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Abstract
Stacking faults (SFs) generated by thermal oxidation of a 4H-SiC epilayerwere investigated using
photoluminescence (PL) imaging/mapping and transmission electronmicroscopy (TEM). Line-
shaped and band-shaped faults perpendicular to the off-cut direction in the epilayer were formed by
thermal oxidation. In addition, the line-shaped faults increased andwere stretchedwith the oxidation
time. Triangular SFswere also formed underUV laser irradiation fromboth types of faults as starting
points, and expanded along the basal plane toward the sample surface. The oxidation time dependence
of the line-shaped fault density indicated that line-shaped faults are predominantly formed close to
1100 °C. The atomic structures of the line-shaped faults and triangular SFswere observed using cross-
sectional TEM. Line-shaped faults were present at the epilayer/bulk interfacewithwhich double
Shockley SFs stretch into the bulk layer. PLmapping results indicated that the band-shaped faults are
probably intrinsic Frank-type SFs.

1. Introduction

Silicon carbide (SiC) semiconductors are studied actively for the development of low-loss, high-temperature, and
high-frequency power devices, due to their superior physical properties [1]. However, stacking faults (SFs) and/or
dislocations are easily incorporated in SiC epilayers [2–5], whichmay cause severe degradation of the SiCdevice
performance [6–10]. SFs in SiC crystals have been reported to cause degradationof thebreakdownfield strength of
Schottky barrier diodes (SBDs [9]) and the forward current of pin diodes [10]. Therefore, it is important to
investigate themechanism for the formation of SFs in the SiC epilayer. Thermal oxidation is often used in the
fabricationof SiCdevices because SiO2films grownbyoxidation are utilized formetal-oxide-semiconductor
junctions or as surface passivationfilms.However, it has been reported that thermal oxidation causes faults to form
in the SiC crystal substrate. For example,Okojie et al reported that thermal oxidationproducedmultiple SFswith
the 3C structure in a highly doped (1019 cm–3 order) 4H-SiC epilayer [11]. On the other hand,wehave identified
that line-shaped faultswere formedperpendicular to theoff-cut direction by thermal oxidation [12]. In addition,
triangular SFswere formedbyUV laser irradiation and expanded from the line-shaped faults. It iswell known that
oxidation-induced SFs (OSFs) are formedperpendicular to the Si substrate surface by the accumulationof Si
interstitials emitted into the substrate during oxidation [13].Wepresumed that the line-shaped faults are a type of
OSFbecause the formation of line-shaped faultswas specific to thermal oxidation, and the faults increased and
were stretchedwith extensionof theoxidation time [12]. In this study,we investigated themechanism for the
formationof line-shaped faults using photoluminescence (PL) imaging/mapping to reveal the identity of the line-
shaped fault. Furthermore, transmission electronmicroscopy (TEM)wasused to observe the atomic arrangement
in the vicinity of line-shaped faultswith triangular SFs.

2. Experimental procedure

Ann-type 4H-SiC (0001) epilayerwith a carrier concentration of 1×1016 cm–3, 8° off-orientation towards the
[ ̅ ]1120 direction, and a thickness of 10 μmon ann-type bulk substrate with a carrier concentration in the order
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of 1019 cm–3 was used in this study. Thermal oxidationwas conducted at temperatures of 1000 °C, 1100 °C, and
1200 °C in a dry oxygen flowof 1 slm. PL imagingwas performed before and after each thermal oxidation step. A
He–Cd laser (λ=325 nm)with an irradiation power of 14 mWwas used as the excitation source for PL
imaging. PL images were capturedwith a cooledCCDcamera through a band-pass filter (BPF: 438±12 nm/

500±12 nm) at room temperature. PLmapping and spectroscopymeasurements were performed using a
confocalfluorescencemicroscope. The third harmonic of a YAG laser with awavelength of 355 nmand an
irradiation power of 10 mWwas used as the excitation source. Spectra at eachmeasurement point were recorded
with aCCDdiffraction grating spectrometer. UV laser irradiationwas conducted using a diode-pumped solid-
state laserwith awavelength of 266 nmand an irradiation power of 15 mW, orwith the YAG laser.

TEMobservation of the samplewas performed after dry oxidation at 1100 °C for 32 h. TEM samples were
sliced after forming protective films of carbon (C) and tungsten (W) on the surface. For the observation of SFs,
the TEMsample was trimmed using a focused ion beamprocess followed byArmilling.

3. Results and discussion

3.1.Observation of line-shaped faults
First of all, we attempted to confirm the formationof the line-shaped fault thatwas reported in [12]. According to
the report fromMiyano et al [12], the line-shaped fault is defined as a line-type fault that is observed byPL imaging
with a 438±12 nmBPF and is grown and stretched toward the - -[ ] [ ]1100 1100 as the oxide growth. Figure 1 shows
a representativePL image including the line-shaped faults (solid arrows). This PL imagewas obtained through the
438±12 nmBPF from the sample after oxidation at 1100 °C for 32 h.All the line-shaped faultswere formed
perpendicular to the off-cut direction. Figure 2 shows a PL image obtainedwith the 500±12 nmBPF. PL from
someof the line-shaped faultswas observed in thiswavelength range. Taking the emissionwavelength range into
account, this fault is presumably a band-shaped fault in the early stage of formation,whichwill be discussed later.

Figure 3 shows theoxidation timedependenceof line-shaped fault densities at variousoxidation temperatures.At
1100 °C, line-shaped faults started to formafter 600minofoxidation and their density increasedwith theoxidation
time. In contrast, the line-shaped fault formedafter 168minoxidation at 1000 °Candonly stretcheduntil 2280min.
As for oxidation at 1200 °C,no line-shaped faultswere formed, even after 4620min.The formationof the line-shaped
faults is thus significantly dependenton theoxidation temperature and isnotably enhancedat around1100 °C.

3.2.Observation of band-shaped faults
Apart from the line-shaped faults, band-shaped faults were also identified, as shown infigure 4. Figures 4(a)–(c)
showPL images for samples oxidized at 1100 °C for 22 h, 32 h, and 32 h followed byAr annealing for 1 h,
respectively. The band-shaped faults were observedwhen the 500±12 nmBPFwas used for PL imaging, and
these faults extended along the same direction as the line-shaped faults. The band-shaped faults appeared after

Figure 1.PL image of the line-shaped faults (BPF: 438±12 nm). Thin arrows point to the line-shaped faults.

Figure 2.PL image of the line-shaped faults (BPF: 500±12 nm). Thin arrows point to the line-shaped faults.
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oxidation at 1100 °C for 22 h andwere extended after oxidation for 32 h. Furthermore, after 1 hAr annealing,
the band-shaped fault was expandedmore and a newband-shaped fault was formed at another line-shaped fault
as a baseline (yellow box). Note that the direction [ ̅ ]1120 was confirmed by x-ray diffractionmeasurement after
the samplewas prepared. Although the straight line of the band-shaped fault appears to be like a surface edge, it
is the epilayer/bulk interface. In section 3.1, the emissionwavelength of some of the line-shaped faults was stated
to be in the range of 500±12 nm,which is the same as that for band-shaped faults. In addition, triangle SFs
were formed from the band-shaped faults as a starting point by laser irradiation duringmeasurement (data not
shown). As shown in the next section, this phenomenonwas also observed for the line-shaped faults. These
results suggest that the band-shaped faults originate from the line-shaped faults. In addition, the band-shaped
fault was not shrunk by oxidation or annealing; therefore, it is considered to be a Frank-type SF [3]. On the other
hand, band-shaped faults were not observed for oxidation at 1000 °Cand 1200 °C.

3.3. UV laser irradiation of line-shaped faults
The impact ofUV (355/266 nm) laser irradiation on the line-shaped faults was investigated. Figures 5(a) and (b)
showPL images after laser irradiation at 355 nmand 266 nm, respectively. Laser irradiation at 355 nmand
266 nm induced the formation of triangle SFs, as observed through the 438±12 nmand 500±12 nmBPFs,
respectively, and these triangular SFswere expanded from the line-shaped faults toward the sample surface
(//[ ̅ ]1120 )with an increase in the irradiation dose. Note that the direction [ ̅ ]1120 shown infigure 5(b)was
decided by x-ray diffractionmeasurement. These SFs are different from typical SFs often observed as in-grown
SFs or electrical current-induced SFswhen considering that the long side of the triangle faces not toward the

Figure 3. Line-shaped faults density as a function of oxidation time at various oxidation temperatures.

Figure 4.PL images for samples oxidized at 1100 °C for (a) 22 h, (b) 32 h, and (c) 32 h followed byAr annealing for 1 h. Band-shaped
fault formed by post-oxidation Ar annealing is indicated by a yellow box.
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surface side but toward the bulk layer side, and the SF extends from the epilayer/bulk interface to the surface. It
can be considered that this difference has arisen because the SF induced by oxidation is formed by stress
propagating from the oxidation interface. Namely, the stress propagates from the surface to the inside of
substrate and the source of SF is located at the epilayer/bulk interface, both of which are opposite to typical SFs.
Taking the emissionwavelength into account, the triangle SFs induced by laser irradiation at 355 nmand
266 nmare a single Shockley SF (1SSF [4, 5, 14]) and a double Shockley SF (2SSF [15, 16]), respectively. The
heights of the triangular SFswere stretched toward the [ ̅ ]1120 direction and, in turn, the extension of the
triangular SFs stoppedwhen their height reached the length that corresponds to the thickness of the epilayer.
The triangular SFs then deformed to trapezoids and expanded toward the [ ̅ ]11 00 or [ ̅ ]1 100 directions. These
results reveal that triangular SFs are formed inside the epilayer and expand from the epilayer/bulk interface to
the sample surface, as illustrated infigure 6. The triangle SF induced by laser irradiation is generated from a line-
shaped fault as a baseline; therefore, it is inferred that the line-shaped fault is a type of SF. These results suggest
that the structure of the line-shaped fault is similar to that of anOSF that extends from the sample surface to the
epi–bulk interface (shown by a browndashed line infigure 6(i)), or is similar to the interface dislocation present
at the epi–bulk interface [17] (brown solid line in figure 6(ii)).

3.4. TEMobservation
Figures 7(a) and (b) show a PL imagewith the position of the TEMobservation and cross-sectional TEM image
near the sample surface, respectively. Infigure 7(a), the yellow area denotes the trimming area for TEM
observation and the thin arrow is the observation direction. Figure 7(b) shows that no contrast considered to be a
line-shaped fault or a triangular SFwas observed. The results indicate that both line-shaped faults and triangular
SFs are not present near the surface. Therefore, it is concluded that the structuralmodel shown infigure 6(i) can
be excluded and the line-shaped fault specific to SiC oxidation is not a type ofOSF formed during Si oxidation.

Figures 8(a)–(c) show a PL imagewith the position of TEMobservation, cross-sectional TEM image around
the epilayer/bulk interface, and amagnified image of 8(b), respectively. No contrast infigures 8(b) and (c)
considered to be a line-shaped fault was observed, but two contrasts, which appeared to be SFs, were observed.
Although one of these propagated across the epilayer/bulk interface from the bulk layer, the other stopped near
the epi/bulk interface. Figures 9(a) and (b) showmagnified images of Points A andB shown infigure 8(c),
respectively. The stacking sequence at Point A (near the edge)was found to be a 1SSF and that at Point B (away
from the edge)was a 2SSF. Therefore,most of the triangular SFs are 2SSFs, but in the propagating head the
triangular SFs are 1SSFs. Infigure 9(a), a SF looking like Frank-type SF can be seen. Aswill be discussed later, this
may be the line-shaped fault.

Figure 5.PL images observed through 438±12 nm and 500±12 nmBPFs after laser irradiation at (a) 355 nmand (b) 266 nm,
respectively.

Figure 6. Schematic diagramof triangular SF and line-shaped fault.
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TheTEM images infigures 8(b) and (c) indicate that the 2SSFs extended to the bulk layer. On the other hand,
figure 8(a) does not show the SF in the bulk layer by PL imaging. It is probable that non-radiative recombination
centers are dominant in the bulk layer, which results in PL from the SF in the bulk layer disappearing.

3.5. PLmapping and spectroscopicmeasurements
PLmapping and spectroscopymeasurements were performed for the area including line-shaped faults and a
band-shaped fault. Note that, as discussed in section 3.3, there is no formation of 2SSFs during PLmeasurement
in the case of 355 nm laser excitation. Figure 10 shows a PL imagewith the PLmapping area indicated by a yellow
box (500±12 nmBPF), PLmaps filteredwith 4H-SiC band-edge emission, 2SSF emission, and 488±5 nm
BPF. Figure 10(a) shows that there are few line-shaped faults on the left-side from the band-shaped fault, and
many of themon the right-side. The PLmaps show that the band-edge emission becomes strongwhere there are
few line-shaped faults, whereas the 2SSF emission becomes strongwhere there aremany line-shaped faults.
Therefore, the 2SSF is a by-product of the line-shaped fault.

Figure 10(d) clearly shows the contrast of the band-shaped fault. Figure 11 shows PL spectra taken at Points
A–C shown infigure 10(d). Differential spectra, i.e. the spectrummeasured at Point Bminus that at Point A
(B – A) andC – A, are also shown infigure 11. Figure 10(d) and the differential spectrum (B – A) infigure 11
indicate that the emissionwavelength of the band-shaped fault is around 485 nm,which is considered to be an
emission froman intrinsic Frank-type SF [3] or triple Shockley SF (3SSF) [4, 5]. The band-shaped fault was not

Figure 7.Cross-sectional TEM image around the sample surface: (a)PL image showing the TEMobservation point and (b)TEM
image.

Figure 8.Cross-sectional TEM image around the epi/bulk interface: (a)PL image showing the TEMobservation point, (b)TEM
image, and (c)magnified image of (b); Points A andB denote the observation points for figures 9 (a) and (b), respectively.
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shrunk by annealing, as revealed in section 3.2, which infers that the band-shaped fault is an intrinsic Frank-type
SF. Careful inspection of the differential spectra reveals that the area densewith 2SSFs (i.e. densewith line-
shaped faults) does not contain band-shaped faults, whereas the low density area of 2SSFs contains band-shaped
faults. Therefore, we consider that the band-shaped fault is a fault extended from the line-shaped fault as its
origin. Also discussed in section 3.2, there aremany common characteristics between band-shaped and line-
shaped faults, such as the effect ofUV laser irradiation. Therefore, it is presumable that the line-shaped fault is
also an intrinsic Frank-type SF. Comparison offigures 10(a)with (c) reveals the PLmap has emission from2SSFs
in the bulk layer in the vicinity of the line-shaped faults, whereas the PL image did not show the emissionwell.
This discrepancy is probably due to the confocal optical system that enhances the PL detection of line-shaped
faults because of its higher surface sensitivity.

3.6. Configuration of faults
Figure 12 shows a schematic illustration of the faults observed in this study. According toTEMobservations,
line-shaped faults are located at the epi–bulk interface, fromwhich 2SSFs are extended toward the bulk layer by
oxidation (figure 12(i)).When the line-shaped fault is irradiatedwithUV irradiation, 1SSF/2SSF is formed and
extended toward the sample surface with an increase of the irradiation dose (figure 12(ii)). As shown in figure 2,
some of the line-shaped faults are converted to band-shaped faults (figure 12(iii)), and as shown by figure 4,

Figure 9.Atomic arrangement of the SF at (a)Points A and (b)B indicated infigure 8(b).

Figure 10. (a)PL imagewith the PLmapping area indicated by a yellow box (500±12 nmBPF) and PLmaps filteredwith (b) 4H-SiC
band-edge emission (390±5 nmBPF), (c) 2SSF emission (500±5 nmBPF), and (d) 488±5 nmBPF; Points A–Cdenote the
measured points for the spectra in figure 11.
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some of them are further expanded toward the surface (figure 12(iv)). A band-shaped fault with 1SSF induced by
355 nm laser irradiationwas also identified, as illustrated infigure 12(v).

At themoment the formationmechanisms of the line-shaped and the band-shaped fault are unclear, but the
stress at the oxide–SiC interface during oxidationmay involve the formation of the faults. Namely, the SiC
epilayer receives an intense lattice expansion because the density of SiO2 is twice lower than that of SiC [18] and,
as a result of SiC robustness, a strain is brought about at the interface and propagates toward the SiC epilayer.
According to the report fromGoto andHijikata [19], since the Si atom emission rate decreases with increasing
the oxidation temperature, it is expected that the stress to the SiC layer becomes smaller at the higher
temperature. On the other hand, the condensing of defect and the formation of the line-shaped faults should be
enhanced at higher temperature and, thus, the formation rate of the line-shaped fault is considered to have a
maximumat some oxidation temperature, which is consistent with the temperature dependence of the
formation rate shown in section 3.1.

Another possibility of the cause for the line-/band-shaped faults formation is that a 2SSF is grown from the
backside of the substrate (i.e. [ ̅ ]0001 C-face) and the 2SSFs are transformed to the line-shaped faults (in turn, the
band-shaped faults) at the epilayer–bulk interface. Since the oxidation rate of C-face ismuch faster than that of
Si-face, the generation of Si interstitials and the absorption of them into the growing oxidemight be comparable,
resulting in themaximumof the temperature dependence of the density of the line-shaped faults. PL imaging for
both-side polished substratemight solve this issue.

4. Summary

The formation of SFs generated by thermal oxidationwas observed using PL imaging/mapping andTEM. Line-
shaped and band-shaped faults were expandedwith the oxidation time. UV laser irradiation at 355 nmor

Figure 11.PL spectrameasured at the Points A–C shown infigure 10(d). Differential spectra (B–A) and (C–A) are also shown.

Figure 12. Schematic diagramof the faults observed in this study; (i) line-shaped fault with a 2SSF in the bulk layer, (ii) line-shaped
fault with a 1SSF/2SSF in the epilayer and a 2SSF in the bulk layer, (iii)/(iv) (an extended) band-shaped fault, (v) a band-shaped fault
with a 1SSF in the epilayer.
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266 nmof these faults formed 1SSFs or 2SSFs, respectively, from line-/band-shaped faults as starting points
along the [ ̅ ]1120 direction. The oxidation time dependence of the line-shaped fault density indicated that the
formation of line-shaped faults is significantly enhanced at around 1100 °C.TEMobservations indicated that
line-shaped faults are not present at the surface of the substrate but at the epilayer/bulk interface, and they
combinewith 2SSFs and propagate into the bulk layer from line-shaped faults as a starting point. The origin of
the line-shaped faults, as well as that of the band-shaped faults, is probably intrinsic Frank-type SFs because of
their emissionwavelength and their behavior under the effect of annealing.
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