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Electronic structure of the deep boron acceptor in boron-doped 61 -SiC
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A high-frequency(95 GH2 and conventional-frequend®.3 GH2 pulsed electron paramagnetic resonance
and electron-nuclear double resonafiEBIDOR) study is reported on the deep boron acceptortiR®C. The
results support a model in which the deep boron acceptor consists of a boron on a silicon position with an
adjacent carbon vacancy. The carbon vacancy combines with a boron along the hexagomsl It is
concluded that 70—90 % of the spin density resides in the silicon dangling bonds surrounding the vacancy and
another 9% on the neighboring carbon atoms. The spin-density distribution is more localized than in the case
of the shallow boron acceptor as deduced from the ENDOR experinj&@$63-182¢08)01003-0

[. INTRODUCTION For Al and Ga one would expect a similar behavior as for
B. Indeed, the incorporation of Al in B-SiC introduces
Silicon carbide is a wide band-gap semiconductor mateshallow acceptor levels &,+0.239 eV for the hexagonal
rial that has considerable potential for high-temperaturesite (h) andE,+0.248 eV for the quasicubic sitek(k5).’
high-power, and high-frequency electronic applications. TheSimilarly Ga introduces shallow acceptor levels Bf
most important acceptor impurities in SiC are B, Al, and Ga.+0.317 eV f) andE,+0.333 eV k;,k,).” There is some
These impurities can be introduced during the growth or afindirect evidence of the existence of deep acceptor levels
terwards by diffusion or implantation. A substitutional atom associated with A(Refs. 4 and Bbut none for deep levels
of a group-lll element normally acts as an acceptor in SiCassociated with Ga.
since there is a deficit of one valence electron to complete The shallow acceptors introduced in SiC by the group-Iil
the normal tetrahedral bonding. At sufficiently low tempera-impurities have been studied using electron paramagnetic
tures, the hole is localized near the acceptor atom, at highesonance(EPR),°~1® Optically Detected Magnetic Reso-
temperatures, it ionizes and gives risepttype conduction. nance (ODMR),'®~2° high-frequency pulsed EPR and
The group-IIl element acceptors in SiC have been studieelectron-nuclear double resonan@&NDOR) at 95 GHZz?*
using Hall effect, deep-level transient spectroscpTS),  and by ENDOR at conventional frequencié$? It appears
and optical spectroscophyit was discovered that B creates a that the behavior of the sB acceptor is strikingly different
shallow as well as a deep acceptor level. The shallow Brom that of the shallow AlsAl) and shallow GasGa ac-
center(sB) with an activation energy of 0.30—0.39 eV was ceptors. The resonance conditions of the unpaired spin re-
observed in Hall-effect studies and admittance spectroscoggpted to the sAl and sGa acceptors reflect the properties of
measurements. The deep B cer(@B) was first detected by the uppermostl’q valence-band hole and indicate an
photoluminescence measurememtdt was suggested that effective-mass-like character of these acceptors but with re-
the characteristic high-temperature bright-yellow lumines-duced orbital-momentum contribution resulting from the lo-
cence in B-doped 18-SiC is due to recombination involving calization. In contrast, the EPR spectrum of the sB acceptor
the dB center on the one hand and N donors and conductiotid not show effective-mass-like behavior. The contribution
electrons on the other haddBased on this suggestion the of orbital angular momentum appears to be almost negligible
ionization energy of the dB center was estimated to be morég~2) and, for instance, EPR signals of sB could be ob-
than 0.65 eV. DLTS investigatiohd and capacitance served in £-SiC without any uniaxial stress applied to the
method$ also point to the presence of a deep and shalloverystal in contrast to sAl and sGa in the same material.
boron acceptor level. The activation energies were estimated The difference in behavior of sB, on the one hand, and
to be between 0.22 and 0.35 eV for sB and between 0.55 argiAl and sGa, on the other hand, was explained by consider-
0.75 eV for dB. ing the difference in atomic radi?:*®?!|t was proposed that
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B, which substitutes for Si but which has an atomic radiusal-doped p-type SiC substrates. However, thé\g-Vc)
smaller than Si, occupies an off-center position owing tomodel for these deep acceptors is by no means firmly estab-
chemical rebonding, i.e., it relaxes away from the neighboriished and, for example, several questions regarding the ex-
ing C along the B-C bond. Indeed a high-frequer®  perimental observations remained unanswered. To further
GHz) EPR and ENDOR study on sB iH6SiC revealed that support the idea that dB, dAl, and dGa acceptors do exist and
there is a relaxation of the neighboring carbon atom and thehat the proposedAs-V:) model may explain the observa-
boron atom away from each oth@This study also revealed tions, we have started an investigation of these centers using
thatB is neutral and that it carries no direct spin density. Thehigh-frequency(95 GH2 EPR and ENDOR techniques. The
main spin densityabout 40% is located on the dangling use of these high-frequency techniques was stimulated in
bond p, orbital of the neighboring carbon atom along the particular by the success of a similar study on sB in
C-B connection line. In contrast to the behavior of the sB6H-SIC2?! Here we present the results obtained on the dB
acceptor, Al and Ga atoms substituting for Si are expected tacceptor. In particular, the hyperfine data obtained*t&
occupy on-center positions. As the local symmetry is con-13C, and 2°Si nuclei supply support for theAg-Vc) model
served this could explain the effective-mass-like behavioproposed in previous publications. These hyperfine data have
observed for the sAl and sGa acceptors. not only been obtained by pulsed ENDOR techniques at 95

The first magnetic-resonance observation of dB acceptor§Hz but also by modern electron spin echo envelope modu-
in SiC was made using ODMR techniqué$®?**The  |ation (ESEEM and hyperfine sublevel correlatiofHY-
ODMR spectra were recorded by monitoring the intensity ofSCORB spectroscopy techniques at 9.5 GHz.
the yellow luminescence band iH6SIC and its analogue in
4H-SiC. A number of anisotropic signals were observed at
1.5 K, which were ascribed to dB acceptors, and which origi-
nated from several types of centers since the relative inten- The 6H-SiC samples were free-standing epitaxial layers
sities of the signals vary with the emission wavelength in thgwith removed substrateand Lely-grown crystals compen-
luminescence band. The most intense ODMR lines showesated with 1’B during diffusion (95-99% of the boron is
nearly axial symmetry around the hexagonadxis and ex- ''B). The epitaxial layers were grown by the sublimation
hibited g,=2.02—2.03 andy, ~2.0. The low resolution of sandwich methdd in vacuum at temperatures between 1700
the ODMR method did not allow the observation of B hy- and 1750 °C. As grown, the epitaxial layers wardype,
perfine(hf) structures to connect the spectra unambiguouslypwing to nitrogen donors. Boron was diffused at a tempera-
with a B impurity. Subsequent EPR studies at 9.5 GHz orture of about 2000 °C. Two types of samples were available:
the dB acceptor in B-SiC showed the samg parameter as  *C-enriched 30%) crystals of 61-SiC and crystals with
observed in the ODMR experimefideading to the conclu-  a natural isotopic abundance-(%) of 13C.
sion that in the optical experiments the same dB center is The high-frequency EPR experiments were performed at
involved. Preliminary ENDOR measurements of dB revealedl.2 K on a home-built, pulsed EPR/ENDOR spectrometer
118 signals®® Later EPR spectra of dB were also observed inoperating at a microwave frequency of 95 GHz. A detailed
4H-SiC and -SiC?’ description of the setup is given elsewh&té’ The main

The features of the EPR spectra of dAl and d@=fs. advantage of this spectrometer is the high resolution both in
13-16 are almost identical to those observed for dB. Impor-the EPR and the ENDOR spectra. Moreover, owing to the
tantly, no effective-mass-like behavior was observed forsplit-coil configuration of the superconducting magnet, it is
these three deep acceptors. The orientational dependenciespafssible to perform a complete orientational study. The
the EPR spectra indicate that the deep centers of B, Al, angulsed ESE-detected EPR spectra were measured by moni-
Ga have the same, nearly axial, symmetry around the hexering the electron spin-echo intensity in a two-pulse echo
agonalc axis in the hexagonal polytypes of SiC and aroundexperiment as a function of the magnetic fideée Fig. 1a)].
the (111) axis in 3C-SiC. Theg values are such thai, In the pulsed ENDOR experiment a Mims-type pulse se-
>2.0 andg, ~2.0(g,>g, in contrast to sg**~16 quence was usétlconsisting of threer/2 microwave pulses

It was proposetf~*that the dB, dAl, and dGa acceptors with separationsr and T between the first and the second,
consist of a group-1ll element on a Si position accompaniedand between the second and third pulse, respectissg
by a neighboring carbon vacanc@d-Vc). It was argued Fig. 1(b)]. As a result of this pulse sequence a stimulated
that this center has near-axial symmetry aroundahaxis echo(SE) is created at a time after the last pulse. During
and that the hyperfine interaction with the B, Al, and Gathe time T, which is much longer than the phase memory
nuclei is of the same order of magnitude as for sB, sAl, sGatime Ty,, a radio-frequency{RF) pulse is applied that in-
which were established to besBAlg;, and Gag; centers. Itis duces a change in the intensity of the SE when this RF pulse
interesting to note that in contrast to the shallow acceptorss resonant with a nuclear transition.
which show a strong difference in behavior between sB, on The X-band(9.3 GH2 EPR experiments were performed
the one hand, and sAl and sGa, on the other hand, the deep 1.2 K on a Bruker ESP380E Fourier transform-EPR spec-
acceptors of these group-lil elements show almost the santeometer at 9.355 GHZ To measure the EPR spectra again,
behavior. a two-pulse scheme was used as shown in Hig). In ad-

The existence of deep B, Al, and Ga acceptors levels imition ESEEM experiments were performed. In these
addition to the shallow B, Al, and Ga centers is quite inter-ESEEM experiments, the precession frequencies of the
esting and has also practical consequences with regard to timeiclear spins that are coupled to the unpaired electron spin
fabrication of SiC devices. For instance EPR spectra of deepppear as modulations of the electron spin-echo decay. The
Al could be easily detected in commercial Cree CorporatiorESEEM measurement is performed using a two-pulse as well

IIl. EXPERIMENT



57 ELECTRONIC STRUCTURE OF THE DEEP BORO. . . 1609

2 T modulatedT; relaxation decay was removed from the time-
domain spectrum by subtracting a quadratic function, as this
(a) M relaxation would give a dominating zero-frequency compo-
T X7 > nent in the fast Fourier transfortfFT) spectrum, obscuring

the real hyperfine lines. Further processing steps included a
Hamming apodization and zero filling in both dimensions.

2
After 2D FFT, the magnitude spectrum was calculated and
(b) ﬂ H H_A symmetrized.

] RF L IIl. RESULTS

~
X
K
v

1 T T ! The EPR, ENDOR, ESEEM, and HYSCORE spectra ob-
tained on the dB acceptor can be described with a spin
TR T2 n 2 Hamiltonian of the following form:
(C) ﬂ : : H_\A/ H:MBéaé (éKB_’yBé) |B+TB PB IB
R T S +3 (S A 7B) Ty, (1)
I

FIG. 1. The microwave pulse schemes in the two-pulse sewhereX represents Si or GAg andAy represent the hyper-
quence(a), three-pulse sequendd), and HYSCORE pulse se- fine tensors of the''B(1=3), *3C(1=3), and *Si(I=3)
quence(c). nuclear spinsPg the quadrupole tensor of théB spins, and

i ) vg and yyx the magnetogyric ratios for the B, C, and Si
as a three-pulse sequence. In the first case the ESE intensiyiclei. Assuming that the boron hf and quadrupole tensors
is recorded as a function of the timebetween the two mi-  haye axial symmetry along theaxis and defining the axis

crowave pulses. When using a three-pulse sequence the E3E thez axis of the axis system, we can write for the quad-
intensity is recorded as a function of the tiidboetween the rupole interaction Pg(12—%12). Further Ag =Ag =ag
) 7z I

second and the third/2 microwave pulse. The frequency- 3
domain ESEEM spectrum is obtained as a fast FOL?rier ters’-LZbB’ As,=Ae, =As =35~ be, Pg=32Pp, =30s, and
form of the modulation patterns of the echo signal. Pg,,~Pg,,= —ds- Hereqg can be written in terms of the
In the HYSCORE spectroscopy experiments a four-pulsdield gradient as
sequence is appliefbee Fig. 1c)] consisting of threer/2
pulses and ar mixing pulse between the second and the eQ
third pulse. This mixing pulse creates correlations between ds= m Vzz, i)
the coherences of the nuclear-spin transitions associated with ) )
the two electron-spinm, manifolds. The HYSCORE tech- WhereQ is the electric quadrupole moment o8 andVz;
nique was introduced by P. #&r etal®® In this two- the electric field gradient.
dimensional experiment the ESE amplitude is recorded as a
function of the timet; between the second and the third, as A. W-band (95 GH2) EPR spectra
well as a function of the timé¢, between the third and the In Fig. 2 two EPR spectra are shown, one measured at 95
fourth pulse. The two-dimension&2D) time-domain spec- GHz (W band, the other at 9.3 GHgX band. In both cases
trum is then subjected to a fast Fourier transform with rethe magnetic field pointed along tleeaxis and the tempera-
spect tot; andt, to create a two-dimensional spectrum in ture was 1.2 K. On the high-field side we see the signal from
frequency space. The advantage of HYSCORE is that th¢he shallow-bororisB) acceptor as studied in Ref. 21. On the
correlation of the nuclear-spin coherences between the twiow-field side we see the EPR signal of the deep-bda)
electron-spirmg manifolds shows up in the two-dimensional acceptor, as established in Ref. 13. Weband spectrum of
spectrum. In both the ESEEM and HYSCORE experimenthe dB acceptor shows two lines with relative intensity 2:1.
the width of then/2 pulse was adjusted to 16 ns, and theThe intense line is a sum of the lines attributed to the two
microwave power was then set for the maximum amplitudequasicubic sitegk; andk,); the other one is ascribed to the
of the echo. The HYSCORE mixing pulse was optimized tocrystal site with hexagonalhexX symmetry. We note that
32 ns, resulting in an~80% inversion of the stimulated this is in agreement with the EPR measurements on a
echo. For the three-pulse ESEEM experiment the time be4H-SiC: B crystal sample where two lines of the dB ac-
tween the second and the third pulse was swept from 272 toeptor with a relative intensity of 1:1 are seen. In this crystal,
9872 ns in 600 steps of 16 ns. In the HYSCORE experimenonly two sites are present, one quasicubic and one hexagonal
the time between the first and the second pulse was 360 nsite. The remarkable aspect of thé-band EPR spectrum
the time between the second and the third pulse was swepbmpared to that taken &t band is the resolution enhance-
from 272 to 4368 ns and between the third and the fourtiment owing to the largeg tensor splitting at higher micro-
from 288 to 4384 ns in 256 steps of 16 ns for both directionswave frequencies. The distance of the dB EPR signato
To get rid of unwanted echoes eight-step phase cycling was 2.0023 is about 10 times larger than in tkeband spec-
used. The processing of the HYSCORE spectra was donteum. The same holds for the width of the dB EPR spectrum;
using the Bruker WIN-EPR system program. First, the un-he linewidth of the individual lines in thé/-band spectrum
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FIG. 2. Comparison between the EPR spectrumBitr of the deep and shalloW'B acceptor at 95 GHz in18-Si °C and at 9.3 GHz
in 6H-SIC (insep at 1.2 K. The magnetic-field scale is the same for both spectra. The EPR signal, belonging to tfuBieswg shallow
(sB) acceptor center, respectively, is indicated. For the dB signal the parts of the EPR line of the heftaggaald quasicubick; ,k,) site
in the crystal are labeled as well.

is about 10 times broader than the width in ¥dand spec- the [1120] plane. This plane was determined using the
trum. The intensity ratio between the dB and the sB signal i&nown orientational dependence of the sB EPR specffum.
1:2.2 at theX band and 1:6 at the/ band. This fact indicates The angled describes the orientation of the magnetic field
that the lines of the individual sites are much more spread invith respect to the axis. The anglep describes the orien-
the W-band spectrum than in thé-band spectrum. The line- tation of the magnetic field in a plane perpendicular toche
width is much larger than can be attributed g and in-  axis. Foro=0° the magnetic field lies in thgl120] plane.
creases linearly with the microwave frequency, which sug+rom the figure it follows that thg tensor principak axes
gestsg strain®® of all three centers align with the axis. This is contrary to
Figure 3a) shows the orientational dependence of the dBthe situation for the quasicubic sites of the sB acceptor,
acceptor EPR spectrum, with the magnetic field rotating invhere the principak axes of theg tensors lie along either

@ ¢=0° o (b) 6 = 37.5°
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FIG. 3. Orientational dependence of the EPR spectrum of the #&pcceptor at 95 GHz and 1.2 K inHBSiC. (a) Magnetic field
rotating in the[1120] plane, wheref indicates the angle between the directiorBo&nd thec axis. For angle®>60° the dB EPR signal
disappears underneath the sB EPR sigftal.Dependence orp, with the magnetic field describing a cone with=37.5°. The slight
nonaxiality of theg tensor is clearly visible.
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TABLE |. g-tensor values for the deep borddB) acceptor  the !B nuclear Zeeman frequency. ASB has a nuclear
from Ref. 13 andy tensor values as found at 95 GHz using the g | = 2 \we expect three lines in each manifold for each
V‘.”"ue of the sB hexagonal site Bfic as ag mark?r' .The estimated site, due to the quadrupole interaction. The figure shows the
difference betweeg, andg, for the hexagonal site is 0.01. For the magnetic-field dependence of tA% ENDOR lines as mea-

k sites this value is expected to be smaller. . . .
sured in the nonenriched sample. The three sharp lines van-
hex  qhex ki k1 k2 k2 ish at low field(position 1), which corresponds to the hex-
9 91 g 91 9 9 . .
agonal site. From this dependence we conclude that the three
dB 203 201 2023 20 202 199 ERRef 13,95 sharp lines belong to the quasicukig) sites. We further see

GHz, 45K that the broad hump also consists of three lines and that they
2027 201 2022 201 2021 2.00 ER¥S GHz, are related to the hex site. TH& hyperfine and quadrupole
12K parameters derived from the ENDOR spectra 4]

=8.8 MHz, |Agﬁ =5.4 MHz, and|P%=|Pi® =190 kHz,

one of the six other equivalent orientations in the hexagondn agreement with the values reported by ?aram\m_ze
crystal lattice. Theg tensor principal values, as found from (see Table Il a Finally we mention that the'B ENDOR
the orientational dependence, are given in Table I. The valsignals in the twans=; andms= — 3 manifolds have oppo-
ues were determined using the sB hexagonal site EPR line &tte sign. This phenomenon has now been observed several
Blic as ag marker. Theg value of this line is 2.002 00, times in ENDOR experiments at 95 GHz and 1.2 K. It is
which was also used as g marker in the case of the sB €xplained by spin-lattice relaxation effects in the case of
acceptor. In Fig. @) we present the dependence of the EPRIarge thermal spin polarizations as it occurs at 95 GHz and
spectrum ong for #=37.5°. For this angle the slight 1.2 K. Fora detall4ed explanation the reader is referred to a
g-tensor anisotropy of the six magnetically inequivalent sitegorthcoming Fiape?- Figure 6 shows the orientational depen-
in the plane perpendicular to theaxis is most clearly vis- dence of the"'B hyperfine lines of the lower manifold in the
ible. [1120] plane. The lines could not be followed further than
Similar experiments as presented in Figs. 2 and 3 werd5® away from thec axis. Figure 6 also shows the orienta-
performed on a13C-enriched Samp|e_ No new EPR lines tional dependence of thégC line with the Iargest hyperflne
were observed in any orientation. Only a slight broadeningnteraction.

of the EPR linewidth of the dB signals is seen which is In Fig. 7 the*C ENDOR spectrum wittBiic is presented
attributed to the'®C hyperfine interaction. on an enlarged scale. It consists of a broad line around the

13C nuclear Zeeman frequency and two separate lines at 32.2
and 40.0 MHz symmetrically positioned around the Zeeman
frequency. The latter are probably due to fi€ atoms with

W-band ENDOR measurements were performed on nong,q highest spin density. The hyperfine CO”StMEHC'
enriched and 309%°C-enriched crystals. In Fig. 4 the spectra =7.8 MHz. In the broad line surrounding tH8C Zeeman

Ior B!It(': are ?222\,\(/? f(l); b%tg(ffyls;m& (\;VE';Z Shso)W E’\llD,OR frequency several lines can be recognized with a maximum
ransitions of?°Si(l = 1), =1), an =2) nuclei. _ 5l
’ : 2 hyperfine valugAZ'®|= 2.2 MHz.

For clarity the spectrum around the silicon nuclear Zeema 20e: ) _
frequency is magnified in an inset. The “°Si ENDOR spectrum consists of a broad line at the

The 1B ENDOR spectrum in Fig. 5 consists of three 29Si nuclear Zeeman frequency. Two lines can be distin-
sharp lines and a broad hump, symmetrically located arounduished with a hyperfine splittinyxg‘i‘ﬂ =0.76 MHz.

M B // c-axis

B. W-band ENDOR spectra

‘2‘ \w Si120 : 11B
B
[
5 )
L si'’c: "B
[43]
Ll
v,(*Si) v,(1%C) v,("'B)
1 L1 N Ll . 1 Ll 1 L 1 .
25 30 35 40 45 50 55 60

ENDOR frequency (MHz)

FIG. 4. Comparison between the ENDOR spectrum offi@enriched and the nonenriched sample at 95 GHz and 1.2 K. The part of
the total spectrum that belongs B is magnified in Figs. 5 and 6. The lines belonging'te are visible in the spectrum of the enriched
sample and in Fig7 a magnification of this part of the total spectrum is shown. The spectrum aroufittEeeman frequency is magnified
in an inset in this figure.
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ESE intensity

3.33 3.34 3.35 3.36 3.37 3.38
Magnetic field (T)

ESE intensity

41 42 43 44
ENDOR frequency (MHz)

FIG. 5. Magnetic-field dependence of th#8 ENDOR lines in the 61-SiC sample foBllc axis at 95 GHz and 1.2 K. Spectrui) was
measured witlBB=3.349 T, spectruni2) with B=3.353 T, and spectruit8) with B=3.357 T. From this figure it follows that the EPR line
of the hexagonal site is much broader than the one of the quasicubic sites as the hf line of this site is always present in the spectra.

C. X-band three-pulse ESEEM and HYSCORE measurements  is then almost exactly canceled by the hyperfine interaction.
on Si*’C As shown in Fig. 8 a deep nuclear modulation effect was

As we note from théN-band ENDOR experiments pre- observed in the stimulated echo decay at 9.3 GHz following
sented in Fig. 4, thé'B ENDOR transitions occur at fre- @ threem/2-pulse sequence by keepindfixed and varying
quencies that are shifted by abatid MHz with respect to  the intervalT between the second and the third2 pulse
the 1B nuclear Zeeman frequency at 46 MHz. By changing[see Fig. 1)]. In Fig. 8b) the related frequency-domain
the EPR frequency from 95 GHz to 9.3 GHz tH® Zeeman spectrum is displayed as obtained by a FFT.
frequency changes from 46 to 4.6 MHz and tHB ENDOR The attraction of the three-pulse ESEEM experiment is
transitions are predicted to occur around 0-2 and 7—-9 MHZzhat there is no need to apply a RF field. It is, however, a
This is a very favorable situation to observe ESEEM spectr@ne-dimensional technique with the inherent disadvantage
because for oneng manifold the nuclear Zeeman frequency that resonances of different nuclei in the same frequency

9=0°
2
»
c
)
£
L
w
1]
0=0°
W% ° 100
6=15°
L 1 " | L 1 L 1 1 1 L I
39 40 41 42 43 44 45

ENDOR frequency (MHz)

FIG. 6. Orientational dependence of th® and the outet*C ENDOR line up toZ (B,c)=15° at 95 GHz and 1.2 K. The spectrum for
6=0° was measured &=3.357 T, ford=10° atB=3.360 T, and fo=15°, B=3.361 T. The lines are seen to broaden and'8azline
splits into several lines. At angles>15°, the lines have become too broad to be measurable by ENDOR spectroscopy.
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TABLE Il. (a) The experimental values of the hyperfine and quadrupole tensbiBobf the deep boror{dB) acceptor as found by

ENDOR measurements at 95 and 9.5 GKzefinitions of the hyperfine and quadrupole parameters can be found in RefibZhe
hyperfine parameters df'B for the shallow bororn(sB) as well as the deep borciB) center as found from a fit of the orientational
dependence of th&'B hyperfine line in the ENDOR and HYSCORE spectra. The principal axes of the hf tensor coincide with the principal
axes of theg tensor anda andb are related to the tensor elements/fofas follows,Aj=a+2b, A, =a—Db. In the paper about the sB
acceptor by Matsumotet al. (Ref. 21 the symbolg was used to describe the quadrupole constant. The relation befveed q is as
follows, P=3g=3/2P,,. (Definitions of the hyperfine and quadrupole parameters can be found in Ref. 42.

@

A‘}‘wex Ajl-ex Phex A‘l|<l Ail Pkl A‘I‘<2 AJK_Z Pk2 MHz
dB 54 0.19 8.8 0.19 8.9 0.19 ENDOR5 GHz, 1.2 K
5.8 0.2 9.1 0.19 9.2 0.19 ENDORRef. 13, 9.5 GHz,
4.5 K)
(b)
ahex bhex Phex akl bkl Pkl ak2 bk2 Pk2 MHz
sB -0.97 2.91 0.726 —-3.72 3.06 0.765 —-2.99 2.89 0.750 ENDOR(Ref. 23,
+0.05 =*0.05 =*0.015 +0.05 =*0.05 =*0.015 +0.05 +0.05 *+0.015 95 GHz, 1.2 K
dB 2.6 1.7 3 3.1 HYSCORHE9.3
+0.8 0.3 +1.5 0.9 GHz, 1.2 K
5.8 6.1 1.5 6.2 1.5 ENDORREef. 13,
*0.1 +0.1 0.1 +0.1 0.1 9.5 GHz, 45 K

region form broad, unresolved lines from which it is difficult occur that correlate resonances of a particular nuclear spin
to extract the individual nuclear transitions. To disentangldn the two electron spimg manifolds. The attraction of such
these crowded spectra HYSCORE spectroscopy is thewo-dimensional spectra is that it is relatively easy to sepa-
method of choice. In this technique a fouritpulse is added rate nuclear transitions that otherwise overlap in a one-
to the threem/2-pulse sequendeee Fig. {c)] and the echo dimensional representation. In Fig. 9 we present as an ex-
modulation patterns that are obtained are Fourier transample, a plot of the HYSCORE spectrum, obtained with the
formed with respect tot; and t,. In this way a two- magnetic field tuned to the hexagonal EPR line in the spec-
dimensional ENDOR spectrum is obtained. The functiontrum with Blic, where the different peaks are indicated by
of the 7 pulse is to transfer coherences in ang manifold  their contour lines. Along the horizontal and vertical axis
to the other one. The result is that off-diagonal resonanceso-called ‘“skyline” projections of the two-dimensional

ESE intensity

31 32 33 34 35 36 37 38 39 40 4 42

ENDOR Frequency (MHz)

FIG. 7. The upper spectrum shows th€ ENDOR lines forBlic, with B=3.357 T(indicated by an arrow in the EPR spectrum in the
upper insetat 95 GHz and 1.2 K. The carbon Zeeman frequency, indicated by an arrow in the ENDOR spectrum, is 35.96 MHz at this field

value. The largest hyperfine interaction visible is 7.8 MHz, all other interactions are smaller than 2.2 MHz. The lower spectrum shows the

carbon ENDOR lines for the orientatias=0°, §=35°, withB=3.367 T(indicated by an arrow in the EPR spectrum in the lower nset

The carbon Zeeman frequency, again indicated by an arrow in the ENDOR spectrum, is 36.04 MHz at this field value. The inner lines seem

to have moved away from the carbon Zeeman frequency with respect to the upper spectrum.
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w FIG. 9. A contour plot of the two-dimensional HY SCORE spec-
trum obtained on the hexagonal position in the EPR line Bijtb at
9.355 GHz and 1.2 K. In the figure we have indicated the lines
oy belonging to B and 2°Si. In the skyline projection the one-
0 5 10 15 20 25 30 dimensional(1D) spectrum is recognized. The picture shows the

ESEEM frequency (MHz) advantage of 2D spectroscopy. One manifold of @i spectrum,
which is not visible in the 1D projection appears well resolved in

FIG. 8. (a) An example of an ESEEM spectrum in the time the 2D spectrum.
domain.(b) The spectrum ofa) after a fast Fourier transformation.
The spectrum was measured on the quasicubic part of the EPR line.
At 7.5 MHz we see thé'B hf line belonging to the manifold above
the B nuclear Zeeman frequency of the hexagonal site. At 9 MHz
we see the hf line of'B in the quasicubic sitéconsisting of three 04
components, which are not visible in the pictyréhe line at 18
MHz is its second harmonic and the one at 27 MHz its third. The
1B hf lines around 1 MHz belong to the manifold below th& 204
nuclear Zeeman frequency of tHéB sites.

spectrum are given. It is seen that in these one-dimensionag
skyline projections the different transitions of théC, 2°Si, Y
and B nuclei overlap and are difficult to disentangle. How- £ 60
ever in the two-dimensional plot the contributions of the dif- &
ferent nuclei are easily distinguishable. The group of lines at
the coordinates 2—7.5 MHz and 7.5—-2 MHz belong*tB

and the other groups t&°Si as indicated in the figure. The | T S T R
clear separation in this two-dimensional plot of the reso- 0 2 4 6 8 10
nances of the various nuclei allows us to follow the orienta- ESEEM frequency (MHz)

tional dependencies of thé'B resonances over a much
larger range than in the one-dimensional ESEEM experime%e

at ?n3F%HiO the orientational dependence of #e hyper- hyperfine lines of the quasicubic site as measured by HYSCORE,
. L . . the line through them was calculated usiag=2.7 MHz andbg

fine lines of the dB center are displayed, as obtained from the 5 5 \11,. Estimating the error in these values leadsago-3
HYSCORE experiments, upon a rotation of the magnetic, ; 5y andbg=3.1% 0.9 MHz. The circles show the hyperfine
field in the[1120] plane. The squares and the circles presenfines of the hexagonal site as measured by HYSCORE, the calcu-
the angular dependence of the average value of the qc anglion parameters of the line asy=2.5 MHz andbg=1.7 MHz.

hex hyperfine lines, respectively. As a comparison, the lineéshe estimated error igg=2.6+0.8 MHz andbg=1.7%0.6 MHz.
as expected at 9.355 GHz from the parameters found witlthe black diamonds show the expected position of the lines at

ENDOR atW band are shown by filled diamonds. Assuming 9.355 GHz as derived from the experimental ENDOR data of 95
that the principal z axis of the hyperfine tensor of GHz and 1.2 K.

3}

804

FIG. 10. Orientational dependence of th@& hyperfine lines in
[1120] plane at 9.355 GHz and 1.2 K. The squares show the
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FIG. 11. Magnetic-field dependence of the three-pulse ESEEM lines at the high-frequency sjtiéBjf for Blic axis at 9.355 GHz and
1.2 K. Spectrum(1l) was measured @&=329.34 mT,(2) at B=329.95 mT,(3) at B=330.37 mT, and4) at B=330.84 mT. When the
magnetic field is in positioil) in the EPR spectrum, we mainly connect the sublevels of thentwmanifolds that have the largest energy
difference. When the magnetic field is in positi@h, we mainly connect the sublevels of the twg manifolds that have the smallest energy
difference. As we can see in the picture, the nuclear transition at the lowest frequency is strongest for ddhditidrthe one at the highest
frequency for conditior{4). Using this observation we find that the hf and quadrupole tensor have the saniReiggl).

1B is along thec axis and that the tensor is axially symmet- As an illustration, we show in Fig. 12 the dependence of the
ric,c we can fit the angular dependencies to=ag EPR line shape on the interval between the microwave

+bg[3(cos#)?>—1]. We find thatag and bs must have the Pulses in a two-pulse ESE experiment as measured on the
same sign and thaf ageﬂ —26+0.8 MHz |bge>1 —1.7 13C-enriched sample. The EPR line intensity was normalized

+0.3 MHz and|a%] =3.0= 1.5 MHz, |b%=3.17 0.9 MHz. to unity to show the shift to higher magnetic field with in-

creasingr. The most important observation is that tfie
AS. we ?OUId notk measure the IfSEliM sp_ectrum_ Bohffc time acquires its shortest value of about psfor the largest
axis, only Ag is known accurately. The anisotropic hf pa- geyiation fromg=2 (low magnetic-field side of the EPR

rameterbg thus has a large error margin, and so s line). On the high-field side of the EPR line the two-pulse
(ABHZaBJr 2bg). The quadrupole interaction is given by echo decay exhibits a biexponential decay with time con-

PB”=190 kHz for all sites(See Table Il b.

We can derive the relative signs of the hyperfine and the
guadrupole constants from a field-tagged hyperfine spectrun
In Fig. 11 we show the field dependence of B hyperfine
lines, as obtained from the three-pulse ESEEM patterns witt
Blic, by varying the magnetic field over the EPR lines of the -,
guasicubic site. When the ESEEM experiment is performec'E
at the low magnetic-field side of the EPR line the ESEEM £
line at the lower frequency is strongest. When performing;;
the experiment at the high magnetic field side the ESEE
line at the higher frequency is strongest. This fact indicates
that the sign of the quadrupole interactiBg of B is the
same as that of the hyperfine interactiag. This is in agree-
ment with the conclusion of similar experiments on the sB
acceptor! As Py is expected to be positive, as will be dis-

T T T T T T T v T T T
3.354 3.356 3.358 3.360 3.362 3.364

cussed in Sec. IV, we decide thag>0, bg>0, and Pg Co
. M tic Field (T
>0. The same effect can be seen in the ENDOR spectra agnetic Field (T)
published in Ref. 13. FIG. 12. The dependence of the shape of the EPR line on the

time interval 7 in a two-pulse ESE experiment wisiic axis at 95
GHz and 1.2 K. Only the peak of the line of the quasicubic sites is
shown to clearly demonstrate the shift of the line to higher field

It appears that, wittBlic, for the *C-enriched as well as with increasingr (spectra are normalized to unityThe peak at
for the nonenriched sample, tfie time is field dependent. 3.364 T is due to Mn in the surface layer of the crystal.

D. T, measurements at 95 GHz
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stants of 4 and 17s. The field dependence &% gradually c-axis

decreases with increasing value é6fand disappears for
B
with time constanfTb~2.5 us andT5~14 us. ” o Kibo)
e, e ——
6 .

angles#>35°. Here a double exponential decay is observed
+d Aa+E(b+o)

E. Nutation experiment at 95 GHz

In order to establish the spin multiplicity of the dB center
we performed transient nutation measureméhtShe sB
center was taken as a reference because its spin quantumg;
number is known to b&=1. If the spin multiplicity of the
dB acceptoiS=1, then the matrix element for the transition
between the magnetic sublevelsv® times larger than for
S=1 and the length of ther/2 pulse should be shorter by
this factor. If the spin multiplicityS=3 the transition mo-
ment between then,= = 3 sublevels is even larger by a fac-
tqr o_f 2 and thew/2-pulse length shorter by a factor of 2. We the cubé. a, b, andc are the three broken bonds of the Si atoms
did find however that the length of the/2 pulses for the SB  g,rrounding the vacancy. Without the Jahn-Teller distortion the
and dB centers were equal and conclude that both centefint-group symmetry i<;, , with the Jahn-Teller distortion the
correspond td= 3. symmetry isCy,,. The one-electron LCAO MO’s shown transform
according to the irreducible representations of the symmetry group

IV. DISCUSSION Cin.

S

S
C3v Clh

FIG. 13. Simple LCAO one-electron MO model for the elec-
tronic structure of the deep boron acceptor consisting of a boron
substituting for a silicon and a neighboring carbon vacancy. In the
description, we have followed the nomenclature of WatkiRsf.

36). The BV bond has the direction of theaxis[(111) direction in

The main results of our EPR, ENDOR, and ESEEM studycancy next to a boron substituting for a silicon at$ti’ The
on the deep boron acceptor i6SiC can be summarized as atomic orbitals are the dangling bonds of the three silicon
follows. First of all, it was established that the spin multi- atomsa, b, andc surrounding the vacancy. The point-group
plicity of our center isS= 3. Second, we note that in contrast symmetry isC5, and the totally symmetric orbitalag) is
to the shallow boron acceptor tigetensors are almost axial expected to be lowest with the degenerate orbigl Iying
with g, parallel to thec axis for the hexagonal as well as for above it. By populating these one-electron orbitals with the
the quasicubic sites. The values@f, g,, andg, are such  unpaired electron of the three silicons surrounding the va-
that Ag,=(9,—9e)>A0x=(9x—ge), AGy=(9y—Je), and  cancy, we see that one electron occupies #)eobital, thus
thatg,#gy, i.e., there is a small nonaxiality. The EPR line- explaining theS= 3 character of the defect. Because of the
width at 95 GHz is about ten times larger than at 9.3 GHzorbital degeneracy a static Jahn-Teller distortion will take
indicating a dominang strain broadening that is most pro- place, making one silicon atom inequivalent with respect to
nounced withBllc. Third, we note that the EPR spectrum in the other two and lowering the symmetry@qy,. As a result
the *3C-enriched sample does not exhibfC hyperfine sat-  the (e) orbital will split in ana’ and ana” component ac-
ellite lines, in contrast to the shallow boron acceptor. Thecording to the two irreducible representations®f,,. The
maximum *°C hyperfine interaction is estimated from the one-electron LCAO MO’s describing’ and a” are \a
line broadening to amount t0>X310 * T. In agreement with +(u/v2)(b+c) and (u/v2)(b—c). The observed direc-
this finding is the fact that the ENDOR spectrum shows ajons of the principal axes and principal values of theen-
maximum3C hf interaction of 7.8 MHz, which is equivalent sor are in agreement with this model. The axis is found
to about 3< 10”4 T. The fourth point of interest is that in the parallel to the vacancy-boron axis and theaxis is found in
ENDOR spectrum no largé®Si hyperfine interactions are the [1120] plane. The value ofj, deviates most strongly
observed. It is not excluded however, that one EPR line obfrom g, because there is an expectation valud ,ofthe z
served in the 9.3-GHz spectra fBL ¢ on the high-field side  component of the orbital angular momentum opepatm-
of the shallow boron EPR line is #Si hyperfine line with a  tween thea’ anda” orbitals3® Since we are dealing with a
hf splitting of about 4 10°* T (~23x10™* T from the  hole this leads to a positive deviation gf.*®
center of the sB S|gnhl The fifth point is that the hf inter- We propose that rando@ strain is the main reason for
action and quadrupole interaction witB is given byai™  the linewidth observed at 95 GHz wisiic, because at 9.3
=2.6+0.8 MHz, al*=3+15MHz, bp®=1.7+0.3MHz,  GHz the linewidth is about ten times smaller. This random
ba’=3.1¥ 0.9 MHz, andPz=190 kHz for all sites. The last strain in the crystal arises from a difference in local environ-
point is thatT, varies over the EPR line witBlic and thafT, ments of the individual centers. The first EPR study that
is shorter on the low-field side of the EPR line, i.e., on theshowed unambiguously the effect of random strain on the
line belonging to the hexagonal site. width of the EPR line was carried out by Feher, Hensel, and

Following the ideas of Baranov and co-workér® we  Geré® on the B acceptor in Si. In our case randgnstrain
propose that the deep boron acceptor consists of a boron @auses a spread in the energy difference betweea'tlaed
a silicon position with an adjacent carbon vacancy. Appara” orbital. Since this energy difference appears in the de-
ently, for energetic reasons, this carbon vacancy combinegominator of the expression fdxg, a spread in the orbital
always with a boron along the axis. In Fig. 13 we show a energies will thus lead to a spread Ag. The reduction of
simple one-electron linear combination of atomic orbitalsthe linewidth when the magnetic field is turned away from
(LCAO) molecular-orbitaMO) description of a carbon va- thec axis can also be understood because the contribution of
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the spin-orbit coupling toAg then reduces accordingly. positive, which allows us to establish that the isotropic hf
Since the spin-orbit interactions involve the molecular orbit-constantag and the anisotropic hf constang are also posi-
als of the center, the effectivevalues will be more sensitive tive. The fact thabg is found to be positive is in agreement
to the local environment the further they are frgg. The  with the theoretical prediction for the sign bf (see above
variation of T, over the EPR line wittBlic is not entirely From the ENDOR spectrum déc presented in Fig. 7 for
clear. It could be caused by thermal modulation of the rangjic, it is seen that the largest hf interaction amounts to 7.8
dom strain which would give the largest variation in reso-\Hz (~3x 104 T). Unfortunately, it was not possible to
nance frequencieshortestT,) for those centers that have & perform a reliable orientational study of the two outer
small difference in orbital energifargestAg). In this con-  ENDOR lines because the lines broaden quickly when turn-

text it is interesting to.note t'hat Bar_anov ‘?‘”d MOkHb.Ub' ing the magnetic field away from theaxis. We attribute the
served that the EPR line shifts to higher field when INCreasy; o< to the nine'C atoms adjacent to the three Si atoms

ing the temperature. This effect can be explained by, : .
assuming that in the low-field part of the EPR lifi re- surrounding the vacancy. If we take the observed hf splitting

_4 . .
duces faster with increasing temperature than in the high(—)]c about 3<10 .T as a measure for the isotropic hf con-
field part stantac then a simple estimat®would yield 0.2%s char-

: . ey
From the 1B hyperfine interaction data it is clear that @Cter on each of the nine adjacéfiC atoms. Assumingp

there is a negligible spin density on boron. According to ourYPrid orbitals the total spin density on the mﬁ&. atoms
model the anisotropic part of the hf interactibg is then adjacent to the S|I|co'ns. surrourjdlng the vacancy is estimated
determined by the dipole-dipole interaction between the unt® be about 7.2%. It is interesting to note that apart from the
paired electron spin in the three dangling bonds of the silicofwo *°C ENDOR lines in Fig. 7 att7.8 MHz away from
atoms and the nuclear spin ¢fB. As the sign ofbg is  ¥(*°C), the other **C lines are grouped closely around
determined by the factor (3 cbg—1), with 6 the angle be- v,(**C). This indicates that the spin density is almost 100%
tween thec axis and the connection line from the nucleus tolocalized on the three silicons surrounding the vacancy and
the spin densitybg is expected to be positive. The symmetry the nine adjacent carbon atoms. In contrast, i@ ENDOR
axis of the hf tensor is expected to be parallel to the connecspectrum of the shallow boron acceptor exhibits a much
tion line between the boron and the vacancy, in agreemenmore gradual distribution of the ENDOR lirfégypical for a
with the experimental data. To estimate the valudgfive  more shallow center where the spin density is distributed
used a point-dipole approximation assumayg orbitals on  over a larger volume.
the three silicons. To account for the unpaired electron spin The proposed model for the deep boron acceptor would
we took fractional charge$ (—e) on the three Si atoms predict a large hf splitting of thé°Si nuclei surrounding the
surrounding the vacancy. We placed 75% of the fractionaVacancy, whereas in the ENDOR spectrum of Fig. 4 only
charge at 0.77 A from the silicon atoms on their connectiorENDOR lines closely around,(?°Si) are observed. A rough
lines with the vacancy and assumed 25% of the fractionaidea about the hf splitting expected for tR&i atoms sur-
electron spin to be located on the silicon nucleus. For a valueounding the vacancy can be found from the splitting seen in
of f=30% on one Si hybrid orbital this leads toz= the case of the sB acceptor for the carbon atom carrying the
+1.1 MHz. Using the observed valuesimf and comparing main spin density. This carbon carries 38% of the spin den-
with the sB calculation we estimate the total spin density orsity and its hyperfine interaction is given lay.=(40.8+1)
the three silicons to be in the range of 70—90 %. The isotrox 10 * T and bc=(10.8-0.5x10 *T. Assuming a spin
pic part of the boron hf interaction is very small and positive.density of 25—-30 % on each of the three silicons, we expect
Here we have to realize that only 0.1% of the spin density irtheir hyperfine interaction to be of the same order of magni-
the s orbital of boron givesag~3 MHz. As in the case of tude. Itohet al*! measured the hf interaction of the nearest-
shallow boron we do not think that there is a basis for aneighboring silicons of a positively charged carbon vacancy
speculation on the value @iz for boron. in Al-doped, 1 MeV electron-irradiated 3C-SiC to Be=

The quadrupole tensor dfB is mainly determined by the —20.2<10 % T and A, =—14.8x10 * T. A satellite line
electric-field gradient produced by the distribution of theon the high-field side of the shallow boron EPR transition is
three valence electrons in the orbitals of bofbifhe value observed in theX-band spectrum, about X310 * T sepa-
of Pg for B with a sp® configuration with no electron rated from the center of the sB signal Bt c. It exhibits the
present along the B-vacancy connection line is predicted tsame temperature and orientational dependence as the main
be positive and is estimated to amountRg= 1020 kHz?*  deep boron signdf [In measurements on 3C-SiC at the
In the case of the sB acceptor the experimentally observeband a similar line was observed, with an extreme position at
quadrupole constarg is 750 kHz, which is much larger 2 (B,c)~70°.]*’ We tentatively ascribe this satellite line to
than the valuePg of 190 kHz observed for the dB center. the 2°Si surrounding the vacancy. Confirmation of this as-
This difference may be explained by the fact that in the dBsignment has to wait for the preparation &iSi-enriched
case the boron is less removed from its center position thahoron-doped crystals.
in the case of the sB with an inherent smaller electric-field The spin-density distribution in the dB acceptor site is
gradient. We note that Watkiffsin his study of the Al- summarized with the help of Fig. 14. The Si nuclei are cal-
vacancy pair in Si also finds a surprisingly small quadrupoleculated to each carry a spin density of 25—30 % with an
splitting of the 2’Al nucleus. This author devotes a long dis- estimated isotropic hf interaction of 3040 * T. The
cussion to the possible explanations of this observation, onadjacent carbons (£;,C,5) each carry a spin density of
of them being a displacement of the Al towards the vacancyabout 0.8% assuming an isotropic hf interaction of 2.8
The important point though is tha®g is predicted to be Xx10 % T (7.8 MH2). The next silicons $j, carry a spin
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FIG. 14. The spin density distribution in the deep boron accep
tor (hexagonal site V. indicates the position of the vacancy, sub-
stituting for carbon, B; indicates the position of the boron impurity
substituting for silicon. On the ground of our ENDOR and

HYSCORE data we suggest the following spin-density distribution. . .
ofharge state is observed. If the conclusion of Kuwabara and

On the boron nucleus the spin density is negligible. About 25-30
resides on each Siabout 0.2% on each &i and about 0.1% on
each Sj,. The other Si have a negligible spin density. On eagh C
there is about 0.2% of spin density, on eacf, @nd G, about
0.8%. On the other carbons the spin density is negligible.

density <0.1% assuming an isotropic hf interaction of 0.3

X104 T (0.76 MH2. The boron has a negligible spin den-
sity and the adjacent carbons jChave a spin density of
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for the shallow boron acceptor. In the fourth model, boron is
accompanied by an impurity atom. The most common impu-
rity is nitrogen. However, experiments with concentrations
varying over three orders of magnitude show that the deep-
boron acceptor EPR signal is not affected. Further, we note
that the deep-boron acceptor signal is not sample dependent,
which excludes oxygen or any transition metal impurity to be
involved in the structure of the deep-boron acceptor. In the
fifth model, a boron atom on a silicon site is accompanied by
a silicon on a nearest-neighbor carbon site. In this model the
unpaired spin density would be located in a dangling bond of
the antisite silicon atom andg value close tag.=2 would

be expected in contrast to our experiments.

Finally, it is interesting to discus our model for the dB
acceptor in relation to the conclusion of Kuwabara and
Yamada? These authors showed that the donor-acceptor-pair
(DAP) luminescence involving the dB acceptor and tiie
donors is of type I, meaning that the donor and acceptor
‘occupy the samécarbon sublattice. This conclusion is not
necessarily in contradiction to our model because in the DAP
luminescence, the final negatively charged state of the dB
acceptor is involved, whereas in our experiments, the neutral

Yamada is correct, this would imply a reconstruction of the

dB acceptor upon the adding of an electron to the neutral
charge state of the complex. This is an interesting supposi-
tion which would deserve furthdtheoretical investigation.

V. CONCLUSION
The pulsed EPR and ENDOR results at 95 GHz and 9.3

about 0.2% assuming an isotropic hf constant of 0.8GHz lend support to the model for the deep boron acceptor

X10% T (2.2 MH2). The next nearest silicons jgihave a

in which a boron in a silicon position combines with a neigh-

spin density of about 0.2% assuming an isotropic spin denboring carbon vacancy along the hexagonakis. A reason-

sity 0.9x10 * T (2.6 MH2). The others (Si) have an al-
most negligible spin densityag<0.3x10 4 T).

able estimate of the spin-density distribution is obtained. It is
shown that the spin density is distributed over a smaller vol-

Although the proposed model for the deep boron accepto¥me than in the case of the shallow boron acceptor. The
is consistent with the experimental observations, there aréesults demonstrate the power of pulsed ENDOR spectros-
several alternative models that deserve consideration. In tHeOpy. In particular the ESEEM and HYSCORE experiments
first, we consider the situation that boron substitutes for &t 9.3 GHz allow us to resolve the angular dependence of the
carbon atom with a neighboring vacancy on a silicon posi-llB hf interaction with a precision that cannot be obtained
tion. In this model the unpaired spin density would reside orith conventional ENDOR techniques. These HYSCORE re-

the carbon surrounding the vacancy and a laté@ hyper-
fine interaction in the EPR spectrum of tHéC-enriched

sults on!B turn out to be important for the interpretation of
the electronic structure of the deep boron acceptor.

crystal is expected, in analogy to the case of the shallow

boron acceptof! As we mentioned, we only observe a slight
broadening of the EPR lines in tHéC-enriched crystal and
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