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Radiation damage caused by the implantation of 200 keV Ge1 ions into 6H-SiC has been studied by
monoenergetic positron Doppler broadening and lifetime techniques. Specimens exposed to seven ion fluences
ranging from 1016 to 1019 m22, together with unirradiated samples, were studied. The depth of the damaged
crystalline layer was found to range from about 300 to 600 nm and, for ion fluences above 331017 m22, an
amorphous layer is seen whose thickness increases to 133 nm at the highest fluence. Positron lifetime mea-
surements, in combination with theoretical calculations, suggest that the main defect produced is the divacancy,
but that Si monovacancies are also created. In the amorphous surface layer larger agglomerates consisting of at
least four but more probably six vacancies are detected. Trapping rates are evaluated as a function of incident
positron energy by applying the positron trapping model to the data. Values for defect concentrations in the
damaged layers of about 50 ppm are deduced by invoking plausible assumptions; the problem of extracting
defect profiles from the data is discussed.@S0163-1829~96!00230-5#

I. INTRODUCTION

The current interest in silicon carbide~SiC! as a semicon-
ductor for high-temperature, high-power, high-frequency,
and radiation-resistant device technology is based on its out-
standing chemical, mechanical, thermal, and electronic prop-
erties. Nowadays it is already possible to grow SiC with
good enough perfection and control to develop excellent de-
vices. In order to improve the device performance and wafer
die yields, it is necessary to characterize thoroughly the start-
ing material with respect to its electrical and optical proper-
ties as well as to establish a microscopic understanding of
defects. The identification of the chemical nature or atomic
and electronic structure of defects in SiC is in its early
stages.1,2

SiC appears in many different crystallographic structures
~polytypes! providing a lone cubic (3C), a great number of
hexagonal~2H, 4H, 6H, . . . ) aswell as rhombohedral struc-
tures ~15R, 21R, . . . ). The 3C, 4H, and 6H polytypes of
SiC are the most important for device applications. Although
the arrangement of next neighbors is the same for each Si
and C atom in all polytypes, the second- and third-neighbor
shell may result in slightly altered arrangements leading to
crystallographically inequivalent lattice sites@e.g., in 3C, one
cubic ~k!; in 4H, one cubic~k! and one hexagonal~h!; in 6H,
two cubic ~k1 , k2) and one hexagonal~h!#.1 It is generally

expected that impurities residing at inequivalent lattice sites
of a particular polytype may reveal different electronic prop-
erties due to the Kohn-Luttinger effect.3

Positron annihilation spectroscopy~PAS! is now a well-
established tool for the study of electronic and defect prop-
erties of solids.4,5 Recent developments in slow positron
beam methods6 allow the investigation of such properties for
thin films, layered structures, and at surfaces.7 PAS is mostly
applied to, and best understood in, metallic materials, but has
also found its role in the study of defects in semiconductors;
it has, for example, revealed information on ion-type accep-
tors via positron trapping at shallow Rydberg states.8 To date
mainly elemental and compound~III-V, II-VI ! semiconduc-
tors have been investigated, but recently there has been an
increased interest in SiC.9–16

Pure SiC is a highly stoichiometric compound without
intrinsic vacancies. Up to temperatures of 2000 K no indica-
tion of thermal vacancy formation can be detected by PAS.9

From positron lifetime measurements on single-crystal SiC
wafers a bulk lifetimetb5(15062) ps has been measured
for both 4H and 6H polytypes10 and (14461) ps forn- or
p-type 6H-SiC.11 All specimens studied in Refs. 10 and 11
exhibited a second, obviously defect-related lifetime compo-
nent with rather low intensity ranging from 250 ps to about
350 ps. Not unexpectedly, a more complex defect structure is
indicated in sintered nanocrystalline SiC.10 It is clear that at
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present no conclusive interpretation of the defect character-
istics of as-grown bulk or nanocrystalline SiC can be given.

Slow positron beam experiments have been performed in
order to study chemical vapor deposited SiC thin films on Si
substrate through variations in the Doppler broadening pa-
rameterS. It was found that the positrons are very sensitive
to changes in important film parameters as a function of the
deposition conditions.10 Other authors reported the results of
1-MeV electron bombardment ofn-type 3C-SiC thin films
grown epitaxially on Si~100!.12 They found that above a
critical fluence of about 531020 m22 monovacancies at Si
sublattice sites (VSi) are created, along with divacancies gen-
erated via the combination betweenVSi andVC monovacan-
cies on the C sublattice.

Positron lifetime measurements have been used in order
to characterize atomic defects in SiC introduced by particle
irradiation, and their evolution during subsequent isochronal
annealing.11,13–16No effect of 2.2-MeV electron irradiation
of p-type 6H-SiC up to a fluence of 631021 m22 could be
found,11,16 probably due to the positive charge of vacancies
produced, whereas inn-type 6H-SiC the same irradiation
~and forE 5 10 MeV at 1.231022 m22) resulted in longer
lifetime components of 160 and 260 ps. The shorter lifetime
was attributed to the neutral C vacancyVC and the longer
one to the silicon vacancyVSi .

Low-temperature~80 K! electron irradiation ofn-type
6H-SiC single crystals with different energiesE and fluences
F was found to produce different types of defects.14,15 In the
unirradiated material a mean positron lifetimet̄5(14662)
ps was reported, which is regarded to represent the bulk
valuetb . A small increase int̄ to 15964 ps occurred after
0.47 MeV electron irradiation, whereast̄ increased to
210629 ps after 2.5 MeV irradiation. In the latter case the
long lifetime is found if a decomposition of the positron
lifetime spectra into two components is performed. The in-
tensity I 2 of the long-lived component increased with in-
creasing fluence, up to 100% at the highest fluence. These
findings, coupled with observations of annealing behavior,
are interpreted as positron trapping inVSi ~lower electron
energy! and in a complex of the divacancyV2 coupled to
antisite atoms~higher electron energy!.

Other authors13 reported the bombardment of different
n-type polytypes of SiC single crystals with 4-MeV elec-
trons, reactor neutrons and 124-MeV129Xe ions. The bulk
lifetime tb found in this study for all the SiC polytypes stud-
ied ~irrespective ofN concentration! was 15762 ps; this
value is somewhat higher than that reported above, perhaps
because of a somewhat broader time resolution. This intro-
duction of defects into the SiC by irradiation always in-
creases the observed single~mean! lifetime, reaching satura-
tion level as the fluence is increased. The cascade model of
defect formation has been applied to describe and to interpret
this behavior. Vacancy cluster formation is observed during
annealing at temperatures up to 2300 °C; their size, concen-
tration and thermal stability is found to depend on both the
type of irradiation and the applied fluence.

SiC is a difficult material to synthesize and many tech-
niques have been used. It is also very difficult to process
because of the high stability of lattice defects and its high
temperature of recrystallization@about 1450 °C~Ref. 17!#.
Recently it has been shown that it is possible to lower this

temperature down to 480 °C with the help of ion beam in-
duced epitaxial crystallization~IBIEC!.18 Unfortunately, the
recrystallization was found to be incomplete because the re-
growth process is stopped by polynucleation in the near sur-
face region. The role of Ge, together with the defects induced
by Ge ion irradiation, seems to be important to the under-
standing of the IBIEC phenomena.

The aim of the present work is to study the radiation
damage in 6H-SiC due to the implantation of 200-keV
Ge1 ions in the fluence range 1016 – 1019 m22 and to char-
acterize this damage both experimentally~by PAS! and theo-
retically. In Sec. II experimental details of the work are de-
scribed, and in Sec. III theoretical calculations of the
positron lifetime in some SiC polytypes, and a discussion of
the variable-energy positron measurements, are presented.
Conclusions are presented in Sec. IV.

II. EXPERIMENTAL METHODS

Two 25-mm-diam single-crystaln-type 6H-SiC wafers
with ~0001! orientation~Si surface! ~Ref. 17! were used as
substrate materials. Both wafers were cut into four equally
sized pieces; seven pieces~labeled EU1 – EU7! were
implanted with 200-keV Ge1 ions at room temperature with
fluencesF ranging from 1016 to 1019 m22 and one piece
~EU0! was kept as a virgin reference specimen. The ion in-
fluences for specimens EU1–7 were 1, 3, 10, 30, 100, 300,
and 100031016 m22, respectively. After implantation the
color of the specimens changed from light green~virgin ma-
terial! to light khaki brown~highest fluence!.

Room-temperature variable-energy positron measure-
ments were performed for all specimens using a computer-
controlled magnetic-transport beam system at UEA
Norwich.20 Photopeak energy spectra of annihilationg rays
were measured as a function of incident positron energyE
with a Ge detector having an energy resolution~FWHM! of
about 1.2 keV at 511 keV. The Doppler broadening of the
annihilation radiation is caused by the momentum of the an-
nihilating electron-positron pair and can be characterized by
the line-shape parameterS. S is defined~after background
corrections! as the integral ofg-ray intensity in the central
energy region divided by the total intensity of the line.S(E)
is commonly fitted by a program such asVEPFIT ~Ref. 21! to
yield defect profiles, damaged layer thicknesses, etc.

Variable-energy positron lifetime measurements were
performed on selected specimens@EU3, EU7, virgin 6H-SiC
~not identical with EU0!# with the timed beam system at
UBW München22 at room temperature.t(E) yields the same
information asS(E), but provides useful additional informa-
tion about the type of defects involved.

III. RESULTS AND DISCUSSION

A. Theoretical calculations of positron lifetimes

In order to have an idea of the positron lifetimes to be
expected in SiC polytypes calculations using the superim-
posed atom model23 have been performed for perfect and
several defected lattices. In the calculations the positron does
not affect the electronic structure beyond the short-range en-
hancement of the electron density at the positron. For delo-
calized positron states this is the correct limit of the two-
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component density-functional theory24 used to describe
electron-positron systems. In the case of a localized positron
state at a defect the positron density affects also the average
electron density, and the electron and positron densities
should be calculated simultaneously and self-consistently
within the two-component density-functional theory. How-
ever, the approximation made in the calculation of the posi-
tron annihilation lifetimes is not very severe, because ne-
glecting the accumulation of the average electron density is
compensated by a stronger short-range enhancement of the
electron density.24

A more severe approximation, which has been made here,
is that the relaxation of the atoms surrounding the vacancy
defects is not taken into account. The superimposed atom
model retains the three-dimensional character of the atomic
arrangement and the positron state. The electron density
n2(r ) and the Coulomb potentialVC(r ) of the host system
are obtained from the free-atom densities and potentials as

n2~r !5(
i
nat~ ur2Ri u!

and

VC~r !5(
i
VC
at~ ur2Ri u!. ~1!

The summations run over the occupied atomic sites, and
nat and VC

at are the atomic electron density and Coulomb
potential, respectively. Thus, the electron density and the
Coulomb potential for the solid are non-self-consistent. The
three-dimensional potentialV1(r ) felt by the positron is then
constructed as a sum of the electrostatic potentialVC(r ) due
to the nuclei and the electrons, and a correlation potential
Vcorr describing electron-positron correlation effects, i.e.,

V1~r !5VC~r !1Vcorr@n2~r !#. ~2!

Within the local-density approximation~LDA !, Vcorr depends
on the local electron density unperturbed by the positron. For
the density dependence ofVcorr a parametrization

24 based on
many-body results25 has been used. The free-atom electron
densities needed for the construction have been calculated by
a self-consistent density-functional program employing LDA
for the electron exchange and correlation.26,27

The calculations of positron states by the atomic superpo-
sition method have been performed by the supercell ap-
proach, employing periodic boundary conditions for the pos-
itron wave function. The supercells used in the calculations
depend on the SiC polytype.

In the case of 3C-SiC ~zinc-blende structure! the supercell
is a cube containing 8 atoms in the perfect lattice. In the case
of a monovacancy and a divacancy it contains 63 and 62
atoms, respectively. For vacancy clusters of 4, 6, and 8
vacancies supercells containing 212, 210, and 208 atoms,
respectively, have been used, in order to avoid the possible
interaction between defects that may occur due to the peri-
odicity of the boundary conditions used in the supercell cal-
culations. However, it has been found that using supercells
containing only 60, 58, and 56 atoms for the same vacancy
clusters, the obtained lifetimes are within 3 ps of those ob-
tained with the larger supercells. In the case of 2H-SiC an

orthorhombic supercell containing 8 atoms has been used in
order to simulate its hexagonal structure.28 For mono- and
divacancies the supercell contains 63 and 62 atoms, respec-
tively.

To simulate the more complicated structure of 6H-SiC,28

the orthorhombic supercell used for the perfect lattice calcu-
lations contains 24 atoms, and the supercell used to calculate
the lifetime in mono- and divacancies contains 95 and 94
atoms, respectively.

The positron potential@Eq. ~2!# is calculated at the nodes
of a three-dimensional mesh within the supercell. The Schro¨-
dinger equation is discretized, and the positron wave func-
tion at the mesh points of the supercell and the positron
energy eigenvalue are solved iteratively by a numerical re-
laxation method.29 It was found that the results were essen-
tially insensitive to the density of mesh points; for example,
the variation in positron lifetime calculated using mesh point
densities ranging from 7 to 21310212 a.u.23 is only 0.5 ps.

The positron annihilation ratel is calculated using the
LDA as

lLDA51/tLDA5E dr uC1~r !u2G@n2~r !#. ~3!

Here uC1(r )u2 is the positron density andG(n) denotes the
annihilation rate for a positron in a homogeneous electron
gas. In the calculations forG(n) an interpolation formula,24

modified in order to take into account the lack of complete
positron screening in semiconductors,30 is used:

G@n~r !#5pr 0
2cn@111.23r s10.8295r s

3/221.26r s
2

10.3286r s
5/21~121/«`!r s

3/6#. ~4!

Here r 0 is the classical electron radius,c the velocity of
light, r s5(3/4pn)1/3, and«` is the high-frequency dielectric
constant which takes the values 6.52 and 6.70 for 3C-SiC
and 6H-SiC, respectively.31

All results of the calculations are summarized in Tables I
and II. The lifetimes in both tables are based on«`56.70. If
«`56.52 is used no appreciable change in the lifetimes ob-
tained (<1 ps! is noticed. Even though the structures of the
three polytypes used in the calculations are different, the
calculated bulk lifetimes~see Table I! are the same to within
1 ps. However, this result is not unexpected because the vol-
ume per atom in the three structures is very similar. More-
over, the calculated bulk lifetime is in fairly good agreement
with the experimental lifetime values obtained in this work
~see Sec. III C! and by other researchers.11,14–16

TABLE I. Data for the SiC polytypes used in the calculations.
The lattice constantsa and c ~given in atomic units, 1 a.u.5
0.529 177310210 m! have been taken from Ref. 27. The values
t LDA correspond to the theoretical bulk lifetimes calculated within
the LDA.

Host a @a.u.# c @a.u.# tLDA @ps#

3C-SiC 8.24 - 141
2H-SiC 5.81 9.54 142
6H-SiC 5.81 28.50 141
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In order to compare the results obtained here by the semi-
conductor model, in which the lack of complete positron
screening is taken into account by means of the high-
frequency dielectric constant@see Eq.~4!#, with the insulator
model,32 it is assumed, to a first approximation, that the en-
hancement of the electron density at the positron is propor-
tional to the atomic polarizabilityaat, which has been esti-
mated by the Clausius-Mossotti relation. The corresponding
positron annihilation ratel IN is thereby written as

l IN51/t IN5l IPM@11A1BV~«`21!/~«`12!#, ~5!

wherel IPM is the positron annihilation rate calculated within
the independent particle model andV represents the unit-cell
volume. The constantsA(50.648) andB(50.024) are pa-
rameters obtained by fitting the calculated positron
lifetimes32 to experimental lifetimes which are known for
different insulators. Following this model the bulk lifetime
obtained for 3C-SiC amounts to 166 ps, and the lifetimes
corresponding to 2H- and 6H-SiC are 168 and 165 ps, re-
spectively. These calculated lifetime values for different
polytypes of SiC and those from Ref. 32 are more than 20 ps
longer than the experimental bulk lifetime for 6H-SiC.
Therefore, we cannot rely on the insulator model to describe
SiC and shall use the results obtained by using the semicon-
ductor model, as described above.

The binding energies for positrons trapped by a vacancy-
type defect are collected in Table II. The lifetimes calculated
in the neutral, unrelaxed mono- and divacancies are also
quite similar in the three polytypes. Therefore, the zinc-
blende structure has also been used to perform the calcula-
tions in larger vacancy agglomerates.

The vacancy agglomerates were formed by taking away
from the simulated zinc-blende structure the closest Si-C
pairs of atoms. The increase of the positron lifetime from the
bulk state to the vacancy state is quite small for C monova-
cancies, but larger for Si monovacancies; the ratio of life-
times for positrons in monovacancies and in bulk SiC is 1.07
for C and 1.31 for Si. Even though these ratios are smaller
than those for metals~1.5 – 1.6!, the ratio corresponding to
Si in SiC is larger than those for elemental~Ge, Si! and
compound~II-VI, III-V ! semiconductors. Therefore, the lo-
calization of the positron in the silicon vacancyVSi in SiC
should be greater than in the other semiconductors, but less
than in metal monovacancies. However, in SiC divacancies
the localization is similar to that in metal monovacancies.

The binding energyEb of the positron to defects~see
Table II! is fairly small forVC but relatively large forVSi .
However, one has to bear in mind that, unlike the positron
lifetimes, the positron binding energy to a defect is quite
sensitive to the self-consistency of the electronic structure.
Moreover, if the effects due to the localized positron were
included self-consistently, the positron binding energy would
increase due to the increase of the average electron density24

and the lattice relaxation at the defect.33

B. Variable-energy positron measurements:
Doppler broadening spectroscopy

S(E) results for all specimens are presented in Fig. 1. The
data suggest that the samples belong to one of three groups.

Group 1:~EU0! represents the virgin specimen, which is
characterized by a bulk parameter valueSb50.47060.001
and an effective positron diffusion lengthL15(36.561.8)
nm. This value ofL1 is considerably shorter than that quoted
for perfect Si;34 the reason for this is currently unclear, but
may perhaps be associated with shallow trapping at C sites,
or be the results of a near-surface electric field. The presence
of the latter could be checked in the future by performing
high-temperature measurements~the facility for which was
not available during the present experiment!.

Group 2:~EU1, 2, 3,4, and 5! contains specimens whose
crystalline structure has not been lost as a result of damage
caused by ion implantation. TheS-E relations show that pos-
itrons are sensitive to the damage caused by different flu-

TABLE II. Calculated positron lifetimestd in different types of neutral and unrelaxed vacancy-type
defects in three SiC polytypes. The defect configurationn-VSiV C (n51,2,3,4) indicates a vacancy agglom-
erate withn divacancies.Eb indicates the binding energy of the positron in the corresponding defect.

Defect 3C-SiC 2H-SiC 6H-SiC
td @ps# Eb @eV# td @ps# Eb @eV# td ~ps! Eb ~eV!

VC 150 0.28 151 0.26 150 0.28
VSi 185 1.69 184 1.67 183 1.73
1-VSiVC 216 2.39 216 2.40 214 2.44
2-VSiVC 254 3.48 - - - -
3-VSiVC 286 4.27 - - - -
4-VSiVC 321 4.94 - - - -

FIG. 1. Mean Doppler broadening parameterS as a function of
incident positron energyE for specimens EU0–EU7.
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ences of implanted ions; it should be possible to characterize
such damage even at fluences much lower than 1016 ions
m22. For comparison, in the case of Si implanted with 540-
keV Si ions the slow positron technique has been found to be
sensitive to levels of damage of the form of open-volume
defects approximately 2 orders of magnitude below the mini-
mum detectable by ion channeling.35 ~The latter technique is
more sensitive to interstitial defects and as such is comple-
mentary to positron annihilation.!

Group 3: ~EU 6 and 7! contains those specimens whose
crystalline structure has been partly lost as a result of ion
implantation, and in which TEM work has demonstrated the
existence of an amorphous layer at the surface.18 This is
reflected in the much higherS values observed in the energy
range 0.1–7 keV for this group, compared with those in
group 2.

The thicknesses of the damaged layers then have been
evaluated using the programVEPFIT 5 ~Ref. 21! with two or
three layers~for group 2 and group 3 specimens, respec-
tively!. The valuesSb and L1 deduced for speciment EU0
were used in the analysis of data for all the other specimens;
electric fields were assumed to be zero.VEPFIT assumes that
layers have sharp boundaries and are homogeneous. The re-
sults are sumarized in Table III. An increase of the damaged
crystalline layer thickness with increasing fluence up to
F5331017 m22 is found. In addition, for the two highest
fluences the thickness of the amorphous surface layer was
found to be about 130 nm; this thickness corresponds well to
the value of 160 nm measured for specimen EU7 by TEM.18

Positron diffusion lengths in the defected and amorphous
layers were found byVEPFIT to be 13 and 0.5 nm, respec-
tively, pointing to much increased positron trapping prob-
abilities in these layers.

Three-layer fits to the EU4 and EU5 data, with the thick-
ness of the damaged crystalline layer fixed at 560 nm, sug-
gest the possible presence of thin surface amorphous layers
of approximate thicknesses 20 and 60 nm, respectively.
More precise determination of these thicknesses would re-
quire finer energy steps in the low-E data; remeasurement
was not possible because immediately after the measure-
ments all specimens were cut and studied further in other
laboratories in the European Network.

C. Variable-energy positron measurements:
Lifetime spectroscopy

To gain more insight into the nature of the vacancy-type
defects produced by ion-implantation timed positron beam
measurements in the energy range 1–20 keV have been per-
formed for specimens EU3 and EU7. As the virgin specimen
EU0 was no longer available another virgin 6H-SiC speci-
men was measured for comparison. The lifetime spectra con-
tained about 106 events and were analyzed using a modified
version of the program packagePOSITRONFIT~Ref. 36! using
a stable, measured resolution function of 250-ps FWHM.
The mean lifetime resultst(E) are shown in Fig. 2, and
show trends similar to those seen inS(E) in Fig. 1, as ex-
pected. By comparison of the data for the virgin reference
specimens in Figs. 1 and 2 one sees thatS(E) andt(E) have
a similar energy dependence; thus the diffusion length de-
duced fromt(E) is in agreement with that fromS(E) quoted
above.

In virgin 6H-SiC no straightforward one-component fit is
possible. This is due to a side peak close to the main lifetime
spectrum for low incident energies. This feature, due to re-
emitted slow positrons returned to and annihilated at the
sample37 necessitates a three-component fit~with the third
artificial long lifetime component in the ns range!. However,
by using data in the energy range 5–20 keV, eliminating the
long component, and averaging the mean lifetimes obtained
by the multicomponent fits, an estimate of the bulk lifetime
valuetb5(14065) ps is obtained, in rather good agreement
with the theoretical calculation~see Table I!. No measurable
slow-positron reemission was seen from the defected
samples EU3 and EU7, and the resultant absence of the side
peak in the lifetime spectra meant that analysiss could easily
be carried out over the whole range of incident positron en-
ergies for these samples.

In the case of specimen EU3 an unconstrained two-
component fit yielded a longer lifetime componentt2 which
is plotted, along with its intensityI 2 , as a function ofE in
Fig. 3. We regard the mean lifetime (23563) ps obtained
from data between 1.5 and 14 keV to be representative of
divacancies created by ion implantation in crystalline SiC

TABLE III. Thicknessd ~measured from the surface! of dam-
aged~DL! and amorphous~AL ! layers in 6H-SiC specimens im-
planted with 200-keV Ge1 ions for differnet fluencesF. The dif-
fustion length used throughout was 36.5 nm, as found for speciment
EU0.

Specimen F ~m22) No. layers dAL ~nm! dDL ~nm!

EU0 - 1 - -
EU1 131016 2 - 339 ~5!

EU2 331016 2 - 344 ~5!

EU3 131017 2 - 428 ~5!

EU4 331017 2 - 566 ~6!

EU4 331017 3 11 ~10! 560 fixed
EU5 131018 2 - 596 ~6!

EU5 131018 3 57~10! 560 fixed
EU6 331018 3 124~4! 619 ~6!

EU7 131019 3 133~3! 552 ~6! FIG. 2. Mean positron lifetimet as a function of incident pos-
itron energyE for a virgin 6H-SiC sample~d! and specimens EU3
~j! and EU7~m!.
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~see Table II!. The small discrepancy between measured and
calculatedt2 values may arise from atomic relaxation around
the defect; the calculated positron lifetimes in this study cor-
respond to neutral, unrelaxed defects, whereas vacancies in
semiconductors might be in different charge states, which
affect the positron lifetime through atomic relaxation.33,38,39

The existence of such states could be verified by performing
low-temperature measurements; facilities for such measure-
ments were not, however, available in the present experi-
ment. Moreover, the relaxation around the defect is expected
to increase with the number of vacancies in the agglomerate.

The results of an unconstrained two-component fit to the
liftime data for speciment EU7 are shown in Fig. 4. The fit
gave a longer lifetime componentt25(30566) ps, with in-
tensities up to about 80%, in the energy range 1–5 keV.
Calculations suggest that this lifetime should result from an-
nihilations in vacancy clusters consisting of at least four but

more probably six vacancies. Such clusters, not expected in
amorphous layers produced by other methods such as rapid
quenching, sublimation, etc., clearly arise in this case as a
result of the high-fluence ion bombardment. The rise int2 at
higher energies should not be considered significant asI 2
decreases to a few percent and fitting uncertainties are high.
The shorter lifetime component decreases from about 220 to
163 ps as the incident positron energy increases from 5 to 20
keV; this may reflect an averaging of annihilations in the
bulk and a defect having a lifetime of the order~200–250!
ps, i.e., the divacancy. However, a consistent spectrum
analysis with three lifetimes~representing a trapping-reduced
bulk annihilation component and two defect components!
was impossible, even with constraints on one liftime. This
effect, arising from the relatively broad resolution function,
of 250-ps FWHM, is well known in conventional lifetime
measurements and leads to the two-defect trapping model.40

In order to clarify the picture the analysis of the EU7 data
has been repeated using this model with a fixedt25305 ps,
and the results of this constrained fitting procedure are dis-
cussed in the following section.

D. Estimation of defect concentrations fromt„E…

For sample EU3 unconstrained two-component fits~yield-
ing lifetimest1 andt2 with intensitiesI 1 and I 2) could not
yield a value for the bulk lifetimetb close to the expected
value of 141 ps~Table I! by using the one-defect trapping
model41 according to

tb5~ I 1 /t11I 2 /t2!
21. ~6!

This suggests that positrons sample a second type of defect
in the implanted material, and that in order to obtain trapping
rates and hence estimate defect concentrations one has to
apply the two-defect trapping model to the lifetime data for
both specimens EU3 and EU7.

When a specimen contains two types of defects and the
lifetime spectrum has been decomposed into two lifetimes
only, the positron trapping rates into the defects can be
calculated40 from the equations

kv5@t1~l f2I 2lcl!2I 1#/~tv2t1!, ~7!

and

kcl5~ I 2 /I 1!~l f2lcl1kv!. ~8!

Herekcl denotes the trapping rate into the vacancy clusters
and decaying with lifetimetcl5I /lcl ;kv is the trapping rate
into the other defect.

The two-defect trapping model has been applied to the
results of the two-component fits to thet(E) data for speci-
men EU3, with~a! tcl fixed at 235 ps and~b! the second
defect assumed to be the Si vacancyVSi(tv5183 ps, see
Table II!. With a bulk lifetimetb5141 ps~Table I! the trap-
ping rates into mono- and divacancies,kv andk2v , respec-
tively, have been evaluated at every incident positron energy
E. The results are presented in Fig. 5.

A similar treatment has been applied to the EU7 data,
with tcl fixed at 305 ps,tb5141 ps and assuming the second
defect to be the divacancyVSiVC (t2v measured to be 235 ps,
see Sec. III C!. Thus the trapping rates into divacancies and

FIG. 3. Second positron lifetimet2 ~j, left y axis! and intensity
I 2 ~h, right y axis! as a function of incident positron energyE for
specimen EU3.

FIG. 4. Positron lifetimest1 andt2 ~d andj, respectively, left
y axis! and intensityI 2 ~s , right y axis! as a function of incident
positron energyE for specimen EU7.
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vacancy clusters,k2v andkcl , respectively, have been evalu-
ated. The results are presented in Fig. 6.

In order to extract average defect concentrations for the
damaged layers one should first consider the positron im-
plantation profilesP(E,z). The mean implantation depth
^z& ~in nm! is approximated by21

^z&5~40/r!E1.62, ~9!

where E is in keV and r is the mass density~3.217 g
cm23 for SiC!. It can be deduced by reference to Table III
that for values ofE below about 6 keV essentially all of the
implanted positrons stop in the damaged crystalline layer in
specimen EU3; the equivalent energies for specimen EU7
are 3 keV for the amorphous layer and 7 keV for the dam-
aged crystalline layer. If we assume that the defects are uni-

formly distributed in these layers, their concentrationsc may
be estimated. By reference to Figs. 5 and 6 one obtains the
value ofk2v characteristic of the damaged crystalline layer in
EU3 is 2.831010 s21, and for EU7 the trapping rates are
7.531010 s21 for clusters and 331010 s21 for divacancies.
Such high calculated trapping rates are evidence for near-
saturation trapping of positrons in both defective layers if
one considers a trapping rate of the order of 1011 s21 to be
the sensitivity limit of PAS.

To deducec one must first know the value for the specific
trapping ratem for each type of defect; thenc5k/m. Such
data do not exist for 6H-SiC and so, as a first approximation,
the known value for monovacancies in Simv5331014 s21

~Ref. 42! is used. Furthermore, it is assumed that
mnv5nmv for a cluster ofn vacancies (n,8); hence we
shall usem2v5631014 s21 and mcl51.831015 s21. For
metal vacancy clusters in iron43 experimental evidence sug-
gests that such an assumption underestimates the positron
trapping at the vacancy clusters; this might also be true for
6H-SiC, and so the defect concentrations deduced here
should be considered to be only a first approximation. They
are 47 ppm divacancies in the damaged layer in speciment
EU3 and 42 ppm clusters and 50 ppm divacancies in the
damaged regions in specimen EU7.

The knowledge of the true defect profileD(z) is impor-
tant in semiconductor technology for devices design. How-
ever, one should recognize that the distributionsk(z) pre-
sented in Figs. 5 and 6 represent at each energyE a
convolution of the true defect profileD(z) with the positron
implantation profileP(E,z) corresponding to theE value,
and then only if~i! any positron diffusion from low-defective
to high-defective regions is neglected, and~ii ! no internal
electric fields affect the measured defect intensities. In gen-
eral, the extraction of the true~defect! profile in any positron
beam study represents an inversion problem of the form

k~E!5mE
0

`

P~E,z!D~z!dz. ~10!

The solution of such a problem is not straightforward and
requires the application of properly formulated boundary
conditions. The model-free deconvolution of depth profiles
obtained by positron beams of variable energy has been re-
cently discussed and summarized.44 It is planned to develop
the application of such a procedure to our data in the future.

From the comparison of ourS(E) data with the results of
TRIM90 code calculations it is clear that even if the deconvo-
lution problem is neglected the measured defect profiles
D(z) extend beyond those indicated by the Monte Carlo
simulations, which predict vacancy formation up to a depth
of 150–200 nm. This may be due to defects forming in front
of the implanted ions, and/or the effects of channeling;45

further experimental and theoretical work is warranted.

E. Comparisons with other work

Mokrushinet al.46 studied defects inn-irradiated 6H-SiC,
with homogeneously distributed radiation damage, by con-
ventional lifetime spectroscopy. These authors attributed a
lifetime of (22563) ps to positrons annihilated in divacan-
cies, whereas the values (360615) ps and (463618) ps

FIG. 5. Trapping rates into mono- and divacancies,kv ~s! and
k2v ~d!, respectively, as a function of incident positron energyE
for specimen EU3. Note that these results are based on experimen-
tal data and do not represent a fit.

FIG. 6. Trapping rates into divacancies and vacancy clusters,
k2v ~d! andkcl ~s!, respectively, as a function of incident positron
enegyE for specimen EU7.
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should correspond to positrons in clusters of 5–8 and.20
vacancies, respectively. We regard the divacancy value to be
in very good agreement with our experimental result. Ac-
cording to Table II we would ascribe the lifetimetcl5360 ps
to a cluster of 8 vacancies, also in agreement with the result
of Ref. 25. Mokrushinet al. suggest that vacancy clustering
due to postirradiation thermal annealing is linked with the
N1 dopant concentration.

Dannefaeret al.11,16attributed their measured lifetimes of
160 and 260–270 ps to annihilation in irradiation-induced
monovacancies~i.e., VC andV Si , respectively!. The differ-
ences between their interpretation and that of the present
work may lie in their use of the insulator model~see Sec.
III A !. The theoretical results of Table II suggest that their
experimental lifetime value of 260–270 ps does not corre-
spond to Si monovacancies but could most probably be due
to quadrivacancies of the type-2VSiVC.

It is not surprising but interesting to note that the tempera-
ture during electron irradiation seems to play an important
role in the formation of vacancy agglomerates, presumably
due to the temperature dependence of defect mobility.
Whereas at 80 K the main result seems to be the
divacancy,14,15 irradiation at energies above 2.2 MeV at
room temperature results in larger aggregates.11,16 On the
other hand, 80-K irradiation by 0.47-MeV electrons, whose
energy is just above the displacement threshold,14 results in
the production of monovacancies.

IV. CONCLUSIONS

The theoretical and experimental studies presented herein
have demonstrated that the vacancy-type damage caused by
ion implantation in 6H-SiC can be monitored and well char-
acterized by positron annihilation. In particular it appears
that the predominant defect is the divacancy, whose forma-
tion by irradiation has been assumed for a number of years
following optical investigations;47 the present positron mea-
surements, however, are the first direct proof of its existence.

In the fluence range 1016–1018 ions m22 it has been

found that in addition to divacancies a certain concentration
of Si monovacancies should exist. Defect profiles have been
presented and these have been converted into concentration
profiles based on plausible assumptions.

In the fluence range 331018–1019 ions m22 the existence
of an amorphous surface layer is deduced from the nonde-
structive positron measurements. Its thickness has been
evaluated and compared to the results of destructive test
methods. There is generally good agreement between the re-
sults. Furthermore, the positron results indicate the existence
of larger vacancy clusters in the amorphous surface layer.
These clusters consist of at least four but more probably six
vacancies and are very attractive to positrons. Depth profiles
of these large clusters have also been presented.

The investigations have indicated that PAS should be able
to monitor and characterize the radiation damage caused by
ion implantation into 6H-SiC even at fluences below 1016

ions m22. For comparison, in Si it has been found that the
slow positron technique is sensitive to levels of damage ap-
proximately 2 orders of magnitude below the minimum de-
tectable by ion channeling.

The combination of different slow positron beam tech-
niques coupled with updated theoretical evaluations presents
a rather clear picture of the vacancy-type defects created by
ion implantation and allows one to suggest ways to explain
contradications in the interpretation of earlier results.

The problem of deriving the true defect profileD(z) from
the experimental profiles referred to above has been dis-
cussed but this needs further extensive work, which is cur-
rently in progress. However, it seems that even without fur-
ther analysis one can state that these profiles are more
extended into the material than indicated byTRIM code cal-
culations.
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