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Silicon carbide doped with magnetic ions such as Fe, Mn, Ni or Co could make this wide band gap semi-
conductor part of the diluted magnetic semiconductor family. In this study, we report the implantation of
6H-SiC single crystals with magnetic °Fe* ions with an energy of 150 keV. The samples were implanted
with 5 x 10" Fe*/cm? and 1 x 106 Fe*/cm? at different temperatures to study the damage formation and
lattice site location. The samples were subsequently annealed up to 1500 °C in vacuum in order to
remove the implantation damage. The effect of the annealing was followed by Rutherford Backscatter-
ing/Channeling (RBS/C) measurements. The results show that samples implanted above the critical amor-
phization temperature reveal a high fraction of Fe incorporated into regular sites along the (0001) axis.
After the annealing at 1000 °C, a maximum fraction of 75%, corresponding to a total of 3.8 x 10! Fe*/cm?,
was measured in regular sites along the (0001) axis.

A comparison is made between the observed annealing behavior and the one measured in low fluence
(2 x 10" cm~2) B emission channeling experiments using the radioactive isotope *°Fe (t;/, = 45 d), where
the sample was implanted at room temperature and the B~ emission channeling yield was measured by
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means of a position-sensitive detector.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The quest for diluted magnetic semiconductor (DMS) materials
is among the most intensively researched areas worldwide [1,2].
The possibility to use spin polarization to create new functional-
ities for electronics and photonics makes this field interesting for
the semiconductor industry. Triggered by its unique properties
for high power devices, during the last decade a considerable
amount of work was also performed on possible applications of
silicon carbide in spintronics [3,4]. To achieve this goal there are
three major issues to solve: the material must be a ferromagnetic
semiconductor, the value of the Curie temperature must be around
room temperature (or above) and the matrix must remain a dilute
solution instead of forming metal clusters or second phases. The
availability of different SiC polytypes opens a great number of pos-
sibilities depending on the structure of the polytype. The magnetic
properties of SiC doped with transition metals have been studied
theoretically, and the results, although controversial in some cases,
suggest the dependence of the magnetism on the site occupation of
the metallic ions [5,6]. The interpretations of the experimental re-
sults, on the other hand, are complicated by the formation of new
phases or clustering of the impurities which could be the origin of
the magnetic properties [7,8].
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The low solubility of impurities in SiC poses a problem when we
try to incorporate large amounts of magnetic dopants while keep-
ing the structural integrity of the matrix. In any case, the need for a
non-equilibrium technique like ion implantation is necessary to
achieve the required concentrations. As a violent process, implan-
tation creates damage and as a binary compound the defects in
both sublattices (Si and C) raise a multitude of defect configura-
tions that need to be annealed. The defect production and anneal-
ing of the different SiC polytypes was studied by several groups,
and it is reasonably well understood [9-12]. The short range nature
of the covalent bonds makes SiC very radiation sensitive and easy
to amorphize, and temperatures above 1000 °C are necessary to
promote defect recovery. The recrystallization and stability of the
implanted species in the lattice are key issues for the integration
of the implantation technique in the doping process of SiC for spin-
tronic applications.

In this study we present results of Fe implantation in 6H-SiC at
different temperatures and fluences. The damage formation and
annealing was studied by Rutherford Backscattering/Channeling.
The stability and lattice site location of the iron ions in the SiC
structure was followed by emission channeling (EC) and detailed
RBS/C angular scans through the (0001) direction.

2. Experimental details

6H-SiC single crystal samples were cut from a wafer obtained
from CrysTec GmbH and implanted with Fe ions over the
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temperature range from 25 (RT) to 550 °C, with the beam tilted 10°
off the c-axis, an energy of 150 keV and fluences of 5 x 10'
Fe*/cm? and 1 x 10'® Fe*/cm?. According to SRIM [13], the Fe range
is 83 nm, which is slightly higher than the experimental value,
75 nm. The control of the fluence was obtained by integration of
the beam current, kept below 0.5 pA/cm? to avoid dose rate effects
[14]. Some selected samples were further rapid thermal annealed
(RTA) at 1000°C and 1500°C for 30s at a pressure of
5 x 1074 Pa. The crystalline quality and structural properties of
the samples were characterized by RBS/C. A collimated 2 MeV
He" beam delivered by a Van de Graaff accelerator was used as
analyzing beam in order to determine the implantation and dam-
age profiles of the samples. Channeling measurements were done
along the (0001) axes to inspect the displaced atoms. The lattice
site location of the Fe ions along the (0001) atomic rows was per-
formed by detailed angular scans.

For the emission channeling experiments, the radioactive iso-
tope >°Fe (ty, =45 d) was produced and implanted at low fluence
(2 x 10" cm~2) into a 6H-SiC single crystal with 60 keV 10° off
the surface normal at CERN’s ISOLDE facility. The angular-depen-
dent count rate of the emitted B~ particles in the energy range
50-461 keV was then measured using a 3 x 3 cm? position-sensi-
tive Si pad detector of 22 x 22 pixels placed at 29 cm from the
sample.

3. Results and discussion
3.1. Structural analysis

The 6H-SiC single crystals are very radiation sensitive and be-
came amorphous at very low implantation fluences. The predicted
SRIM recoils and Fe profiles are displayed in Fig. 1. The Si and C re-
coil profiles nearly overlap despite the different mass and displace-
ment energies used in the simulation, 20 eV for C and 35 eV for Si
respectively [15]. The presence of C and Si displaced atoms at close
distances favors the recrystallization process, despite the imbal-
ance of the total number of recoils predicted by the SRIM results.
At room temperature, the amorphous transformation is already ob-
served for the lowest implanted fluence, 5 x 10'4 Fe*/cm?, as indi-
cated by the overlap of the random and aligned spectra through the
entire implanted region (~150 nm) shown in Fig. 2. Damage accu-
mulation in the SiC polytypes under irradiation has been explained
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Fig. 1. Recoils and Fe implantation profile obtained with SRIM code. Despite the
different mass and displacement energies, the recoil profiles differ only in the total
number of C and Si recoils.
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Fig. 2. Random and (0001) aligned RBS spectra from 6H-SiC implanted with a
nominal fluence of 5 x 10'* Fe*/cm? at different temperatures.

by several models based on the direct impact mechanism [16,17].
In the model proposed by Jagielski et al. [17] a multi step accumu-
lation of the damage (MSDA) is considered. The model reproduces
quite well the results obtained by Debelle et al. [12] for a 100 keV
implantation, and an amorphization threshold of 0.45 dpa was
established for 6H-SiC. Here, the displacements per atom are
around 0.7 dpa, and the implanted region is rendered amorphous
for all the implantations at RT. The increase of the implantation
temperature promotes the annealing of the defects, inhibiting the
amorphization. At 200 °C the width of the amorphous layer is re-
duced, and above 300 °C the samples remain crystalline with some
residual damage distributed over the implanted region. The results
are summarized in Fig. 3 where we plot the evolution of the differ-
ence of the minimum yield A)min (A%min = "™ Xmin — " Xmin, the
difference of minimum yields for the virgin and implanted samples
at the same depth) with the temperature. From the curve, we could
estimate a value of 250 °C for the critical temperature above which
the amophization is prevented in SiC, which is very similar to the
value (around 230 °C) found by Weber et al. [11]. We have im-
planted fluences as high as 1 x 10'® Fe*/cm? at 350 °C and only a
buried damage region developed at the depth of the implanted
ions. The nature of the damage could not be determined with
RBS/C, but other studies in similar conditions show the presence

{ L L LY N T T T
1.0 —+ + - 1.0
0.8 -0.8
5 | ]
E
»< 061 + Hos
< ‘F # #
04+ - 0.4
02+ + —0.2
0_0— A 1 P I M N PR NN TN TN TN SN N T T + " L ] 0.0
0 100 200 300 400 500 600

Temperature "C

Fig. 3. Evolution of the damage (circles) with the implantation temperature in the
Si sublattice at the implanted depth according to the results of Fig. 2. The regular
fraction of Fe (triangles), f;. is also shown on the right axis, as explained in the text.
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Fig. 4. Random and (0001) aligned spectra showing the recrystallization of the
amorphous layer of the sample implanted at room temperature with 5 x 10'*
Fe*/cm?. Despite the Fe redistribution the total amount was conserved.

of dislocations and localized amorphous zones in the implanted re-
gion [10,11]. Recently Wendler et al. [18] showed the presence of
different mechanisms for defect annealing during the implantation
above 200 °C. The mobility of point defects, vacancies mostly, play
a major role in defect annihilation up to 350 °C in the low fluence
implantation regime. For high fluences, the role of the implanted
species must be considered, and we could not rule out the forma-
tion of other phases (iron silicides) during the implantation. In our
study, the XRD results (not shown) did not reveal any evidence for
the presence of other phases, but the interaction volume could not
be sufficient to produce a measurable signal.

The recovery of the damage is an important step in all the
implantation processes. The presence of different chemical species
and defect concentrations makes the recrystallization process in
SiC difficult. The evolution of the amorphous layer with annealing
temperature is shown in Fig. 4. A layer by layer recrystallization
starting at the amorphous/crystalline interface explains the de-
crease of the thickness of the original amorphous layer at
1000 °C. A value of 1.7 nm/s was estimated for the regrowth veloc-
ity at this temperature. The annealing at 1500 °C promotes the
complete recrystallization of the amorphous layer. The higher va-
lue of the minimum yield after the annealing is due to some resid-
ual damage at the surface that gives rise to the C and Si surface
peaks observed in the aligned spectrum. What is more surprising
is the retention of the implanted Fe in the crystal. In the literature,
different groups reported that at this high temperature the im-
planted species outdiffuse and are lost through the surface
[10,19]. Our results show the redistribution of the Fe, but a signif-
icant fraction is incorporated into the recrystallized lattice suggest-
ing the possibility to achieve the full activation of the Fe ions in
6H-SiC.

3.2. Site location

An important aspect of the incorporation of impurities in mate-
rials is the site location. The comparison of the random and aligned
yield of Fe indicates the incorporation of a large fraction into reg-
ular sites. The maximum regular fraction f; of Fe(f, =1 — ™y min/
1 — Sty min) introduced in lattice sites along the (0001) axis during
the implantation was 60%, which was obtained for the sample im-
planted at 500 °C. To obtain a more precise information about the
position of the Fe ions, we performed detailed angular scan
through the (0001) direction. The results obtained after the
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Fig. 5. Angular scan through the (0001) axis after implantation (a) and annealing
at 1000 °C (b) for the samples implanted at 350 °C with 5 x 10" Fe*/cm?.

implantation and annealing at 1000 °C for the sample implanted
with 5 x 10'4 Fe*/cm? are shown in Fig. 5. The regular fraction in-
creases from 45% to about 75%. However, it is evident that the Fe
curve is narrower than the Si, which is an indication that the ions
were not occupying a pure substitutional site in the Si sublattice.

In addition, we obtained first results with very low fluences of
implanted Fe by means of B~ emission channeling from radioactive
59Fe, where the influence of the implantation damage is very small.
For that purpose 2 x 10'> cm~2 of 60 keV *°Fe ions was implanted
with 60 keV at room temperature, and the B~ emission yield mea-
sured around the major crystallographic directions by means of a
position-sensitive detector [20]. Fig. 6 shows the emission chan-
neling pattern along the c-axis in the as-implanted state. The clear
channeling effects of the axial (0001) and the family of planar
(11-20) directions show that a considerable fraction of the Fe
probes are located in sites that are aligned with the mixed rows
of Si and C atoms. A preliminary analysis by means of comparing
to many-beam simulations of electron emission channeling gave
two interesting results. First, the absence of electron channeling ef-
fects along the family of (—1100) planes for substitutional emitter
atoms seems to be a characteristic of the 6H structure; second, the
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Fig. 6. Normalized p~ emission yield around the (0001) direction of a *°Fe
implanted 6H-SiC crystal. The inset in the lower right hand corner shows the
orientation of the crystal during the measurement.
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pattern is well compatible with a significant fraction of emitter
atoms being located on interstitial sites displaced from the c-axis.

To obtain a precise lattice site location of the Fe ions in the 6H-
SiC structure we need to perform more detailed RBS/C angular
scans through tilted axial directions and compare all data to the re-
sults of Monte Carlo simulations. Similarly, for the emission chan-
neling experiments the patterns need to be fully analyzed by fitting
to the results of many-beam simulations. Due to the large number
of available sites in the lattice, this is a complex task and the results
will be published in an independent paper.

4. Conclusions

The introduction of Fe ions into 6H-SiC regular lattice sites
using ion implantation was successfully achieved. The amorphiza-
tion is avoided by implanting at temperatures above 250 °C. For
the samples implanted at lower temperatures, the amorphous
layer regrows epitaxially at 1500 °C. The recrystallization induces
the redistribution of the Fe ions in the implanted region with some
segregation towards the surface, but the total amount of Fe is con-
served. The samples implanted above the critical amorphization
temperature show a high fraction of Fe incorporated into regular
sites along the (0001) axis. After the annealing at 1000 °C, a max-
imum fraction of 75%, corresponding to a total of 3.8 x 10'* Fe*/
cm?, was measured in regular sites along the (0001) axis.
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