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Stacking faults �SFs� in semiconductors are generally regarded as the electrically active defects that reduce
the minority carrier lifetime. In contrast to this typical phenomenon, here we report that the SFs in SiC
functionalize as the ideal quantum well �QW� structure for electrons. Due to the QW effect, an increase of
minority carrier lifetime is observed at the SF regions. The reason for the lifetime increment is discussed with
the electron dissipation along the SF plane. Our results suggest that this is a general mechanism regarding the
increase of minority carrier lifetime at the defects.
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Stacking faults �SFs� are one of the most fundamental
planar defects in crystalline solids. The SFs occur in a num-
ber of crystal structures, but the common example is in
close-packed structures. In Si material, the SFs are usually
formed on �111� planes by the application of a shear stress
and are regarded as the electrically active defects.1,2 In a
compound semiconductor, such as SiC, the situation be-
comes complicated since SiC is known to have hundreds of
different polytypes.3–5 Especially, the polymorphism of SiC
is particular in that all its different crystalline forms have a
same atomic plane in common and differ only in the stacking
sequence along the direction normal to this plane. It has been
reported that SiC has a very low SF energy.6 Therefore, vari-
ous kinds of SFs are expected to appear if the local stacking
sequence is interrupted somewhat with respect to the host
material.

Indeed, several types of SFs differing in the stacking ar-
rangement have been already observed in SiC.7–11 Since SiC
is a promising wide-bandgap semiconductor aimed at high-
power, high-frequency, and high-temperature applications,
many investigations of the SFs are related to the devices
�p-i-n diodes�, such as the following aspects: �i� the degra-
dation of SiC devices;12,13 �ii� the nucleation sites of the
SFs;14–16 �iii� the driving force for the SF expansion under
forward bias stressing;17–19 �iv� partial dislocations �PDs�
bounding the SFs20–22 and �v� theoretical calculation of the
electronic state of the SFs.23–25 However, the fundamental/
intrinsic properties of the SFs in SiC have not been clarified
very well. The clarification may provide fundamental knowl-
edge of SF behavior in polytypic materials as well as further
facilitate the understanding of SF effect on device properties.

In this paper, we report on the intrinsic feature of the SFs
in SiC. Different from the common feature in Si, we show
that the SFs in SiC act as the ideal quantum-well �QW� struc-
ture for electrons. We also observe an increase of minority
carrier lifetime at the SFs, which is not generally expected.
We thus propose that the lifetime increment is associated
with the QW-related “pump effect” dissipating the majority
carriers, which would be a general mechanism regarding the
increase of minority carrier lifetime at the defects.

The common polytype of SiC, 4H, was used in this work.
The 4H-SiC epi-films �6 �m thick� were grown on the
n+-type 4H-SiC �0001� off-cut substrate oriented 8° toward

the �112̄0� direction by chemical vapor deposition. The epi-

taxial films were N doping, with the concentration of
�1.8�1016 cm−3. For electrical characterization, the
Schottky �ITO, 100 nm� and Ohmic contacts �Ni, 200 nm�
were formed on the film surfaces and the backside of the
substrates, respectively.

The carrier dynamics related the SFs were investigated by
using the cathodoluminescence �CL� and electron-beam-
induced current �EBIC� techniques. These two systems are
integrated in a scanning electron microscope �SEM, S4200-
SE�. The beam voltage and beam current used for the char-
acterization were 20 kV and 3 nA, respectively. The obser-
vation temperatures were varied from 100 K to room
temperature �RT� using the specimen cooling system flowing
liquid helium gas.26 The EBIC contrast that reflects the elec-
trical activity of a defect is defined by,

CEBIC =
IBG − ID

IBG
� 100 �%�

where IBG and ID are the EBIC currents at the background
�BG� and at the defect, respectively. The transmission elec-
tron microscopy �TEM� samples of the SFs were prepared by
focused ion beam, and the structures of the SFs were ob-
served by using high-resolution TEM �JEM-2100F�.

Figure 1 shows the EBIC monitoring of the formation of a
SF at RT. In the EBIC images, defects are generally seen as
dark features due to the carrier recombination. At the begin-
ning, a dark line and two dark dots were observed in Fig.
1�a�. The dark line corresponds to a basal plane dislocation
�BPD� located in the �0001� plane, which has the Burgers

vector of 1 /3�112̄0� identified by x-ray topography.27 The
BPD intersects the sample surface at the right end. The dark
dots are related to threading dislocations �TDs� lying almost
perpendicular to the sample surface.

After the electron beam �e-beam� irradiation for 20 min,
the BPD dissociates into a partial dislocation loop �PDL�,
with the formation of a SF inside �Fig. 1�b�	. We notice that
one PD nearly stays at the same position as the initial BPD,
while the other one moves, resulting in the subsequent ex-
pansion of the SF. Generally, two kinds of partials exist in
SiC: either the core contains Si atoms or C atoms. These two
partials are expected to present different mobilities, because
the bonds constituting the two types of cores are chemically
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distinct. It has been reported that the trailing PD has a C core
�marked C�, while the leading one has a Si core �marked
S�.21,22 The schematic is illustrated inside Fig. 1�b�. The SF
continues to expand during the e-beam irradiation, e.g., when
irradiated for 80 min, a large SF of �80 �m was achieved
�Fig. 1�c�	. It is worth noting that the SF region is bright in
the EBIC images, which will be discussed later.

The fabricated SFs act as the QW structure for electrons,
which is recognized by the CL characterization. Figure 2�a�
presents the RT CL spectra taken at the BG and the SF re-
gion. At the BG, a peak at 3.22 eV �wavelength of 385 nm�
was resolved, which corresponds to the band-edge emission
of 4H-SiC. In contrast to the BG, a new peak at 2.97 eV
�wavelength of 417 nm� appears at the SF. In the CL map-
ping at 417 nm �inset of Fig. 2�a�	, the trapezoid region with
the high CL intensity corresponds to the SF, which indicates
that the 417 nm emission originates from the SF. It is noticed
that the energy difference between the band-edge emission
and the SF is 0.25 eV, which introduces a QW state. The QW
level is 0.25 eV lower with respect to the conduction band
minimum of 4H-SiC by comparing with the theoretical
calculations.23 Through this QW state, the SF can effectively
capture the electrons from the conduction band, and thus
emit the characteristic CL.

We further performed the low-temperature CL observa-
tion to understand the SF-related QW, as shown in Fig. 2�b�.
The CL intensity of the SF peak is the maximum at 100 K,
and then decreases with increasing the temperatures. The
temperature dependence of CL intensity was considered by
taking into account of Fermi level position. The Fermi level
is nearly pinned at the N donor level �0.06�0.09 eV �Ref.
28�	 at 100 K, while it approaches to the bottom of the QW
at RT. As a result, the occupancy of electrons inside the QW
is reduced by increasing the temperatures. The luminescence
through the carrier recombination involving the SF level and
the 4H-SiC valence band edge then becomes weaker as the
temperature increases.

To check whether the SF-related QW is ideal, the struc-
ture of the SFs was investigated by TEM. Figure 3�a� shows
the high-resolution TEM micrograph of a SF. The micro-

graph was viewed along the �112̄0	 zone axis of the 4H
crystal. In the classical ABC notation of the layer stacking,
4H structure has an ordering sequence ABCB of the planes,
where each plane corresponds to a Si-C bilayer. The perfect
4H stacking is guided by the yellow dotted lines. Between
the 4H structure, the ordering sequence �marked by a red
dotted line� changes somewhat with respect to the host 4H.

FIG. 1. �Color online� EBIC monitoring the formation of a SF
through engineering a BPD. �a� Initial stage of the observation. The
dark line corresponds to a BPD, while the dark dots are related to
TDs. �b� Electron-beam irradiation for 20 min. The BPD dissociates
into a PDL, with a SF formed inside. The schematic is shown in the
inset. �c� Electron-beam irradiation for 80 min. The leading PD
continues to move upwards, resulting in the expansion of the SF.

FIG. 2. �Color online� CL spectra taken at the BG and the SF
regions. �a� RT CL spectra. The 385 nm �3.22 eV� emission corre-
sponds to the band-edge emission of 4H-SiC, while a new peak at
2.97 eV �wavelength of 417 nm� is related to the SF. The inset
shows the CL mapping image at 2.97 eV. �b� Temperature-
dependent CL spectra of the SF from 100 K to RT. The CL intensity
of the SF-related peak decreases by increasing the temperatures.

FIG. 3. �Color online� Structure and schematic formation of the

SF viewed along the �112̄0	 zone axis. �a� High-resolution TEM
observation of the SF. The perfect 4H is guided by the yellow
dotted lines, while the SF region is marked by the red straight
dotted line. �b� Schematic illustrating the formation of the SF.
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No interface roughness is seen, which suggests that the SF
has an ideal QW structure. The formation of such a SF is
schematically illustrated in Fig. 3�b�. It forms by shearing the

4H structure in the �11̄00	 direction during the passage of a
PD, which is a Shockley-type SF. Since no external shear
stress is used, the driving force for the SF formation is prob-
ably due to the recombination-enhanced dislocation glide,
where the glide activation energy is supplied from nonradia-
tive recombination at the mobile dislocation core.17–19

Detailed EBIC analysis was performed to obtain a under-
standing of the carrier dynamics inside the ideal QW struc-
ture. Figure 4�a� shows the temperature-dependent EBIC
contrasts of the SF �rectangular symbol� and PDs �triangular
symbol for C-core partial and circular symbol for Si-core
partial�. The EBIC contrast of the SF decreases with increas-
ing the temperature. It is of interest to stress that after a
certain temperature ��250 K�, the EBIC contrast of the SF
becomes negative and reaches about −5% at RT. To highlight
the peculiar contrast, three dimensional EBIC contrast pro-
files of the SF at 100 K and RT are illustrated in Fig. 4�b�.
The negative EBIC contrast of the SF means a higher EBIC
current than the BG, suggesting that the minority carrier
�holes in this case� lifetime increases at the SF region. Such
phenomenon is never expected at a defect, since the defects
commonly act as the recombination centers. For the case of
the PDs,29 their EBIC contrasts both increase as an increase
of the temperature, and then decrease slightly after �250 K.
It indicates that the PDs are accompanied with deep levels in
terms of Shockley-Read-Hall statistics.

We thus propose a model to discuss how the ideal QW
modulates the minority carrier lifetime, as shown in Fig. 5.
The figure is a cross-sectional view of the sample structure
with the top Schottky contact collecting carriers. The thin SF

lies in the basal plane that is 8° off with respect to the sample
surface. It is noteworthy that minority carriers are collected
as the signals in the EBIC technique. In the low tempera-
tures, e.g., 100 K �Fig. 5�a�	, the Fermi level approaches to
the conduction band �CB� of 4H. As a result, the SF-related
QW is nearly full of electrons, with the density represented
as �n. During the e-beam irradiation, a number of electron-
hole �e-h� pairs �schematically illustrated in the figure� are
generated within an excitation volume �pear-shaped�, with
the densities of generated electrons and holes being �n and
�p �=�n�, respectively. The radius of the excitation volume
is estimated to be �1.8 �m in 4H-SiC at 20 kV.30 If the
electron density in the matrix is assumed to be n0, the total
electron density in the excitation volume is n0+�n at the
BG, while it becomes n0+�n+�n at the SF area. Thus, there
exists pretty high probability for minority carriers to be re-
combined at the SF, resulting in the reduction of minority
carrier lifetime �positive EBIC contrast�.

When the temperature increases, the Fermi level goes
down toward the midgap. Consequently, the number of elec-
trons absorbed at the SF-related QW become less �also evi-
denced by the temperature-dependent CL intensity�, which
reduces the recombination probability of the e-h pairs. Espe-
cially, at a certain temperature, e.g., RT �Fig. 5�b�	, the Fermi
level is nearly at the bottom of the QW. In other words, the
QW is almost empty. The electrons become relatively easier
to be captured by the QW now. In the equilibrium state, the
electron density at the SF region is almost the same as that in
the matrix �represented as n1�. When the e-beam irradiates
the BG, the total electron density is n1+�n in the excitation
volume. At the SF region, however, a certain number of elec-
trons are pumped out from the excitation volume due to the

FIG. 4. �Color online� Temperature-dependent EBIC contrasts
and profiles of the SF and PDs. �a� The EBIC contrast of the SF �red
rectangle� gradually decreases as the temperature increases, and
changes to negative after �250 K. The EBIC contrasts of C �black
triangle� and S �blue circle� PDs increases with increasing the tem-
perature, and then decrease a little after �250 K. �b� Three-
dimensional EBIC contrast profiles of the SF at 100 K and RT,
respectively.

FIG. 5. �Color online� Carrier dynamics regarding the modula-
tion of minority carrier lifetime at the SFs. �a� Explanation of posi-
tive EBIC contrast of the SF at 100 K. The high EBIC contrast is
due to the pre-existing electrons at the SF which recombine with the
holes. �b� Explanation of negative EBIC contrast at RT. The QW
pumps out the electrons in the excitation volume, resulting in the
reduction of electron density. Owing to the reduction, an increase of
the minority carrier lifetime is realized.
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suction of the nearly empty QW. These electrons diffuse
away along the SF plane. Therefore, the total electron den-
sity in the excitation volume at the SF region decreases to
n1+�n−�n, where �n is the electron density diffusing away.
Due to the reduction of the electron density, the hole lifetime
increases at the SFs �negative EBIC contrast�.

Very recently, we notice that Berechman et al.31 observed
the bright EBIC contrast also appearing at triangular defects
in SiC. The triangular defects can be regarded as another sort
of SFs. Therefore, the model proposed above can be also
applicable, which suggests that this is a general mechanism
for explaining the increase of minority carrier lifetime at the
defects. Besides this general mechanism, the experimental
results clearly demonstrate that the SFs in SiC functionalize
as the ideal QW structure without the interface roughness,
whereas the interface roughness commonly exist in the nor-

mal QWs owing to the participation of several
semiconductors.32–35

In summary, we report that the SFs in SiC act as the ideal
QW structure for electrons. Due to the “pump effect,” an
increment of minority carrier lifetime is realized at the SF
regions. The dissipation of majority carriers due to the QW
nature would serve as a general mechanism regarding the
increase of minority carrier lifetime at the defects. Moreover,
our result suggests that ideal QW structures can be designed
within one semiconductor, which would open the perspective
of fabricating the ideal QW structures in other semiconductor
systems for various functions.
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