wo 2013/119548 A1 I} ] 000 0O A

(43) International Publication Date

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

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

15 August 2013 (15.08.2013)

WIPOIPCT

(10) International Publication Number

WO 2013/119548 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

International Patent Classification:
HO1L 29/06 (2006.01) HO1L 29/861 (2006.01)
HO1L 29/732 (2006.01) HO1L 29/66 (2006.01)

North Carolina 27516 (US). PALMOUR, John, Williams;
231 Devonbrook Lane, Cary, North Carolina 27511 (US).

HOIL 29/739 (2006.01)  HOIL 29/16 (2006.01) (74) Agent: WITHROW, Benjamin, §.; Withrow & Terran-

HOIL 29/74 (2006.01) ova, P.L.L.C., 100 Regency Forest Drive, Suite 160, Cary,
North Carolina 27518 (US).

International Application Number: PCT/US2013/024740 (81) Designated States (uniess otherwise indicated, for every

kind of national protection available). AE, AG, AL, AM,

International Filing Date: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

5 February 2013 (05.02.2013) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,

o1 . DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,

Filing Language: English HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,

Publication Language: English KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,

ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,

Priority Data: NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,

13/366,658 6 February 2012 (06.02.2012) UsS RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,

Applicant: CREE, INC. [US/US]; 4600 Silicon Drive, M, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,

Dutham, North Carolina 27703 (US). M, ZW.
(84) Designated States (uniess otherwise indicated, for every

Inventors: CHENG, Lin; 103 S. Crabtree Knolls, Chapel
Hill, North Carolina 27514 (US). AGARWAL, Anant,
Kumar; 208 Black Tie Lane, Chapel Hill, North Carolina
27514 (US). O'LOUGHLIN, Michael, John; 151 Graylyn
Drive, Chapel Hill, North Carolina 27516 (US). BURK,
Jr., Albert, Augustus; 105 Marigold Ct., Chapel Hill,

kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

[Continued on next page]

(54) Title: SIC DEVICES WITH HIGH BLOCKING VOLTAGE TERMINATED BY A NEGATIVE BEVEL

/44

[&]

N+
J N BASE 58
P DRIFT LAYER
24
P+ FIELD STOPLAYER 52
N+ INJECTION LAYER a0
N+ SUBSTRATE 48

CATHODE

(57) Abstract: The present disclosure relates to a Silicon Carbide
(SiC) semiconductor device having both a high blocking voltage and
low on-resistance. In one embodiment, the semiconductor device has
a blocking voltage of at least 10 kilovolts (kV) and an on-resistance of
less than 10 milli-ohms centimeter squared (mQe+cm?) and even more
preferably less than 5 mQecm?. In another embodiment, the semicon-
ductor device has a blocking voltage of at least 15 kV and an on-res-
istance of less than 15 m€+cm?® and even more preferably less than 7
m&Qecm’. In yet another embodiment, the semiconductor device has a
blocking voltage of at least 20 kV and an on-resistance of less than 20
mQecm’® and even more preferably less than 10 mQecm?. The semi-
conductor device is preferably, but not necessarily, a thyristor such as
a power thyristor, a Bipolar Junction Transistor (BJT), an Insulated
Gate Bipolar Transistor (IGBT), or a PIN diode.



WO 2013/119548 A1 |IIWAK 00N VAT T OO AU

MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL SK,
SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

Published:

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

—  with international search report (Art. 21(3))



10

15

20

25

30

WO 2013/119548 PCT/US2013/024740

SIC DEVICES WITH HIGH BLOCKING VOLTAGE TERMINATED BY A
NEGATIVE BEVEL

Government Support

[0001] This invention was made with government funds under contract
number DAAD19-01-C-0067 Task Order 4 awarded by the U.S. Army. The U.S.

Government may have rights in this invention.

Related Applications

[0002] This application is a continuation-in-part of U.S. Patent Application No.
13/108,366, filed May 16, 2011, the disclosure of which is hereby incorporated
herein by reference in its entirety.

Field of the Disclosure

[0003] The present disclosure relates to semiconductor devices fabricated in
Silicon Carbide (SiC).

Background
[0004] Silicon Carbide (SiC) is a desirable material for high-power and high-

temperature semiconductor devices due to its high breakdown field, high thermal
conductivity, and wide bandgap. However, to take advantage of the high
breakdown field in a high-voltage device, an efficient edge termination is needed.
More specifically, field crowding at the edge of the device results in device
breakdown at the edge of the device, which in turn decreases the blocking
voltage of the device well below the ideal blocking voltage (i.e., the blocking
voltage of the ideal parallel-plane device). Thus, edge termination is an
important issue in the design of SiC semiconductor devices and particularly for
high-power SiC semiconductor devices.

[0005] One type of edge termination utilized for SiC semiconductor devices is
a Junction Termination Extension (JTE). Figure 1 illustrates an exemplary SiC
semiconductor device, namely, a thyristor 10 that includes a number of JTE wells
12,14, and 16. The thyristor 10 includes a substrate 18, an injection layer 20, a
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field stop layer 22, a drift layer 24, a base layer 26, and an anode layer 28. In
order to form the JTE wells 12, 14, and 16, the base layer 26 is etched down to
the drift layer 24 as illustrated. The JTE wells 12, 14, and 16 are then formed by
ion implantation into an exposed surface of the drift layer 24. An anode contact
30 is formed on the anode layer 28, a cathode contact 32 is formed on a bottom
surface of the substrate 18 opposite the injection layer 20, and gate contacts 34
and 36 are formed on corresponding gate regions 38 and 40 in the base layer 26.
As a result of the etching of the base layer 26 down to the drift layer 24 to form
the JTE wells 12, 14, and 16, a corner 42 is formed. The corner 42 causes
electric field crowding, which in turn decreases the blocking voltage of the
thyristor 10 to less than the ideal blocking voltage.

[0006] Thus, there is a need for an edge termination for a SiC semiconductor
device that results in a blocking voltage that approaches the ideal blocking
voltage for the ideal parallel-plane device.

Summary
[0007] The present disclosure relates to a Silicon Carbide (SiC)

semiconductor device having both a high blocking voltage and low on-resistance.
In one embodiment, the semiconductor device has a blocking voltage of at least
10 kilovolts (kV) and an on-resistance of less than 10 milli-ohms centimeter
squared (mQ-cm?) and even more preferably less than 5 mQ-cm?. |n another
embodiment, the semiconductor device has a blocking voltage of at least 15 kV
and an on-resistance of less than 15 mQ-cm?® and even more preferably less than
7 mQ-cm®. In yet another embodiment, the semiconductor device has a blocking
voltage of at least 20 kV and an on-resistance of less than 20 mQ-cm? and even
more preferably less than 10 mQ-cm?.

[0008] In one embodiment, a semiconductor device includes a negative bevel
edge termination that includes multiple steps that approximate a smooth negative
bevel edge termination at a desired slope. The negative bevel edge termination
results in a high blocking voltage for the semiconductor device. More
specifically, in one embodiment, the negative bevel edge termination includes at
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least five steps. In another embodiment, the negative bevel edge termination
includes at least ten steps. In yet another embodiment, the negative bevel edge
termination includes at least fifteen steps. The desired slope is, in one
embodiment, less than or equal to 15 degrees. In one embodiment, the negative
bevel edge termination results in a blocking voltage for the semiconductor device
of at least 10 kV and an on-resistance of less than 10 mQ-cm? and even more
preferably less than 5 mQ-cm?. In another embodiment, the negative bevel edge
termination results in a blocking voltage for the semiconductor device of at least
15 kV and an on-resistance of less than 15 mQ-cm? and even more preferably
less than 7 mQ-cm?. In yet another embodiment, the negative bevel edge
termination results in a blocking voltage for the semiconductor device of at least
20 kV and an on-resistance of less than 20 mQ-cm? and even more preferably
less than 10 mQ-cm?.

[0009] The semiconductor device is preferably, but not necessarily, a thyristor
such as a power thyristor, a Bipolar Junction Transistor (BJT), an Insulated Gate
Bipolar Transistor (IGBT), or a PIN diode. Further, in one embodiment, the
semiconductor device has a die area greater than or equal to one centimeter
squared.

[0010] Those skilled in the art will appreciate the scope of the present
disclosure and realize additional aspects thereof after reading the following
detailed description of the preferred embodiments in association with the

accompanying drawing figures.

Brief Description of the Drawing Figures

[0011] The accompanying drawing figures incorporated in and forming a part
of this specification illustrate several aspects of the disclosure, and together with
the description serve to explain the principles of the disclosure.

[0012] Figure 1 illustrates a Silicon Carbide (SiC) thyristor including a
conventional Junction Termination Extension (JTE) edge termination;

[0013] Figure 2 illustrates a SiC thyristor including a negative bevel edge
termination according to one embodiment of the present disclosure;
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[0014] Figure 3 illustrates the negative bevel edge termination of Figure 2 in
more detail where negative bevel edge termination is implemented as a multi-
step negative bevel edge termination that includes a number of steps formed on
a surface of a corresponding semiconductor layer according to one embodiment
of the present disclosure;

[0015] Figure 4 graphically illustrates an electric field in the multi-step
negative bevel edge termination of Figure 3 as compared to that of a JTE
termination according to one embodiment of the present disclosure;

[0016] Figure 5 graphically illustrates a blocking voltage resulting from the
multi-step negative bevel edge termination of Figure 3 as compared to that of a
JTE termination according to one embodiment of the present disclosure;

[0017]  Figure 6 illustrates a thyristor including a negative bevel edge
termination formed by counter-doping the base layer according to another
embodiment of the present disclosure;

[0018] Figure 7 illustrates an embodiment where a multi-step negative bevel
edge termination is provided by first forming a sacrificial layer on the base layer
and then etching the sacrificial layer such that the desired multi-step
characteristic is transferred to the base layer to thereby provide the multi-step
negative bevel edge termination;

[0019] Figure 8 illustrates a SiC Bipolar Junction Transistor (BJT) having a
negative bevel edge termination like that illustrated in Figure 3 according to one
embodiment of the present disclosure;

[0020] Figure 9 illustrates a SiC BJT having a negative bevel edge termination
formed by counter-doping the base layer according to another embodiment of the
present disclosure;

[0021] Figure 10 illustrates a P-type SiC Insulated Gate Bipolar Transistor
(IGBT) having a negative bevel edge termination like that illustrated in Figure 3
according to one embodiment of the present disclosure;

[0022] Figure 11 illustrates a P-type SiC IGBT having a negative bevel edge
termination formed by counter-doping the base layer according to another
embodiment of the present disclosure;
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[0023] Figure 12 illustrates an n-type SiC IGBT having a negative bevel edge
termination like that illustrated in Figure 3 according to one embodiment of the
present disclosure;

[0024] Figure 13 illustrates an n-type SiC IGBT having a negative bevel edge
termination formed by counter-doping the base layer according to another
embodiment of the present disclosure;

[0025] Figure 14 illustrates a SiC PIN diode having a negative bevel edge
termination like that illustrated in Figure 3 according to one embodiment of the
present disclosure;

[0026] Figure 15 illustrates a SiC PIN diode having a negative bevel edge
termination formed by counter-doping one of the semiconductor layers according
to another embodiment of the present disclosure;

[0027] Figure 16 illustrates a SiC U-channel Metal-Oxide-Semiconductor Field
Effect Transistor (UMOSFET) having a negative bevel edge termination like that
illustrated in Figure 3 according to another embodiment of the present disclosure;
[0028] Figure 17 illustrates a SiC UMOSFET having a negative bevel edge
termination formed by counter-doping the base layer according to another
embodiment of the present disclosure;

[0029] Figure 18 graphically illustrates carrier distribution within a power
thyristor in the on-state;

[0030] Figure 19 graphically illustrates carrier distribution under high-level
injection conditions for a P-i-N rectifier;

[0031] Figure 20 graphically illustrates carrier distribution as a function of
high-level carrier lifetime under high-level injection conditions for a P-i-N rectifier;
[0032] Figures 21A through 21D illustrates a process for forming the SiC
thyristor of Figure 2 that includes a number of carrier lifetime enhancement
techniques that result in a low on-resistance for the SiC thyristor according to one
embodiment of the present disclosure;

[0033] Figures 22A through 22C graphically illustrate measurements of carrier
lifetime for a number of exemplary thyristors formed according to the process of
Figures 21A through 21D; and
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[0034] Figure 23 graphically illustrates forward condition characteristics
including an on-resistance of a thyristor fabricated using carrier lifetime
enhancement techniques according to one embodiment of the present

disclosure.

Detailed Description

[0035] The embodiments set forth below represent the necessary information
to enable those skilled in the art to practice the embodiments and illustrate the
best mode of practicing the embodiments. Upon reading the following
description in light of the accompanying drawing figures, those skilled in the art
will understand the concepts of the disclosure and will recognize applications of
these concepts not particularly addressed herein. It should be understood that
these concepts and applications fall within the scope of the disclosure and the
accompanying claims.

[0036] It will be understood that, although the terms first, second, etc. may be
used herein to describe various elements, these elements should not be limited
by these terms. These terms are only used to distinguish one element from
another. For example, a first element could be termed a second element, and,
similarly, a second element could be termed a first element, without departing
from the scope of the present disclosure. As used herein, the term "and/or"
includes any and all combinations of one or more of the associated listed items.
[0037] It will be understood that when an element such as a layer, region, or
substrate is referred to as being "on" or extending "onto" another element, it can
be directly on or extend directly onto the other element or intervening elements
may also be present. In contrast, when an element is referred to as being
"directly on" or extending "directly onto" another element, there are no
intervening elements present. It will also be understood that when an element is
referred to as being "connected" or "coupled” to another element, it can be
directly connected or coupled to the other element or intervening elements may
be present. In contrast, when an element is referred to as being "directly
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connected" or "directly coupled" to another element, there are no intervening
elements present.

[0038] Relative terms such as "below" or "above" or "upper" or "lower" or
"horizontal" or "vertical" may be used herein to describe a relationship of one
element, layer, or region to another element, layer, or region as illustrated in the
Figures. It will be understood that these terms and those discussed above are
intended to encompass different orientations of the device in addition to the
orientation depicted in the Figures.

[0039] The terminology used herein is for the purpose of describing particular
embodiments only and is not intended to be limiting of the disclosure. 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, integers,
steps, operations, elements, and/or components, but do not preclude the
presence or addition of one or more other features, integers, steps, operations,
elements, components, and/or groups thereof.

[0040] Unless otherwise defined, all terms (including technical and scientific
terms) used herein have the same meaning as commonly understood by one of
ordinary skill in the art to which this disclosure belongs. It will be further
understood that terms used herein should be interpreted as having a meaning
that is consistent with their meaning in the context of this specification and the
relevant art and will not be interpreted in an idealized or overly formal sense
unless expressly so defined herein.

[0041] Figure 2 illustrates a Silicon Carbide (SiC) thyristor 44 having a
negative bevel edge termination 46 according to one embodiment of the present
disclosure. In this particular embodiment, the thyristor 44 is a Gate Turn-Off
(GTO) thyristor. Before proceeding, it should be noted that while the discussion
herein focuses on SiC semiconductor devices, the concepts disclosed herein are
equally applicable to semiconductor devices fabricated using other types of

semiconductor materials (e.g., Silicon). As illustrated, the thyristor 44 includes a
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substrate 48, an injection layer 50 on a surface of the substrate 48, a field stop
layer 52 on a surface of the injection layer 50 opposite the substrate 48, a drift
layer 54 on a surface of the field stop layer 52 opposite the injection layer 50, and
a base layer 56 on a surface of the drift layer 54 opposite the field stop layer 52.
Gate regions 58 and 60 are formed in a surface of the base layer 56 opposite the
drift layer 54 and are separated by a desired lateral distance. An anode mesa, or
region, 62 is on the surface of the base layer 56 between the gate regions 58 and
60. An anode contact 64 is on a surface of the anode mesa 62 opposite the
base layer 56, a cathode contact 66 is on a surface of the substrate 48 opposite
the injection layer 50, and gate contacts 68 and 70 are on the surface of the base
layer 56 over the gate regions 58 and 60, respectively. Notably, in one
exemplary embodiment, the thyristor 44 is fabricated on a semiconductor die
having an area greater than or equal to 1 cm?.

[0042] The substrate 48 is preferably a SiC substrate, and the injection layer
50, the field stop layer 52, the drift layer 54, the base layer 56, and the anode
mesa 62 are preferably all epitaxial layers of SiC grown on the substrate 48. The
gate regions 58 and 60 are preferably formed by injecting ions into the base layer
56 via, for example, ion implantation. In this particular embodiment, the
substrate 48 is highly doped N-type (N+), the injection layer 50 is highly doped N-
type (N+), the field stop layer 52 is highly doped P-type (P+), the drift layer 54 is
doped P-type (P), the base layer 56 is doped N-type (N), the gate regions 58 and
60 are highly doped N-type (N+), and the anode mesa 62 is very highly doped P-
type (P++). In one embodiment, the substrate 48 has doping level in a range of
and including 1x10'® to 1x10" cm™ and a thickness in a range of and including
about 100 to 350 microns (um), the injection layer 50 has a doping level greater
than or equal to 1x10'® cm™ and a thickness in a range of and including 1 to 5
um, the field stop layer 52 has a doping level in a range of and including 1x10
to 5x10"" cm™ and a thickness in a range of and including 1 to 5 pm, the drift
layer 54 has a doping level less than 2x10™ cm™ and a thickness that is greater
than or equal to 80 uym, the base layer 56 has a doping level in a range of and
including 1x10'® to 1x10' cm™ and a thickness in a range of and including 0.5 to



10

15

20

25

30

WO 2013/119548 PCT/US2013/024740

5 um, and the anode mesa 62 has a doping level that is greater than 1x10'° cm™
and a thickness in a range of and including 0.5 to 5 um. In one particular
embodiment, the substrate 48 has doping level in a range of and including 1x10'®
to 1x10" cm™ and a thickness in a range of and including about 100 to 350 um,
the injection layer 50 has a doping level of 5x10'® cm™ and a thickness of 1 pm,
the field stop layer 52 has a doping level of 1x10'® cm™ and a thickness of 4 pm,
the drift layer 54 has a doping level less than 2x10'* cm™ and a thickness of 90
um, the base layer 56 has a doping level of 1x10"” cm™ and a thickness of 2.5
um, and the anode mesa 62 has a doping level that is greater than 2x10'° cm™
and a thickness in a range of and including 0.5 to 5 um. The gate regions 58 and
60 are N+ regions that, in one embodiment, have a doping level greater than
1x10' cm™. Lastly, the contacts 64, 66, 68, and 70 are formed of any suitable
contact material (e.g., metal, metal alloy, etc.).

[0043] An edge of the thyristor 44 is terminated by the negative bevel edge
termination 46. In one embodiment, a width of the negative bevel edge
termination 46 is 600 um. In the preferred embodiment, a slope angle (a) of the
negative bevel edge termination 46 is less than or equal to 15 degrees. As
discussed below in more detail, the negative bevel edge termination 46 is
implemented as a multi-step negative bevel edge termination that approximates
a smooth slope. Notably, a negative bevel having a smooth slope is not
obtainable in SiC. For example, wet etching can be used to form a negative
bevel edge termination having a smooth slope for Silicon devices, but wet
etching is not suitable for SiC and therefore cannot be used to form a negative
bevel edge termination having a smooth slope for SiC devices. Therefore, as
discussed herein, the negative bevel edge termination 46 is implemented as a
multi-step negative bevel edge termination that approximates a smooth slope.
[0044] In one embodiment, the multi-step negative bevel edge termination 46
includes a number of steps that approximate a smooth slope at the desired slope
angle (a). In one embodiment, the multi-step negative bevel edge termination 46
includes at least 10 steps that approximate a smooth slope at the desired slope
angle (a). In another embodiment, the multi-step negative bevel edge
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termination 46 includes at least 15 steps that approximate a smooth slope at the
desired slope angle (a). As a result of the negative bevel edge termination 46, a
blocking voltage of the thyristor 44 approaches a blocking voltage of an ideal
parallel-plane device. In this particular embodiment, the blocking voltage is
greater than or equal to 12 kilovolts (kV). As used herein, the blocking voltage of
a device is a voltage at which the device conducts a 1 microamp (pA) current. In
the case of the thyristor 44, the blocking voltage is a voltage that, when applied
from the anode contact 64 to the cathode contact 66, will cause a 1 A current to
flow through the thyristor 44 when no voltage is applied to the gate contacts 68
and 70.

[0045] Figure 3 illustrates the negative bevel edge termination 46 of Figure 2
in more detail according to one embodiment of the present disclosure. As
shown, the negative bevel edge termination 46 is more specifically a multi-step
negative bevel edge termination 46. In this particular embodiment, the multi-step
negative bevel edge termination 46 includes 15 steps that approximate the
desired slope angle (a). The multi-step negative bevel edge termination 46
relieves field crowding, thereby improving the blocking voltage. As discussed
below, in one embodiment, the blocking voltage is improved to at least 12 kV.
The multi-step negative bevel edge termination 46 of this embodiment is formed
by etching the base layer 56 using a suitable number of masks. In one
embodiment, the number of masks is equal to the number of steps (e.g., 15
masks to form 15 steps). In another embodiment, the number of masks may be
optimized to reduce the number of etching steps such that the total number of
masks is less than the number of steps in the multi-step negative bevel edge
termination 46 (e.g., 4-15 masks for 15 steps).

[0046] Figure 4 graphically compares the electric field distribution along the
multi-step negative bevel edge termination 46 of Figure 3 with that of a 15 well
Junction Termination Extension (JTE) edge termination at 12 kV according to
one embodiment of the present disclosure. As shown, the multi-step negative
bevel edge termination 46 has effectively reduced the peak electric field found at
the mesa trench corner (e.g., the corner 42 of the thyristor 10 of Figure 1) to less
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than 1.4 Mega-Volts per centimeter (MV/cm). In other words, the peak electric
field found at the junction edge is reduced by more than 0.2 MV/cm.

[0047] Figure 5 graphically compares the blocking voltage of the thyristor 44
including the multi-step negative bevel edge termination 46 of Figure 3 with that
of a thyristor (e.g., the thyristor 10 of Figure 1) having a 15 well JTE edge
termination according to one embodiment of the present disclosure. As
illustrated, as a result of the multi-step negative bevel edge termination 46, the
thyristor 44 has a blocking voltage in a range of 11.5to 12 kV. Thisisa 3.5t0 4
kV improvement over the 9 kV blocking voltage resulting from the 15 well JTE
edge termination.

[0048] Figure 6 illustrates the thyristor 44 including the negative bevel edge
termination 46 according to another embodiment of the present disclosure. In
this embodiment, rather than etching the base layer 56 to form the multi-step
negative bevel edge termination 46 as discussed above with respect to Figure 3,
the negative bevel edge termination 46 is formed by counter-doping the base
layer 56 in an edge region 72 adjacent to the gate region 60 opposite the anode
mesa 62 with a P-type ion that compensates the n-type conductivity of the base
layer 56 in the edge region 72 to provide a neutral, or intrinsic, region 76 having a
desired negative bevel characteristic. The P-type ion may be, for example,
Aluminum (Al), Boron (B), or the like. The negative bevel edge termination 46 is
thereby formed at an interface of the neutral region 76 and a remainder of the
base layer 56. More specifically, in one embodiment, ions are implanted to
varying depths that increase step-wise starting at the end of the edge region 72
adjacent to the gate region 60 and proceeding outwardly to provide the desired
number of steps and slope (a) for the negative bevel edge termination 46.
[0049] Figure 7 illustrates another process by which the negative bevel edge
termination 46 can be formed. In this embodiment, a sacrificial layer 78 is
formed on the surface of the base layer 56 over an area where the negative
bevel edge termination 46 is to be formed. The sacrificial layer 78 may be, for
example, SiO,, photo-resist, or similar material. The sacrificial layer 78 is etched
or otherwise processed to provide a negative bevel 80 having a desired multi-
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step characteristic (i.e., number of steps, slope angle, width, etc.) for the negative
bevel edge termination 46. An etching process is then performed to remove the
sacrificial layer 78. More specifically, an etching process is performed to etch to
a desired depth (d), which in this example is equal to the thickness of the
sacrificial layer 78 and also equal to the thickness of the base layer 56.
However, the present disclosure is not limited thereto. As a result of the etching,
the negative bevel 80 is effectively transferred to the base layer 56 to thereby
provide the multi-step negative bevel edge termination 46.

[0050] Figures 8 through 17 illustrate additional, non-limiting, examples of
other types of SiC devices that can utilize the negative bevel edge termination
described above with respect to the thyristor 44. More specifically, Figure 8
illustrates a SiC Bipolar Junction Transistor (BJT) 82 including a negative bevel
edge termination 84 according to one embodiment of the present disclosure.
The BJT 82 includes an N+ substrate 86, an N-type drift layer 88 on a surface of
the substrate 86, a P-type base layer 90 on a surface of the drift layer 88
opposite the substrate 86, a P+ base region 92 formed in the base layer 90, an
N++ emitter mesa 94 on the surface of the base layer 90 opposite the drift layer
88, a base contact 96 on the base region 92, an emitter contact 98 on the emitter
mesa 94, and a collector contact 100 on a surface of the substrate 86 opposite
the drift layer 88. In this embodiment, the negative bevel edge termination 84 is
a multi-step negative bevel edge termination like that of Figure 3. As a result of
the negative bevel edge termination 84, a blocking voltage of the BJT 82
approaches the blocking voltage of the ideal parallel-plane device.

[0051] Figure 9 illustrates the BJT 82 including the negative bevel edge
termination 84 according to another embodiment of the present disclosure. In
this embodiment, the negative bevel edge termination 84 is formed by counter-
doping the P-type base layer 90 in an edge region 102 adjacent to the P+ base
region 92 opposite the emitter mesa 94 with an N-type ion that compensates the
P-type conductivity of the base layer 90 in the edge region 102 to provide a
neutral, or intrinsic, region 106 having a desired negative bevel characteristic.
The N-type ion may be, for example, Nitrogen (N), Phosphorous (P), or the like.
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The negative bevel edge termination 84 is thereby formed at an interface of the
neutral region 106 and a remainder of the base layer 90. More specifically, in
one embodiment, ions are implanted to varying depths that increase step-wise
starting at the end of the edge region 102 adjacent to the P+ base region 92 and
proceeding outwardly to provide the desired number of steps and slope (a) for
the negative bevel edge termination 84.

[0052] Figure 10 illustrates a P-type SiC Insulated Gate Bipolar Transistor
(IGBT) 108 including a negative bevel edge termination 110 according to one
embodiment of the present disclosure. As illustrated, the IGBT 108 includes a
P+ substrate or epilayer 112, an N-type drift layer 114 on a surface of the
substrate 112, a base layer 116 on a surface of the drift layer 114 opposite the
substrate 112, P+ regions 118 and 120 on the surface of the base layer 116
opposite the drift layer 114, and emitter regions 122 and 124. A gate contact 126
is formed in a trench as shown and is insulated by a gate insulator 128. Emitter
contacts 130 and 132 are on the emitter regions 122 and 124, respectively, and a
collector contact 134 is on a surface of the substrate 112 opposite the drift layer
114. In this embodiment, the negative bevel edge termination 110 is a multi-step
negative bevel edge termination like that of Figure 3. As a result of the negative
bevel edge termination 110, a blocking voltage of the IGBT 108 approaches the
blocking voltage of the ideal parallel-plane device.

[0053] Figure 11 illustrates the IGBT 108 including the negative bevel edge
termination 110 according to another embodiment of the present disclosure. In
this embodiment, the negative bevel edge termination 110 is formed by counter-
doping the P-type base layer 116 in an edge region 136 adjacent to the P+
region 118 and the N+ emitter region 122 opposite the gate contact 126 with an
N-type ion that compensates the P-type conductivity of the base layer 116 in the
edge region 136 to provide a neutral, or intrinsic, region 140 having a desired
negative bevel characteristic. The N-type ion may be, for example, Nitrogen (N),
Phosphorous (P), or the like. The negative bevel edge termination 110 is thereby
formed at an interface of the neutral region 140 and a remainder of the base
layer 116. More specifically, in one embodiment, ions are implanted to varying
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depths that increase step-wise starting at the end of the edge region 136
adjacent to the P+ region 118 and proceeding outwardly to provide the desired
number of steps and slope (a) for the negative bevel edge termination 110.
[0054] Figure 12 illustrates an n-type SiC IGBT 142 including a negative bevel
edge termination 144 according to one embodiment of the present disclosure.
As illustrated, the IGBT 142 includes a substrate 146, a drift layer 148 on a
surface of the substrate 146, a base layer 150 on a surface of the drift layer 148
opposite the substrate 146, N+ regions 152 and 154 on the surface of the base
layer 150 opposite the drift layer 148, and emitter regions 156 and 158. A gate
contact 160 is formed in a trench as shown and is insulated by a gate insulator
162. Emitter contacts 164 and 166 are on the emitter regions 156 and 158,
respectively, and a collector contact 168 is on a surface of the substrate 146
opposite the drift layer 148. In this embodiment, the negative bevel edge
termination 144 is a multi-step negative bevel edge termination like that of Figure
3. As a result of the negative bevel edge termination 144, a blocking voltage of
the IGBT 142 approaches the blocking voltage of the ideal parallel-plane device.
[0055] Figure 13 illustrates the IGBT 142 including the negative bevel edge
termination 144 according to another embodiment of the present disclosure. In
this embodiment, the negative bevel edge termination 144 is formed by counter-
doping the N-type base layer 150 in an edge region 170 adjacent to the N+
region 152 and the P+ emitter region 156 opposite the gate contact 160 with a P-
type ion that compensates the N-type conductivity of the base layer 150 in the
edge region 170 to provide a neutral, or intrinsic, region 174 having a desired
negative bevel characteristic. The P-type ion may be, for example, Aluminum
(Al), Boron (B), or the like. The negative bevel edge termination 144 is thereby
formed at an interface of the neutral region 174 and a remainder of the base
layer 150. More specifically, in one embodiment, ions are implanted to varying
depths that increase step-wise starting at the end of the edge region 170
adjacent to the N+ region 152 and the P+ emitter region 156 and proceeding
outwardly to provide the desired number of steps and slope (a) for the negative
bevel edge termination 144.
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[0056] Figure 14 illustrates a SiC PIN diode 176 including a negative bevel
edge termination 178 according to one embodiment of the present disclosure.

As illustrated, the PIN diode 176 includes an N+ substrate 180, a N- drift layer
182, a P-type layer 184, and P++ layer 186 arranged as shown. The N- drift
layer 182 may also be referred to herein as an intrinsic layer between the N+
substrate 180 and the P-type layer 184 forming the PIN diode 176. The P++
layer 186 may also be referred to herein as an anode mesa. An anode contact
188 is on the surface of the P++ layer 186 opposite the P-type layer 184. A
cathode contact 190 is on a surface of the N+ substrate 180 opposite the N- drift
layer 182. In this embodiment, the negative bevel edge termination 178 is a
multi-step negative bevel edge termination like that of Figure 3. As a result of the
negative bevel edge termination 178, a blocking voltage, which is more
specifically a reverse breakdown voltage of the PIN diode 176, approaches the
blocking voltage of the ideal parallel-plane device.

[0057] Figure 15 illustrates the PIN diode 176 including the negative bevel
edge termination 178 according to another embodiment of the present
disclosure. In this embodiment, the negative bevel edge termination 178 is
formed by counter-doping the P-type layer 184 in an edge region 192 adjacent to
the P++ layer 186 with an N-type ion that compensates the P-type conductivity of
the P-type layer 184 in the edge region 192 to provide a neutral, or intrinsic,
region 196 having a desired negative bevel characteristic. The N-type ion may
be, for example, Nitrogen (N), Phosphorous (P), or the like. The negative bevel
edge termination 178 is thereby formed at an interface of the neutral region 196
and a remainder of the P-type layer 184. More specifically, in one embodiment,
ions are implanted to varying depths that increase step-wise starting at the end of
the edge region 192 adjacent to the P++ layer 186 and proceeding outwardly to
provide the desired number of steps and slope (a) for the negative bevel edge
termination 178.

[0058] Figure 16 illustrates a SiC U-channel Metal-Oxide-Semiconductor Field
Effect Transistor (UMOSFET) 198 including a negative bevel edge termination

200 according to one embodiment of the present disclosure. As illustrated, the
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UMOSFET 198 includes an N+ substrate 202, an N-type drift layer 204 on a
surface of the substrate 202, a P-type base layer 206 on a surface of the drift
layer 204 opposite the substrate 202, P+ regions 208 and 210 on the surface of
the base layer 206 opposite the drift layer 204, and N+ source regions 212 and
214. A gate contact 216 is formed in a trench as shown and is insulated by a
gate insulator 218. Source contacts 220 and 222 are on the source regions 212
and 214, respectively, and a drain contact 224 is on a surface of the substrate
202 opposite the drift layer 204. In this embodiment, the negative bevel edge
termination 200 is a multi-step negative bevel edge termination like that of Figure
3. As aresult of the negative bevel edge termination 200, a blocking voltage of
the UMOSFET 198 approaches the blocking voltage of the ideal parallel-plane
device.

[0059] Figure 17 illustrates the UMOSFET 198 including the negative bevel
edge termination 200 according to another embodiment of the present
disclosure. In this embodiment, the negative bevel edge termination 200 is
formed by counter-doping the P-type base layer 206 in an edge region 226
adjacent to the P+ region 208 and the N+ source region 212 opposite the gate
contact 216 with an N-type ion that compensates the P-type conductivity of the
base layer 206 in the edge region 226 to provide a neutral, or intrinsic, region
230 having a desired negative bevel characteristic. The N-type ion may be, for
example, Nitrogen (N), Phosphorous (P), or the like. The negative bevel edge
termination 200 is thereby formed at an interface of the neutral region 230 and a
remainder of the base layer 206. More specifically, in one embodiment, ions are
implanted to varying depths that increase step-wise starting at the end of the
edge region 226 adjacent to the P+ region 208 and the N+ source region 212
and proceeding outwardly to provide the desired number of steps and slope (a)
for the negative bevel edge termination 200.

[0060] Finally, it should be noted that the number of steps in the multi-step
negative bevel edge termination 46, 84, 110, 144, 178, and 200 of the various
devices described herein may vary depending on the particular implementation.
Some exemplary embodiments of the multi-step negative bevel edge termination
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46, 84, 110, 144, 178, and 200 include at least 5 steps, at least 7 steps, at least
10 steps, at least 12 steps, at least 15 steps, at least 17 steps, at least 20 steps,
a number of steps in a range of and including 5 to 20 steps, a number of steps in
a range of and including 10 to 20 steps, a number of steps in a range of and
including 15 to 20 steps, and a number of steps in a range of and including 10 to
15 steps. Also, the blocking voltages of the various devices may also vary
depending on the particular implementation. Some exemplary embodiments
include a blocking voltage of at least 10 kV, a blocking voltage of at least 12 kV,
a blocking voltage of at least 15 kV, a blocking voltage of at least 17 kV, a
blocking voltage of at least 20 kV, a blocking voltage of at least 22 kV, a blocking
voltage of at least 25 kV, a blocking voltage in a range of and including 10 kV to
25 kV, a blocking voltage in a range of and including 12 kV to 25 kV, a blocking
voltage in a range of and including 15 kV to 25 kV, a blocking voltage in a range
of and including 12 kV to 20 kV, and a blocking voltage in a range of and
including 12 kV to 15 kV.

[0061] Referring back to Figure 2, the forward conduction characteristic of the
high blocking voltage (e.g., =2 10 kV) thyristor 44, and thus an on-resistance of the
thyristor 44, is a function of the carrier lifetime of the drift layer 54. However, due
to the high blocking voltage of the thyristor 44, the drift layer 54 is relatively thick
(e.g., as much at 160 microns or more for a blocking voltage up to 20 kV) and
highly resistive. The carrier lifetime of the drift layer 54 is normally relatively low,
which results in a less than optimal on-resistance for the thyristor 44. The
following discussion describes a number of carrier lifetime enhancement
techniques that can be used to provide a low on-resistance while maintaining the
high blocking voltage.

[0062] Before discussing the carrier lifetime enhancement techniques, a brief
analysis of the forward conduction characteristics of the thyristor 44 may be
beneficial. As an example to analyze the forward conduction characteristics, the
thyristor 44 can be treated as a P-i-N rectifier. As shown in Figure 18, the
electron and hole concentrations within the N-base and P-base regions of the
conventional thyristor (PNPN) take a catenary distribution in accordance with the
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analysis for the P-i-N rectifier, which is shown in Figure 19. Because both
electrons and holes are available for current transport under high-level injection
conditions, total forward current flow, J1, and specific resistance of the drift
region, Rqsp, can be calculated from average carrier density, n,, in the drift
regions by Equations (1) and (2) below:

_2-g-n,-d

J, (Al cm?) (1)

THL
2-d
q- (i, +u,)-n,

R (Q-cm?), (2)

4,5 =

where 1y is high-level carrier lifetime and d is half of the thickness of the drift
layer 54. Rearranging Equation (1) and then substituting it into Equation (2)
gives the specific resistance of the drift layer 54 in Equation (3):

4.d>
1) Ty Ty

R (Q-cm?). (3)

4.5 =
(

A voltage drop across the drift layer 54, Vi, is then given by Equation (4) below:
2

%fﬂr&ﬁ:@ﬁ%%zgwy (4)
[0063] Itis clearly illustrated in Equations (3) and (4) that both specific
resistance and voltage drop of the drift layer 54 reduce with increasing the carrier
lifetime, which is also evidenced in Figure 20 where higher lifetime results in
higher carrier density in the drift region. Thus, the conductivity modulation
phenomenon at high injection levels enables maintaining a low voltage drop
across the drift layer 54, which is beneficial for getting a low on-state voltage
drop in bipolar diodes and transistors.
[0064] Figures 21A through 21D illustrate a process for fabricating the
thyristor 44 of Figure 2 using a number of carrier lifetime enhancement
techniques that result in the thyristor 44 having a low on-resistance according to
one embodiment of the present disclosure. As shown in Figure 21A, the process
begins with an epitaxial structure including the substrate 48, the injection layer
50, the field stop layer 52, the drift layer 54, the base layer 56, and a layer 62’ to

be etched to form the anode mesa 62. Next, as shown in Figure 21B, the layer
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62’ is etched to form the anode mesa 62. After etching the layer 62’ to form the
anode mesa 62, an oxidation and subsequent oxide removal process is
performed. The oxidation process is preferably a dry-oxidation process where
the structure of Figure 21B is heated at a temperature in a range of and including
1200°C to 1450°C for a duration of 1 hour to 15 hours. In one particular
embodiment, the dry-oxidation process is performed by heating the structure of
Figure 21B at a temperature of 1300°C for 5 hours. The oxide on the surface of
the structure resulting from the dry-oxidation process is then removed. This dry-
oxidation process increases the carrier lifetime, and in particular the minority
carrier lifetime, of the drift layer 54.

[0065] Next, the negative bevel edge termination 46 is etched or otherwise
formed, and the dopants (e.g., N+ dopants) are implanted into the base layer 56
to form the gate regions 58 and 60 as illustrated in Figure 21C. The implanted
dopants are activated by then annealing. This annealing may be performed, for
example, at a temperature of 1650°C for 30 minutes. Note, however, that the
annealing temperature and duration may be varied. In particular, the annealing
may be at a temperature in a range of and including 1500°C to 2000°C for a
duration of 1 minute to 60 minutes. However, preferably, the annealing is
performed at a temperature in the range of and including 1600°C to 1800°C for a
duration of 10 to 30 minutes. A sacrificial oxidation process followed by an oxide
removal process are then performed to remove damage at the surface of the
structure in Figure 21C resulting from the implantation process. More
specifically, in one particular embodiment, the structure of Figure 21C is heated
at a temperature of 1200°C for 2 hours, rinsed, heated at a temperature of 950°C
for 2 hours, and then rinsed again. Note that the temperature and duration of the
heating for this oxidation process may vary. In particular, the sacrificial oxidation
is performed at a temperature of 1150°C to 1450°C for a duration of 1 hour to 15
hours. However, preferably, the sacrificial oxidation process is performed at a
temperature in the range of and including 1200°C to 1300°C for a duration of 1
hour to 5 hours. As a result of the annealing process followed by the sacrificial
oxidation process, the carrier lifetime of the drift layer 54 is further enhanced.
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Lastly, the anode, cathode, and gate contacts 64, 66, 68, and 70 are formed, as
illustrated in Figure 21D.

[0066] Using the carrier lifetime enhancement techniques in the process of
Figures 21A through 21D, the thyristor 44 has both a high blocking voltage and a
low on-resistance. In one embodiment, the thyristor 44 has a blocking voltage of
at least 10 kV and a differential on-resistance of less than 10 mQ-cm?, more
preferably less than 7 mQ-cm?, and even more preferably of less than 5 mQ-cm?.
In one embodiment, the thyristor 44 has a blocking voltage in a range of and
including 10 kV to 15 kV and a differential on-resistance of less than 10 mQ-cm?,
more preferably less than 7 mQ-cm?, and even more preferably of less than 5
mQ-cm?. In another embodiment, the thyristor 44 has a blocking voltage of at
least 10 kV or in the range of 10 kV to 15 kV and a differential on-resistance in
the range of 1 to 10 mQ-cm?, in the range of 3 to 10 mQ-cm?, in the range of 1 to
7 mQ-cm?, in the range of 3 to 7 mQ-cm?, in the range of 1 to 5 mQ-cm?, or in the
range of 3 to 5 mQ-cm?. In another embodiment, the thyristor 44 has a blocking
voltage of at least 15 kV and a differential on-resistance of less than 15 mQ-cm?,
more preferably less than 10 mQ-cm?, and even more preferably of less than 7
mQ-cm?. In another embodiment, the thyristor 44 has a blocking voltage in a
range of and including 15 kV to 20 kV and a differential on-resistance of less than
15 mQ-cm?, more preferably less than 10 mQ-cm?, and even more preferably of
less than 7 mQ-cm?. In another embodiment, the thyristor 44 has a blocking
voltage of at least 15 kV or in the range of 15 kV to 20 kV and a differential on-
resistance in the range of 1 to 15 mQ-cm?, in the range of 3 to 15 mQ-cm?, in the
range of 1 to 10 mQ-cm?, in the range of 3 to 10 mQ-cm?, in the range of 1to 7
mQ-cm?, or in the range of 3 to 7 mQ-cm?. In another embodiment, the thyristor
44 has a blocking voltage of at least 20 kV and a differential on-resistance of less
than 20 mQ-cm?, more preferably less than 15 mQ-cm? and even more
preferably of less than 10 mQ-cm?. In another embodiment, the thyristor 44 has
a blocking voltage in a range of and including 20 kV to 25 kV and a differential
on-resistance of less than 20 mQ-cm?, more preferably less than 15 mQ-cm?, and
even more preferably of less than 10 mQ-cm?. In another embodiment, the
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thyristor 44 has a blocking voltage of at least 20 kV or in the range of 20 kV to 25
kV and a differential on-resistance in the range of 1 to 20 mQ-cm?, in the range of
3 to 20 mQ-cm?, in the range of 7 to 20 mQ-cm?, in the range of 1 to 15 mQ-cm?,
in the range of 3 to 15 mQ-cm?, in the range of 7 to 20 mQ-cm?, in the range of 1
to 10 mQ-cm?, in the range of 3 to 10 mQ-cm?, or in the range of 7 to 10 mQ-cm?.
[0067] Using the carrier lifetime enhancement techniques, the drift layer 54 of
the thyristor 44 can be thicker, and thus provide a higher blocking voltage, while
maintaining a suitable on-resistance. For example, the drift layer 54 may have a
thickness greater than 80 um, a thickness greater than 100 um, a thickness
greater than 120 ym, a thickness greater than 140 um, a thickness greater than
160 um, a thickness in the range of and including 80 um to 200 um, a thickness
in the range of and including 80 um to 160 pm, a thickness in the range of and
including 100 um to 200 pm, a thickness in the range of and including 100 um to
160 um, a thickness in the range of and including 140 um to 200 um, or a
thickness in the range of and including 140 um to 160 um, or a thickness in the
range of and including 160 um to 200 um. However, other thicknesses may be
used depending on the desired blocking voltage and the particular
implementation.

[0068] Figures 22A through 22C illustrate results of carrier lifetime
measurements for a number of exemplary thyristors 44 fabricated according to
the process of Figures 21A through 21D. Specifically, Figure 22A illustrates an
average carrier lifetime measure, a median carrier lifetime measurement, a
minimum carrier lifetime measurement, a maximum carrier lifetime measure, and
a deviation of the carrier lifetime measures for a number of structures such as
that of Figure 21A. In this example, the drift layer 54 is a 90 ym thick p-type SiC
material layer and has a doping level of less than 2x10'* ¢cm™. Figure 22B
illustrates similar carrier lifetime measurements after etching the anode mesa 62
and performing a dry-oxidation process at a temperature of 1300°C for 5 hours.
As shown, after performing the dry-oxidation process, the carrier lifetime is
significantly increased. Lastly, Figure 22C illustrates carrier lifetime
measurements after etching the negative bevel edge termination 46, implanting
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the gate regions 58 and 60, and performing the sacrificial oxidation process. In
this particular example, the sacrificial oxidation process included heating at a
temperature of 1200°C for 2 hours, rinsing, heating at a temperature of 950°C for
2 hours, and then rinsing again. As illustrated, the implant anneal followed by the
sacrificial oxidation process further increased the carrier lifetime for the drift layer
54.

[0069] Figure 23 graphically illustrates the on-resistance of one example of
the thyristor 44 having a blocking voltage of at least 10 kV that was formed using
the carrier lifetime enhancement techniques described above. As illustrated, in
this example, the differential on-resistance is less than 5 mQ-cm? at a current
density of 100 A/cm? (i.e., high-level injection condition) due to improved carrier
lifetime. Notably, at case temperatures less than 100°C, the differential on-
resistance is about 4 mQ-cm?.

[0070] While the carrier lifetime enhancement techniques above have been
described with respect to the thyristor 44, the carrier lifetime enhancement
techniques may be utilized for any semiconductor device, and in particular any
type of SiC semiconductor device, that is bipolar (i.e., uses both electrons and
holes for conduction). For example, in addition to being used for the thyristor 44
of Figures 2 and 6, the carrier lifetime enhancement techniques may be utilized
when fabricating the BJT 82 of Figures 8 and 9, the IGBTs 108 and 142 of
Figures 10, 11, 12, and 13, and the PIN diode 176 of Figures 14 and 15 to
provide similar on-resistance improvements.

[0071] In particular, when fabricating the BJT 82, the oxidation process
described above as being performed after etching the anode mesa 62 of the
thyristor 44 may be performed after etching the emitter mesa 94. Similarly, the
implant anneal and sacrificial oxidation process may be performed after etching
or otherwise forming the negative bevel edge termination 84 and implanting the
base region 92. In this manner, the carrier lifetime of the drift layer 88 is
improved, which in turn decreases the on-resistance of the BJT 82.

[0072] In a similar manner, when fabricating the IGBT 108, the oxidation

process described above as being performed after etching the anode mesa 62 of
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the thyristor 44 may be performed after etching the gate trench. Similarly, the
implant anneal and sacrificial oxidation process may be performed after etching
or otherwise forming the negative bevel edge termination 110 and implanting the
P+ regions 118 and 120 and the emitter regions 122 and 124. In this manner,
the carrier lifetime of the drift layer 114 is improved, which in turn decreases the
on-resistance of the IGBT 108. Likewise, the carrier lifetime techniques can be
used for the IGBT 142 of Figures 12 and 13.

[0073] Lastly, when fabricating the PIN diode 176 of Figures 14 and 15, the
oxidation process described above as being performed after etching the anode
mesa 62 of the thyristor 44 may be performed after etching the P-type layer 184
and the P++ layer 186. Similarly, the implant anneal and sacrificial oxidation
process may be performed after implanting the P-type layer 184 to form the
negative bevel edge termination 178 in the embodiment of Figure 15. In this
manner, the carrier lifetime of the N- drift layer 182 is improved, which in turn
decreases the on-resistance of the PIN diode 176.

[0074] Those skilled in the art will recognize improvements and modifications
to the preferred embodiments of the present disclosure. All such improvements
and modifications are considered within the scope of the concepts disclosed
herein and the claims that follow.
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Claims
What is claimed is:
1. A Silicon Carbide (SiC) semiconductor device having a blocking voltage of

at least 10 kilovolts (kV) and an on-resistance of less than 10 milli-ohms

centimeters squared (mQ-cm?).

2. The SiC semiconductor device of claim 1 wherein the on-resistance is less

than 5 mQ-cm>.

3. The SiC semiconductor device of claim 1 wherein the blocking voltage is

in a range of and including 10 kV and 15 kV.

4. The SiC semiconductor device of claim 3 wherein the on-resistance is less

than 5 mQ-cm>.

5. The SiC semiconductor device of claim 1 comprising a multi-step negative
bevel edge termination that approximates a smooth slope.

6. The SiC semiconductor device of claim 5 wherein the multi-step negative

bevel edge termination includes at least five steps.

7. The SiC semiconductor device of claim 5 wherein the multi-step negative

bevel edge termination includes at least ten steps.

8. The SiC semiconductor device of claim 5 wherein the multi-step negative

bevel edge termination includes at least fifteen steps.

9. The SiC semiconductor device of claim 5 wherein the blocking voltage of
the SiC semiconductor device is in a range of and including 10 to 25 kV.
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10.  The SiC semiconductor device of claim 5 wherein the blocking voltage of
the SiC semiconductor device is in a range of and including 12 to 25 kV.

11.  The SiC semiconductor device of claim 5 wherein a slope angle of the

multi-step negative bevel edge termination is less than or equal to 15 degrees.

12.  The SiC semiconductor device of claim 5 wherein the SiC semiconductor
device is a thyristor comprising:

a substrate of a first conductivity type;

a drift layer of a second conductivity type on a surface of the substrate;

a base layer of the first conductivity type on a surface of the drift layer
opposite the substrate;

an anode mesa of the second conductivity type on a surface of the base
layer opposite the drift layer; and

a gate region formed in the surface of the base layer;

wherein the multi-step negative bevel edge termination is formed in the

base layer adjacent to the gate region opposite the anode mesa.

13.  The SiC semiconductor device of claim 5 wherein the SiC semiconductor
device is a Bipolar Junction Transistor (BJT) comprising:

a substrate of a first conductivity type;

a drift layer of the first conductivity type on a surface of the substrate;

a base layer of a second conductivity type on a surface of the drift layer
opposite the substrate;

a base region of the second conductivity type formed in a surface of the
base layer opposite the drift layer; and

an emitter mesa on the surface of the base layer opposite the drift layer
and adjacent to the base region;

wherein the multi-step negative bevel edge termination is formed in the
base layer adjacent to the base region opposite the emitter mesa.
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14.  The SiC semiconductor device of claim 5 wherein the SiC semiconductor
device is a Bipolar Junction Transistor (BJT) comprising:

a substrate of a first conductivity type;

a drift layer of a second conductivity type on a surface of the substrate;

a base layer of the first conductivity type on a surface of the drift layer
opposite the substrate;

an emitter region of the second conductivity type on a surface of the base
layer opposite the drift layer; and

a gate trench formed in a surface of the BJT adjacent to the emitter region
and extending into the drift layer;

wherein the multi-step negative bevel edge termination is formed in the
base layer adjacent to the emitter region opposite the gate trench.

15.  The SiC semiconductor device of claim 5 wherein the SiC semiconductor
device is a PIN diode comprising:

a substrate of a first conductivity type;

a drift layer of the first conductivity type on a surface of the substrate;

a semiconductor layer of a second conductivity type on a surface of the
drift layer opposite the substrate;

an anode mesa on a surface of the semiconductor layer of the second
conductivity type opposite the drift layer;

an anode contact on a surface of the anode mesa opposite the drift layer;
and

a cathode contact on a surface of the substrate opposite the drift layer;

wherein the multi-step negative bevel edge termination is formed in the
semiconductor layer of the second conductivity type adjacent to the anode mesa.

16.  The SiC semiconductor device of claim 1 wherein the SiC semiconductor
device is one of a group consisting of: a thyristor, a Bipolar Junction Transistor
(BJT), an Insulated Gate Bipolar Transistor (IGBT), and a PIN diode.
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17. A Silicon Carbide (SiC) semiconductor device having a blocking voltage of
at least 15 kilovolts (kV) and an on-resistance of less than 15 milli-ohms

centimeters squared (mQ-cm?).

18. The SiC semiconductor device of claim 17 wherein the on-resistance is
less than 7 mQ-cm?.

19.  The SiC semiconductor device of claim 17 wherein the blocking voltage is
in a range of and including 15 kV and 20 kV.

20. The SiC semiconductor device of claim 19 wherein the on-resistance is
less than 7 mQ-cm?.

21.  The SiC semiconductor device of claim 17 comprising a multi-step
negative bevel edge termination that approximates a smooth slope.

22. A Silicon Carbide (SiC) semiconductor device having a blocking voltage of
at least 20 kilovolts (kV) and an on-resistance of less than 20 milli-ohms

centimeters squared (mQ-cm?).

23. The SiC semiconductor device of claim 22 wherein the on-resistance is
less than 10 mQ-cm?.

24.  The SiC semiconductor device of claim 22 wherein the blocking voltage is
in a range of and including 20 kV and 25 kV.

25. The SiC semiconductor device of claim 24 wherein the on-resistance is
less than 10 mQ-cm?.

26.  The SiC semiconductor device of claim 22 comprising a multi-step
negative bevel edge termination that approximates a smooth slope.



WO 2013/119548 PCT/US2013/024740

/18

N BASE 28 / 12 44
[ L
N{ NN
A
P DRIFTLAYER
24
P+ FIELD STOP LAYER 22
N+ INJECTION LAYER 20
N+ SUBSTRATE 18
<
CATHODE
FiG. 1

RELATED ART



WO 2013/119548 PCT/US2013/024740

2118

N BASE 36
0
P DRIFTLAYER
54
P+ FIELD STOP LAYER o2
N+ INJECTION LAYER 80
N+ SUBSTRATE 48
J} \‘“66
CATHODE

FiG. 2



WO 2013/119548 PCT/US2013/024740

3/18

P DRIFT LAYER B4

FiG. 3



PCT/US2013/024740

WO 2013/119548

4/18

¥ "S-

ANIT ONOTY JONVLSIA
mmxv Qmm Qmm

0

s41r-gi

1EAZE FALLYDS

WE/AN 270<

<

G0+8¢

o]
<
s
o
ie

G

<
e
|9
fon]

iiliiiiiiiiiiii;ilitit
LD
<
e
43
-

IIEI
&
o
+
DL
v

o
<
s
b}
N
<

-~ .

80+87°L

90+29’t

(WI/A) Q1314 YOI-LDE1S



PCT/US2013/024740

WO 2013/119548

5/18

000Ct

G 5
(0 A 9n
00001 (3008 0009 000y 0007 G
TIATE IALLYOEN
% 7"}
s S
_ INTWIAOHW 90
MG
4]
$310-Gl

o

(yr) A



WO 2013/119548 PCT/US2013/024740

6/18

S ¥ ;
| NEUTRAL/
N N BASE 58 N+ <1 INTRINGIC
. REGION 76

P DRIFT LAYER

54
P+ FIELD STOP LAYER 52
N+ INJECTION LAYER 20
N+ SUBSTRATE 48
i} \‘“ 66
CATHODE

FiG. 6



WO 2013/119548 PCT/US2013/024740

7118
P4+ A
&7 SACRIFICIAL
= g LAYER
It
¥
N BASE 58

P DRIFTLAYER 54

FiG. 7



WO 2013/119548

PCT/US2013/024740
8/18
EMITTER
T 82
st
94
84
P
&
N-
88
N+ g6
& oo
COLLECTOR
FIG. 8 -
EMITTER p
ﬁj % EDGE REGION
,,,,,,,,,,,,,,,,,,,,,,,,,,,, ase  OGERE
N++ ! E— E
= B
NEUTRAL/
~T" INTRINSIC
P REGION 106
o

N_.
83
N+ ga
é} \\- 100
COLLECTOR

FiG. 8



WO 2013/119548 PCT/US2013/024740

9/18

EMITTER EMITTER

132»-\? 124 122\Tf~130
128

108

110
GATE »
Pl " g
N
114
P+ 112
<B \\-—134
COLLECTOR
FiGg. 10
/108
EMITTER EMITTER SDGE REGION
132\? _ 136
320t 2 S
P 118 *
oo sosor ‘// f 110 : NEUTRAL/
P+ 1ed P+ T INTRINSIC
o CGATEL | 5 g REGION 140
128 b v
N
114
P+ 112
<_l> \\-134
COLLECTOR

FiG. 11



WO 2013/119548 PCT/US2013/024740

10/18

EMITTER EMITTER

‘368"\? 158 156\?!‘”164
162

142

144
N Gﬁs“%% N o
P
148
. 146
CB \ies
COLLECTOR
FiG. 12
/142
EMITTER EMITTER  hGE REGION
1 ’ 164
55_\(? 158 56\? {‘ 170 ot
152 144 |
f v
i, | NEUTRAL/
o T INTRINSIE
N | I [ REGION 174
P
148
- 146
é; N\ s
COLLECTOR

FiG. 13



WO 2013/119548

PCT/US2013/024740

o

aaaaaaaaaaaa

Nm
182
N+ 180
é) \\-190
CATHODE
FiG. 14
176
ANODE /
CI) //‘188
gggggggggggggggggggggggggggg EDGE REGION
192 ;
Pit g mn3ion}
i
186 178
o NEUTRAL/
= P INTRINSIC
184 REGION 198
N“
182
N+ 180
éD \\19@
CATHODE

FiG. 15



WO 2013/119548 PCT/US2013/024740

12/18
SOURCE SOURCE / 198
? 214 212\?
218 :
N+ o
=N 200
P ||| | Po2e
N
204
N+ 202
<B \\-—:224
DRAIN
FiGs. 18 /193
SOURCE SOURCE
EDGE REGION
214 212\ (220_ 226
(O Al
ererets 3 :
N+ 11,208 200
/f - e NEUTRAL/
-~ INTRINSIC
5 G?;%E 6 208 REGION 230
N
204
N+ 204
<_l> \\-224
DRAIN



WO 2013/119548 PCT/US2013/024740

13/18
Jq Jo g
P+ N- DRIFT P N+
A ~ Wy | Wpl

CARRIER
DENSITY
(LOG SCALE)
fAop+
P+ N- DRIFT (i} REGION N+
;
. 0 +d
D e
1 0
n{-d) |
CARRIER i
DENSITY g )
(LOG SCALE) =

i QON-}
Ngp s+ ————— Hx

FiG. 18




WO 2013/119548 PCT/US2013/024740

14/18

HIGH-LEVEL INJECTION

1018
P--N RECTIFIER
%
(5]
> 1017 t:\“\
% \"\\ — ——— - Ty = 2 IS S—
= e Qe
2 D e e
o e = T
4 1016 G -
© Sy =05 psfEZ
] el
3{315
-100 0 160

DISTANCE (MICRONS)

FiG. 20



WO 2013/119548

PCT/US2013/024740

15/18
P+t g2
N BASE 58
P DRIFT LAYER
54
P+ FIELD STOP LAYER 5
N+ INJECTION LAYER a4
N+ SUBSTRATE 48
i, 21A
Pre 62
N BASE 58
P DRIFTLAYER
P+ FIELD STOP LAYER ¥4
N+ INJECTION LAYER 20
N+ SUBSTRATE 48

FiG. 218



WO 2013/119548

PCT/US2013/024740

16/18
58 Pee 02
“ ¥ 6(316
A N BASESS A \%\
P DRIFT LAYER
54
BT R STOPTAVER 5
N+ TNJECTION LAVER 50
N+ SUBSTRATE 48
FiG, 210
44
ANODE /
G
i o8 P & I 10
i 60
N+ N BASESS N+
O
P DRIFT LAYER
54
BT RN STOPTAVER 5
N+ TNJECTION LAYER 50
N+ SUBSTRATE 48

............................................ OO OO OODOOOIN000]

)

CATHODE

FiG. 21D

\-66



PCT/US2013/024740

WO 2013/119548

17/18

62

2EL DI

§0°Z 1% 30v4dnS 774 89 dsnl 3NV
[sn} I
¥e  9¥

NHnt

80LH
TANY

NNINIKY N

NOININIA

5

ae  gf 0

R
X9
ENAE LIS

(%)

57 NYIGHEN
§61°C FOVHAAY
SOEITERE

HE< "Dl

19 30v4uNs fsn} 39Ny
5] 33T

gt B¢ €2 [} b 60

YAENS

3

gl m
=

R U S SO S

L

7
w\

815 PENOILYIALD
G850 ANINIXYA ¢il NV
PIED SANNINIA PPl ZOVHANY

[sn} I 13417

45087
AN

8c

VeL &id

fsn} 334

gl

G

.w.
\

|

.
\

.

DHHHmm

ONEXYIN
ATININIA

oL 280 80

LD
(%) 3OoVv4uns

0L,

e R A

P LENOLLYIAGG

A6°0  NVICEN
00 HOVHIAY
fsn} LS

86/8°6 1% IOV-NS 80 §0 s 3ONYY



WO 2013/119548 PCT/US2013/024740

18/18

OO
O ]
@2 o
D
<t o

SO ICIS I |
[+ NN < TR « TR o JRNN * MR +
[ e B v B e B v B v - 5
oD o W o Ol o
4] %,}(-} o O e
e X7
G " §
s - i
&
o % =
E=Na o
o gg
o o%
e o A
3 2 =
E.....
. &3
o < !
o ow o ow o O 2
) <t &3 <
(Zujm@u}) AT NOy,
IR e o
P <> - o’ - < o - < < <
& & %) e o) st < o3 o~ =
&

¥ Z°0="] Ly ()Y

FiG. 23



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2013/024740
A. CLASSIFICATION OF SUBJECT MATTER
INV. HO1L29/06 HO1L29/732 HO1L29/739 HO1L29/74 HO1L29/861
HO1L29/66 HO1L29/16
ADD.

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

B. FIELDS SEARCHED

HO1L

Minimum documentation searched (classification system followed by classification symbols)

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

EPO-Internal, WPI Data, INSPEC

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

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X AGARWAL A ET AL: "Prospects of bipolar 1-4,
power devices in silicon carbide", 16-20,
INDUSTRIAL ELECTRONICS, 2008. IECON 2008. 22-25
34TH ANNUAL CONFERENCE OF IEEE, IEEE,
PISCATAWAY, NJ, USA,
10 November 2008 (2008-11-10), pages
2879-2884, XP031825865,
ISBN: 978-1-4244-1767-4
Y the whole document 9,10,
12-14
X WO 97/08754 A2 (ASEA BROWN BOVERI [SE]) 5-8,15,
6 March 1997 (1997-03-06) 21,26
Y page 4, line 7 - line 17 9,10,
page 10, Tine 15 - page 12, line 25; 12-14
figures 2a-3a
- / -

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

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

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

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

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

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

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

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

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

"&" document member of the same patent family

Date of the actual completion of the international search

6 June 2013

Date of mailing of the international search report

14/06/2013

Name and mailing address of the ISA/

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

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

Fax: (+31-70) 340-3016

Authorized officer

Lantier, Roberta

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

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2013/024740

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

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

Relevant to claim No.

X

US 20107055882 Al (IMHOFF EUGENE A [US] ET
AL) 4 March 2010 (2010-03-04)

paragraph [0005] - paragraph [0011]
paragraph [0043]; figures 4a-c

WO 2007/143008 A2 (NORTHROP GRUMMAN
SYSTEMS CORP [US])

13 December 2007 (2007-12-13)

figure 3

HIYOSHI T ET AL: "Bevel mesa combined
with implanted junction termination
structure for 10 kV SiC PiN diodes",
MATERIALS SCIENCE FORUM, TRANS TECH
PUBLICATIONS LTD- SWITZERLAND, CH,

vol. 600-603,

26 September 2008 (2008-09-26), pages
995-998, XP009151429,

ISSN: 0255-5476

the whole document

HUIJIE YU ET AL: "An IGBT and MOSFET
gated SiC bipolar junction transistor",
CONFERENCE RECORD OF THE 2002 IEEE
INDUSTRY APPLICATIONS CONFERENCE : 37TH
IAS ANNUAL MEETING ; 13 - 18 OCTOBER 2002,
PITTSBURGH, PENNSYLVANIA, USA; [CONFERENCE
RECORD OF THE IEEE INDUSTRY APPLICATIONS
CONFERENCE. IAS ANNUAL MEETING], IEEE
SERVICE CE,

vol. 4, 13 October 2002 (2002-10-13),
pages 2609-2613, XP010609958,

DOI: 10.1109/IAS.2002.1042815

ISBN: 978-0-7803-7420-1

paragraph [I.INTRODUCTION]; figure 1
TSUNENOBU KIMOTO ET AL: "Enhancement of
Carrier Lifetimes in n-Type 4H-SiC
Epitaxial Layers by Improved Surface
Passivation",

APPLIED PHYSICS EXPRESS,

vol. 3, 10 December 2010 (2010-12-10),
pages 121201-1-121201-3, XP055065327,
ISSN: 1882-0778, DOI:
10.1143/APEX.3.121201

the whole document

5-8,11,
15,21,26

5-8,21,
26

5-9,15,
21,26

5,13,21,
26

1-26

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

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2013/024740
Patent document Publication Patent family Publication
cited in search report date member(s) date

WO 9708754 A2 06-03-1997 DE 69631664 D1 01-04-2004
DE 69631664 T2 23-12-2004
EP 0847598 A2 17-06-1998
JP 4350798 B2 21-10-2009
JP 2002516027 A 28-05-2002
us 5967795 A 19-10-1999
us 5977605 A 02-11-1999
WO 9708754 A2 06-03-1997
US 2010055882 Al 04-03-2010 US 2010055882 Al 04-03-2010
WO 2010027990 Al 11-03-2010
WO 2007143008 A2 13-12-2007  EP 2033210 A2 11-03-2009
US 2008006848 Al 10-01-2008
WO 2007143008 A2 13-12-2007

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




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - wo-search-report
	Page 49 - wo-search-report
	Page 50 - wo-search-report

