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The microscopic structure and introduction rate of point defects-ype 6H- and 4H-SiC generated by
room-temperature proton implantation have been studied by the electron paramagnetic resonance technique. In
order to selectively study the effects of defect introduction in the trace region, 12-MeV implantation in
300-um-thick samples was employed, for which the protons completely cross the sample. In both polytypes we
observe three dominant paramagnetic defects attributed to the Si monovacancy in the negative charge state and
the neutral Si monovacancy in the hexagonal and quasicubic lattice sites, respectively. The concentration of all
three defects increases linearly with proton dose. Their total introduction rat@9scm 1, which amounts
only to 4% of the concentration expected fr@rim simulations. No carbon-vacancy-related defect is ob-
served. Thermal annealing at 1100 °C is sufficient to anneal ou ¢héefects and to restometype conduc-
tivity. The observation of the neutral Si vacancy at hexagonal and quasicubic sites under thermal equilibrium
conditions at 4 K does not support their previous assignment to an excited state.

INTRODUCTION with a complete recovery of the electrical conductivity re-
quirings anneals at even higher temperatures. These prob-
lon implantation in SiQRefs. 1 and Ris widely used for lems are a serious impediment to the development of SiC
n and p-type doping(N and Al implantation, and for split- devices, and an improved understanding of the basic pro-
ting epitaxial layers from their substratproton implanta- Cesses that occur during ion implantation is an essential step
tion) in the smart cut procedemployed in SiC on insulator for further progress. _ _
technology. Doping by implantation requires, in addition to _ 10N implantation in covalent semiconductors is accompa-
the electrical activation of the dopant, a thermal annealing ofi€d by the formation of intrinsic point defects due to elastic
the implantation related intrinsic point or extended defectscOllision processes between the ion and lattice atoms. For

which were found to strongly reduce the electrical conduc-hlgh lon energies the energy loss is almost entirely to target

tivity. Whereas in silicon both can be achieved by thermale.IeCtror!S’ whereas in the Iow-ene_rgy regime atomic 90”"
annealing in the 800 °C range with an almost complete elimiSions with vacancy cascade formation prevail. The density of

. . . . ._point-defect formation in the region near the end of the ion
nation of the induced point defects, the different materlalrange is thus much higher than in the rest of the ion track,

propert!e{s of S'C. rt_ander th? use of ion |mpla_ntat|on mucr\/\/hich we refer to as the trace region. This is illustrated of
more difficult. This is especially related to an increased deFig 1, where we show the generation of primary defects

fect stapility and the existence of various polytypes. Also, iN.5jculated with thesrIM2000.39Monte Carlo cod®as a func-
noncubic pontypgs, more comple>§ crystal structures—asjon of depth for 12-MeV protons. Note that tre®RIM2000
compared to Si—introduce nonequivalent lattice sites withcoge does not take into account recombination of the primary
site-dependent defect properties. In the 6H polytype, for exinterstitials and vacancies—and so residual damage levels
ample, three nonequivalent Si and C sites exist, which, accan be lower. Because of the much lower primary defect
cording to their second-nearest-neighbor coordinations argroduction rate in the trace, monovacancies or divacancies
called quasicubiclql), quasicubic2 ¢2), and hexagonal would be expected to dominate there, with vacancy clusters
(h). The electronic properties of substitutional point defectsnear the end of range, but the real nature of the implantation-
such as the doparitdl and Al or the transition metald/oh,  induced defects is still far from clear.

Mo,® strongly depend on thec{,c2h) site location. The In this work we focus on the nature and concentration of
bond lengths in 6H-SIiC are shorter than in Si—1.88 A asthe trace defects generated by proton implantation in 6H- and
compared to 2.35 A—and their strengths are increased: 3.2H-SiC. The microscopic structure of the proton implanta-
eV as compared to 2.35 eV in Si. Thus higher energies aréon related intrinsic defects in SiC is still uncertain. Various
required to displace an atom from its lattice site: 14 eV in thedefects have been evidenced in ion-implanted SiC by
case of Si and20,...,30 eV in the case of SiC. The exact photoluminescende!! electrical measurement$!®positron
value is still a matter of debate for Sf€.The higher dis- lifetime analysis*'® and electron paramagneti¢cEPR
placement energies further lead to an increased stability afpectroscopy®~'8 Divacancy defects and extended vacancy
the implantation induced intrinsic defects and in SiC tem-clusters are generally believed to be the dominant defects in
peratures above 1300 °C are required for their annealingjonamorphized material, but clear evidence of their attribu-
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FIG. 1. Volume concentrations of carbon and silicon vacancies Magnetic Field(G)

and their sum generated by the implantation of 10'cm 2 12
MeV protons in 6H-SIiC as a function of target depth determined by FIG. 2. Experimental spectrurgpointy of the Vg~ center in
SRIM2000 simulations. 6H-SiC and its decomposition in a central lit® and a?°Si dou-

blet of 28% intensity ratio and 2.94 G splittify; the additional
tion is still missing. Most previous studies of ion- low intezr;si_ty doublgtsplitting 5804 corresponding to _the presence
implantation-induced defects were performed by optical o°f W0 “Si atoms in the 2nd NN shell is equally givéd). The
electrical techniques, and the distinction between the defecf@Ntinuous ling(@ shows the superposition of the three simulated
generated in the trace and in the stopping range was nSPeCtra’TZSOO K, Blle.
attempted. In principle the EPR technique is unable to dis-
tinguish between these regions either, since the entire voWith the exception of th&/s c1 andc2 centers were due a
ume of the sample is analyzed simultaneously. In order tgtrong overlap of other spectra an error of 20% is estimated.
overcome this difficulty we have chosen to apply high-
energy proton implantation in this study, such that the inci-
dent protons will completely cross the sample and only trace
defects will be generated. 6H-SIiC samples

RESULTS

After the lowest dose of X10%cm 2, the samples are
EXPERIMENT electrically compensated at room temperature. The compen-
sation can be deduced from the quality factor of the loaded
N-type nitrogen-doped (210Ycm 3) (000)-oriented cavity and is directly confirmed by the absence of a free-
4H- and 6H-SiC substrate wafers300 um thick were pur-  electron resonance signal at room temperature and the nitro-
chased from a commercial suppli@ree Research, Durham, gen donor spectrum at low temperature. It shows that for this
NC). The substrates were one side polished, 7° off-axis. Th@roton dose deep acceptor defects have been predominantly
proton implantation was performed at the CERI irradiationgenerated such that \>Ng+Ngq—N,, where N, are
facility (Center d’Etudes et de Recherches par Irradiationgleep acceptors, Ns the nitrogen doping, Nis the residual
CNRS, Orleans, Frangender the following conditions: pro- acceptomainly B) concentration, and \ is the deep donor
ton energy 12 MeV, current-uA/cm?, and substrate tem- concentration. It corresponds to an effective carrier reduction
peratureT <50 °C, proton dose (1 ..,8)x10%cm 2 The rate of~20 cm ™.
projected range of 12-MeV protons in SiC is given by Under thermal equilibrium conditions at 300 K, and for
SRIM2000 as 666um, with a range straggle of 2am. The the lowest dose, the samples show three dominant EPR spec-
samples, of typical dimensions 0% mn¥, were then ana- tra. The first one(Fig. 2) is an isotropic spectrum with @
lyzed by standard-band EPR spectroscopy at 300 K and factor of 2.0032, a central line of peak to peak width of 0.25
low temperature. The effectivgefactors were determined via G, and two sets of hyperfine lines: the first is a doublet of
measurements of the microwave frequency with a frequenci.94-G splitting, and an intensity ratigyg/I cenya= 0.28. At
meter and the magnetic field with a proton NMR probe. Wehigher gain an additional doublet with a splitting of 5.8 G is
estimate the precision to be0.0001. Absolute spin concen- observed. The second set of hyperfine lines is anisotropic
trations were obtained by comparison with ap@{:Cr stan-  and for a magnetic-field orientatidsil[ 0001], is character-
dard sample purchased from the National Institute of ScienciZzed (Fig. 3) by two doublets with splittings of 14.0 and 28.5
and Technology(NIST). In order to enhance the precision G; their intensity ratio relative to the central line is
with which defect numbers can be determined by the doublépp/l cenra= 0.04. This spectrum was already reported previ-
integration of the EPR spectra, the total spectra were deconpusly, and attributed to the negatively charged silicon va-
posed into their respective components by computer-assistedncyVg;.*~?* The electron spin of this center, which could
simulation, and the integration was performed on the comnot directly be determined from the EPR spectrum was
ponent parts. The relative error is estimated to less than 5%hown by electron nuclear double resonance measurefhents
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FIG. 3. EPR spectrum of thés;~ center taken at higher gain; in FIG. 4. Simulatioline) of the experimental spectrutdots of
addition to the strong central part two hyperfine doublets with split-the negatively charged Si vacancy EPR spectrum in 6H-SiC assum-
tings of 28.5 G and 14.0 G are observed and simulatethjn); ing in addition to the 12 NNN Si hyperfine interaction an interac-
from their relative intensity they can be attributed to the interactiontion with 12 C atoms of 1.72 G and 6 Si atoms of 0.65 G. The
with 1 and 3 carbon nearest neighbor atoms respectivEly; structures in the spectrum generated by the additional SHF interac-
=300K, Bllc. tion are indicated by arrow§;=300K, Bllc.

to be S:%, as expected for théA2 ground state of th&/g; shown in(Fig. 4). The fit is satisfying, and can be considered
defect? The two HF doublet systems correspond to the in-2S an additional support for the isolated; defect model.
teraction with the four nearest-neighbor carbon atdfis From a double integration of the EPR spectrum and a
with 1 =} isotopic abundance 1.19and the 12 next-nearest- comparison with the Gt spectrum in the ruby standard
neighbor NNN Si atom$2%Si, | = 1, abundance 4.7%Con-  sample, the absolute concentration of thg™ defect in the
trary to the transition-metal-related and other intrinsic de-1X10"°cm™? proton-irradiated sample is determined to 7
fects no site dependence of its EPR spectrum has beex10'°cm™3. The negatively charged silicon monovacancy is
detected in any previous studies nor in this case. thus one of the dominant trace defects after proton implan-
The observation of an isotropic EPR spectrum forSn tation with an introduction rate of 7 cm.
=2 center at a site of 3, symmetry, and the absence of site  If we extend the magnetic-field range at which the EPR
sensitivity, isa priori surprising. In the related case of a Spectra are studied, we obserifgg. 5 two further spectra
negatively charged carbon vacancy in diamond, this situatiotvhich for BI[0001] are each characterized by a doublet with
has been analyzed, and the small effect of the crystal field ofplittings of 90.4 and 19.3 G, respectively. Their peak to
the zero-field splitting parametérhas been ascribétto the ~ peak linewidth of~3 G is much higher than the one of the
large separation of the excited states with symmetry, Vs center AB,,=250 mG)(see Table)l Both spectra are
which require strong electrical fields in order to render itsanisotropic, and showFig. 6) an angular variation charac-
effect observable in EPR. We have also recently obséfved teristic for a spinS=1 center with a purely axial field split-
anisotropic Vg -related defects in 6H-SiC, they were ting. It is described by the expression
formed after low-energy electron irradiation; we have attrib-
uted these centers to clod&;; -Sii Frenkel pairs. In the
proton-implanted material studied here only the isolated sili- B=——-
con monovacancyg; is observed. 9re
The high signal-to-noise ratio allows us to study in more
detail the central part of the spectrum; if a low-magnetic-
field modulation amplitudé<0.1 G is employed, an addi-
tional weaker superhyperfif&HF) structure is revealed. As
shown in Fig. 4, the/g;” spectrum in the proton-implanted

D
hv i§[3(cosﬁ)2—1] ,

samples contains a structure between the central line and the
2.94-G doublet, which has not been reported in the previous
studies, to our knowledge. This structure can be used to fur-
ther refine the microscopic model of this defect: if the center
is an isolated vacancy, the additional SHF structure can rea-
sonably be expected to be due to the interaction \iBi
and*3C atoms in the third- and fourth-nearest-neighthdi)

shell of the Si sites, which are composed of 12 C and six Si
atoms respectively. We have thus performed a computer-
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assisted analysis of the shape of the central line. The simu- F|G. 5. EPR spectrum of 6H-SiC:N after a proton dose of 1
lation of the spectrum taking in consideration an additionalx 10'cm~2; T=300K, Blic. It shows twoS=1 doublet spectra
interaction with 12 carbon third NN with a splitting of 1.72 with splittings of 90.4 G and 19.3 G and linewidths of 2.8 G as well
G, and six silicon fourth NN’s with a splitting of 0.65 G is as the sharg®C HF lines of the centraVg; line; T=300K, Bllc.
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ol ' 4 2é 19.1G | ' ] 2.8 G respectivelywhich limit in our case the precision for
PR : : : the g-factor determination tdg= +0.0004 as well as to the
sl . o] different measurement temperatu@sK/300 K). The first
. L - authoré® attributed the centers to vacancy pair defects,
BT TS | whereas Sonan et al?® attributed them to the neutral iso-

lated silicon vacancy on the hexagonal and quasicubic lattice
sites, respectively. The two quasicubic sitdsandc2 can-
not be distinguished for this defect. The authors at Ref. 25
; F 3 were apparently misled in their defect model by an incorrect
i O ] interpretation of the Si SHF interaction. It should be recalled
oo b—o L that at that time the negatively charged silicon vacancy had
3380 3400 3420 3440 3460 3480 3500 . . - 26
Magneic Fisid (G) not yet been identified. $ma_n et al: were able to an_alyze_
the Si SHF structure, the interpretation of which is main
FIG. 6. Experimentalsquares/trianglesand simulatedpointy ~ argument for the assignment of vacancy defects, quantita-
angular variation of the tw®=1 centers in 6H-SiC; parameters tively. For bothS=1 centers it is characterized by an isotro-
Oiso=2,0030 andD=42.8x10 *cm ! and g;;,=2.0030 andD  pic splitting of 2.9 G and an intensity ratio of the HF lines to
=9.1x10 *cm™Y; T=300K, rotation plang11-20. the central line corresponding to that of a 12-Si-atom neigh-
bor shell, i.e., the second-nearest-neighbor shell of a Si site.
with B the resonance fieldj the Landeg factor, ug the Bohr ~ The assignment by $man et al. is also confirmed by the
magnetonhv the microwave energy) the zero-field split- 13C NN HF interaction, which was resolved in the first
ting parameter, and the angle between the magnetic fi@ld  study?® The number of interacting first neighbot+3C
and the crystat axis. atomg and the principal values of the HF tensor of 26.6
The complete angular variation of the outer doublet specx 10~ % and 13.6<10 * cm™?, which are very close to those
trum has been studied for a rotation of the magnetic field irreported for the negatively charged Si vacancy, leave no
the (11-20 (Fig. 6) and(000J) planes. The spin Hamiltonian doubt for theVg; defect model. Due to the high linewidth of
parameters of this defect are spi8=1, gi,=2.0032 2.8 G the®SiSHF structure is not resolved in our 300 K
+0.0004, andD =42.8<10"*cmL. The simulation of the EPR spectrum, but leads only to a change in line shape. We
angular variation with these parameters is superposed in Figonsider the HF structure data as sufficiently strong evidence
6. The second spi®=1 spectrum has only been analyzed for the assignment of this spectrum to a Si monovacancy
for the orientationsBlic and BLc, as theVg spectrum defect, and we will adapt this model in the following part of
strongly perturbs the analysis for intermediate orientations. this paper.
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nevertheless allows one to estimate its parameterg; o The ground—state Configuration of the neutral silicon va-
=2.0032£0.0004, g¢,.=2.0032:0.0004, and D=9 cancy in SiC has been the object of various calculations. In
%10 4em L. 6H-SiC the ground state of the undistorted neutral silicon

Two defects with very similar spin Hamiltonian param- vacancyVs’ was predictet*"to be a spin singletE state
eters were reported previously in an EPR study of thermallyvith an excited spin triplefT, state at 0.1, 0.2 eV; a dia-
guenched sampIeSDG,PS),25 and more recently in an opti- magnetic 1E state is of course not observable in an EPR
cally detected magnetic resonarf@DMR) study of electron ~ experiment. The EPR study in this case would require a ther-
irradiatedn-type 6H-SiG® (see Table Ii. As theD param- mal or optically induced population of the first excitéd,
eters are identical within the experimental accuracy, we obstate. More recently, a paramagnetic sinl ground state
viously observe the same defects as the previous authorgias also proposed for thés” defect?®?° This raises the
The slightly differentg values observed by us and in Ref. 26 question of whether the spectrum observed by us and in
are probably due to the high linewidth of the spe¢ted and  Refs. 25 and 26 is a thermally populated excited state or the

TABLE |. Spin Hamiltonian parameters of the negatively charged silicon vacancy in 6H-SiC, Lande
g-factor, °C hyperfine interaction tensor with the first nearest neighlf88i,HF interaction constant with
the 12 second nearest neighbdr§; hyperfine interaction tensor with the 12 third nearest neighB8sHF
interaction constant with the 6 fourth nearest neighbors, peak-to-peak linewidth of the EPR line.

BCHRG) 2°SiHKG) BCHRG) 2°SiHFG)

g-factor 4 1st nn 122nd nn 12 3rd nn 6 4th nn Width(G) Ref.
2.0032 All=28.8 2.94 1.75 0.72 0.25 This work
AlL=11.2
2.003 e Schneideret al.
(1993 Ref. 19
2.0015 All=28.7 2.97 Wimbaueset al.
AlL=115 (1997 Ref. 20
2.0030 Kawasuscet al.

(1999 Ref. 21
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defect ground state. 8manet a
tributed the spectrum to an excited state/gf; however, as
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TABLE II. 6H-SiC: Defect models, Landg-factors, zero field splitting paramet& and observation
temperature for the two spi®=1 defects observed here and the corresponding values f®3fR5 defects
observed by Vaineet al. and Ty,,, Tys, Centers reported by Bmanet al, Ref. 26.

Defect model g-factor D(10 4cm™ T/IK Reference comment
Ve, Jiso=2.0032 42.8 300,4 This work EPR
Hexa.site

v, iso=2.0032 9 300,4 This work EPR
C1,c2 sites

divacancy gll=2.0026 43 77 Vaineret al. P3
Vg— Ve gl =2.0031 (1981 25 EPR
divacancy gll=2.0026 9 77 Vaineret al. P5
Vsi— Ve gl =2.0031 (1981 25 EPR
v, gll=2.0035 42.8 2 Somanet al. Ty2a
Hexa.site gl =2.0038 (2000 26 ODMR
Ve, gll=2.0037 9.2 2 Semanet al. Tyvaa
Cl,c2 sites gl =2.0026 (2000 26 ODMR

|26

and Wagnetet al*° at-

PRB 62

possible relative error is estimated to 20%. Their concentra-
tion is close to that of the hexagonal site center. Thus for a

in an ODMR experiment the measurement are not done urproton dose of X 10*®cm 2 we observe a total concentra-
der thermal equilibrium conditions the distinction betweention of 1.9x 10" cm™2 silicon vacancies.

ground and excited states is more difficult than in an EPR  The silicon vacancy concentration predicted from the
experiment where the measurements can be done under thegy simulations for this proton dose is 370%8cm 3,

mal equilibrium conditions. To further investigate this issue,\ynich is 20 times higher than the one observed. This discrep-
we have measured the EPR spectr_un\/gf’ over the whole  ancy can not be attributed to a “hidden” diamagnetic frac-
300-4 K temperature range. We find, in particular, that thgjon of \;; as both the 0 and 1 charge states are simulta-
spectrum is still observable with unchanged parameters at ﬁeously observed. We conclude thus that only a small
K, which excludes its attribution to an excited state at 0.1 €Vt tion of the primary silicon vacancies persists at 300 K
or higher energy. We thgs deduce from the Iow-ter.nper.atur%he most probable process for the vacancy reduction is
measurements that thbSi. center has a paramagnetic SF"”‘l jnterstitial/vacancy interactions, which are not taken into ac-
ground state. More details of this spectrum will be publishec,, ¢ i thesriv simulations. This recombination is known

elsewhere. - . .31
. 0 to be efficient at room temperaturerirtype Si* In electron

cZ)T Qfete(;ogiinlt(rj?gsgﬁzog:gsar?edtgiélh;\?:tbeéz(:, dcelt,e?r:idne d irradiatedn-type 6H-SiC a room-temperature annealing stage

0,y 6. 3 0 o 63 has also been observed and attributed to a partial recombina
to \,/Si (h)=6x10"cm™* and VS_i (c1c2)=6x10" cm s, tion of interstitial/vacancy pair&
which are of comparable magnitude to that of thg cen- If the electrical compensation of the proton-implanted
ter. For higher pr(c))ton dooses the fo%r S|I|c:on-vacancy-reIategamp|es is dominated by the silicon monovacancy defects,
defectsVg; | Vg Vsir » @ndVg, increase in intensity which is the case according to our results, the simultaneous
without any change in the spin Hamiltonian parameters. Th@pservation by EPR of the negatively charged silicon va-
variation of theVg;™, V., andVg, ., concentrations as a cancy and the neutral silicon vacancy is not unexpetsed
function of proton dose is given in Fig. 7. The precision with Table I1l). The Vg defect, which introduces different levels
which the concentration 0¥ g, can be determined is in the forbidden gap for both negatively and positively
lower due to the overlap with the strong;;” spectrum; the charge states, can compensate both donor and acceptor

TABLE Ill. 4H-SiC: defect models, Landg-factors, zero field splitting paramet& and observation
temperature for the two spiB=1 defects observed in this work and the corresponding values for the
Tyv2a, Tvap CeNters reported by ‘@manet al., Ref. 26.

Defect model g-factor D(10 “cm™ T/IK Reference comment
Ve gll=2.004 232 2 Somanet al. Tvaa
Hexa.site gL =2.004 (2000 26 ODMR
Ve gll=2.004 12.1 2 Somanet al. Tuab
Cubic site gl =2.004 (2000 26 ODMR
Ve Uiso=2.0032 22 300 This work EPR
Hexa.site

Vg glic=2.0032 13 300 This work EPR

Cubic site
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Proton Dose (10"%cm?) FIG. 9. EPR spectrum of 4H-SiC:N after a proton dose of 1

x10%ecm 2 T=300K, Blic. It shows twoS=1 doublet spectra
FIG. 7. Volume concentration of the negatively charged siliconWith splittings of 46.7G2a) and 28.5@2b) as well as"*CHF lines
vacancy(dot§ and the neutral silicon vacancy on the hexagonalfrom the centraVg; line.
(squares and quasicubidtriangles sites in n-type 6H-SIiC as a
function of proton doseT=300K, proton energy 12 MeV; the

the 4H sample after a proton dose 0k40*cm 2. As ex-
lines are a guide for the eye.

pected, we observe an isotropic spectrum of the negatively
charged silicon monovacancy characterized lyyfactor of
2.0030 and &#°Si second NN-HF splitting of 2.94 G. How-
ever, as in the case of 6H-SiC, an additional substructure
with a smaller splitting is visible. The concentration of the
Vg defect is determined to410 cm™3.

dopants. Im-type doped material, it will pin the Fermi level
on the —/0 level if its concentratiof Vg]>[N]; in our
samples we observe after the lowesk 10*cm 2 proton
dose a totalVg; concentration of 1.810'cm 3, whereas

the nomi7nal 7n3itrog.en concentration has been giveriNg At higher gain two additional spiS=1 centers(Fig. 9)
=2x10"cm . This can be considered a good agreementgye gphserved. They are characterized by isotrggiaztors of
Nevertheless, the actual situation can be expected to be Moge- » 0030 and zero-field splitting paramet@s= 22x 10~
complicated: the concentration of negatively chargedyny 13¢1074cm 2, respectively. These centers were also

g 7’3 . . . . .

[Vsi ]=0.7x 10'"cm ~ should in this simplest case- reported previousl§® and have been attributed to the neutral

exclusive compensation Byg; be equal to the donor con- sjlicon monovacancy centers on the hexagonal and quasicu-

centration, which is not the case. Clearly, additional electromic sites. The apparent linewidth of the t8e- 1 spectra are

traps are present in the samples. different (2.9 G/1.5 G, and, given the small difference be-
n-type 4H-SIC tween the positions of th&,,,, and Ty, spectra, the spec-

. . L ) . trum attributed tdr,1, could in fact be a superposition of the
Previous EPR studies on intrinsic and impurity-related de—l—V2a and Ty, spectra, which in this case must be of equal

fects have shown that the defect parameters in the 4H po'Xﬁtensity. TheTy 1, spectrum corresponding to the cubic site,

type are very close to those in the 6H-SIiC. The principalyhich is characterizéd by a very small zero-field splitting
difference is the smaller number of nonequivalent latticeys 5 g« 104 cm: cannot be detected due to the strong

sites: in 4H we have only one quasicubic site and one hexy

. . overlap of the centraV<.~ spectrum. The respective concen-
agonal site. In Fig. 8 we show the EPR spectrum observed 'H’ationg of the centergl arerEio” and 5x 1gl7cm*3 We

: : i . : i : thus observe a very similar situation mtype 4H and 6H-

i SiC, in which both the silicon vacancy in the neutral and
negative charge states are observed as the dominant intrinsic
trace defects generated by proton irradiation with the same
introduction rates. We have further investigated the thermal
stability of the Vg; defects in the 4H polytypéFig. 10.
Samples have been annealed at 900 °C and at 1100 °C. After
the 900 °C anneal both the neutral and negatively charged

A=D 04G Vg are no longer observed. An anisotropic EPR spectrum
;\AE [Fig. 10b)] of low intensity is still present; it has not yet
been identified. The spin density has, however, been strongly
e reduced. After an 1100 °C anneal this spectrum is also an-
3440 3442 3444 3446 3448 3450 3452 3454 .
nealed oufFig. 10c)], and the samples recover artype
conductivity.

EPR Signal(arb.units)

Magnetic Field(G)

FIG. 8. Experimental EPR spectrufpoints of the Vg~ center
in n-type 4H-SiC and its decomposition in a central line arfdsi
doublet of 28% intensity ratio and 2.94 G splitting. The continuous
line shows the superposition of the two simulated sped@iia;, T In this EPR study we have identified the microscopic
=300K; proton dose % 10*cm2, structure of the paramagnetic defects induced by proton im-
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target 18% of the vacancies result from collisions in which
the incident proton displaces only one atom—i.e., there is no
cascade and in 82% more than one atom is displaced in the
collision. Assuming even the extreme hypothesis that all va-
cancies produced in cascades of two or more atoms end up in
configurations other than the isolat®d;, we still observe
only 29% of the vacancy concentration expected figrm.
These results indicate that monovacancy annihilation pro-
cesses operating at room temperature have to be considered.
Possible processes are vacancy associdtiantivacancies,
Vgi-dopant complex formatigror Vg; annihilation by recom-
bination with Si or C interstitials. However, the lowest re-
ported vacancy annealing stages, which were measured in

electron-irradiated 6H-SIC, lie well above room temperature
Flgs. 102. EPR spectra of 4H-Si_C:N after a proton dose of 1yyith ~300°C for theV. vacancy and 750 °C for th¥/;
x10'°cm™ % T=300K, OB”C- (@) as implanted(b) after a 900 °C yacancy. From these results we expect the vacancies not to
anneal,(c) after a 1100 °C anneal_; the gain has been multiplied inp o sufficiently mobile at room temperature to form multiva-
(b) and(c) by 25 and 314 respectively. cancies orVs-dopant complexes. This leaves as the most
probable model vacancy interactions with mobile
plantation in the trace region: the three main paramagnetimnterstitials®? which can lead either to complete annihilation
defects observed in 6H and 4H polytypes are all attributed t¢V g+ | 5— Sig) and/or antisite formation\(s;+1-—Cg)).
the Si monovacancy defect on quasicubic and hexagonal lain indication for the formation of antisite defects in 6H-SiC
tice sites; in the whole proton dose range studied the Si vahas been obtained from positron annihilation measurements
cancy is simultaneously observed in the two charge stateis 2-MeV electron irradiatedh-type material; the high con-
—/0. The defect models had be established from the quanteentrations of shallow positron traps, which were detected in
tative analysis of the HF and SHF structures. addition to vacancy defects, have been tentatively attributed
The negatively charged,” has been identified from its to antisite defect$®
known spin Hamiltonian parameter &= 3, its isotropicg The nonobservation of any carbon vacantie)-related
value ofg=2.0032, and the resolved hyperfine structure withdefect is unexpected. According to ttsRiM calculations
four carbon nearest neighbors, and 12 equivalent silicowomparableV. and Vg; defect concentrations have been
next-nearest neighbors. The isotropic character of the SHformed in the collision processes. Up to now only one
interaction andy tensors are in agreement with the model of V-related paramagnetic defect, attributed to the positively
an isolated monovacancy defect. In fact, the only knowncharged monovacancy, has been reported. This defect has
silicon vacancy compleXg, — X, attributed to a close Si been studied in electron-irradiatgetype materiaf*3® and
Frenkel pair, is characterized by modified spin Hamiltoniancan be observed up to room temperafifréhe spectrum is
parameters with an anisotropictensor and a resolved zero- definitely not observed in oun-type samples after proton
field splitting. The spatial separation of the primary vacancyimplantation. It should be recalled that in the case of 3C-SiC,
interstitial pair is expected under our irradiation conditionswhich has been previously studied in more deftathe V¢
as energies largely above the displacement threshold energgnter (named T3 has also only been observed [rtype
of ~24 eV are transmitted in 82% of the elastic collisions. material. A priori, different reasons could be evoked for its
The spin-1 centers observed in our study can also clearlponobservation im-type doped material such as a configu-
be attributed to the isolated silicon monovacancy in the neurational instability or more simply a diamagneti®, 2+)
tral charge state. The defect model was previously estalzharge state. The particular charge state of Wedefect
lished by Soman et al?® in electron-irradiated SiC and under thermal equilibrium conditions will of course depend
based on the characteristic SHF interaction with the 12 nexten the Fermi-level position, which is in general modified
nearest-neighbor Si atoms; with a vali&6 G close to the during the irradiation. As we observe for all proton doses
one of the negatively charged silicon vacari2y94 G, and  between 1 and 810cm 2, the neutral and negatively
is in agreement with the nearest-neighbor carbon HF intereharged silicon vacancy simultaneously in thermal equilib-
action tensor reported in Ref. 25. Our simultaneous observaium the Fermi level does not move within this dose range,
tion of theVs,~ and Vg centers under thermal equilibrium and is pinned by the-/0 level of Vg;. Considering the
conditions and their similar concentration variation with pro- Fermi-level/charge-state correlation, two situations could
ton dose fully confirm the defect model. give rise to a diamagneti¢ ground state corresponding to
The silicon vacancy concentrations observed are howevdhe 0 and 2- charge stategi) the OH level of V¢ is situated
surprising. From thesrim calculations shown above in Fig. below the—/0 level of Vg;, or if its +/2+ level lies above
1, we deduce that each proton generates on average 12 dike Vg—/0 level.
placement collisions with 1 replacement in the 30®-thick A further insight in the vacancy level positions can be
sample, leaving 11 primary vacancies, distributed between Sibtained from recent deep-level transient spectroscopy
and C sites in the ratio 1.2:1. However, the observed introresult$?*®in n-type 6H-SiC; in the first study the electron
duction rate of theVg; monovacancy defect is only 5% of traps introduced by 2-MeV electron and 300-keV deuterium
this value. Analysis of the collision cascades obtained by thend hydrogen irradiations have been assessed. Three groups
SRIM calculation shows that in the 3Qom-thick irradiated of levels have been detected &.—0.62/0.64eV, Ec
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—0.51eV, andE-—0.34/0.41 eV. Based on their annealing the negatively chargeWs; after the highest proton dose is
stages at 300 and 700 °C, they were attributed to carbon- arfdgher than the initiah-type doping, it follows that the pro-
silicon-vacancy-related defects: two levels aE:  ton implantation must also have created additional donor de-
—0.62/0.64eV was tentatively associated with the siliconfects, which were not observed in EPR. The positively
vacancy and a level &:—0.51 eV with the carbon vacancy. chargedV center is a natural candidate for the donor defect.
Two additional levels aE-—0.34/0.41eV have been as-
signed to a different charge state of the carbon vacancy.
Hugonnard-Bruyee et al 3 equally studied the defects intro-
duced by 50- and 120-keV proton implantation. In this study The dominant intrinsic point defects in the trace region of
substrates with similar doping concentration$l1—2)  proton implantech-type 4H- and 6H-SIiC have been identi-
x10"cm %] submitted to similar proton doses (3 fied as silicon monovacancies on hexagonal and cubic sites.
X 10'...7x10**cm™?), as used here, have been studied. InThe silicon monovacancy defect, which is introduced with an
the as implanted state—corresponding to our experimentahtroduction rate of 19 cit, pins the Fermi level in the
situation—two electron traps with activation energiesEgf  as-implanted state. Comparison with previously published
—0.65 andE:—0.35 eV have been detected. The first corre-electrical measurements seems to indicate thatZh&?2
sponds to thez1/Z2 center, whereas the second is the so-center corresponds to th&;; center in the—/0 charge states.
called P center. A coherent picture with our EPR results isThe lower silicon vacancy concentration, as compared to that
obtained if theE-—0.62/0.64-eV levels, and thus tFd/Z2  expected from SRIM simulations, indicates a vacancy anni-
center, are attributed to the/0 states of the silicon mono- hilation process—probably by due to interstitial
vacancy at the quasicubic and hexagonal lattice sites, respe@combination—already operating at 300 K. Thus the final
tively. At a first look this assignment might seem contradic-vacancy concentration is expected to depend strongly on the
tory to the reported temperature dependence ofah&?2 implantation conditions. The neutral silicon vacancy on both
center, which is known to have a thermal stability up tothe hexagonal and quasicubic sites has a paramagnetic
2000 °C3’ whereas the silicon vacancy is known to anneal ingroundstate in 4H- and 6H-SiC. The strong electrical com-
the 750 °C range. However, whereas the irradiation-inducegensation, which is observed after proton implantation with a
Vg effectively anneals at 750 °C, it has been shown that thelose of some 6cm 2, can be eliminated by a 1100°C
same center®2,P5_) is also generated by high-temperature anneal.
annealing®® which represents a different physical situation.

The high resistivity at room temperature of our samples after
proton irradiation is in agreement with the assignment of the
E-—0.62/0.64-eV levels to the-/0 level of Vg;. The non- We thank M. F. Barthe and L. Henry from the CERI
observation of the carbon vacancy would imply that Bge ~ (CNRS/Orleans, Frangdor the proton implantation, and L.
—0.51-eV carbon vacancy level should be assigned to th®iCioccio and E. Hugonnard-Bruye from LETI (Grenoble
double donor state-/2+ of this center, and the two higher for support of this work. G. B. acknowledges support by the
states to the 6/ charge states &f. As the concentration of Hungarian OTKA Grant No. T032029.
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