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First-principles electronic structure and positron-state calculations for perfect and defected 3C- and 6H-SiC
polytypes of SiC have been performed. Monovacancies and divacancies have been treated; the influence of
lattice position and nitrogen impurities have been considered in the former case. Positron affinities and binding
energies have been calculated; trends are discussed, and the results compared with recent atomic superposition
method calculations. Experimental determination of the electron and positron work functions of the same
6H-SiC allows an assessment of the accuracy of the present first-principles calculations, and to suggest further
improvements[S0163-1826)01828-0

[. INTRODUCTION with the number of vacancies in the agglomerate. A positron
bound in a vacancy also interacts electrostatically with the
The current interest in silicon carbid8iC) as a semicon- surrounding ions, and this affects their positions; this effect
ductor for device technology is based on its outstandindhas been documented in the case of G3As.
chemical and physical properties. However, the identification Any theoretical investigation of lattice relaxations due to
of the chemical nature or atomic and electronic structures obpen volume defects and positrons trapped therein is a very
defects in SiC, which exists in many different crystallo- complex problem which has not, to date, been resolved.
graphic structuregpolytypes, is in its infancy? There is, however, a standaath initio calculational method
Positron annihilation spectroscoplAS) is now a well-  which neglects lattice relaxation around a defect; this method
established tool for the study of electronic and defect prophas been shown to form a reasonable foundation for the in-
erties of solids~> Radiation damage caused by ion implan- terpretation of data from experimental positron trapping
tation in 6H-SiC has recently been studied by monoenergetistudies'°
positron beam techniques in combination with theoretical Recently, from first-principles electronic structure and
calculation? It has been shown that the main defect pro-positron-state calculations linear muffin-tin orbital atomic-
duced by Gé& implantation is the divacancy. Gdons were  sphere approximatiolLMTO-ASA), positron affinitiesA
chosen for implantation becaug® Si or C ions would dis- and lifetimesr have been presented for perfect and vacancy-
turb stoichiometry(b) the available Si ion beam is not free defected transition-metal carbides and nitrifeShese self-
of N, admixture(N would act as a dopant impurjtyand(c) consistent calculations led to a discussion of the possible
Ge' ions have the same valency as Si and C and therefore deapping of positrons in precipitates formed in alloys by ther-
not disturb the electrical behavior of the target. The atomianal treatment, as well as in precipitates in reactor pressure
superposition method used in Ref. 6 allowed the evaluationessel steels induced by neutron irradiatéri-he applica-
of positron lifetimes in different polytypes of bulk SiC, in tion of improved LMTO-ASA calculations to different poly-
carbon and silicon monovacancies, and in vacancy agglontypes of SiC allows a more reliable treatment, compared to
erates consisting of up to four Si-C divacancies. The life-the atomic superposition method, of the followir(@: bulk
times calculated in this way correspond to neutral, unrelaxegositron lifetimes;(ii) positron lifetimes in monovacancies
defects; however, vacancies might be in different chargend divacancies and the influence of an impurity atom in the
states, and this would affect the corresponding positron lifevicinity of these defects; andii) positron trapping in clus-
time through modified electrostatic potentials and changes iters of Si or Ge atoms, which might be formed by ion im-
the atomic relaxation around the vacaricy Moreover, the plantation. This last calculation was prompted by the fact
degree of relaxation around a defect is expected to increagbat the bulk positron lifetimes given in the literattitéor Si
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(218 ps and Ge(230 pg are both close to the experimental TABLE I. Structure data for the polytypes 3C-SiC and 6H-SiC
lifetime (235+3) ps found after ion implantatioh. used in the present calculatiofRef. 22. a andc denote the unit-

In connection with studies of ion implantation of 6H-SiC, cell dimensions in the corresponding crystallographic directions,
it has been found that SiC may form the basis of an imporWO the unit-cell volumep the number of atoms per unit cell, and
tant moderator/remoderator for the production of slow posi£= the h.igh—frequency dielectric_constqnt. The !attice _constants and
tron beams* The positron work functions, of 6H-SiC was ~ he unitcell volume are given in atomic unitgl a.u.
measured to bé-3.0=0.2) eV. Measurement of the electron =52.917%10 " m).
work function ¢_ allows an experimental determination of
the positron affinityA , for SiC. ¢ can also be calculated ~°YYPe
from the electronic band structure of SiC, and a comparisonc-sic 5.826 4.756 139.83 6.7
can thus be made between experiment and theory for thisy.sic 5.822 4.762 139.76 6.7
fundamental materials property.

The paper is organized as follows. Sections Il and llI
outline the experimental and theoretical methods used. Theznsa)—i.e., the electron and positron potentials are spherid-
results are presented and discussed in Sec. IV, and concliyed within overlapping atomic spheres which have the same

a (a.u) c/p (a.u) Wo/p (a.ud) &

sions are drawn in Sec. V. volume as Wigner-Seitz cells. The lattice relaxation in the
neighborhood of a vacancy is neglected. Furthermore, in the
[l. EXPERIMENTAL METHODS calculation of positron annihilation characteristics, the influ-

ence of electron-positron interaction is taken into account in
the limit of small positron densit§® This limit, which is

The electronic properties of the 6H-SIC specimen werexact in the case of positron annihilation in perfect solids
determined by use of the contact potenti@P) method, with delocalized positrons, may not be appropriate for posi-
which has already been successfully applied to fi@nd  trons localized in vacancies, where the positron density is
photoacoustic spectroscopyThe CP between the tungsten relatively high. As discussed in Ref. 6 in more detail, this
cathode and SiC gives the electron affinigy of SiC. simplification does not affect the results appreciably.

In determining the energy gaRy, photoacoustic spec- Improvement has also been made with regard to the sym-
troscopy was employed, having an advantage over opticahetry of the lattice. Whereas in the earlier calculations the
spectroscopy in that any error caused by light scattering i8H-SiC polytype was simulated by the simpler orthorhombic
avoided. The phase-sensitive lock-in amplifier signal wasstructure, the proper hexagonal symmetry of this polytype is
monitored with a chopper frequency of 420 Hz which wasnow taken into account.
chosen in light of the specimen thickness in order to give the For the sake of comparison, two SiC polytypes, i.e., 3C-
best signal-to-noise ratio. The combinationyodndE, then  and 6H-SiC, were investigated. It is possible to describe the

A. Electron affinity, band gap, and electron work function

gives the electron work functiog_ . structure of both polytypes within the hexagonal
representatioA® and the corresponding lattice parameters are
B. Doppler-broadened annihilation linewidths given in Table I. For all calculations a supercell created by

The mean Doppler-broadened annihilation line-shape p doubling the elemental cell in thee andb directions, i.e., in

rameterS was measured as a function of incident positron dr;sta?nise?sl E:ae}[\r/]vee’e\rqvisag;:ci:asthfirrgasi(r)gcrﬁ:eﬂ\]/\l/?tk:s dter;ztzt?rgri
energyE for Si, Ge, and implanted 6H-SiC. This was done

using the computer-controlled magnetically guided slow IOOS_needed in order to reduce their mutual interactions. Thus

: . - . there are 2448) atomic sites in the supercell in case of the
itron beam at UEA NorwicH! Positrons of energies control- ; . .
lable in the range 0.1-30 keV are guided to the target sampl C (6H) SiC polytype for the calculation of bulk properties.

through an evacuated flight tube; the beam diameter was> the structures are open, the same_number of empty
apertured to 4-mm diameter. For a more detailed descriptio pheres into the supercell is incorporated in order to describe

of the measuring system as well as data evaluation proce-etter the |nterst|_t|al charge distribution. I_f vacancies are in-
cluded in the lattice, the number of atomic sites lowers cor-

dures, see Ref. 17. . . ) .
respondingly. In the basis p, andd orbitals were included,

thed orbitals being downfolded’

As in Ref. 6, the positron lifetime was calculated as the

reciprocal value of the positron annihilation ratdy

lll. THEORETICAL METHOD: POSITRON LIFETIMES
AND AFFINITIES

The atomic superposition methddused recently to cal-
culate positron lifetimes in SiCRef. 6 utilizes only an ap-
proximate electronic charge density. This is constructed from lr=\= f |, (N)]?T(n_(r))dr. (1)
atomic charge densities of free Si and C atoms, and charge
transfer between the aton@nd also between atoms and va-
cancie$ is completely neglected. In general, charge transfeHere | ¥, (r)| is the positron density, anb(n) denotes the
causes a redistribution of electrons, and this can affect thannihilation rate for a positron in a homogeneous electron
positron lifetime. gas®?° The high-frequency dielectric constant enters into

In the present paper we employ the tight-binding linearthe expression foF(n).® Values ofe., differ slightly for 3C
muffin-tin orbital method TB-LMTO),*° and thereby calcu- and 6H modificationé? Nevertheless, a value ef.=6.7 has
late the electronic charge self-consistently. The computationeen used for both 3C and 6H SiC polytypes in the present
are performed within the atomic-sphere approximationcalculations to make results comparable with those in Ref. 6.



2514 G. BRAUERet al. 54

TABLE Il. Positron lifetime 7, positron binding energf, (the

3C G‘. O‘ @ difference between the positron energies in the bulk and the defect
O ® O ® and positron affinityA., calculated for bulk and various defects in
3C-SiC and 6H-SiC. In the case of 6H-SiC there exist three differ-
O () O o ent lattice positions for the Si vacancy marked by ith n=1, 2,
and 3(for details, see text The values calculated by the atomic
[1100] CD . O ‘ C) superir(nposed metho(cRef.XG) are given in parentheseys.
O ‘ O . Positron
O o O o state (P Ep (eV) A, (eV)
™o oOe C) 3C-sic
bulk 138141)) —5.57
[0001] C vacancy 15@.50 +1.05+0.28 —4.39
Si vacancy 19185 +2.66+1.69 —-8.22
@—0 Oo O Si+C divacancy 21216  +3.171+2.39 -8.18
@ e @ e Si+Si divacancy 194 +2.69 —8.93
C+C divacancy 160 +1.29 —-4.92
@ (2] @ (3] Si vacancy-N 191 4273 —8.56
ioo] (3) © @o ) 6H-SIC
@ o @ o bulk 141(141) -5.91
C vacancy(1) 153150 +0.26+0.29 —-4.30
@ (2] @ © Si vacancy(1) 194183  +2.46+1.73 -8.27
@. o @ o E) Si vacancy(2) 192 +2.30 —8.17
6H Si vacancy(3) 192 +2.32 -8.16
o Si+C divacancy 21®14 +2.95+2.44) —-8.10
FIG. 1. Atomic positions in thé€1120) plane for 3C-SiC and  Sj+Sj divacancy 196 +2.64 -8.01
6H-SIC polytypes. In the lower part, numbers inside cir¢etsms C+C divacancy 161 +0.58 —4.72
mark crystallographically nonequivalent positions of C and Si at-g; vacancy-N 194 +252 -8.75

oms for 6H-SiC. The rectangular area in both diagrams corresponds
to the intersection of thél120) plane with the supercell used in the
calculations; the only exception is for the 3C-SiC polytype, where
the size of the supercell in tH8001] direction(c axis) is two times
smaller. Structural data for both polytypes are given in Table I.

removed. This was verified by comparing the charges at
atomic sites and empty spheres for bulk and Si monovacancy
cases. As in the case of bulk materials, a longer positron
. : . lifetime is found in 6H-SiC, which again reflects the larger
In the 6H-SIC polytype there exist three nor‘ew'valeminterstitial space existing in this structure. Except for the C

lattice positions for Si a_lr)d C atoms, and Coffespoﬁd'_”g! acancy, generally much larger positron binding energies
three nonequivalent positions for monovacancies. This is 'Ihave been calculated for 6H-SiC

lustrated n Fig. 1. In the case of Si monovacancies_ the (c) For the SiC divacancy the positron lifetime is slightly
changes in the calculated positron parameters are negllglbg/

; ; maller(3C-SiQ or equal(6H-SiC) than in the earlier calcu-
smal_l. Therefore, the calculations were restricted to one geqzsions put a generally larger positron binding energy has
metrical type of C monovacancy. !

been calculated.

(d) It is interesting to note that a Si-Si divacancy is more
IV. RESULTS AND DISCUSSION or less seen as two isolated monovacancies by the positron,
according to the calculated positron lifetime. This effect can
be understood from Fig. 1; if two nearest-neighbor Si atoms

Theoretical results for positron lifetimes, positron-defectare removed there is still one C atom close to these vacancies
binding energies, and positron affinities are presented imvhich separates them. Therefore we have two isolated va-
Table II. If we compare the values from Table Il with the cancies rather than one larger vacancy. In the case of the C-C
corresponding results from the atomic superposition methodivacancy the situation is similar, but the difference between
calculations, we arrive at the following conclusions. the monovacancy and divacancy is more noticeable.

(a) For the bulk material a slightly smaller positron life-  (e) To account for the effect of nitrogen doping, the loca-
time is found for 3C-SiC, whereas for 6H-SiC exactly thetion of a nitrogen atom in the vicinity of a Si monovacancy
same value has been calculated. The small difference bdsas been considered. This does not influence the correspond-
tween 3C-SiC and 6H-SiC values reflects the larger interstiing positron lifetime in either SiC polytype, although it
tial space in the 6H-SIiC compared to the 3H-SiC structure.causes a slight increase in the positron binding energy.

(b) In the case of C and Si monovacancies, generally (f) In general the more realistic LMTO-ASA calculations,
somewhat larger positron lifetimes are found for both SiCwhile able to provide the positron affinity, are unable to re-
polytypes. The differences are most significant in case of thenove the difference in positron lifetimes for the Si-C diva-
Si vacancy, which indicates a large redistribution of chargesancy in 6H-SiC between the experimental value of 235
at atomic sites and in the interstitial region if a Si atom isps and that calculated using the atomic superposition

A. Bulk and defect positron lifetimes
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TABLE Ill. Positron lifetime 7, and positron affinityA, for 0.50
6H-SIC, Si, and Ger is the critical radius of Si and Ge clusters in o ™
6H-SiC necessary for positron trapping, calculated using(Bqg. . AAAAQOMM co6s?
Material 7 (p9 A, (eV) re (N E 0.49 1 A i
A1)
6H-SiC 141 —-5.91 %
Si 218 -7.20 0.27 0.48 tr 00. .0 O ¢
Ge 219 ~7.62 0.24 i PP 00
@ o
. 047 O -
method® The (small) difference between the measured and o
calculated values suggests that there may be lattice relax- ! ' ' ' '
ation around this defect, or that perhaps an impurity atom 6 &5 10 15 20 25 30
such as nitrogen located on a lattice site near the defect. INCIDENT POSITRON ENERGY (keV)

However, it should be pointed out that the improved calcu-
lations shown in Table Il do not cast doubt on the interpre- FIG. 2. MeanS parameter vs incident positron energy for Si
tation of the positron annihilation studies of ion-implanted(2), GO), and 6H-SiC(®).
6H-SiC given in Ref. 6.
C. Electronic properties

B. Positron trapping in Si or Ge precipitates in SiC The electron affinityys;c of SiC was measured using the
method outlined in Sec. II: the CP between the tungsten cath-

A positron will be trapped by a precipitate if the differ- .
enceAA, between the positron affinity of the host and thegg/i[:"So eV(Ref. 15] and the SiC anode-1.16+0.05 eV)

precipitate is positive, and the radius of the precipitate ex:
ceeds the critical radius, given by
Xsic=(—1.16+0.05 +4.50=(3.34-0.05 eV. (3)

- 112
re=0.31UAAL)™ @ The data presented in Fig. 3 lead to the result for the band

gapk,,
Here the proportionality constant is in units of rieV)"?,
AA, is in eV, andr. is in nm (a spherical precipitate is
assumeg Although the positron lifetimes and affinities for
Si and Ge are already known from the literatéitéhey were

calculated once more on equal footing with the ones for 6H- The valueE, depends on the SiC polytype. In the case of
SiC. The results are given in Table Ill together with the 8H-SiC values ofE, between 2.9 and 3.08 eV have been

critical sizes of precipitates estimated from E). reported;>**whereas for 4H-SiC a value of 3.2 eV has been
The results collected in Table 11l would support the ideaduoted?’ Taking this into consideration, we cannot exclude
of positron trapping in Si and Ge clusters if formed in 6H- the possibility that our specimen might contain a small ad-
SiC due to ion implantation. However, the similarity of pos- Mixture of the polytype 4H-SiC, from which the local char-
itron lifetimes in Si, Ge, and 6H-SiC after ion acteristic could be determined by use of a transmission
implantation—as mentioned in Sec. |—is not sufficient evi_mappipg?S _
dence of such trapping. At least one other positron method Taking the experimental resulf€gs. (3) and (4)] to-
reflecting the momentum distribution of electrons participat-9ether, the electron work functiofi_ is given by
ing in the annihilation process needs to be considered. There-
fore, Doppler broadening of the annihilation linewidth, as 60
reflected in the line-shape paramet®rwas measured by
slow positron implantation spectroscopy for pure Si and Ge, 50T i
as well as Gé-implanted 6H-SiC, and the results are pre- 40
sented in Fig. 2.

Ey=(3.17+0.12 eV. (4)

> |

For all three materials the influence of the surface prop- w 30 I 1
erties on the meaB parameter is reflected at very low inci- 2 20 b | |
dent positron energies. However, at incident positron ener- T |
gies above about 7 keV this influence vanishes, and the bulk 10 + I .
properties are reflected through the correspon@ngalues |
(means of the high-energy resyitSi: 0.4934+0.0003; Ge: or } I 7
0.4795-0.0009; 6H-SIiC: 0.49290.0006. As measure® ol L
values in Gé-implanted SiC are considerabhjigher than 1.0 1.5 20 25 3.0 35 40
that for bulk 6H-SiC5 it would appear that trapping in open- ENERGY (eV)

volume defects dominates trapping at precipitates, although
the latter clearly needs to be studied in more detail in the FIG. 3. Photoacoustic phase-indicated gap absorption spectrum
future. of 6H-SiC.
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TABLE IV. Experimental positron(¢>,) and electron(¢_) work functions, “experimental” positron
affinity A, ot [EQ. (6)], and theoreticah . yeq for W and 6H-SiC.

Material oy (eV) b (eV) Al op(eV) A theor (€V)
6H-SiC -3.0 +6.51 —3.51 -5.91
W —3.0 (Ref. 13 +4.15 (Ref.19 -15 —1.31 (Ref. 23
¢_=(6.51+0.17) eV. (5) should be used. This would require the inclusion of self-

interaction correction terms as well as modification of the
. - electron-positron correlation ntial. h work is alr
D. Positron affinity A, e prto(;reps)gst on correlation potential. Such work is already

The positron affinityA, is defined by®
V. CONCLUSIONS

Av=p-ti. ©) First-principles electronic structure and positron-state cal-

) ) . culations for different SiC polytypes in perfect and defected
A, is a pure bulk quantity which does not depend on theiates have been performed. The quantities studied are the
surface orientation of a crystalline sample. The values prepqgitron lifetime and affinity and thereby the positron-defect
sented in Table Il have been calculated using the electropinging energy has been derived. The results show that the
chemical potential. and the positron chemical potential hosjiron lifetime is rather sensitive to the size of a defect.
W+, @ssuming thaj_ corresponds to the top of the valence compared to these rather large differences, the influence of
band. It is natural to use such a definition in order not toy4 difference in polytypé3C-SiC and 6H-SiCas well as of

invoke any experimental numbers; moreover, the position Ofjitterent lattice positions in the case of the Si monovacancy
the electron chemical potential is not always known experiin gH-siC is negligibly small, at least with respect to the

mentally. _ _ _._achievable accuracy in any positron measurement. However,
The 6H-SIC specimen used for the positron reemission is remarkable that Si-Si and C-C divacancies may both be
measurem_en‘cé is the same as that used for the electronyeqarded as isolated monovacancies, in contrast to the Si-C
work-function measurements. The valence band is found tQjyacancy. In general, much larger positron binding energies
be positioned 6.51 eV below the vacuum level. This valug,5ye heen found compared with those calculated using the
has been used in determining the positron work functionyomic superposition method for the same defect configura-
from Eq. (6). Thereby tions.
Positron affinity calculations allow consideration of the
d,=—(AL+¢_)=—[—5.91+(6.51+0.17)] eV case of positron trapping in Si and Ge clusters in 6H-SIC. In
general a critical size can be estimated for such clusters,
=—(0.60+0.17) eV (7) above which they would be attractive to positrons. However,
slow positron beam measurements performed on Si, Ge, and
for 6H-SiC. The theoretical value fap, of about—1 eV 6H-SiC suggest that the formation of and positron trapping
mentioned in Ref. 14 was estimated using an early calculan such clusters due to Geémplantation is unlikely.
tion of the positron affinity for 3C-SiC in 199%. An experimental estimation of the electron work function
It is encouraging that the theory already predicts a relapf 6H-SiC, combined with independent positron work-
tively large negative positron work function, in agreementfynction measurements on the same 6H-SiC specithah,
with experimentally observed positron work-function emis-|ows the evaluation of the positron affinity for this sample
sion from 6H-SiC which suggests that this material may findand its comparison with the theoretical value. Whereas ex-
use as a positron moderator in the futtiteOn the other cellent agreement was seen for W in earlier whrkhe less
hand, the experimental estimation of both positron and elecsatisfactory result for 6H-SiC has prompted suggestions for

tron work functions for the same material offers the uniqueimprovements in the theoretical calculations which need to
possibility by use of Eq(6) to evaluate the “experimental” pe confirmed by future work.

positron affinity and compare it to the “pure” theoretical
value. The present work on 6H-SIiC and earlier work on W
(Ref. 15 allows this comparison for two different materials
(see Table IV. It is evident that in case of W an excellent  The authors are grateful to Dr. W. Skorupa and Dr. V.
agreement between theoretical and experimental positron afieera from the Institute of lon Beam Physics and Materials
finity values is found, which is not the case for 6H-SiC. ResearctfResearch Centre Rossendorf, )rfor their supply
However, it is generally clear that the local-density approxi-of the 6H-SiC specimen and for useful discussions. Thanks
mation, widely used in electronic structure calculations, usuare due to Professor O. K. Andersen and Dr. O. Jepsen for
ally yields large errors for electron and positron energy levproviding their TB-LMTO code for the calculations. J.K. ac-
els for systems having an energy ¢fap To overcome this knowledges financial support of the Grant Agency of the
problem in the future, an improved approach to obtain reaAcademy of Sciences of the Czech Republic through Project
sonable gap and positron level values from first principledNo. C111-2501.
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