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ABSTRACT

Structural and electrical properties of beryllium implanted silicon carbide have been investigated
by secondary ion mass spectrometry, Rutherford backscattering as well as deep level transient
spectroscopy, resistivity and Hall measurements. Strong redistributions of the beryltium profiles
have been found after a short post-implantation anneal cycle at temperatures between 1500 °C
and 1700 °C. In particular, diffusion towards the surface has been observed which caused severe
depletion of beryllium in the surface region. The crystalline state of the implanted material is
well recovered already after annealing at 1450 °C. However, four deep levels induced by the
implantation process have been detected by deep level transient spectroscopy.

INTRODUCTION

Silicon carbide (SiC) is a promising material for high temperature, high frequency, and high
power device applications. Group III elements are commonly used as acceptor dopants for this
semiconductor. Investigations on p-type SiC doped with these elements, however, revealed poor
electrical characteristics due to high acceptor ionization energies and low hole mobilities [1-5].
Therefore, alternative dopants with a higher electrical activation are highly desirable.

Due to the low mass and high solubility in the SiC lattice [6], beryllium (Be) can be used for the
production of thick p-type layers applying ion implantation. However, there have been very few
reports on Be doped SiC [7-12]. Be is known to be an electrically active impurity, i.e., a doubly
charged acceptor in SiC [10]. Two acceptor levels at 0.42 and 0.6 eV, respectively, were
determined by Hall measurements [8]. Further, one deep level at 0.38 eV was obtained by I-V
measurements on p-n junctions produced by Be implantation [12}. However, the precision of
these results is questionable because that data analysis is based on simplified model assumtions.
Despite the fact that Be has been successfully applied in the fabrication of diodes [11,12], much
is still unknown about the structure of this dopant in the SiC lattice.

In this paper, we report on structural and electrical properties of Be implanted SiC. Samples
were characterized by secondary ion mass spectrometry (SIMS), Rutherford backscattering
Spectrometry / channeling (RBS/C), deep level transient spectroscopy (DLTS), resistivity and
Hall measurements.

EXPERIMENT

Epitaxial layers ([0001] orientation, n-type, off-axis, thickness: 10 pum, carrier concentration:
Ix10' cm™) grown on 6H-SiC substrates as purchased from Cree Research [13] were used as
starting material. *Be* was implanted applying energies between 50 and 590 keV (see Table I) in
order to obtain a box-shaped profile. Samples were maintained at room temperature (RT), and
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were tilted 7° with respect to the ion beam to minimize channeling effects during implantation.
Ion range and nuclear energy distributions were obtained by Monte Carlo (MC) simulations
using the TRIM code (SRIM-98, full cascade) [14]. A mean displacement energy of 25 eV for
both Si and C atoms was applied. The concentration profile and the nuclear energy density
distribution are shown in Fig. 1. The critical energy density for the amorphization of SiC crystal
at RT (2x10*' keV/cm® [15]) is indicated by the dashed line.
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Table I. Schedule used for Be implantation. Fig. 1. Total nuclear energy distribution

and total dopant concentration for Be
implanted SiC as calculated using TRIM

To repair the crystal damage and activate the implanted dopant, samples were annealed in
flowing argon (Ar) gas (1-2 atm) at temperatures between 1450 °C and 1700 °C for 1 min using
arapid thermal annealing (RTA) system. The temperature rise and fall rates were about 50 °C/s
and 20 °C/s. Each sample was covered with another SiC crystal to protect the sample surface
from Si dissociation during annealing. Before the electrical measurements, a planar layer of
about 0.6 um was removed from the top of the epilayer by applying a combination of ion
implantation and wet chemical etching [16,17]. Ohmic contacts were prepared by metal
deposition (titanium on the top, nickel on the backside) using an e-beam evaporation system and
a post-deposition RTA cycle at 1100 °C for 5 min in flowing Ar gas.

To evaluate the thermal stability of the Be profile, SIMS measurements were conducted using a
CAMECA ims 4f instrument with a 14 keV NO, primary ion beam. The depth conversion was
performed by measuring the total crater depth with a surface profiler and assuming a constant
sputtering rate during depth profiling. The concentration calibration was performed using a
standard sample fabricated by a single energy *Be* implantation. A sensitivity factor was then
derived by comparing the area under the SIMS profile obtained from this sample with that one of
a profile obtained by a MC simulation.

Resistivity and Hall measurements employing the van der Pauw geometry were performed at
RT. To study deep level defects, DLTS measurements were conducted using an equipment
described elsewhere [18]. Ionization energies and capture cross-sections were evaluated from the
temperature dependence of the emission rates. Finally, damage distributions were determined by
3 MeV “He* RBS/C along the [0001] axis using a scattering angle of 150°. The depth scale given
in the RBS spectra below was calculated using the mean energy approximation [19] and the
density of the crystalline material (9.66x10? at/cm’ [15]).
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RESULTS

SIMS measurements were performed on both the as-implanted and the post-implantation
annealed samples to investigate the Be distribution before and after the high temperature
treatment. As can be seen in Fig. 2, the near surface tail and the plateau concentration of the as-
implanted atom distribution are well reproduced by the MC simulations. However, the slope of
the tail towards the substrate is lower compared with the theoretical profile. Channeling effects
can be responsible for the observed discrepancy which are not considered in SRIM-98. Since
vacancy-type defects far beyond the nuclear energy deposition profile were detected by Positron
annihilation spectroscopy [20], defect-enhanced diffusion could be another reason.
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Fig.2. SIMS °Be depth profiles in SiC before and after annealing at the temperatures indicated.
A simulated depth profile as obtained using TRIM is shown for comparison.

Strong redistributions were found in the annealed samples. The dopant profile is already
thermally unstable after a short RTA cycle at 1500 °C. In particular, the heat treatment caused
severe depletion of Be in the surface region up to two orders of magnitude below the as-
implanted atom concentration. The integral of the depth profile, which is a measure for the
implanted ion fluence, results in a fluence around 30 % lower compared with the as-implanted
profile. This indicates out-diffusion of the dopant which increases with increasing temperature,
ie., 43 % and 92 % Be loss were found at 1600 °C and 1700 °C, respectively. Implantation
induced defects may govern the diffusion process. However, because of the small atomic size of
Be, migration via an interstitial mechanism is also anticipated.

Additionally, in-diffusion into the bulk of the epilayer, although less pronounced, was also
observed. The higher the anneal temperature the stronger is the redistribution in the tail region.
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Moreover, after RTA at 1500 °C a peak in the Be profile can be seen at a depth of about 1.1 pm
which became more pronounced at higher anneal temperatures. It is assumed that Be atoms were
trapped by thermally stable defects formed during the anneal process in this (end-of-range)
region.

To remove the Be depleted surface layer, all samples (except the as-implanted specimen) to be
examined in the following by RBS and electrical measurements were etched as described above
and processed at temperatures <1600 °C.

Depth (nm)
1200 900 600 300 0
@
c 103
3
o
A
- .
T} Y
- '
@ ]
L)
o % N
102 » RTAat 1450 °C = random a ¢
v RTAat 1550 °C o as-implanted é
- 4+ RTAat 1600 °C o virgin aligned ¥
i n : i L " ! " L 1 ¢
0.9 1.2 1.5 1.8

Energy (MeV)

Fig.3. RBS/C spectra (Si sublattice) of 3 MeV *He* backscattered from Be implanted SiC before and
after annealing at the temperatures indicated

To characterize the as-implanted state and to evaluate the recovery of the crystal lattice, RBS/C
measurements were performed (see Fig. 3). A random and an aligned spectrum from virgin
unimplanted material are also shown for comparison. The scattering yield in the aligned
spectrum obtained from the as-implanted sample is far below the yield in the random spectrum.
This means that the crystal was not amorphized during implantation, in agreement with the
nuclear energy deposition calculated (see Fig. 1). This is a necessary condition for complete
annealing of damage induced by ion implantation since defect-free recrystallization of
amorphous SiC is not possible [15]. Further, the yield in the as-implanted sample approaches the
yield in the virgin material at about 1.2 pum, i.e., the damaged region extends up to this depth
which is consistent with the calculated energy deposition profile. The peak observed at an energy
of 1.18 MeV is due to an oxide layer on the SiC surface which is confirmed by SIMS.
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As can be further seen in Fig. 3, the scattering yield in the aligned spectra from the annealed
samples almost coincides with the yield in the aligned spectrum from the virgin sample at all
depths indicating a good lattice quality within the sensitivity limit of RBS. Thus, it can be
assumed that the crystalline state is well recovered after a RTA cycle at temperatures 21450 °C.
Resistivity and Hall measurements were performed at RT to obtain electrical properties of the
doped SiC layers. For comparison, a virgin unimplanted n-type sample was etched and provided
with contacts as described above. Although a weak p-type conduction was detected in the
implanted epilayers (free hole concentrations in the 10" cm? range), well reproducible Hall
voltages could not be obtained. Obviously, the Hall measurements were strongly affected by the
substrate due to insufficient isolation of the p-type layer. However, resistivities were found to be
about 0.5 Qcm, i.e., one magnitude lower compared to the virgin sample. Within the limits of
these measurements, a dependence on the post-implantation anneal temperature in the range
from 1450 to 1600 °C was not detected.

Finally, a typical DLTS spectrum as obtained after RTA at 1600 °C is shown in Fig. 4. Four
peaks labeled BE,, BE,, BE;, and BE,, respectively, were observed in the temperature range
from -150 to +100 °C. Since no DLTS signals corresponding to deep levels were observed in
virgin unimplanted samples, all the deep levels were therefore introduced by Be implantation.
Tonization energies and capture cross-sections of these levels are given in Table II. For the
calculation of the capture cross-sections, these levels were assumed to be electron traps.

Since the free hole concentration of the p-type layer produced by Be implantation was found to
be of the same magnitude compared to the free electron concentration of the epilayer as stated
above, the width of the p-type depletion layer is assumed to be comparable to that of the n-type
one. Thus, the DLTS signals observed may arise from either electron traps at the n-side or hole
traps at the p-side of the p-n junction. The question, whether these levels are donor- or acceptor-
like, cannot be answered from the present results but possibly by DLTS measurements on Be
implanted p-type material provided with Schottky contacts on top of the samples. Further
investigations are necessary in order to understand the origin of the deep levels and the structure
of the corresponding defects.
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CONCLUSIONS

The doping behaviour of Be implanted into n-type 6H-SiC epitaxial layers was investigated by
SIMS, RBS/C, DLTS, resistivity and Hall measurements. Strong redistributions of the as-
implanted Be profiles were found after RTA at temperatures >1500 °C. In particular, Be diffused
towards the surface on a higher level than into the epilayer. As a consequence, severe Be
depletion in the surface region occured. Moreover, it was shown by RBS/C that the crystalline
state is well recovered after a short RTA cycle at 1450 °C. However, four deep levels labeled
BE,, BE,, BE3, and BE, were observed by DLTS which were generated by Be implantation. The
energy position of these levels as well as the nature of the corresponding defects is still an open
question.
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