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We investigated the effect of thermal oxidation on crystalline faults in 4H-SiC epi-
layers using photoluminescence imaging. We found that a comb-shaped dislocation
array was deformed by thermal oxidation. We also found that line-shaped faults
perpendicular to the off-cut direction were formed during oxidation and were stretched
and increased with the oxidation time. Since these line-shaped faults were peculiar
to the oxidation and stretched/increased with the oxide growth, they were identified
as oxidation-induced stacking faults as seen in Si oxidation. © 2015 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4938126]

Silicon carbide (SiC) semiconductors are attractive for the development of high-power, high-
temperature, and high-frequency devices, due to their superior physical properties.! However, stack-
ing faults (SFs) and dislocations are easily incorporated in SiC epitaxial layers,>™ which may cause
severe degradation of the SiC power device performance.®"'® Thermal oxidation processes are often
used in the fabrication of SiC devices because SiO, film grown by thermal oxidation is utilized as
a metal-oxide—semiconductor (MOS) junction or a surface passivation film. However, it has been
reported that the quality of the SiC layer just under the SiO, film changes after thermal oxidation.
For example, Hiyoshi and Kimoto reported that carbon vacancies present in an as-grown epilayer are
filled with carbon interstitials that diffuse to the SiC layer during thermal oxidation.'! On the other
hand, Okojie et al.'? reported that the thermal oxidation of highly doped (10" cm~3 order) 4H-SiC
epilayers induces the formation of multiple SFs with the 3C structure. We have previously investigated
the effect of thermal oxidation on SFs in a 4H-SiC epitaxial layer using micro-photoluminescence
(micro-PL),'? where the formation/expansion of SFs (emission wavelength: 425.5 nm) was found to
be caused by thermal oxidation. However, because the micro-focusing excitation laser beam used
in micro-PL expands the SFs in a wide and complex way, detailed observation of the SFs cannot
be performed. In this study, we have investigated the effect of thermal oxidation on SFs using PL
imaging, where the power density and irradiation time of the excitation laser light were significantly
reduced, and dislocations could also be observed from near-infrared-band emissions.'*

Commercial n-type 4H-SiC (0001) substrates with a carrier concentration of 1 x 10'® cm™3, an
8° off-orientation towards [11-20], and an epilayer thickness of 10 um were used. A He-Cd laser
(A = 325 nm) was used as the excitation source for PL. imaging measurements. PL images were magni-
fied with objective lens and captured by a CCD camera through a long-pass optical filter (>700 nm)
or a band-pass optical filter (438+12 nm). PL imaging was firstly performed at room temperature to
observe the comb-shaped basal plane dislocation (BPD) array along the [1-100] direction, which was
taken up in our previous work.'*!> Prior to oxidation of the sample, laser irradiation in the vicinity of
the comb-shaped BPD array was performed and PL images obtained before and after laser irradiation
were compared. A Q-switched ultraviolet laser (4 = 266 nm) with a spot diameter of 0.7 um and an
irradiation power of 160 uW (power density ca. 4 x 10* W/cm?) was used as an irradiation source.
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Annealing in Ar was then conducted at 1000 °C for 1 h, followed by thermal oxidation at 1100 °C
in a dry oxygen flow of 1 sIm for 10 h. The effect of thermal oxidation for a sample without laser
irradiation prior to thermal oxidation was also investigated. In this case, thermal oxidation was per-
formed at 1100 °C in a dry oxygen flow of 1 slm for 5 h, followed by 5 h, 12 h and 10 h oxidations
with same condition. PL images were observed before and after each thermal oxidation step. After
the third and fourth oxidation steps, laser irradiation was performed. A He-Cd laser (A = 325 nm)
with an irradiation power of 3.66 mW (power density ca. 3 x 1072 W/cm?) was used as an irradiation
source.

Figure 1 shows PL images (a) before and (b) after laser irradiation, and (c) after Ar annealing. SFs
were formed on both sides of the comb-shaped BPD array by laser irradiation. Only SFs formed by
laser irradiation then disappeared after Ar annealing. These new SFs are very similar to the trapezoidal
defects reported by Berechman et al. and considered to be single Shockley SFs (1SSFs) because
the emission wavelength of these SFs is approximately 426 nm and they can be easily removed by
annealing.'® We pointed out that this irradiation-induced SF near the comb-shaped BPD array was
vanished by oxidation.!® However, the key for the vanish is not oxidation but thermal treatment.
Cross-sectional transmittance electron microscopy confirmed that the stacking sequence in the vi-
cinity of the comb-shaped BPD array was (3,1) in Zhdanov’s notation (not shown here). Therefore,
these SFs are identified as 1SSFs.*

Figure 2 shows the PL images of the sample after thermal oxidation. The BPD was found to be
deformed toward the [1-100] or [-1100] direction by thermal oxidation. Although it has been known
that such a BPD often moves or is changed in length by current injection or thermal treatment, to
our knowledge, the deformation like a bow is unable to occur except the oxidation. This shows the
intense interface strain due to the oxidation.

Both the irradiation-induced SFs (i.e. trapezoidal defects) and the SFs in the vicinity of the
comb-shaped BPD array were 1SSFs. According to the report by Miyanagi et al.,'” there are two
types of 1SSF; isosceles triangle (looped basal-plane dislocation; BPD) and right-angled triangle

FIG. 1. PL image obtained with a long-pass filter (>700 nm) (a) before and (b) after irradiation, and (c) after Ar annealing.
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FIG. 2. PL image obtained with a long-pass filter (>700 nm) after thermal oxidation.

(propagated BPD). They also reported that the looped-type 1SSF shrinks and vanishes easily by an-
nealing, whereas the propagated-type 1SSF is difficult to shrink. Therefore, we consider that the SFs
expanded by laser irradiation are looped-type 1SSFs and the SFs deformed by thermal oxidation are
propagated-type 1SSFs.

Figure 3 shows PL images of a sample through a band-pass filter (438+12 nm) (a) before and
(b) after 10 h oxidation, (c) after 22 h oxidation, and (d) after 32 h oxidation. Line-shaped faults were
observed perpendicular to the off-cut direction formed after 10 h oxidation (indicated by white solid
arrows in Fig. 3(b)), and these faults were extended after the second and third oxidation steps. For the

FIG. 3. PL image obtained with a band-pass filter (438 + 12 nm) (a) before oxidation, (b) after 10 h oxidation, (c) after 22 h
oxidation, and (d) after 32 h oxidation. The arrows denote the line-shaped faults including the faults formed inside the sample
(shown by yellow dashed arrows).
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reference, Ar anneal with same temperature as the oxidation for 10 h was carried out. As a result, no
line-shaped fault was formed. Therefore, this line-shaped fault is induced not by thermal treatment but
by oxidation. These faults are not observed through the long-pass optical filter (>700 nm); therefore,
they may not be dislocations because any type of dislocations have near-IR emissions.'# The triangular
SFs shown in Fig. 3(c) (inside the red rectangle) were formed by laser irradiation and expanded from
the line-shaped faults along the off-cut direction, in addition to getting wider with the irradiation time.
However, the expansion of this SF stopped when its height reached the length that corresponds to
the thickness of epilayer. These SFs shrunk after the third oxidation, but were re-expanded by laser
irradiation (inside the red rectangle of Fig. 3(d)). From the direction of expansion and maximum
height of SF, they extend from the oxidizing interface to the epilayer/substrate interface. Although all
the line-shaped faults appear to form from the edge of wafer, there are some faults that form inside the
substrate. For example, the line-shaped faults pointed by yellow dashed arrows in Fig. 3(c) and 3(d)
are such correspondences. In addition, the line-shaped faults were also confirmed from around the
center of wafer (not shown here). Therefore, the line-shaped fault is not a fault peculiar to the edge
of wafer or sample.

Figure 4 shows the PL spectrum emitted from the triangle-shaped SFs. These SFs are consid-
ered to be double Shockley SFs (2SSFs)'%!? because of their emission wavelength (500 nm.)* Maxi-
menko and Sudarshan® also reported triangle-shaped 2SSFs that extend from nucleation sites near
the epitaxial layer surface. However, since the shape of the nucleation site is much different from that
of the line-shaped fault, these faults should not be the same kind. As mentioned above, the line-shaped
faults were extended with increasing oxidation time, therefore, they should be a kind of SFs perpen-
dicular to the direction of step flow. Since we observed from the side of the SFs, its shape was regarded
as a line.

Figure 5 shows the oxidation time dependence of the line-shaped fault density and the average
length of line-shaped faults. The blue line in the figure denotes the line fitted to the observed values
after 600 min growth. The density increases linearly after an oxidation time of approximately 400 min,
which implies that the formation of line-shaped faults has a threshold in the oxidation time or oxide
thickness. This threshold time corresponds to an oxide thickness of 34 nm, which is almost equal to
that at which the oxidation rate levels down,2! i.e., the accumulation of Si interstitials in the oxide
becomes saturated.”” According to the report on Si oxidation by Taniguchi et al.,®> when the oxide
growth rate is sufficiently low, the concentration of Si interstitials in the oxide is fixed at the equi-
librium concentration, and the Si interstitials predominantly diffuse into the Si substrate. In general,
when the Si emission into the substrate due to oxidation is enhanced and the Si interstitials are accu-
mulated near the oxidizing interface, an extrinsic stacking fault, termed oxidation-induced stacking
fault (OSF), is formed,?* as shown in Fig. 6. Therefore, the line-shaped fault is considered to be an
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FIG. 4. PL spectra obtained from inside and outside the triangle-shaped SF.
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FIG. 5. Line-shaped fault density and average length of line-shaped faults as a function of oxidation time.

OSF because it should be formed by the accumulation of Si interstitials in the SiC substrate during
oxidation, similarly to the case of OSF for Si.?*

In the case of Si oxidation, the length of OSFs, [, is expressed with the oxide growth rate
(dX/dt):**

RK (4X)1 .
I = - - RC{1, (1

(1+K(5))7 —1

where R is the growth rate of [ with respect to the concentration of Si interstitials in SiO,, K and K, are
parameters regarding the Si diffusion rate, and C‘If is the equilibrium concentration of Si interstitials
at the fault. As shown in eq. (1), the OSF growth rate is determined only by the oxide growth rate and
the parameters relating to SiO, that are independent of the substrate material. Therefore, this OSF
growth rate equation may also account for the growth of line-shaped faults in SiC. Accordingly, it was
assumed that eq. (1) is applicable to line-shaped faults in SiC. The solid line in Fig. 5 was obtained
from eq. (1) with the observed dX/dt values for the present oxidation conditions. The observed /
values are roughly on the calculated line. Again, it should be noted that all the parameters of eq. (1)
used in the calculation are the same values for Si oxidation.?* Since it has been considered that the
SiC oxidation process involves not only Si diffusion but also C diffusion,!!">-’ the C diffusion may
not significantly affect the growth of OSFs.

In conclusion, PL imaging was performed to investigate the effect of thermal oxidation on faults
in 4H-SiC epilayers. A comb-shaped BPD array was found to be deformed by thermal oxidation.

<0001>

/310,
<-1100>
sic __“OSF

<11-20>

FIG. 6. Schematic illustration of an OSF.
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The SF in the vicinity of this BPD array is regarded as a propagated type 1SSF due to its annealing
characteristics and shape. Line-shaped faults perpendicular to the off-cut direction were also observed
and they were extended more with the oxidation time. In addition, 2SSFs were formed from the
line-shaped faults as the starting point by laser irradiation. The line-shaped faults are considered to
be OSFs, which are similar to that for Si.
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