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We report on electronic properties of single- and double-layer stacking faults in 4H-SiC and provide an
insight into apparent distinctions of recombination-enhanced defect reactions at these faults. Photolumines-
cence imaging spectroscopy and deep-level transient spectroscopy experiments reveal key constituents of
radiative recombination and also provide firm evidence of nonradiative centers at EV+0.38 eV responsible for
recombination-enhanced mobility of silicon-core partial dislocations. A comprehensive energy level model is
proposed allowing for a qualitative description of recombination activity at different types of stacking faults
and the corresponding bounding partial dislocations.
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Structural instability issues still hamper full-scale com-
mercialization of hexagonal SiC material for high-power bi-
polar electronics despite substantial progress in understand-
ing �for a review, see Ref. 1� and handling of this problem.2,3

Studies show that degradation in the active region of forward
operating devices is caused by spontaneous formation of pla-
nar defects,4,5 identified as basal plane stacking faults �SF�
bounded by Shockley partial dislocations �PD�.6,7 The phe-
nomenon of recombination enhanced dislocation glide
�REDG�,5,8 also known as the “phonon-kick” mechanism,9,10

is believed to be responsible for the lateral expansion of SFs.
Part of the electron-hole �e-h� recombination energy is redi-
rected into nonradiative sites along the dislocation line to aid
formation and migration of kinks, thus dramatically reducing
the activation barrier for glide.8,10 Apart from this strong
REDG effect, theoretical models interpret an SF in 4H-SiC
as a two-dimensional �2D� quantum well �QW� for the con-
duction band electrons.11,12 Since entrapment of electrons in
the QWs leads to reduction of the mean electronic energy, a
faulted n-type crystal is supposed to be more stable than a
perfect one. Indeed, the spontaneous formation of SFs re-
ported in highly n-doped 4H-SiC �Ref. 13� apparently sup-
ports this assumption. It appears, however, that structure and
mobility properties of the faults formed by the doping effect
differ from those generated in operating devices by the
REDG mechanism, thus fueling discussions about the actual
driving force for SF formation.14–16 In particular, the issues
which call for clarification are why exclusively single-layer
stacking faults �1SF� form in the degrading devices, whereas
double-layer faults �2SF� occur in highly n-doped material,
and also why 2SFs remain stationary while 1SFs expand in
presence of the e-h plasma.

In this paper, we address these differences of single and
double stacking faults and provide an insight into the details
of recombination-enhanced defect reactions in 4H-SiC.

A common way to study recombination activity of dislo-
cations is by some kind of scanning technique, e.g., cathod-
oluminescence �CL�,7 photoluminescence �PL�,4 or electron-
beam induced current �EBIC�.17 An alternative approach,

allowing for instantaneous mapping of extended defects and
also monitoring of structural instabilities, relies on electrolu-
minescence imaging and hence is applicable only to forward
operating devices.18 In the present work, an all-optical
method of imaging spectroscopy is used to study dynamics
and luminescence properties of basal plane SFs both within
devices and in virginal epitaxial layers. A series of ns-
duration pulses from a tunable wavelength Nd-YAG OPO
laser is used to generate excess e-h pairs and, consequently,
to trigger recombination-enhanced motion of dislocations.
The motion is probed in situ by time-lapse imaging of the
background PL, set off by low intensity excitation from a
325 nm cw-HeCd laser. This pump-and-probe approach is
implemented into a time-resolved imaging spectroscopy
setup �see Ref. 19 for more detail� to examine several 4H-
SiC homoepitaxial n− /n+ structures and fully processed
p+ /n− /n+ diodes.20 In both cases, the �40 �m-thick nomi-
nally undoped n−�5�1014 cm−3 epilayers were grown by
CVD on n+�1019 cm−3 substrates from Cree, Inc. A sche-
matic of the experiment and typical examples of plan-view
and cross-sectional PL imaging are given in Fig. 1. An adapt-
able optical filtration, i.e. imaging of PL in a narrow spectral
range, was employed to visualize luminescent defects, other-
wise indistinguishable against dominant background of in-
trinsic band-edge and deep-level luminescence. In spectral
analysis, similar low contrast issues were resolved by utiliz-
ing spatially-resolved differential PL, which greatly en-
hances selectivity for emission from the extended defects. In
view of the fact that PL peaks merely indicate energy sepa-
ration between the levels involved in radiative transition and
not the actual position in the band gap, a complementary
scan of electrically active states has been carried out by
deep-level-transient spectrometry �DLTS�. A highly degraded
p+ /n− /n+ diode with a SF density in excess of 103 cm−1 was
selected for DLTS experiments.

To get further insight into radiative and nonradiative re-
combination processes at stacking faults in 4H-SiC we com-
pare PL and REDG characteristics of optically-induced and
in-grown SFs found within the same homoepitaxial structure
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�see Figs. 2�a� and 2�b��. The principal radiative channels are
evident from the differential PL spectra plotted in Fig. 3. The
stacking faults demonstrate characteristic peaks associated
with EC–0.3 eV and EC–0.6 eV split-off levels, which are
consistent with first principles calculations for 1SF and 2SF
related quantum wells.11,12 It is interesting to note that partial
dislocations bordering 1SF and 2SF type faults exhibit
clearly dissimilar spectral signatures corresponding to optical
transitions of about 1.6 eV and 1.9 eV, respectively. Our ex-
periments show that unlike the single-layer 1SFs, which ex-
pand under illumination, the in-grown 2SFs remain immo-
bile up to excitations causing structural damage of SiC
material. Furthermore, we find that besides the well-
established luminescence of the mobile Si�g� edges, a weak
emission from the fixed C�g� edges also takes place, as can
be seen in Fig. 2�a�. The yield differs by more than an order

of magnitude, as indicated by the PL contrast ratio of the
corresponding segments, i.e., �ISi�g�− I0� / �IC�g�− I0��10,
where I0 is the background intensity. More importantly, the
luminescence spectra obtained separately from the gliding
and the stationary partials appear fairly similar, the latter
exhibiting slightly broader high-energy shoulder. This spec-
tral similarity is somewhat unexpected, bearing in mind that
the gliding and stationary PD segments at the edges of the SF
are believed to have different core natures, silicon Si�g� and
carbon C�g�, respectively.1 Although the onset of passive
scattering of light originated from the mobile Si�g� partials
cannot be ruled out, the results can best be explained assum-
ing different density of otherwise identical radiative centers
along Si�g� and C�g� partials. As a final point, in Fig. 2�c� we
highlight clear dominance of the nonradiative processes over
radiative recombination at the expanding SF. A closer inspec-
tion of optically-stimulated REDG images shows that the
moving partials are always trailed by a region of quenched
PL, suggesting that within the diffusion length of a PD the
electrons confined in a 2D QW are primarily drained via
nonradiative REDG channel.

The energy of a deep nonradiative center supporting dis-
location glide, though directly not detectable in PL measure-
ments, yet can be deduced indirectly from the difference of
activation energy of dislocation glide under illumination
��0.25 eV �Ref. 5�� and in the dark ��2.5 eV �Ref. 21��,
suggesting an approximate value of 2.25 eV. Recent below-
gap excitation-spectrometry experiments provide fairly simi-
lar �2.4 eV threshold energy for REDG activation.15 A di-
rect method for determining position of the energy states is
by using DLTS, however, until now this technique failed to
reveal additional carrier traps associated with structural deg-
radation, most likely because of too low dislocation content.
As an argument, in Fig. 4 we present measurement results of
an extremely degraded p+ /n− /n+ diode, exhibiting two dis-
tinct DLTS peaks. While the smaller positive peak at around
280 K corresponds to a well-known Z1/Z2 defect frequently
observed in as-grown 4H-SiC,22 the larger negative peak at
around 140 K, to the best of our knowledge, has not previ-
ously been reported and is only seen in highly degraded

FIG. 1. �a� Schematic and time line of a pump-probe PL imaging
experiment: structural instabilities are probed by a time-gated CCD
after exposure to a series of intense pump pulses. �b� Cross-
sectional and �c� plan-view PL micrographs �overlay of two mono-
chromatic 430 nm and 750 nm patterns�, exposing threading type
dislocations �TD� as well as basal plane stacking faults �SF�
bounded by partial dislocations �PD�; dotted line marks the border
between virginal n− /n+ and processed p+ /n− /n+ areas �half of a
diode in the upper-right area�.

FIG. 2. PL micrographs of partial dislocations bordering �a�
single �1SF� and �b� in-grown double stacking fault �2SF�.
Spatially-resolved spectra were collected from the mobile leading
�1� and stationary trailing �2� edges of the 1SF and also from the
PDs �3� surrounding 2SF. �c� Regions of quenched luminescence
following after the gliding segments of the expanding SFs.

FIG. 3. Spectral signatures �normalized differential PL at
300 K� of single- �1SF� and double-layer �2SF� stacking faults and
corresponding bounding partial dislocations, labeled 1PD and 2PD,
respectively.
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samples. The energy position of this newly emerged hole
trap is estimated by a standard T2 correction at ET=EV
+0.38±0.2 eV. In view of the fact that the magnitude of
DLTS peak increases strongly with forward bias without
showing any sign of saturation, the amount of injected holes
is apparently insufficient to fill all traps, and consequently
their concentration can only be approximated. The largest
peak in Fig. 4 �curve C� corresponds to a concentration of
about 5�1013 cm−3, which should be considered as a lower
limit. The detected new trap level appears closely matched
by first-principle calculations, which predict electrical activ-
ity only for Si�g� type partial associated with a deep EV

+0.4 eV state in the band gap.23 In the presence of an excess
concentration of electron-hole pairs, part of the recombina-
tion energy is released nonradiatively via these traps to aid
formation and migration of kinks, thus reducing the activa-
tion barrier for dislocation glide.

The new deep level that is revealed by DLTS cannot ex-
plain on its own the characteristic reddish luminescence of
the partials bounding the stacking faults. Thus, by introduc-
ing a single radiative center positioned at ER �2 eV above
the valence-band edge, we propose a model which readily
explains the observed differences in PL spectra of the partials
bordering single and double-layer SFs. Figure 5 presents a
collective energy level diagram of recombination activity at
1SF and 2SF type faults, which accounts for concomitant
radiative and nonradiative processes at mobile Shockley par-
tials as well as for radiative centers along stationary PDs
bounding the in-grown SFs. The small valence-band discon-
tinuity and phonon interaction do not notably change the
model and are ignored for simplicity. As can be seen in the
diagram, the characteristic PL of the PDs bounding 1SF and
2SF type faults then correspond to, respectively, optical tran-

sitions from the radiative center directly to the valence band
�hv2PD=ER�1.9 eV� and from ER to the hole-trap ET intro-
duced by the Si�g� partial �hv1PD=ER−ET�1.6 eV�. In con-
trast to electrically active and therefore highly mobile Si�g�
partials, no midgap levels are introduced by the partials
bounding the in-grown 2SFs, resulting both in blueshifted
optical signature �towards 1.9 eV� and absence of REDG
effect.

It is reasonable to assume that luminescence sources on
Si�g� and C�g� partials that have basically similar character-
istics originate from some common intrinsic defect, such as
Si vacancy �VSi� trapped at the dislocation cores. Indeed,
lateral expansion of SFs under intense optical excitation ap-
pears on microscopic scale as a highly sporadic process of
kink formation and migration along dislocation lines. Not
surprisingly, this might be accompanied by a random occur-
rence of reconstruction defects, antiphase defects24 or
solitons,25 which are associated with dangling bonds on the
gliding partials �and a Si vacancy can be considered as a
center of C dangling bonds�. In fact, the discrete structure of
luminescent centers along dislocation lines can be resolved
on PL micrographs taken at very low excitations, revealing
separate spots �0.5 �m in diameter �apparently the
diffraction-limited size� with an average linear density in ex-
cess of 104 cm−1.

It is interesting to note that the above assumptions appear
consistent with the 1.31 eV ionization energy of a
negatively-charged silicon vacancy in 4H-SiC,26 which is
equivalent to an energy position of �2 eV above the valence
band edge �Eg-1.31�2 eV�. Since negatively charged VSi

provides an attractive potential for valence band holes and
already contains trapped electrons, it performs as a potent
radiative recombination center. The likely relation of the ra-
diative centers with charged intrinsic defects is further sup-
ported by experimental observations of apparent annealing of
luminescent defects at the relatively low temperature of
�400 K �unpublished; similar effect is recently reported in
Ref. 27�. This moderate thermal treatment appears sufficient
to seemingly eliminate �anneal out� the preexisting network
of dislocations, however, luminescent dislocations re-appear
again in the presence of a sufficient concentration of excess
carriers, presumably as soon as the defect’s charge state is
restored. Indeed, thermal reexcitation of electrons trapped on
the radiative sites up into the SF quantum wells seems highly
feasible in view of the relatively small activation energy

FIG. 4. DLTS spectra of a highly degraded p+ /n− /n+ diode,
showing the Z1/Z2 level and a new minority carrier �hole� trap. The
spectra were recorded with a rate window of 3.2 s, reverse bias of
−10 V and filling pulse amplitudes of −4 V, 0 V, and +5 V for
curves A, B, and C, respectively. Note that the filling pulse bias has
no effect on the Z1/Z2 peaks. The inset shows Arrhenius plots for
the hole trap, yielding slightly different values for curves A, B, and
C due to doping compensation.

FIG. 5. Schematic of the bandgap arrangement of 4H-SiC con-
taining 2D quantum-wells formed by 1SF and 2SF in �0001� direc-
tion and enclosed by PDs lying along �11-20�. Nonradiative process
aiding REDG is marked by a broken arrow; solid arrows indicate
radiative transitions.
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�E1SF−ER�1 eV�, whereas alteration of the charge state has
a direct impact on the VSi attractive potential for holes and
consequently on its performance as a recombination center.

In summary, we provide experimental evidence of key
constituents of recombination-enhanced defect reactions and
present a model that allows qualitative description of this
phenomenon for different types of stacking faults in 4H-
SiC. We note, though, that interpretation of the origin of

radiative midgap levels is still speculative and should be con-
sidered as a subject for further investigations. In this respect,
near-field optical microscopy seems most reasonable ap-
proach for a deeper insight of radiative centers along dislo-
cations.
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