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Vacancy defects inp-type 6H-SIiC created by low-energy electron irradiation
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The intrinsic defects ip-type 6H-SiC:Al generated by electron irradiation at 300 keV, which is close to the
threshold of the silicon atom displacement, have been studied by electron paramagnetic resonance spectros-
copy. We observed two dominant irradiation-induced paramagnetic defdcts silicon-vacancy-related spin
S=23/2 defect with a zero-field splitting @ =68.7x 10~ 4 cm ™%, which is tentatively attributed to a Si Frenkel
pair aligned parallel to the axis and(ii) a carbon-vacancy-related sp8+ 1/2 defect already previously
attributed toV<*. A slight increase of the electron energy to 350 keV creates in addition a lower-symmetry
S=23/2 spectrum equally attributed to Si Frenkel pairs with the interstitial being located at six equivalent
off-axis sites. High-energy irradiatiof2 MeV) creates only isolated Si vacancies with no zero-field splitting.

INTRODUCTION of being the primary irradiation defect, Frenkel pairs up to
now have not been observed in the main semiconductor ma-
Intrinsic defects in 61-SiC have been observed by elec- terials and only one caseV,-Zn; in ZnSe—has been well

tron paramagnetic resonan@PR and positron annihilation evidenced by magnetic resonance spectros¢biy.
spectroscopy after thermal treatmehectron and neutron We report here the results of an EPR study of the defects
irradiation?”’ and ion implantatiofi-'® The EPR studies generated by low-energy electron irradiation, which leads to
haye revealed a complex situation with numerous spin  the formation of close Frenkel pairs as primary defects. In-
=2, 1, and; defects, the last characterized by widely vary-deed, if the electron energy is close to the displacement
ing crystal field splittings. Two models, divacancy centérs threshold for an atom displacement, the displaced atom has
and Frenkel paifswith different pair separations and orien- not sufficient kinetic energy to diffuse away from the va-
tation have been tentatively proposed but their attribution i%ancy site. For BI-SiC the displacement enerdg for C
still unclear. A convincing identification of the microscopic and Si atoms has been estimatedTas: 23 eV:* this value

structure .Of Intrinsic Fiefects in SICH has on!y been was obtained from radiative lifetime measurements in light-
achieved in two cases: the negatively charged Si vacancy Cmitting diodes irradiated with electrons in the 100 keV to 1
the high-spin stat&=3,> and more recently the positively 9

charged carbon vacany. The models are based on the MeV range. Displacement energiBs of 20 and 30 eV can

analysis of the first- and second-nearest-neighbor hyperfin%e considered as reasonable limiting lower and upper values.

interactions, which are directly resolved in their EPR spectra! € corresponding electron energies necessary for C and Si

The spin of theVs;~ center could not be determined from the (0m displacement are shown in Fig. 1: 100 and 150 keV for
EPR spectrum as no zero-field splitting was observed in spité’ 2oms and 220 and 300 keV for Si atoms. The minimum
of the C5, symmetry of the Si sites int-SiC. Its spinS  €nergies required to displka@ C or Siatom are different due
:% ground state was 0n|y obtained from an additional e|ec.to the mass difference between carbon and silicon atoms
tron nuclear double resonan¢ENDOR) study. TheVg~  (Msi/M¢=2.33), which determines the maximum energy
and V" defects do not show any site dependence in theithat can be transmitted in the elastic collision between the
EPR spectra. All of these studies have been performed oglectron and the lattice atom. In addition, the transmitted
samples irradiated with high-energg>MeV) particles, energy depends equally on the recoil angle and is maximum
where vacancies and dissociated interstitials are the primarfpr head-on collisions; thus, a preferential alignment parallel

defects. to the electron beam direction of the vacancy-interstitial
Whereas vacancy and antisite defects have been studied jpairs is expected under threshold irradiation conditions.
most of the IV, II-VI, and IlI-V semiconductors, interstitial- We have studied the effect of electron irradiation at 300

related defects have been observed only in rare cases; SiCksV in p-type Al-doped &1-SiC bulk samples. For this en-

not an exception and no results on the electronic structurergy the expected primary radiation defects are spatially
and thermal stability of the carbon and silicon interstitialsseparated carbon vacancies and carbon interstitials and close
have been obtained. This is generally attributed to theisilicon Frenkel pairs. The thermal stability of the Si Frenkel
strong tendency to form associated defects, combined with pair will of course depend on a number of parameters, such
high mobility even at cryogenic temperatures. The simplesas irradiation temperature, beam current, and postirradiation
interstitial-associated defect is the Frenkel pair, which can bannealing. To optimize the conditions for their observation
generated in a controlled way by electron irradiation close tave have irradiated the samples at low temperatiiié K)

the threshold energy for single-atom displacement. In spitand under moderate beam currefitsl0 uA/cm?). We have
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Atomic mass FIG. 2. EPR spectrum of B-SiC:Al irradiated with 300 keV

FIG. 1. Minimal electron energies required to transmit either 20electrons to a dose of>210'¥cm 2, measured foB|[0001] at T
or 30 eV to an atom of atomic magsin an elastic collision. Inthe =300K, f=9.659 GHz. It displays the spectra of the sgn
case of a displacement energy of 30 eV, electron energies of, re= 3/2Vg -X center and th&/c" center.
spectively, 150 and 300 keV are required for C and Si displace-
ments. in which the symbols have their usual meanirigse Ref. 5
for more details The Zeeman and fine structure parameters
also investigated the case of slightly higher electron energfollow: electron spinS=3, g valuesg,.=2.0032+0.0001,

(350 keV) and a high energy of 2 MeV. g,.=2.0028£0.0001, and a zero-field splitting & =68.7
X 10 *cm L. The spectrum has axial symmetry around the
EXPERIMENT [0001] axis. The hyperfine interaction parameters are given

] . in Table I. The angular variation of the resonance position of
The samples were commercially purchased g@@thick e central +3) line (Fig. 4) has been resolved and the good

p-type Al-doped (3.%10*cm™?) 6H-SIiC, wafers. Typical agreement with the simulated variation further confirms the
sample dimensions are>x% mm. The electron irradiation spin S=3 of the defect. The effective introduction rate for
was performed at 77 K with the electron beam parallel to thgpis defect is~10 X cm™L.

c axis. Typical beam currents wgrqﬂ;/cmz; the total doses More information on the microscopic structure of this de-
ranged from 510" to 2x10**cm 2 The X-band EPR  fect has been obtained from analysis of the Si and C hyper-
measurements were performed in the 4-300 K temperatuighe (HF) interactions for which the intensity and angular
range. Theg factors were determined with a precision of yariations have been measured. Each of the three fine struc-
Ag~+0.0001 via a microwave frequency counter and cali-yre lines is accompanied by nearés) and next-nearest-
bration of the magnetic field by a proton NMR probe. Thenejghbor (NNN) hyperfine interaction. The superhyperfine
angular variation of the EPR spectra was measured for gsHF) interaction structure is best resolved for the central

rotation of the magnetic field in the (102 and (0001 line, as thg+3)—|*3) lines are sensitive to local variation
planes. in the crystal field parametdd. The peak-to-peak linewidth
RESULTS o et
o , _ . °r P 1
After irradiation with a dose of=1x10*¥cm™2 two dif- | ]
ferent EPR spectra are observ@gedg. 2) at room tempera- )
ture. Due to their widely different linewidth® G vs 300 . *[ ", o i
mG) they can be easily distinguished. The first one is a sping | .
S=3 spectrum withg values g,,=1.9962, gyy=2.0019, § w0t ""'a_ ) ,e""' i
0,,~=2.0015 with the principal axes of ttgetensor inclined ¢ | ]
0=40.6° from thec axis in the (11®) plane. This spectrum % 0 | G’T’ J
has already previously been observed after 2.5 MeV electrorp | .,
irradiation and has been attributed to the positively chargec® 4
carbon vacancy/c".%" It will not be further discussed here. gor f E\ T
The second EPR spectrum, which is the main object of this o
paper, is characterized by an anisotropic three-line spectrun oo b o+ o+ o+ . o . o .

3250 3300 3360 3400 3450 3500 3550 3600

of axial symmetry(Fig. 3. Its angular variation has been o
Magnetic Field(G)

measured for a rotation of the magnetic field in the (@12
and(000Y) planes. It is described by the spin Hamiltonian FIG. 3. Experimental(circles and simulated(dots angular
variation of the three allowedXM = *1) fine structure transitions

H=usSgB+SDS+ >, SAI:, of the S=3/2 spectrum; rotation plane (1@2, T=300K, f
He=9 ; Al =9.650 GHz.
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TABLE I. In the first section, the spirg factor, and zero field g T g T " T " T
splitting parameteb are given; the second and third sections show
the superhyperfine interaction tensors with the 4 NN carbon and the
12 NN silicon atoms.
3C-SiC 6H-SiC:N 6H-SiC:Al
Spin 3/2 3/2 3/2
g factor 2.0029 2.001%5 gllc=2.0032 >
gl c=2.0028 =
D (10 “cm™} 0 0 68.7 =
Number of atoms S
4C NN 4C NN 3C NN g
o
Tinn(©) (G) 28.6 28.8 28.6 o
T, wi(©) (G) 11.8 11.6 13.3 E
L
1C NN
T1c(C) (G) 28.5
T.©) (G 17.2
12Si NNN 12Si NNN 3Si NNN
Tiso(Si) (G) 2.92 2.98 3.84
Tiso(Si) (G) 3.52
6Si NNN 3440 3442 3444 3446 3448 3450
T.(Si) (G) 253 Magnetic Field(G)
Model Vs~ Vs Vg -Si FIG. 5. Experimental EPR spectrufdot9 and simulated spec-
Reference 3 5 This work trum (line) of the central part of th&/s;” spectrum forBII[ 0001],

f=9.659 GHz. Below are shown the different components of the

#Theg value of 2.0015 must be erroneous; our measurements on tr@mulation: (a) central line without hyperfine interactiofl) su-

isolated Si vacancy obtained after high-energy electron or protoperhyperfine interaction with or@Si nucleus located in a shell of

irradiation show an isotropig value of 2.0032. six equivalent atoms(c) and (d) SHF interaction with on&°Si
nucleus located in two shells of three equivalent atoms (e@n8iHF

of the central line is 300 mG. The highest-intensity HF linesinteraction with two®Si nuclei in the NNN shell.

(Fig. 5 are two doublets of nearly equal amplitude, different

linewidths 300 and 400 mG, and isotropic splittings of 2.5gives in this case an intensity ratio relative to the central line
and 3.5 G, respectively. The apparent higher linewidth of thef (0.141,0.070,0.090which is characteristic for an interac-
outer doublet is attributed to the superposition of two nonretion with shells composed of six, three, and three Si neigh-
solved HF doublets. Indeed, assuming equal linewidths obors, respectivelyFig. 5. The theoretical ratios correspond-
300 mG the SHF structure can be excellently simulated byng to the 4.7% abundance 6%Si are 0.146/0.0713/0.0713.
the sum of three doublets with intensities 2:1:1 and splittingsThe additional weaker linefFig. 5€)] correspond to the
of 2.53, 3.52, and 3.84 G, respectively. A double integratiorpresence of tw@Si in the neighbor shells. The three set of
SHF doublets are attributed to the six NNN Si atoms in the
r' T T ] (0009 plane of the vacancy and the three NNN Si atoms
\\ above and below this plane. In the case of the isolated va-
i cancy Vg, these 12 silicon sites have been fotnd be
20 b, . indistinguishable.
l At higher gain a second set of hyperfine lines with larger
il ES 1 splittings is observedFig. 6): for BI[000]] it is composed
.) of two doublets with intensity ratio 1:3 and splittings of 28.6
i . . . e . T and 15.0 G, respectively. This HF interaction is anisotropic
60 L ' 4 and has axial symmetry around the nearest-neighbor direc-
tions. The intensity ratios of the HF lines to the central line
are 5.5¢10 %:1 and 1.5¢10 2:1, demonstrating interaction
80 s T with one and three C atoms. Detailed study of the angular
-“" variation of these HF linesFig. 7) shows that the four C
3438 3240 samz  saaa  sme  aams  atoms are not equivalent but have slightly different HF ten-
Magnetic Field (G) sors for the C atom on theaxis and the three C atoms in the
(0001 plane. The'®C and ?°Si hyperfine interactions with
FIG. 4. Experimental(circles and simulated(dots angular  (3+1) C and (6+3+3) Si atoms are characteristic of a Si
variation of the central line of th&=3/2 spectrum; rotation plane site defect.

(1120), T=300K, f=9.650 GHz. The numerical values of thg factor and HF interactions

angle from c-axis (°)
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FIG. 8. EPR spectrum of B-SiC:Al after a 350 keV electron
FIG. 6. High-gain EPR spectrum of thé;; - X center display- irradiation; Bllc, T=300K, f=9.659 GHz. In addition to th&
ing in addition to the?*Si SHF lines the'3C hyperfine lines; =3/2Vg -X (b) and S=1V.* spectra observed after 300 keV
BI[000]], T=300K, f=9.664 GHz. electron irradiation, an addition&= 3/2 spectrum(a) is observed;
the central lines of the tw8=3/2 spectra are not distinguished for

are compared in Table | with those previously determined forthis magnetic field scale but can be decomposed at higher resolution
the negative Si vacancy observed after high-energy irradiaf'9- 9 below.

tion in 3C-SiC andn-type éH-SiC. From the components of previously inn-type 6H-SiC after high-energy electron or
the axial HF tensoA the isotropic(a) and anisotropidb)  particle irradiation, the zero-field splitting of i, ground
dipolar parts can be deduceda=(A;+2A,)/3 and b  gate demonstrates directly the presence of a second associ-
=(Aj—A,)/3. The numerical values of the isotrof#) and  4ted defect located in tH®001] direction relative to the Si
dipolar (b) components of the HF interaction tensors areyacancy. In order to further clarify the origin of the splitting
close to the ones predicted for the isolatég™ defect in e have similarly irradiated a cubic polytypeC3SiC:B
3C-SiC; they differ from the ones observed previously for sample with 300 keV electrons. In this sample the same EPR
tlge isolatedV;~ in high-energy-irradiated 18-SiC: for the  gpectrum, with in particular the same fine structDrealue,

C hyperfine tensors of the two types of C NN atom weas in p-type 6H-SiC is observed. This result demonstrates
obtain values ofa;=18.4G, b;=5.1G, anda,=21.0G,  that the origin of theD term must be related to the fact that

b,=3.8G as compared to the calculated value$ a the center is not the isolated silicon vacancy but a Si-
=25.5G andb=4.2G. The theoretical value for the NNN yacancy—pair defect.

?%Si HF interaction isa=2.56 G, which has to be compared  ynder the irradiation conditions chosen here the Si-
to the experimental values of 2.53, 3.52, and 3.84 G for theyyplattice-related primary radiation defects are Si Frenkel
three sets of Si atoms. pairs, preferentially aligned parallel to thexis, and we will
We attribute this defect from its spin Hamiltonian param-thys consider this model for thés,~-X defect withX being
eters and in agreement with the threshold irradiation condiz S;j interstitial atom. The alignment of this defect pair par-
tions to the negatively charged silicon vacanty™ associ-  gallel to the electron beam direction is also a very strong
ated with a second defect. Unlike thg;~ defect observed indication of it being a primary defect generated under dis-
placement threshold conditions. Indeed, in the electron—
T T T T lattice-atom collision the electrons of mass transmit a
e maximum energyl ,, to a lattice atom of magdél for head-on
collisions. For other recoil anglesthe transmitted energy is
smaller and varies &= T,,cos ¢. Whereas at high electron
energies sufficient energy for displacement of the lattice
atom is transmitted for all impact angles, near the threshold
only head-on collision will be possible with the interstitial
displaced parallel to the beam directi¢0001] in our case.
. In order to further verify this model we have investigated
in more detail the effect of the electron energy on this defect
structure. The increase of the electron energy from 300 to
350 keV leads to the formation of an additional—lower-
intensity—S=3 defect spectrum with a different defect ori-
10;?420 ' 3430 . 3440 3450 . 3460 ’ 3470 entation(Fig. 8). The distinction between a SpSF% and a
Magnetic Field (G) S=1 center from its EPR spectrum is in general not straight-
forward in SiC, if we have the simultaneous presence of an
FIG. 7. Experimentalsquaresand simulated angular variation additional spirS= 3 or § center with a similag value; this is
of the 13C HF lines; rotation plane (119, T=300K, 9.648 GHz.  the case here. However, a decomposition of the central part

20

40 -

angle from ¢ (°)

80
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S ]

3440 3442 3444 3446 3448 3450 FIG. 11. Model of the silicon Frenkel pair configurations in
Magnetic Field(G) 6H-SIiC (Si and C atoms are represented, respectively, by large

gray and small black circlgsThe Si vacancyblack large circlg¢is

on a quasicubic? site. The one on-axis and the three 24° off-axis

possible Si interstitial positions ofy symmetry are represented

is decomposed into the sum of two central lines with their charac-(Open circles The distances are, respectively, 6.5 and 4.5 A. De-

o 20 . ) X , , 6. S5 A
teristic S! SHF Ilngs from the N,N shells(b); the resulting sum pending on the vacancy sites, the 24° off-axis interstitial sites are
spectrum is shown if(a) line]; the difference spectrum between the rotated by 60°

experimental and the total simulated spectra is give(tin

FIG. 9. Central part of the EPR spectrumfat9.659 GHz after
350 keV-electron irradiation. The experimental spectfian dots|

Hamiltonian parameters to a differently orientated;- Si;

pair. The six equivalent orientations of these “24°” Frenkel
pairs and their axis orientations allow us to locate the inter-
stitial Si atom relative to th&/; site (Fig. 11). Each of the
three quasicubic and hexagonal Si sites is surrounded by
three interstitial sites oy symmetry oriented at 24° from
thec axis and at a distance of 4.5 A. An interstitial lattice site

of the spectrum allows one fdBlic to resolve clearly two
central lines with identical Si NNN SHF structure; it con-
firms the S=3 character of the additional defe(Fig. 9).
From the angular variatiofFig. 10 the spin Hamiltonian
parameters are determined to g =2.0015,9,,=2.0039,

0,,~=2.0035 withAg= *=0.0005, and zero-field splitting pa-

— —4 ~m—1 — —4 ~m—L i

T — ) - - and 1.6 A from, respectively, the quasicubic-2, hexagonal,
axis in the (11®) plane. We attribute this additional defect 5nq guasicubic-1 Si vacancy sites. As only one configuration
from the special irradiation conditions leading to its forma-tor the on-axis center is observed, it must be assumed that
tion and the similarity of the numerical values of the spinthe close configurations are not stable relative to a recombi-
nation or that their observation depends on the Fermi level
position. The influence of the Si energy threshold value and
] the preferential electron beam parallel alignment leave no
doubt that the interstitial atom is Si. For high-ener@
J MeV) electron irradiation, the tw¥'g; -X centers discussed

—~ 20

% here are no longer observed and only the isolated de-

% fect, previously reported, is detected.

& Or

£

o DISCUSSION

“~ s} _

(]

I The attribution of the spir8=3 centers observed in this

< ol work to Si vacancy defect complexes is based on the numeri-

cal values and intensities of the resolved superhyperfine in-
teractions with the C and Si neighboring shells, which are
e e T T T well known from theory and previous expe_rlmental results.
Magnetic Field(G) The lower symmetry deduced f_rom th(_a .anlsqtrgpy _of the
tensor and presence of a zero-field splitting distinguishes the
FIG. 10. Experimentalcircles and simulated angular variation centers observed here from those reported in previous stud-
of the three allowed fine structure transitorsM ==1) of the ies. We clearly observe a defect complex. The formation
additionalS= 3/2 spectrum observed after 350 keV electron irradia-conditions for these complexes—Si threshold electron
tion, shown aga) for BI[0001] in Fig. 8; rotation plane (11@), energies—are unigue. In spite of many different irradiation
T=300K, f=9.659 GHz. conditions employed in the previous EPR studiesyq




10 846 von BARDELEBEN, CANTIN, HENRY, AND BARTHE PRB 62

complex has never been observed before to our knowledgshells is resolved in the EPR spectrum. The SHF interaction
in these cases high-energy electron or particle irradiation has usually decomposed into isotropic and anisotropic parts,
been used, in which sufficient energy is transmitted to thevhich are related to the wave function extension and the
displaced atoms to separate them from the primary vacancylefect pair distance, respectively. The isotropic character of
Under these conditions the formation of isolaiég™ silicon  the resolved?®Si NNN interaction demonstrates that the di-
vacancies with an apparefiiy symmetry is expected and polar contribution at this distance is already negligible. In the
observed; secondary defect complexes might also be exnicroscopic model proposed here, the on-axis interstitial is
pected but have not yet been identified. Thg defect ob-  located at 6.5 A from th¥q; site and the off-axis interstitials
served here is unique and related to the fact that the energyt 4.5 A. As both distances are greater than the second-
of the electron irradiation is close to the threshold for Sinearest-neighbor distans&-Sig; of 3.1 A, the dipolar SHF
atom displacement, i.e., the proximity of the displaced Sinteraction will also be negligible for the even more distant
atom from its primary vacancy. interstitial Si atom. The evaluation of the contribution of the
It might seem surprising that the interstitial Si atom is notisotropic part is not possible without detailed modeling of the
directly observed in the EPR experiment. It should be re-defect structure. Our experimental results indicate values of
called, however, that direct observability will depend on thethe SHF interaction of the interstitial Si equal to or smaller
presence of a paramagnetic ground state. The Si interstitial than the Si NNN interaction. We have, of course, attempted
expected to be diamagnetic for the 0 an@ charge states to detect this interaction by a thorough analysis of the SHF
and paramagnetic in thel and +1 states. The situation structure of the central line of the spectrum, which has the
seems to be close to that of ZnSe, the only case where smallest linewidth of the three fine structure transitions.
Frenkel pair has been observed previously. In ZnSe also, thdowever, the presence of three differéfisi SHF sets as
presence of the interstitial Zn atom of the,-Zn; pair isin  well as the additional structures from these sets when occu-
the EPR experiment only noticed by a change in the spipied by more than oné®Si atom render further decomposi-
Hamiltonian parameters as compared to those of the isolateibns not sufficiently reliable. The complications due to the
vacancy. The interstitial is in a diamagnetic ground state andverlap of the SHF structures might be overcome by addi-
only directly observable in optically detected magnetic resotional ENDOR studies, which, due to their higher resolution,
nance experiments via its excited states. A simple modehre expected to resolve such weak interactions.
relating the site symmetry and charge state for the interstitial
has been developed by WatkilfsAccording to his model, in CONCLUSION
which thes™p" electron configuration of the interstitial atom
is correlated with the site symmetry, a charge statet@f
with a diamagnetic ground state is expected for ainter-
stitial site, which is compatible with the model proposed
here. A second interaction that could give rise to an EP
observation of the Si interstitial is the SHF interaction of the

In conclusion, we have observed jxtype 6H-SIiC, irra-
diated with electrons of low energy close to the threshold for
silicon atom displacement, two silicon-vacancy-related de-
ects, which are attributed to on-axis and 24° off-axis Si

renkel pairsVg; -Sj; .

4.7% abundant®Si nuclei, if it is sufficiently strong as com- ACKNOWLEDGMENT
pared to the linewidth of the spectrum. Indeed, the SHF in-
teraction with the nearesf€) and next-nearest-neighb(8i) We thank LETI/CEA(Grenoble for supporting this work.
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