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1
SILICON CARBIDE AND RELATED
WIDE-BANDGAP TRANSISTORS ON
SEMI-INSULATING EPITAXY FOR
HIGH-SPELD, HIGH-POWLER
APPLICATIONS

This application claims priority from U.S. Provisional
Patent Application Ser. No. 60/259,207 filed Jan. 3, 2001.
The entirety of that provisional application is incorporated
herein by reference.

This invention was made with U.S. Government support
under contract No. N00014-99-1-1103 awarded by the
Office of Naval Research. The Government may have cer-
tain rights in this invention.

BACKGROUND OF THE INVENTION

L. l'ield of the Invention

‘This invention relates to advanced microelectronic (semi-
conductor) devices and methods for fabricating the same,
and in particular, to microelectronic devices employing a
semi-insulating layer over a substrate.

2. Background of the Technology

Silicon carbide (SiC) is a rapidly maturing semiconductor
technology that has excellent thermal conductivity and high
breakdown strength. Wide bandgap materials, such as SiC
and gallium nitride (GaN), have recenlly received significant
attention for high frequency applications and other applica-
tions, including high-speed, high-power applications, such
as compact, cfficient radar transmitters in airborne and
ground-based radar systems, as well as power integrated
circuits and commercial power switching applications, such
as compact fluorescent and high intensity discharge ballasts
and compact batiery charging systems for portable electron-
ics. However, fundamental issues associated with substrate
growth, doping, device processing, and long-lerm device
reliability may limit their ultimate practicality. For example,
a lateral structure is often selected because of its potential
application in power integrated circuits, lower theoretical
on-resistance than conventional vertical devices, and
because of preliminary indications that lateral metal-oxide-
semiconductor field effect transistors (LMOSFETs) have
better radio frequency (RF) performance than vertical metal-
oxide-semiconductor field effecl transistors (MOSFETS).
(See, e.g., M. Trivedi and K. Shenai, “The Comparison ol
RE Performance ol Verlical and Lateral DMOSFEL” [EEE
Int’l Symposium on Power Semiconductor Devices and ICs,
p. 245 (May 1999), which is hereby incorporated by refer-
ence).

SUMMARY OF THE INVENTION

It is an advantage of the present invention to use lower-

cost, conducting SiC substrates, while retaining device per- -

formance advantages gained from the scmi-insulating (SI)
layer.

It is also an advantage of the present inveation to isolate
active areas of devices, such as high-frequency metal semi-
conductor field effect transistors (MESFETs), from the sub-
strate, thereby providing for a less defective and higher-
performance active device.

It is yet another advantage of the present invention to
provide an electrically insulating, bul thermally conductive,
layer that is able (o reduce device leakage, increase perlor-
mance, and provide isolation of devices to allow higher
levels of integration.
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With the present invention, the microelectronic device is
improved to include a buffer (such as SiC SI epitaxy,
preferably transition metal-doped or deep-level compen-
sated) over a substrate that is preferably a conducting wide
bandgap matcrial. This improvement allows for the usc of
conducting, low-cost, high-quality n-type substratcs, whilc
retaining the benefits of semi-insulating material. Because of
higher volume, fewer defects, and larger diameters, the
n-lype conducling subslrales have the advantage ol low cosl,
while being among the highest quality SiC substrates avail-
able. This device structure also allows for breakdown opti-
mization and lends itself more readily to an integrated chip
(IC) fabrication process. Similar structures are achieved in
silicon, but using buried oxide laycrs via ion implantation.
This is not feasible in SiC with current implant technology.
The fact that SiC is a wide bandgap material and has
deep-level defects allows a buried insulator to he placed in
the device using an SI epitaxy structure. Finally, the SI
epitaxy is a less defective layer than the substrate, so
high-frequency devices such as SiC or GaN field effect
transistors (FETs) can utilize the buffer layer on either
conducting or SI substrates to reduce the defect density
under the channcl and improve reliability through reduction
or climination of the back-gating cffect.

Additional advantages and features of the present inven-
tion will be set forth in part in the delailed description that
follows and in part will become more apparent to those
skilled in the art upon examination of the following or upon
learning by practice of the invention.

BRIEF DESCRIPTION OF THE FIGURES

[n the drawings:

FIG. 1 is a cross-sectional view of a lateral power SiC
MOSFET with a semi-insulating epitaxy region in accor-
dance with an embodiment of the present invention;

FIG. 2 shows a cross-scctional view of a vertical power
bipolar junction transistor (BJT) and a power vertical junc-
tion field effect transistor (JFET) on the same SiC chip with
electrical isolation from shallow trench isolation (STI) and
semi-insulating epitaxy, in accordance with an embodiment
of the present invention; and

FIG. 3 presents a tlowchart of a method for forming a
microelectronic device having a semi-insulating silicon car-
bide layer, in accordance with an embodiment of the present
invention.

DETAILED DESCRIPTION

The present imvention provides for a silicon carbide
semi-insulating (SI) epitaxy layer used to create an entire
class of power devices and integrated circuits with signifi-
canl perlormance advanlages over conventional devices.
This technology is analogous to the commercially available
Silicon-on-Insulator (SOI) structure, but provides advan-
tages over the existing SOI slructure, including homoepit-
axy, which improves thermal conductivity and dissipation
over the existing SOI structure, which is typically an insu-
lator having significantly different thermal conductivity
characteristics from the SiC based substrate upon which the
structure is formed.

A requirement for electrical isolation between devices
made on conducting substrates is that the epitaxial film be
both thick enough and resistive enough. In general, the
epitaxial lilm must be thicker than several diflusion lengths
to ensure that carriers injected from the top by the device or
from the bottom by the conducting substrate are trapped and,
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therefore, will not diffuse through the insulating layer. The
thickness of the epilaxial Glm is delermined based on a
selected leakage current for a given voltage used. The
leakage current varies as a function of V/1.?, where I is the
thickness of the cpitaxial film and V is the voltage applicd.
Because the deep traps that make a semiconductor material
become semi-insulating also “kill” (i.., severely reduce) the
minority carrier lifetime, the actual diffusion length in the SI
epilaxy layer is short (<0.5 ym), and, therelore, a 10-15 gm
thick epitaxy layer should be sufficient. Leakage currents
through the epitaxy layer are then determined by the larger
of the Ohmic current or the space charge limited (SCL)
current. Ior SI material, the SCL current is negligible until
the voltage threshold for trap filling is reached, which can be
as much as 350 V for 10 um semi-insulating films. See, e.g.,
N. Golo et al., “Iwo-Dimensional Numerical Simulation ol
Side-Galing Ellect in GaAs MESFETSs,” IEEE Trans. Elec-
tron Dev,, 37:1821-1827 (1990), which is hereby incorpo-
rated by reference.

Thicker films have correspondingly larger trap filling
threshold voltages. For example, if the collector of the
vertical transistor 29 in FIG. 2 (described further below) is
operated at 600 V with respect to the conducting substrate,

then a 20 ym ST epitaxy film is capable of preventing all but 2

Ohmic leakage currents to the substrate. Given the very
large resistivities of SI SiC (>10'? Q-cm), the Ohmic leak-
age current would be less than 1 nA (i.e., negligibly small).
Mouolithic circuits can be made, therefore, on SiC SI
isolated substrates using high-power-density vertical SiC
power devices that are both much smaller and more ther-
mally stable than silicon-based Smart Power Integrated
Circuits (ICs).

A cross-section of a single-finger embodiment of (he
invention is shown in FIG. 1. The example device of the
embodiment shown in FIG. 1 is 4 SiC MOSFET in which all
ol the device layers are grown epitaxially, while the semi-
insulating silicon carbide epitaxial layer is created by one of
two methods, which are described in more detail below.

As shown in FIG. 1, the example device 1, such as a
latcral power SiC MOSFET, includes a substrate 2 (c.g., n*
6H silicon carbide), upon which is formed, such as by
epitaxially growth, a semi-insulating silicon carbide epi-
taxial layer 3. In accordance with an embodiment of the
present invention, in this example of device formation, a p~
silicon carbide layer 4 is formed on the semi-insulating
silicon carbide epitaxial layer 3. The p~ silicon carbide layer
includes a graded implant region 7, such as an n-type drift
region.

A source/body, including, for example, an n* source
region, with contact area 10, n* source well 11, and p* body
contact 12, as well as a drain, including, for example, an n*
drain region, with contact arca §, and n™ drain well 6, are
lormed on the p~ silicon carbide layer 4. A silicon oxide
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layer 8 is also [ormed on the p~ silicon carbide layer 4, along

with a gate and contact area 9. The device improves break-
down, reduces leakage and assists in device isolation.

In embodimeants of the present invention, for the device of
FIG. 1, all layers of the MOSFET device arc grown cpi-
taxially, and the SI layer 3 is created by onc of two methods
(referred to herein as Type I or Type 11, as described further
below).

Another group ol example devices in accordance with an
embodiment ol (he present invenlion is illustraled in FIG. 2.
FIG. 2 shows two different, electrically isolated vertical
power devices 24, 29 on the same SiC chip 20. The power

60
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devices 24, 29 in this case are a vertical bipolar junction
transistor (BJT) 24 and a vertical junction field effect tran-
sistor (JFET) 29.

As shown 1n FIG. 2, SiC chip 20 includes a substrate 21,
such as an n* substrate, a SI layer 22, such as an cpitaxial
laycr, optional shallow trench isolation (STI) 23, as appro-
priate, for example, for device formation, to separate the
devices 24, 29 (e.g., for electrical isolation), a first semi-
conductor device 24, such as a BJI'1, and sccond semicon-
ductor device 29, such as a vertical JEET. The first device
24, if, for example, a BJT, includes various features, such as
an n~ collector 25, an n* subcollector 26, a p~ base 27, and
n" emitter 28.

The sccond device 29, if, for example, a vertical JFET,
includes various featurces, such as a source layer 30, such as
an n* layer, gate regions 31, 32, such as p* layers, and a drain
33, such as an n™ layer, having a contact 34.

Each of the devices 24, 29 of FIG. 2 are intended to be
merely illustrative of devices that may be formed on the SI
layer 22. With the SI epitaxy, these vertical power devices
are capable of being integrated on the same chip as lateral
power devices or lateral control circuitry, which forms the
basis for a complex, multi-function (e.g., power condition-
ing, control, amplification) monolithic circuit in SiC, also
known as a “Smart Power [C.”

A remarkable result of the large bandgap of silicon
carbide is the observation of “semi-insulating” 4H substrates
with resistivities consistent with insulators at room tempera-
ture (i.e., orders of magnitude greater than the maximum of
10*2 Q-cm typically measurable). Resistivities this high
allow a semi-insulating epitaxial layer in SiC to be used as
an iosulating buffer layer analogous to the buried Si0, layer
in SOI technology. This bas tremendous value for high-
temperature integrated circuits and high-power discrete and
integrated devices for at least two reasons. First, electrical
isolation between devices can bhe achieved while avoiding
the low qualily and expensive all semi-insulating 4H SiC
substrates that are commercially available. Technical per-
formance and affordability are both enhanced by growing a
semi-insulating epitaxial layer on a much higher quality and
less expensive conductling 41T SiC substrate. Second, high
power density integrated circuits can be better achicved
using SiC rather than SOI because the semi-insulating SiC
epitaxial layer has a much higher thermal conductivity than
does the SiQ, used in SOI; therefore, waste heal can be
removed [ar more elliciently. For example, based on the ratio
of their thermal conductivitics, a SI SiC buffer layer is able
to thermally conduct up to 231 times as much heat on a per
unit area basis as compared to the typical silicon-dioxide
buffer layer used in SOL

Various methods are possible for growing semi-insulating
silicon carbide epitaxial films, in accordance with embodi-
ments of the present invention. One method, which is
referred to herein as “Type [,” includes use of the boron
relaled D-cenler (0 compensale shallow nitrogen donors
during growth of SiC epitaxial layers (the D-center, approxi-
mately 0.7 ¢V above the valence band in SiC, has been
detected in all polytypes of SiC studied, and hence this
method will work for all epitaxially grown SiC). The boron
related D-center, also known as a “point defect,” is related
to the boron atom occupying a silicon substitution site in the
silicon carbide crystal. This phenomenon, as well as pro-
cesses known in the art for forming epitaxial films exhibiting
these characlerislics, are described [urther in Michael Maz-
zola, el al., “Observalion of lhe D-Cenler in 6H SIC p-n
Diodes Grown by Chemical Vapor Deposition,” Appl. Phys.
Lrrs.,, 64:2730-2732 (May 16, 1994), which is hereby incor-
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porated by reference. In general, characteristics of the semi-
insulating silicon carbide layer, including enhancement of
occurrence of site competition epitaxy, can be varied by
varying the relative concentration of the silicon and carbon
uscd to form the layer, while the compensating material,
such as boron, is supplicd.

Asecond method, referred to herein as “Type H,” includes
use of a semi-insulating epitaxial layer compensated with a
suilable transilion meltal. The dopanl source [or (he (rapsition
metal may be a solid source, an organometallic liquid, or a
non-organic gas. Suitable solid sources include, but are nol
limited to boron nitride and diborane (for Type I) and
vanadium nitride or vanadium carbide (for Type II) (see,
c.g., Y. Koshka, ct al., “Vanadium Doping of 4H SiC from
a Solid Source: Photolumincscence Investigation,” J. Elec-
tron. Mater, 30:220-223 (2001), which is hereby incorpo-
rated by reference). Other boron sources are usable with the
present invention. Other candidate impurities include ger-
manium, which produces an attractive E,.-1.2 ¢V deep level

(see, e.g., A. Uddin and T. Uemoto, “Trap centers in ger- 2

manium-implanted and in as-grown 6H-SiC,” Jpn. J. Appl.
Phys., 34:3023-3029 (1995), which is hereby incorporated
by reference), and chromium, which produces shallower
deep levels (see, ¢.g., N. Achtziger et al., “Band Gap States
of V and Cr in 6Hssilicon carbide,” Appl. Phys. A,
65:329-331 (1997), which is hereby incorporated by refer-
ence).

As is known with GaAs:Cr semi-insulators (see, €.8., G.
Cronin and R. Haisty, “The preparation of semi-insulating
gallium arsenide by chromium doping,” J. Electrochem.
Soc., 111:874-877 (1964), which is hereby incorporated by
reference), when the compensating impurity produces only
deep levels, all that is required for closec compensation is a
threshold concentration of the compensating impurity such
that N;>IN,-N,|, because the thermal ionization of the
excess deep level concentration at typical device operating
lemperalures is negligible. A Type [I semi-insulator requires
less stringent doping control of the compensating agent than
a Type I semi-insulator because a Type I compensating
impurity (such as boron in SiC) forms both shallow and deep
levels.

Onc application ot a Typc 1 D-center compensated scmi-
insulator, in accordance with embodiments of the present
invention, is as a high-purity buffer layer between radio
frequency (RF) and microwave frequency transistors and
underlying semi-insulaling substrales or conducting sub-
strates with Type Il semi-insulating isolation epitaxial lay-
ers. This application 1s useful, for example, because unde-
sirable back-gating effects are associated with SiC semi-
insulators compensated with Type II impurities.

One application of a Type 1I semi-insulator, in accordance
with embodiments of the present invention, is as a thin
isolation layer analogous to the buried silicon dioxide layer
in SOL Unlike the Si0, layer in SOI, however, the SiC
semi-insulator ol this embodimenl is ol the same malterial as
the substrate and any overlying conducting epitaxial layers
that may be grown on the Type II semi-insulator. Unlike
SOI, with this application, there are little or no material
compatibility problems while homoepitaxially growing con-
ducting device layers on the SiC semi-insulating isolation
layer. Specifically, lattice constant and coefficients of ther-
mal expansion are identical between the conducting sub-
strate, the SI epitaxial layer and the conducting epitaxial
layers in which the device are [abricaled, producing superior
properties than are available with SOL

The present invention has several advantages over the
prior arl. The use of SI layers allows for the use of less
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expensive, conducting SiC substrates, while retaining device
performance advantages gained from the SI layer. SI layers
isolate active areas of devices, such as high-frequency
metal-semiconductor field effect transistors (MESFETs),
from the substrate, cither conducting or SI substrate, thereby
providing for a less defective and higher performance active
device. The present invention is also capable of improving
reliability in MESFET and other devices by reducing back-
gating ellects. Additionally, the present invemtion oflers
electrically insulating, but thermally conduclive, layers,
which have the capability of reducing device leakage,
increasing performance, and providing isolation of devices,
which allow for higher levels of integration.

The different polytypes of silicon carbide (e.g., 6H SiC
and 4H SIC) can produce different characteristics in the
device, thus providing differing advantages and pretferred
uses. One difference between 6H SiC and 4H SiC, for
example, is the bandgap of these polytypes: the bandgap of
6H SiC 1s about 2.9 eV, while that of 4H SiC is about 3.2 eV.
The 0.3 eV difference between these polytypes makes each
typically suitable for different applications. For example, 4H
SiC is often preferable for high voltage or high power
applications, to take advantage of the larger bandgap, whilc
6H SiC is preferable, for example, for use in some applica-
tions because of its common commercial use in light emit-
ting diodes. The present invention has been observed to
work well in all S1C polytypes.

The present invention is usable for application directly to
compact, solid-state television and radar transmilters oper-
aling [rom very high [requency (VHF) to above X-band (10
GHz). The present invention is also usable for military
applications, and, in particular, airbome radar systems on
advanced military aircraft. Commercial applications include
television transmitter stations, cellular telephone base sta-
tions, and satellitc communication links for telecphony,
audio, and image transmission. Also, etficient power swilch-
ing utilizing compact direct current to direct current
(DC—DC) converters and motor drive control circuitry can
lake advantage ol the present invention inm, [or example,
hybrid-clectric vehicles and fluorescent lighting ballasts.

FIG. 3 presents a {lowchart ol a method for forming a
microelectronic device having a semi-insulaling silicon car-
bide layer, in accordance with an embodiment of the present
invention. As shown in FIG. 3, a semi-insulating silicon
carbide layer is formed on a substrate 40. One or more
semiconductors arc then formed on the semi-insulating
silicon carbide layer 41.

Lxample embodiments of the present invention have now
been deseribed in accordance with the above advantages. It
will be appreciated that these examples are merely illustra-
tive of the invention. Many variations and modifications will
be apparent to Lhose skilled in the art.

What is claimed is:

1. A microelectronic device, comprising:

a substrate;

a single semi-insulating silicon carbide layer formed on
the substrate, the semi-insulating silicon carbide layer
comprising boron and a shallow donor impurity, the
semi-insulating silicon carbide layer having boron-
related D-center defects formed therein; and

a [irst semiconductor device ormed on the semi-insulat-
ing silicon carbide layer, the first semi-conductor
device having an active area comprising a high band-
gap material.

2. The device of claim 1, wherein the semi-insulating

silicon carbide layer is formed epitaxially.
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3. 'The device of claim 2, wherein the first semiconductor
device is a high frequency, device.

4. The device of claim 2, wherein the first semiconductor
device is a high power device.

5. The device of claim 1, whercin the substratc is a
conductor.

6. The device of claim 1, wherein the substrate comprises
n” silicon carbide.

7. The device of claim 1, wherein the semi-insulating
silicon carbide layer comprises 6H silicon carbide.

8. The device of claim 1, wherein the semi-insulating
silicon carbide layer comprises 4H silicon carbide.

9. The device of claim 1, wherein the active area of the
first semiconductor device compriscs silicon carbide.

10. The device of claim 1, wherein the first scmiconductor

device comprises a metal-oxide-semiconductor field effect
transistor,

11. The device of claim 1, wherein the first semiconductor
device comprises a lateral metal-oxide-semiconductor field
effect trapsistor.

12. The device of claim 1, wherein the first semiconductor
device comprises a bipolar junction transistor.

13. The device of claim 1, wherein the first semiconductor
device compriscs a junction ficld effect transistor.

14. The device of claim 1, further comprising:

at least a second semiconductor device.

15. The device of claim 14, wherein the at least a second
semiconductor device is found on a portion of the substrate
that is physically isolated from the first semiconductor
device.

16. The device of claim 14, wherein the at least a second
semiconductor device is found on a portion of the substrate
that is cleclrically isolatcd from the first scmiconductor
device.

17. The device of claim 1, wherein die first semiconductor :

device is formed epitaxially.

18. An inlegraled circuil device comprising:

a conducting substrate;

a first single semi-insulating silicon carbide layer formed
over a first portion of the conducting substrate, the first
single semi-insulating silicon carbide layer comprising
boron and a shallow donor impurity, the first single
semi-insulating silicon carbide layer having boron-
related D-center defects formed therein;

a first device tormed over at least part of the first portion
ol the substrale; and

a second device fanned over a second portion at the
substrate different from the first portion,

wherein the first device is electrically isolated from the
second device.

19. The integrated circuit device of claim 18, wherein the
first device is formed over at least part of the first semi-
insulating silicon carbide layer.

20. The integrated circuit device of claim 18, wherein the
first device is a high power device.
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21. 'The integrated circuit device of claim 20, wherein the
second device is a control device.

22. The integrated circuit device of claim 18, wherein the
first device is a high frequency device.

23. The inlegraled circuil device of claim 22, wherein the
second device 1s a control device.

24. The integrated circuit device of claim 19, wherein the
first device is a lateral device.

25. 'The integrated circuit device of claim 19, wherein the
second device is a control device.

26. The integrated circuit device of claim 19, wherein the
second device is a vertical device.

27. The microclectronic device of claim 1, wherein the
shallow donor impurity is nitrogen.

28. The microelectronic device of claim 1, wherein the
semi-insulating silicon carbide layer is formed by epitaxial
growth.

29. The microelectronic device of claim 28, wherein the
shallow dopor impurity is nitrogen, and wherein the semi-
insulating silicon carbide layer is co-doped with boron and
nitrogen during epitaxial growth.

30. The integrated circuit device of claim 18, wherein the
shallow donor impurity is nitrogen.

31. The integrated circuit device of claim 18, wherein the
semi-insulating silicon carbide layer is formed by epitaxial
growth.

32. The integrated circuit device of claim 31, wherein the
shallow donor impurity is nitrogen, and wherein the semi-
insulating silicon carbide layer is co-doped with boron and
nitrogen during epitaxial growth.

33. The integrated circuit deviee of claim 26, further
comprising a second single semi-insulating silicon carbide
layer comprising boron and a shallow donor impurity, the
second single semi-insulating silicon carbide layer having
boron-related D-center defects formed therein;

wherein the second single semi-insulating silicon carbide

layer is formed between the vertical device and the
second portion of the conducting substrate, and is
clectrically isolated from the first semi-insulating sili-
con carbide layer.

34. The integrated circuit device of claim 18, further
comprising a second single semi-insulating silicon carbide
layer comprising boron and a shallow donor impurity, the
second single semi-insulaling silicon carbide layer having
boron-related D-center defects formed therein;

wherein the second single semi-insulating silicon carbide

layer is formed between the second device and the
sccond portion of the conducting substrate and is
clectrically isolated from the first semi-insulating sili-
con carbide layer.






