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Effect of triangle structure defects in a 180-um-thick as-grown n-type 4H-SiC homoepitaxial layer on the carrier
lifetime is quantitatively analyzed, which is grown by a horizontal hot-wall chemical vapor deposition reactor.
By microwave photoconductivity decay lifetime measurements and photoluminescence measurements, the results
show that the average carrier lifetime of as-grown epilayer across the whole wafer is 2.59 us, while it is no more
than 1.34 us near a triangle defect (TD). The scanning transmission electron microscope results show that the
triangle structure defects have originated from 3C-SiC polytype and various types of as-grown stacking faults.

Compared with the as-grown stacking faults, the 3C-SiC polytype has a great impact on the lifetime.

The

reduction of TD is essential to increasing the carrier lifetime of the as-grown thick epilayer.

PACS: 71.20.Nr, 61.72.—y, 81.15.Gh

Silicon carbide (SiC) has become an important ma-
terial for the development of high voltage power de-
vices, which is beyond the theoretical limitations of
Si-based power devices, owing to its superior proper-
ties such as wide band gap, high critical breakdown
field, high thermal conductivity, and high saturation
electron drift velocity.l' * However, in spite of the
progress made in material growth and device fabrica-
tion, the material defects, such as basal plane disloca-
tions, carrots, and triangle defects (TDs), are induced
to the degradation of device performance and relia-
bility. For high voltage unipolar switching devices,
a problem of particular concern is the high forward-
voltage drop dominated by a thick low-doped n-drift
region, which results in excessive conduction losses.
Ideally, a large amount of minority carriers injected
into the drift region under forward bias in the high
voltage bipolar device,["”! called conductivity mod-
ulation, will increase the electrical conductivity of
the drift layer, and eventually minimize the forward
voltage drop. The minority carrier concentration in-
jected is directly limited by the carrier lifetime, which
obviously affects the electrical properties of bipolar
devices. Thus a long minority carrier is a particu-
larly important parameter for bipolar structures. Re-
cently Z;,, defects have been proposed as the lim-
iting defects.l® '*] To eliminate the Z;/, center, C*
implantation with subsequent Ar annealing!'??! and
thermal oxidation”!] have been proposed. In these
methods, the generated excess carbon atoms are dif-
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fused into the epilayer, and carbon vacancy defects are
filled with carbon atoms. Carrier lifetime control in n-
type 4H-SiC epilayers can be achieved by low-energy
electron irradiation.[*??*] Apart from the intrinsic de-
fects which provide deep levels in the bandgap and
act as effective traps or recombination centers for
free carriers, structural defects may also influence the
recombination.l”] Large area structural defects and
dislocations have shown to significantly reduce the lo-
cal carrier lifetime in Si.[*"]

Imperfections in the crystal structure (such as dis-
locations, micropipes, in-grown stacking faults, and
low angle grain boundaries), and surface morpholog-
ical defects (such as TDs) should give rise to defect
energy-levels in the band gap acting as nonradiative
recombination centers and hence reduce the carrier
lifetime. The length L of such surface defects along
the [1120] direction is almost followed by the equa-
tion L = d/tan@ (d the film thickness, 6 the off-cut
angle). This relationship indicates that the thicker
the epilayer is, the larger the size of those defects will
be. Due to the particles falling down from up-wall
of the chamber, the generation of TDs is a significant
obstacle in the growth of thick 4H-SiC homoepitaxial
layers. It is meaningful to study the relation between
TDs and lifetime, while little in the literature has paid
attention to the quantitative lifetime concerned with
TDs in thick 4H-SiC epitaxial layers.

In this Letter, we investigate the effect of tri-
angular defects on the carrier lifetime in a 180-pm-
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thick as-grown 4H-SiC epilayer by means of microwave
photoconductivity decay (u-PCD) lifetime measure-
ments and photoluminescence (PL) measurements.
The crystallographic structure is analyzed by scanning
electron microscopy (SEM) and scanning transmission
electron microscopy (STEM).

The samples used in this study were 180-um-
thick epilayers with n-type doping concentration of
3.7 x 10'* cm =2 grown by a horizontal hot-wall CVD
reactor. Commercial 4H-SiC wafers with 4° off-cut
toward [1120] were used as substrates. The growth
of the epitaxial layer was performed with a hydrogen,
trichlorosilane (TCS), and propane gas system. Ni-
trogen gas was used as an n-type dopant. The mea-
surements of the carrier lifetime were performed by p-
PCD at room temperature. Free carriers were created
by laser excitation using a diode-pumped frequency-
tripled yttrium aluminum garnet laser with emission
at 355nm. PL measurements were carried out and
compared with the lifetime images. The crystallo-
graphic structure, including polytype variations and
defects, was studied using SEM and STEM.

Fig. 1. (a) Image of triangular defects, (b) lifetime, and
(¢) PL mapping of 4H-SiC epitaxial wafer.

It is known that low off-axis (4° or less) epitax-
ial growth suffers from the formation of triangular
defects, which are attributed to the larger terrace
width resulting in two-dimensional nucleation.') Ear-
lier studies of these features have been reported for
layers grown by CVD.9?7 Two kinds of planar tri-
angular defects are observed in our study. One is with
nothing in the source of the TD, and the other is with
nucleation in the source. It is found that a tri-defect
with nothing in the source is attributed to the dif-
ferent growth conditions between the buffer layer and
the epilayer, while a tri-defect with nucleation in the
head is due to the contamination of the substrate or
the downfall during the growth progress. There have
been some other reports about substrate defects serv-
ing as the origin of TDs. It has been suggested that
TDs may also nucleate at silicon droplets falling on
the surface.l””] Figure 1(a) displays an image of the
TDs. Full wafer mapping of the carrier lifetime and
PL has been performed as shown in Figs. 1(b) and
1(c). In this study, the lifetime values have been uti-
lized for the following analysis. The average lifetime
of as-grown 180-pm-thick wafer is 2.59 ps. An increase
of the carrier lifetime is observed with increasing the

thickness of the epilayer. It is suggested that the in-
crease of the carrier lifetime observed in thicker epi-
layer was mostly due to the reduction of the influence
on the carrier diffused into the lower quality substrate.

It is found that the lifetime is higher in the cen-
ter area compared with the edge of the wafer. This
could be related to the imperfect crystalline quality on
the edge area of the wafer, which has high dislocation
densities. In the defect-free regions, a higher carrier
lifetime has been observed. It is also found that the
carrier lifetime is dependent on the TDs, whose evi-
dence is that the lifetime is lower near the TDs, while
the reason is still unclear.

Figure 2 shows the y~-PCD decay curves measured
on the defect-free (P1), side (P2), and surface (P3) of
TDs on the 180-um-thick epilayer. The decay curves
exhibit an initially fast decay component and a subse-
quently slow decay component. The lifetime is 3.02 ps
in the defect-free regions, which are 1.34 us and 0.77 ps
at the surface and side of TDs, respectively. The low
minority carrier lifetime is measured around the de-
fects. At the surface and side of TDs, the initial de-
cay is fast and then becomes slow. The initial fast
decay may be caused by the surface recombination,
while the slower component can be influenced by the
minority carriers trapped in the bulk. It is indicated
that the recombination centers appeared at the TDs
and nearby.
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Fig.2. The pu-PCD decay curves at room temperature
obtained on a 180-um-thick 4H-SiC epilayer. The decay
curves for the free-defect point (P1), surface of TD (P3),
and side of TD (P2).

To further investigate the origin of the lowering
lifetime, the optical images and PL intensity mapping
of the defects are shown in Fig.3. The optical image
in Fig. 3(a) is taken from the area marked in Fig. 1(c).
Figures 3(b)-3(d) show the monochromatic PL inten-
sity mapping at the wavelengths of 390 nm, 420 nm,
and 540 nm, respectively. For the perfect 4H-SiC ma-
terial, there is only one peak located at 390 nm with
a tail at the low energy side,l*”! which corresponds to
the band edge emission of 4H-SiC. The area marked
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by P1 in Fig. 3(a) exhibits this peak, whose intensity
of this area at 390 nm is strongest in Fig. 3(b).
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Fig.3. (a) The optical image of defects, PL intensity
mapping at (b) 390 nm, (c¢) 420 nm, and (d) 540 nm.

The area marked by P2 emits an additional lumi-
nescence at 420 nm besides the band-edge. Figure 3(c)
shows the PL intensity mapping at 420nm. Hoshino
et al. believed that the emission around 420 nm was
due to an in-grown type stacking fault (SF) related
emission.[’’! Odawara et al. found that the 540 nm
peak in the PL spectrum originated from 3C-SiC.[*"]
From Fig. 3(d), it is found that the P3 area is 3C-SiC
polytype, which is because of the triangular defects
induced from 3C-SiC. In combination with the results
of Fig. 2, the 3C-SiC polytype makes a great impact
on the lifetime. Thus the reduction of TDs is essential
to increasing the carrier lifetime of the thick epilayer.

It has been reported that the TDs are comprised
of a stacking fault bound by partial dislocations prop-
agating in the basal plane from the substrate through
the epitaxial layer.[*?%%] It is necessary to reduce the
density of TDs for improving the lifetime of thick epi-
taxial layers. The structure of a triangular defect was
examined by STEM, which directly shows the poly-
type of 3C-SiC inclusion and its morphology. From
Fig. 4, it can be clearly observed that the structure of
the 3C-SiC inclusion inside the triangular defect ex-
tends along the base plane direction, which is further
confirmed by a high resolution image of the bright-
field (BF)-STEM (Fig.4(b)) and the high-angle an-
nular dark-field (HAADF)-STEM image (Fig. 4(c)) of
the interface between 3C-SiC and 4H-SiC. In Fig. 4(c),
it is clearly shown that the fingerprint information is
displayed for the lamellar 3C type inclusions.

The two-dimensional nucleation of epitaxial
growth produces small cores for the 3C type, which
blocks the step flow and extends along the base plane
direction, eventually forming a triangular shape defect
on the epitaxial surface. The two-dimensional nucle-

ation can be suppressed by reducing the growth rate.

Crystal defects

Observation
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Fig.4. SEM and STEM images of the triangular defect
included in SiC epilayer. (a) SEM image of the triangu-
lar defect along the [1120] direction, (b) BF-STEM image,
and (c) HAADF-STEM image of defects at the interface
between 3C-SiC and 4H-SiC.

In summary, the influence of TD on the carrier
lifetime has been studied quantitatively in a 180-pm-
thick 4H-SiC epilayer prepared by the CVD method.
From the results of PL and p-PCD measurements, it
is found that the carrier lifetime near the TD is de-
creased obviously in comparison with that of a defect-
free region, which is from 3.02 ps down to less than
1.34us. In addition, it is found that the carrier life-
time is higher on the side of the TD, which has in-
creased by a factor of about 1.5 compared with that
on the surface of the TD. This may be concerned with
the 3C-SiC polytype at the surface of the TD since
the carrier lifetime of 3C-SiC is lower than that of
4H-SiC. Combined with the analysis of STEM, the re-
sults also show that the carrier lifetime is affected by
stacking faults around the triangle defect. Our study
clarifies the quantitative impact of the TD structure
on the carrier lifetime, which is meaningful for further
investigation of SiC defects, as well as their effects on
carrier lifetimes.

Detailed optical lifetime mapping of the 4H-SiC
epitaxial layer shows large scale variations in full
wafer mapping, which correlates with structural de-
fects replicated from the substrate, such as poly-
type inclusions, grain boundaries, and basal plane slip
bands. The mappings using high spatial resolution
over selected regions may further reveal the influence
of structural defects in the epitaxial layer. The iden-
tified defects which impact the carrier lifetime are the
TDs, and different types of in-grown stacking faults.

It is demonstrated that carrier lifetime mapping
measured by the p-PCD method is a useful technique
to characterize the epitaxial layers. The PL image of
the epilayers is a useful technique for the detection
of structural defects beneath the surface. Such de-
fects could not be observed using the standard optical
techniques. The correlation between the p-PCD car-
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rier lifetime mapping and PL mapping is quite helpful
to identify the sources of reducing the carrier lifetime.
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