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Because the expansion of single Shockley stacking faults (1SSFs) is an important problem for the viability of SiC bipolar
devices, there is a need to suppress it during device operation. The expansion mechanism, however, is still unclear. Therefore,
the method to suppress the expansion has never been established. An important factor for the expansion could be carrier
recombination in 1SSFs, because the expansion has only been observed during bipolar operation or light illumination. In this
study, we characterized carrier recombination by observing the photoluminescence from 1SSFs and partial dislocations (PDs).
The luminescence from 1SSFs and PDs showed a fast decay component compared with that from the band edge. This result
indicates that the carrier recombination in 1SSFs and at PDs was faster than that in regions without 1SSFs in 4H-SiC. In
addition, because of the slower recombination at Si-core PDs compared with that in 1SSFs and at C-core PDs, the velocity of
1SSF expansion would be limited by the carrier recombination at Si-core PDs. The temperature dependence of the decay time

implies that the recombination at the Si-core PD was enhanced on increasing the temperature.

Introduction

Silicon carbide (SiC) is widely known for its use in power semiconductor devices. To date, unipolar
devices, Schottky barrier diodes, and metal-oxide—semiconductor field effect transistors that are based
on SiC have been commercialized. However, the trade-off between the breakdown voltage and the on-
resistance of the unipolar structure is limited by material properties. Therefore, bipolar devices are
promising because of their low on-resistance and high breakdown voltage for ranges of breakdown

voltage higher than ~6 kV.?

One major technical challenge for bipolar devices is suppression of bipolar degradation that is

caused by the expansion of single Shockley-type stacking faults (1SSFs), which increases the forward



voltage.?® Mechanisms of the expansion of 1SSFs, however, have not been fully elucidated.'**%
Therefore, it is still a challenge to establish methods that suppress the expansion. The expansion is a
result of the recombination enhanced dislocation glide of Si-core partial dislocations (PDs) having
negative stacking fault energies of 1SSFs.>'%1") The stacking fault energy at equilibrium has been
reported to have a positive value (14.7 = 2.5 mJ m2).2® Thus, 1SSFs shrink with annealing at
equilibrium or under small current conduction.'®?) However, 1SSFs expand under high current
conduction,®® light excitation,?>?® or electron irradiation conditions,?*?”) suggesting that carrier
trapping or recombination reduces the stacking fault energy. In addition, because Si-core PDs are not
mobile at the usual operation temperature and stress in devices, their mobilization is induced by carrier
recombination or trapping.?® A model for the expansion has been suggested on the basis of the concept
of quasi-Fermi level or carrier trapping at Si-core PDs.?% Although this model treats only the steady-
state condition and discusses carrier trapping at 1SSFs and Si-core PDs, the expansion is actually a
dynamic phenomenon, and thus carrier recombination must be considered. Therefore, it is important to
know the carrier recombination in 1SSFs and at Si-core PDs. Even though C-core PDs are immobile, the

carrier recombination is of great interest.

Sridhara et al. reported carrier lifetimes in 1SSFs formed in a PIN diode by time-resolved
photoluminescence (TR-PL) and observed that the carrier lifetime in 1SSFs was shorter than the bulk
carrier lifetime at room temperature.) Chen et al. reported on electron-beam-induced current
measurements for n- and p-type epilayers.33Y They found that the carrier lifetime in 1SSFs was long in
an n-type epilayer and short in a p-type epilayer compared with that in the bulk. Therefore, the reported
results do not agree well with each other. In addition, when the carrier lifetime in 1SSFs for an n-type
epilayer is long as reported in ref. 30, the increase in the forward voltage drop by bipolar degradation is

a challenge to ascribe the degradation of conductivity modulation by 1SSF expansion. Therefore, direct



measurements of the carrier recombination in 1SSFs and at Si- and C-core PDs are important to
completely understand the 1SSF expansion mechanism and bipolar degradation. In this study, TR-PL
measurements were carried out at luminescence wavelengths for 1SSFs and PDs in n- and p-type

epilayers.

Experiments

We used two samples in this study: an n-type 4H-SiC epitaxial layer with a thickness of 100 pm and
a donor concentration of 1 x 10'® cm,%? and a p-type 4H-SiC epitaxial layer with a thickness of 150
um and an acceptor concentration of 6 x 10* cm™3. A laser light with 355 nm wavelength and 1 ns
pulse width was used as the excitation source for TR-PL. The densities of the injected photons were 1.4
x 10 to 8.5 x 10% cm™2. Luminescence from the samples was passed through a bandpass filter with
transmission wavelengths of 370-410, 415-425, 661-801, and 813-1350 nm and detected by a
photomultiplier. These transmission wavelengths correspond to luminescence from the band edge (~390
nm), 1SSFs (~420 nm), Si-core PDs (~680 and ~790 nm), and C-core PDs (~900 nm),
respectively.*>%19 The wavelengths for PD luminescence are similar to threading edge and screw
dislocations.®® The densities of the dislocations were not evaluated. The luminescence from PDs,
however, is important, because PDs are present in the basal plane and thus it shows most prominent
luminescence in plan view observation to the Si-face as reported in previous references.®*2 The
measurement temperature was controlled by hot air and a thermocouple. Measurements were performed
on several regions in the samples (the spot size of the laser was 4 mm¢ to keep signal to noise ratio for
the TR-PL measurements, and the sample sizes were ~1 cm?). To quantity carrier recombination, we
defined 1/e lifetime as the decay time constant by the time interval from the peak to 1/e of the signal.
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We also performed grazing incidence synchrotron reflection X-ray topography using a monochromatic
X-ray beam (A = 0.150 nm) at BL8S2 in Aichi Synchrotron Radiation Center, Japan, to check presence
of 1SSFs and PDs. The applied g vector was 11 28. The X-ray topography image was recorded by X-

ray CMOS camera (Hamamatsu photonics C12849-101U).

Results and discussion

Figure 1 shows a X-ray topographic image for the n-type sample. The contrast from a basal plane
dislocation is indicated by the arrow. Such contrasts were distributed in the entire area of the n- and p-
type samples, and each basal plane dislocation has a 1SSF and S- and C-core PDs (please note that we
have not performed intentional expansion procedure). Therefore, luminescence from the samples

includes those from band edge and 1SSFs and PDs.
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Fig. 1. X-ray topographic image for the n-type sample with g vector of 11 28. The arrow indicates a

contrast from a basal plane dislocation.



Figure 2 shows the normalized TR-PL decay curves for luminescence from the band edge (390 nm)
and 1SSFs (420 nm) obtained from two measurement regions in the n-type sample with an excitation of
8.5 x 10'® cm2 at room temperature. Luminescence for 420 nm showed a fast component at the initial
decay compared with that for 390 nm. After the initial fast decay, a slow decay was observed for one of
the measurement regions (Less 1SSF). The time constants of the initial fast decay, i.e., 2.5 ns, were
nearly the detection limit of our system. The initial fast decay corresponds to the carrier recombination
at 1SSFs considering the wavelength. The slow decay for 420 nm from an area with low 1SSF density
Less 1SSF corresponds to a luminescence tail of band edge emission.¥ From the other measurement
region (More 1SSF), the slow decay was hardly observed for 420 nm, and the initial fast decay was also
noticed for 390 nm. The difference in TR-PL decays between measurement regions indicates that the
densities of 1SSFs were not uniform within the sample. The region with the high 1SSF density shows
high intensity of luminescence band at 420 nm and low intensity of luminescence at 390 nm, because
1SSFs capture excited carriers and reduce the probability of band-to-band recombination. For the p-type
sample, the luminescence at 420 nm also showed the initial fast decay. The ratio of the fast and slow
decays depended on the position of the sample. Figure 3 shows the ratios of peak luminescence intensity
at 390-420 nm obtained from several measurement regions. As shown in the figure, the ratio depended

on the position of the sample, and 1SSF densities were not uniform in the samples.
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Fig. 2. Normalized TR-PL decay curves for luminescence from the band edge (390 nm) and 1SSFs (420

nm) from two measurement regions in the n-type sample with 8.5 x 10*3 cm™2 excitation at room

temperature.
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Fig. 3. Ratio of the peak luminescence intensity at 1SSFs to the band edge obtained from several

measurement regions with 8.5 x 10 cm2 excitation at room temperature.



We then observed the excitation dependence of the TR-PL signals. Figure 4 shows the excitation
dependence of TR-PL peak intensities for luminescence from the band edge, 1SSFs, Si-core PDs (680
and 790 nm) and C-core PDs (900 nm) at room temperature. The luminescence intensity for Si-core PDs
was lower than that for 1SSFs, and C-core PDs had the lowest luminescence intensity. The dependence
of the intensity for the band edge was superlinear at relatively high excitation, whereas that for 1SSFs
was almost linear throughout the excitation. A PL signal is generally proportional to a minority carrier
concentration at low injection conditions (ec p for n type). At high injection conditions, the signal
becomes proportional to the product of minority and majority carrier concentrations (oc n-p). Therefore,
the superlinear dependence of the band edge luminescence indicates that the sample became under the
high injection condition on increasing the excitation. The linear dependence of 1SSF luminescence
indicates that the majority carriers in 1SSFs were present at higher concentration than the excited
minority carriers. Although the intensities for the PD luminescence depend on the excitation, they are
smaller than the others. A quantitative discussion for the dependence, thus, is rather difficult. Excitation
dependences of the peak PL signals for the p-type sample are almost the same as those for the n-type

sample.

Figure 5 shows the normalized PL decay curves for the band edge luminescence from the n-type
sample with three different excitations at room temperature. On increasing the excitation, the ratio of the
initial fast to the subsequent slow decay components increased. The increased ratio of the fast to slow
decays at the high excitation indicates the increased probability of recombination through the band edge
at high injection conditions (< n-p). Figure 6 shows the normalized PL decay curves for 1SSF

luminescence of the n-type sample. The ratio of the initial fast to the subsequent slow components was



almost constant for different excitations. Figure 7 shows the normalized PL decay curves for PD
luminescence of the n-type sample. Only 8.5 x 10'3 cm2 excitation for the C-core PD luminescence is
shown because of the poor SN ratio and its small signal. The slope of the decay for Si-core PD
luminescence was more gradual than that for the fast component of 1SSF luminescence, whereas the
slope of the decay for C-core luminescence was almost the same as that for 1SSF luminescence. As
shown in Figs. 6 and 7, the shapes of the PL decay curves for 1SSFs and PDs were independent of the
excitation. This result indicates that the decays were under conditions corresponding to the low injection
ones for all the excitations, which is consistent with the linear dependence of peak intensities on

excitation as shown in Fig. 4. For the p-type sample, the excitation dependences of the PL decay curves

were also almost the same as for the n-type sample.
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Fig. 4. Excitation dependence of the peak PL signals from the band edge, 1SSFs, and PDs for the n-

type sample at room temperature.
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Fig. 5. TR-PL decay curves from the band edge with different excitations for the n-type sample at

room temperature.
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Fig. 6. TR-PL decay curves from 1SSFs with different excitations for the n-type sample at room

temperature.
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Fig. 7. TR-PL decay curves from the Si- and C-core PDs with different excitations for the n-type

sample at room temperature.

We next evaluated the temperature dependence of the TR-PL decay curves. Figure 8 shows the TR-
PL decay curves for 1SSF luminescence at various temperatures for the n-type sample. The slope of the
decay for 1SSF luminescence was almost temperature independent and fast at all the measurement
temperatures. Figure 9 shows the TR-PL decay curves for Si-core PD luminescence for the n-type
sample. In contrast to 1SSF luminescence, the slope of decay for the Si-core PD luminescence showed
temperature dependence. On increasing the temperature, the decay time became fast. The temperature
dependence for the C-core luminescence was similar to that for the 1SSF luminescence, and the decays
were very fast for all the temperatures. The temperature dependences of the TR-PL decay curves for the

p-type sample were similar to those for the n-type sample.
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Fig. 8. Temperature dependence of TR-PL decay curves for luminescence from 1SSFs in the n-type

sample excited at 8.5 x 10 cm2. Slight oscillation in the curves is due to noise from pulsed excitation

laser.
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Fig. 9. Temperature dependence of TR-PL decay curves for luminescence from Si-core PDs in the n-

type sample excited at 8.5 x 10' cm™2.
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We summarized the decay time for the 1SSF and PD luminesence for the n- and p-type samples by
extracting the 1/e lifetimes as shown in Fig. 10. The 1/e lifetimes obtained from the decays for the 1SSF
and C-core PD luminescence were less than the detection limit of our system at all the measurement
temperatures for both the samples. Nevertheless, the 1/e lifetimes for the Si-core PD luminescence
decreased with temperature for both the n- and p-type samples. Therefore, the carrier recombination at
Si-core PDs, which was slower than that at 1SSFs and C-core PDs, was accelerated with temperature.
The different luminescence characteristics between 1SSFs and PDs would be caused by different atomic
bonding. 1SSFs have only Si-C bonds with irregular stacking sequences and act as quantum wells,®®

while PDs have Si-Si or C-C bonds which induce energy levels in the band gap.%®

The relatively slow carrier recombination for Si-core PDs indicates that the velocity of 1SSF
expansion was limited by the carrier recombination at Si-core PDs (but not in 1SSFs). This result is
consistent with the velocity enhancement of Si-core PDs by local carrier excitation as reported in ref. 23.
It is the direct observation of recombination at Si-core PDs, which corresponds to an energy transfer
process from excited carriers to Si-core PDs. The recombination at Si-core PDs was enhanced by
increasing the temperature. The expansion velocity, thus, would also increase with the temperature.
Although the recombination at C-core PDs was faster than at Si-core PDs, the luminescence intensity
was very small as shown in Fig. 5. As reported in ref. 37, it has been suggested that the nonradiative
recombination centers distributed around C-core PDs. Therefore, we can speculate that the C-core PD
itself cannot obtain enough energy to be mobile owing to the surrounding nonradiative recombination
centers. In addition, the fast carrier recombination in 1SSFs is consistent with the introduction of a high
forward voltage drop in bipolar devices by expanded 1SSFs. Carriers injected in the lowly doped
blocking layer immediately recombined in 1SSFs, and conductivity modulation hardly occurred for

devices with expanded 1SSFs.
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Fig. 10. Temperature dependence of 1/e lifetimes for luminescence from 1SSFs and PDs excited at 8.5 x

108 cm2.

Conclusions

We characterized carrier recombination at the band edge, 1SSFs, and Si- and C-core PDs in the n- and p-
type 4H-SIiC epilayers. The luminescence intensity depended on the position of the beam along the
epilayer, indicating the nonuniform distribution of 1SSFs within the samples. By measuring at high
excitation intensity, only the band edge luminescence showed signals corresponding to high injection
conditions. Therefore, the majority carrier concentrations in 1SSFs and at PDs were higher than the
excited minority carrier concentrations even under high excitation. The defects attract the majority

carriers compared with regions without defects. Nevertheless, the carrier recombination in 1SSFs and at
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PDs was faster than that at the band edge. Among the defects, Si-core PDs showed slower carrier
recombination than 1SSFs and C-core PDs. This result indicates that the velocity of 1SSF expansion was
limited by the carrier recombination at PDs. With increase of temperature, the carrier recombination rate
at Si-core PDs increased. Considering these results, it would be possible to suppress 1SSF expansion

when recombination centers are introduced around Si-core PDs.
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