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(57) ABSTRACT

A Lateral Epitaxial Gallium Nitride metal insulator semicon-
ductor field effect transistor (LEGaN-MISFET) is described
that includes a body region including at least one layer formed
of' Gallium Nitride having a first conductivity type formed on
the substrate; a resurf layer of Gallium Nitride having a sec-
ond conductivity type formed the body region; a source
region in contact with the resurf layer; a drain region, in
contact with the resurflayer and spaced apart from the source
region; a gate metal insulator semiconductor (MIS) structure
in contact with the body region including a gate contact; and
a MIS conductive inversion channel along the surface of the
body region in contact with the gate MIS structure. A lateral
current conduction path may be formed in the resurf layer
between the source region and the drain region connected by
the MIS channel, where the lateral current conduction path is
controlled by an applied gate source bias.

20 Claims, 6 Drawing Sheets
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LATERAL EPITAXTAL GAN METAL
INSULATOR SEMICONDUCTOR FIELD
EFFECT TRANSISTOR

TECHNICAL FIELD

The following description relates generally to semiconduc-
tor devices, and in particular to power transistors using Gal-
lium Nitride.

BACKGROUND

Most conventional semiconductor power transistors are
almost exclusively formed using silicon (Si). Due to the rela-
tive maturity of the use of this semiconductor, the perfor-
mance of conventional power transistors to carry high cur-
rents and block high voltages is closely approaching the
theoretical limit for Si. For example, power MOSFETs made
using Si have undergone many improvements over the past
two decades allowing them to block 30 to 600 volts, while
providing relatively low on-state resistance values.

However, there are many applications for power devices
that require the ability to carry high currents and block volt-
ages in the range of 300 V to 5 kV (and greater). These
applications include motor control, power supply, lighting
ballast, power transmission and generation, and utility power
conversion. Unfortunately, the overall performance of power
devices made using Si is poor for this voltage range, and the
lack of such power devices represents the primary limitation
in realizing circuits for these applications. In fact, if high
voltage devices that support such high currents and operate at
frequencies of one to 1 MHz were available, they would
revolutionize power utility applications and result in power
savings of as much as $2 billion in the United States.

One recent development in semiconductor power devices
is the use of Intelligent Power Modules (IPMs). IPMs use low
voltage CMOS circuitry that may be integrated with power
devices. Other examples of intelligent power devices include
discrete integrated power devices that detect unacceptable
current, voltage, and temperature conditions. However, the
relatively low blocking voltage of semiconductor power
devices made using Si limits the application of these devices
in majority carrier devices (e.g., devices that rely on resistive
current transport) to 300 V or less.

For higher power devices (e.g., those blocking voltages
greater than 300 V), bipolar devices, such as, insulated gate
bipolar transistors (IGBTs) and Thyristors have been used.
While these devices offer acceptable on-state performance,
they suffer from relatively slow switching speeds and poor
performance at high temperatures.

Other power devices that have been researched also suffer
from various deficiencies. For example, Bipolar Junction
Transistors (BJTs) use a current control gate rather than a
preferable voltage control gate. Many vertical junction field
effect transistors (JFETs) operate in a “normally-on” mode
during their on-state condition; however, JFETs with the pref-
erable “normally-off” mode have poor on-state resistances.
Finally, thyristors have high on-state voltage drops (because
of their inherent junction drop) and slow switching speeds.

A variety of power devices using silicon carbide (SiC) have
been researched and implemented in an attempt to provide
devices that block high voltages and carry high currents. One
switching power device is the vertical power MOSFET. How-
ever, vertical power MOSFETs made using SiC suffer from
poor performance and poor reliability because of low inver-
sion layer channel mobility. In addition, the tunneling current
between SiC and the gate dielectric of power devices made

10

15

20

25

30

35

40

45

50

55

60

65

2

using SiC limits their reliability during long term operation.
Unlike Silicon and Silicon Carbide, vertical Gallium Nitride
(GaN) based power MOSFETs are not considered feasible
presently due to the unavailability of native GaN substrates.

One example of a high power microwave device formed
using GaN is the AlIGaN/GaN HEMT. A HEMT is operated
by controlling the source to drain current through modulating
a two dimensional electron gas via a widebandgap AlGaN
gate located between these two terminals. However, these
devices suffer from poor reliability due to the high defect
levels at the hetero-junction growth of AlGaN layer above the
unoped GaN layer. Other devices that may be formed using
GaN devices are GaN MESFETs and JFETs.

SUMMARY
In one general aspect, a Lateral Epitaxial Gallium Nitride
metal insulator semiconductor field effect transistor

(LEGaN-MISFET) includes: a body region including at least
one layer formed of Gallium Nitride having a first conductiv-
ity type formed on the substrate; a resurf layer of Gallium
Nitride having a second conductivity type formed the body
region; a source region in contact with the resurf layer; a drain
region, in contact with the resurf layer and spaced apart from
the source region; a gate metal insulator semiconductor
(MIS) structure in contact with the body region including a
gate contact; and a MIS conductive inversion channel along
the surface of the body region in contact with the gate MIS
structure. The LEGaN-MISFET also may include a lateral
current conduction path in the resurflayer between the source
region and the drain region connected by the MIS channel,
where the lateral current conduction path is controlled by an
applied gate source bias.

The MIS gate structure may include a trench formed
through the resurf layer in contact with the body region hav-
ing side walls and a bottom, and a passivating dielectric layer
formed on the walls and bottom wherein the gate contact is
formed on the dielectric layer.

A source metal contact may be formed on the source region
extending through the source region and resurf layer in elec-
trical contact with the body region wherein a conductive
inversion channel is formed by the channel when a sufficient
positive bias is applied between the gate and source terminals.

The distance Ldrift of a side wall of the trench from the
drain region primarily may determine the breakdown voltage
of the device as long as the vertical breakdown voltage is
greater than this voltage.

The LEGaN-MISFET may have a blocking voltage of
300V to 5 kV.

The LEGaN-MISFET also may include a substrate in con-
tact with the body region wherein the substrate layer has a
carrier concentration of dopant atoms of 0 cm™ to 1x10%2
cm™. The substrate layer may have a thickness of 100 to 500
pm.

The resurflayer may have a carrier concentration of dopant
atoms of 1x10"® cm™ to 1x10'® cm~> and a thickness of 0.01
to 5 pm. The body region may have a carrier concentration of
dopant atoms of less than 10"7 cm™>. The face of the gallium
nitride may be one of 0001, 000-1, and 11-20. In addition, the
LEGaN-MISFET may have a specific on resistance of less
than 300 mQ-cm®.
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The doping N, of the resurf layer by thickness of the
resurf layer may be expressed as range of plus or minus 50%
of:

1 resurf (Lprig exE,
. [ Mgt ooy =
Drift Jo 0 q

where E_, is the critical breakdown electric field of the
Gallium Nitride, € is the dielectric constant of Gallium
Nitride, ‘q’ is the electronic charge, and L,,,, is the distance
between the drain region and the gate region.

The distance L, may be expressed as:

B (Between 2 and 1) X BVy 4
Eer

Lpnp =

where BV,,, is the lateral breakdown voltage between
source and drain and E_, is the critical electric field of the
semiconductor.

In one implementation the first conductivity type is p-type
and the second conductivity type is n-type. In another, the first
conductivity type is p-type and the second conductivity type
is n-type.

The junction between the resurf layer and the body region
may provide a voltage blocking PN junction below the cur-
rent lateral conduction path in the resurf layer and the body
region a substantially continuous, linear gradation of voltage
in the resurf layer between the gate structure and the drain
region.

Other features will be apparent from the description, the
drawings, and the claims.

DESCRIPTION OF DRAWINGS

FIG. 1 shows an exemplary cell of a LEGaN-MISFET
structure having an optimally doped, epitaxially grown con-
duction path between the Drain and the Source and a MIS
channel formed in the p-type or insulating GaN layer by
etching a trench into the epitaxial conduction path.

FIG. 2 shows another exemplary cell of a LEGaN-MISFET
structure.

FIG. 3 shows yet another exemplary cell of a LEGaN-
MISFET structure.

FIG. 4 shows an exemplary LEGaN-MISFET structure
with illustrations of the vertical and the lateral electric fields.

FIG. 5 shows an exemplary LEGaN-MISFET formed
using the cells of FIG. 1.

FIG. 6 shows an exemplary single chip, top view layout of
a LEGaN-MISFET.

Like reference symbols in the various drawings indicate
like elements.

DETAILED DESCRIPTION

The following description of the various implementations
and embodiments illustrates general concepts of the invention
which may suggest various alternatives to those skilled in the
art. For example, the description makes reference to certain
layers and regions being formed of a first conductivity type
(e.g., n-type) and a second conductivity type (e.g., p-type) in
addition to various dopings (e.g., + and —) of these areas.
However, complementary devices also may be produced
according to the descriptions below, such as, for example, the
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4

first conductivity type may be a p-type semiconductor and the
second conductivity type may be an n-type semiconductor.

The various layers and regions may be fabricated using a
number of conventional semiconductor fabrication tech-
niques including solid source crystal growth, molecular beam
epitaxy, gas source metal-organic chemical vapor deposition,
wafer bonding, lithography, thermal oxidation, metallization,
etching, reactive ion etching and/or combinations thereof.

It also will be appreciated that the figures show general
concepts and that sizes and dimensions of layers or regions
may be exaggerated for illustrative purposes to show general
structures, and are not necessarily to scale. In addition, refer-
ences to a layer being formed on another layer or substrate
may contemplate that additional layers intervene Likewise, a
referenced “layer” may include implementations formed of
multiple layers or doping regions, consistent with the teach-
ings described herein.

LEGaN-MISFET Cell Structure

The device structures described below are for fabrication
using Gallium Nitride (GaN) with a bandgap (EG) of approxi-
mately 3 to 4 eV; however, one skilled o the art will appreci-
ated that a device may be fabricated using any widebandgap
semiconductor having a bandgap 2 to 8 eV, such as silicon
carbide (with EG range of 2.1 eV to 4 eV), diamond (EG 5
eV), and aluminum nitride (EG 6.1 eV). All faces of the
crystal structure of GaN may be used including, for example,
the 0001, 000-1, 11-20, and 1-100 planes.

FIG. 1 shows the structure of a lateral epitaxial GaN metal
insulator semiconductor field effect transistor (LEGaN-MIS-
FET) formed in a Gallium Nitride. As shown by the exem-
plary implementation illustrated in FIG. 1, a cell 100 of the
LEGaN-MISFET includes an optimally doped conduction
path between a source region 105 and a drain region 106. The
LEGaN-MISFET also includes a topside gate trench 108 with
a gate metal insulator semiconductor (MIS) structure and gate
contact 109 located between the source region 105 and the
drain region 106.

The cell 100 may include three or more layers including a
first layer 110 (e.g., a substrate and a buffer layer), a second
layer 120 (e.g., a body region), and a third layer 130 (e.g., a
resurf layer). The area between the source region 105, drain
region 106, and the gate trench 108 may be formed using a
passivating dielectric layer 140.

The first layer 110 may be formed using a substrate or a
buffer layer or combination thereof having a backside metal-
lized terminal 101. The metallized terminal 101 may be
optionally shorted electrically to the source contact 111. For
example, the substrate may be a mechanical wafer on top of
which high quality crystalline Gallium Nitride may be grown
using appropriate buffer layers, as is commonly practiced by
those skilled in the art of GaN material growth. This region
including all combined layers as referred to as layer 110.
Commonly used substrate materials include, for example,
Sapphire, Silicon, Silicon Carbide, Gallium Nitride, glass,
diamond or other semi-insulating or insulating substrate
material that provides a handle wafer with good mechanical
and thermal properties to enable a device to be fabricated and
have efficient performance. Buffer layers that may be used
include, for example, Aluminum Nitride, Aluminum Gallium
Nitride, and others as known by those skilled in art of het-
eroepitaxy growth of GaN. In one implementation, the layer
110 may have a thickness (t,,;,...) 150 of approximately
100-500 um with a doping of zero to 10** cm™.

An optional very thin highly doped backside layer (not
shown) of the same conductivity type as layer 110 may be ion
implanted in the substrate 110 or epitaxially grown thereon












