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Abstract
Electrically active defects in epitaxial, n-type, 4H-SiC have been investigated
by electron-beam-induced current (EBIC) in the scanning electron microscope.
Several defects, mainly nanopipes, 6H polytype inclusions and triangular,
carrot-like, defects were detected by different techniques, including atomic
force microscopy and cathodoluminescence. However, EBIC images reveal
that only nanopipes are electrically active. The hole diffusion length (L) was
calculated at different temperatures from EBIC line scans recorded in defect-
free regions. L values of 3.1±0.2 and 4.8±0.3 µm were respectively estimated
at 295 and 420 K. A strong decrease of the diffusion length was observed in
the proximity of the nanopipes.

1. Introduction

In the last decade, SiC has received renewed attention as a suitable material for high-power and
high-frequency devices requiring high-temperature operation [1, 2]. The inherent properties
of SiC, such as large breakdown electric field strength, large electron drift velocity, small
dielectric constant, high thermal conductivity and its capability to work in harsh environments,
makes SiC an attractive candidate in applications for which GaAs and Si are not adequate [3].
Unfortunately, large defect densities have prevented the widespread use of SiC in commercial
high-power applications so far, although a significant improvement in the epitaxial material
quality has been recently achieved. In particular, the micropipe density has been used as the
foremost indicator of material quality, although it is recognized that other defects may also
influence the electrical characteristics of SiC-based devices [4, 5].

Both native defects and impurities in SiC create recombination centres which reduce
the local generation/recombination lifetimes of charge carriers and may affect the device
performance. Spatially resolved, non-destructive, characterization techniques are thus required
for defect and doping inhomogeneity assessment of epitaxial layers.

In this work, cathodoluminescence (CL) in the scanning electron microscope (SEM) has
been used to investigate the nature and spatial distribution of defects in epitaxial, n-type,
4H-SiC doped with N.
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The existence of several defects, mainly nanopipes with sizes ranging from 250 to 900 nm,
6H polytype inclusions and triangular, carrot-like, defects was also revealed by atomic force
microscopy (AFM) and CL in the SEM.

2. Experimental details

Schottky diodes were fabricated by Au evaporation on a N-doped (n = 2 × 1015 cm−3),
30 µm thick, 4H-SiC epitaxial layer from CREE Research [6]. This epilayer was grown on
a 1 µm thick buffer layer (n = 1 × 1018 cm−3) deposited on the Si face of a heavily doped
(n = 6.8 × 1018 cm−3), 320 µm thick, 4H-SiC substrate. The Ohmic contact was fabricated
by Ti/Pt/Au electron-beam deposition on the backside of the structure. Schottky contacts in
cross-section configuration were obtained by gold evaporation covering the first two layers
and part of the substrate.

Electron-beam-induced current (EBIC) observations were performed in a Hitachi S-2500
SEM, using a Matelect ISM-5 system for signal detection. Measurements were carried out
at accelerating voltages ranging from 5 to 20 kV and temperatures between 290 and 410 K.
The diffusion length of minority charge carriers (L) and the surface recombination velocity
(vs), were evaluated at different temperatures by fitting EBIC line scans following the method
of Kuiken and van Opdorp [7]. CL in the SEM was also used in order to detect extended
defects that may influence EBIC measurements. CL observations were performed at 85 K and
accelerating voltages from 15 to 25 kV. CL spectra were acquired using a CCD camera with a
built-in spectrometer (Hamamatsu PMA-11). AFM measurements were carried out in contact
mode using a Park Autoprobe CP microscope.

3. Results and discussion

CL microscopy was used to visualize the defect structure of the epilayer prior to diode
fabrication. A representative example of these observations is shown in figure 1. Secondary
electron (SE) images usually show smooth surfaces, but some triangular carrot-like defects are
also occasionally observed in such micrographs (figure 1(a)). Corresponding panchromatic CL
images show a reduced luminescence intensity related to these defects, as shown in figure 1(b).
Nevertheless, no changes were observed in the spectral distribution of the associated CL
emission (figure 1(c)). The origin of these carrot-shaped ditches in the epilayer is probably
perfect screw dislocations pinned at the wafer surface during growth. The dislocation may
dissociate into partials, which will propagate in the basal plane and thus form partial ledges
in the film [8]. In addition, CL micrographs usually reveal the existence of bigger, triangular,
dark areas with sizes up to 200 µm. These triangular areas have been identified as 6H-SiC
polytype inclusions by CL spectroscopy. Actually, spectra from defect-free areas (figure 1(c),
position 1) show a peak centred at 3.19 eV, corresponding to near-bandgap luminescence
of the 4H-SiC polytype, while spectra recorded in the big, dark triangular areas, reveal the
existence of another intense emission at 2.93 eV, corresponding to near-bandgap luminescence
of the 6H-SiC polytype (figure 1(c), position 2). The simultaneous appearance of both peaks
in this and other spectra taken at different accelerating voltages indicates that 6H inclusions
were formed at a certain stage of the growth process but subsequently overgrown by the 4H
polytype. The formation of this kind of inclusion has been usually associated with generation
of extended defects, such as stacking faults, induced by substrate imperfections and growth
conditions [9].

EBIC images recorded under different accelerating voltages and beam currents reveal no
contrast associated with carrot-like defects or with inclusions. This observation agrees with
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Figure 1. (a) SE image of the 4H-SiC epilayer. (b) Corresponding panchromatic CL micrograph
obtained at 85 K using an accelerating voltage of 15 kV. (c) Normalized CL spectra recorded at
positions labelled in (b).

previous reports on the absence of detrimental effects in the performance of 4H-SiC diodes due
to the presence of the carrot defects mentioned [3]. In contrast, EBIC micrographs (figure 2)
show that nanopipes are electrically active defects, appearing as black circles with diameters
ranging from 400 nm to 1.5 µm. Changes in the EBIC signal giving rise to the corresponding
contrast of such images is about 1 nA. The spatial distribution of the nanopipes was found
to be very inhomogeneous. A density of up to 1000 cm−2 was estimated in some regions of
the investigated material by scanning several areas of about 200 × 250 µm2 in size, while
the presence of such defects was almost not observed in other zones. The actual size of
the nanopipes is smaller than the corresponding black dots appearing in EBIC images and
they were not always readily observed in SEM SE images. In order to clearly visualize such
defects and to accurately determine their size, AFM was used (figure 3). It was found that
the diameter of the nanopipes varied between 250 and 900 nm approximately. The small size
of some of these voids suggests that they could correspond to close-cored screw dislocations
with small Burgers vectors rather than to the well-known micropipe defects. Micropipes are
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Figure 2. High-resolution EBIC images of the SiC epilayer showing electrically active nanopipes
(295 K, 12 kV).

Figure 3. AFM image (2.4 × 2.4 µm2) of one of the nanopipes found in the 4H-SiC epilayer.

hollow-core super screw dislocations that run parallel or close to the growth axis and their
size usually varies between 0.5 and 30 µm [2, 3]. Both micropipes and closed-cored screw
dislocations are recognized to be performance-limiting defects [2, 10, 11]. Actually, the latter
are considered responsible for microplasma current fluctuations in diodes under reverse bias,
while micropipes constitute a major impediment to the development of large area power devices
since they significantly reduce the diode’s breakdown voltage.

The minority carrier diffusion length was extracted from EBIC line scans following the
method of Kuiken and van Opdorp [7]. If the incident electron beam is perpendicular to the
planar Schottky barrier, the EBIC current, I , decays with the beam-to-junction distance, x ,
according to the relationship

I = Axα exp(−x/L) (1)

where A is constant. In the case of a planar junction, this equation is valid for x > 2L. The
value of the exponent α depends on the surface recombination velocity vs and varies between
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Figure 4. Temperature dependence of the hole diffusion length in the SiC epilayer. The full line
represents the fit of the experimental data to equation (2).

α = −0.5 for vs = 0 to α = −1.5 for vs = ∞. Diffusion length measurements at different
temperatures were carried out in defect-free areas, as visualized in EBIC and CL images, using
an accelerating voltage of 12 kV and a beam current of 5 nA. For each temperature, several
measurements were done in different zones of several diodes and the average value calculated.
The difference in diffusion lengths measured under 12 and 20 kV beam voltages did not
exceed 10%. No a priori assumption was made regarding the surface recombination velocity;
both L and α were considered as free parameters in the fitting procedure. Figure 4 present
the temperature dependence of the hole diffusion length measured in the 4H-SiC epilayer.
Following similar behaviour previously reported for GaAs [12], Si [13] and GaN [14], it is
seen that the diffusion length increases for increasing temperature. L values of 3.1 ± 0.2
and 4.8 ± 0.3 µm were respectively estimated at 295 and 420 K. The diffusion length found
in this work at room temperature is higher than the previously reported in EBIC studies of
4H- and 6H-SiC diodes [15–17]. A strong decrease of the diffusion length was observed in
the proximity of the nanopipes, where L values as low as 200 nm were measured at 295 K.
Regarding α, values found for this parameter range between −0.48 and −0.53, which indicates
that, in our case, vs ≈ 0 [14]. The observed temperature dependence of the diffusion length is
in accordance with the Shockley–Read–Hall (SRH) recombination statistics. In the framework
of this theory, keeping a fixed injection level, a decrease of L is expected for shallow levels
near the band edges when temperature is decreased [18]. This may be interpreted as caused
by temperature-induced changes of trap-level occupation [19]. To fit our experimental data
the following dependence was used [14, 20]:

L = L0 exp[(−Ea/kT )]1/2 (2)

where L0 is a scaling factor and Ea is the activation energy. The fit, shown in figure 4,
was obtained for L0 = 12.1 ± 0.8 µm and Ea = 68 ± 4 meV. On the basis of the SRH
recombination theory, this Ea value gives a donor level at about 0.13 eV below the conduction
band edge for the 4H-SiC epilayer investigated here. This Ea value lies between those measured
for GaAs (43.5 meV, [20]) and GaN (90 meV, [14]).

EBIC images obtained in cross-section configuration (figure 5) reveal enhanced current
collection efficiency in the epilayer, where the doping level is lower. The lines running almost
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Figure 5. (a) EBIC image of the sample cross section (295 K, 15 kV). The upper white stripe
corresponds to the 4H-SiC epilayer. Black arrows mark bright triangular areas that may be related
to the presence of stacking faults. (b) Corresponding SE micrograph.

parallel to the edge of the sample, not observed in the corresponding SE images, are probably
related to cleaving defects. In addition, bright triangular domains can be appreciated in
the right part of the EBIC micrograph (figure 5(a)). The nature of this feature is currently
under investigation, but preliminary CL and remote electron-beam-induced current (REBIC)
measurements indicate that they are probably related to stacking faults.

4. Conclusions

EBIC has been used to investigate electrically active defects in epitaxial, n-type, 4H-SiC and to
measure the hole diffusion length as a function of temperature. The existence of several defects,
mainly nanopipes with sizes ranging from 250 to 900 nm, 6H polytype inclusions and triangular,
carrot-like, defects, was observed by AFM and CL in a SEM. EBIC images obtained in a planar
configuration reveal that only nanopipes are electrically active. Micrographs obtained in a
cross-section configuration show an enhanced current collection in the epilayer of the sample.
The hole diffusion length (L) was calculated at different temperatures from EBIC line scans
recorded in defect-free regions. L values of 3.1 ± 0.2 and 4.8 ± 0.3 µm were respectively
estimated at 295 and 410 K, while negligible values of the surface recombination velocity
were found. A strong decrease of the diffusion length was observed in the proximity of the
nanopipes.
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