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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 61-SiC. Si vacancies are shown to have ionization leveEzt 0.6 eV andE-—1.1 eV below the
conduction-band eddé. by detecting changes of positron trapping under monochromatic illumination. These
levels are attributed to (2/1—) and (1-/0) ionizations of the isolated Si vacancy. In as-grown#ype
6H-SIC, a native defect complex involvingg; is shown to have an ionization level slightly closer to conduc-
tion band at roughlyE-—0.3 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.
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[. INTRODUCTION the momentum distribution of annihilating electrons, mea-

sured as the Doppler broadening of the 511-keV annihilation
Silicon carbide is a promising semiconductor material forline. In addition to vacancies, negatively charged defects

high-power and high-frequency electronics and for high-with no open volume can also be studied by PAS, since they
temperature applications. It recently gained increasing atterirap positrons to shallow hydrogenic states. Their effect can
tion due to major progress in the growth techniques, but ibnly be detected as reduced trapping into vacancies at low
remains a difficult material to fabricate. Earlier studiestemperatures, where positrons do not have enough thermal
clearly showed that growth at temperatures far abovenergy to escape the hydrogenic states.

1000°C induces defects which inevitably survive to lower | gjlicon carbide, positron annihilation spectroscopy has

temperatured.This results in a significant defect concentra- been used to study native vacancy defects in bulk cryStals

tion in the as-grown mate”al’ _and even more defects ar8s well as those formed in electron or proton irradidfiof?
introduced in processing techniques such as ion |mplant36r ion implantatior?®=25 The positron lifetimes of about

tlon.'_rhe defect lonization levels in the_ energy gap mfluenc 90-230 ps have been attributed to vacancy in the Si
electrical properties such as the carrier concentration, “feéublatticele‘zo'ze and the existina Doopler broadenin
time and mobility. To be able to control these effects, it is 0.27 asting  =opp e 9

fsult§ “'seem to support this identification. A lifetime of

necessary to identify the defects and to analyze their electro . .
level structures. Theoretical calculations of defect propertied®0~180 s has also been reported and attributed possibly to

have been carried out for different polytypes of &€put e C vaca_n_cfzfs’27 Positron lifetime has been further shown
more experimental results are obviously needed. The mettfo be sensitive to illumination at low temperatuféghis is
ods able to resolve the atomic structure of defects would bE0St interesting, because positron spectroscopy under photo-
especially helpful for understanding the origin of various sig-excitation can yield detailed information on the optical pro-
nals seen in conventional electrical and optical measurecesses related to vacancy defects, as indicated by previous
ments. This goal has been partially reached by applying techiesults in GaAs and $f3*
niques based on electron paramagnetic resond®B) and In this work we study optical processes of vacancies both
its optical detectiofODMR).6~12 in as-grown &1-SiC and in material irradiated with electrons
Positron annihilation spectroscog?AS) provides effi-  or protons, by varying both the irradiation energy and flu-
cient means to investigate the atomic structure and chargence. We apply both positron lifetime and two-detector Dop-
states of the defects:'* Positrons are trapped by neutral and pler broadening spectroscopies in order to identify and dif-
negatively charged vacancies and localize on the site of thkerentiate between vacancy defects in Si and C sublattices
missing ion core. As the positron lifetime is inversely pro- (Sec. Ill). Experiments under monochromatic illuminations
portional to the overlap of positron and electron densities aait low temperatures reveal four optical transitions where two
the annihilation site, the lifetime, at the vacancy increases ionization levels of the Si vacancy are involvé8ec. V).
with the open volume. The positron lifetime is thus sensitiveWe determine the positions of these ionization levels both in
to the size of the open volume of the defect. In SiC thisas-grown and irradiated material and relate them to absorp-
parameter alone is sufficient to distinguish between monovation edges in optical spect(&ec. \j. We further connect our
cancies in the two sublattices because the open volume of tliesults with those obtained earlier using electrical tech-
Si vacancy is much larger than that of the C vacancy. Thaiques, EPR or ODMR measurements, and theoretical calcu-
defect identification, however, can be further confirmed bylations(Sec. V).
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TABLE |. Characteristics of the SiC samples studied in this work.

Carrier Irradiation Irradiation Average positron
Sample concentration particle and fluence lifetime at 300 K
and dopant (cm 9 energy (cm™?) (P9
1. 6H-SIC:Al p=1.6x10' as grown as grown 1451
2. 6H-SIiC:Al p=1.6x 10 12 MeV protons 4101 145+ 1
3. 6H-SIiC:N n=2.3x 10" as grown as grown 1531
4. BH-SiC:N n=2.3x 10" 0.35-MeV electrons %108 158+ 1
5. 6H-SiC:N n=2.3x 10" 0.8-MeV electrons K108 161+1
6. 6BH-SIC:N n=2.3x 10" 2-MeV electrons K108 178+1
7. 6H-SiC:N n=1.9x 10" as grown as grown 1501
8. 6H-SiC:N n=1.9x 10" 12-MeV protons 4 10M 168+ 1
9. 6H-SIiC:N n=1.9x 10" 12-MeV protons 4101 198+1
10. &H-SiC:N n=1.9x 10" 12-MeV protons 4 10'° 2071
11. &H-SiC:N n=1.9x 10" 12-MeV protons & 106 209+1
[l. EXPERIMENTAL ARRANGEMENTS were analyzed as sums of exponential lifetime compongnts

weighted by the intensitie$;, convoluted with a multi-
Gaussian resolution function. The average lifetime is the
We studied commerciaiCree Researgh000D-oriented  center of mass of the lifetime spectrum and can be calculated
6H-SIC wafers which were about 30@m thick. Both asr, =317 .
nitrogen-doped n-type (n=1.9x10""cm 3 and n=2.3 The positron-electron momentum distributions were mea-
X107 cm™3) and aluminum-doped p-type (P=1.6  sured by recording the Doppler broadening of the 511-keV
X 10" cm 3) samples were investigated. Measurementsnnihilation radiation. A setup of two Ge detectors and a
were performed both in as-grown materials as well as aftemultiparameter analyzer were utilized to detect both 511-keV
electron and proton irradiationdrable ). The production photons in coincidence and to reduce the background of the
yields of different vacancy defects in the two sublattices ofDoppler spectrd>*An energy resolution of 0.9 keV and a
6H-SiC depend on the energy of the irradiation particles inpeak-to-background ratio of 210f were achieved in the
cident on the sample. According to calculations of the discoincidence experiment.
placement energy, 350-keV electrons are expected to damage Measurements were performed either in darkness or under
mostly the carbon sublattic®.The probability of displace- monochromatic illumination with sub-band-gap hiy(
ments in silicon sublattice should increase strongly with=0.65-3.1 eV) ligh£>3°The photon flux was kept constant
electron energ?? Here the electron energies were 0.35, 0.80,during the measurement, but at h|gh photon energies 0n|y a
and 2.0 MeV, and the irradiation fluences were (1-3)somewnhat lower flux was obtained due to limitations in the
X 10'%~ cm 2. In proton irradiation the energy was 12 intensity of the light sourcéhalogen lamp Photon fluxes
MeV, and fluences were 10, 4x10%, 4x10' and  petween 18 and 18° cm 2 were used. Measurements were
7.8x10"%* cm2. Irradiations were done at room tempera- performed at 10-300 K and the sample temperature was var-
ture with incident particle flux nearly parallel to tkeaxis of  jed using a closed-cycle He cryocooler.
the SiC lattice. The protons and electrons had adequate ki-
netic energies to pass through the sample thickness probed
by positron experiments, and variations in the defect concen-
tration in the direction ot axis are thus negligible. A. Positron lifetime results

A. Samples

IIl. IDENTIFICATION OF VACANCIES IN SiC

A single lifetime component of about 145 ps can be de-
B. Positron experiments tected in as-growm-type SiC:Al samples. This lifetime has
Positron lifetime measurements were done using a corRractically no tempgoaglére dependence. In good aggggment
ventional fast-fast coincidence spectrometer with a timeVith earlier resuI.tES. “>or theoretical calcu_laﬂon%”; T
resolution of 250 p&* A 30- Ci #Na positron source was W€ attribute the lifetime ofrg=145 ps to positrons annihi-
sandwiched between two identical sample pieces, and tHating as delocalized particles in a defect-free SiC lattice. The
positron lifetime was measured as a time interval betweeRVerage positron lifetime is,,=153 ps in the as-grown
the two photons originating from thé* decay and positron n-type SiC:N sample at room temperature. Obviously, native

annihilation. Approximately 2 million events were collected Vacancies are present sineg> 7 . The lifetime spectra can
to each spectrum. The lifetime spectra be decomposed to two components, the longer of which

(7,=220*=15 ps) corresponds to positrons trapped at va-

dn(t) I cancy defeqts. o _ _ _

_ => Sexp—t/7) (1) Electron irradiation of SiC:N samples with energies 0.35—
dt Ti 0.8 MeV increases the average positron lifetime to about
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158-161 ps after quite high irradiation fluences of (1-3) Fox ' ' ' ' ' ' e
X 10'® cm™? (Table ). The lifetime spectra have a single
component of about 160 ps which is constant as a function of 10
temperature down to 10 K. Irradiations with 2-MeV energies
lead to a longer average lifetime of 178 ps and increase the g
intensity of the 220-ps lifetime component up to 50%. When g
the measurement temperature is lowered to 10 K, the averag..™
lifetime decreases by more than 10 ps.
12-MeV proton irradiation of-type SiC:N increases the
average positron lifetime monotonically with increasing flu-
ence(Table |). At the highest fluences of*810' cm™2 satu-
ration is seen at about,, =210 ps. These lifetime spectra
have only a single component which is practically indepen-
dent of temperature. In proton-irradiatpdype SiC samples
no vacancies are observed as the average positron lifetim
remains at the bulk value at least up to the irradiation fluence
of 4x10% cm™2. In these samples the irradiation-induced
vacancy defects are probably in a positive charge state an *eeelY
thus repulsive to positrons. '-:Sov
The positron lifetime of about 210 ps can be attributed to 10 * o830y
a vacancy defect, which is observed in as-grown samples an
produced by electron and proton irradiations. The lifetime of
160 ps dominates after electron irradiations when the irradia-
tion energies are below 1 MeV. The average positron lifetime Electron momentum (10'3 mge)
is constant as a function of temperature when it has been
saturated to the values of,,=160 or 210 ps after irradia- FIG. 1. Core electron momentum distributions determined by
tions with large fluences. These arguments lead to the commeasuring the Doppler broadening of the 511-keV annihilation pho-
clusion that positron lifetimes of 160 and 210 ps are associtons. The bulk reference was measured in defect-free Al-doped 6H-
ated with trapped positron states at two different vacancysiC (sample 1. The momentum distributions probed by positrons
defects in SiC. Obviously, the formation of 160-ps lifetime is trapped at C and Si vacancies are recorded in 0.8-MeV electron and
preferred at low irradiation energid®.35—0.8-MeV elec- 12-MeV proton-irradiated SiGsamples 5 and 11, respectively
trong and the creation of 210-ps component dominates at

high energies2-MeV electrons, and 12-MeV pratondThis lectrons, and it is thus possible to identify the atoms sur-

e e
suggests that the lifetimes of 160 and 210 ps correspond to : i
vacancy defects in the C and Si sublattices, respectively. Thré)undmg the vacancy defects. We recorded the Doppler spec

positron lifetimes aV andVg; simply reflect the sizes of the tra at room tem_perature n sample_numbers_S_ ar_ldTaabIe
open volume at these vacancy defects. I), where practically 100% of positron annihilations takes

Theoretical calculations give quantitative estimates fofP!aCe at vacancies corresponding to positron lifetimes of 160
positron lifetimes at various annihilation states. According to@nd 210 ps, respectively. A minor contributiéabout 5%
the recent results of Staad al,* the calculated bulk life- from the 210-ps component is seen in sample 5 according to
time is 131 ps, which is in reasonable agreement with théhe lifetime results. We corrected this by subtracting the
present experimental value of 145 ps. Taking into accoung$pectrum recorded in sample 11, weighted with the annihila-
the relaxations of atoms around vacanCies lifetime in-  tion fraction of 5%, from the data measured in sample 5.
crease ofrc—7g=7 ps can be expected for the C vacancy Figure 1 shows high momentum parts of the Doppler
and 75— 75=63 ps for the Si vacancy. When scaled with curves for a bulk SiC lattice and for vacancies characterized
our experimental valueg= 145 ps, the theory thus predicts by the lifetimes of 160 ps\¢) and 210 ps Ys). In the
positron lifetimes ofrc= 152 ps andrg;=208 ps forVc and  momentum range shown annihilations take place predomi-
Vg respectively. These are very close to the experimentahantly with the outermost core electrons of Si andSt2p
values of 160 and 210 ps. thus supporting strongly the idenand C 1s). According to calculationZ the Si 2 electrons
tification of C and Si vacancies. Furthermore, the calculatiorare clearly dominant in bulk SiC as well as at vacancies in
predicts that the positron lifetime atcVs; divacancies is  hoth Si and C sublattices. The intensity of the momentum
about 228 ps which is clearly larger than expectedfgror  distribution in Fig. 1 thus quantifies the presence of 8i 2
seen in the experiments after irradiation. In as-growngjectrons in the measured system. In the bulk SiC lattice and
samples, however, the accuracy of the experimental lifetimé, the vacancy with a positron lifetime of 160 ps the intensity
of 220+ 15 ps does not allow to distinguish betweég and s high, indicating a strong contribution from Sp2lectrons.
VsVc- A much lower intensity is recorded for the vacancy where the
lifetime is 210 ps. Since C vacancies are surrounded by Si
atoms, the results directly point toward the interpretation that

The coincidence detection of the Doppler broadeningl60 ps and 210-ps lifetime components arise from C and Si
spectrum yields the momentum distribution of annihilatingvacancies, respectively.
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3 FIG. 3. Average positron lifetime in as-grown N- and Al-doped
Electron momentum (10 ™ mc) SiC, recorded at 10 K under illumination with indicated photon
energies. The average positron lifetime in darkness at 10 K is

FIG. 2. The ratio of electron momentum distributions at vacancysphown by the dashed line. The solid line is drawn to guide the eye.
defects and in the bulk SiC lattice. The ratio curves for 0.8-MeV

electron and _12-Mev pro_ton-irrao!iated SiC sgmmmmbers_s r_;lnd data above 28 10~ 3mjc is larger, although the comparison
11) characterize C and Si vacancies, reSpeCt'Ve'}’é The solid lines arg gifficult due to the relatively large statistical error of Ka-
linear fits to the momentum ratios at (17-35)0"" M. wasusoet al?° In general, our momentum ratio for the Si
vacancy(Fig. 2) is in much better agreement with the results
To emphasize the differences in the electron momenturof theoretical calculation®
distributions, Fig. 2 shows the Doppler broadening data of Si The positron lifetime and Doppler broadening data thus
and C vacancies as momentum ratios scaled to bulk SiC. Th&how unambiguously that the lifetime components of 160
missing Si 2 electrons around the Si vacancy lead to theand 210 ps arise from annihilations at C and Si vacancies,
low intensity ratio at (15—50%10 3myc in Fig. 2. The respectively. The present data do not allow one to distinguish
curves are in good agreement with the calculated 8rfes  between isolated monovacancies and vacancy complexes. In
both V- and Vg;, thus supporting the identification of the irradiated samples, however, we think that isolatgg and
defects. In fact, the momentum ratio foi; shows a small V. are the most likely candidates, for the following reasons:
slope of 1.8-0.6 myc™! at the momenta of (15-50) (i) these defects have been identified as stable ones at room
% 1073myc (a line fit is shown in Fig. 2 This slope can be temperaturé™? (i) their formation is roughly linear as a
attributed to the high-momentum ofslelectrons of the C function of irradiation fluencé’ and (iii) a quantitative
atoms surrounding the Si vacancy, and a theoretical calculanalysis of positron data yields high introduction rates of
tion predicts that such a slope should indeed be about0.5 cm * for Ve and Vg in 2-MeV electron irradiatiori’
2(mec) ~*.%8 On the other hand, the momentum ratio for thewhich is typical for simple, primary defects. On the other
C vacancy is flat in this range, since Sp 2lectrons domi- hand, the native Si vacancies found in as-grawtype SiC
nate the positron annihilations both in the bulk lattice and atsample 3 in Table)lprobably belong to defect complexes.
the C vacancy, making the ratio independent of momentumSi vacancies are likely to be mobile at the high growth tem-
The momentum distribution of the Si vacancy in Fig. 2 is perature of SiC, and thus stabilized only as parts of com-
qualitatively similar to that published very recently by Ka- plexes, for example, with N impurity atoms.
wasusoet al 2’ Compared with their work, however, here we
utilize more extensively positron lifetime experiments, which IV. PHOTOEXCITATION OF VACANCIES
show 100% positron trapping and annihilation at Si vacancy
after proton irradiation with high fluence =(4
X 10'® cm™3). The lifetime atVg; is thus 210 ps, which is in
agreement with that reported by Mer et al?’ but slightly The average positron lifetime,, as a function of the pho-
larger than the value of Kawasusbal?® The ratio curve of  ton energyhv in as-grown 61-SiC is presented in Fig. 3. The
Kawasusoet al. has a larger intensity than ours at the mo-experiment was performed at 10 K. The average positron
menta above 2010 3mqc in Fig. 2. Also the slope in their lifetime in darkness is shown by the dashed linenitype

A. Positron lifetimes under monochromatic illumination
at low temperatures
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FIG. 4. Average positron lifetime in N-doped electron-irradiated
SiC, recorded at 10 K under illumination with indicated photon
energies. The average positron lifetime in darkness at 10 K is F|g, 5. Average positron lifetime in N-and Al-doped proton-
shown by the dashed line. The irradiation energies and fluences ajgadiated SiC, recorded at 10 K under illumination with indicated
given for each sample. The solid lines are drawn to guide the eyepnoton energies. The average positron lifetime in darkness at 10 K

is shown by the dashed line. The 12-MeV proton fluences are given

SIiC the illumination is found to decreasg, at all photon  for each sample. The solid lines are drawn to guide the eye.
energies, but the effect is strongesthat>1.0 eV. The sec-

ond lifetime component, is the same under illumination ward its value in darkness. In the sample irradiated with a
and in darkness, but the intensities of the components varfuence of 4x 10'® cm™2 the onset of the reduction ef,, has
with hv. In p-type as-grown samples the illumination has nobeen shifted tohr=1.1=0.2 eV. In p-type-irradiated SiC

Photon energy (eV)

influence onr,,. samples the average positron lifetime increases under illumi-
In electron-irradiated SiC the average lifetime decreasesation with photon energies larger tham=2.0=0.2 eV.
as a function of photon energy lar<1.5 eV (Fig. 4) but the Figure 6 shows an example of a decomposition of posi-

longer component, remains constant. Unlike in as-grown tron lifetime spectra measured under illumination of the
n-type SiC, a clear increase toward the valuergfin dark-  N-doped sample 9, irradiated with a proton fluence of 4
ness is observed in electron-irradiated samples at photon ep10* cm™2. The lifetime components are, =160 ps and
ergies abovdhnr=2.0+0.1 eV. Generally illumination has a 7,=210 ps, which correspond to positrons trapped at C and
stronger influence on positron lifetime in the samples irradi-Si vacancies, respectivelisec. Ill). The values of the life-
ated with 2-MeV electrons, whereas those irradiated wititime components are constant during the illumination and
0.35-0.8-MeV energies show less sensitivity to photonsalso the same as in darkness, as indicated by the dashed
This suggests that the illumination effects are related to delines. The uppermost panel of Fig. 6 shows an interisityf
fects in the Si sublattice. the lifetime component,, obtained from an analysis where

The average positron lifetime measured under illumina-r, has been fixed to 210 ps to reduce statistical scattering.
tion of proton-irradiated samples is shown in Fig. 5. ForThe intensityl, clearly decreases below its value in darkness
n-type samples the behavior is qualitatively similar to that in(dashed lingunder illumination. The parameters, 7,, and
as-grown or electron-irradiated samples, but differences ark, also behave similarly in the other irradiated samples. The
seen in the details of the data. For irradiation fluences belowlecrease of the average lifetime under illumination of the
10% cm™2 the onset of the decrease of, is at about 0.6 eV n-type SiC samplegFigs. 3-9 is thus caused by the de-
and athv>2.5 eV the average lifetime starts to increase to-crease of the intensitly, .
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[T | ' T ' - Generally, the positron trapping coefficieptsincrease with
44 the negative charge of the defetts? In n-type as-grown
+++ """"""""""""""""""" | and irradiated SiC samples, is smaller under illumination
+ + ¢ than in darknessA priori, this could be explained either by
++ 7] (i) the decrease of the trapping rates at vacancy defects with
. a longer positron lifetime tham,,, or (ii) the increase of the
trapping rate at negative ions or vacancy defects which have
a lifetime shorter thanr,,. However, we can rule out the
\ latter possibility with the simple argumentation presented be-
low.
In n-type as-grown N-doped SiC the electron levels are
240 - - occupied at least up to the nitrogen ionization level at about
R 4 Ec.—0.2 eV. The net removal rate of conduction electrons is
HJf ....... 4%; . %% . % .......... about 20 cm?! in the 12-MeV proton-irradiated samples
200 = + %gf % (% % n studied heré! Hence at least samples 8 andTble ) re-
- - main n-type after proton irradiation, and their electron levels
Ty are thus filled up to the Fermi level closeEg—0.2 eV. The
\ increase of positron trapping rate at negative ions can take
place under illumination only if electrons are optically ex-
cited to their empty levels, charging them to more negative

50 —

40 —

Intensity (%)

30 = 6H-SIC
\ N doped
4x10" p*em?

200 |- 1, .

Positron lifetime (ps)
/‘

B + Y state. In the present case this is very unlikely since-fppe
160 —-H+ +.*Hrt Htﬁft o] samples the levels are occupied with electrons, practically up
{ +* {' to the conduction band.
i + H Similarly, we can rule out illumination effects related to
120 [~ — the carbon vacancy. Already the results in Fig. 4 suggest that
' ' ' ' ' ' illuminations have less influence on positron lifetime in
1O 20 3.0 samples where C vacancies are dominant. The average pos-
Photon energy (eV) itron lifetime in darkness is much above the lifetime at C
vacancy in proton irradiated samples 8 and 9, but a decrease
FIG. 6. The decomposed positron lifetime componentsand  in the average lifetime is observed under illuminatiéig.
7, and intensityl , in N-doped SiC irradiated with a proton fluence 5). This cannot be associated with the enhanced positron
of 4x 10" cm™2 (sample 9. The data were recorded at 10 K under trapping due to increased negative charg&/ghecause all

illumination with indicated photon energies. The valuesrof 7,, electron levels are filled already in darkness almost up to the
andl, in darkness at 10 K are shown by the dashed lines. conduction band.
. N . We thus explain the illumination effects with ionizations
B. Optical transitions of the Si vacancy of electrons from the silicon vacancy. Electron excitations

The illumination-induced changes in the average positroifom Vs; to the conduction band decrease the negative charge
lifetime manifest optically induced electron excitations be-of the defect, which reduces the trapping ratg and the
tween the conduction and valence bands and ionization levannihilation fractionyg; evidently leading to a lower value of

els of defects in the band gap. At low temperature, the avetthe average positron lifetime under illumination than in dark-
age positron lifetime is a superposition ness. This is directly seen in the decomposed positron life-

time data of Fig. 6, where the intensity of the=rg;
=210 ps lifetime component decreases under illumination.
Tavzzi 7iTi= MeTRY MTI+ NcTCt TsiTsi, (2) " No change of the lifetime of positrons trapped at the Si va-

cancy is associated with the optical transitions because the
where 5 and 7 correspond to the fractions of positron anni- lifetime componentr, remains constant at,= 7g;=210 ps
hilations and the positron lifetimes in the bulk lattice (Fig. 6). In samples irradiated with 0.35—0.8-MeV electrons
(7 ,7g= 145 ps), at negative ionsy(,7,=145 ps), at Cva- (numbers 4 and)5the minor illumination effects can be at-
cancies fc,7c=160ps) and at Si vacanciespd;, g  tributed to Si vacancies although the C vacancies are the

=210 ps). The fractions of positron annihilations, dominant defects as explained above. In these samples the Si
vacancies exist either as native defects, or they are formed in
Ki small concentrations in irradiations even with energies below
M T s a (3 1 MeV as suggested by recent experiméfts.

\on Bardeleberet al'* concluded that the Fermi level is

depend on the positron trapping ratesat Vg, Ve, and  pinned at the (+/0) ionization level of the Si vacancy in
negative ions, which are proportional to the defect conceneur proton-irradiated sample 10, since they simultaneously
trationsc; as observed the electron paramagnetic resonances related to
both Vg? and Vgl ™. In this sample, we observe a decrease
K;= WiC;j . (4) of the average positron lifetime at photon energies of
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itron lifetime as in darkness. The illumination thus leads to

Conduction band the same electron occupation of the<{£L—) and (1-/0)
ionization levels as in darkness. This suggests that electrons
TB Ec are excited from the valence band to the ionization level (2
Ec-0.6eV ——— T —/1-) with transitionD of Fig. 7. In fact, in the data mea-
1- 4 1- sured in samples 5 and 6 an increase of the average positron

0 lifetime is observed to start at abdut=2.5 eV, which cor-
respond to the threshold energy of transitldn

Although the illumination effects are qualitatively similar
D C in all n-type samples, the behaviors of average positron life-
time, especially the increase af, athv>2.0+0.2 eV, seem
to differ in details from one sample to another. This is not
Ev surprising, since efficient transitiodsandB are required for
Valence band filling processC to operate. Transition& andB, on the other
hand, compete against the thermal capture processes of pho-
toexcited electrons. In the as-growrtype samplegFig. 3),

FIG. 7. Optical transitions, charge states, and estimated posfpr example, almost no evidence of the transit@iis seen.
tions of ionization levels of the isolated Si vacancy, detected as afy this sample, however, the conduction band has the largest
irradiation-induced defect in electron- and proton-irradiated SiC. ~gncentration of free electrons which may overcome the op-

tical processe® and C by becoming efficiently trapped at
hy>1.1+0.1 eV. We thus attribute the optical transition to the ionization levels of the native Si vacancy complex.
the ionization of the (1/0) level of Vg, i.e., transitionA in
Fig. 7. The photon energy gives an estimate of the position of

the ionization level a£:—1.1+0.1 eV, whereE; is the v CORRELATIONS TO OPTICAL AND ELECTRICAL

energy of the conduction band. PROPERTIES OF SiC
In samples 3-9 the irradiation fluences are smaller than in ) )
sample 10, and thus the Fermi level is closer to the conduc- A. Optical absorption

tion band. The reduction of the average positron lifetime The optical processes of Si vacancy in Fig. 7 are associ-
starts at roughljhv =0.3+0.2 eV in as-grown samples and ated with absorptions of photons. The results of positron life-
hv=0.6=0.1eV in irradiated samples. These excitationstime spectroscopy can thus be used to give a microscopic
correspond to transitioB in Fig. 7, where electrons are ion- interpretation to more integrated quantities such as the ab-
ized from Si vacancies with a threshold energy of about 0.Gorption coefficient. For this purpose, simple light transmis-
eV. Since the associated ionization level has higher energsion measurements were performed in order to determine the
and more negative charge than the—/D) level atEc  absorption coefficientr(hv) of photons at energies below
—1.1eV, we attribute it to thg2-/1-) ionization. Its esti- the fundamental absorption at the band edge.
mated position i€-— 0.6+ 0.1 eV, but in as-grown material The measurements were done with standard Si and Ge
is seems to exist slightly closer to the conduction band aphotodetectors in the same optical setup that was used for
aboutE-—0.3=0.2 eV. The difference may reflect that iso- sample illumination in positron lifetime experiments. The ab-
latedVg; exist in irradiated samples whereas the Si vacanciesorption spectra of selected as-grown and proton irradiated
in as-grown material probably belong to defect complexes. samples are presented in Fig. 7. The absolute values of the

Under illumination with photon energieshy>2.0  absorption coefficients were not estimated but the spectra
+0.2 eV the average positron lifetime starts to increase. Inwere arbitrarily scaled tee=0 at the lowest photon energy
n-type samples it approaches the valuergfin darkness and of hv=0.6 eV. The data in Fig. 8 thus show the change of
in p-type SiC it clearly increases above that valuepitype  the absorption coefficientAa(hv)=a(hv)—a(0.6 eV)
material most of the band gap is empty of electrons. Thdrom its value athr=0.6 eV.
increase of the average positron lifetime thus indicates that In as-grown SiC:N the absorption increases smoothly
electrons are optically excited from the valence band towith photon energy up to band-to-band absorption edge at
irradiation-induced vacancies, converting them to more effi3.1 eV. The spectrum is qualitatively similar in as-grown
cient positron traps. This filling process is obviously relatedsamples and in proton-irradiated SiC up to the fluence of 4
to the Si vacancy, because it can surmount the ionizations ok 10'> cm™2. However, the slope of the vs hv increases
electrons fronVg; with transitionsA andB (Fig. 7). The sum  with fluence demonstrating the effect of irradiation-induced
of the threshold energies of 2tM.2 and 1.1-0.2 eV (tran-  defects on absorption.
sition A) is equal to the energy of the 6H-SiC band dag The samples irradiated to proton fluenced0'® cm™?
—Ey=3.1eV. We thus attribute the increase of average posshow a clear structure in the absorption spectrum. At photon
itron lifetime athpy>2.0=0.2 eV to transitionC (Fig. 7), energies ohv<1 eV the absorption increases with the irra-
where electrons are optically excited from the valence bandiation fluence. This is in agreement with the positron results
to the empty (1 /0) ionization level of the Si vacancy. which show that transitiorB (Fig. 7) of the irradiation-

In the electron irradiated samples the experiments undenduced Si vacancy operates at these photon energies. How-
2.5-3.0-eV illumination yield almost the same average posever, as pointed out above, the-{21—) level of V; could
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00FTTTTTTTTTTTT T T T of the Si vacancy. After proton irradiation fluence of 8
i i % 106 cm™? all positrons annihilate as trapped\at; which

i 612_521&&3; ped o ] typically corresponds to vacancy concentrations[v;]
 J

w0y S 1 ~10° cm*3.13'14_1'he absorption coefficient dtv=2.0 eV
e 10 410" p em”? s . . is Aa~100cm -, which gives an estimate ofo
S [ e 8xa0%p em? s o ] =Aal[Vg]~10"1" cn? for the optical cross section of pro-
2 i & '.. i cessedA andC. This value is of the typical order of magni-
_ L .,..o" Oodgq%o, J tude expected for optical transitions between deep levels and
S 100 ..' oooO % energy bands in semiconductors.
§ B . 5 T
5 0 . 7
S r 7 B. Electron paramagnetic resonance, electrical experiments,
.5 50 B .. ] and theory
= - 8 The Si vacancy has been previously identified using elec-
§ r 7 tron paramagnetic resonan(EPR) and its optical detection
< i 1 (ODMR). Von Bardelebenet al. recently applied EPR to

study similar proton, irradiated SiC:N samples as investi-
4 gated heré! They simultaneously detected signals from neu-
. tral and negatively charged silicon vacanciés andVg; in
C 0 il il il 4 samples irradiated to high proton fluences 10" cm?),
05 10 15 20 25 30 and concluded that the Fermi level is pinned at the/0)
ionization level of the Si vacancy. These results are generally

in good agreement with our data, as well as those published

FIG. 8. Absorption spectra\a(hv)=a(hv)—«(0.6 eV) in by Vylmbaueret al? and Itohet a|_1.2 . .
N-doped as-grown and proton-irradiated SiC, recorded at 10 K. The Saman et al. applied a combination of photolumlnes_-
12-MeV proton fluences are given for each sample. The line segt€Nce(PL), ODMR, and EPR to %tudy the Si vacancy in
mentsA—D indicate the operating range of optical transitions of Si 2->-MeV electron irradiated6-SiC.” The EPR signal of a
vacancy shown in Fig. 7. negatively charged silicon vacancy could be observed only

after irradiation to a high fluence of ¥cm™2. They con-
be empty of electrons after irradiations to fluencescluded that in as-grown samples or those irradiated to lower
>10'® cm™2, making the absorption small. fluences all Si vacancies are in a doubly negative charge

At hv>1 eV two strong absorption edges can be seen irstate. Since the EPR signal from the nitrogen donor was
the spectra(Fig. 8. These edges have the typical shapedletected in all samples, Bpanet al. were able to locate the
expected for optically induced transitions between deep levé2—/1—) ionization level ofVg; closely below the nitrogen
els and the conduction and valence baifdghe threshold donor level Ec—0.2 eV). This result is in good agreement
energies for the two transitions can be estimatedat 1.1 with the present data, which show that {2e-/1—) level of
and 1.9 eV by fitting the energy dependent optical cross sec¥s; is about 0.6-0.1 eV below the conduction band.
tion to the datd® The edges of the absorption coefficient ~Saman et al. further applied the ODMR to identify the
a(hv) correlate very well with those detected for Si vacan-neutral Si vacancy introduced in the electron irradiafion.
cies in positron lifetime measurements. TransitiénandC, From the energy of the PL bar(d.4 eV) and its resonance
associated with the (4/0) level of Vg;, thus give a natural excitation energymore than 1.77 e)/they concluded that
microscopic interpretation for the absorption spectrum. Atthe (0/+) ionization level ofVg; should lie at least 1.77 eV
photon energiehv>2.5 eV the absorption coefficient starts below the conduction band. Although the present experi-
to decrease. At this energy range transitdrcan operate, ments give no information on th@/+) level, the position
charging more electrons to the Si vacancy. Its influence o@stimated by Swnanet al. is consistent with our data. The
the absorption spectrum, however, is not straightforwardpositron experiments give evidence that ¢he /0) level is at
The decrease ofi(hv) at hv>2.5eV can be explained by Ec—1.1eV, which is thus clearly above tti@/+) level as
transitionA, since the optical cross section of such a processstimated by Sonanet al.
starts to decrease at photon energies which are roughly twice Deep-level transient spectroscofLTS) has been ap-
the threshold energgl.1 eV in the case of transitiof).>® plied in several publications to study native and irradiation-

The absorption spectra in Fig. 8 are similar to those reinduced defects in Si&2°2641=%5Various authors reported
ported earlier after neutron irradiatibhinterestingly, the re- the peak labeledR at aboutEc—1.1eV in as-grown and
sults of Okadaet al*° showed that the absorption above 1.1irradiated 61-SiC1?%“' The R level has an acceptor
eV has the same annealing properties as the Si vacancy deharacter*! and its annealing behavior is consistent with
tected in EPR experiments. This observation is in perfecthat of an isolated Si vacancy when compared with EPR or
agreement with our results and the interpretations given her€@DMR experiments. Our results show that the Si vacancy

The combination of positron and absorption results allowshas an ionization level d@c—1.1 eV which is most likely
one to estimate the optical cross sections for the ionizationgssociated with a transition from-1to O charge states. We

Photon energy (eV)

075206-8



OPTICAL TRANSITIONS OF THE SILICON VACANCY ... PHYSICAL REVIEW B66, 075206 (2002

thus conclude that the acceptor levet-/0) of Vg is respon- ~ consider theZ,/Z, level as a likely candidate for th@—/
sible for theR peak in DLTS experiments. 1—) ionization level of the isolated Si vacancy.

Several deep levels have been detected at 0.3—0.7 eV be- Theoretical calculations have been performed to estimate
low the conduction band in DLTS measuremem2641.4445  the positions of ionization levels of various point defects in
The three dominant ones are labeled/E, atEc—0.34 and  SIC: ~®For an isolated Si vacancy in hexagonal SiC the cal-
Ec—0.41eV, theRD; peak atEc—0.51 eV and theZ,/Z, C“!a:'.onf’hprsd"g th%tsz;rﬁ.l_.) and ﬂa’? lonization 'e‘t’e'.sth
center atEc—0.62 andE;—0.64 eV. TheRDs peak has a existin Ite anh. %a . di |st|s It?\ qtuir']a |ve|agr|eemen Wi
donor character and it is probably related to the carborPtl fesUlts which indicate that these levels: are Ead

vacancy! The similar annealing properties &, /E, and —0.6 eV andE-— 1.1 eV, respectively. However, the calcu-
) : o 9 prop 17=2 <0 lated positions of the ionization levels seem to be about 1 eV
positron annihilation data suggest that the/E, center is

; . : lower in energy than estimated here experimentally. Obvi-
associated with the Si vacan€yHowever,E; /E, seems to ously, the so-called Madelung correction shifts the negatively

be slightly closer to the conduction band than estimated her@harged ionization levels closer to the measured valies,

cancy. Furthermore, the, /E, center was recently shown to seems to be still lacking.

have a negativ&} character where the defect changes from

negative to positive charge state when Fermi level moves VI. CONCLUSIONS
below Ec—0.41 eV This would imply that positron trap- . . N
ping disappears at this center, since positrons are repulsive %(E We have applied positron annihilation spectroscopy to

» . . udy vacancies in as-grown and electron- and proton-
positive defects. On the other hand, thg Fefg“' level in 0ufadiated 6H-SIC. The carbon and silicon vacancies are
proton irradiated samplefluences> 10" cm™?) is obvi-

11 . identified as irradiation-induced defects by combining posi-
ously below theE,/E; level,” but yet a strong positron  qn Jifetime and two-detector Doppler broadening measure-
trapping alVs; is seen. Further, the EPR data of von Bardele-nents. The experiments under monochromatic light excita-

ben et al. showed thatVg; is either neutral or negative in tion show that Si vacancies have ionization levelsEat
these samples.We thus think that it is unlikely the,/E,  —0.6 eV andEc—1.1 eV. These levels are associated with
level is related to the isolated Si vacancy. negative charge states Wf; and we conclude that they cor-

On the other hand, the native Si vacancy related defects ifrespond tq2—/1—) and(1—/0) ionizations of the isolated Si
as-grown 61-SiC are shown here to have ionization levelsvacancy. In as-grown material a similar ionization level is
close to the conduction band at rougBy—0.3(2) eV. This observed slightly closer to the conduction band at roughly
energy is in good agreement with the levelsBf/E, in E-—0.3 eV. We attribute it to a defect complex involving a
DLTS measurements. Furthermore, the native defects forme8i vacancy.
during growth typically have a higher thermal stability than ~ We correlate the positron results with data obtained by
the ones introduced by irradiation, which points the identifi-optical, electrical, and spin-resonance techniques. Optical-
cation toward defect complexes. We thus suggestEhaE, absorption spectra show clear structures which can be attrib-
levels in as-grown B-SiC arise from Si vacancy complexes, uted to transitions of electrons between the ionization levels
such asVg—N pairs. During the growth these complexes of Vg and conduction and valence bands. We suggest further
may form either directly or by the migration of Si vacancy that the acceptor levels observed in deep-level transient spec-
next to the N impurity. troscopy atEc—1.1 eV the(R level) and Ec—0.6 eV (the

The Z,/Z, level at aboutEc—0.6 eV is consistent with Z,/Z, level) correspond to (2/1—) and (1-/0) ioniza-
our estimate oE-—0.6x0.1 eV for the(2—/1—) ionization  tions of the Si vacancy, respectively. Finally, our results are
level of the Si vacancy. Th&,/Z, center has an acceptor in good agreement, and in many ways complementary, to
charactel*! and its thermal stability is similar to that seen those published earlier using electron paramagnetic reso-
for the Si Vacancy in EPR or ODMR experimefitaie thus  nance or its optical detecticf© DMR).
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