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BASAL PLANE DISLOCATION ELIMINATION IN 4H-SIC BY PULSED RAPID
THERMAL ANNEALING

TECHNICAL FIELD

The present invention relates to the removal of basal plane dislocations in silicon carbide
(SiC) epitaxially grown layers.

BACKGROUND ART

High power devices fabricated in 4H-silicon carbide (SiC) epilayers are known to suffer
from forward voltage degradation caused by basal plane dislocation (BPD) induced stacking
faults (SF). (J. P. Bergman et al., Mater. Sci. Forum 353, 299 (2001) and R. E. Stahlbush et al.,
Mater. Sci. Forum 389, 427 (2002)). Over the past decade, several efforts have been successful
in removal of more than 90% of the BPDs in the substrate by converting them to benign
threading edge dislocations (TED) during epigrowth. (S. Ha et al., Phys. Rev. Lett. 92, 175504
(2004) and R. L. Myers-Ward et al., Mat. Sci. Forum 615-617, 105 (2009)). However, BPDs in
the many areas of the epilayers are still > 100 cm’, which adversely affects the device yield and
reliability.

A previous report for BPD removal was published by Mahadik et al., detailing a
conventional annealing process which was less effective in preserving the SiC surface than the
technique presented herein. (N. A. Mahadik et al., Materials Science Forum Vols. 778-780, pp
324-327 (2014)).

Using multiple heating and cooling cycles has been previously reported for electrical
activation of implanted Mg ions in gallium nitride (GaN) and removal of defects introduced
during this implantation step. (1. J. Anderson et al., Elect. Lett. 50, 197 (2014); B. N. Feigelson
et al., J. Crystal Growth, vol. 350, no. 1, pp. 21-26 (2012); and B. N. Feigelson et al., US Patent
#8,518,808 (2013)).

DISCLOSURE OF INVENTION

The present invention provides a means to remove basal plane dislocations already
present in silicon carbide (SiC) epitaxially grown layers, while preserving the surface
morphology. This method uses a high temperature annealing process under high ambient
pressure in ultrapure inert atmosphere and utilizes a surface protective coating on epitaxially
grown SiC layers to remove the basal plane dislocations present in it. Unlike previous methods,
the high temperature anneal is performed in pulses of very high temperature, leading to an

elimination of defects while preserving the surface of the material over a large area.
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The subject of the invention is single crystal Silicon Carbide (SiC) substrate material and
epilayers grown by any typical methods. This invention provides means to remove defects,
while preserving the sample surface in SiC semiconductors.

The invented method uses a high temperature annealing process under gas pressure above
atmospheric and utilizes a surface protective coating to eliminate basal plane dislocations (BPD)
in SiC samples. More specifically, the high temperature annealing process is one where the
temperature profile is pulsed in individual cycles of high temperature and short duration. Even
more specifically, the high temperature annealing process is one where the material is subjected
to a plurality of short (rapid) heating and cooling cycles without removing the sample from the
enclosure.

The present invention can be used to remove BPDs from SiC epitaxial layers after their
growth, while preserving the surface morphology. This is important to realize high power density
and high voltage SiC devices.

The present invention can be used to transform point defects in SiC and change optical
and electrical properties of SiC.

The present invention can be used to anneal n-type and p-type implants in SiC to form
higher conductivity n-type and p-type semiconductor regions, while preserving the surface.

The present invention can be used to perform high temperature treatments to SiC to
improve carrier lifetime in both p-type and n-type SiC layers.

In an embodiment where the surface does not have a protective coating, this invention
can be used to grow Si- or C- containing compounds, such as SiNy or graphene.

The present invention has many advantages. It results in elimination of BPDs in SiC
material, while maintaining good surface morphology. Compared to previously reported
methods, the present invention uses higher temperature annealing (up to 1875 °C, but higher is
possible) of SiC material with no silicon sublimation from the surface, which prevents surface
degradation. This higher temperature annealing could be used to improve the
activation/incorporation of implanted species in the SiC lattice.

These and other features and advantages of the invention, as well as the invention itself,
will become better understood by reference to the following detailed description, appended
claims, and accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

Fig. 1 shows a temperature profile of the pulsed rapid thermal annealing technique.
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Fig. 2 compares the surface morphology using conventional annealing with using the
pulsed rapid thermal annealing of the present invention. Fig. 2a shows that conventional
annealing at above 1750 °C results in an RMS roughness of 5.7 nm. Fig. 2b shows that pulsed
rapid thermal annealing results in an RMS roughness of 3.1 nm.

Fig. 3 shows ultraviolet photoluminescence (UVPL) images of the samples before and
after the pulsed rapid thermal annealing process. Fig. 2a shows a typical UVPL image of an as
grown sample showing a BPD density of ~1000 cm™. The short horizontal white lines are BPDs.
Fig. 2b shows an UVPL sample after pulsed rapid thermal annealing at 1875 °C for 5 min., with
no BPDs. The long scratch line is scribe mark on backside for sample identification.

BEST MODE FOR CARRYING OUT THE INVENTION

The present invention provides a technique to remove the existing BPDs from the
epilayers by using a pulsed rapid thermal annealing process where the BPDs in the epilayers
were eliminated, while preserving the epitaxial surface. This high temperature, high pressure
method uses silicon carbide epitaxial layers with a carbon cap to protect the surface. These
capped epilayers are subjected to a plurality of rapid heating and cooling cycles.

The method of the present invention may be briefly described as follows. First silicon
carbide epilayers are capped with carbon to protect the surface. Other than a carbon cap,
materials, including boron nitride, can be used as well. Unlike the MRTA process described by
Feigelson et al., where the AIN capping layer is able to absorb and protect the GaN surface from
trace amounts of oxygen in the inert annealing atmosphere, the presently described method
depends on nearly complete removal of any and all trace amounts of oxygen during the process.
The capped silicon carbide epilayers are then placed inside an enclosure, and overpressure of
ultra-purified nitrogen is applied. The capped epilayers are then annealed with a plurality of
heating and cooling cycles without removing them from the enclosure between cycles. There
should be no oxygen present during the annealing process. Each heating and cooling cycle
includes heating the epilayers for several seconds to a temperature above 1750 °C, more
preferably above 1800 °C and even more preferably up to 1875 °C or above, and rapidly cooling
the epilayers for several seconds to a temperature below 1550 °C. In a preferred embodiment, at
the end of the plurality of heating and cooling cycles, the capped silicon carbide epilayers have
been heated to a temperature between 1750 and 1875 °C for at least five minutes.

In this invention, we used 4° offcut, 15 um, n-type 6x10" cm™ 4H-SiC epilayers,

commercially obtained. The samples were then carbon capped using the following process. The
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samples were cleaned with a pirana solution consisting of H;SO4:H,0O,:H»0 in the ratio 1:1:5,
followed by a solvent clean (SC-1) process. Then AZ 4620 photoresist was applied using a
revolution speed of 5000 rpm for 1 minute. The samples were then introduced in an annealing
chamber and kept under ultrapure nitrogen to eliminate traces of oxygen and produce a high
quality carbon capping layer. The samples were then heated to a temperature of 1100 °C in
ultrapure nitrogen ambient for 30 minutes to form the high quality carbon cap. This was
followed by the high temperature high pressure annealing process.

The as-grown samples were imaged using ultraviolet photoluminescence (UVPL)
imaging, which shows the BPDs in the epitaxial layers. Carriers were excited with the 334 nm
line from an Ar-ion laser, and images were collected in the emission range of 600-1000 nm. The
samples were carbon capped and annealed in 20 cycles as shown in Fig. 1. The sample was at an
annealing temperature of 1750-1875 °C for a total time of ~5 minutes (Fig. 1). The annealing
was performed in a custom designed chamber with inductive sample heating and ultrapure N,
overpressure at 0.41-0.76 MPa. The base temperature was maintained near 1500 °C, from where
the temperature was ramped up and down to the desired temperature in rapid cycles to
accumulate sufficient time at the desired high temperature range. The combination of high N,
overpressure and rapid cycles enabled higher temperature annealing than what conventional
methods allow, while preserving the carbon cap, and thus maintaining a pristine epitaxial
surface.

Elimination of oxygen during the annealing process was critical to the success of this
process. All gas process lines were purged for a long time with ultrapure nitrogen. Maximum
inertness of the annealing atmosphere in the chamber was ensured by multiple fills with ultrapure
nitrogen. The SiC samples were enclosed in a carbon cap which additionally protected the
sample surface from oxygen-induced decomposition.

Post-annealed samples were also imaged to observe the BPDs in the epilayers. The
UVPL images of the as grown samples showed an average BPD density ~1000 cm™. Two goals
of annealing were to eliminate BPDs in the epitaxial layers and to preserve the epitaxial surface
morphology. There have been several previous attempts to anneal similar samples using high
temperature microwave annealing as well as annealing under high N, pressure. With microwave
annealing, BPDs were eliminated by annealing at above 1750 °C. However, the surface
morphology was poor. Fig. 2 compares the surface morphology using conventional annealing at

above 1750 °C (Fig. 2a) with using the pulsed rapid thermal annealing of the present invention
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(Fig. 2b). Pulsed rapid thermal annealing improved surface morphology by about a factor of 2
compared to conventional annealing (RMS roughness of 3.1 nm compared to 5.7 nm).

The carbon capping technique was optimized but the microwave annealing performed at
ambient pressure conditions was not able to achieve a good sample surface. Annealing under
high pressure preserved the surface, however, could not go to temperatures higher than 1750 °C
without damaging the cap. For complete BPD elimination, a much higher temperature anneal
was required. Thus, the pulsed rapid thermal annealing process was adopted, resulting in a higher
temperature annealing and preserving of the carbon cap.

Fig. 3 shows UVPL images of the samples before (I'ig. 3a) and after (Iig. 3b) the pulsed
rapid thermal annealing process and indicates that a surface without any significant pits or
generation of any new BPDs during the annealing process was produced. Such defects typically
happen using conventional annealing at similar high temperatures. Almost all the BPDs that were
previously present disappeared in the epilayer. It is proposed that during annealing BPDs that
had not yet converted to threading edge dislocations (TED) during epigrowth forms a TED near
the surface. Then the TEDs at the end of all the BPDs glide in a prismatic plane causing the BPD
to shorten. Since this glide doesn't occur in the lower energy basal plane, the required energy for
this glide is provided by the very high annealing temperature. This way a BPD segment converts
to a TED with the TED glide and thus shortens the BPD. The UVPL images of the annealed
samples also show a dot where the original BPD had propagated from the substrate, which
represents a TED.

The above descriptions are those of the preferred embodiments of the invention. Various
modifications and variations are possible in light of the above teachings without departing from
the spirit and broader aspects of the invention. It is therefore to be understood that the claimed
invention may be practiced otherwise than as specifically described. Any references to claim

(13 AN TY
a

elements in the singular, for example, using the articles an,” “the,” or “said,” is not to be

construed as limiting the element to the singular.
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CLAIMS
1. A method to remove basal plane dislocations in post growth silicon carbide

epitaxial layers, comprising:

capping silicon carbide epilayers with a carbon cap, wherein the amount of oxygen
present during capping is below any measurable limit;

placing the capped silicon carbide epilayers into an enclosure;

applying a pressure in the 0.41-0.76 MPa range;

annealing the capped silicon carbide epilayers with a plurality of heating and
cooling cycles without removing the capped silicon carbide epilayers from the enclosure, wherein
each heating and cooling cycle includes rapidly heating the silicon carbide epilayers for several
seconds to a temperature above 1800 °C and rapidly cooling the sample for several seconds to a
temperature below 1550 °C; and

ensuring that any oxygen present in the enclosure during the annealing is below

any measurable limit.

2. The method of claim 1, wherein at the end of the plurality of heating and cooling
cycles, the capped silicon carbide epilayers have been heated to a temperature between 1750 °C

and 1875 °C for at least five minutes.

3. The method of claim 1, wherein after annealing the capped silicon carbide

epilayers have an RMS roughness of 3.1 nm or lower.

4. Assilicon carbide substrate material, made by the method comprising:

capping silicon carbide epilayers with a carbon cap, wherein the amount of oxygen
present during capping is below any measurable limit;

placing the capped silicon carbide epilayers into an enclosure;

applying a pressure in the 0.41-0.76 MPa range;

annealing the capped silicon carbide epilayers with a plurality of heating and
cooling cycles without removing the capped silicon carbide epilayers from the enclosure, wherein
each heating and cooling cycle includes rapidly heating the silicon carbide epilayers for several
seconds to a temperature above 1800 °C and rapidly cooling the sample for several seconds to a
temperature below 1550 °C; and

ensuring that any oxygen present in the enclosure during the annealing is below

any measurable limit.
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5. The silicon carbide substrate material of claim 4, wherein at the end of the
plurality of heating and cooling cycles, the capped silicon carbide epilayers have been heated to a

temperature between 1750 °C and 1875 °C for at least five minutes.

6. 'The silicon carbide substrate material of claim 4, wherein after annealing the

capped silicon carbide epilayers have an RMS roughness of 3.1 nm or lower.
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