and gallium. Aluminum is a
preferred acceptor material. The above materials are merely exemplary, however,
and any acceptor material which can be doped into silicon carbide can be used

according to the invention. The thickness of this p-type layer can also be varied.
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Unless otherwise indicated, heavily doped in the context of the invention
corresponds to dopant concentrations of 10'® atoms cm™ or greater, lightly doped
corresponds to dopant concentrations of 5x10'® atoms cm™ or less and moderately
doped corresponds to dopant concentrations of less between 5x10'¢ atoms cm™ and
10" atoms cm”. The doping levels of the various layers of the PiN diode
according to the invention can be varied to produce a device having desired
characteristics for a particular application.

The PiN diodes according to the present invention can be made without
expensive ion implantatioﬁ and post-implant anneal steps. Moreover, the use of a
heavily doped epitaxial layer to form the anode region allows fabricating at the
same time the guard ring edge termination structure which can be used to increase
the blocking capabilities of the device.

Although three guard rings are shown in FIG. 1A, any number of guard
rings may be employed according to the invention to achieve desired blocking
capabilities for the devices described herein. Further, the spacing and width of the
guard rings can also be varied according to the invention to achieve the desired
edge termination effects.

FIG. 1B shows a portion of a cross section of a typical Schottky barrier
rectifier, sometimes referred to as a Schottky diode, with epitaxial guard rings,
according to a second embodiment of the present invention. The Schottky diode
shown 20 comprises an n-type SiC substrate 21 having a top and bottom surfaces,

an ohmic contact 22 formed on the bottom surface of the substrate, a lightly doped
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n-drift SiC layer 23 formed on the top surface of the substrate, a Schottky contact
24 disposed on the top surface of the n-type drift layer 23 and
p-type guard rings 25 surrounding the barrier contact.

As with the structure shown in Fig. 1A, the n-drift layer 23 of the device
shown in
Fig. 1B is preferably formed by known techniques for epitaxial growth. The guard
rings 25 may similarly be formed from an epitaxially grown p-layer disposed atop
the n-drift layer by masking, patterning and etching through the p-type layer using
well known techniques. The Schottky contact 24 can then be disposed as shown.

FIG. 1C shows a portion of the cross section of an adva;nced fully epitaxial -
bipolar junction transistor (BJT) 30 with epitaxial guard rings according to an
embodiment of the present invention. The device 30 comprises an n-type SiC
substrate layer 31 on top of which a lightly doped n-drift SiC 32 layer is disposed, a
p-type SiC base layer 33 formed on the n-drift layer 32, an n-type SiC emitter layer
34 disposed on the p-type base layer 33, an emitter contact 35 formed on the
surface of the emitter layer 34, a heavily doped overgrown p-type SiC layer 36
disposed over the surface of and contacting the emitter 34, the edge of the p-base
layer 33, and the n-drift layer 32, a base contact 37 formed on the surface of the
overgrown p-type layer, and heavily doped p-type SiC guard rings 38, as shown.
This device and é method of making this device may be prepared as described in
copending application , Attorney Docket No. 3779-001-27, filed on
February 22, 2002, which is incorporated in its entirety herein by reference.

Although a drift layer 32 is shown in FIG. 1C, it is not necessary for a BJT

according to the invention to include a drift layer. A drift layer is typically used to

-10-
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improve operating characteristics of the device in certain applications (e.g., in
power applications). If a drift layer is used, the drift layer will have a doping level,
or concentration of donor atoms, less than that of the substrate layer. The drift
layer thickness can be varied to achieve desirable operating characteristics. Drift
layer thickness can be chosen based on the operating voltage and frequency. For
high voltage applications, the drift layer preferably may have a thickness of 4 to 10
um. For high frequency applications (e.g., 2 GHz), the drift layer may preferably
have a thickness of less than 4 pm.

In addition, a self-aligned process according to the present invention
comprises using the ohmic contact material from which the base of a BJT is
formed as an etch mask for fabrication of guard rings surrounding the bipolar
junction transistor.

FIG. 1D shows a portion of the cross section of an advanced fully epitaxial
static induction transistor (SIT) 40 with epitaxial guard rings according to another
embodiment of the present invention. The device 40 comprises an n-type SiC
substrate layer 41 on top of which a lightly doped n-drift SiC 42 layer is disposed,
an n-type SiC source layer 43 is formed on the n-drift layer 42, a source contact 44
formed on the surface of the source layer 43, a heavily doped overgrown p-type
SiC gate 45 disposed over the surface of and contacting the source layer 43 and the
n-drift layer 42, a gate contact 46 formed on the surface of the overgrown p-type
gate 45, and heavily doped p-type SiC guard rings 47, as shown. Each doped SiC
layer of this device may be epitaxially grown on the surface of the underlying layer.

and the device may generally be prepared by the same methods disclosed herein

-11-
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and in copending application , Attorney Docket No. 3779-001-27,
filed on February 22, 2002.

FIG. 2A shows a portion of the cross section of a Lateral MOSFET
(LMOSFET) SiC semiconductor device with epitaxial guard rings, according to an
embodiment of the present invention. The LMOSFET shown 50 comprises an
ohmic contact 51 formed on the bottom of a p-type or semi-insulating SiC
substrate 52, over which a SiC p-type layer 53 is epitaxially grown, n-type source
54, n-type drain 55, and n-type drift 56 regions disposed on the epitaxially grown
p-type layer 53, a source contact 57 disposed atop the source region 54, a drain
céntact 58 disposed atop the drain region 55, a gate oxide layer 59 disposed atop
the epitaxially grown p-type SiC layer 53, gate contact 60, and epitaxial guard rings
61. LMOSFETSs may generally be prepared by well known methods, see, €.g.,
Spitz. et al., “2.6 kV 4H-SiC Lateral DMOSFET’s,” IEEE Electron Device Letters,
Vol. 19, No. 4, (1998), and, according to the present invention, the guard rings 61
are formed from an epitaxially grown p-type SiC layer.

FIG. 2B shows a portion of the cross section of a Lateral PiN diode with
epitaxial guard rings, according to an embodiment of the present invention. The
Lateral PiN diode shown 70 comprises an ohmic contact 71 formed on the bottom
of a semi-insulating SiC substrate 72, over which a SiC n-type drift layer 73 is
formed, an n-type cathode SiC region 74 disposed on the n-drift layer 73, a p-type
SiC anode 75 disposed on the n-drift layer, p-type epitaxial guard rings 76, an
anode contact 77 and a cathode contact 78. This device may be prepared by well
known methods, and, according to the present invention, the guard rings 76 and the

anode 75 may be formed from the same epitaxially grown p-type SiC layer.

-12-
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According to the present invention, the number of guard rings employed
may be varied with the thickness of the n-type layer and the desired target blocking
voltage. The thicker the n-type layer and the higher the desired blocking voltage,
the greater the number of rings that should be used. Typically 3-5 rings are
employed in SiC power semiconductor devices; however, the present invention
imposes no limit on the minimum or maximum number of guard rings which may
be used. Instead, the only practical limitations on the number of epitaxial guard
rings are the desired dimension of the semiconductor device itself, and the
resolution of known lithography techniques which define the minimum size of the
trenches between the rings.

Furthermore, it is preferred for the guard rings to be spaced closely together
to ensure a finer gradation in the depletion layer at the edge of a device and more
uniform electric field distribution. In particular, the space between the inner wall
of the guard ring closest to the main junction, or barrier contact of the
semiconductor device and the main junction or barrier contact itself should be less
than the width of the depletion region, and, in one preferred embodiment, may be
1-2 um. That spacing, and the spacing between adjacent guard rings may
optionally be as small as is possible using known lithography and etching
techniques. Furthermore, although all of the figures show guard rings having
straight walls, the etching techniques traditionally used to prepare SiC may result
in either straight or curved guard ring wallé, and both are within the scope of the
present invention.

FIG. 3A shows a cross-sectional view of the product of the first step in a

method of forming a simple PiN diode according to the invention. InFIG. 3A, a

-13-
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heavily doped n-type SiC substrate 111 is shown, having an ohmic contact 112
formed on its bottom surface, and an n-drift SiC layer 113 epitaxially grown on its
top surface. FIG. 3B, shows the product of the second step in the method where a
heavily doped SiC p-type layer 114 is formed on surface of the n-drift layer 113.
The SiC layers of the present invention may be formed by any epitaxial growth
method known in the art, including chemical vapor deposition (CVD), molecular
beam epitaxy and sublimation epitaxy. According to preferred embodiment of the
invention, the doped SiC layers according to the invention are formed by doping in
situ during epitaxial growth wherein dopant atoms are incorporated into the silicon
carbide during growth.

FIG. 3C shows the results of the selective removal of portions of the
heavily doped p-type substrate, which may be accomplished using conventional
photolithography and etching techniques, to form the anode 115, as well as three
guard rings 116. FIG. 3D shows the results of the final step in the method of
preparing a simple PiN diode, forming the anode ohmic contact 117 disposed on
the top surface of the anode 115.

FIG. 4 shows an example aerial view of the PiN diode shown in FIG. 1A.
The visible portion of the PiN diode shown comprises the lightly doped n-drift SiC
layer 13, the SiC anode disposed on the n-drift layer 14, the ohmic contact disposed
on the anode 15, the p-type guard rings 17, and the trenches 18.

From the foregoing, it will be appreciated that, although specific
embodiments of the invention have been described herein for purposes of
illustration, various modifications may be made without deviating from the spirit

and scope of the invention.

-14-
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WHAT IS CLAIMED IS:
1. A silicon carbide (SiC) semiconductor device comprising:

a first layer of SiC doped with donor or acceptor atoms, and a second
layer of material of a differing conductivity type disposed on a surface of the first
layer, said first and second layers forming a junction at the interface of these layers;
said device further comprising

a plurality of non-intersecting rings circumscribing the junction,

wherein the rings are formed of SiC doped with acceptor atoms, and

wherein these rings are disposed on a surface of a layer of the device
formed of SiC doped with donor atoms.
2. The device of Claim 1, wherein the SiC doped with acceptor atoms
from which the SiC rings are formed is a layer epitaxially grown.
3. The device of Claim 1, wherein the silicon carbide semiconductor
device is selected from the group éonsisting of:

a PiN diode, a Schottky diode, a bipolar junction transistor and a static
induction transistor.

4. The device of Claim 1, wherein the silicon carbide semiconductor
device is selected from the group consisting of: |

a Lateral MOSFET and a Lateral PiN diode.

5. The device of Claim 1, wherein the junction is an interface between a

metal layer and a SiC semiconductor layer.

-15-
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6. The silicon carbide device of Claim 1, further comprising an innermost
ring having an inner wall having a base whose distance from the circumference of
the junction is uniform.

7. The device of Claim 6, wherein the base of the inner wall is spaced
from the circumference of the junction by less than the thickness of a depletion
region of the junction.

8. The device of Claim 1, wherein there is one ring.

9. The device of Claim 1, wherein there are at least two rings.

10. The device of Claim 1 wherein the geometry of the circumference of
each of the rings is not a circle.

11. A method of making a SiC semiconductor device, the method
comprising:

forming a junction at an .interface of a first layer of SiC doped with
donor or acceptor atoms, and a second layer of material of a differing conductivity
type disposed on a first surface of the first layer; and

epitaxially growing a SiC layer, doped in situ during growth with
electron acceptor atoms, on a surface of a SiC layer doped with electron donor |
atoms to form an epitaxially grown p-type SiC layer; and

etching a plurality of non-intersecting trenches through the epitaxially
grown p-type SiC layer to form a plurélity of raised rings,

wherein the raised rings circumscribe said junction of the device.

12. The method for forming a SiC semiconductor device of Claim 11,

wherein each of said trenches comprises an inner and an outer wall.

-16-
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13. The method for forming a SiC semiconductor device of Claim 12,
Wherein the inner wall of the innermost trench abuts the edge of the junction.
14. The method for forming a SiC semiconductor device of Claim 13,
wherein the inner wall of the innermost trench is spaced from the outer wall of the
5 innermost trench by a distance less than or equal to the thickness of the depletion
region of the junction.
15. The method of Claim 11, wherein said trenches are formed by isotropic
or anisotropic etching.
16. The method of Claim 11, wherein the donor atoms are selected from
10 the group consisting of: Arsenic, Nitrogen and Phosphorus.
17. The method of Claim 11, wherein the concentration of donor atoms in
the SiC layer doped with donor atoms is less than 5 x 10" cm™.
18. The method of Claim il, wherein the acceptor atoms are selected from
the group consisting of: Aluminum, Boron and Gallium.
15 19. The method of Claim 11, wherein the concentration of acceptor atoms
in the SiC layer doped with acceptor atoms is 10'® cm™ or greater.
20. A semiconductor device made by the method of Claim 11.
21. The device of Claim 1, wherein the donor atoms are selected from the
group consisting of: Arsenic, Nitrogen and Phosphorus.
20 22. The device of Claim 1, wherein the concentration of donor atoms in the
SiC layer doped with donor atoms is less than 5 x 10' cm”.
23. The device of Claim 1, wherein the acceptor atoms are selected from

the group consisting of: Aluminum, Boron and Gallium.
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24. The device of Claim 1, wherein the concentration of acceptor atoms in
the epitaxially grown p-type SiC layer is 10'® cm™ or greater.
25. The device of Claim 1, wherein the first layer is doped with donor
atoms, the second layer comprises SiC doped with acceptor atoms, and the rings
5 are disposed on the same side of a surface of the first layer on which the second
layer is disposed.
26. The device of Claim 25, wherein the concentration of donor atoms in
the first layer is less than 5 x 10"cm™.
27. The device of Claim 25, wherein a surface of the first layer that is '
10 opposite to the surface that forms a junction with the second layer is disposed on a
surface of a third SiC layer.
28. The device of Claim 27, wherein the third layer is doped with donor
atoms.
29. The device of Claim 28, wherein the concentration of donor atoms in
15 the third layer is greater than 5 x 10'®cm™.
30. The device of Claim 28, wherein the concentration of donor atoms in
the third layer is greater than 10" cm®,
31. The device of Claim 1, wherein the first layer is doped with acceptor
atoms, the second layer comprises SiC doped with donor atoms, and the rings are
20 disposed on a surface of the second layer that is opposite the surface of the second
layer that forms the junction with the first layer.
32. The device of Claim 31, wherein the concentration of acceptor atoms

in the first layer is less than 5 x 10"®cm”.
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33. The device of Claim 31, wherein the concentration of acceptor atoms
in the first layer is between 5 x 10'°cm™ and 10" cm?, inclusive.

34. The device of Claim 31, wherein a surface of the first layer that is
opposite to the surfaée that forms a junction with the second layer is disposed on a

5 surface of a third SiC layer doped with acceptor atoms.

35. The device of Claim 31, wherein a surface of the first layer that is
opposite to the surface that forms a junction with the .second layer is disposed on a
surface of a third layer which comprises a semi-insulating SiC substrate.

36. The method of Claim 11, wherein the second layer is the epitaxially

10 grown SiC layer doped with electron acceptor atoms from which the rings are

formed.
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