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NORMALLY-OFF INTEGRATED JFET POWER
SWITCHES IN WIDE BANDGAP
SEMICONDUCTORS AND METHODS OF MAKING

[0001] This application is related to U.S. Patent Applica-
tion No. 60/585,881, filed Jul. 8, 2004, and U.S. patent
application Ser. No. , entitled: “Lateral Trench Field-
Effect Transistors in Wide Bandgap Semiconductor Materi-
als, Methods of Making, And Integrated Circuits Incorpo-
rating the Transistors”, filed on even date herewith. Each of
the aforementioned applications is incorporated by reference
herein in its entirety.

BACKGROUND

[0002] 1. Technical Field

[0003] The present invention relates generally to field
effect transistors (FETs), and in particular, to such transistors
formed in wide bandgap semiconductor materials. Further,
this invention relates to monolithic and hybrid integrated
circuits comprising low-voltage control circuitry and to
power switches built using the above transistors.

[0004] 2. Background of the Technology

[0005] Wide bandgap semiconductor materials (with
E4>2 eV) such as silicon carbide (SiC) or Group III nitride
compound semiconductors (e.g., gallium nitride or GaN) are
very attractive for use in high-power, high-temperature,
and/or radiation resistant electronics. Monolithic or hybrid
integration of a power transistor and control circuitry in a
single or multi-chip wide bandgap power semiconductor
module is highly desirable for such applications in order to
improve the efficiency and reliability of the system.

[0006] SiC smart power technology has been a topic of
discussion in recent years, but has experienced limited
scientific investigation. Proposed solutions have been met
with skepticism relating to the operation of both the power
switch and control circuitry.

[0007] Because of the fundamental differences in material
properties and processing technologies, traditional Si or
GaAs integrated circuit (IC) technologies such as Comple-
mentary Metal-Oxide-Semiconductor (CMOS) or Direct
Coupled FET Logic (DCFL) cannot in most cases be easily
transferred to wide bandgap semiconductors. Several
attempts at fabricating SiC NMOS and CMOS digital and
analog ICs have been reported in the last decade (e.g., [1],
[2]D. A monolithic CMOS integrated device in SiC and
method of fabricating the same is disclosed in U.S. Pat. No.
6,344,663, [3]. Moreover, recent development in SiC Lateral
DMOS Field-Effect Transistors (LDMOSFETs) (e.g., [4]-
[5]) theoretically allow for the monolithic integration of
MOSFET-based control circuitry and power switches for use
in Smart Power electronics. Various issues, however, limit
the use of MOSFET-based SiC integrated circuits in the
applications where high-temperature and/or radiation toler-
ance is required. The first such issue is on-state insulator
reliability as a result of a much smaller conduction band
offset of SiC to SiO, as compared to that of silicon. This
issue becomes even more significant at high temperatures
and in extreme radiation environments. Other issues include:
low inversion channel mobility due to high interface state
density at the SiC/SiO, interface and high fixed charge
density in the insulator; and significant threshold voltage
shift with temperature due to ionization of interface states.
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[0008] Another transistor candidate for use in SiC Smart
Power electronics, a SiC bipolar junction transistor (BJT),
also suffers from interface-related issues such as high
recombination velocity on the surface between the emitter
and the base resulting in low current gain and high control
losses.

[0009] Another transistor candidate for use in SiC Smart
Power electronics is a Metal Semiconductor Field-Effect
Transistor (MESFET). Despite the fact the SiC MESFET
monolithic microwave integrated circuits (MMICs) received
significant development in the last decade (e.g., [6]), there
have been few published attempts to build SiC MESFET
logic and analog circuits (e.g., [7]).

[0010] An alternative to the MOSFET and MESFET
approaches is the use of lateral JFET-based integrated cir-
cuits implemented in either complementary (n-type and
p-type channels as disclosed in U.S. Pat. No. 6,503,782 [8])
or enhanced-depletion (n-type channels) forms. SiC JFETs
have proven to be radiation tolerant while demonstrating
very insignificant threshold voltage shift with temperature.
Encouraging results in the development of high-temperature
normally-on power vertical junction field-effect transistors
(VIFETs) have been published in recent years (e.g., [9]).
However, despite their excellent current-conduction and
voltage-blocking capabilities, a major deficiency of these
transistors is that they are “normally-on” devices. On the
system level, this often requires an additional (negative)
supply voltage and short circuit protection.

[0011] Several attempts to build normally-off SiC high-
voltage VIFET switches have been reported recently. Typi-
cally, these devices comprise both lateral and vertical chan-
nel regions (e.g., [10]-[12]). These devices, however, exhibit
a drastic contradiction between the device blocking capa-
bilities and the specific on-resistance. For example, a VIFET
with a 75 um, 7x10'* cm™ n-type drift region was able to
block above 5.5 kV at zero gate-to-source voltage [13]. At
the same time, this device demonstrated a specific on-
resistance (R, ) of more then 200 mQ*cm?®. The intrinsic
resistance of its drift layer estimated from its thickness and
doping was slightly above 60 mQ*cm?, with the remainder
of the on-resistance was contributed by the channel regions.

[0012] In order to reduce the specific on-resistance of SiC
power VJFETs, these devices can be driven in bipolar mode
by applying high positive gate-to-source voltage. For
example, the device discussed above and disclosed in [13]
demonstrated an R, of 66.7 mQ*cm® when a gate-to-
source bias of 5V was applied [ 14]. This approach, however,
can lead to significant power losses due to high gate current.

[0013] Another approach is to use special circuits and
methods for controlling normally-on devices so that they can
be operated in normally-off mode. A cascode connection of
a low-voltage control JFET with a high-voltage JFET
wherein the drain of the control JFET is connected to the
source of the high-voltage device and the gate of high-
voltage JFET is connected to the source of the control JFET
has been disclosed in U.S. Pat. No. 3,767,946 [15]. A
compound field-effect transistor monolithically implement-
ing such a cascode connection has also been disclosed in
U.S. Pat. No. 4,107,725 [16]. Similar types of cascode
circuits, where low-voltage normally-off devices control
high-voltage normally-on devices are disclosed in U.S. Pat.
No. 4,663,547 [17]. More recently, a normally-on SiC
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VIFET controlled by an Si MOSFET in the above configu-
ration has been reported by several groups (e.g., [18]). This
integrated power switch has demonstrated excellent voltage-
blocking and current-conducting capabilities, as well as high
switching speed. However, the use of silicon MOSFETs for
the control of power in normally-on SiC VIFETs signifi-
cantly limits both the temperature range and the radiation
tolerance of the cascode. Accordingly, there is still a need for
wide bandgap normally-off power switching device in gen-
eral, and in particular, for such a power switch integrated
with control circuitry built in wide bandgap semiconductors.

SUMMARY

[0014] According to a first embodiment, a monolithic
integrated circuit is provided which comprises:

[0015] a substrate having opposed first and second major
surfaces; and

[0016] first and second junction field-effect transistors on
discrete locations on the first major surface of the substrate,
each of the first and second junction field-effect transistors
comprising:

[0017] a drain layer of an n-type semiconductor material
on and non-coextensive with the first major surface of the
substrate such that portions of the substrate surrounding the
drain layer are exposed;

[0018] a drift layer of an n-type semiconductor material on
and non-coextensive with the drain layer such that portions
of the drain layer are exposed, the drift layer having a lower
conductivity than the drain layer;

[0019] one or more raised regions on discrete locations on
the drift layer, each raised region comprising a channel
region of an n-type semiconductor material on the drift layer
and a source region of an n-type semiconductor material on
the channel region, the semiconductor material of the source
region having a higher conductivity than that of the channel
region;

[0020] a gate region of a p-type semiconductor material on
the drift layer adjacent the one or more raised regions and
forming a rectifying junction with n-type material of the
drift layer and the channel region(s);

[0021] ohmic contacts on the gate and source regions and
on exposed portions of the drain layer;

[0022] a first electrical connection between the source
ohmic contact of the first junction field-effect transistor and
the gate ohmic contact of the second junction field-effect
transistor; and

[0023] a second electrical connection between the drain
ohmic contact of the first junction field-effect transistor and
the source ohmic contact of the second junction field-effect
transistor.

[0024] According to a second embodiment, a monolithic
integrated circuit is provided which comprises:

[0025] a substrate having opposed first and second major
surfaces; and
[0026] a buffer layer of a p-type semiconductor material

on the first major surface of the substrate;
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[0027] first and second discrete channel regions each of an
n-type semiconductor material in spaced relation on the
buffer layer, the second channel region comprising a base
portion on the buffer layer and an upper portion, the base
portion extending laterally beyond the upper portion so as to
form a shoulder;

[0028] a source region of an n-type semiconductor mate-
rial on the buffer layer adjacent to and in contact with the
first channel region;

[0029] a source/drain region of an n-type semiconductor
material on the buffer layer between the first channel region
and the second channel region and in contact with both the
first channel region and the second channel region, a portion
of the source/drain region overlapping the shoulder portion
of the second channel region;

[0030] a drain region on the shoulder of the second
channel region such that the drain region does not directly
contact the buffer layer;

[0031] a first gate region of a p-type semiconductor mate-
rial on the first channel region and forming a rectifying
junction therewith;

[0032] a second gate region of a p-type semiconductor
material on an upper surface of the top portion of the second
channel region and forming a rectifying junction therewith;
and

[0033] ohmic contacts on the source region, the first and
second gate regions, the source/drain region and the drain
region.

[0034] According to a third embodiment, an integrated
circuit is provided which comprises:

[0035] a first vertical channel JFET comprising:

[0036] a substrate having opposed first and second sur-
faces;

[0037] a drain layer of an n-type semiconductor material

on the first surface of the substrate;

[0038] a drift layer of an n-type semiconductor material on
and non-coextensive with the drain layer such that portions
of the drain layer are exposed, the drift layer having a lower
conductivity than the drain layer;

[0039] one or more raised regions comprising a channel
region of an n-type semiconductor material on the drift layer
and a source region of an n-type semiconductor material on
the channel region, the material of the source region having
a higher conductivity than that of the channel region;

[0040] a gate region of a p-type semiconductor material on
the drift layer adjacent the one or more raised regions and
forming a rectifying junction with the drift layer and the
channel region(s);

[0041] ohmic contacts the gate and source regions and on
exposed portions of the drain layer;

[0042] a second vertical channel JFET discrete from the
first vertical channel JFET comprising:

[0043] a substrate of an n-type semiconductor material
having opposed first and second major surfaces;

[0044] a drain layer of an n-type semiconductor material
on the first major surface of the substrate;
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[0045] a drift layer of an n-type semiconductor material on
the drain layer, the drift layer having a lower conductivity
than the drain layer;

[0046] one or more raised regions comprising a channel
region of an n-type semiconductor material on the drift layer
and a source region of an n-type semiconductor material on
the channel region, the material of the source region having
a higher conductivity than that of the channel region;

[0047] a gate region of a p-type semiconductor material on
the drift layer adjacent the one or more raised regions and
forming a rectifying junction with the drift layer and the
channel region(s); and

[0048] ohmic contacts on the gate and source regions and
on the second major surface of the substrate;

[0049] a first electrical connection between the drain
ohmic contact of the first vertical channel JFET and the
source ohmic contact of the second vertical channel JFET;
and

[0050] a second electrical connection between the source
ohmic contact of the first vertical channel JFET and the gate
ohmic contact of the second vertical channel JFET.

[0051] According to a fourth embodiment, an integrated
circuit is provided which comprises:

[0052] a discrete lateral channel JFET comprising:
[0053] a substrate having opposed first and second major
surfaces;

[0054] a buffer layer of a p-type semiconductor material

on the first major surface of the substrate;

[0055] discrete source and drain regions each of an n-type
semiconductor material in spaced relation on the buffer
layer;

[0056] a channel region of an n-type semiconductor mate-
rial on the buffer layer between the source and drain regions
and in contact with each of the source and drain regions;

[0057] a gate region of a p-type semiconductor material on
the channel region and forming a rectifying junction there-
with;

[0058] ohmic contacts on the source, gate, and drain
regions;

[0059]

[0060] a substrate of an n-type semiconductor material
having opposed first and second major surfaces;

[0061] a drain layer of an n-type semiconductor material
on the first major surface of the substrate;

[0062] a drift layer of an n-type semiconductor material on
the drain layer, the drift layer having a lower conductivity
than the drain layer;

a discrete vertical channel JFET comprising:

[0063] one or more discrete raised regions each compris-
ing a channel region of an n-type semiconductor material on
the drift layer and a source region of an n-type semicon-
ductor material on the channel region, the material of the
source region having a higher conductivity than that of the
channel region;
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[0064] a gate region of a p-type semiconductor material on
the drift layer adjacent the one or more raised regions and
forming a rectifying junction with the drift layer and the
channel region(s); and

[0065] ohmic contacts on the gate and source regions and
on the second major surface of the substrate;

[0066] a first electrical connection between the drain
ohmic contact of the lateral channel JFET and the source
ohmic contact of the vertical channel JFET; and

[0067] a second electrical connection between the source
ohmic contact of the lateral channel JFET and the gate
ohmic contact of the vertical channel JFET.

[0068] According to a fifth embodiment, a monolithic
lateral channel junction field-effect transistor (JFET) is
provided which comprises:

[0069] a substrate having opposed first and second major
surfaces; and

[0070] a buffer layer of a p-type semiconductor material
on the first major surface of the substrate;

[0071] a channel layer of an n-type semiconductor mate-
rial on the buffer layer;

[0072] discrete source and drain regions of an n-type
semiconductor material in spaced relation on the channel
layer;

[0073] a source/drain region of an n-type semiconductor
material on the channel layer between the source and drain
regions and spaced from each of the source and drain
regions;

[0074] a first gate region of a p-type semiconductor mate-
rial formed in the channel layer between the source and
source/drain regions and forming a rectifying junction with
the channel layer;

[0075] a second gate region of a p-type semiconductor
material formed in the channel layer between the source/
drain and drain regions and forming a rectifying junction
with the channel layer;

[0076] ohmic contacts on the source region, the first and
second gate regions, the source/drain region and the drain
region.

[0077] According to a sixth embodiment, an integrated
circuit is provided which comprises:

[0078] a discrete lateral channel JFET comprising:
[0079] a substrate having opposed first and second major
surfaces; and

[0080] a buffer layer of a p-type semiconductor material
on the first surface of the substrate;

[0081] a channel layer of an n-type semiconductor mate-
rial on the buffer layer;

[0082] discrete source and drain regions of an n-type
semiconductor material in spaced relation on the channel
layer;

[0083] a gate region of a p-type semiconductor material
formed in the channel layer between the source and drain
regions and forming a rectifying junction with the channel
layer;
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[0084] ohmic contacts on the source region, the gate
region, and the drain region;

[0085]

[0086] a substrate of an n-type semiconductor material
having opposed first and second major surfaces;

[0087] a drain layer of an n-type semiconductor material
on the first major surface of the substrate;

[0088] a drift layer of an n-type semiconductor material on
the drain layer, the drift layer having a lower conductivity
than the drain layer;

a discrete vertical channel JFET comprising:

[0089] one or more discrete raised regions each compris-
ing a channel region of an n-type semiconductor material on
the drift layer and a source region of an n-type semicon-
ductor material on the channel region, the material of the
source region having a higher conductivity than that of the
channel region;

[0090] a gate region of a p-type semiconductor material on
the drift layer adjacent the one or more raised regions and
forming a rectifying junction with the drift layer and the
channel region(s); and

[0091] ohmic contacts on the gate and source regions and
on the second major surface of the substrate;

[0092] a first electrical connection between the source
ohmic contact of the lateral channel JFET and the gate
ohmic contact of the vertical channel JFET; and

[0093] a second electrical connection between the drain
ohmic contact of the lateral channel JFET and the source
ohmic contact of the vertical channel JFET.

[0094] According to a seventh embodiment, a monolithic
integrated circuit is provided which comprises a lateral
junction field effect transistor and a vertical junction field
effect transistor;

[0095] the lateral junction field effect transistor compris-
ing:

[0096] a buffer layer of a p-type semiconductor material
formed in a portion of a first major surface of a drift layer;

[0097] a channel layer of an n-type semiconductor mate-
rial on and non-coextensive with the buffer layer such that
a portion of the buffer layer is exposed;

[0098] discrete source and drain regions of an n-type
semiconductor material in spaced relation on the channel
layer;

[0099] a gate region of a p-type semiconductor material
formed in the channel layer between the source and drain
regions and forming a rectifying junction with the channel
layer;

[0100] ohmic contacts on the source region, the gate
region, the drain region and on the exposed portion of the
buffer layer;

[0101]
ing:

[0102] a channel layer of an n-type semiconductor mate-
rial on the first major surface of the drift layer laterally
spaced from the buffer layer;
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[0103] one or more discrete source regions of an n-type
semiconductor material in spaced relation on the channel
layer;

[0104] a gate region of a p-type semiconductor material
formed in the channel layer adjacent the one or more source
regions and forming a rectifying junction with the channel
layer; and

[0105] ohmic contacts on the gate and source regions;

[0106] wherein the drift layer is on a drain layer of an
n-type semiconductor material which is on a first major
surface of a substrate; and wherein an electrical contact is on
a second major surface of the substrate opposite the first
major surface of the substrate.

[0107] According to an eighth embodiment, a monolithic
integrated circuit is provided which comprises a lateral
junction field effect transistor and a vertical junction field
effect transistor;

[0108] the lateral junction field effect transistor compris-
ing:

[0109] a buffer layer of a p-type semiconductor material
formed in a portion of a first major surface of a drift layer;

[0110] a channel layer of an n-type semiconductor mate-
rial on and non-coextensive with the buffer layer such that
a portion of the buffer layer is exposed;

[0111] discrete source and drain regions each of an n-type
semiconductor material in spaced relation on the channel
layer;

[0112] a metal layer on the channel layer between the
source and drain regions forming a metal-semiconductor
rectifying junction with the channel layer;

[0113] ohmic contacts on the source region, the drain
region and on the exposed portion of the buffer layer;

[0114]
ing:

the vertical junction field effect transistor compris-

[0115] one or more raised regions on the first major
surface of the drift layer laterally spaced from the buffer
layer each comprising a channel region of an n-type semi-
conductor material on the first major surface of the drift
layer and spaced from the buffer layer of the lateral junction
field effect transistor and a source region of an n-type
semiconductor material on the channel region;

[0116] a metal layer on the drift layer adjacent to the one
or more raised regions forming a metal-semiconductor rec-
tifying junction with the drift layer and the channel
region(s); and

[0117] an ohmic contact on the source region;

[0118] wherein the drift layer is on a layer of n-type
semiconductor material which is on a first major surface of
a substrate; and wherein an electrical contact is on a second
major surface of the substrate opposite the first major
surface of the substrate.

BRIEF DESCRIPTION OF THE FIGURES

[0119] FIG.1 is a schematic cross-section of a monolithic
inverter circuit comprising enhanced and depletion mode
LTJFETs.
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[0120] FIG. 2 is a schematic cross-section of a monolithic
normally-off JFET comprising enhanced and depletion
mode LTJFETs having a built-in PiN diode.

[0121] FIGS. 3A and 3B are a circuit representation
(FIG. 3A) and an example layout (FIG. 3B) of a monolithic
normally-off JFET integrated circuit comprising enhanced
and depletion mode LTJFETs having a built-in PiN diode.

[0122] FIG. 4 is a schematic cross-sectional representa-
tion of a monolithic normally-off JFET built using enhanced
and depletion mode LTJFETs integrated with an SBD or a
JBS diode.

[0123] FIGS. 5A and 5B are a circuit representation
(FIG. 5A) and an example layout (FIG. 5B) of a monolithic
normally-off JFET integrated circuit comprising enhanced
and depletion mode LTJFETs integrated with an SBD or a
JBS diode.

[0124] FIG. 6 is a schematic cross-sectional representa-
tion of a hybrid normally-off JFET built using an enhanced
mode LTJFET and a depletion mode VIFET having a
built-in PiN diode.

[0125] FIG. 7 is a schematic cross-sectional representa-
tion of a hybrid normally-off JFET built using enhanced
mode LTJFETs and a depletion mode VIFET integrated with
an SBD or a JBS diode.

[0126] FIG. 8 is a circuit representation of a monolithic
LTJFET timer circuit driving a built-on-chip low-voltage
high-current enhanced-mode LTJFET connected in cascode
with a discrete high-voltage normally-on power VIFET.

[0127] FIG. 9 is a schematic cross-sectional representa-
tion of a monolithic inverter circuit built using enhanced and
depletion mode overgrown-gate LIFETs.

[0128] FIG. 10 is a schematic cross-sectional representa-
tion of a hybrid normally-off JFET comprising an enhanced
mode overgrown-gate LIFET and a depletion mode VJFET.

[0129] FIG. 11 is a schematic cross-sectional representa-
tion of a hybrid normally-off JFET power-switch comprising
a low voltage enhanced mode LJFET and a high voltage
discrete normally-on depletion mode VIFET.

[0130] FIG. 12 is a schematic cross-sectional representa-
tion of a monolithic inverter circuit built using enhanced and
depletion mode implanted-gate LIFETs.

[0131] FIG. 13 is a schematic cross-sectional representa-
tion of a monolithic normally-off JFET integrated circuit
built using enhanced and depletion mode implanted-gate
LJFETs.

[0132] FIG. 14 is a schematic cross-sectional representa-
tion of hybrid normally-off JFET integrated circuit built
using an enhanced mode implanted-gate LJFET and a deple-
tion mode VIJFET.

[0133] FIG. 15 is a schematic cross-sectional representa-
tion of a hybrid normally-off JFET integrated circuit built
using an enhanced mode dual-gate LIFET and a depletion
mode VIFET wherein the bottom gate of the LIFET is
implanted into the drift region.

[0134] FIG. 16 is a schematic cross-sectional representa-
tion of a hybrid guard-ring terminated normally-off JFET
integrated circuit built using an enhanced mode dual-gate
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LIJFET and a depletion mode VIFET wherein the bottom
gate of the LIFET and the guard rings are implanted into the
drift region.

[0135] FIG. 17 is a schematic cross-sectional representa-
tion of a hybrid guard-ring terminated normally-off JFET
built using an enhanced mode dual-gate LJFET and a
depletion mode VIFET with a Schottky gate wherein the
bottom gate of the LIFET and the guard rings are implanted
into the drift region.

[0136] FIGS. 18A-18D are a simulated device structure
(FIG. 18A), schematic cross sectional representation (FIG.
18B) and graphs showing the output DC characteristics
(FIGS. 18C and 18D) of a SiC LTIFET integrated switch.

[0137] FIGS. 19A-19D are a photograph (FIG. 19A),
circuit representation (FIG. 19B) and graphs (FIGS. 19C
and 19D) showing measured characteristics of a hybrid
normally-off 900 V power switch.

[0138] FIGS. 20A and 20B are a circuit representation
(FIG. 20A) and a graph (FIG. 20B) showing measured
internal voltages of a hybrid normally-off, 900 V power
switch.

[0139] FIGS. 21A-21C are schematic representations of
distributed drain resistances of an LTJFET (FIG. 21A) and
a VIFET (FIG. 21B) along with a graph (FIG. 21C)
showing the resistance of the lateral drain layer of an
LTJFET normalized to the resistance of the vertical drain of
a VIFET as a function of finger length for different doping
levels of the lateral drain layer.

[0140] FIGS. 22A-22H illustrate a method of making a
monolithic integrated circuit as set forth in FIGS. 9 and 10.

[0141] FIGS. 23A-23H illustrate a method of making a
monolithic integrated circuit as set forth in FIGS. 12 and 13.

[0142] FIGS. 24A-247 illustrate a method of making a
monolithic integrated circuit as set forth in FIG. 15.

[0143] FIGS. 25A-25D illustrate a method of making a
monolithic integrated circuit as set forth in FIG. 17.

REFERENCE NUMERALS

[0144] The reference numerals used in the drawings are
defined as set forth below. For the substrate, implanted
regions, and epitaxially grown layers, representative thick-
nesses and doping concentrations are also provided.

# Material

Substrate (e.g., semi-insulating substrate)
la N-type substrate (e.g., doping level > 1 x 10'® cm™3)
2 Epitaxially grown layer (p-type)

(e.g., 0.1 um thick, 1 x 10°-1 x 107 cm™3)

3 Epitaxially grown layer (n-type)

(e.g., 0.2-5 um, >5 x 10'8 cm™)
3a Epitaxially grown layer (n-type)

(e.g., 0.5-1 pm, >5 x 10'® cm™)
4 Epitaxially grown layer (n-type)

(e.g., 0.5-10 pm 5 x 10%°-5 x 10'7 cm™3)
4a Epitaxially grown layer (n-type)

(e.g., 5-350 um, 2 x 10*-2 x 10'6 cm™3)
5 Epitaxially grown layer (n-type)

(e.g., 0.2-1.5 ym, 5 x 105 x 107 cm™3



US 2006/0113593 Al

-continued
# Material
Sa Epitaxially grown layer (n-type)
e.g., 0.2-1.5 um, 5 x 10°-2 x 107 cm™3
g Hm
5b Epitaxially grown layer (n-type)
(e.g., 0.3-1.5 um, 5 x 10*°-2 x 10'7 cm™3)
6 Epitaxially grown layer (n-type)
(e.g., 0.2-1.5 um, >5 x 10'% cm™3)
6a Implanted region (n-type)
(e.g., 20.1 pm, =5 x 10'8 cm™3)
7 Implanted region (p-type)
(e.g., 0.1 um, =5 x 10 cm™3)
Ta Epitaxially grown layer (p-type)
(e.g., 0.2-1.5 um, >5 x 10'% cm™3)
8 Ohmic contact
9 Schottky contact

DETAILED DESCRIPTION

[0145] The present invention will be described in more
detail hereafter with reference to the accompanying draw-
ings and photographs, in which preferred embodiments of
the invention are described with silicon carbide (SiC) semi-
conductor serving as an example.

[0146] Silicon carbide crystallizes in numerous (i.e., more
than 200) different modifications (polytypes). The most
important are: 3C—SiC (cubic unit cell, zincblende);
2H—SiC; 4H—SiC; 6H—SiC (hexagonal unit cell, wurtz-
ile); 15R—SiC (rhombohedral unit cell). The 4H polytype is
more attractive for power devices, because of its higher
electron mobility. Although the 4H—SiC is preferred, it is to
be understood that the present invention is applicable to
devices and integrated circuits described herein made of
other wide bandgap semiconductor materials such as gal-
lium nitride, and other polytypes of silicon carbide, by way
of example.

[0147] FIG. 1 shows a schematic cross-section of
enhanced and depletion mode semiconductor devices
referred to a Lateral Trench Junction Field-Effect Transistors
(LTJFETs), and a schematic presentation of electrical con-
nections used to form a monolithic inverter circuit. As
shown, the devices used to form the inverter are built on a
wide bandgap semiconductor substrate (1), which can be
either: semi-insulating; p-type; or n-type with a p-type buffer
layer. As shown in FIG. 1, the devices comprise drain (3),
drift (4), channel (5), and source (6) expitaxially grown
n-type layers, and p-type implanted gate regions (7). The
device structures can be defined using plasma etching and
ion implantation. In the circuit shown in FIG. 1, the ohmic
contacts to the source, gate, and drain regions can be formed
on the same side of the wafer, which allows for the devices
to be used in monolithic integrated circuits. A complete
description of a device as described above and shown in
FIG. 1 as well as an exemplary fabrication method for this
device can be found in U.S. patent application Ser. No.

, entitled: “Lateral Trench Field-Effect Transistors in
Wide Bandgap Semiconductor Materials, methods of Mak-
ing, and Integrated Circuits Incorporating the Transistors”,
filed on even date herewith, which application is incorpo-
rated by reference herein in its entirety.

[0148] FIG. 2 is a schematic representation of a mono-
lithic normally-oft JFET comprising single-finger enhanced
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and depletion mode LTIFETs and having a built-in PiN
diode. A schematic presentation of electrical connections is
also shown in FIG. 2. As shown in FIG. 2, the devices are
connected in cascode configuration in such a way that the
drain of the enhanced mode transistor (referred to as an
“EJFET”) is connected to the source of the depletion mode
transistor (referred to as a “DJFET”), and the gate of the
DIJFET is connected to the source of the control EJFET. The
p-n junctions formed in between the gate regions (7) and the
drift layer (4) of the DJFET of this device form a so called
anti-parallel free-wheeling PiN diode. The size of this diode
can be defined by the widths of implanted gate regions.

[0149] Although FIG. 2 shows single-finger device imple-
mentation of a normally-off JFET, in practice multi-finger
LTJFETs can be used to form power switches. FIGS. 3A
and 3B shows a schematic circuit representation (FIG. 3A)
and an exemplary layout design (FIG. 3B) of a monolithic
multi-finger normally-off power switch.

[0150] In order to reduce switching losses, the PiN diode
shown as in FIGS. 3A and 3B can be replaced with a
Schottky Barrier diode (SBD) or a Junction Barrier Schottky
(JBS) diode. Methods of forming Schottky gates in a trench
structure are disclosed in U.S. Patent Application No.
60/585,881, filed Jul. 8, 2004, which application is incor-
porated by reference herein in its entirety. FIG. 4 provides
a schematic cross-section of a monolithic normally-off JFET
power switch with an integrated free-wheeling SBD or JBS
diode, and FIGS. 5A and 5B provide a schematic circuit
representation (FIG. 5A) and exemplary layout design
(FIG. 5B) of such a switch monolithically formed using
multi-finger LTJFETs.

[0151] FIGS. 6 and 7 are schematic cross-sectional rep-
resentations of single-finger normally-off JFET power
switches where enhancement-mode low-voltage LTJFETs
control high-voltage discrete normally-on depletion-mode
VIFETs. FIG. 6 shows a hybrid JFET power switch with a
built-in anti-parallel PiN diode, and FIG. 7 shows a JFET
power switch comprising an anti-parallel SBD or JBS diode
monolithically integrated with a high-voltage VIFET.

[0152] An exemplary implementation of the technology
described above is shown in FIG. 8. As shown in FIG. 8, a
monolithic LTIFET timer circuit drives a built-on-chip low-
voltage high-current enhanced-mode UTJFET connected in
cascode with a discrete high-voltage normally-on power
VIFET.

[0153] Although vertical channel multi-finger LTIFETSs
are preferable in high-power application because of their
low specific on-resistance and absence of trapping effects
common in wide bandgap semiconductors, alternative JFET
structures (e.g., those with a lateral channel) can also be
employed to form normally-off power JFET switches.
FIGS. 9-17 illustrate various exemplary embodiments of
integrated JFET switches built using enhanced and depletion
mode Lateral Junction Field-Effect Transistors (LIFETs).

[0154] FIG. 9 is a schematic cross-sectional representa-
tion with electrical connections of a lateral channel JFET
integrated circuit comprising enhanced and depletion mode
LIFETs having expitaxially overgrown gates. As shown in
FIG. 9, the integrated circuit forms a monolithic inverter
circuit. The LJFETs used to form the inverter are built on the
wide bandgap semiconductor substrate (1), which can be
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either: semi-insulating; p-type; or n-type with a p-type buffer
layer. As shown in FIG. 9, the integrated circuit comprises
buffer (2) and channel (5q) epitaxially grown n-type layers,
as well as implanted source and drain (6a) regions and
expitaxially grown p-type gate regions (7a). The device
structures can be defined using plasma etch and ion implan-
tation. The ohmic contacts (8) to the source, gate, and drain
regions can be formed on the same side of the wafer
allowing for the use of the device in monolithic integrated
circuits.

[0155] FIG. 10 is a schematic representation of a pitch of
a monolithic normally-off JFET power switch built using
enhanced and depletion mode LIFETs with overgrown gate
regions. As can be seen from the schematic presentation of
electrical connections, the devices are connected in cascode
configuration in such a way that the drain of the low-voltage
enhanced mode LJFET (referred to as an “ELJFET”) is
connected to the source of the higher-voltage depletion
mode LIFET (referred to as a “DLIFET”), and the gate of
the DLJFET is connected to the source of the control
ELJFET.

[0156] FIG. 11 shows a schematic cross-section of a
hybrid normally-off JFET power switch wherein a low-
voltage ELJFET controls a high-voltage discrete normally-
on depletion-mode VIFET.

[0157] An alternative LIFET structure where source and
drain regions are formed in an epitaxially grown n-type layer
and gate regions are defined by ion implantation can also be
used. Devices of this type are shown in FIGS. 12-17.

[0158] FIG. 12 shows is a schematic cross-sectional rep-
resentation with electrical connections of a monolithic
inverter circuit comprising enhanced and depletion mode
implanted-gate LIFETs. As shown, the devices used to form
the inverter are built on a wide bandgap semiconductor
substrate (1), which can be either: semi-insulating; p-type;
or n-type with a p-type buffer layer. As also shown, the
device comprises buffer (2), channel (56), source and drain
(6) epitaxially grown n-type layers, as well as implanted gate
(7) regions.

[0159] FIG. 13 is a schematic cross-sectional representa-
tion of a pitch of a monolithic normally-off JFET power
switch built using enhanced and depletion mode implanted-
gate LIFETs. As shown in FIG. 13, the drain of the D-mode
LIJFET is laterally spaced from the gate on the channel layer
(5b) to form a lateral drift region in the device.

[0160] FIG. 14 is a schematic cross-sectional representa-
tion of a normally-off JFET power switch where an enhance-
ment-mode low-voltage implanted-gate LJFET controls a
high-voltage discrete normally-on depletion-mode VIFET.

[0161] FIG. 15 is a schematic cross-sectional representa-
tion of a monolithic normally-off JFET power switch
wherein an enhancement-mode low-voltage dual-gate
LIFET controls a high-voltage discrete normally-on deple-
tion-mode VIFET. As shown in FIG. 15, the bottom gate of
the LIFET is implanted into drift region (4) before the
channel region is grown thereon.

[0162] FIG. 16 is a schematic cross-sectional representa-
tion of a device as shown in FIG. 3D wherein the bottom
gate of the LIFET is implanted into drift region 4 together
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with guard rings. The guard rings can be used to increase the
voltage blocking capability of the switch.

[0163] Although FET devices having implanted p-type
gates are described above, Schottky gates can also be
employed for the fabrication of a normally-oft FET power
switch. FIG. 17 is a schematic cross-sectional representation
of a device as shown in FIG. 16 wherein the implanted
p-type top gate of the LIFET and the implanted gate of the
discrete normally-on depletion-mode VIFET are replaced
with Schottky gates. As shown, the Schottky gate of the
discrete normally-on FET also serves as an integrated anti-
parallel free-wheeling diode.

[0164] FIGS. 18A-18D shows a simulated device struc-
ture (FIG. 18A), schematic cross-sectional representation
(FIG. 18B) and graphs showing the output DC character-
istics (FIGS. 18C and 18D) of a SiC LTIFET integrated
switch, where both the EJFET and the DJFET have channel
peripheries of 1 cm.

[0165] In order to demonstrate feasibility of the above
described cascode power switch, a hybrid embodiment of
the switch was constructed using discrete non-terminated
enhanced and depletion mode vetical JFETs. FIGS. 19A-
19D are a photograph (FIG. 19A), a schematic representa-
tion (FIG. 19B) and graphs showing measured characteris-
tics (FIGS. 19C and 19D) of a hybrid normally-off, 900 V
power switch. As can be seen from FIGS. 19C and 19D,
despite relatively high leakage current (I5=330 pA@V =
900V and V44=0 V) induced by the depletion mode device,
the voltage-controlled SiC power switch was controlled by
as little as 2.75 V.

[0166] The basic function of the switch can be described
as follows. At the HIGH control level (e.g., V5=2.75 V),
the enhanced mode transistor (EJFET) is turned on. Between
the gate and source of the depletion mode transistor
(DJFET) only a small voltage drop occurs, therefore, DIFET
is on too. If EJFET is turned off with the LOW control level
(VGS=0.25 V) its drain-to-source voltage increases to
40-50V as shown in FIG. 20B. This voltage pinches-off the
DJFET.

[0167] The specific on-resistance of the integrated switch
can be minimized as follows. First, the ratios of pinch-off
voltages and channel peripheries of both transistors (e.g.,
EJFET and DJFET) can be adjusted so that they will have
approximately equal on-resistances and neither one will
therefore limit the overall current. Second, the device can be
constructed such that the gate-to-source breakdown voltage
of DIFET is equal or higher than the drain-to-source break-
down voltage of EJFET.

[0168] In addition, the finger length of high-current multi-
finger LTIFETs can be reduced to keep the resistances of the
alteral drain region compatible to the resistance of the
vertical n*substrate. FIGS. 21A and 21B are schematic
representations of distributed drain resistances of LTJFET
(FIG. 21A) and VJFET (FIG. 21B), and graph (FIG. 21C)
showing resistance of the lateral drain layer of LTIFET
normalized to the resistance of the vertical drain of VIFET
as a function of finger length for different dopings of the
lateral drain layer. As can be seen from FIG. 21C, for a
heavily doped 1-um thick lateral drain layer (3), the finger
length of the LTJFET will preferably not exceed 100 pm in
length. The finger length, however, can be increased by
increasing the thickness and/or the doping levels of the drain
layer (3).
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[0169] FIGS. 22A-22H illustrate a method of making a
device as set forth in FIG. 9. FIG. 22A shows a multi-layer
structure comprising a substrate (1), an epitaxially grown
p-type layer (2), and an epitaxially grown n-type layer (5a).
An etch mask (10) is positioned on the exposed surface of
epitaxially grown n-type layer (5a) as shown in FIG. 22B.
Epitaxially grown n-type layer (5a) is then selectively
etched (12) as shown in FIG. 22B. Etch mask (10) is then
removed and ion implantation mask (14) is then placed on
the etched surface of epitaxially grown n-type layer (5a) as
shown in FIG. 22D. Ion implantation of n-type dopants
through mask (14) results in the formation of highly n-doped
regions (6a) in epitaxially grown n-type layer (5a) as shown
in FIG. 22E. Mask (14) is then removed and a layer of
p-type semiconductor material (7a) is grown on the etched
and implanted surface of epitaxially grown n-type layer (5a)
as shown in FIG. 22F. Etch mask (16) is then positioned on
the exposed surface of layer (7a) as shown in FIG. 22G.
Etching through mask (16) results in selective removal of
layer (7a) and formation of raised p-type features as also
shown in FIG. 22G. Finally, mask (16) is removed and
ohmic contacts are formed on exposed surfaces of the raised
p-type features and the implanted regions (6a).

[0170] The method as outlined above can also be used, by
selecting appropriate masks, to form a structure as shown in
FIG. 10.

[0171] FIGS. 23A-23H illustrate a method of making a
structure as shown in FIG. 12. FIG. 23 A shows a substrate
(1), an epitaxially grown p-type layer (2) on the substrate
(1), and an epitaxially grown n-type layer (55) on layer (2).
As shown in FIG. 23B, an etch mask (18) is positioned on
the exposed surface of layer (55). Etching (20) results in
selective removal of material from layer (54) as shown in
FIG. 23C. After removal of mask (18), an n-type epitaxial
layer (6) is grown on the etched surface of layer (55) as
shown in FIG. 23D. Etch mask (22) is positioned on the
exposed surface of layer (6) as shown in FIG. 23E and
etching (24) results in selective removal of material from
layer (6) and exposure of underlying layer (56) as shown in
FIG. 23F. Mask (22) is then used to selectively implant
p-type donors in exposed surface of layer (56) to form
implanted gate regions (7) as shown in FIG. 23G. Ohmic
contacts (8) are then formed on the implanted p-type gate
regions (7) to form the gate contacts and on the raised n-type
regions (6) to form the source and drain contacts for the
device as shown in FIG. 23H.

[0172] The method as outlined above can also be used, by
selecting appropriate masks, to form a structure as shown in
FIG. 13.

[0173] FIGS. 24A-247T illustrate a method of making a
structure as shown in FIG. 15. FIG. 24A shows an n-type
substrate (la), an epitaxially grown n-type layer (3a) on
substrate (1a), and an epitaxially grown n-type layer (4a) on
layer (3a). An ion implantation mask (26) is also shown on
the exposed upper surface of layer (4a). As shown in FIG.
24B, layer (4a) is selectively implanted with p-type donor
atoms through mask (26) to form gate region (7). After
removal of mask (26), an n-type epitaxial layer (5) and an
n-type epitaxial layer (6) are successively grown on the
implanted surface of layer (4a) as shown in FIGS. 24C and
24D. Etch mask (30) is then positioned on the exposed
surface of layer (6) as shown in FIG. 24D followed by
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etching (31) through layer (6) and partially through under-
lying layer (5) (FIG. 24E). Exposed portions of layer (5) are
then implanted with p-type donor atoms through mask (30)
to form additional gate regions (7) as shown in FIG. 24F.
Etch mask (34) is then positioned on the surface of the
etched and implanted structure and etching (36) results in
selective removal of portions of layer (5) including portions
of the p-type implanted gate regions (FIG. 24H). Exposed
portions of layer (4a) are then etched (40) thorugh mask (38)
as shown in FIG. 241. Ohmic contacts (8) are then formed
on the etched and implanted structure to form the device as
shown in FIG. 24J.

[0174] The method as outlined above can also be used to
form a structure as shown in FIG. 16.

[0175] FIGS. 25A-25D illustrate a method of making a
structure as shown in FIG. 17. As shown in FIG. 25A, a
structure a shown in FIG. 24E is etched (44) through mask
(42) to expose portions of underlying layer (4a) (FIG. 25B).
Schottky contacts (9) are then formed on the etched/im-
planted structure as shown in FIG. 25C. The formation of
ohmic contacts (8) results in the device as shown in FIG.
25D.

[0176] Although exemplary embodiments are discussed
above, other alternative embodiments are also possible. For
example, GaN n-type epitaxial layers can be grown on
silicon carbide, sapphire, or silicon substrates to form a
starting material stack for the fabrication of the proposed
device structure. Alternatively, a substrate material compris-
ing a conducting SiC substrate with a semi-insulating epi-
taxially grown buffer layer can be used as disclosed in U.S.
patent application Ser. No. 10/033,785, filed Jan. 3, 2002
(published as U.S. Patent Publication No. 2002-0149021).

[0177] The SiC layers can be formed by doping the layers
with donor or acceptor materials using known techniques.
Exemplary donor materials include nitrogen and phospho-
rus. Nitrogen is a preferred donor material. Exemplary
acceptor materials for doping SiC include boron and alumi-
num. Aluminum is preferred acceptor material. The above
materials are merely exemplary, however, and any acceptor
and donor materials which can be doped into silicon carbide
can be used. The doping levels and thicknesses of the
various layers of the LTJFETs, LIFETs and VIFETs
described herein can be varied to produce a device having
desired characteristics for a particular applicaiton. Similarly,
the dimensions of the various features of the device can also
be varied to produce a device having desired characteristics
for a particular application.

[0178] The SiC layers can be formed by epitaxial growth
on a suitable substrate. The layers can be doped during
epitaxial growth.

[0179] While the foregoing specifications teach the prin-
ciples of the present invention, with examples provided for
the purpose of illustration, it will be appreciated by one
skilled in the art from reading this disclosure that various
changes in form and detail can be made without departing
from the true scope of the invention.
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1. A monolithic integrated circuit comprising:

a substrate having opposed first and second major sur-
faces; and

first and second junction field-effect transistors on discrete
locations on the first major surface of the substrate,
each of the first and second junction field-effect tran-
sistors comprising:

a drain layer of an n-type semiconductor material on and
non-coextensive with the first major surface of the
substrate such that portions of the substrate surrounding
the drain layer are exposed;

a drift layer of an n-type semiconductor material on and
non-coextensive with the drain layer such that portions
of the drain layer are exposed, the drift layer having a
lower conductivity than the drain layer;

one or more raised regions on discrete locations on the
drift layer, each raised region comprising a channel
region of an n-type semiconductor material on the drift
layer and a source region of an n-type semiconductor
material on the channel region, the semiconductor
material of the source region having a higher conduc-
tivity than that of the channel region;

a gate region of a p-type semiconductor material on the
drift layer adjacent the one or more raised regions and
forming a rectifying junction with n-type material of
the drift layer and the channel region(s);

ohmic contacts on the gate and source regions and on
exposed portions of the drain layer;

a first electrical connection between the source ohmic
contact of the first junction field-effect transistor and
the gate ohmic contact of the second junction field-
effect transistor; and

a second electrical connection between the drain ohmic
contact of the first junction field-effect transistor and
the source ohmic contact of the second junction field-
effect transistor.

2. The integrated circuit of claim 1, wherein the semi-
conductor material of each of the drain layer, drift layer, gate
region, channel region and source region has an Es of at
least 2 eV.

3. The integrated circuit of claim 2, wherein the semi-
conductor material of each of the drain layer, drift layer, gate
region, channel region and source region is SiC or a Group
IIT nitride compound semiconductor material.

4. The integrated circuit of claim 1, wherein: the drain
layer has a thickness of 0.2 to 5 um; the drift layer has a
thickness of 0.5 to 10 pum; the channel region has a thickness
0t 0.2 to 1.5 um; the source region has a thickness of 0.2 to
1.5 um; and the gate region has a thickness of 0.1 um or
more.

5. The integrated circuit of claim 1, wherein: the drain
layer has a dopant concentration of >5x10'® cm™; the drift
layer has a dopant concentration of 5x10*° to 5x10'7 cm™>;
the channel region has a dopant concentration of 5x10"° to



US 2006/0113593 Al

5x10'7 em™>; the source region has a dopant concentration
of >5x10'® cm™>; and the gate region has a dopant concen-
tration of >5x10'® cm™.

6. The integrated circuit of claim 1, wherein the substrate
is a semi-insulating substrate.

7. The integrated circuit of claim 1, wherein the second
field effect transistor further comprises a Schottky junction
comprising a Schottky channel region of an n-type semi-
conductor material on the drift layer adjacent to and in
electrical communication with the gate region and a metal
layer on the Schottky channel region forming a metal-
semiconductor rectifying junction with the Schottky channel
region, the integrated circuit further comprising a third
electrical connection between the Schottky metal contact
and the first electrical connection.

8. The integrated circuit of claim 1, wherein the Schottky
channel region has a thickness 0£ 0.2 to 1.5 um and a dopant
concentration of 5x10'° to 5x10'7 cm™>.

9. A monolithic integrated circuit comprising:

a substrate having opposed first and second major sur-
faces; and

a buffer layer of a p-type semiconductor material on the
first major surface of the substrate;

first and second discrete channel regions each of an n-type
semiconductor material in spaced relation on the buffer
layer, the second channel region comprising a base
portion on the buffer layer and an upper portion, the
base portion extending laterally beyond the upper por-
tion so as to form a shoulder;

a source region of an n-type semiconductor material on
the buffer layer adjacent to and in electrical communi-
cation with the first channel region;

a source/drain region of an n-type semiconductor material
on the buffer layer between the first channel region and
the second channel region and in electrical communi-
cation with both the first channel region and the second
channel region, a portion of the source/drain region
overlapping the shoulder portion of the second channel
region;

a drain region on the shoulder of the second channel
region such that the drain region does not directly
contact the buffer layer;

a first gate region of a p-type semiconductor material on
the first channel region and forming a rectifying junc-
tion therewith;

a second gate region of a p-type semiconductor material
on an upper surface of the top portion of the second
channel region and forming a rectifying junction there-
with; and

ohmic contacts on the source region, the first and second
gate regions, the source/drain region and the drain
region.

10. The integrated circuit of claim 9, wherein: the buffer
layer has a thickness of at least 0.1 pm; the first and second
channel regions each have a thickness of 0.2 to 1.5 um; the
source, source/drain and drain regions each have a thickness
of at least 0.1 um; and the first and second gate regions each
have a thickness of 0.2 to 1.5 um or more.

11. The integrated circuit of claim 9, wherein: the buffer
layer has a dopant concentration of 1x10"° to 1x10'7 cm™>;
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the first and second channel regions each have a dopant
concentration of 5x10'% to 2x10'” cm™3; the source, source/
drain and drain regions each have a dopant concentration of
>5x10'® em™>; and the first and second gate regions each
have a dopant concentration of >5x10'® cm™>.

12. The integrated circuit of claim 9, wherein the substrate
is a semi-insulating substrate.

13. The integrated circuit of claim 9, wherein the second
channel region has a thickness greater than the first channel
region.

14. The integrated circuit of claim 9, further comprising
an electrical connection between the second gate contact and
the source/drain contact.

15. The integrated circuit of claim 9, further comprising
an electrical connection between the second gate region and
the source region.

16. The integrated circuit of claim 9, wherein the drain
region is laterally spaced from the second gate region
forming a lateral drift region in the top portion of the second
channel region.

17. The integrated circuit of claim 9, wherein the semi-
conductor material of each of the buffer layer, drain region,
source/drain region, drift layer, first and second gate regions,
first and second channel regions and source region has an E
of at least 2 eV.

18. The integrated circuit of claim 17, wherein the semi-
conductor material of each of the buffer layer, drain region,
source/drain region, drift layer, first and second gate regions,
first and second channel regions and source region is SiC or
a Group III nitride compound semiconductor material.

19. An integrated circuit comprising:

a first vertical channel JFET comprising:
a substrate having opposed first and second surfaces;

a drain layer of an n-type semiconductor material on the
first surface of the substrate;

a drift layer of an n-type semiconductor material on and
non-coextensive with the drain layer such that portions
of the drain layer are exposed, the drift layer having a
lower conductivity than the drain layer;

one or more raised regions comprising a channel region of
an n-type semiconductor material on the drift layer and
a source region of an n-type semiconductor material on
the channel region, the material of the source region
having a higher conductivity than that of the channel
region;

a gate region of a p-type semiconductor material on the
drift layer adjacent the one or more raised regions and
forming a rectifying junction with the drift layer and
the channel region(s);

ohmic contacts the gate and source regions and on
exposed portions of the drain layer;

a second vertical channel JFET discrete from the first
vertical channel JFET comprising:

a substrate of an n-type semiconductor material having
opposed first and second major surfaces;

a drain layer of an n-type semiconductor material on the
first major surface of the substrate;
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a drift layer of an n-type semiconductor material on the
drain layer, the drift layer having a lower conductivity
than the drain layer;

one or more raised regions comprising a channel region of
an n-type semiconductor material on the drift layer and
a source region of an n-type semiconductor material on
the channel region, the material of the source region
having a higher conductivity than that of the channel
region;

a gate region of a p-type semiconductor material on the
drift layer adjacent the one or more raised regions and
forming a rectifying junction with the drift layer and
the channel region(s); and

ohmic contacts on the gate and source regions and on the
second major surface of the substrate;

a first electrical connection between the drain ohmic
contact of the first vertical channel JFET and the source
ohmic contact of the second vertical channel JFET; and

a second electrical connection between the source ohmic
contact of the first vertical channel JFET and the gate
ohmic contact of the second vertical channel JFET.

20. The integrated circuit of claim 19, wherein for the first
vertical channel JFET: the drain layer has a thickness of 0.2
to 5 um; the drift layer has a thickness of 0.5 to 10 um; the
channel region has a thickness of 0.2 to 1.5 um; the source
region has a thickness of 0.2 to 1.5 um; and the gate region
has a thickness of 0.1 pm or more.

21. The integrated circuit of claim 19, wherein for the first
vertical channel JFET: the drain layer has a dopant concen-
tration of >5x10'® ¢m™3; the drift layer has a dopant con-
centration of 5x10'° to 5x10'7 cm™; the channel region has
a dopant concentration of 5x10"° to 5x10'7 cm™>; the source
region has a dopant concentration of >5x10"® ¢cm ~3; and the
gate region has a dopant concentration of >5x10*® cm™>.

22. The integrated circuit of claim 19, wherein for the first
vertical channel JFET the substrate is a semi-insulating
substrate.

23. The integrated circuit of claim 19, wherein for the
second vertical channel JFET: the drain layer has a thickness
0f' 0.5 to 1 um; the drift layer has a thickness of 5 to 350 um;
the channel region has a thickness of 0.2 to 1.5 um; the
source region has a thickness of 0.2 to 1.5 um; and the gate
region has a thickness of 0.1 um or more.

24. The integrated circuit of claim 19, wherein for the
second vertical channel JFET: the drain layer has a dopant
concentration of >5x10'® cm™>; the drift layer has a dopant
concentration of 2x10'* to 2x10'® cm™>; the channel region
has a dopant concentration of 5x10'® to 5x10'7 cm™; the
source region has a dopant concentration of >5x10*® cm™>;
and the gate region has a dopant concentration of >5x10"®
cm™3.

25. The integrated circuit of claim 19, wherein for the
second vertical channel JFET the substrate is an n-type
substrate having a dopant concentration of >1x10'® ecm™.

26. The integrated circuit of claim 19, wherein the second
vertical channel JFET further comprises a Schottky junction
comprising a Schottky channel region of an n-type semi-
conductor material on the drift layer adjacent to and in
electrical communication with the gate region and a metal
layer on the Schottky channel region forming a metal-
semiconductor rectifying junction with the Schottky channel
region, the integrated circuit further comprising a third
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electrical connection between the Schottky metal contact
and the first electrical connection.

27. The integrated circuit of claim 19, wherein the Schot-
tky channel region has a thickness of 0.2 to 1.5 pum and a
dopant concentration of 5x10'° to 5x10*7 cm™.

28. The integrated circuit of claim 19, wherein, for each
of the first and second vertical channel JFETs, the semicon-
ductor material of each of the drain layer, drift layer, channel
region, source region and gate region has an Eg of at least
2 eV.

29. The integrated circuit of claim 28, wherein, for each
of the first and second vertical channel JFETs, the semicon-
ductor material of each of the drain layer, drift layer, channel
region, source region and gate region is SiC or a Group III
nitride compound semiconductor material.

30. An integrated circuit comprising:

a discrete lateral channel JFET comprising:

a substrate having opposed first and second major sur-
faces;

a buffer layer of a p-type semiconductor material on the
first major surface of the substrate;

discrete source and drain regions each of an n-type
semiconductor material in spaced relation on the buffer
layer;

a channel region of an n-type semiconductor material on
the buffer layer between the source and drain regions
and in electrical communication with each of the source
and drain regions;

a gate region of a p-type semiconductor material on the
channel region and forming a rectifying junction there-
with;

ohmic contacts on the source, gate, and drain regions;
a discrete vertical channel JFET comprising:

a substrate of an n-type semiconductor material having
opposed first and second major surfaces;

a drain layer of an n-type semiconductor material on the
first major surface of the substrate;

a drift layer of an n-type semiconductor material on the
drain layer, the drift layer having a lower conductivity
than the drain layer;

one or more discrete raised regions each comprising a
channel region of an n-type semiconductor material on
the drift layer and a source region of an n-type semi-
conductor material on the channel region, the material
of the source region having a higher conductivity than
that of the channel region;

a gate region of a p-type semiconductor material on the
drift layer adjacent the one or more raised regions and
forming a rectifying junction with the drift layer and
the channel region(s); and

ohmic contacts on the gate and source regions and on the
second major surface of the substrate;

a first electrical connection between the drain ohmic
contact of the lateral channel JFET and the source
ohmic contact of the vertical channel JFET; and
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a second electrical connection between the source ohmic
contact of the lateral channel JFET and the gate ohmic
contact of the vertical channel JFET.

31. The integrated circuit of claim 30, wherein for the
lateral channel JFET: the buffer layer has a thickness of at
least 0.1 um; the channel region has a thickness of 0.2 to 1.5
um; the source and drain regions each have a thickness of at
least 0.1 um; and the gate region has a thickness of 0.2 to 1.5
pm or more.

32. The integrated circuit of claim 30, wherein for the
lateral channel JFET: the buffer layer has a dopant concen-
tration of 1x10'® to 1x10'7 cm™; the channel region has a
dopant concentration of 5x10'® to 2x10'7 cm™>; the source
and drain regions each have a dopant concentration of
>5%10 cm™; and the gate region has a dopant concentration
of >5x10'® cm™.

33. The integrated circuit of claim 30, wherein for the
lateral channel JFET the substrate is a semi-insulating sub-
strate.

34. The integrated circuit of claim 30, wherein for the
vertical channel JFET: the drain layer has a thickness of 0.5
to 1 um; the drift layer has a thickness of 5 to 350 um; the
channel region has a thickness of 0.2 to 1.5 um; the source
region has a thickness of 0.2 to 1.5 um; and the gate region
has a thickness of 0.1 pm or more.

35. The integrated circuit of claim 30, wherein for the
vertical channel JFET: the drain layer has a dopant concen-
tration of >5x10'® ¢m™3; the drift layer has a dopant con-
centration of 2x10'* to 2x10'® cm™; the channel region has
a dopant concentration of 5x10"° to 5x10'7 cm™>; the source
region has a dopant concentration of >5x10'® cm™>; and the
gate region has a dopant concentration of >5x10'® cm™.

36. The integrated circuit of claim 30, wherein for the
vertical channel JFET the substrate is an n-type substrate
having a dopant concentration of >1x10'® cm.

37. The integrated circuit of claim 30, wherein for the
lateral channel JFET the semiconductor material of each of
the buffer layer, drain region, source region, gate region and
channel region has an Eg of at least 2 eV.

38. The integrated circuit of claim 37, wherein for the
lateral channel JFET the semiconductor material of each of
the buffer layer, drain region, source region, gate region and
channel region is SiC or a Group III nitride compound
semiconductor material.

39. The integrated circuit of claim 30, wherein, for the
vertical channel JFET, the semiconductor material of each of
the drain layer, drift layer, channel region, source region and
gate region has an Eg of at least 2 eV.

40. The integrated circuit of claim 39, wherein for the
vertical channel JFET, the semiconductor material of each of
the drain layer, drift layer, channel region, source region and
gate region is SiC or a Group III nitride compound semi-
conductor material.

41. A monolithic lateral channel junction field-effect tran-
sistor (JFET) comprising:

a substrate having opposed first and second major sur-
faces; and

a buffer layer of a p-type semiconductor material on the
first major surface of the substrate;

a channel layer of an n-type semiconductor material on
the buffer layer;
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discrete source and drain regions of an n-type semicon-
ductor material in spaced relation on the channel layer;

a source/drain region of an n-type semiconductor material
on the channel layer between the source and drain
regions and spaced from each of the source and drain
regions;

a first gate region of a p-type semiconductor material
formed in the channel layer between the source and
source/drain regions forming a rectifying junction with
the channel layer;

a second gate region of a p-type semiconductor material
formed in the channel layer between the source/drain
and drain regions forming a rectifying junction with the
channel layer; and

ohmic contacts on the source region, the first and second
gate regions, the source/drain region and the drain
region.

42. The transistor of claim 41, wherein: the buffer layer
has a thickness of at least 0.1 um; the channel layer has a
thickness 0of 0.3 to 1.5 pm; the source, source/drain and drain
regions each have a thickness of 0.2 to 1.5 pum; and the first
and second gate regions each have a thickness of 0.1 pm or
more.

43. The transistor of claim 41, wherein: the buffer layer
has a dopant concentration of 1x10'® to 1x10'7 cm™; the
channel layer has a dopant concentration of 5x10% to
5x10 cm™; the source, source/drain and drain regions each
have a concentration of >5x10'® cm™; and the first and
second gate regions each have a dopant concentration of
>5%10 em™3.

44. The transistor of claim 41, wherein the substrate is a
semi-insulating substrate.

45. The transistor of claim 41, further comprising an
electrical connection between the source/drain ohmic con-
tact and the second gate region.

46. The transistor of claim 41, further comprising an
electrical connection between the source ohmic contact and
the second gate region.

47. The transistor of claim 41, wherein the drain region is
laterally spaced from the second gate region forming a
lateral drift region in the channel layer between the second
gate region and the drain region.

48. The transistor of claim 41, wherein for the lateral
channel JFET the semiconductor material of each of the
buffer layer, drain region, source/drain region, source region,
first and second gate regions and channel layer has an E of
at least 2 eV.

49. The transistor of claim 48, wherein for the lateral
channel JFET the semiconductor material of each of the
buffer layer, drain region, source/drain region, source region,
first and second gate regions and channel layer is SiC or a
Group 111 nitride compound semiconductor material.

50. An integrated circuit comprising:

a discrete lateral channel JFET comprising:

a substrate having opposed first and second major sur-
faces; and

a buffer layer of a p-type semiconductor material on the
first surface of the substrate;

a channel layer of an n-type semiconductor material on
the buffer layer;
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discrete source and drain regions of an n-type semicon-
ductor material in spaced relation on the channel layer;

a gate region of a p-type semiconductor material formed
in the channel layer between the source and drain
regions forming a rectifying junction with the channel
layer;

ohmic contacts on the source region, the gate region, and
the drain region;

a discrete vertical channel JFET comprising:

a substrate of an n-type semiconductor material having
opposed first and second major surfaces;

a drain layer of an n-type semiconductor material on the
first major surface of the substrate;

a drift layer of an n-type semiconductor material on the
drain layer, the drift layer having a lower conductivity
than the drain layer;

one or more discrete raised regions each comprising a
channel region of an n-type semiconductor material on
the drift layer and a source region of an n-type semi-
conductor material on the channel region, the material
of the source region having a higher conductivity than
that of the channel region;

a gate region of a p-type semiconductor material on the
drift layer adjacent the one or more raised regions and
forming a rectifying junction with the drift layer and
the channel region(s); and

ohmic contacts on the gate and source regions and on the
second major surface of the substrate;

a first electrical connection between the source ohmic
contact of the lateral channel JFET and the gate ohmic
contact of the vertical channel JFET; and

a second electrical connection between the drain ohmic
contact of the lateral channel JFET and the source
ohmic contact of the vertical channel JFET.

51. The integrated circuit of claim 50, wherein for the
lateral channel JFET: the buffer layer has a thickness of at
least 0.1 um; the channel layer has a thickness of 0.3 to 1.5
um; the source, source/drain and drain regions each have a
thickness of 0.2 to 1.5 um; and the first and second gate
regions each have a thickness of 0.1 pm or more.

52. The integrated circuit of claim 50, wherein for the
lateral channel JFET: the buffer layer has a dopant concen-
tration of 1x10'% to 1x10'7 cm™; the channel layer has a
dopant concentration of 5x10'° to 5x10'7 cm™>; the source,
source/drain and drain regions each have a concentration of
>5x10'® cm™3; and the first and second gate regions each
have a dopant concentration of >5x10'® cm™.

53. The integrated circuit of claim 50, wherein for the
lateral channel JFET the substrate is a semi-insulating sub-
strate.

54. The integrated circuit of claim 50, wherein for the
vertical channel JFET: the drain layer has a thickness of 0.5
to 1 um; the drift layer has a thickness of 5 to 350 um; the
channel region has a thickness of 0.2 to 1.5 um; the source
region has a thickness of 0.2 to 1.5 um; and the gate region
has a thickness of 0.1 pm or more.

55. The integrated circuit of claim 50, wherein for the
vertical channel JFET: the drain layer has a dopant concen-
tration of >5x10® cm™>; the drift layer has a dopant con-
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centration of 2x10'* to 2x10'® cm™; the channel region has
a dopant concentration of 5x10"° to 5x10'7 cm™>; the source
region has a dopant concentration of >5x10'® cm™>; and the
gate region has a dopant concentration of >5x10™® cm™3.

56. The integrated circuit of claim 50, wherein for the
vertical channel JFET the substrate is an n-type substrate
having a dopant concentration of >1x10'® cm.

57. The integrated circuit of claim 50, wherein for the
lateral channel JFET the semiconductor material of each of
the buffer layer, drain region, source region, gate region and
channel layer has an Eg of at least 2 eV.

58. The integrated circuit of claim 57, wherein the semi-
conductor material is SiC or a Group III nitride compound
semiconductor material.

59. The integrated circuit of claim 50, wherein, for the
vertical channel JFET, the semiconductor material of each of
the drain layer, drift layer, channel region, source region and
gate region has an Eg of at least 2 eV.

60. The integrated circuit of claim 59, wherein the semi-
conductor material is SiC or a Group III nitride compound
semiconductor material.

61. A monolithic integrated circuit comprising a lateral
junction field effect transistor and a vertical junction field
effect transistor;

the lateral junction field effect transistor comprising:

a buffer layer of a p-type semiconductor material formed
in a portion of a first major surface of a drift layer;

a channel layer of an n-type semiconductor material on
and non-coextensive with the buffer layer such that a
portion of the buffer layer is exposed;

discrete source and drain regions of an n-type semicon-
ductor material in spaced relation on the channel layer;

a gate region of a p-type semiconductor material formed
in the channel layer between the source and drain
regions and forming a rectifying junction with the
channel layer;

ohmic contacts on the source region, the gate region, the
drain region and on the exposed portion of the buffer
layer;

the vertical junction field effect transistor comprising:

a channel layer of an n-type semiconductor material on
the first major surface of the drift layer laterally spaced
from the buffer layer;

one or more discrete source regions of an n-type semi-
conductor material in spaced relation on the channel
layer;

a gate region of a p-type semiconductor material formed
in the channel layer adjacent the one or more source
regions and forming a rectifying junction with the
channel layer; and

ohmic contacts on the gate and source regions;

wherein the drift layer is on a drain layer of an n-type
semiconductor material which is on a first major sur-
face of a substrate; and wherein an electrical contact is
on a second major surface of the substrate opposite the
first major surface of the substrate.
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62. The integrated circuit of claim 61, wherein the drain
layer has a thickness of 0.5 to 1 pm and the drift layer has
a thickness of 5 to 350 pum.

63. The integrated circuit of claim 61, wherein the drain
layer has a dopant concentration of >5x10'® cm™ and the
drift layer has a dopant concentration of 2x10™* to 2x10"°
cm™,

64. The integrated circuit of claim 61, wherein the sub-
strate is an n-type substrate having a dopant concentration of
>1x10'® cm.

65. The integrated circuit of claim 61, wherein for the
lateral junction field effect transistor the channel region has
a thickness of 0.2 to 1.5 um; the source and drain regions
each have a thickness of 0.2 to 1.5 um; and the gate region
and buffer layer each have a thickness of 0.1 um or more.

66. The integrated circuit of claim 1, wherein for the
lateral junction field effect transistor the channel region has
a dopant concentration of 5x10'° to 5x10'7 cm™; the source
region has a dopant concentration of >5x10*® cm™; and the
gate region and buffer layer each have a dopant concentra-
tion of >5x10'® cm™.

67. The integrated circuit of claim 61, further comprising:

a first electrical connection between the source contact of
the lateral channel JFET and the gate contact of the
vertical channel JFET;

a second electrical connection between the gate and buffer
layer contacts of the lateral channel JFET; and

a third electrical connection between the drain contact of
the lateral channel JFET and the source contact of the
vertical channel JFET.

68. The integrated circuit of claim 61, further comprising
one or more rings of p-type semiconductor material formed
in the drift layer and circumscribing the lateral junction field
effect transistor.

69. The integrated circuit of claim 61, further comprising
one or more rings of p-type semiconductor material formed
in the drift layer and circumscribing the vertical junction
field effect transistor.

70. The integrated circuit of claim 61, wherein for the
lateral junction field effect transistor the semiconductor
material of each of the buffer layer, drain region, source
region, gate region and channel layer has an Eg of at least 2
eV.

71. The integrated circuit of claim 70, wherein for the
lateral junction field effect transistor the semiconductor
material of each of the buffer layer, drain region, source
region, gate region and channel layer is SiC or a Group III
nitride compound semiconductor material.

72. The integrated circuit of claim 61, wherein, for the
vertical junction field effect transistor, the semiconductor
material of each of the channel layer, source region and gate
region has an Eg of at least 2 eV.

73. The integrated circuit of claim 72, wherein for the
vertical junction field effect transistor, the semiconductor
material of each of the channel layer, source region and gate
region is SiC or a Group III nitride compound semiconduc-
tor material.

74. The integrated circuit of claim 61, wherein the semi-
conductor material of each of the drift layer and the drain
layer has an Eg of at least 2 eV.
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75. The integrated circuit of claim 74, wherein the semi-
conductor material of each of the drift layer and the drain
layer is SiC or a Group III nitride compound semiconductor
material.

76. A monolithic integrated circuit comprising a lateral
junction field effect transistor and a vertical junction field
effect transistor;

the lateral junction field effect transistor comprising:

a buffer layer of a p-type semiconductor material formed
in a portion of a first major surface of a drift layer;

a channel layer of an n-type semiconductor material on
and non-coextensive with the buffer layer such that a
portion of the buffer layer is exposed;

discrete source and drain regions each of an n-type
semiconductor material in spaced relation on the chan-
nel layer;

a metal layer on the channel layer between the source and
drain regions forming a metal-semiconductor rectifying
junction with the channel layer;

ohmic contacts on the source region, the drain region and
on the exposed portion of the buffer layer;

the vertical junction field effect transistor comprising:

one or more raised regions on the first major surface of the
drift layer laterally spaced from the buffer layer each
comprising a channel region of an n-type semiconduc-
tor material on the first major surface of the drift layer
and spaced from the buffer layer of the lateral junction
field effect transistor and a source region of an n-type
semiconductor material on the channel region;

a metal layer on the drift layer adjacent to the one or more
raised regions forming a metal-semiconductor rectify-
ing junction with the drift layer and the channel
region(s); and

an ohmic contact on the source region;

wherein the drift layer is on a layer of n-type semicon-
ductor material which is on a first major surface of a
substrate; and wherein an electrical contact is on a
second major surface of the substrate opposite the first
major surface of the substrate.

77. The integrated circuit of claim 76, wherein the drain
layer has a thickness of 0.5 to 1 um and the drift layer has
a thickness of 5 to 350 pum.

78. The integrated circuit of claim 76, wherein the drain
layer has a dopant concentration of >5x10™® cm™ and the
drift layer has a dopant concentration of 2x10™* to 2x10'°

3

cm

79. The integrated circuit of claim 76, wherein the sub-
strate is an n-type substrate having a dopant concentration of
>1x10'® cm.

80. The integrated circuit of claim 76, wherein for the
lateral junction field effect transistor the channel region has
a thickness of 0.2 to 1.5 pum; the source and drain regions
each have a thickness of 0.2 to 1.5 um; and the gate region
and buffer layer each have a thickness of 0.1 um or more.

81. The integrated circuit of claim 76, wherein for the
lateral junction field effect transistor the channel region has
a dopant concentration of 5x10' to 5x10'7 cm™; the source
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region has a dopant concentration of >5x10'® cm™>; and the
gate region and buffer layer each have a dopant concentra-
tion of >5x10"® cm

82. The integrated circuit of claim 76, further comprising:

a first electrical connection between the source contact of
the lateral junction field effect transistor and the metal
layer of the vertical junction field effect transistor;

a second electrical connection between the metal layer
and buffer contacts of the lateral junction field effect
transistor; and

a third electrical connection between the drain contact of
the lateral junction field effect transistor and the source
contact of the vertical junction field effect transistor.

83. The integrated circuit of claim 76, further comprising
one or more rings of p-type semiconductor material formed
in the drift layer and circumscribing the lateral channel
junction field effect transistor.

84. The integrated circuit of claim 76, further comprising
one or more rings of p-type semiconductor material formed
in the drift layer and circumscribing the vertical channel
junction field effect transistor.

85. The integrated circuit of claim 76, wherein for the
lateral junction field effect transistor the semiconductor
material of each of the buffer layer, drain region, source
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region, gate region and channel layer has an Eg of at least 2
eV.

86. The integrated circuit of claim 85, wherein for the
lateral junction field effect transistor the semiconductor
material of each of the buffer layer, drain region, source
region, gate region and channel layer is SiC or a Group III
nitride compound semiconductor material.

87. The integrated circuit of claim 76, wherein, for the
vertical junction field effect transistor, the semiconductor
material of each of the channel layer, source region and gate
region has an E; of at least 2 eV.

88. The integrated circuit of claim 87, wherein for the
vertical junction field effect transistor, the semiconductor
material of each of the channel layer, source region and gate
region is SiC or a Group 111 nitride compound semiconduc-
tor material.

89. The integrated circuit of claim 76, wherein the semi-
conductor material of each of the drift layer and the drain
layer has an E of at least 2 eV.

90. The integrated circuit of claim 89, wherein the semi-
conductor material of each of the drift layer and the drain
layer is SiC or a Group III nitride compound semiconductor
material.





