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Positron studies of defects in ion-implanted SiC

G. Brauer and W. Anwand
Arbeitsgruppe Positronen-Annihilations-Spektroskopie der Technische Univédsitaden,
c/o Forschungszentrum Rossendorf, Postfach 510119, D-01314 Dresden, Germany

P. G. Coleman and A. P. Knights
School of Physics, University of East Anglia, Norwich NR4 7TJ, United Kingdom

F. Plazaola
Elektrika eta Elektronika Saila, Euskal Herriko Unibertsitatea, 644 p.k., 48080 Bilbo, Spain

Y. Pacaud and W. Skorupa
Institut fur lonenstrahlphysik und Materialforschung, Forschungszentrum Rossendorf, Postfach 510119, D-01314 Dresden, Germany

J. Stomer and P. Willutzki
Institut fir Nukleare Festkmperphysik, Universitader Bundeswehr Machen, D-85577 Neubiberg, Germany
(Received 4 January 1996; revised manuscript received 15 April)1996

Radiation damage caused by the implantation of 200 keV Gms into 6H-SiC has been studied by
monoenergetic positron Doppler broadening and lifetime techniques. Specimens exposed to seven ion fluences
ranging from 18° to 10'°* m~2, together with unirradiated samples, were studied. The depth of the damaged
crystalline layer was found to range from about 300 to 600 nm and, for ion fluences alscdh@™an 2, an
amorphous layer is seen whose thickness increases to 133 nm at the highest fluence. Positron lifetime mea-
surements, in combination with theoretical calculations, suggest that the main defect produced is the divacancy,
but that Si monovacancies are also created. In the amorphous surface layer larger agglomerates consisting of at
least four but more probably six vacancies are detected. Trapping rates are evaluated as a function of incident
positron energy by applying the positron trapping model to the data. Values for defect concentrations in the
damaged layers of about 50 ppm are deduced by invoking plausible assumptions; the problem of extracting
defect profiles from the data is discussg80163-18206)00230-5

I. INTRODUCTION expected that impurities residing at inequivalent lattice sites
of a particular polytype may reveal different electronic prop-
The current interest in silicon carbid8iC) as a semicon- erties due to the Kohn-Luttinger effett.
ductor for high-temperature, high-power, high-frequency, Positron annihilation spectroscogAS) is now a well-
and radiation-resistant device technology is based on its ougestablished tool for the study of electronic and defect prop-
standing chemical, mechanical, thermal, and electronic properties of solid$"® Recent developments in slow positron
erties. Nowadays it is already possible to grow SiC withbeam methodsallow the investigation of such properties for
good enough perfection and control to develop excellent dethin films, layered structures, and at surfat&AS is mostly
vices. In order to improve the device performance and wafeapplied to, and best understood in, metallic materials, but has
die yields, it is necessary to characterize thoroughly the staralso found its role in the study of defects in semiconductors;
ing material with respect to its electrical and optical proper-it has, for example, revealed information on ion-type accep-
ties as well as to establish a microscopic understanding dbrs via positron trapping at shallow Rydberg sté&t@s. date
defects. The identification of the chemical nature or atomianainly elemental and compourti-V, II-VI ) semiconduc-
and electronic structure of defects in SiC is in its earlytors have been investigated, but recently there has been an
stages-? increased interest in Sit16
SiC appears in many different crystallographic structures Pure SiC is a highly stoichiometric compound without
(polytypes providing a lone cubic (@), a great number of intrinsic vacancies. Up to temperatures of 2000 K no indica-
hexagonal2H, 4H, 6H, . ..) asvell as rhombohedral struc- tion of thermal vacancy formation can be detected by PAS.
tures (15R, 21R, ...). The &, 4H, and 6H polytypes of From positron lifetime measurements on single-crystal SiC
SiC are the most important for device applications. Althoughwafers a bulk lifetimer,= (150+2) ps has been measured
the arrangement of next neighbors is the same for each $or both 4H and 6H polytypé8 and (144-1) ps forn- or
and C atom in all polytypes, the second- and third-neighbop-type 6H-SiC!! All specimens studied in Refs. 10 and 11
shell may result in slightly altered arrangements leading teexhibited a second, obviously defect-related lifetime compo-
crystallographically inequivalent lattice sitgsg., in 3, one  nent with rather low intensity ranging from 250 ps to about
cubic(k); in 4H, one cubidk) and one hexagondh); in 6H, 350 ps. Not unexpectedly, a more complex defect structure is
two cubic(k;, k,) and one hexagondh)].! It is generally indicated in sintered nanocrystalline Sitlt is clear that at
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present no conclusive interpretation of the defect charactetemperature down to 480 °C with the help of ion beam in-
istics of as-grown bulk or nanocrystalline SiC can be givenduced epitaxial crystallizatiofiBIEC).'® Unfortunately, the
Slow positron beam experiments have been performed irecrystallization was found to be incomplete because the re-
order to study chemical vapor deposited SiC thin films on Sigrowth process is stopped by polynucleation in the near sur-
substrate through variations in the Doppler broadening paface region. The role of Ge, together with the defects induced
rameterS. It was found that the positrons are very sensitiveby Ge ion irradiation, seems to be important to the under-
to changes in important film parameters as a function of thetanding of the IBIEC phenomena.
deposition condition&® Other authors reported the results of ~The aim of the present work is to study the radiation
1-MeV electron bombardment of-type 3C-SiC thin films damage in 6H-SIC due to the implantation of 200-keV
grown epitaxially on Si(100).2 They found that above a Ge" ions in the fluence range ¥0- 10'°m~2 and to char-
critical fluence of about % 10°° m 2 monovacancies at Si acterize this damage both experimentélly PAS and theo-
sublattice sites\(g;) are created, along with divacancies gen-retically. In Sec. Il experimental details of the work are de-
erated via the combination betwew¥®g; andV. monovacan- scribed, and in Sec. Il theoretical calculations of the
cies on the C sublattice. positron lifetime in some SiC polytypes, and a discussion of
Positron lifetime measurements have been used in ordéhe variable-energy positron measurements, are presented.
to characterize atomic defects in SiC introduced by particléConclusions are presented in Sec. IV.
irradiation, and their evolution during subsequent isochronal
annealing>*3"1®No effect of 2.2-MeV electron irradiation Il. EXPERIMENTAL METHODS
of p-type 6H-SiC up to a fluence of>610°* m~2 could be
found 6 probably due to the positive charge of vacancies Two 25-mm-diam single-crystah-type 6H-SiC wafers
produced, whereas in-type 6H-SiC the same irradiation With (0001 orientation(Si surfacg (Ref. 17 were used as
(and forE = 10 MeV at 1.2 10?2 m~2) resulted in longer Substrate materials. Both wafers were cut into four equally
lifetime components of 160 and 260 ps. The shorter lifetimeSized pieces; seven piecdtabeled EU1 — EUy were
was attributed to the neutral C vacan¢y and the longer implanted with 200-keV Gé ions at room temperature with
one to the silicon vacancys;. fluences® ranging from 163° to 10'° m~2 and one piece
Low-temperature(so K) electron irradiation ofn_type (EUO) was kept as a Virgin reference SpECimen. The ion in-
6H-SiC single crystals with different energiEsand fluences fluences for specimens EU1-7 were 1, 3, 10, 30, 100, 300,
@ was found to produce different types of defet4&®In the ~ and 100< 10 m~2, respectively. After implantation the
unirradiated material a mean positron lifetime (146+2)  color of the specimens changed from light greeingin ma-
ps was reported, which is regarded to represent the bulleria) to light khaki brown(highest fluence
value 7, . A small increase i to 159+ 4 ps occurred after ~ Room-temperature variable-energy positron measure-
0.47 MeV electron irradiation, whereas increased to Ments were performed for all specimens using a computer-
210+ 29 ps after 2.5 MeV irradiation. In the latter case thecontrolled . magnetic-transport beam system at UEA
long lifetime is found if a decomposition of the positron Norwich™ Photopeak energy spectra of annihilatipirays
lifetime spectra into two components is performed. The in-Were measured as a function of incident positron enétgy
tensity I, of the long-lived component increased with in- With & Ge detector having an energy resolutihVHM) of
creasing fluence, up to 100% at the highest fluence. Thes@Pout 1.2 keV at 511 keV. The Doppler broadening of the
findings, coupled with observations of annealing behavior@nnihilation radiation is caused by the momentum of the an-
are interpreted as positron trapping Wy, (lower electron n|h|I§t|ng electron-positron pair anql can be characterized by
energy and in a complex of the divacandy, coupled to the Img—shape parameta Sis defl_ned(a_fter_ background
antisite atomghigher electron energy correctlon$_ as thg integral ofy-ray_lntens_lty in the_central
Other authorS reported the bombardment of different €Nergy region divided by the total intensity of the liSE)
n-type polytypes of SiC single crystals with 4-MeV elec- iS commonly fitted by a program such @spFIT (Ref. 2] to
trons, reactor neutrons and 124-Meé®Xe ions. The bulk  Yield defect profiles, damaged layer thicknesses, etc.
lifetime 7, found in this study for all the SiC polytypes stud-  variable-energy positron lifetime measurements were
ied (irespective ofN concentration was 1572 ps; this Performed on selected specimgfd)3, EU7, virgin 6H-SIiC
value is somewhat higher than that reported above, perhap0t identical with EUQ] with the timed beam system at
because of a somewhat broader time resolution. This introYBW Mgncher’r at room temperature(E) yields the same
duction of defects into the SiC by irradiation always in- mformatlon asS(E), but prowdgs useful additional informa-
creases the observed singieean lifetime, reaching satura- tON about the type of defects involved.
tion level as the fluence is increased. The cascade model of
defect formation has been applied to describe and to interpret Ill. RESULTS AND DISCUSSION
this behavior. Vacancy cluster formation is observed during
annealing at temperatures up to 2300 °C; their size, concen-
tration and thermal stability is found to depend on both the In order to have an idea of the positron lifetimes to be
type of irradiation and the applied fluence. expected in SiC polytypes calculations using the superim-
SiC is a difficult material to synthesize and many tech-posed atom mod&! have been performed for perfect and
nigues have been used. It is also very difficult to processeveral defected lattices. In the calculations the positron does
because of the high stability of lattice defects and its highnot affect the electronic structure beyond the short-range en-
temperature of recrystallizatiofabout 1450 °C(Ref. 17)]. hancement of the electron density at the positron. For delo-
Recently it has been shown that it is possible to lower thiscalized positron states this is the correct limit of the two-

A. Theoretical calculations of positron lifetimes
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component density-functional the&f‘y used to describe TABLE |. Data for the SiC polytypes used in the calculations.
electron-positron systems. In the case of a localized positrofihe lattice coqgtanta and c (given in atomic units, 1 a.u=
state at a defect the positron density affects also the avera§e29 17210° ™ m) have been taken from Ref. 27. The values
electron density, and the electron and positron densitieSLoa correspond to the theoretical bulk lifetimes calculated within
should be calculated simultaneously and self-consistentfj® LDA.

within the two-component density-functional theory. How-

ever, the approximation made in the calculation of the posiost a[au] ¢ [a.u] Tioa [PS]
tron annihilation lifetimes is not very severe, because neszc_gic 8.24 . 141

glecting the accumulation of the average electron density isy_sic 5.81 9.54 142
compensated by a stronger short-range enhancement of the_gic 5.81 28.50 141

electron density?
A more severe approximation, which has been made here,

is that the relaxation of the atoms surrounding the vacancyihorhombic supercell containing 8 atoms has been used in
defects is not taken into account. The superimposed atoRgder to simulate its hexagonal structdfeFor mono- and

model retains the three-dimensional character of the atomigiy,acancies the supercell contains 63 and 62 atoms, respec-
arrangement and the positron state. The electron de”Si%ely.

n_(r) and the Coulomb potentialc(r) of the host system T4 gimuylate the more complicated structure of 6H-&IC,

are obtained from the free-atom densities and potentials ashe orthorhombic supercell used for the perfect lattice calcu-

lations contains 24 atoms, and the supercell used to calculate
n_(r)=2, n®(|r—Ri|) the lifetime in mono- and divacancies contains 95 and 94
i atoms, respectively.
The positron potentidlEq. (2)] is calculated at the nodes
of a three-dimensional mesh within the supercell. The Schro
dinger equation is discretized, and the positron wave func-
Vc(r)=2 Vact(|r—Ri|). (1) tion at the mesh points of the supercell and the positron
[ energy eigenvalue are solved iteratively by a numerical re-
; 9
The summations run over the occupied atomic sites, anﬁﬁt'ﬁgg‘im\?ﬁtgtt:‘vszécr)]l;ir;d g?art;;gi re;lrilttssl \%?r:xzsrfelg
n® and V& are the atomic electron density and Coulomb y INSensi . =nsity points, pe,
otential. respectively. Thus. the electron density and théhe variation in positron lifetime calculated using mesh point
b » TESPECHVELY. " b densities ranging from 7 to 2110 *? a.u.” 2 is only 0.5 ps.
Coulomb potential for the solid are non-self-consistent. The . R : .
. ; : . . The positron annihilation rat& is calculated using the
three-dimensional potenti&l, (r) felt by the positron is then LDA as
constructed as a sum of the electrostatic potemjglr) due
to the nuclei and the electrons, and a correlation potential

V.orr describing electron-positron correlation effects, i.e., )\LDAzl/TLDAzJ' dr| ¥, (r)]2T[n_(r)]. (3)

Vi =Ve(n)+Veal n- ()] @ Here|¥ . (r)|? is the positron density anf(n) denotes the

Within the local-density approximatioih.DA), V. depends annihilation rate for a positron in a homogeneous electron
on the local electron density unperturbed by the positron. Fogas. In the calculations fdf(n) an interpolation formuld?
the density dependence W, a parametrizatioctt based on  modified in order to take into account the lack of complete
many-body resulfs has been used. The free-atom electronpositron screening in semiconductd?ds used:
densities needed for the construction have been calculated by
a self-consistent density-functional program employing LDA I[n(r)]=mricn[1+1.23 ¢+ 0.8295 32— 1 262
for the electron exchange and correlatf8A’

The calculations of positron states by the atomic superpo- +0.3286 2%+ (1—1/e..)r¥/6]. (4
sition method have been performed by the supercell ap-
proach, employing periodic boundary conditions for the posHere rq is the classical electron radius, the velocity of
itron wave function. The supercells used in the calculationdight, r<=(3/4wn)'3 ande., is the high-frequency dielectric
depend on the SiC polytype. constant which takes the values 6.52 and 6.70 f0rS3C

In the case of B-SiC (zinc-blende structujehe supercell and 6H-SIC, respectivef}:
is a cube containing 8 atoms in the perfect lattice. In the case All results of the calculations are summarized in Tables |
of a monovacancy and a divacancy it contains 63 and 62nd II. The lifetimes in both tables are basedegn=6.70. If
atoms, respectively. For vacancy clusters of 4, 6, and &..=6.52 is used no appreciable change in the lifetimes ob-
vacancies supercells containing 212, 210, and 208 atom#ined (<1 p9 is noticed. Even though the structures of the
respectively, have been used, in order to avoid the possibliaree polytypes used in the calculations are different, the
interaction between defects that may occur due to the perigalculated bulk lifetimegsee Table)lare the same to within
odicity of the boundary conditions used in the supercell cal-l ps. However, this result is not unexpected because the vol-
culations. However, it has been found that using supercellsme per atom in the three structures is very similar. More-
containing only 60, 58, and 56 atoms for the same vacancgver, the calculated bulk lifetime is in fairly good agreement
clusters, the obtained lifetimes are within 3 ps of those obwith the experimental lifetime values obtained in this work
tained with the larger supercells. In the case of 2H-SiC ar{see Sec. lll ¢and by other researchels!4~1°

and
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TABLE Il. Calculated positron lifetimesry in different types of neutral and unrelaxed vacancy-type
defects in three SiC polytypes. The defect configuratievisV ¢ (n=1,2,3,4) indicates a vacancy agglom-
erate withn divacanciesk,, indicates the binding energy of the positron in the corresponding defect.

Defect T-Sic 2H-SiC 6H-SIC

7q [pS] Ey [eV] 74 [ps] Ep [eV] 74 (P9 Ep (eV)
Ve 150 0.28 151 0.26 150 0.28
Vs, 185 1.69 184 1.67 183 1.73
1-VgVe 216 2.39 216 2.40 214 2.44
2-VsVe 254 3.48 - - - -
3VsVe 286 427 - - - -
VRVARY 321 4.94 - - - -

In order to compare the results obtained here by the semi- The binding energyE,, of the positron to defectgsee
conductor model, in which the lack of complete positronTable 1)) is fairly small for V¢ but relatively large foVg;.
screening is taken into account by means of the highHowever, one has to bear in mind that, unlike the positron
frequency dielectric constafgee Eq(4)], with the insulator lifetimes, the positron binding energy to a defect is quite
model®? it is assumed, to a first approximation, that the en-sensitive to the self-consistency of the electronic structure.
hancement of the electron density at the positron is proporMoreover, if the effects due to the localized positron were
tional to the atomic polarizabilityr,;, which has been esti- included self-consistently, the positron binding energy would
mated by the Clausius-Mossotti relation. The correspondingncrease due to the increase of the average electron dénsity
positron annihilation rata'™™ is thereby written as and the lattice relaxation at the deféét.

AN=1/7N=NPM1+A+BQ (e~ 1)/(2,+2)],  (5) B. Variable-energy positron measurements:
Doppler broadening spectroscopy

where)'™ is the positron annihilation rate calculated within S(E) results for all specimens are presented in Fig. 1. The
the independent particle model afidrepresents the unit-cell 4 suggest that the samples belong to one of three groups.
volume. The constant&(=0.648) andB(=0.024) are pa- Group 1:(EUO) represents the virgin specimen, which is

rameters obtained by fitting the calculated positron.,o acterized by a bulk parameter vaig=0.47Q+=0.001
lifetimes® to experimental lifetimes which are known for and an effective positron diffusion length, = (36.5+ 1.8)
different insulators. Following this model the bulk lifetime | This value oL, is considerably shorter than that duoted
obtained for &-SiC amounts to 166 ps, and the lifetimes for perfect Si**

) . " the reason for this is currently unclear, but
corresponding to 2H- and 6H-SIC are 168 and 165 ps, "®may perhaps be associated with shallow trapping at C sites,
spectively. These calculated lifetime values for different

. or be the results of a near-surface electric field. The presence
polytypes of SiC and those from Ref. 32 are more than 20 P3¢ yhe |atter could be checked in the future by performing
longer than the experimental bulk lifetime for 6H-SiC. high-temperature measuremeftse facility for which was
Therefore, we cannot rely on the insulator model to describ<f:-]0t available during the present experinjent
SiC and shall use the results obtained by using the semicon- Group 2:(EUL, 2, 3,4, and Bcontains specimens whose

ductor model, as described above. crystalline structure has not been lost as a result of damage

The binding energies for positrons trapped by a vacancyg,, seq by ion implantation. TI® E relations show that pos-

type defect are collected in Table Il. The _Iifetimes calculateoﬁtrons are sensitive to the damage caused by different flu-
in the neutral, unrelaxed mono- and divacancies are also

qguite similar in the three polytypes. Therefore, the zinc-

blende structure has also been used to perform the calcula- 0.52
tions in larger vacancy agglomerates. R e EUO
The vacancy agglomerates were formed by taking away 0.51 e o EU1]
from the simulated zinc-blende structure the closest Si-C Cosol ¢ = EU2 ]
pairs of atoms. The increase of the positron lifetime from the T ang% N Egi
bulk state to the vacancy state is quite small for C monova- 2 049 |48 '623 % » EUS5J
cancies, but larger for Si monovacancies; the ratio of life- % . g 402 + EU6
times for positrons in monovacancies and in bulk SiC is 1.07 3) 048 '55Dn§g , ° EUT4
for C and 1.31 for Si. Even though these ratios are smaller %o, ’Qaeéﬁéaﬁmi
than those for metalél.5 — 1.6, the ratio corresponding to 04771 Teeteectess Begona
Si in SiC is larger than those for element&e, S) and 0.46 . . . . .
compound(ll-VI, 1lI-V ) semiconductors. Therefore, the lo- 0 5 10 15 20 25 30
calization of the positron in the silicon vacan¥y; in SiC POSITRON ENERGY (keV)

should be greater than in the other semiconductors, but less
than in metal monovacancies. However, in SiC divacancies FIG. 1. Mean Doppler broadening parameSeas a function of
the localization is similar to that in metal monovacancies. incident positron energ§ for specimens EUO—EU?7.



3088 G. BRAUERet al. 54

TABLE lll. Thicknessd (measured from the surfacef dam-

aged(DL) and amorphougAL) layers in 6H-SiC specimens im- 300

planted with 200-keV Gg ions for differnet fluences. The dif- 275 _M |
fustion length used throughout was 36.5 nm, as found for speciment A

EUO0. g 250 L . AA i
Specimen ® (m~2)  No. layers dy (hm)  dp (nm) % 225 L “a . .
EUO : 1 - : Cogo [ ™ " e. 4, ]
EUl 1x10'® 2 - 339(5) =z d - 4 .
EU2 3x 106 2 - 344(5) 4 175 t - 1
EU3 1x 104 2 - 428(5) = ° " ug
EU4 3x 10" 2 - 566 (6) 150 ¢ ° o |
EU4 3x 107 3 11(10 560 fixed 125 | e e
EU5 1x 1018 2 - 596 (6) 0 5 10 15 20
EUS 1x10° 3 SA10) 560 fixed INCIDENT POSITRON ENERGY (keV)
EU6 3x 108 3 1244) 619 (6)

EU7 1x10° 3 1333) 552 (6)

FIG. 2. Mean positron lifetime- as a function of incident pos-
itron energyE for a virgin 6H-SiC sampl¢®) and specimens EU3
%l) and EU7(A).

ences of implanted ions; it should be possible to characteriz
such damage even at fluences much lower thal? ihs
m~2. For comparison, in the case of Si implanted with 540-
keV Si ions the slow positron technique has been found to be
sensitive to levels of damage of the form of open-volume To gain more insight into the nature of the vacancy-type
defects approximately 2 orders of magnitude below the minidefects produced by ion-implantation timed positron beam
mum detectable by ion channelifity(The latter technique is measurements in the energy range 1-20 keV have been per-
more sensitive to interstitial defects and as such is complegformed for specimens EU3 and EU7. As the virgin specimen
mentary to positron annihilation. EUO was no longer available another virgin 6H-SiC speci-
Group 3:(EU 6 and 7 contains those specimens whose men was measured for comparison. The lifetime spectra con-
crystalline structure has been partly lost as a result of ioriained about 1Devents and were analyzed using a modified
implantation, and in which TEM work has demonstrated theversion of the program packagesITRONFIT(Ref. 39 using
existence of an amorphous layer at the surficghis is a stable, measured resolution function of 250-ps FWHM.
reflected in the much high& values observed in the energy The mean lifetime results(E) are shown in Fig. 2, and
range 0.1-7 keV for this group, compared with those inshow trends similar to those seen$(E) in Fig. 1, as ex-
group 2. pected. By comparison of the data for the virgin reference
The thicknesses of the damaged layers then have beeapecimens in Figs. 1 and 2 one sees 8{&) andr(E) have
evaluated using the prograwgPrIT 5 (Ref. 21 with two or  a similar energy dependence; thus the diffusion length de-
three layers(for group 2 and group 3 specimens, respec-duced fromr(E) is in agreement with that frof§(E) quoted
tively). The valuesS, andL , deduced for speciment EUO above.
were used in the analysis of data for all the other specimens; In virgin 6H-SiC no straightforward one-component fit is
electric fields were assumed to be zerepFIT assumes that possible. This is due to a side peak close to the main lifetime
layers have sharp boundaries and are homogeneous. The ggectrum for low incident energies. This feature, due to re-
sults are sumarized in Table Ill. An increase of the damageémitted slow positrons returned to and annihilated at the
crystalline layer thickness with increasing fluence up tosamplé’ necessitates a three-component(fiith the third
®=3x%10" m~2 is found. In addition, for the two highest artificial long lifetime component in the ns rangélowever,
fluences the thickness of the amorphous surface layer wddy using data in the energy range 5—-20 keV, eliminating the
found to be about 130 nm; this thickness corresponds well téong component, and averaging the mean lifetimes obtained
the value of 160 nm measured for specimen EU7 by TEM. by the multicomponent fits, an estimate of the bulk lifetime
Positron diffusion lengths in the defected and amorphouyalue 7,=(140=5) ps is obtained, in rather good agreement
layers were found byEPFIT to be 13 and 0.5 nm, respec- with the theoretical calculatiofsee Table)l No measurable
tively, pointing to much increased positron trapping prob-slow-positron reemission was seen from the defected
abilities in these layers. samples EU3 and EU7, and the resultant absence of the side
Three-layer fits to the EU4 and EU5 data, with the thick-peak in the lifetime spectra meant that analysiss could easily
ness of the damaged crystalline layer fixed at 560 nm, sugde carried out over the whole range of incident positron en-
gest the possible presence of thin surface amorphous layeesgies for these samples.
of approximate thicknesses 20 and 60 nm, respectively. In the case of specimen EU3 an unconstrained two-
More precise determination of these thicknesses would resomponent fit yielded a longer lifetime componentwhich
quire finer energy steps in the lol-data; remeasurement is plotted, along with its intensity,, as a function of in
was not possible because immediately after the measuréig. 3. We regard the mean lifetime (288) ps obtained
ments all specimens were cut and studied further in othefrom data between 1.5 and 14 keV to be representative of
laboratories in the European Network. divacancies created by ion implantation in crystalline SiC

C. Variable-energy positron measurements:
Lifetime spectroscopy
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more probably six vacancies. Such clusters, not expected in

MEAN POSITRON IMPLANTATION DEPTH (nm) amorphous layers produced by other methods such as rapid

0 250 500 750 1250 1500 ) S S
300 , ———10 quenching, sublimation, etc., clearly arise in this case as a
290 - 1o result of the high-fluence ion bombardment. The rise,imat
. i 0o-g | higher energies should not be considered significant,as
g 280 P00 . 0.8 decreases to a few percent and fitting uncertainties are high.
garor 107 The shorter lifetime component decreases from about 220 to
= 260 W O . m06 - 163 ps as the incident positron energy increases from 5 to 20
L ooso 1052 keV; this may reflect an averaging of annihilations in the
= a H bulk and a defect having a lifetime of the ord@00-250
Q 240 - '.!.... . ; 104 2 ps, i.e., the divacancy. However, a consistent spectrum
('% 230 - L 103 analysis with three lifetime@epresenting a trapping-reduced
Q 200} a o402 bulk annihilation component and two defect components
210 L 0 101 was impossible, even with constraints on one liftime. This
S effect, arising from the relatively broad resolution function,

of 250-ps FWHM, is well known in conventional lifetime
measurements and leads to the two-defect trapping nibdel.
In order to clarify the picture the analysis of the EU7 data

FIG. 3. Second positron lifetime, (M, lefty axis) and intensity @S been repeated using this model with a fixge 305 ps,
I, (O, righty axi9) as a function of incident positron energyfor ~ @nd the results of this constrained fitting procedure are dis-
specimen EU3. cussed in the following section.

0 2 4 6 8 1012 14 16 18 20
INCIDENT POSITRON ENERGY (keV)

(see Table ). The small discrepancy between measured and D. Estimation of defect concentrations from#(E)
calculatedr, values may arise from atomic relaxation around : .

: o e For sample EU3 unconstrained two-component(fitsld-
the defect; the calculated positron lifetimes in this study cor- b X i

respond to neutral, unrelaxed defects, whereas vacancies i lifetimes 7, and 7, with intensitiesl, andl) could not

semiconductors might be in different charge states, WhicH/IeId a value for the bulk l'fet'merb close to the expectgd
affect the positron lifetime through atomic relaxatiore3° value of 141 psTable ) by using the one-defect trapping

1 .
The existence of such states could be verified by pen‘ormin(E]nOdetl according to

low-temperature measurements; facilities for such measure- ro=(1 I+ 1,07,
. . : b ilmitlalry) (6)

ments were not, however, available in the present experi-
ment. Moreover, the relaxation around the defect is expectetihis suggests that positrons sample a second type of defect
to increase with the number of vacancies in the agglomeratén the implanted material, and that in order to obtain trapping

The results of an unconstrained two-component fit to theates and hence estimate defect concentrations one has to
liftime data for speciment EU7 are shown in Fig. 4. The fitapply the two-defect trapping model to the lifetime data for
gave a longer lifetime componen= (305 6) ps, with in-  both specimens EU3 and EU7.
tensities up to about 80%, in the energy range 1-5 keV. When a specimen contains two types of defects and the
Calculations suggest that this lifetime should result from aniifetime spectrum has been decomposed into two lifetimes
nihilations in vacancy clusters consisting of at least four bubnly, the positron trapping rates into the defects can be

calculated® from the equations

MEAN POSITRON IMPLANTATION DEPTH (nm)

0 250 500 750 1250 1500 ko =LA i=Taha) = Lall(7 = 70), )
500 T T T ¥ T T 1 O and
n
450 + [} 10.9
§400 o {08 Ka=(I2/1) (N =Nt K,). (8)
o T o m . .
< o " 107 Here k;; denotes the trapping rate into the vacancy clusters
E 350 1 n 106 & and decaying with lifetime, =1/\,;k, is the trapping rate
L I T T T Ry {052 into the other defect.
z o 1o4 e The two-defect trapping model has been applied to the
€ 250 1 o t 2 results of the two-component fits to th¢E) data for speci-
B 200 ee® o 103 men EU3, with(a) 7, fixed at 235 ps andb) the second
g e ® g oo e o 102 defect assumed to be the Si vacaney(r,=183 ps, see
150 | o 101 Table 1l). With a bulk lifetime r,= 141 ps(Table ) the trap-
joo Q 0.0 ping rates into mono- and divacanciés,andk,,, respec-
0 2 4 6 8 10 12 14 16 18 20 tively, have been evaluated at every incident positron energy
INCIDENT POSITRON ENERGY (keV) E. The results are presented in Fig. 5.

A similar treatment has been applied to the EU7 data,
FIG. 4. Positron lifetimes; and, (® andM, respectively, left ~ With 7 fixed at 305 psyp= 141 ps and assuming the second

y axis) and intensityl , (O, righty axis) as a function of incident defect to be the divacandysVc (7,, measured to be 235 ps,
positron energyE for specimen EU7. see Sec. Il & Thus the trapping rates into divacancies and
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formly distributed in these layers, their concentratiornsay
be estimated. By reference to Figs. 5 and 6 one obtains the

0 250 500 750 1250 1500 - . .
35 l I value ofk,, characteristic of the damaged crystalline layer in

~ EU3 is 2.8<10 s~ and for EU7 the trapping rates are
23+ .o . 7.5x10° s~ for clusters and % 10'° s~ for divacancies.
,'-'_-' ° Such high calculated trapping rates are evidence for near-
T25r e ® . T saturation trapping of positrons in both defective layers if
Q ol ® | one considers a trapping rate of the order of'0 ! to be
o ® L the sensitivity limit of PAS.
% 15 1 ] To deducec one must first know the value for the specific
~ trapping rateu for each type of defect; theo=k/x. Such
& 10l ' g data do not exist for 6H-SiC and so, as a first approximation,
= the known value for monovacancies in 8j=3x 10" s !
8 5 L q (Ref. 42 is used. Furthermore, it is assumed that
o . 000 (? o § 88 e wny =N, for a cluster ofn vacancies §<8); hence we

O 2 4 6 8 1012 14 16 18 20 shall useu,,=6x10" s~ and uy=1.8x10" s~1. For

metal vacancy clusters in ir6hexperimental evidence sug-
gests that such an assumption underestimates the positron

FIG. 5. Trapping rates into mono- and divacancles(O) and  trapping at the vacancy clusters; this might also be true for
k., (@), respectively, as a function of incident positron enefgy 6H-SIiC, and so the defect concentrations deduced here
for specimen EU3. Note that these results are based on experimeghould be considered to be only a first approximation. They
tal data and do not represent a fit. are 47 ppm divacancies in the damaged layer in speciment

EU3 and 42 ppm clusters and 50 ppm divacancies in the

vacancy clusters,, andky, respectively, have been evalu- damaged regions in specimen EU7. .
ated. The results are presented in Fig. 6. The knowledge of the true defect profil¥(z) is impor-

In order to extract average defect concentrations for th&ant in semiconductor technology for devices design. How-
damaged layers one should first consider the positron imEVer: one should recognize that the distributitaz) pre-

plantation profilesP(E,z). The mean implantation depth Sénted in Figs. 5 and 6 represent at each endigp
(z) (in nm) is approximated IR} convolution of the true defect profile (z) with the positron

implantation profileP(E,z) corresponding to th& value,

and then only if(i) any positron diffusion from low-defective

to high-defective regions is neglected, afid no internal
where E is in keV andp is the mass density3.217g electric fields affect the measured defect intensities. In gen-
cm~2 for Si0). It can be deduced by reference to Table Ill eral, the extraction of the truglefecy profile in any positron
that for values oE below about 6 keV essentially all of the peam study represents an inversion problem of the form
implanted positrons stop in the damaged crystalline layer in
specimen EU3; the equivalent energies for specimen EU7
are 3 keV for the amorphous layer and 7 keV for the dam-
aged crystalline layer. If we assume that the defects are uni-

()= (40/p)E*®?, 9

©

k(E)z,uf P(E,z)D(z)dz. (10

0

The solution of such a problem is not straightforward and

MEAN POSITRON IMPLANTATION DEPTH (nm) requires the application of properly formulated boundary

0 250 500 750 1250 1500 conditions. The model-free deconvolution of depth profiles

80 ' L obtained by positron beams of variable energy has been re-
~70L OO | cently discussed and summariZédt is planned to develop
2 the application of such a procedure to our data in the future.
{60 T From the comparison of o8(E) data with the results of
& 50 - i TRIM90 code calculations it is clear that even if the deconvo-
2 o o lution problem is neglected the measured defect profiles
&40t - D(z) extend beyond those indicated by the Monte Carlo
E 20 _éj | simulations, which predict vacancy formation up to a depth
z '.0 of 150-200 nm. This may be due to defects forming in front
© 20+ o". . of the implanted ions, and/or the effects of channefihg;
2 ° o further experimental and theoretical work is warranted.
i 10 [ op %5 ® . B

1 1 1 1 ? Q 8 Q Q_Q_.

0 E. Comparisons with other work
0 2 4 6 8 10 12 14 16 18 20

. 46 . . . . .

with homogeneously distributed radiation damage, by con-
FIG. 6. Trapping rates into divacancies and vacancy clustersventional lifetime spectroscopy. These authors attributed a
ky, (@) andkg (O), respectively, as a function of incident positron lifetime of (225+3) ps to positrons annihilated in divacan-
enegyE for specimen EU7. cies, whereas the values (36Q5) ps and (463 18) ps
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should correspond to positrons in clusters of 5-8 @D  found that in addition to divacancies a certain concentration
vacancies, respectively. We regard the divacancy value to baf Si monovacancies should exist. Defect profiles have been
in very good agreement with our experimental result. Ac-presented and these have been converted into concentration
cording to Table Il we would ascribe the lifetimg=360 ps  profiles based on plausible assumptions.
to a cluster of 8 vacancies, also in agreement with the result In the fluence range810'-10"° ions m™2 the existence
of Ref. 25. Mokrushiret al. suggest that vacancy clustering of an amorphous surface layer is deduced from the nonde-
due to postirradiation thermal annealing is linked with thestructive positron measurements. Its thickness has been
N* dopant concentration. evaluated and compared to the results of destructive test

Dannefaeet al!'®attributed their measured lifetimes of methods. There is generally good agreement between the re-
160 and 260-270 ps to annihilation in irradiation-inducedsults. Furthermore, the positron results indicate the existence
monovacanciesi.e., V. andV g;, respectively. The differ-  of larger vacancy clusters in the amorphous surface layer.
ences between their interpretation and that of the preserithese clusters consist of at least four but more probably six
work may lie in their use of the insulator modglee Sec. vacancies and are very attractive to positrons. Depth profiles
[l A). The theoretical results of Table Il suggest that theirof these large clusters have also been presented.
experimental lifetime value of 260—270 ps does not corre- The investigations have indicated that PAS should be able
spond to Si monovacancies but could most probably be du® monitor and characterize the radiation damage caused by
to quadrivacancies of the type\2;V. ion implantation into 6H-SiC even at fluences below'®10

It is not surprising but interesting to note that the temperaions m~2. For comparison, in Si it has been found that the
ture during electron irradiation seems to play an importanslow positron technique is sensitive to levels of damage ap-
role in the formation of vacancy agglomerates, presumablyproximately 2 orders of magnitude below the minimum de-
due to the temperature dependence of defect mobilitytectable by ion channeling.
Whereas at 80 K the main result seems to be the The combination of different slow positron beam tech-
divacancyt**® irradiation at energies above 2.2 MeV at niques coupled with updated theoretical evaluations presents
room temperature results in larger aggregaté8.0n the  a rather clear picture of the vacancy-type defects created by
other hand, 80-K irradiation by 0.47-MeV electrons, whoseion implantation and allows one to suggest ways to explain
energy is just above the displacement threstibigsults in  contradications in the interpretation of earlier results.

the production of monovacancies. The problem of deriving the true defect profid{z) from
the experimental profiles referred to above has been dis-
V. CONCLUSIONS cussed but this needs further extensive work, which is cur-

] i ] rently in progress. However, it seems that even without fur-
The theoretical and experimental studies presented herejper analysis one can state that these profiles are more

have demonstrated that the vacancy-type damage caused 8jtended into the material than indicated tRim code cal-
ion implantation in 6H-SiC can be monitored and well char-¢yjations.

acterized by positron annihilation. In particular it appears

that the predominant defect is the divacancy, whose forma-

tion by |rrad|§1t|or_1 has _bee_n assumed for a number of years ACKNOWLEDGMENT
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