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Optical transitions of the silicon vacancy in 6H -SiC studied
by positron annihilation spectroscopy
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Positron annihilation spectroscopy has been applied to identify Si and C vacancies as irradiation-induced
defects in 6H-SiC. Si vacancies are shown to have ionization levels atEC20.6 eV andEC21.1 eV below the
conduction-band edgeEC by detecting changes of positron trapping under monochromatic illumination. These
levels are attributed to (22/12) and (12/0) ionizations of the isolated Si vacancy. In as-grownn-type
6H-SiC, a native defect complex involvingVSi is shown to have an ionization level slightly closer to conduc-
tion band at roughlyEC20.3 eV. These results are used further to present microscopic interpretations to
effects seen in optical-absorption spectra and to electrical levels observed previously by deep-level transient
spectroscopy.

DOI: 10.1103/PhysRevB.66.075206 PACS number~s!: 71.55.Cn, 73.20.Hb, 61.72.Ji, 78.70.Bj
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I. INTRODUCTION

Silicon carbide is a promising semiconductor material
high-power and high-frequency electronics and for hig
temperature applications. It recently gained increasing at
tion due to major progress in the growth techniques, bu
remains a difficult material to fabricate. Earlier studi
clearly showed that growth at temperatures far ab
1000 °C induces defects which inevitably survive to low
temperatures.1 This results in a significant defect concentr
tion in the as-grown material, and even more defects
introduced in processing techniques such as ion impla
tion. The defect ionization levels in the energy gap influen
electrical properties such as the carrier concentration,
time and mobility. To be able to control these effects, it
necessary to identify the defects and to analyze their elec
level structures. Theoretical calculations of defect proper
have been carried out for different polytypes of SiC,2–5 but
more experimental results are obviously needed. The m
ods able to resolve the atomic structure of defects would
especially helpful for understanding the origin of various s
nals seen in conventional electrical and optical meas
ments. This goal has been partially reached by applying te
niques based on electron paramagnetic resonance~EPR! and
its optical detection~ODMR!.6–12

Positron annihilation spectroscopy~PAS! provides effi-
cient means to investigate the atomic structure and ch
states of the defects.13,14Positrons are trapped by neutral a
negatively charged vacancies and localize on the site of
missing ion core. As the positron lifetime is inversely pr
portional to the overlap of positron and electron densities
the annihilation site, the lifetimetv at the vacancy increase
with the open volume. The positron lifetime is thus sensit
to the size of the open volume of the defect. In SiC t
parameter alone is sufficient to distinguish between mono
cancies in the two sublattices because the open volume o
Si vacancy is much larger than that of the C vacancy. T
defect identification, however, can be further confirmed
0163-1829/2002/66~7!/075206~10!/$20.00 66 0752
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the momentum distribution of annihilating electrons, me
sured as the Doppler broadening of the 511-keV annihilat
line. In addition to vacancies, negatively charged defe
with no open volume can also be studied by PAS, since t
trap positrons to shallow hydrogenic states. Their effect
only be detected as reduced trapping into vacancies at
temperatures, where positrons do not have enough the
energy to escape the hydrogenic states.

In silicon carbide, positron annihilation spectroscopy h
been used to study native vacancy defects in bulk crysta15

as well as those formed in electron or proton irradiation16–22

or ion implantation.23–25 The positron lifetimes of abou
190–230 ps have been attributed to vacancy in the
sublattice,16–20,26 and the existing Doppler broadenin
results20,27 seem to support this identification. A lifetime o
150–180 ps has also been reported and attributed possib
the C vacancy.16,27 Positron lifetime has been further show
to be sensitive to illumination at low temperatures.28 This is
most interesting, because positron spectroscopy under ph
excitation can yield detailed information on the optical pr
cesses related to vacancy defects, as indicated by prev
results in GaAs and Si.29–31

In this work we study optical processes of vacancies b
in as-grown 6H-SiC and in material irradiated with electron
or protons, by varying both the irradiation energy and fl
ence. We apply both positron lifetime and two-detector Do
pler broadening spectroscopies in order to identify and
ferentiate between vacancy defects in Si and C sublatt
~Sec. III!. Experiments under monochromatic illumination
at low temperatures reveal four optical transitions where t
ionization levels of the Si vacancy are involved~Sec. IV!.
We determine the positions of these ionization levels both
as-grown and irradiated material and relate them to abs
tion edges in optical spectra~Sec. V!. We further connect our
results with those obtained earlier using electrical te
niques, EPR or ODMR measurements, and theoretical ca
lations ~Sec. V!.
©2002 The American Physical Society06-1
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TABLE I. Characteristics of the SiC samples studied in this work.

Sample
and dopant

Carrier
concentration

~cm23!

Irradiation
particle and

energy

Irradiation
fluence
~cm22!

Average positron
lifetime at 300 K

~ps!

1. 6H-SiC:Al p51.631018 as grown as grown 14561
2. 6H-SiC:Al p51.631018 12 MeV protons 431015 14561
3. 6H-SiC:N n52.331017 as grown as grown 15361
4. 6H-SiC:N n52.331017 0.35-MeV electrons 331018 15861
5. 6H-SiC:N n52.331017 0.8-MeV electrons 131018 16161
6. 6H-SiC:N n52.331017 2-MeV electrons 131018 17861
7. 6H-SiC:N n51.931017 as grown as grown 15061
8. 6H-SiC:N n51.931017 12-MeV protons 431014 16861
9. 6H-SiC:N n51.931017 12-MeV protons 431015 19861

10. 6H-SiC:N n51.931017 12-MeV protons 431016 20761
11. 6H-SiC:N n51.931017 12-MeV protons 831016 20961
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II. EXPERIMENTAL ARRANGEMENTS

A. Samples

We studied commercial~Cree Research! ~0001!-oriented
6H-SiC wafers which were about 300mm thick. Both
nitrogen-doped n-type ~n51.931017 cm23 and n52.3
31017 cm23! and aluminum-doped p-type (p51.6
31018 cm23) samples were investigated. Measureme
were performed both in as-grown materials as well as a
electron and proton irradiations~Table I!. The production
yields of different vacancy defects in the two sublattices
6H-SiC depend on the energy of the irradiation particles
cident on the sample. According to calculations of the d
placement energy, 350-keV electrons are expected to dam
mostly the carbon sublattice.32 The probability of displace-
ments in silicon sublattice should increase strongly w
electron energy.32 Here the electron energies were 0.35, 0.
and 2.0 MeV, and the irradiation fluences were (1 –
31018e2 cm22. In proton irradiation the energy was 1
MeV, and fluences were 431014, 431015, 431016, and
7.831016p1 cm22. Irradiations were done at room temper
ture with incident particle flux nearly parallel to thec axis of
the SiC lattice. The protons and electrons had adequate
netic energies to pass through the sample thickness pr
by positron experiments, and variations in the defect conc
tration in the direction ofc axis are thus negligible.

B. Positron experiments

Positron lifetime measurements were done using a c
ventional fast-fast coincidence spectrometer with a ti
resolution of 250 ps.14 A 30-m Ci 22Na positron source wa
sandwiched between two identical sample pieces, and
positron lifetime was measured as a time interval betw
the two photons originating from theb1 decay and positron
annihilation. Approximately 2 million events were collecte
to each spectrum. The lifetime spectra

2
dn~ t !

dt
5(

l i

t i
exp~2t/t i ! ~1!
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were analyzed as sums of exponential lifetime componentt i
weighted by the intensitiesI i , convoluted with a multi-
Gaussian resolution function. The average lifetime is
center of mass of the lifetime spectrum and can be calcula
astav5S i I it i .

The positron-electron momentum distributions were m
sured by recording the Doppler broadening of the 511-k
annihilation radiation. A setup of two Ge detectors and
multiparameter analyzer were utilized to detect both 511-k
photons in coincidence and to reduce the background of
Doppler spectra.33,34 An energy resolution of 0.9 keV and
peak-to-background ratio of 23106 were achieved in the
coincidence experiment.

Measurements were performed either in darkness or un
monochromatic illumination with sub-band-gap (hn
50.65– 3.1 eV) light.29,30The photon flux was kept constan
during the measurement, but at high photon energies on
somewhat lower flux was obtained due to limitations in t
intensity of the light source~halogen lamp!. Photon fluxes
between 1014 and 1015 cm22 were used. Measurements we
performed at 10–300 K and the sample temperature was
ied using a closed-cycle He cryocooler.

III. IDENTIFICATION OF VACANCIES IN SiC

A. Positron lifetime results

A single lifetime component of about 145 ps can be d
tected in as-grownp-type SiC:Al samples. This lifetime ha
practically no temperature dependence. In good agreem
with earlier results15–20,26 or theoretical calculations,23,35,36

we attribute the lifetime oftB5145 ps to positrons annihi
lating as delocalized particles in a defect-free SiC lattice. T
average positron lifetime istav5153 ps in the as-grown
n-type SiC:N sample at room temperature. Obviously, nat
vacancies are present sincetav.tB . The lifetime spectra can
be decomposed to two components, the longer of wh
(t25220615 ps) corresponds to positrons trapped at
cancy defects.

Electron irradiation of SiC:N samples with energies 0.3
0.8 MeV increases the average positron lifetime to ab
6-2
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158–161 ps after quite high irradiation fluences of (1 –
31018 cm22 ~Table I!. The lifetime spectra have a sing
component of about 160 ps which is constant as a functio
temperature down to 10 K. Irradiations with 2-MeV energ
lead to a longer average lifetime of 178 ps and increase
intensity of the 220-ps lifetime component up to 50%. Wh
the measurement temperature is lowered to 10 K, the ave
lifetime decreases by more than 10 ps.

12-MeV proton irradiation ofn-type SiC:N increases th
average positron lifetime monotonically with increasing fl
ence~Table I!. At the highest fluences of 831016 cm22 satu-
ration is seen at abouttav5210 ps. These lifetime spectr
have only a single component which is practically indep
dent of temperature. In proton-irradiatedp-type SiC samples
no vacancies are observed as the average positron life
remains at the bulk value at least up to the irradiation flue
of 431015 cm22. In these samples the irradiation-induc
vacancy defects are probably in a positive charge state
thus repulsive to positrons.

The positron lifetime of about 210 ps can be attributed
a vacancy defect, which is observed in as-grown samples
produced by electron and proton irradiations. The lifetime
160 ps dominates after electron irradiations when the irra
tion energies are below 1 MeV. The average positron lifeti
is constant as a function of temperature when it has b
saturated to the values oftav5160 or 210 ps after irradia
tions with large fluences. These arguments lead to the c
clusion that positron lifetimes of 160 and 210 ps are ass
ated with trapped positron states at two different vaca
defects in SiC. Obviously, the formation of 160-ps lifetime
preferred at low irradiation energies~0.35–0.8-MeV elec-
trons! and the creation of 210-ps component dominates
high energies~2-MeV electrons, and 12-MeV protons!. This
suggests that the lifetimes of 160 and 210 ps correspon
vacancy defects in the C and Si sublattices, respectively.
positron lifetimes atVC andVSi simply reflect the sizes of the
open volume at these vacancy defects.

Theoretical calculations give quantitative estimates
positron lifetimes at various annihilation states. According
the recent results of Staabet al.,36 the calculated bulk life-
time is 131 ps, which is in reasonable agreement with
present experimental value of 145 ps. Taking into acco
the relaxations of atoms around vacancies,5 a lifetime in-
crease oftC2tB57 ps can be expected for the C vacan
and tSi2tB563 ps for the Si vacancy.36 When scaled with
our experimental valuetB5145 ps, the theory thus predic
positron lifetimes oftC5152 ps andtSi5208 ps forVC and
VSi respectively. These are very close to the experime
values of 160 and 210 ps. thus supporting strongly the id
tification of C and Si vacancies. Furthermore, the calculat
predicts that the positron lifetime atVCVSi divacancies is
about 228 ps which is clearly larger than expected forVSi or
seen in the experiments after irradiation. In as-gro
samples, however, the accuracy of the experimental lifet
of 220615 ps does not allow to distinguish betweenVSi and
VSiVC.

B. Electron momentum distributions of vacancy defects

The coincidence detection of the Doppler broaden
spectrum yields the momentum distribution of annihilati
07520
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electrons, and it is thus possible to identify the atoms s
rounding the vacancy defects. We recorded the Doppler s
tra at room temperature in sample numbers 5 and 11~Table
I!, where practically 100% of positron annihilations tak
place at vacancies corresponding to positron lifetimes of
and 210 ps, respectively. A minor contribution~about 5%!
from the 210-ps component is seen in sample 5 accordin
the lifetime results. We corrected this by subtracting t
spectrum recorded in sample 11, weighted with the annih
tion fraction of 5%, from the data measured in sample 5.

Figure 1 shows high momentum parts of the Dopp
curves for a bulk SiC lattice and for vacancies characteri
by the lifetimes of 160 ps (VC) and 210 ps (VSi). In the
momentum range shown annihilations take place predo
nantly with the outermost core electrons of Si and C~Si 2p
and C 1s!. According to calculations,36 the Si 2p electrons
are clearly dominant in bulk SiC as well as at vacancies
both Si and C sublattices. The intensity of the moment
distribution in Fig. 1 thus quantifies the presence of Sip
electrons in the measured system. In the bulk SiC lattice
in the vacancy with a positron lifetime of 160 ps the intens
is high, indicating a strong contribution from Si 2p electrons.
A much lower intensity is recorded for the vacancy where
lifetime is 210 ps. Since C vacancies are surrounded by
atoms, the results directly point toward the interpretation t
160 ps and 210-ps lifetime components arise from C and
vacancies, respectively.

FIG. 1. Core electron momentum distributions determined
measuring the Doppler broadening of the 511-keV annihilation p
tons. The bulk reference was measured in defect-free Al-doped
SiC ~sample 1!. The momentum distributions probed by positro
trapped at C and Si vacancies are recorded in 0.8-MeV electron
12-MeV proton-irradiated SiC~samples 5 and 11, respectively!.
6-3
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To emphasize the differences in the electron momen
distributions, Fig. 2 shows the Doppler broadening data o
and C vacancies as momentum ratios scaled to bulk SiC.
missing Si 2p electrons around the Si vacancy lead to t
low intensity ratio at (15– 50)31023m0c in Fig. 2. The
curves are in good agreement with the calculated ones36 for
both VC and VSi , thus supporting the identification of th
defects. In fact, the momentum ratio forVSi shows a small
slope of 1.860.6 m0c21 at the momenta of (15– 50
31023m0c ~a line fit is shown in Fig. 2!. This slope can be
attributed to the high-momentum of 1s electrons of the C
atoms surrounding the Si vacancy, and a theoretical calc
tion predicts that such a slope should indeed be ab
2(m0c)21.36 On the other hand, the momentum ratio for t
C vacancy is flat in this range, since Si 2p electrons domi-
nate the positron annihilations both in the bulk lattice and
the C vacancy, making the ratio independent of moment

The momentum distribution of the Si vacancy in Fig. 2
qualitatively similar to that published very recently by K
wasusoet al.20 Compared with their work, however, here w
utilize more extensively positron lifetime experiments, whi
show 100% positron trapping and annihilation at Si vaca
after proton irradiation with high fluence (>4
31016 cm23). The lifetime atVSi is thus 210 ps, which is in
agreement with that reported by Mu¨ller et al.27 but slightly
larger than the value of Kawasusoet al.20 The ratio curve of
Kawasusoet al. has a larger intensity than ours at the m
menta above 2031023m0c in Fig. 2. Also the slope in their

FIG. 2. The ratio of electron momentum distributions at vacan
defects and in the bulk SiC lattice. The ratio curves for 0.8-M
electron and 12-MeV proton-irradiated SiC samples~numbers 5 and
11! characterize C and Si vacancies, respectively. The solid lines
linear fits to the momentum ratios at (17– 55)31023 m0c.
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data above 2031023m0c is larger, although the compariso
is difficult due to the relatively large statistical error of Ka
wasusoet al.20 In general, our momentum ratio for the S
vacancy~Fig. 2! is in much better agreement with the resu
of theoretical calculations.36

The positron lifetime and Doppler broadening data th
show unambiguously that the lifetime components of 1
and 210 ps arise from annihilations at C and Si vacanc
respectively. The present data do not allow one to distingu
between isolated monovacancies and vacancy complexe
irradiated samples, however, we think that isolatedVSi and
VC are the most likely candidates, for the following reaso
~i! these defects have been identified as stable ones at r
temperature,6–12 ~ii ! their formation is roughly linear as a
function of irradiation fluence,37 and ~iii ! a quantitative
analysis of positron data yields high introduction rates
.0.5 cm21 for VC and VSi in 2-MeV electron irradiation,37

which is typical for simple, primary defects. On the oth
hand, the native Si vacancies found in as-grownn-type SiC
~sample 3 in Table I! probably belong to defect complexe
Si vacancies are likely to be mobile at the high growth te
perature of SiC, and thus stabilized only as parts of co
plexes, for example, with N impurity atoms.

IV. PHOTOEXCITATION OF VACANCIES

A. Positron lifetimes under monochromatic illumination
at low temperatures

The average positron lifetimetav as a function of the pho-
ton energyhn in as-grown 6H-SiC is presented in Fig. 3. Th
experiment was performed at 10 K. The average posit
lifetime in darkness is shown by the dashed line. Inn-type

y

re

FIG. 3. Average positron lifetime in as-grown N- and Al-dope
SiC, recorded at 10 K under illumination with indicated phot
energies. The average positron lifetime in darkness at 10 K
shown by the dashed line. The solid line is drawn to guide the e
6-4
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SiC the illumination is found to decreasetav at all photon
energies, but the effect is strongest athn.1.0 eV. The sec-
ond lifetime componentt2 is the same under illumination
and in darkness, but the intensities of the components v
with hn. In p-type as-grown samples the illumination has
influence ontav.

In electron-irradiated SiC the average lifetime decrea
as a function of photon energy athn,1.5 eV~Fig. 4! but the
longer componentt2 remains constant. Unlike in as-grow
n-type SiC, a clear increase toward the value oftav in dark-
ness is observed in electron-irradiated samples at photon
ergies abovehn52.060.1 eV. Generally illumination has
stronger influence on positron lifetime in the samples irra
ated with 2-MeV electrons, whereas those irradiated w
0.35–0.8-MeV energies show less sensitivity to photo
This suggests that the illumination effects are related to
fects in the Si sublattice.

The average positron lifetime measured under illumi
tion of proton-irradiated samples is shown in Fig. 5. F
n-type samples the behavior is qualitatively similar to that
as-grown or electron-irradiated samples, but differences
seen in the details of the data. For irradiation fluences be
1016 cm22 the onset of the decrease oftav is at about 0.6 eV
and athn.2.5 eV the average lifetime starts to increase

FIG. 4. Average positron lifetime in N-doped electron-irradiat
SiC, recorded at 10 K under illumination with indicated phot
energies. The average positron lifetime in darkness at 10 K
shown by the dashed line. The irradiation energies and fluence
given for each sample. The solid lines are drawn to guide the e
07520
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ward its value in darkness. In the sample irradiated with
fluence of 431016 cm22 the onset of the reduction oftav has
been shifted tohn51.160.2 eV. In p-type-irradiated SiC
samples the average positron lifetime increases under illu
nation with photon energies larger thanhn52.060.2 eV.

Figure 6 shows an example of a decomposition of po
tron lifetime spectra measured under illumination of t
N-doped sample 9, irradiated with a proton fluence of
31015 cm22. The lifetime components aret15160 ps and
t25210 ps, which correspond to positrons trapped at C
Si vacancies, respectively~Sec. III!. The values of the life-
time components are constant during the illumination a
also the same as in darkness, as indicated by the da
lines. The uppermost panel of Fig. 6 shows an intensityI 2 of
the lifetime componentt2 , obtained from an analysis wher
t2 has been fixed to 210 ps to reduce statistical scatter
The intensityI 2 clearly decreases below its value in darkne
~dashed line! under illumination. The parameterst1 , t2 , and
I 2 also behave similarly in the other irradiated samples. T
decrease of the average lifetime under illumination of
n-type SiC samples~Figs. 3–5! is thus caused by the de
crease of the intensityI 2 .

is
are
e.

FIG. 5. Average positron lifetime in N-and Al-doped proto
irradiated SiC, recorded at 10 K under illumination with indicat
photon energies. The average positron lifetime in darkness at 1
is shown by the dashed line. The 12-MeV proton fluences are g
for each sample. The solid lines are drawn to guide the eye.
6-5
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B. Optical transitions of the Si vacancy

The illumination-induced changes in the average posit
lifetime manifest optically induced electron excitations b
tween the conduction and valence bands and ionization
els of defects in the band gap. At low temperature, the a
age positron lifetime is a superposition

tav5(
i

h it i5hBtB1h It I1hCtC1tSitSi , ~2!

whereh andt correspond to the fractions of positron ann
hilations and the positron lifetimes in the bulk lattic
(hB ,tB5145 ps), at negative ions (h I ,t I5145 ps), at C va-
cancies (hC,tC5160 ps) and at Si vacancies (hSi ,tSi
5210 ps). The fractions of positron annihilationsh i ,

h i5
k i

tB
211( ik i

, ~3!

depend on the positron trapping ratesk i at VSi , VC, and
negative ions, which are proportional to the defect conc
trationsci as

k i5m ici . ~4!

FIG. 6. The decomposed positron lifetime componentst1 and
t2 and intensityI 2 in N-doped SiC irradiated with a proton fluenc
of 431015 cm22 ~sample 9!. The data were recorded at 10 K und
illumination with indicated photon energies. The values oft1 , t2 ,
and I 2 in darkness at 10 K are shown by the dashed lines.
07520
n
-
v-
r-

-

Generally, the positron trapping coefficientsm i increase with
the negative charge of the defects.13,14 In n-type as-grown
and irradiated SiC samplestav is smaller under illumination
than in darkness.A priori, this could be explained either b
~i! the decrease of the trapping rates at vacancy defects
a longer positron lifetime thantav, or ~ii ! the increase of the
trapping rate at negative ions or vacancy defects which h
a lifetime shorter thantav. However, we can rule out the
latter possibility with the simple argumentation presented
low.

In n-type as-grown N-doped SiC the electron levels a
occupied at least up to the nitrogen ionization level at ab
EC20.2 eV. The net removal rate of conduction electrons
about 20 cm21 in the 12-MeV proton-irradiated sample
studied here.11 Hence at least samples 8 and 9~Table I! re-
mainn-type after proton irradiation, and their electron leve
are thus filled up to the Fermi level close toEC20.2 eV. The
increase of positron trapping rate at negative ions can t
place under illumination only if electrons are optically e
cited to their empty levels, charging them to more negat
state. In the present case this is very unlikely since inn-type
samples the levels are occupied with electrons, practically
to the conduction band.

Similarly, we can rule out illumination effects related
the carbon vacancy. Already the results in Fig. 4 suggest
illuminations have less influence on positron lifetime
samples where C vacancies are dominant. The average
itron lifetime in darkness is much above the lifetime at
vacancy in proton irradiated samples 8 and 9, but a decre
in the average lifetime is observed under illumination~Fig.
5!. This cannot be associated with the enhanced posi
trapping due to increased negative charge ofVC because all
electron levels are filled already in darkness almost up to
conduction band.

We thus explain the illumination effects with ionization
of electrons from the silicon vacancy. Electron excitatio
from VSi to the conduction band decrease the negative cha
of the defect, which reduces the trapping ratekSi and the
annihilation fractionhSi evidently leading to a lower value o
the average positron lifetime under illumination than in da
ness. This is directly seen in the decomposed positron
time data of Fig. 6, where the intensity of thet25tSi
5210 ps lifetime component decreases under illuminati
No change of the lifetime of positrons trapped at the Si
cancy is associated with the optical transitions because
lifetime componentt2 remains constant att25tSi5210 ps
~Fig. 6!. In samples irradiated with 0.35–0.8-MeV electro
~numbers 4 and 5! the minor illumination effects can be a
tributed to Si vacancies although the C vacancies are
dominant defects as explained above. In these samples th
vacancies exist either as native defects, or they are forme
small concentrations in irradiations even with energies be
1 MeV as suggested by recent experiments.38

Von Bardelebenet al.11 concluded that the Fermi level i
pinned at the (12/0) ionization level of the Si vacancy in
our proton-irradiated sample 10, since they simultaneou
observed the electron paramagnetic resonances relate
both VSi

0 andVSi
12. In this sample, we observe a decrea

of the average positron lifetime at photon energies
6-6
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hn.1.160.1 eV. We thus attribute the optical transition
the ionization of the (12/0) level ofVSi , i.e., transitionA in
Fig. 7. The photon energy gives an estimate of the positio
the ionization level asEC21.160.1 eV, whereEC is the
energy of the conduction band.

In samples 3–9 the irradiation fluences are smaller tha
sample 10, and thus the Fermi level is closer to the cond
tion band. The reduction of the average positron lifetim
starts at roughlyhv50.360.2 eV in as-grown samples an
hv50.660.1 eV in irradiated samples. These excitatio
correspond to transitionB in Fig. 7, where electrons are ion
ized from Si vacancies with a threshold energy of about
eV. Since the associated ionization level has higher ene
and more negative charge than the (12/0) level at EC
21.1 eV, we attribute it to the~2-/1-! ionization. Its esti-
mated position isEC20.660.1 eV, but in as-grown materia
is seems to exist slightly closer to the conduction band
aboutEC20.360.2 eV. The difference may reflect that is
latedVSi exist in irradiated samples whereas the Si vacan
in as-grown material probably belong to defect complexe

Under illumination with photon energieshn.2.0
60.2 eV the average positron lifetime starts to increase
n-type samples it approaches the value oftav in darkness and
in p-type SiC it clearly increases above that value. Inp-type
material most of the band gap is empty of electrons. T
increase of the average positron lifetime thus indicates
electrons are optically excited from the valence band
irradiation-induced vacancies, converting them to more e
cient positron traps. This filling process is obviously relat
to the Si vacancy, because it can surmount the ionization
electrons fromVSi with transitionsA andB ~Fig. 7!. The sum
of the threshold energies of 2.060.2 and 1.160.2 eV ~tran-
sition A! is equal to the energy of the 6H-SiC band gapEC
2EV53.1 eV. We thus attribute the increase of average p
itron lifetime at hn.2.060.2 eV to transitionC ~Fig. 7!,
where electrons are optically excited from the valence b
to the empty (12/0) ionization level of the Si vacancy.

In the electron irradiated samples the experiments un
2.5–3.0-eV illumination yield almost the same average p

FIG. 7. Optical transitions, charge states, and estimated p
tions of ionization levels of the isolated Si vacancy, detected a
irradiation-induced defect in electron- and proton-irradiated SiC
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itron lifetime as in darkness. The illumination thus leads
the same electron occupation of the (22/12) and (12/0)
ionization levels as in darkness. This suggests that elect
are excited from the valence band to the ionization level
2/12) with transitionD of Fig. 7. In fact, in the data mea
sured in samples 5 and 6 an increase of the average pos
lifetime is observed to start at abouthn52.5 eV, which cor-
respond to the threshold energy of transitionD.

Although the illumination effects are qualitatively simila
in all n-type samples, the behaviors of average positron l
time, especially the increase oftav at hn.2.060.2 eV, seem
to differ in details from one sample to another. This is n
surprising, since efficient transitionsA andB are required for
filling processC to operate. TransitionsA andB, on the other
hand, compete against the thermal capture processes of
toexcited electrons. In the as-grownn-type sample~Fig. 3!,
for example, almost no evidence of the transitionC is seen.
In this sample, however, the conduction band has the lar
concentration of free electrons which may overcome the
tical processesB and C by becoming efficiently trapped a
the ionization levels of the native Si vacancy complex.

V. CORRELATIONS TO OPTICAL AND ELECTRICAL
PROPERTIES OF SiC

A. Optical absorption

The optical processes of Si vacancy in Fig. 7 are ass
ated with absorptions of photons. The results of positron l
time spectroscopy can thus be used to give a microsc
interpretation to more integrated quantities such as the
sorption coefficient. For this purpose, simple light transm
sion measurements were performed in order to determine
absorption coefficienta(hn) of photons at energies below
the fundamental absorption at the band edge.

The measurements were done with standard Si and
photodetectors in the same optical setup that was used
sample illumination in positron lifetime experiments. The a
sorption spectra of selected as-grown and proton irradia
samples are presented in Fig. 7. The absolute values o
absorption coefficients were not estimated but the spe
were arbitrarily scaled toa50 at the lowest photon energ
of hn50.6 eV. The data in Fig. 8 thus show the change
the absorption coefficientDa(hn)5a(hn)2a(0.6 eV)
from its value athn50.6 eV.

In as-grown SiC:N the absorption increases smoot
with photon energy up to band-to-band absorption edge
3.1 eV. The spectrum is qualitatively similar in as-grow
samples and in proton-irradiated SiC up to the fluence o
31015 cm22. However, the slope of thea vs hn increases
with fluence demonstrating the effect of irradiation-induc
defects on absorption.

The samples irradiated to proton fluences.1016 cm22

show a clear structure in the absorption spectrum. At pho
energies ofhn,1 eV the absorption increases with the irr
diation fluence. This is in agreement with the positron resu
which show that transitionB ~Fig. 7! of the irradiation-
induced Si vacancy operates at these photon energies. H
ever, as pointed out above, the (22/12) level of VSi could

si-
n
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be empty of electrons after irradiations to fluenc
.1016 cm22, making the absorption small.

At hn.1 eV two strong absorption edges can be seen
the spectra~Fig. 8!. These edges have the typical shap
expected for optically induced transitions between deep
els and the conduction and valence bands.39 The threshold
energies for the two transitions can be estimated athn51.1
and 1.9 eV by fitting the energy dependent optical cross s
tion to the data.39 The edges of the absorption coefficie
a(hn) correlate very well with those detected for Si vaca
cies in positron lifetime measurements. TransitionsA andC,
associated with the (12/0) level of VSi , thus give a natura
microscopic interpretation for the absorption spectrum.
photon energieshn.2.5 eV the absorption coefficient star
to decrease. At this energy range transitionD can operate,
charging more electrons to the Si vacancy. Its influence
the absorption spectrum, however, is not straightforwa
The decrease ofa(hn) at hn.2.5 eV can be explained b
transitionA, since the optical cross section of such a proc
starts to decrease at photon energies which are roughly t
the threshold energy~1.1 eV in the case of transitionA!.39

The absorption spectra in Fig. 8 are similar to those
ported earlier after neutron irradiation.40 Interestingly, the re-
sults of Okadaet al.40 showed that the absorption above 1
eV has the same annealing properties as the Si vacanc
tected in EPR experiments. This observation is in perf
agreement with our results and the interpretations given h

The combination of positron and absorption results allo
one to estimate the optical cross sections for the ionizat

FIG. 8. Absorption spectraDa(hn)5a(hn)2a(0.6 eV) in
N-doped as-grown and proton-irradiated SiC, recorded at 10 K.
12-MeV proton fluences are given for each sample. The line s
mentsA–D indicate the operating range of optical transitions of
vacancy shown in Fig. 7.
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of the Si vacancy. After proton irradiation fluence of
31016 cm22 all positrons annihilate as trapped atVSi which
typically corresponds to vacancy concentrations of@VSi#
'1019 cm23.13,14 The absorption coefficient athn52.0 eV
is Da'100 cm21, which gives an estimate ofs
5Da/@VSi#'10217 cm2 for the optical cross section of pro
cessesA andC. This value is of the typical order of magn
tude expected for optical transitions between deep levels
energy bands in semiconductors.

B. Electron paramagnetic resonance, electrical experiments,
and theory

The Si vacancy has been previously identified using e
tron paramagnetic resonance~EPR! and its optical detection
~ODMR!. Von Bardelebenet al. recently applied EPR to
study similar proton, irradiated SiC:N samples as inve
gated here.11 They simultaneously detected signals from ne
tral and negatively charged silicon vacanciesVSi

0 andVSi
2 in

samples irradiated to high proton fluences (.1016 cm22),
and concluded that the Fermi level is pinned at the~12/0!
ionization level of the Si vacancy. These results are gener
in good agreement with our data, as well as those publis
by Wimbaueret al.6 and Itohet al.12

Sörman et al. applied a combination of photolumines
cence~PL!, ODMR, and EPR to study the Si vacancy
2.5-MeV electron irradiated 6H-SiC.8 The EPR signal of a
negatively charged silicon vacancy could be observed o
after irradiation to a high fluence of 1018 cm22. They con-
cluded that in as-grown samples or those irradiated to lo
fluences all Si vacancies are in a doubly negative cha
state. Since the EPR signal from the nitrogen donor w
detected in all samples, So¨rmanet al. were able to locate the
(22/12) ionization level ofVSi closely below the nitrogen
donor level (EC20.2 eV). This result is in good agreeme
with the present data, which show that the~22/12! level of
VSi is about 0.660.1 eV below the conduction band.

Sörman et al. further applied the ODMR to identify the
neutral Si vacancy introduced in the electron irradiation8,9

From the energy of the PL band~1.4 eV! and its resonance
excitation energy~more than 1.77 eV! they concluded that
the ~0/1! ionization level ofVSi should lie at least 1.77 eV
below the conduction band. Although the present exp
ments give no information on the~0/1! level, the position
estimated by So¨rman et al. is consistent with our data. Th
positron experiments give evidence that the~12/0! level is at
EC21.1 eV, which is thus clearly above the~0/1! level as
estimated by So¨rmanet al.

Deep-level transient spectroscopy~DLTS! has been ap-
plied in several publications to study native and irradiatio
induced defects in SiC.1,20,26,41–45Various authors reported
the peak labeledR at aboutEC21.1 eV in as-grown and
irradiated 6H-SiC.1,20,41 The R level has an accepto
character1,41 and its annealing behavior is consistent w
that of an isolated Si vacancy when compared with EPR
ODMR experiments.1 Our results show that the Si vacanc
has an ionization level atEC21.1 eV which is most likely
associated with a transition from 12 to 0 charge states. We
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thus conclude that the acceptor level~12/0! of VSi is respon-
sible for theR peak in DLTS experiments.

Several deep levels have been detected at 0.3–0.7 eV
low the conduction band in DLTS measurements.1,20,26,41,44,45

The three dominant ones are labeledE1 /E2 at EC20.34 and
EC20.41 eV, theRD5 peak atEC20.51 eV and theZ1 /Z2
center atEC20.62 andEC20.64 eV. TheRD5 peak has a
donor character and it is probably related to the carb
vacancy.41 The similar annealing properties ofE1 /E2 and
positron annihilation data suggest that theE1 /E2 center is
associated with the Si vacancy.20 However,E1 /E2 seems to
be slightly closer to the conduction band than estimated h
for the ~22/12! transition of the irradiation-induced Si va
cancy. Furthermore, theE1 /E2 center was recently shown t
have a negative-U character where the defect changes fro
negative to positive charge state when Fermi level mo
below EC20.41 eV.45 This would imply that positron trap
ping disappears at this center, since positrons are repulsi
positive defects. On the other hand, the Fermi level in
proton irradiated samples~fluences.1016 cm22! is obvi-
ously below theE1 /E2 level,11 but yet a strong positron
trapping atVSi is seen. Further, the EPR data of von Barde
ben et al. showed thatVSi is either neutral or negative in
these samples.11 We thus think that it is unlikely thatE1 /E2
level is related to the isolated Si vacancy.

On the other hand, the native Si vacancy related defec
as-grown 6H-SiC are shown here to have ionization leve
close to the conduction band at roughlyEC20.3(2) eV. This
energy is in good agreement with the levels ofE1 /E2 in
DLTS measurements. Furthermore, the native defects for
during growth typically have a higher thermal stability th
the ones introduced by irradiation, which points the ident
cation toward defect complexes. We thus suggest thatE1 /E2
levels in as-grown 6H-SiC arise from Si vacancy complexe
such asVSi2N pairs. During the growth these complex
may form either directly or by the migration of Si vacan
next to the N impurity.

The Z1 /Z2 level at aboutEC20.6 eV is consistent with
our estimate ofEC20.660.1 eV for the~22/12! ionization
level of the Si vacancy. TheZ1 /Z2 center has an accepto
character1,41 and its thermal stability is similar to that see
for the Si Vacancy in EPR or ODMR experiments.41 We thus
A.
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consider theZ1 /Z2 level as a likely candidate for the~22/
12! ionization level of the isolated Si vacancy.

Theoretical calculations have been performed to estim
the positions of ionization levels of various point defects
SiC.2–5 For an isolated Si vacancy in hexagonal SiC the c
culations predict that~22/12! and ~12/0! ionization levels
exist in the band gap.2,5 This is in qualitative agreement with
our results which indicate that these levels are atEC
20.6 eV andEC21.1 eV, respectively. However, the calcu
lated positions of the ionization levels seem to be about 1
lower in energy than estimated here experimentally. Ob
ously, the so-called Madelung correction shifts the negativ
charged ionization levels closer to the measured values,5 but
a quantitative agreement between theory and experim
seems to be still lacking.

VI. CONCLUSIONS

We have applied positron annihilation spectroscopy
study vacancies in as-grown and electron- and prot
irradiated 6H-SiC. The carbon and silicon vacancies
identified as irradiation-induced defects by combining po
tron lifetime and two-detector Doppler broadening measu
ments. The experiments under monochromatic light exc
tion show that Si vacancies have ionization levels atEC
20.6 eV andEC21.1 eV. These levels are associated w
negative charge states ofVSi and we conclude that they cor
respond to~22/12! and~12/0! ionizations of the isolated S
vacancy. In as-grown material a similar ionization level
observed slightly closer to the conduction band at roug
EC20.3 eV. We attribute it to a defect complex involving
Si vacancy.

We correlate the positron results with data obtained
optical, electrical, and spin-resonance techniques. Opti
absorption spectra show clear structures which can be at
uted to transitions of electrons between the ionization lev
of VSi and conduction and valence bands. We suggest fur
that the acceptor levels observed in deep-level transient s
troscopy atEC21.1 eV the~R level! and EC20.6 eV ~the
Z1 /Z2 level! correspond to (22/12) and (12/0) ioniza-
tions of the Si vacancy, respectively. Finally, our results
in good agreement, and in many ways complementary
those published earlier using electron paramagnetic re
nance or its optical detection~ODMR!.
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