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Polytype—dependent vacancy annealing studied by positron annihilation
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Abstract. In this research we investigated the dependence of annealingidsebfavacancy
defects on SiC polytype using positron annihilation spectroscopy. We thanhdacancy defects

in 3C SiC induced by electron irradiation and multiple-He implantation annealed below
1100°C while those in hexagonal SiC above 1ZD0The amount of residual vacancy defects due
to post-electron-irradiation annealing at 18D@creases as hexagonality. From two-dimensional
angular correlation of annihilation radiation (2D-ACAR) measureméntgs confirmed that the
positron annihilation center in electron-irradiate@ $iC should be silicon vacancies with
tetrahedral symmetry. Silicon vacancies should be constituentsanasadefects responsible for
positron trapping in electron-irradiated hexagonal SiC. However, 2DRAE#&periment shows
that the local symmetry is different from that for silicon vacancie€isi€.

Introduction

We have so far been studying properties of vacancy defec&idninduced by
bombardment using positron annihilation spectroscopy [1-4]. It was cadfirtinat silicon
vacancy related defects act as strong positron trapping cent&Cs 4H and 61 SiC irradiated
with electrons. Obtained displacement energy for Si site [4] was in gwedmaent with radiation
damage theories [5]. By irradiation, silicon vacancies ardgedeanly in cubic sites in@ SiC,
while both in cubic and hexagonal sites in hexagonal SiC. In thisrobsewe studied if
properties of vacancy defects such as thermal stability andcasbmcture are affected by the
existence of inequivalent lattice sites.

Experiment

Specimens used in this study are chemical-vapor-deposition (Qxdwn n-type 3,
4H and 61 SiC epilayers doped with nitrogen ([N]=5X201x10°° cm?). We also used
modified-Lely-grown bulkn-type 84 SiC crystals doped with nitrogen ([N]=1X1@m°). These
specimens were irradiated with 0.5-2 MeV electrons to various daisesom temperature.
Multiple He-implantation was also conducted in a similar manrserred. [3]. Isochronal
annealing was done from 100 to 1700for 30 min in vacuum or dry argon ambient. Positron
annihilation (the Doppler broadening) measurements were performedsimmgositron beams
at room temperature. Positron annihilation measurements based angiar correlation of
annihilation radiation (ACAR) technique were carried out f@r &d bulk 61 samples using
positrons directly emitted from?Na source.
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Results and Discussion

Figure 1 shows the annealing behavior of normal@g@@drameters (peak intensities in
the Doppler broadening spectra) f&,3H and 61 SiC irradiated with 2MeV electrons to a dose
of 3x10' e/cn?. IncreasedSparameters after irradiation are clearly seen suggesting the
generation of vacancy defects. I& 3iC, S parameter recovers to bulk valu&=1.00) in two
steps first at around 280 and then at 600-700. Above 1008C, no other vacancy defects are
detected. Since the above two-step annealing is typically seasofated silicon vacancies in
positron lifetime and electron spin resonance measurements [&7¢omclude that isolated
silicon vacancies are responsible for positron trapping. The firsalingetep was attributed to
vacancy-interstitial mutual recombination and the second to migratfosilicon vacancies
themselves [7]. It is found that vacancy defects in béthadd 61 SiC also exhibits two-step
annealing. In the previous studies, we reported that vacancydefexdectron irradiatedHtand
6H SiC are originating from silicon vacancy related defects [H@}vever, each annealing step
for hexagonal SiC shifts to relatively higher temperature thahfor 3 SiC. That is, the first
annealing step for hexagonal SiC approximately overlaps withettend annealing forGSiC
(600-7006C), and the second annealing steps appear far above that f8iC3(>12006C). In
contrast to the annealing of vacancy defects @ SSC below 1008C, vacancy defects in
hexagonal SiC have much higher thermal stabilities.

It is interesting to note th&parameter after annealing at 1000ncreases in the order
of 3C - 6H - 4H as indicated by arrows in Fig. 1. Considering that their hexatgesalre 0%,
33% and 50%, respectively, the concentration of residual vacaftées 006C annealing turns
out to increase with hexagonality of SiC. Similar trends couldsden even when electron
energies are varied below 2MeV. Although silicon vacancies are resjgoiosipositron trapping
in hexagonal SiC, the nature differs from isolated silicon vacancies in thefc3&iC.

Figure 2 shows the annealing behavior of normal@eadrameters for G, 4H and 61
SiC after multiple He-implantation. Doses of implanted He ionseweell below amorphous
generation level. It is found th&parameter for @ SiC decreases first at around 8D@&nd then
at around 100. The annealing step at 2(0as observed for electron-irradiated SiC is not
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Fig. 3 ACAR spectrum from silicon vacancies
3C SiC after 1MeV electron irradiation to a d«
of 6x10" e/cn?. Solid and brokenlines
represent positive and negative vall
respectively. Counter spacing is %0to the
maximum.
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Fig. 4 ACAR spectrum from silicon vacan
related defects inHb SiC after 2MeV edctron
irradiation to a dose of 3x1be/cn?. Solid anc
broken lines represent positive and nega
values, respectively. Counter spacing is 59
the maximum.
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observed here. Probably, after He-implantation the amount of deésgensible for the first
annealing step is much higher than in the case of electron troadi&lence, such a broad
annealing step appeared because of overlapping of the first @mtsannealing steps observed

in electron irradiation. At round 1080, one more annealing step is seen. This may be explained
as the disappearance of residual vacancy defects, which could aohéaled at 66C. Above
1100°C, no more vacancy defects are detected similarly to the case of elgeiration.

The first annealing step for He-implanteH 4nd 64 SiC at around 60C coincides
with that for He-implanted @ SiC. Therefore, probably similar kinds of vacancy defects are
generated irrespective to polytype. It is seen Babrameters for 4 and 61 SiC show
prominent peaks after annealing at 1°MOIt is inferred that during annealing defects become
mobile and new complex defects are generated resulting the pegkmiameters. Such peaks
are not seen in electron-irradiated &iC and also in G SiC but a little increase appeared in
electron-irradiated ¥ SiC. Therefore, it is possible to say that such peaks, i.eeraf@n of
complex defects, are enhanced in ion implanted hexagonal SiGpbieed that the peaks could
be correlated with the generation of,Zand RD), levels in He-implanted ¥ and 4 SiC,
respectively [3]. After these peak&parameters in bothHtand 64 SiC monotonically decrease
and almost completely recover to the unimplanted level at°Cz@arefully to seeS-parameter
for 4H SiC is even higher than that foH6SIC in between 136 and 1608C. In this
temperature range, no vacancy defects are detected forptemted & SiC. Thus, again we
found thatS-parameter increases in the order of-3®GH > 4H.

To extract information on local atomic arrangements concerningnes defects, we
carried out two-dimensional angular correlation of annihilation rasiat(2D-ACAR)
measurements. Figures 3 and 4 shows the anisotropy plots of momentutresi@ssiociated
with vacancy defects in electron-irradiate@ and 641 SiC at [100]-[010] and [0001]-[11-20]
projections, respectively. (Bulk components were already subtrastad intensities obtained
from positron lifetime measurements.) The spectrum FbISBC was obtained after annealing at
1000°C. It is found that momenta of electrons at vacancy defect€ iBiG have a pronounced
anisotropy along the [111] direction and a four-fold symmetry arated[001] axis. This
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directly shows that defects have a tetrahedral symmetryal\ctthe obtained ACAR spectrum
can be well reproduced using linear combination of atomic orbitaR@)Ccalculation taking
into account of carbons@® electrons [4]. We also accomplished coincidence Doppler broadeni
measurements before [1,2]. Core electron momentum distribution abtdimoen this
measurement exhibited the character for cart®aldctrons suggesting that surrounding atoms
around vacancies should be carbon atoms. This further indicates thaedbdefects are related
to silicon vacancies and not to carbon vacancies.

On the other hand, the electron momentum distribution for vacancy sl@ie@ SiC
shows an anisotropy along the [0001] axis. This two-fold symmetyndrthe [1-100] direction
means that the dangling bonds along the [0001] axis exist. If the oyadafects are simple
silicon vacancies, then the momentum distribution can be reprodudéd awietrahedral
configuration of dangling bonds as well as the case@BR described above. However, the
obtained momentum distribution could not be reproduced by this way suggésan the
symmetry around vacancy defects is lowered from tetrahegisdrne reasons. It was found that
by rotating the crystal orientation around the [0001], the two-fold symmas still observable.
This allows us to conclude that the vacancy defects have anatladymmetry around theaxis.

As a trial we may suppose that silicon vacancies on hexagtemirsihexagonal SiC haveCay
symmetry. Then, the LCAO calculation showed a momentum distributiochwhatches the
experimental results, better than that extracted from tetrahedradetyyn
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Summary

In summary, we have studied the annealing behavior of irradiatioiceddvacancy
defects in SiC depending on polytype. We found that silicon vacanciedetiefects are
responsible for positron trapping irC34H and 64 SiC after electron irradiation. InC3SiC,
isolated silicon vacancies are the major positron trapping ceatersthey disappear below
1000°C. In hexagonal SiC, observed silicon vacancy related defects texhiigher thermal
stability than isolated silicon vacancies i@ $iC. The anisotropies of momentum distributions
obtained from 2D-ACAR measurements suggest that isolated siaancies with a tetrahedral
symmetry are important inG3SiC, while silicon vacancy related defects i 8iC should have a
reduced symmetry from tetrahedral.

The authors thank Dr. Nagasawa of HOYA Co. Ltd. for providing gk buality bulk
3C SIC crystals. This work was partly supported by the Alexander von Humboldt Foundation.
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