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(57) Abstract: Methods are provided for growing basal plane dislocation (BPD)-free SiC device-ready epilayers, particularly suitable
for 4H-SiC devices. The devices are formed via a substantially 100% conversion of BPDs to threading edge dislocations (TEDs) while
pinning the conversion point below the epilayer intertace. Methods include the formation of a recombination layer on a previously
formed and etched bufter layer. Devices allow for improved reliability and efficiency of high voltage switches used in the day-to-
day applications such as inverters, uninterrupted power supplies, and other high power handling devices employed in hybrid electric
vehicles, aircraft electronic systems, etc. by enabling the manufacture of smaller, lighter, and more efficient, high power SiC devices

in a cost effective, reliable platform.
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PINNING THE CONVERSION POINT BELOW THE EPILAYER
INTERFACE FOR SiC POWER DEVICE

Cross Reference to Related Application
[0001] This application claims filing benefit of United States Provisional Patent
Application Serial No. 62/465,925 having a filing date of March 2, 2017, which is
incorporated herein by reference for all purposes.
Government Support Clause
[0002] This invention was made with government support under 1309466 awarded by the
National Science Foundation. The government has certain rights in the invention.
Background
[0003] Power electronic semiconductor devices are critical components in next-
generation energy-efficient power systems such as electric vehicles, smart grid power
controls, and alternative energy grid-compatibility circuitry. Their power handling
capabilities and ability to operate at high temperatures without active cooling enables
transformative system-level improvements such as reduction in size, weight and performance.
Wide bandgap materials such as silicon carbide (SiC), gallium nitride (GaN) and diamond
have been investigated to replace the industry workhorse, with silicon materials particularly
suitable due to their superior material properties.’ Of these materials, 4H-SiC is considered
the most viable candidate beyond 3kV due to its technological maturity, owing to the wide
band gap (3.26eV), high breakdown field* and more importantly, its indirect bandgap. This
gives it much longer minority carrier recombination lifetimes of microseconds vs.
nanoseconds for direct bandgap materials such as GaN, making it the only practical wide-
bandgap for bipolar devices that require long carrier lifetimes for high current handling.
Translating these material advantages into real devices requires high quality SiC with low
density of defects, particularly basal plane dislocations (BPDs).
[0004] 4H-SiC homoepitaxy on off-oriented substrates is the key to fabricating reliable
SiC bipolar power devices. High gain 4H-SiC bipolar junction transistor (BJT) devices have
potential applications in high power switching.’ However, off-oriented substrates suffer from
a major drawback of producing device killing crystal defects such as Basal Plane
Dislocations (BPDs) on the grown epilayers which nucleate into Shockley-type stacking
faults (SF) under bipolar forward bias conditions and deteriorate the device performance

characteristics by limiting minority carrier concentration and causing forward voltage drifts.”
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[0005] As mentioned, off—oriented substrates generate BPDs on the epilayers due to the
tilt in their basal plane (0001, c-axis). BPDs are dislocations that can glide along the basal
(0001) plane of the growing crystal. About 70 -90% of BPDs in the off oriented substrate
spontaneously convert to threading edge dislocations (TEDs) at the epilayer/substrate
interface’ or during the growth throughout the epilayer thickness® with the conversion
efficiency depending upon growth conditions.” However, a fraction of the substrate BPDs
propagates into the active layers of devices where they are detrimental to device performance,
and are currently considered the yield-limiting killer defect in SiC power devices”.

[0006] As explained by Klapper and Kiipper®, BPD to TED conversion occurs according
to equation (1):

W= E/cosa (D)

where, W is the elastic energy of the dislocation per unit growth length, E is the elastic
energy per unit length of dislocation line, a is the angle between the dislocation line and the
growth direction i.e., a. = 90- offcut angle 6, as shown in FIG. 1.

[0007] With a reduction in the offcut angle, Wgpp increases while Wgp reduces. The
elastic energy per unit length of dislocation line for BPDs and TEDs was found to be almost
the same, i.e, Egpp~Erep’ and we get Wepp>>Wrgp. Hence, it is energetically favorable for a
BPD to get converted into a TED during epitaxial growth on a low offcut substrate.' It has
been shown that growing on low-offcut substrates significantly enhances BPD conversion.''
However, as one approaches close to on-axis < 1°, the possibility of 3C inclusions increases,
along with the possibility of step flow from the <1100> unintentional miscut direction
leading to degradation of surface morphology.'

[0008] Various successful approaches to increasing the conversion efficiency have been
reported including the modification of growth conditions such as:

6,12

1) Substrate pretreatment (etching) using molten potassium hydroxide (KOH),” ~ or

using molten eutectic mixture (NaOH+KOH);"

i) High temperature annealing of the substrates before growth;'**>

iii) In situ hydrogen etching before epitaxy;'®

iv) In situ growth interrupts.’
[0009] One common factor in all of the above mentioned processes is pretreatment of the
substrates before epitaxial growth. Since the BPD density is high, ranging from 500 cm™ to

800 cm™ in a 100mm substrate'®, it is difficult to produce 100% conversion at the

substrate/epilayer interface. BPD conversion at the substrate/epilayer interface is very
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important for high reliability of SiC power devices as the BPDs buried in the epilayer can still
be converted to SFs under current stress and these SFs will extend to the device active layer
and degrade the device performance". Taking into account that ~500 BPDs/cm” are on the

202122 producing ~5 BPDs/cm”

substrate surface and 99% of them are converted in to TEDs
on the epilayer surface, which is still a significant value adversely affecting the epitaxial
wafer yield for device fabrication. Thus, 100% conversion at the substrate/epilayer interface
for 4° off oriented substrates is essential to achieve high yield and performance characteristics
of SiC devices at the commercial level.

[0010] Earlier studies conducted by V.D.Wheeler et al.* have shown that BPD conversion
on the epilayer show abrupt increase on low doped nitrogen films (< 10'® cm™) while high
doped films show minimal BPD conversion. Recently, Song and Sudarshan® developed a
“growth-etch-regrowth” technique which employs a well-controlled eutectic etching method
to achieve a BPD-free epilayer with almost no surface degradation for 8° SiC epilayers. The
etch pits are created when the eutectic chemical etchants (KOH-NaOH-MgO salt mixture)
react with the SiC epilayer and selectively (anisotropically) etch the areas where the crystal
defects are present™. Large etch pits are easier to obtain on low doped epilayers than on the
high doped epilayers for the same etching conditions. This is due to the influence of high
nitrogen concentration on the high-doped epilayers hindering the etching process.” Zhang
and Sudarshan’ demonstrated that the lateral growth on the etch pits forces the BPDs to
convert into TEDs, which implies that the narrower the BPD etch pit, the easier it is for the
lateral growth to force BPD conversion into TEDs within a thinner layer. This makes eutectic
etching on low-doped epilayers a highly preferable method for BPD conversion and growing
the active device epilayer on a low-doped buffer layer is one way to mitigate BPDs in the
device layer.

[0011] Typically, high-doped epilayers (~10'* cm™) are used as buffer layers due to their
low on-resistance, and suitability as effective recombination layers. However, they are not
conducive for 100% BPD conversion." On the other hand, using a low-doped buffer layer,
while good for BPD conversion, was thought to introduce unacceptably high on-resistance,
since >10um thick buffer layers are required.* However, with improvements in buffer layer
growth, layers as thin as 1.5um", are possible to achieve 100% BPD conversion, giving a
10x improvement in on-resistance.

[0012] However, recombination rates, R, in low-doped buffer layers are much smaller

than in high-doped buffer layers, since Re<Nd**. The low doping density in the buffer layer,
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with corresponding diffusion lengths >10um?® means that for low-doped buffer layers, even
if they are >10um thick, recombination can still occur at the buffer layer/ SiC substrate
interface, where BPDs are still present, causing stacking fault nucleation under bipolar
current injection. These stacking faults can expand into the buffer layer, and eventually into
the active device layer, rendering the original BPD-free buffer layer ineffective. Thus, low-
doped buffer layers, even if they are grown thicker may not prevent stacking fault nucleation.
[0013] Therefore, conversion of BPD to TED near the epilayer/substrate interface
without degrading the surface morphology is an important need for the reliability of SiC
devices. Though 100% BPD to TED conversion has been achieved previously, the
conversion occurs at the epilayer/substrate interface® or lies close to the interface (~2pum)’
where a segment of BPD(s) is still in the active layer of the device. At high current stress,
these segments can undergo stacking fault nucleation during minority carrier recombination
thereby degrading the device performance'®. This has been a challenge in the SiC epitaxial
growth. Thus, converting the BPDs to TEDs below the epilayer interface is necessary to
achieve reliable commercial quality SiC epilayers for high power devices (e.g. BJTs, PIN
diodes, Schottky diodes).
Summary

[0014] According to one embodiment, disclosed is a method for growing a composite SiC
epilayer structure. For instance, a method can include growing a buffer layer on a surface of
an SiC substrate, the buffer layer comprising SiC. A method can also include applying a
molten mixture directly to the buffer layer and thereby forming a treated buffer layer.
Thereafter, a method can include growing a recombination layer on the treated buffer layer.
The recombination layer including SiC.

Brief Description of the Figures
[0015] A full and enabling disclosure of the present subject matter, including the best
mode thereof to one of ordinary skill in the art, is set forth more particularly in the remainder
of the specification, including reference to the accompanying figures in which:
[0016] FIG. 1 illustrates a BPD with dislocation line parallel to the [11-20] off-cut
direction.
[0017] FIG. 2 is a schematic of a 4H-SiC device template for fabricating P-i-N diodes or
BJTs with specific on-resistance, Ron.sp (ota1) (recombination+ buffer epilayers) = 0.47 mQ-
cm?.
[0018] FIG. 3 schematically illustrates a formation and investigation method described

further herein.
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[0019] FIG. 4A graphically presents a buffer epilayer theoretical series on resistance with
regard to net doping concentration vs. net doping concentration.

[0020] FIG. 4B graphically presents a buffer epilayer theoretical series BPD and IGSF
densities vs. net doping concentration.

[0021] FIG. 5A is a Nomarski image of the defects seen after eutectic etching of a first
buffer epilayer grown at a C/Si ratio of 1.42 for 15 minutes growth duration.

[0022] FIG. 5B is another Nomarski image of the defects seen after eutectic etching of a
first buffer epilayer grown at a C/Si ratio of 1.42 for 15 minutes growth duration.

[0023] FIG. 5C is another Nomarski image of the defects seen after eutectic etching of a
first buffer epilayer grown at a C/Si ratio of 1.42 for 15 minutes growth duration.

[0024] FIG. 5D is a Nomarski image of the defects seen after eutectic etching of a first
buffer epilayer grown at a C/Si ratio of 1.42 for 15 minutes growth duration.

[0025] FIG. 6A is a typical AFM image of BPDs seen on buffer epilayers.

[0026] FIG. 6B schematically illustrates the influence of large sector and narrow sector
opening of BPD etch pits for propagation and conversion.

[0027] FIG. 7A graphically illustrates recombination layer thickness and net doping
concentration with regard to C/Si ratio (trend lines shown are guide to the eyes).

[0028] FIG. 7B graphically illustrates BPD and IGSF density with regard to net doping
concentration.

[0029] FIG. 8A is an NOM image taken after KOH etching of converted BPDs to TEDs
seen on a recombination layer at the corresponding buffer epilayer positions formed with a
C/Si ratio of 0.6.

[0030] FIG. 8B is an NOM image taken after KOH etching of converted BPDs to TEDs
seen on a recombination layer at the corresponding buffer epilayer positions formed with a
C/Si ratio of 1.0.

[0031] FIG. 8C is an NOM image taken after KOH etching of converted BPDs to TEDs
seen on a recombination layer at the corresponding buffer epilayer positions formed with a
C/Si ratio of 1.42.

[0032] FIG. 8D is an NOM image taken after KOH etching of converted BPDs to TEDs
seen on a recombination layer at the corresponding buffer epilayer positions formed with a
C/Si ratio of 1.8.

[0033] FIG. 9 graphically illustrates net BPD to TED conversion ratio from buffer to

recombination layer with regard to C/Si ratios
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[0034] FIG. 10 schematically illustrates the BPD- TED conversion point shift at C/Si
=1.0
[0035] FIG. 11 schematically illustrates composite growth structure as described herein.
[0036] FIG. 12A is an optical microscopy image of a buffer epilayer showing a BPD etch
pit after eutectic etching as described in the Examples section herein.
[0037] FIG. 12B is an optical microscopy image of a recombination layer showing the
shift in the conversion of BPD to TED as described in the Examples section herein.
[0038] FIG. 13 is an atomic force microscope (AFM) image of recombination layer at
C/Si=1.0 showing step flow growth.
[0039] Repeat use of reference characters in the present specification and drawings is
intended to represent the same or analogous features or elements of the present invention.
Detailed Description
[0040] The following description and other modifications and variations to the present
invention may be practiced by those of ordinary skill in the art, without departing from the
spirit and scope of the present invention. In addition, it should be understood that aspects of
the various embodiments may be interchanged both in whole or in part. Furthermore, those
of ordinary skill in the art will appreciate that the following description is by way of example
only, and is not intended to limit the invention.
[0041] In the present disclosure, when a layer is being described as "on" or "over"
another layer or substrate, it is to be understood that the layers can either be directly
contacting each other or have another layer or feature between the layers, unless expressly
stated to the contrary. Thus, these terms are simply describing the relative position of the
layers to each other and do not necessarily mean “on top of” since the relative position above
or below depends upon the orientation of the viewer or the specific application for device
fabrication.
[0042] Chemical elements are discussed in the present disclosure using their common
chemical abbreviation, such as commonly found on a periodic table of elements. For
example, hydrogen is represented by its common chemical abbreviation H; helium is
represented by its common chemical abbreviation He; and so forth.
[0043] Various methods are generally provided for reducing and even eliminating basal
plane dislocation density in SiC epilayers grown using hotwall CVD processes on a SiC
substrate in order to achieve high quality epitaxy. For example, each of these process steps

can be utilized alone, or in combination with each other, to achieve high quality epitaxial
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growth. It is noted that terms “epitaxial film” and “epilayer” are used interchangeably in the
present disclosure.

[0044] Methods are generally provided for growing BPD-free SiC device-ready epilayers,
particularly suitable for 4H-SiC devices, that are formed via a substantially 100% conversion
of BPDs to threading edge dislocations (TEDs) while pinning the conversion point below the
epilayer interface. Devices made according to these methods allow for improved reliability
and efficiency of high voltage switches used in the day-to-day applications such as inverters,
uninterrupted power supplies, and other high power handling devices employed in hybrid
electric vehicles, aircraft electronic systems, etc. by enabling the manufacture of smaller,
lighter, and more efficient, high power SiC devices in a cost effective, reliable platform. This
development is achieved by improving the quality of the semiconductor material (e.g., 4H-
SiC) through the methods described herein.

[0045] In one embodiment, and as illustrated in FIG. 3, a method can begin with growing
a thin low-doped buffer layer 10 on an SiC substrate 12 via a CVD process as is known in the
art, e.g., a hotwall CVD process. The substrate can be any suitable SiC substrate. In some
embodiments, the SiC substrate can be a polytype of SiC selected from the 3C, 4H, 6H, or
I5R. The SiC substrate can have an offcut angle ranging from 0.5° to 12°, such as an offset
angle of about 1°, 2°, 4°, 6°, 8°, 10°, or 12°. The SiC substrate can have a doping
concentration selected from N+, N-, P+, P- and semi-insulating.

[0046] The buffer layer 10 can be relatively thin and can generally have a dopant
concentration ranging from semi-insulating to less than about 10'” ¢cm™, such as about 5x10"
cm” to about 1x10' em™, N-type. A buffer layer 10 may be, for example, about 0.5 pm to
about 5 um thick (e.g., about 1.5 um to about 5 pm), which can reduce the total device series
on-resistance significantly when compared to a device with a thicker buffer layer.

[0047] Following formation, the buffer layer 10 may then be etched to convert
substantially all of the BPDs to TEDs (e.g., 100% BPD conversion), such as by using a
molten eutectic mixture including KOH and/or a buffering agent (e.g., MgO, GaO, or
mixtures thereof) as described in U.S. Patent 8,900,979, which is incorporated herein by
reference in its entirety. For instance, the mixture can include KOH and a buffering agent,
with the buffering agent present in the mixture in an amount of about 5% to about 80% by
weight of the mixture, for instance about 5% to about 20% by weight of the mixture. In one
embodiment, a eutectic mixture for etching a surface can include an additional salt such as,
without limitation, NaOH, KNOs, Na,0,, or a mixture thereof. For instance, an additional

salt can be present in the mixture in an amount such that the weight ratio of KOH to the salt
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(e.g., NaOH) is from about 1:4 to about 4:1. In one embodiment, the eutectic mixture can
include KNOs, for instance in an amount such that the weight ratio of KOH to KNO; is from
about 1:20 to about 5:1. In general, the etching mixture can be applied as a molten mixture at
a temperature of from about 170°C to about 800°C, for instance as a suspension of a buffering
agent in the form of a fine powder dispersed in a molten KOH-based liquid. The etching
treatment time can generally vary from about 1 minute to about 60 minutes.

[0048] After formation and etching of the buffer layer, a recombination layer 14 is
formed thereon, generally, though not necessarily, by the same formation process as was used
to form the buffer layer, e.g., a hotwall CVD process. The inclusion of the recombination
layer 14 can ensure that all recombination occurs within a BPD-free region.

[0049] In general, the recombination layer 14 has a higher doping concentration than the
buffer layer 10. In one embodiment, a higher-doped recombination layer 14 may be
moderately thick (e.g., thicker than the buffer layer 10), such as about 5 um or greater, or
about 10 um or greater. In some embodiments, a recombination layer 14 can have a
thickness of about 10 um to about 25 pm, which can ensure that all of the minority carrier
recombination occurs within this highly-doped recombination layer 14.

[0050] A recombination layer 14 can have a higher concentration of dopant than the
buffer layer, such as about 1x10' cm™ or greater (e.g., about 10'” cm™ or greater), N-type.

In one particular embodiment, a recombination layer 14 can have a dopant concentration of
about 5x10' cm™ to about 1.6x10'" ¢cm™, N-type. High doping of the BPD-free
recombination layer 14 can ensure fast carrier recombination under forward bias, preventing
any stacking fault nucleation in the active layer during bipolar device operation. Beneficially,
all individual BPDs in the buffer epilayer 10 can be converted at the interface of the
buffer/recombination layers to benign TEDs over a wide range of C/Si ratios for the
recombination layer, introducing a minimal on-resistance of <0.5mQ/cm’. By way of
example, a recombination layer 14 can have a C/Si ratio of about 0.5 to about 2, for instance
0.6 to about 1.8, or about 1 to about 1.8 in some embodiments. 100% BPD conversion can
occur due to the controlled and highly anisotropic eutectic etching of the buffer layer which
produces narrow sector angle (5°) for the BPD etch pits to enable conversion of the BPDs
into TEDs, by promoting lateral growth at the narrow sector of BPD etch pits.

[0051] Without wishing to be bound by any particular theory, it is believed that a shift in
the BPD to TED conversion point for the recombination layer growth occurs at a carbon to
silicon ratio (C/Si ratio) of about 0.6 to about 1.4 (e.g., about 0.8 to about 1.2), as determined

by molar ratio. In one particular embodiment, the C/Si ratio can be about 0.95 to about 1.05,
8
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such as about 0.99 to about 1.01. For example, the C/Si ratio may be 1 in some embodiments.
As such, the dislocation can be pushed below the buffer layer/recombination layer interface,
thereby increasing the threshold to withstand high forward current stress at high voltage
conditions. This result can enable the translation of BPD conversion technology to real high
power bipolar or unipolar device architectures in applications such as electric vehicles and
solar power grid compatibility circuitry.
[0052] Through engineering of the thicknesses and doping of these two layers (i.e., the
buffer layer 10 and the recombination layer 14), these layers will not introduce a significant
addition to the on-resistance of the device, while enabling translation of BPD conversion
technology into real devices. In other words, growing an active device recombination epilayer
14 on a low doped buffer layer 20 can be non-detrimental to the device specific on-resistance
while greatly advantageous for enhancing 100% BPD conversion.
[0053] The creation of BPD-free recombination layer with high doping is a significant
technological improvement in the field of SiC epitaxy for producing robust, forward voltage
drift free bipolar devices.
[0054] The present disclosure may be better understood by reference to the Examples, set
forth below.
Examples

[0055] A 4H-SiC BIT power device reported by Cree Inc.” has a series on-resistance of
10.8 mQ-cm”. Since the 4H-SiC mobility is highly dependent on the free carrier
concentration (~815 cm2V™'s™ for ~10'° cm™ and drops to ~250 cm*V™'s™ for 1018 cm-3),*
low-doped buffer layers (n= 1x10'° cm™, mobility p ~815 cm*V™'s™") with epilayer thickness
(L) as low as 1.5 um will add a specific on-resistance of only 0.12 mQ-cm” to the device, or
~1%. This was calculated using the formula (2):

Specific on-resistance, Ron.sp = pL per unit area = L/ngu per unit area (Q-cm?) (2)
[0056] For the buffer/recombination layer demonstrated in this Example (schematically
illustrated in FIG. 2), the total addition was <0.5 mQ-cm®, or <5%. This may be further
reduced with optimization of the growth process, although 5% is within reasonable
engineering tolerances for the thickness and doping, which will eventually determine the
device variability. Moreover, the fact that for a typical recombination layer doping at
2x10"cm™, the mobility has already decreased from ~900cm?/V's 26 to < 250ecm*/Vs *® shows
that the recombination (R) has been greatly enhanced by the larger number of dopants
through impurity scattering. In addition, R is enhanced, by the larger number of carriers. (n),

as expected from the continuity equations™:
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R =fnp G3)

where, R = recombination rate (cm” s™), n and p = carrier densities of electrons and holes
(cm™), B = proportionality constant.
[0057] With this in mind, in these Examples, for the first time 100% conversion of BPDs
is reported on higher doped (recombination) epilayers (5x10'°cm™ to 1.6x10"” ¢cm™) by first
growing a low n-doped (5x10"°cm™ to 1x10'® cm™) buffer epilayer on a 4° off 4H-SiC n+
substrate, and then mildly etching the buffer layer by a modified eutectic mixture
(MgO+NaOH+KOH). The etched buffer epilayer with exposed etch pits (~5 um to 7 um)
were then subjected to growth of a recombination layer at high doping concentration under
different C/Si ratios (from 0.6 to 1.8), and the underlying BPD to TED conversion
mechanism from the buffer epilayer to the recombination layer were studied in detail.
Growth condition to produce BPD free epilayers with minimum in-grown stacking fault
(IGSF) density is reported.

Example 1
[0058] Epitaxial growth was carried out in a vertical hot-wall reactor using
Dichlorosilane (SiH,Cl,, DCS) and propane (CsHzg) as precursors and H; as the carrier gas.
The substrates were commercial 4H-SiC wafer with 4° offcut towards [11-20]. The growth
temperature and pressure were 1600 °C and 80 Torr, respectively, with a C/Si ratio = 1.42.
The growth rate was 20 um/hr and the doping concentrations were found to be from 5x
10”cm™ to 1x10' cm™ n-type for all the samples. After the first buffer layer growth, the
sample was etched by a modified (MgO-KOH-NaOH) eutectic mixture. Etch pits of 5-7 pm
in length measured along the [11-20] (step flow) direction were revealed at a temperature of
515 °C for 13- 17 min etching time with good controllability and reproducibility.
Recombination layers at different C/Si ratios (0.6 to 1.8) were subsequently grown on the
eutectic etched samples. After the this growth, the recombination layer was etched again by
KOH etching at 550 °C to obtain etch pits of ~10 um size to examine the defect evolution.
Since the recombination layer was used only to observe the defect conversion and not to
preserve surface roughness, it was etched by traditional KOH etching method. The defects
were observed using Nomarski optical microscopy (NOM) at the same surface locations on
both epilayers. Atomic force microscopy (AFM, Digital Instruments Dimension 3100,
tapping mode) was employed to study the surface morphology and shape of the BPD etch pits.

The thickness of the epilayers were measured using the Fourier transform infrared reflectance

10



WO 2018/160785 PCT/US2018/020362

(FTIR).”” Net doping concentrations of the epilayers were measured by mercury probe
Capacitance- Voltage method.*®

Buffer epilayer growth and eutectic etch for revealing basal plane dislocations

[0059] FIG. 4A shows the specific on-resistance and FIG. 4B shows the BPD and IGSF
densities calculated after the first epilayer growth for a growth duration of 15 min at a fixed
C/Si ratio =1.42 with 0.1 sccm intentional N; flow to obtain n-doping concentration in the
epilayers. Nomarski images of these buffer epilayers are shown in FIG. SA — FIG. 5D. All of
the epilayers in FIG. SA — FIG. 5D showed a similar thickness of ~5 um. C/Si ratio of 1.42
was chosen for the first buffer epilayer growth as it is the best condition to obtain specular
surface morphology with minimum BPD propagation on the buffer epilayer at a reasonable
growth rate 20 um/hr.” By intentionally adding less N, (0.1 sccm) at this condition, a net
doping concentration ranging between (5x10"° ¢cm™ to 1x10'® cm™) with a specific on-
resistance < 0.9 mQ/cm’ (FIG. 4A) was obtained for all the samples and this also helped the
etching to occur faster (< 15 min) due to the low doping concentration compared to the
substrate.

[0060] FIG. SA — FIG. 5D show typical etch pits on the first buffer epilayers from
eutectic etching. The threading screw dislocations (TSDs) have large hexagonal etch pits with
a tip (lowest position within the etch pit) at the down-step side; TEDs have smaller hexagonal
pits with a tip at the down-step side, and BPDs are shell-like shaped with a tip at the up-step
side (FIG. 6A). All the epilayers (FIG. SA — FIG. 5SD) were etched for a duration ranging
from 10 min to 13 min. The surface roughness of the first buffer epilayers had nearly no
change before and after the eutectic etching (~0.5 nm RMS change observed from AFM),
thus preserving the epilayer surface morphology for the subsequent growth.

[0061] AFM scanning was done on the BPD etch pits seen on the eutectically etched
epilayers. All the epilayers showed similar BPD structures with very narrow sector angle
(4.5°~57) calculated from the sector shaped (angle AOB in FIG. 6A) basal plane (0001)
exposed after the controlled and anisotropic eutectic etching. As schematically illustrated in
FIG. 6B, the narrow opening of the sector plane enables lateral growth in the BPD and
converts it into a TED at the interface during the subsequent recombination layer growth."
Recombination Layer Regrowth

[0062] The etched buffer layers, after mapping of the delineated defects, were subjected
to regrowth at different C/Si ratios from 0.6 to 1.8 by changing the flow rate of propane while
keeping the flow of DCS constant. N, flow was increased to 15 sccm for the recombination

layer growth in order to obtain higher doping concentration of the epilayers as well as to
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examine the influence of intentional doping on BPD conversion. The growth duration was
increased to 30 min to produce thicker recombination layers. From FIG. 7A it is observed
that the growth rate increased and the net doping concentration reduced with the increase in
C/Si ratio, which is in accordance to previously reported results with DCS.”

[0063] Following formation of the recombination layers, the recombination layers were
KOH etched to reveal the defects on the epilayer surface, as shown in FIG. 8A — FIG. 8D.
The Nomarski images shown in FIG. 8A — FIG. 8D were taken at positions where there were
previously BPDs on the buffer epilayers (shown in FIG. SA — FIG. 5D) and indicate the
location of the converted TEDs on the corresponding recombination layers after regrowth.
All the epilayers showed 100% BPD to TED conversion rate from the buffer layer with the
only exception at C/Si = 0.6.

[0064] At C/Si = 0.6, although all the BPDs from the buffer epilayer were converted into
TEDs at the buffer-recombination layer interface, a new BPD was generated during the
recombination layer growth thus reducing the net BPD conversion ratio rate (FIG. 9). This is
similar to the observations of V.D.Wheeler et al.* in which it is reported that an abrupt
increase in BPDs is reported at high nitrogen concentrations.

[0065] The reason for the formation of a new BPD on the recombination layer at C/Si =
0.6 is due to the fact that the difference in the doping between the buffer layer and
recombination layer is maximum at C/Si = 0.6. The high N doping concentration of the
recombination layer compared to the low doping in the buffer layer induces strain in the
recombination layer. A threading dislocation segment in the buffer epilayer experiences a
force due to the lattice misfit which is balanced by dislocation line tension. If the misfit
induced force exceeds the force due to dislocation line tension, formation of a misfit
dislocation is favorable.’® Ohtani et al.>' have reported that nitrogen doping in the epilayer at
high concentrations causes the epilayer step trains to become unstable: the equidistant step
trains are transformed into meandering macrosteps by nitrogen adsorption on the growing
crystal surface. The step flow growth balance between micro (vertical) and macrosteps
(lateral growth) become unstable and this phenomenon is said to exert more force on the
dislocation line leading to the formation of a new BPD in the high-doped (~5.8x10"" cm™)
recombination layer.

[0066] Another interesting result was observed at C/S ratio 1.0, where the BPD
intersecting the etched buffer epilayer surface converts into a TED in the recombination layer,
but the conversion point is not at the buffer-recombination layer interface. The BPD-TED

conversion point is shifted by a certain distance along the up-step direction (see, e.g., FIG. 8B)
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which is referred to as a “TED glide’.’” This TED glide indicates that the BPD to TED
conversion point is located beneath the buffer-recombination layer interface. The glide
distance (~50 um measured from NOM) which when multiplied with the offcut (50 um x tan
(4°)) comes to ~3.5 um. This implies that the BPD conversion point is shifted 3.5 pm below
the buffer epilayer interface along the dislocation line (FIG. 10). The TED glide also
indicates a decrease in the total dislocation energy by decreasing the dislocation line length.
[0067] As reported by Abadier et al.*?, the above TED glide mechanism occurs in steps as
follows: the BPD glides along the basal plane and its dislocation line aligns with the [11-20]
direction. This causes the BPD partials to constrict and the constricted BPD gets converted
into a local screw dislocation.” As a consequence, the local screw dislocation emerges as a
TED which is pulled by its line tension and glides towards the up-step direction. The shift
due to this TED glide is always towards the up-step direction.

[0068] For all other recombination layers grown at different C/Si ratios the conversion
point was at the interface of the buffer-recombination layer. This is identified by the location
of the BPD depression on the buffer epilayer overlapping with the TED conversion point seen
on recombination layer after KOH etching.

[0069] An ideal growth condition for 100% BPD conversion and minimum IGSF density
was observed when the C/Si ratio was maintained the same for both the first buffer and the
second recombination layers (FIG. 7B). The doping difference between two epilayers at this
condition was found to be the minimum.** This plays an important role in minimizing the
IGSF formation on the recombination layer as doping induced lattice misfits are the common
reason for the formation of stacking faults in the epilayer due to their low energy of
formation.***

[0070] Since the doping difference was less and C/Si ratio was maintained the same (C/Si
=1.42) on both epilayers, the surface step morphology was able to be preserved on both the
epilayers. The effect of the growth morphology on the BPD conversion efficiency implies
that the step structure around the emergence point of the BPD plays an important role in the
conversion.’’ By maintaining the same C/Si =1.42 for the buffer and recombination layers,
the step roughness and step bunching was preserved for both the epilayers and an ideal
condition for growing BPD free epilayer with minimum IGSF density was achieved at this
C/Si ratio.

[0071] In-grown stacking faults (IGSFs) observed on the buffer epilayer and the
recombination layer show typical inverse relationship with the BPD density (FIG. 4B and

FIG. 7B). In these results, the low doped buffer epilayer on the high doped substrate
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experiences compressive strain and the high doped recombination layer on the low doped
buffer layer experiencesd tensile strain in the crystal lattice. Though the origin of IGSFs are
not exactly known, doping concentration induced lattice misfit (strain) also can be a reason
for some of these stacking faults.’® The experimental reports of Huh et al.”” and Jacobson et
al.’” suggest that the relaxation of homoepitaxial layers is linked to the formation of stacking
faults. This is very likely due to the low stacking fault energy in 4H-SiC of 3—15 mJ/m**®
Jackobson et al.’” have shown that stacking faults occur in low N- doped epilayers (~3x10"
cm™) grown on highly N-doped substrates and they propagate up to 30 pm thickness. These
results are consistent with results presented in this paper.

Example 2
[0072] As schematically illustrated in FIG. 11, disclosed in one embodiment is an
approach to pin the BPD to TED conversion point below the buffer layer interface. In this
example, a low-doped n-type buffer epilayer (~5um, 5x10"cm™) was grown at C/Si ratio =
1.4 by chemical vapor deposition (CVD) method and after growth, the epi/substrate was
soaked in an optimized molten eutectic mixture (MgO+NaOH+KOH) in a nickel crucible at
~515 °C to etch the buffer epilayer. The etched buffer epilayer was then subjected to regular
RCA cleaning process prior to a regrowth (second epilayer) at C/Si = 1.0 to serve as the
recombination layer at high n-type doping concentration (5.4um, 7.2x10'°cm™). An MgO-
KOH-NaOH eutectic mixture was employed to expose the defects on the n- buffer epilayer to
create the etch pits in a well-controlled manner without surface degradation".
[0073] The substrate was a commercially obtained 4H-SiC wafer with 4° off-axis towards
[112 0] direction and both Si and C faces chemical mechanical polished. Epilayer growths
were carried out in a home-built chimney CVD reactor at 1600 °C and 80 Torr, using propane
and dichlorosilane as precursors. The thickness of the buffer epilayer was ~5 um at C/Si = 1.4
and ~5.4um for the recombination layer at C/Si = 1.0. The doping of the buffer as well as the
recombination layer was n-type, controlled by C/Si ratios and N, addition. After buffer layer
growth all the samples were etched by a molten eutectic melt to delineate defects and expose
the etch pits on the epilayer. After the recombination layer growth, the same samples were
etched either by the eutectic or KOH to examine the defects on the epilayers for BPD to TED
conversion.
[0074] Mercury probe capacitance-voltage technique was used to measure the doping
concentration and Fourier Transform Infrared Spectroscopy (FTIR) was used to measure the

thicknesses of the buffer and recombination layers. Atomic Force Microscopy was used to

14



WO 2018/160785 PCT/US2018/020362

measure the surface roughness each after growth and for imaging the BPD etch pits in the
buffer layers after eutectic etching.

[0075] FIG. 12A shows the optical microscopy image of a BPD etch pit after eutectic
etching of the buffer epilayer for 8 minutes in molten MgO+NaOH+KOH mixture at 515°C.
The bufter epilayer growth condition was chosen to be at C/Si =1.4 to achieve maximum
spontaneous BPD to TED conversion (without any additional growth processing steps such as
etching, annealing or interrupts) based on previous experimental results in the specific growth
reactor.”’ This buffer growth condition provided the least BPD density of 3 cm™ (only one
BPD in an area of 6x6 mm?) to facilitate 100% BPD to TED conversion in the subsequent
recombination layer growth.

[0076] This eutectically etched buffer epilayer, after defect characterization using optical
microscopy and AFM, was subjected to regular RCA cleaning process for a regrowth
(recombination layer growth) at C/Si =1.0. The recombination layer growth was tried for a
range of C/Si from 0.6 to 1.8 to find out the C/Si influence on 100% BPD conversion while
maintaining the same condition for buftfer epilayer for all the growths. The recombination
layers after growth were subjected to KOH etching to examine the conversion of BPDs to
TEDs and to identify any newly generated BPDs on the recombination layers.

[0077] From KOH etching of the recombination layer grown at C/Si =1.0, it was found
that the BPD intersecting the etched buffer epilayer surface (BPD1 in FIG. 12A) converted
into a TED in the recombination layer (FIG. 12B), but the conversion point was not at the
buffer epilayer interface. The BPD-TED conversion point was shifted (dragged back) by a
certain distance along the up-step direction (FIG. 12B) which is referred to as a “TED

glide’ *' This TED glide indicates that the BPD to TED conversion point was located beneath
the buffer/recombination layer interface (FIG. 10). The glide distance was ~50 um measured
from NOM optical microscope (FIG. 12B) which when multiplied with the offcut (50 um x
tan (4°)) came to ~3.5 um. This implies that the BPD conversion point was shifted 3.5 um
below the buffer/recombination epilayer interface (FIG. 10). The TED glide also indicates a
decrease in the total dislocation energy by decreasing the dislocation line length.

[0078] The above TED glide mechanism occurs in steps as follows:*' the BPD glides
along the basal plane and its dislocation line aligns with the [11-20] direction. This causes the
BPD partials to constrict and the constricted BPD gets converted into a local screw
dislocation.”' As a consequence, the local screw dislocation emerges as a TED which is
pulled by its line tension and glides towards the up-step direction. The shift due to this TED

glide is always towards the up-step direction.”' For all the other recombination layers grown
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at different C/Si ratios the conversion point was at the buffer/recombination layer interface.
This is identified by the location of the BPD depression created due to the etch pit in the
buffer layer overlapping with the converted TED seen on recombination layer after etching.
[0079] The reason for the BPD to TED conversion point shift at this particular growth
condition (C/Si ratio) was mainly due to the net nitrogen impurity incorporation which
strongly influenced the step dynamics of the recombination layer* as shown in FIG. 9. It has
been reported that the BPD to TED conversion is highly dependent on the step height and
terrace width (step bunching) in an off oriented surface™. Ha et al*’ reported that the step
structure of growth surface depends on the growth parameters such as oft-cut angle and
direction, surface polarity, growth rate, and C/Si ratio. In this experiment, only the C/Si ratio
was varied, which in turn influenced the surface step morphology (step bunching) of the
recombination layer. The effect of a stepped surface on the dislocation conversion will
depend on the distance within which the image force can bend a dislocation. The average step
height measured from the AFM (FIG. 13) was about 0.8 nm for the recombination layer (at
C/Si = 1.0) which is about 3/4th of a unit cell height of 4H-SiC (~1nm) and the terrace width
was 156 nm. For the recombination layer at C/Si=1 .4, the step height was about 6 nm and the
terrace width was 234 nm due to pronounced step bunching at C-rich condition.** Without
wishing to be bound by any particular theory, it is postulated that the kinks developed at these
step edges influenced the image force to lower the dislocation line tension along the basal
plane of the BPD etch pit and started to convert into a TED below the buffer/recombination
layer interface.
[0080] Therefore, the composite growth technique including growing the buffer epilayer
at C/Si= 1.4 with a n-type doping ~5x10"°cm™ and treating it in molten MgO-K OH-NaOH
eutectic followed by a recombination layer growth at C/Si =1.0, was found to be a reliable,
non-destructive and highly efficient way to eliminate BPDs and pin the conversion point
below the epilayer interface.
[0081] In this example, the recombination layer growth was carried out at different C/Si
ratios (0.6, 1.4, 1.8) other than C/Si = 1.0 to understand and examine the influence of C/Si
ratio on BPD conversion. Only the C/Si ratio of the recombination layer was varied keeping
all the other growth conditions (growth duration, pressure, temperature, N, addition, buffer
layer conditions) constant. The results obtained are explained as follows:

1) At C/Si = 0.6, although all the BPDs from the first buffer layer were converted
at the epilayer interface into TEDs on the recombination layer, a new BPD was generated

during the recombination layer growth thus reducing the net BPD conversion ratio rate (FIG.
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9). This is similar to the observations of V.D.Wheeler et al.” in which it is reported that an
abrupt increase in BPDs is reported at high nitrogen concentrations (>10'® ¢cm™), which is
5.8x10"" ¢m™ in this case. The difference in the net doping concentration between the buffer
layer and recombination layer is maximum at C/Si = 0.6, for the C/Si ratio range reported
here. This high N doping concentration induces strain in the recombination layer. A threading
dislocation segment in the first epilayer experiences a force due to the lattice misfit that
exceeds the force due to dislocation line tension leading to the formation of a misfit
dislocation (BPD).*® Ohtani et al.** have reported that nitrogen doping in the epilayer at high
concentrations causes the epilayer step trains to become unstable: the equidistant step trains
are transformed into meandering macrosteps by nitrogen adsorption on the growing crystal
surface. The step flow growth balance between micro (vertical) and macrosteps (lateral
growth) become unstable and this phenomenon is said to exert more force on the dislocation
line leading to the formation of a new BPD in the high-doped (~5.8x10'” ¢m™) recombination
layer.

i1) At C/Si= 1.4, 100% BPD conversion was achieved with the conversion point at
the buffer/recombination layer interface. At this growth condition, and the recombination
layer’s C/Si ratio matches with the buffer layer C/Si ratio and hence the net doping difference
between the two epilayers was found to be the least. The effect of the growth morphology on
the BPD conversion efficiency implies that the step structure around the emergence point of
the BPD plays an important role in the conversion.”® The recombination layer at this C/Si
ratio exhibited an average step height of 6 nm and the terrace width was 234 nm due to
pronounced step bunching at C rich growth condition.**

ii1) At C/Si=1.8, 100% BPD conversion was achieved on the recombination layer
with the conversion point at the interface of buffer/recombination layers. As expected at high
C/Si ratio, the least net n-type doping concentration was obtained for the recombination layer
due to the site competition epitaxy.”” Interestingly, no effect due to the site competition was
observed on the BPD conversion ratio at this high C growth condition. The recombination
layer showed step bunching similar to the epilayer at C/Si =1.4 thus maintaining the BPD to
TED conversion point at the buffer/recombination layer interface.
[0082] Though 100% BPD conversion was achieved for C/Si =1.0, 1.4 and 1.8, at ratios
1.4 and 1.8 the BPDs were converted at the interface of buffer/recombination layer due to
more pronounced step bunching phenomenon seen at high C/Si ratios. But at C/Si = 1.0 very

minimal step bunching was observed at the recombination layer surface and consequently, a
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shift in the conversion point below the buffer/recombination layer which is ideal for
fabricating robust/reliable high power, high voltage bipolar and unipolar devices.

[0083] These and other modifications and variations to the present invention may be
practiced by those of ordinary skill in the art, without departing from the spirit and scope of
the present invention, which is more particularly set forth in the appended claims. In addition,
it should be understood that the aspects of the various embodiments may be interchanged
both in whole or in part. Furthermore, those of ordinary skill in the art will appreciate that
the foregoing description is by way of example only, and is not intended to limit the

invention so further described in the appended claims.
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WHAT IS CLAIMED IS:

1. A method of growing a composite SiC epilayer structure, the method comprising:

growing a buffer layer on a surface of a SiC substrate, wherein the buffer layer
comprises SiC;

applying a molten mixture directly onto the buffer layer to form a treated buffer layer;
and

thereafter, growing a recombination layer on the treated buffer layer, wherein the

recombination layer comprises SiC.

2. The method of claim 1, wherein the buffer layer is n-doped.

3. The method of claim 1 or 2, wherein the buffer layer has a dopant concentration of

about 1x10" e¢m™ or less, for instance about 5x10" to about 1x10'® cm™.

4. The method of any preceding claim, wherein the buffer layer has a thickness of about

0.5 pm to about 5 pm.

5. The method of any preceding claim, wherein the application of the molten mixture
converts basal plane dislocations present on the buffer layer to threading edge dislocations.,
for instance wherein the application of the molten mixture converts 100% of the basal plane

dislocations present on the buffer layer to threading edge dislocations.

6. The method of any preceding claim, wherein the recombination layer is n-doped.

7. The method of any preceding claim, wherein the recombination layer has a dopant
concentration that is greater than the dopant concentration of the buffer layer, for instance,
wherein the recombination layer has a dopant concentration of about 1x10'® cm™ or greater,
or wherein the recombination layer has a dopant concentration of about 5x10'° to about

1.6x10Y ¢cm™.

8. The method of any preceding claim, wherein the recombination layer has a thickness
that is greater than a thickness of the buffer layer, for instance wherein the recombination

layer has a thickness of about 5 um or greater, or wherein the recombination layer has a

21



WO 2018/160785 PCT/US2018/020362

thickness of about 10 pm or greater, for instance wherein the recombination layer has a

thickness of about 10 um to about 25 um.

0. The method of any preceding claim, wherein the recombination layer has a C/Si ratio
of about 0.6 to about 1.8, for instance wherein the recombination layer has a C/Si ratio of 0.5
to about 2, about 1 to about 1.8, about 0.6 to about 1.4, about 0.8 to about 1.2, about 0.95 to
about 1.05, about 0.99 to about 1.01, or about 1.0.

10.  The method of any preceding claim, wherein the molten mixture comprises KOH and
a buffering agent, the buffering agent being present in the molten mixture in an amount of

about 5% to about 80% by weight, for instance about 5% to about 20% by weight.

11. The method as in claim 10, wherein the buffering agent comprises MgO.

12.  The method as in any preceding claim, wherein the molten mixture comprises KOH, a
buffering agent, and at least one additional salt, for instance wherein the at least one other salt

comprises NaOH, KNOs, Na,O,, or a mixture thereof.

13. The method as in any preceding claim, wherein the molten mixture comprises KOH
and NaOH, for instance in a KOH:NaOH ratio of about 1:4 to about 4:1 in terms of weight

ratio.

14. The method as in any preceding claim, wherein the molten mixture comprises KOH
and KNOj3, for instance in a KOH:KNOjs ratio of about 1:20 to about 5:1 in terms of weight

ratio.

15.  The method as in any preceding claim, wherein the molten mixture is applied to the
buffer layer with the molten mixture at a temperature of about 170 °C to about 800 °C for a

treatment duration that is from about 1 minute to about 60 minutes.

16.  The method as in any preceding claim, wherein buffer layer and the recombination
layer are grown via chemical vapor deposition utilizing a Si-source gas and a carbon-source
gas, wherein the Si-source gas and the carbon-source gas may be the same or different in the

growth of the buffer layer and the growth of the recombination layer.
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17. The method as in claim 16, wherein the Si-source gas and the carbon-source gas are
provided during the growth of the buffer layer and the recombination layer independently at a
molar ratio of C/Si from about 0.6 to about 1.8, from about 1 to about 1.8, from about 0.6 to
about 1.4, from about 0.8 to about 1.2, from about 0.95 to about 1.05, from about 0.99 to
about 1.01, or about 1.0.

18.  The method as in any preceding claim, wherein the composite SiC epilayer structure
does not require a post-polishing or a dry etching process following formation of the

recombination layer.

19. The method as in any preceding claim, further comprising fabrication of an SiC

unipolar or bipolar device on the recombination layer.

20. The method as in any preceding claim, wherein the SiC substrate has a polytype
selected from the 3C, 4H, 6H or 15R.

21.  The method as in any preceding claim, wherein the SiC substrate has an offcut angle

ranging from 0.5° to 12°.

22. The method as in any preceding claim, wherein the SiC substrate has a doping

concentration selected from N+, N-, P+, P- and semi-insulating.
23.  The method as in any preceding claim, wherein the buffer layer and the recombination
layer independently each have a doping concentration ranging from semi-insulating to about

10"cm or less.

24.  The method as in any preceding claim, wherein the recombination layer has a doping

: 17 -3
concentration of about 10" 'cm™ or greater.
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