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4H-SiC single crystalline substrates were implanted at room temperature with 150 keV Al* ions
using fluences of 4 X 10™, 110", and 2 X 10'> cm™ with current density of 2.5 wA cm™2. The
samples were subsequently annealed at 1100 °C in N, for 1 h in order to analyze their structural
recovery. The disorder induced in both sublattices by the Al* ions was studied by backscattering
spectrometry in channeling geometry with a 3.5 MeV He?* beam. The results were compared with
the optical properties of the samples measured by spectroscopic ellipsometry. In a previous work,
we concluded that during the postimplantation annealing of a highly damaged SiC crystalline
material the short distance order can be recovered, while the long distance disorder remains. We also
presented the possibility to have grains of different polytypes oriented faraway from the original
direction. Now, this alternative is confirmed by the cross-sectional transmission and high resolution
electron microscopy studies, carried out to obtain information about the crystal structure. © 2006

American Institute of Physics. [DOI: 10.1063/1.2360150]

I. INTRODUCTION

It is an accepted idea that the devices produced by dop-
ing SiC, with different elements, have a great prospective for
an extensive range of applications involving high tempera-
ture, high power, and high frequency.l However, the local
doping in SiC can only be performed by ion implantation
due to the very low diffusivity of the dopants in this material
even at high temperature. The disorder induced by the im-
plantation process in this semiconductor depends not only on
the energy and fluence of the implanted ions but also on the
ion current during the implantation.%4 The material must be
annealed subsequently to recuperate its crystal lattice and to
activate the dopants. Due to the importance for the future
manufacture of this kind of devices, the lattice damage and
its behavior under different annealing conditions has been
extensively studied by several techniques, especially trans-
mission electron microscopy (TEM) and Rutherford back-
scattering spectrometry in channeling geometry (RBS/C).
Nondestructive optical techniques, such as spectroscopic el-
lipsometry (SE), can also give important information about
this problem, since the ion implantation changes the refrac-
tive index of SiC.>>*

This paper addresses a comparative study of the disorder
in 4H-SiC after Al implantation at different fluences by
RBS/C, SE, TEM, and high resolution electron microscopy
(HREM). Moreover, the effect of thermal annealing in the
recovery of defects and recrystallization of the samples is
studied.

Y Author to whom correspondence should be addressed; electronic mail:
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Il. EXPERIMENT

n-type single crystalline (0001) 4H-SiC wafers (Cree
Res., Inc.) were implanted at room temperature with
150 keV Al ions using fluences of 4 X 10, 110", and 2
X 10" cm=2 with current density of 2.5 wA cm™. A postim-
plantation annealing was performed at 1100 °C in N, ambi-
ent for 1 h. The crystal quality of the samples was analyzed
by RBS/C along the (0001) axial channeling direction, SE,
and TEM-HREM before and after the annealing.

The RBS/C measurements were performed employing a
3.5 MeV “He** beam, with the surface barrier detector
placed at 165° in Cornell geometry. To avoid the additional
damage created by the analyzing beam itself”® a low current
of 5 nA was used during the experiments. Non-Rutherford
backscattering spectrometry in channeling geometry (BS/C)
using a 3.5 MeV “He’" beam is an appropriate method to
study simultaneously both C and Si sublattices, since an en-
hancement in the cross section for carbon about six times
larger than the Rutherford one>” appears. The BS/C spectra
were evaluated by means of the RBX simulation code."”

The SE experiments were carried out with a Sopra ES4G
rotating polarizer spectroscopic ellipsometer at an angle of
incidence of 75.1°, in the wavelength range of 280—840 nm,
with 10 nm steps. Details on the RBS/C and the SE measure-
ments on these specimens are given in Refs. 3 and 5.

Cross-sectional samples for TEM analysis have been
prepared by cutting the samples and embedding the pieces
face to face in a special Ti grid. The embedded samples were
ground with diamond paste and subsequently thinned by ion
milling at 10 keV by Ar" ions. In order to minimize the ion
beam damage the bombarding ion energy was decreased to

© 2006 American Institute of Physics
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FIG. 1. (Color online) BS spectra taken on ion implanted 4H-SiC by

3550 keV He* beam at channeling direction. Due to the elevated cross sec-
tion of carbon at this energy, the disorder in the carbon sublattice is also well
visible (from channels 90 to 140 approximately). The samples were im-
planted by 150 keV Al ions with fluences of 4X 10", 1X 10", and 2
X 1015 ¢cm™ with ion current density of 2.5 uA cm™2. Spectra recorded on
(a) as-implanted and (b) annealed (N, at 1100 °C for 1 h) samples.

3 keV in the final stage. Conventional microscopy was car-
ried out in a Philips CM 20 electron microscope operating at
200 kV, while the high resolution images were taken in a
JEOL 3010 UHR microscope operating at 300 kV.

lll. RESULTS AND DISCUSSION

The implanted samples were studied by BS in channel-
ing geometry before and after the annealing. Figure 1(a)
shows the BS/C spectra corresponding to the lowest and
highest fluences implanted samples, in addition to the virgin
and random spectra. As observed directly from the Si signal,
the yield corresponding to the extremely damaged layer
reaches the amorphous state (random level) in both cases due
to the high current density (2.5 uwA cm™2) applied during the
implantation. Detailed study about the effect of the ion cur-
rent density on the damage produced in the full series of
implanted samples is presented in our previous work.” The
thickness of the amorphous layer is estimated as 200 nm for
4x10'" Alem™ and ~240 nm for 2X10" Alem™ im-
planted SiC, under the assumption of a material density of
3.21 g cm™3, although the real thickness is larger, since the
amorphous state has a lower density.

While the crystalline structure of the lowest fluence (4
X 10 Al cm™) implanted sample is recovered during the
subsequent annealing at 1100 °C in N, for 1 h, in the me-
dium and highest fluences implanted samples still a heavily
damaged layer remains, as it is observed in Fig. 1(b). How-
ever, the thickness of the damaged layer decreases due to the
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FIG. 2. Measured (symbols) and fitted (solid lines) ellipsometric data in the
spectral range of 280—450 nm. The two parameters, tan ¥ and cos A are
shown. The angle of incidence was 75.1°.

annealing process, which suggests that some recrystallization
takes place. In the case of the medium fluence implanted
sample (1 X 10'> Al cm™2) the location of the damaged layer
is just at the middle of the previous amorphous layer, from
what we can consider that recrystallization started both from
the substrate as well as from the surface.

On the other hand, the ellipsometric results show a sys-
tematic change for the optical parameters with the fluence
before and after the annealing. The pseudo-refractive-index
(n) and the extinction coefficient (k) increase with increasing
fluence.” In Fig. 2 a detail of the SE spectra for the as-
implanted and annealed samples are plotted in the wave-
length range from 280 to 450 nm. They were well fitted by
means of an optical model based on a thin surface oxide and
a bulk mixture of crystalline SiC (c-SiC) and ion implanta-
tion amorphized SiC (i-a-SiC). The optical parameters for
the reference i-a-SiC were calculated using the sample im-
planted with the highest dose, since this was considered to be
totally amorphous. The measured spectra (tan ¢ and cos A
versus wavelength) for the annealed samples get close to the
virgin one, especially for the lower fluence. Though the cor-
responding to the 2 X 10'5 Alcm™2 implanted sample have
interference fringes below 500 nm wavelength range, the op-
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TABLE I. Relative damage determined by SE, RBS, and observed by TEM.

Relative damage
(%)

Fluence

(X105 Alem™) Annealing SE RBS TEM

0.4 No 60 100 Not measured

04 Yes 11 9 Dislocation loops

1.0 No 76 100 100% amorphous
strip

1.0 Yes 13 76 Heavily defective

2.0 No 100 100 Not measured

2.0 Yes 12 95 3C-SiC inclusions

tical parameter values move a bit further away from the vir-
gin. This indicates that a thin heavily damaged (or
polycrystalline“) layer remains on the surface.

The relative damage, defined as the ratio of i-a-SiC/
¢-SiC, was measured using the Bruggeman effective medium
approximation combining the dielectric functions of ¢-SiC
(Ref. 12) and i-a-SiC. In Table I the different relative dam-
age values found by means of the SE and BS measurements
can be compared. While SE reveals a change of the relative
damage from 60% to 100% as a function of the implanted
fluence, BS shows a 100% relative damage for all the as-
implanted samples. After annealing SE results give the simi-
lar disorder recovery (11-13%) for all fluences; however, BS
relative damage ranges from 9% to 95%. The possible expla-
nation for this difference was presented in our earlier
works. > During a postimplantation annealing of the highly
damaged material, the short distance order of the material is
recovered but the lost long distance order remains. It is pos-
sible that grains of different polytypes are formed and the
alignments of these grains vary along the original direction.
The misaligned grains are seen by BS as if they were totally
amorphous, while SE sees the structure as polycrystalline.

With the help of the performed electron microscopic
studies, we could confirm our predictions. Figure 3(a) shows
the cross-sectional TEM image, taken in dark field mode,
corresponding to the 1X 10'> Al cm=2 as-implanted 4H-SiC
sample. An about 225 nm thick damaged region is observed,
but the top region, which is about 15 nm thick, is still crys-
talline, as commonly noticed after high energy ion implanta-
tion. Both the top region of the amorphous zone and the
interface region contain small crystallites left behind, which
appear as bright spots in the image. Detailed HREM study
revealed that the top crystalline stripe can be divided into
two regions the top 10 nm at the surface is almost defect-free
hexagonal SiC, while the next 5 nm thick region is strongly
defective after implantation [Fig. 3(b)]. Crystalline SiC
grains can be easily observed and found in high density to
the depth of 40 nm [Fig. 3(b)]. The middle of the damaged
zone is completely amorphous. The bottom interface of the
amorphous/crystalline SiC shows a sharp interface on the
HREM images [Fig. 3(c)] with steps in the crystalline region
with about 2 nm height typically.

Figure 4 shows the microstructure of three samples im-
planted with different fluences and annealed at 1100 °C for
1 h in N,. Already the results of BS/C and SE investigations
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FIG. 3. Cross-sectional images taken on the 1X 10 Al cm™ as-implanted
4H-SiC sample. (a) Dark field image showing the whole implanted region,
(b) high resolution image taken on the surface region, and (c) high resolu-
tion image taken at the end of implantation range showing the amorphized/
crystalline interface.

show that the structural recovery is proportional to the im-
planted fluence. In the case of the lowest fluence implanted
sample the structure is crystalline after annealing [Fig. 4(a)].
Traces of ion implantation are still visible to the depth of
about 180 nm after annealing. However, the top 40 nm thick
region is high quality single crystal without extended defects
(TEM is not sensitive for point defects). The contrast of the
defective stripe [Fig. 4(a)] is very characteristic for small
dislocation loops of extrinsic type. It is already known'? that
Al is not concentrated in the loops, therefore those were
formed by Si accumulation. This is attributed to activation of
the Al atoms by taking substitutional sites creating Si inter-
stitial. Annealing of the medium dose implanted sample re-
sulted in the structure shown in Fig. 4(b). The implanted
zone is already crystalline but a heavily damaged zone is
formed during recrystallization, that extends to the depth of
about 200 nm. There are less defects in the top 45 nm re-
gion, but that is far more defective than the appropriate re-
gion of our low fluence implanted sample.

The sample implanted to the highest fluence is also crys-
talline after annealing [Fig. 4(c)] with a 225 nm thick top
region, which is defective. However, there are small and
large inclusions which are cubic SiC grains. One of the large
grains in the upper half of the recrystallized zone is labeled
as 3C. Bright field and dark field images were taken in the
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FIG. 4. Cross-sectional TEM images corresponding to the annealed 4H-
SiC samples: (a) 4X10"™ Alecm™, (b) 1X 10" Alem™, and (c) 2
X101 Alem™.

TEM, which made possible the selection of cubic SiC grains.
The amount of 3C-SiC grains is estimated to about 30% in
the near surface region. The high resolution image in Fig. 5
shows a part of the sample just below the surface, with one
large 3C-SiC grain. The grain forms a V shape in cross sec-
tion (the boundary is marked by a dashed line), in which two
different 3C-SiC grains are formed in a twinned configura-
tion. Both of the cubic and the hexagonal SiC regions in the
image are very defective. The TEM results are also included
in Table I for comparison to the results of the SE and RBS
measurements.

FIG. 5. HREM image from a region of the 2X10'> Alcm™ implanted
4H-SiC sample after annealing. Different SiC polytypes can be observed.

J. Appl. Phys. 100, 093507 (2006)

All of our as-implanted SiC samples contained a heavily
damaged zone. However, the top region of the samples im-
planted to the lowest and to the medium fluence was crystal-
line. During annealing the solid phase regrowth of SiC
started from two directions, i.e., from the crystalline surface
and interface regions. The structural quality of the originally
crystalline near surface region was even further improved
during the annealing process because some of the defects
were annealed out. In our highest fluence (2X10"
Al cm™2) implanted sample the damage extended to the top
surface. Therefore the crystallization during annealing
started as the growth of hexagonal region from the
amorphous/crystalline interface and started by the nucleation
of crystalline grains in the top amorphous region. The tem-
perature of annealing is relatively low, at which the cubic
polytype is nucleated preferentially and this gives an expla-
nation for the appearance of cubic grains in the sample.

IV. CONCLUSIONS

The study carried out by transmission microscopy can
explain the different results found by backscattering and el-
lipsometry, corroborating our previous hypothesis. In a
highly damaged SiC crystal, the short distance order is
achieved during the postimplantation annealing, but not the
long distance order. The recovery of the short distance order
in the implanted material during the annealing process takes
place in a parallel way from the surface and the bulk of the
substrate. If the lattice disorder is small enough, the original
crystalline structure may be recovered in the doped region.
When the amorphized region extends to the top surface cubic
inclusions are formed during annealing at 1100 °C.
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