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In this paper, we present high-frequen(86 GH2 pulsed electron paramagnetic resonafEEPR and
electron nuclear double resonan@&N\DOR) measurements on the nitrogé) donor in 4H-SiC (k site) and
6H-SIC (h, k;, andk, sites according to the accepted classificgtiinom the isotropi¢a) and anisotropicb)
hyperfine interaction of the unpaired electron spin of the donor witH38¢35%"C-enriched samples were
used and?°Si nuclei, the distribution of the electronic wave function of the N donor is determined. It is found
that this wave function is quite different in the two polytypes because the spin-density distribution ot the
and?°Si nuclei differs between theH and 64 polytypes. A similar conclusion was derived from the EPR line
broadening of the N donor iffC-enriched #- and 64-SiC compared with nonenriched crystals. The main
part of the spin density inHE-SiC is located on the Si sublattice and the wave function contains a relatively
large portion of Sp character. A tentative assignment is proposed for five ENDOR lines. For the three sites in
6H-SIC, the main part of the spin density is located on the C sublattice and the wave function is built mostly
of slike C atomic orbitals. Comparing the three sites iH-&iC, theh site wave function has the largest
delocalization and is most isotropic. Tke site wave function is most localized and less isotropic. The largest
part of the spin density is located far into the crystal. The difference in behavior of the wave functibh in 4
and 64 polytypes seems to find its origin in the difference in their conduction-band structure. Our results
indicate that the conduction-band minima i 4SiC (bottom of the conduction bandare mainly Si-like,
whereas in 61-SiC the conduction-band minima are mostly C-like.
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[. INTRODUCTION and emission spectroscopy by Choyke, Hamilton, and
Patrickk and using Raman experiments by Colwell and
Silicon carbide(SiC) is a promising wide-band-gap semi- Klein.® The first electron paramagnetic resonar&R
conductor for applications in high-frequency, high- measurements on the N donor in SiC were done by Wood-
temperature, and high-power electronic devices. For this pubury and Ludwidg and the first ENDOR measurements were
pose,n- and p-type SiC is grown by incorporation of donor done by Hardeman and Gerrit§€rboth at 9.5 GHz. High-
impurities, like N, or acceptor impurities, like B, Al, and Ga. frequency EPR measurements at 142 GHz by Kalabukhova,
To further the development of such semiconducting devicekabdin, and Lukif® allowed to separate overlapping EPR
a good understanding of the electronic and geometric progines, owing to the high spectral resolution, and to assign the
erties of the created donor and acceptor centers is imperativearious EPR lines to specific sites in SiC lattice. Additional
A complicating factor in such studies is that SiC can occur nENDOR measurements were reported by Greulich-Weber
different polytypes, with greatly different band structures,et al* An overview of our current knowledge of the elec-
and also that the donor and acceptor impurities seem to occtimonic properties of the N-donor, obtained by EPR and
at different sites in the polytypes. ENDOR at 9.5 GHz, is found in the review papers by
An important issue is the spatial delocalization of theGreulich-Webet?
electronic wave function of the donor and acceptor centers in The important aspect of the ENDOR investigation pre-
semiconductors. The method of choice to obtain this inforsented here is that it has been performed at a microwave
mation is electron nuclear double resonafEBDOR) spec- frequency of 95 GHz, i.e., ten times higher than the conven-
troscopy developed by Fehemvhich has been applied to tional frequency of 9.5 GHz at which all ENDOR measure-
donor impurities in Si by FehérFletcheret al,? Hale, Ivey, ments reported so far have been carried out. The great ad-
and Mieher and to acceptor impurities in SiC by Duijn- vantage of this high microwave frequency is that the high
Arnold et al? In these experiments, the hyperfifie) inter-  spectral resolution not only allows us to distinguish the vari-
action between the unpaired electron spin of the donor andus sites in the EPR spectra, but it also leads to a separation
the nuclear spin of the surrounding atoms is determinedpf the ENDOR signal of the*C (I=3) and ?°Si (I1=3%)
which is then translated into the spin density of the electronicuclei. Thus the hf interaction of the unpaired electron spin
wave function at the various atomic positions. with the surrounding nuclear spins can be determined in
In this paper, we present the results of an ENDOR studygreat detail supplying information from which the spatial
of the N-donor center in ¥-SiC and 61-SiC. The N donor delocalization of the electronic wave function can be
in SiC has been studied extensively using optical absorptionbtained.
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The interpretation of the ENDOR data on the N donor inration of the superconducting magnet, the possibility to per-
SiC presents a considerable problem because the assignmémtm a complete orientational study in the mutually perpen-
of the ENDOR lines to specific nuclei is complicated. This isdicular planes. The orientational study was facilitated by the
related to the fact that the N-donor electronic wave functiompossibility to mount the crystal with a high precision owing
is a linear combination of the wave functions in the siXtg the fact that the crystal was cut perpendicular toctiais

minima of the conduction band. As a result, interference efang to the fact that the cleaved edge of the sample allowed
fectsloccur, which means that the (_)verall (_jensny o_f the wave . o precise rotation in thél 150) plane. The pulsed

function does not decay monotonically with the distance to lectron-spin-echdESB -detected EPR t i
the N donor. As yet we have not been able to come to afg conon-spin-ec elected Lk spectra were mea
unambiguous assignment of the observed ENDOR lines taured using a tvyo-pul_se (_acho e*"’e“me”" n wh|c_h the elec-
specific nuclei. Nevertheless, by comparing the general adfon spin-echo intensity is monitored as a function of the

pects of the ENDOR spectra with theoretical predictions offi@gnetic field. In the pulsed ENDOR experiment, a Mims-
the electronic spin-density distribution based on the KohnlYP€ Pulse sequence was used. It consists of thf2enicro-

Luttinger theory™*for describing donor states, we are able Wave pulses with separatiarandT between the first and the

to present tentative explanations for the differences in th&econd and the second and the third pulse, respectiahy

behavior of the N donor at thie site in 4H-SiC and theh, creates a stimulated eci®E) at a timer after the last pulse.

k,, andk, sites in 8H-SiC. Moreover, for thé-site N donor ~ Typical values forrandT are 70 ns and 50fs, respectively.

in 4H-SIiC we present an assignment of the first fiveA radiofrequency(rf) pulse, which is applied between the

ENDOR lines to shells, using the similarity of this site with second and the third microwave pulse, induces a change in

the P(As,Sh donors in Si as investigated by Fefer. the intensity of the SE when this rf pulse is resonant with a
nuclear transition. The ENDOR spectra are obtained by

monitoring the SE intensity as a function of the frequency of
Il. EXPERIMENT the rf field.

The electron paramagnetic resonaE®R and electron
nuclear double resonan@ENDOR) measurements were per-
formed on five different #-SiC and five different B1-SiC IIl. RESULTS AND ANALYSIS
samples, doped with N and with’C in natural abundance A EPR ‘
and enriched to-35%. In view of the overwhelming amount ' spectra
of work the orientational dependence of the ENDOR lines SiC exists in different polytypes, resulting from a differ-
was only studied in thé3C-enriched sample exhibiting the ence in the stacking sequence of the Si and C layers that
strongest ENDOR signal intensity. Due to their relaxationbuild up the crystal. In #-SiC, the difference in the stack-
characteristics, the nonenriched samples were not suitable f7g sequence leads to the formation of two nonequivalent
pulsed ENDOR experiments. crystallographic positions, one hexagori) and one qua-

The samples were free-standing epitaxial layers grown bgicubic (qc) site. In 6H-SiC, three nonequivalent positions
the sublimation sandwich methtidin vacuum at tempera- are formed, one hexagonal and two gc ones, céiléd, and
tures between 1700 and 1750°C. The two polytypes wer&,. We succeeded to investigate N donors in kisgte (N,)
grown under the same conditions and in each the N concenn 4H-SiC and in theh, k;, andk, sites(N;,, Ny, and No)
tration was 1& cm™3.1% At this low concentration, no N in 6H-SiC (the EPR signal for thé site in 4H-SiC was too
pairs are created. To ensure that no other polytypes are mixedeak for ENDOR investigations
in, the visible photoluminescendPL) was monitored using Figure 1 shows the EPR spectra of the N donor in nonen-
optical microscopy. With this method, polytype inclusions asriched and"*C-enriched #-SiC (a) and 6H-SiC (b) as mea-
small as 1um can be detected. Also PL experiments of va-sured at 1.2 K and 95 GHz for two different extreme orien-
nadium proved that no other polytypes were mixed in. Furtations of the magnetic field in the crystal. In the upper
ther proof that the samples consisted of one polytype is propanels, the magnetic field is parallel to tbexis (Blic). In
vided by the observation of the characteristic hf patterns irthe lower panels, the magnetic field lies in the plane perpen-
the N-donor EPR specti@ee the following section, Fig)2 dicular to thec axis (BLc). In the 4H-SiC crystal, it is
The high*3C enrichment was accomplished using polycrys-possible to determine the exact orientation in this plane using
talline SiC with 13C enriched to about 50% as source mate-the anisotropy of the weak EPR signal of the shallBw
rial, which was placed close-0.5 mm) to the substrate dur- acceptor. This EPR signal does not produce measurable
ing growth!® The 4H-SiC sample also contained a small ENDOR signals. For this crystal, the magnetic field in Fig.
concentration of boron as a trace impurity, which allowed forl(a) is oriented parallel to the projection of one of the N-Si
an accurate determination of tHéC enrichment from the bonds in the plane perpendicular to thaxis. In both crys-
13C hf lines in the EPR spectruti.In 6H-SiC, the enrich- tals, the Ng tensor is axially symmetric and its principal axis
ment was determined using the same method. lies parallel to thec axis. Due to the hf interaction of the

The experiments were performed at 1.2 K on a homeunpaired electron spin with the N-donor nucleus, the EPR
built, pulsed EPR/ENDOR spectrometer operating at a milines are split into three lines. The central hf lines of the
crowave frequency of 95 GHZ.The main advantages of this different EPR signals are marked using the following abbre-
spectrometer are the high resolution in both the EPR and theations: N, for the N donor with N substituting on a qua-
ENDOR measurements and, owing to the split-coil configu-sicubic site in the #-SiC crystal, and I, and N, for the N
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4H-SiC : N From Figs. 1a) and 1b), it is clear that the spectral
- " changes due to th&€C enrichment are very different in the
B//c C (~30%) two polytypes. In H-SiC, a slight broadening of the EPR
535G line is observed. In B-SiC, however, the linewidth is in-
- creased more than three times in the spectrumBfa. In
C(1.1%) EPR measurements at 9.5 GHz, a similar increase in line-
3G width is observed from 1.4 G in nonenriche#i 6SiC to 5.5
fy N, G in BC-enriched &1-SiC. From the EPR results, we con-
z 3.380 3382 3384 clude that in 4-SiC the main part of the spin density re-
f‘—é sides on Si atoms because the 35% enrichment leads to a
OB L c' B (~30%) small line broadening. In contrast, irH6SiC we conclude
) 6G that the main part of the spin density of the N donor is
= M located on the C atoms, because of the large line broadening
BC(1.1%) upon 35%°3C enrichment. In the latter sample, the linewidth
35G of the nonenriched sample is slightly less than H-&iC,
w suggesting that there is less spin density on the Si atoms. In
, Ny , N, the discussion section, we will show that with the available
3.386 3383  3.390 13C and °SiENDOR data a reasonable value for the ob-
a Magnetic field (Tesla) served linewidth is found.
6H-SiC : N

B. ENDOR spectra

B /[ ¢ BC (~35%) The EPR and ENDOR data for the N donors in SiC can be
/N described by a spin Hamiltonian of the following form:
M
[ N

°C (1.1%) H=15S § B+ (S Ay—yaB) - In+1n-Pr-In
; e 28 G

Z N, NN _

é 3382 3.384 * ; (S A= 7kB)- k.

= ' -

'LE B.ic where Ay represents the hyperfine tensors of tHiN(I

g BC (~35%) =1), A¢ represents the hyperfine tensors of the 1=%)
- 106G nuclear spinsPy is the quadrupole tensor of tH&\N spins,
C(1.1%) vn IS the magnetogyric ratio for the N nucleus, apgdis the

h 4G

N N magnetogyric ratio for the C and Si nuclei. Assuming that the
.3 2 hyperfine tensors have nearly axial symmetry, we can write
3382 3384 3386 3.388 for the hyperfine tensoA,,=a+2b, A,,=a—b—b’, and

b Magnetic field (Tesla) A,,=a—b+b’.?° For the quadrupole interaction term, we

. . can write in the principal axis system, assuming axial sym-
FIG. 1. The EPR spectra of the N donor in nonenriched anq‘netry Py (lz_% 12) with Py=2P,,=3q and p,,=P
’ z zz XX yy

13C-enriched #-SiC (a) and 8H-SiC (b) as measured at 1.2 Kand _ o . . .

95 GHz for Blic (upper panelsand BLc (lower panels In each _%'(-Prhe_d;\”)atlgn iro_m _?XI,al zxg]g'eﬁy_ls i:le%crlbed by

panel, the upper spectrum is connected to*fi@enriched sample q '_I'ﬁ XX | 03’)’ ’d f)'(x_d q tf? ' | E’)Y; q t?1 : "

and the lower one to the nonenriched sample. The linewidth as we € angleris detined as the angle between the magnetic
jeld and thec axis; ¢ is the angle in the plane perpendicular

as the enrichment are indicated for every spectrum. The central , ; . .
EPR line(of the hf triple) connected to the qc sites is indicated by to thec axis. The laboratory axis system is oriented as fol-

N, (4H-SIiC) or N, or Ny, (6H-SIiC), respectively. The hf split-  10WS (see also Fig. @ Thez axis is parallel to the axis, and
ting of theh-site EPR line is too small to be resolved in EPR. The §=0° and ¢=0°. Thex axis lies in the(1 1 2 0) plane,
one line connected to thie site is indicated by N but is hardly  parallel to the projection of a B-main*tond, i.e., N-Si
visible in the spectrum. bond, in the plane perpendicular to theaxis (§=90° and
¢=0°). They axis stands perpendicular to tkeaxis in the
donor with N substituting on the dg, or k, site in 6H-SiC  plane perpendicular to theaxis (6=90° and¢=90°).
crystal, respectively. Nindicates the signal related to a N In Fig. 2, the complete ENDOR spectrum is presented as
substituting on a hexagonal site in thél4SiC or 6H-SiC ~ measured on the central hf EPR line of thg dtbnor in
crystal. For theh sites, the splitting is so small that it is not 4H-Si**C and of the N donor in 8H-Si*3C for Blic at 95
resolved in the EPR spectra. Fog M 4H-SIC, the splitting GHz and 1.2 K. The K-SiC spectrum shows the high-
is 19 G, and for N; and N, in 6H-SIiC the splitting is frequency N donor hf line at 25.7#10.41 MHz [ =A/2
roughly 12.3 and 12.5 G, respectively. The experimegtal + v,(**N)], which overlaps with the"*C nuclear Zeeman
and hf interaction values for the N donor are in agreemenfrequency. In the B-SiC spectrum, the two high-frequency
with the values found in the literature. Nx1 and N, donor hf interaction lines are indicated by ar-
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FIG. 2. The ENDOR spectra measured on theddnor (central I : : : . : . :
hf EPR ling in 4H-Si*3C and on the I\ donor(position 2, see text b .\f\..,w,, e A
in 6H-SI*C for Blic at 95 GHz and 1.2 K. The high-frequency, N WO A ~ W
donor hf line is located at 25.7710.41 MHz [ =A/2+ v,(*N)] " 'k ”A‘m"
(and overlaps with thé*C nuclear Zeeman frequengythe high- 24 Mg R
. e z T . 6H, (1
frequency N, and N,, donor hf lines are indicated by arrows. Sym- 8 % W\A,Mﬁ ..t MMWWMW o
metrically around theé®®Si and 3C Zeeman frequency, ENDOR = \)m W
lines are seen which are due to the hf interaction of the unpaired & o
electron spin with thé®Si and*3C nuclear spins in the surrounding e o 6H, (2)
of the N nucleus, respectively. W”“’\" e \W
A | R,
rows. The?°Si nuclear Zeeman frequencyg;, and the'3C 286 288 290 292 295 300 305 310 315 320
nuclear Zeeman frequency,c, are also indicated. Sym- RF frequency (MHz)

metrically around th&°Si and13C Zeeman frequency, lines

are seen that are due to the hf interaction of the unpairegH S for Bllc at 1.2 K and 95 GHz(a) shows theC ENDOR
. . 9 . 13 . _ = .
electron spin with the?*Si and *C nuclear SpIns, Tespec lines and(b) shows the?®Si ENDOR lines. In both parts, only the

tively, in the surrounding of the N nucleus. In théi4SiC high-frequency side of the Zeeman frequency is shown. The upper
sample, all END_OR spectra Wer? measured on the_ Centr@Leetrum belongs to the,Mionor in 44-SiC. The middle spectrum
N-donor hf EPR I!ne as they are similar to those obtalned O measured at position (IL, see text the lower one at position 2
the outer two hf lines and because they are most intense. I3, see text In (a), the positions of the lines of thesite have been
6H-SIC, measurements were performed at two positions foparked by diamonds, those of thesite by open circles, those of
Blic: at 3.3815 T, i.e,, on the hf EPR line of,Nwhich  thek,-site lines by filled squares, and those of thesite by filled
overlaps partly with the low-field )y hf line (defined as triangles. In(b), no distinction can be made between the two qc
position 2, or at 3.3822 T, i.e., the low-field hf EPR line of sites, due to the low signal-to-noise ratio. Tkg'k,-site lines are
N, , which overlaps with the left and centrgj-site hf EPR  both marked by filled squares.
line and partly with theh-site line(defined as position)1At
position 2, there might also be a weak overlap with the flankk,-site-related lines appear or become stronger. The positions
of the low-field hf line of N,. Comparing the spectra, we of the h-site lines are marked by open circles, those of the
see that the signal-to-noise ratio of tHSi ENDOR lines in  k;-site lines by filled squares, and those of thesite by
4H-SiC is much better than that inH5 SiC. This is remark- filled triangles.
able because th&’Si abundancé4.7% and the EPR line Figure 3b) shows the comparison between tHeSi
strength are the same in both samples. In contrast!¥de ENDOR spectrum withBlic for the different sites in
ENDOR lines are much stronger in théi6SiC sample than 4H-Si**C and 64-Si*3C. Only one side of the Zeeman fre-
in the 4H-SiC sample. quency is shown. As in Fig.(8), the upper spectrum belongs
Figure 3a) shows the comparison between tHéC  to the N, donor in 4H-Si**C. The lines have been marked by
ENDOR spectrum withBllc for the different sites in diamonds. The middle spectrum was measured at position 1
4H-Si**C and 6H-Si3C. Only the spectrum on the high- and the lower one at position 3ee above Again, an as-
frequency side of thé3C Zeeman frequency is shown. The signment to the different sites irH5 SiC might be attempted
upper spectrunk belongs to the Ndonor in 4H-SiC. The by comparing the last two spectra. However, due to the low
positions of the lines have been marked by diamonds. Theignal-to-noise ratio, this is very difficult. The figure does
middle spectrum, indicated kit), was measured at position show a distinction betweeh-site lines(open circley and
1 in 6H-SiC. The lower spectrum was measured at positiork, /k,-site lines(filled squaresbut, in contrast to the preced-
2 (2) (see above By comparing the relative intensities of the ing figure, the two qc sites could not be assigned more spe-
ENDOR lines in the last two spectra, it is possible to makecifically.
an assignment of ENDOR lines to the different sites in From Figs. 8a) and 3b), it is clear that the spin-density
6H-SiC. When going from the lower spectrum to the middledistribution of the N-donor electron over tHéC and ?°Si
one, theh-site-related ENDOR lines get much weaker, thenuclei differs between K-SiC and 61-SiC (as expected
k,-site-related lines get slightly weaker, and thefrom the EPR spectjaWhereas the main part of the spin

FIG. 3. The ENDOR spectra of the sites iH4Si**C and
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TABLE I. The experimental values of the ionization energy of the N donorgy fhetors, the hf-tensor principal valuasndb and their
correspondings and p spin densities, and the quadrupole parametgrgn 3C-SiC, 4H-SIiC, and @1-SiC from the review by
Greulich-Webet? and this work(indicated by*). For comparison, the same parameters are presented for the P and As shallow donors in
silicon after Fehet.

lonization
SiC energy a b q S p
polytype Site Ey (MmeV) g g, (MHz) (MHz) (MHz) (%) (%)
3C-SiC k 54 2.0050 2.0050 35 0.19
4H-SiC h 52.1 2.0055 2.0043 2.9 0.080 0.16 0.14
k 91.8 2.0010 2.0013 50.97 0.004 ~0 2.8 0.007
6H-SIiC h 81 2.0048 2.0028 2.47 0.137 0.017 0.14 0.25
2.5 0.1 0.019 0.14 0.22
ky 137.6 2.0040 2.0026 33.221 0.004 0.007 1.83 0.007
k, 142.4 2.0037 2.0030 33.564 0.009 0.007 1.85 0.016
silicon
P 44 1.99850 117.53 0.9
As 49 1.99837 198.35 1.35

density is localized on thé®Si atoms for thek site in (0 0 0 1 plane for all lines. In Fig. 4, as well as in all the
4H-SiC (as expected for a donor electypiit is localized figures that follow, the spectra have been corrected for the
mainly on the*C atoms in the case of theH6SiC sites.  shift of the nuclear Zeeman frequency with respect to the
Note also that the spectrum oH6SIC contains more lines orientation Blic. This shift is due to the change in the
around the®*C Zeeman frequencyeven though this spec- magnetic-field position of the EPR line for different orienta-
trum shows the lines of three sijethan the spectrum of tions, which is connected to the anisotropy of thiensor. As
4H-SiC does around either th®C or 2°Si Zeeman fre- can be seen, the dependence of the outermost line is difficult
quency. to follow when we turn away from the axis due to the low
signal-to-noise ratio. To enable a fit of the dependence, this

1N ENDOR line was also measured in tiig 1 0 0 (=zy) plane, which

is perpendicular to the two previous planes. For all other

The results of the EPR and ENDOR investigations of thel.neS the dependence was clear enouah using onlv the de-
isotropic(a) and anisotropicb) hf and quadrupoléq) inter- Ines, P w ugh using only

actions with the®N nucleus for the N donors in the main Pendences in thil 120) and(0 0 0 1 planes. Due to a lack
SiC polytypes &, 4H, and 64 are presented in Table I. The of space, not all measured orientations are shown in Fig. 4.
values are taken from the review of Greulich-Wefend Figures %a)—5(c) show the experimental data points, cor-
from this study. Only for théx site in 6H-SiC do we observe rected for the nuclear Zeeman shift, for all measured orien-
a small difference in the parametefEble ). Table | also tations and the fits to these points as made using the program
shows the experimental values of the ionization energy of theVisual EPR 12.08 professional edition” written by

N donors, theg factors, and the andp spin densities corre-

sponding to thea and b hf interaction parameters of the - - ' ' -
unpaired electron with thé“N nuclei in 3C-, 4H-, and S e o°
6H-SiC. For comparison, the same parameters are presented _ W W‘W‘W 100
for the P and As shallow donors in Si after Feh@here the 8 W N %80
g factor and hf interaction are isotropic. From Table I, one & NG e 20"
can see that in general the value of the ionization energy for :’% W [ ggﬁ
different sites does not correlate with the hf interactions, i.e., o o et 0
with the spin densities on the N nuclei. For instance, the g W \J 7,
ionization energies for thke site in 4H-SiC and theh site in W W 50"
6H-SiC are approximately equal, but the N hf interaction for W
thek site in 4H-SiC is about 20 times larger than that for the
h site in 64-SiC. 290 29.5 300 TR
RF frequency (MHz)

4H-SiC:  2°Si ENDOR
i 20ee: . ) . FIG. 4. The orientational dependence of t#98i ENDOR lines

In Fig. 4, the™Si ENDOR orientational d_ependence 'S of the k site in 4H-SiC in the (1 120) (=zx) plane. For the
presented of thé site in 4H-SiC in the(1 1 20) (=zX)  spectrais indicated on the right. The spectra have been corrected
plane. For the spectrd, is indicated on the right. Thé°Si  for the shift of the nuclear Zeeman frequency with respect to the
ENDOR orientational dependence was also measured in thaientationBlic. Not all measured orientations are shown.
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8
§’ FIG. 5. The experimental data points of the orientational depen-
% dence of the?*Si ENDOR lines, corrected for the nuclear Zeeman
2 shift, for all measured orientations and the fits to these points for the
= k site in 4H-SiC. In total, 16 patterns have been found. They be-
long to 16 different groups of nuclei and are numbered using roman
numbers. On the righ) and ¢ are indicated for the spectra. For the
— experimental data points, the angle is indicated on the left side. The
g ofr ° 1 fixed angle is indicated in the panel®) shows the orientational
é“ 20$§§ 1 dependence of groups | and Il in tagandzy andzxandxy plane,
= 40p% 1 respectively,(b) shows the dependence of groups IlI-VI in the
Léb 60r °© . andxy plane, andc) shows that of groups VII-XVI in thexandxy
= 8058 T ¥ Joo00 plane. In places where the fits of different lines overlap, dotted or
RN e et dashed lines have been used instead of full ones to clarify the de-
292 294 296 298 300 302 pendences. Table Il contains for every group the roman number, the
b RF frequency (MHz) hf-tensor principal values, and the Euler angles of the hf tensor.
Grache#! In places where the fits of different lines overlap, 4H-SiC: ®C ENDOR

dotted or dashed lines are used instead of full ones to clarify

the dependences. In total, 16 patterns have been found, bENDOR lines connected to tHesite in 44-SiC as mea-

longing to 16 different groups of nuclei, which are numberedSured at 95 GHz and 1.2 K. The figure shows the spectra

using roman numbers. Table Il contains for every group the lona the three main axes in the crystal:  thaxis. thex
roman number, the hf-tensor principal values, and the Eulef N9 ystal: ' '

angles of the hf tensor. The Euler angles are defined in th’&lnd they axis. The points give the positions of the lines and

laboratory axis system in which the orientational depen_are corrected for the shift of the nuclear Zeeman frequency

. On: ) .
dences were measured. The first rotatioiis around thez \(;Velztrr]]cz. I(;]n::o?tralsstctcr)ﬂ_ez Sl EhNDORforlentatlonil_fdgpeﬂ—
axis, the second ongis around the new axis, and the third €, only five ) ines _S ow ‘? requency shift in the
oney is around the new axis. Figure %a) shows the orien- (1 1 20) plane. All lines are isotropic in thé 0 0 ) plane.
tational dependences of grougim the zxandzy plang and ~ Only for the orientationally dependent lines, points are
group Il (in the zx and xy plane. Figure 3b) shows the shown at all measured orientations. To clearly show lines
dependence of groups IlI-VI and Fig(ch that of groups XII—XIV,_ the spectrum on the rlgh_t side of the Zeeman fre-
VII=XVI in the zxandxy planes. On the righy is indicated ~ guency is shown a second time with the N-donor hf ENDOR
for the experimental spectra. For the data pointss indi- line subtractgd. The 14 groups found in this dependenge are
cated on the left. According to crystal symmetry, the depenqumbered with roman numbers. Due to a lack of space in the
dence in the(y p|ane Shou|d repeat every 60° and have “re_ﬂgu-re, the numbers VI-XIIl are not put next _tO the I|neS. The
flection” symmetry arounde=30°. With the help of the hf fit values of groups I-XIV can be found in Table III.
above symmetry rules, the overlapping lines in the region
around 29 MHZFig. 5(c)] could be disentangled. It should
be noted that in they plane some lines are missing for group ~ Figure 7 shows thé3C orientational dependence of the
l. three sited, k;, andk, in 6H-Si*3C as measured at 95 GHz

Figure 6 shows the orientational dependence of ‘fi@

6H-SiC: 13C ENDOR
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TABLE II. The Euler angles, the hf-tensor principal valieandb, and the correspondirgiandp spin densities of the unpaired electron
connected to thé& site in 4H-SiC with the?°Si nuclei surrounding the center. The numbers in the first column correspond to the numbers
next to the ENDOR lines in Fig. 5. A line that cannot be described by one hf téaspr lines II, VI, XIV, and X\), because it is a
superposition of two lines in the spectrum Bitc, is numbered by a and b in the table. For comparison, the same parameters are presented
for five shells of As and P shallow donors in silicé®i) after Fehet:

Euler angles
4H-SIC, (deg a b b’ S p
N, k @ B y (MHz) (MHz) (MHz) (%) (%)
| 26, 282 70 22 6.54 0.04 1.26:0.03 0.75+ 0.14 1.10
154, 258 70 -22 0.02
lla 0 0 0 4.79-0.01 —0.041+ 0.10 0.036
0.008
Ilb 0 0 0 4.14-0.01 0.34£0.01 0.090 0.298
1 0 0 0 2,510+ 0.013+ 0.055 0.011
0.007 0.005
v 23, 278, 326, 66 0 2.340.02 0.310.02 0.051 0.27
157, 214, 262 66 0
\Y, 29 79 148 1.970+ 0.122+ 0.014 + 0.043 0.107
90 79 0 0.004 0.005 0.008
151 79 212
Via 0 0 0 1.66-0.02 0.036
Vib 0 0 0 1.473=+ 0.102+ 0.032 0.089
0.007 0.006
VIl 0 0 0 0.88+0.02 0.09:0.01 0.019 0.079
VIl 0, 60, 120, 180 65 0 1.044 0.141+ 0.023 0.123
0.009 0.009
IX 0, 55, 125, 180 80 0 0.77% —0.046 + 0.020+ 0.017 0.040
0.007 0.005 0.007
X 0, 60, 120, 180 60 0 0.69% 0.043+ 0.015 0.038
0.005 0.001
Xl 0, 60, 120, 180 37 0 0.502 0.080 = 0.011 0.070
0.001 0.003
Xl 0, 180 15 0 0.614+ -0.077+ 0.008 = 0.013 0.067
0.003 0.002 0.005
Xl 0 0 0 0.368 = —0.006 = 0.008 0.005
0.002 0.002
XIVa 0, 180 25 0 0.282+ —0.016 0.004 + 0.006 0.014
0.003 0.003 0.003
XIVb 0 0 0 0.242+ 0.005
0.004
XVa 0 0 0 0.165=* 0.009 + 0.004 0.008
0.004 0.004
XVb 0 0 0 0.126+ 0.031+ 0.003 0.027
0.003 0.002
XVI 0, 60, 120, 180 65 0 0.4%0.02 0.402=+ -0.27 = 0.010 0.35
0.009 0.01
Si Shell
P, As position
P (400 5.96 0.034 0.028 0.13 0.03
As 7.72 0.043 0.04 0.17 0.04
P (440 4.52 0.056 0.10 0.05
As 6.0 0.104 -0.012 0.13 0.09
P (333 3.28 <0.008 0.07 <0.007
As 4.08 0.008 0.09 0.007
P (555 2.26 0.02 0.05 0.017
As 2.58 0.024 0.06 0.021
P (111
As 1.60 1.10 0.035 0.96
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XNV v ' T ' TABLE lll. The hf-tensor principal valuea andb and the cor-
- X‘“/Y . respondings andp spin densities of the unpaired electron connected
Mz to thek site in 4H-SiC with the3C nuclei surrounding the center.
= ok J The numbers in the first column correspond to the numbers next to
8 the ENDOR lines in Fig. 6. Due to a lack of space in Fig. 6, not all
§°20 lines are numbered. It is seen that, in contrast to & hf-
%40' o ] interaction tensors given in Table |l, most tensors are isotropic.
gn 60 Only the orientational dependence of the anisotropic lines, I, lll, VI,
= 80- 1 VIII, and IX is drawn in Fig. 6.
1 ! ! L ! ! 4H-SiC, a b S p
365 370 ;g.éeque?,fc.g (M%SZ.)S 39.0 395 N, k (MHz) (MHz) (%) (%)
FIG. 6. The orientational dependence of i€ ENDOR lines la 5.02:0.01 0.13
of the k site in 4H-Si'®C. Fourteen groups, indicated by Roman Ib 4.4330.009 %%%&9 0.12 0.22

numbers, are found in this dependence. The spectra and points have

been corrected for the shift of the nuclear Zeeman frequency. The I 2.993+0.008 0.079
spectra are shown for two main orientations, ¢fg) and thex axis, il 2.724+0.005  -0.038+  0.072  0.035
indicated at the right. Along the andy axes, the spectra are iden- 0.004
tical. Only five lines showed an orientational dependence irflHe v 2.370+0.005 0.063
2 0) plane, and all lines were isotropic in ti@0 0 1) plane. Only \Y 1.926+0.008 0.051
for the anisotropic lines are all measured data points shown. To VI 1.531+0.002 0.032 0.040 0.030
clearly show lines XII-XIV, the N-donor hf ENDOR line has been 0.002
subtracted for that part of the spectrum. Due to a lack of space, VII 1.496+0.003 0.040
numbers VI-XII are not indicated above the lines. The fit values are VIl 1.416+0.006 0.01& 0.037 0.015
shown in Table Il 0.005

IX 1.323+0.005 0.02& 0.035 0.018
and 1.2 K. As before, all spectra and points, which represent 0.004
the lines, have been corrected for the nuclear Zeeman shift. X 1.215+0.006 0.032
The two upper spectra in the three panels, indicated by Xl 1.015+0.004 0.027
=0° on the right, show the spectra measured Bic at Xl 0.826+0.007 0.022
positions 1(upper ong and 2 (lower ong in the EPR line. Xl 0.529+ 0.005 0.014
The middle spectrumf=45°) was measured on the most v 0.276+0.006 0.007

intense part of the EPR line. Probably the EPR lines of all
sites are overlapping at this position. The lowest three spec-

tra (§=90°) were measured on the central part of the EPRyrning away from thec axis and moreover they shift over
line (see Fig. 1. The ENDOR lines of all sites are present in jarger distances than the lines in thel6SiC spectra. This
these spectra. Note that, in contrast to the measurements gQiggests that, in contrast to the hf tensors of the sites in
4H-SIiC, the exact orientation with respect to the crystallo-gH-SiC, most of the hf tensors for tHesite in 4H-SiC are

graphic axis system is not known in th@0 0 ) plane. The ot aligned with the crystallographic axis system.
lower two, indicated by=45° ande=90°, were measured

vyith the.magnetic field' at_ an apgle_ of 45° or 90°, respec- 6H-SiC:  2°Si ENDOR

tively, with the magnetic-field direction of the upper spec-

trum. Only two nonaxial hf tensors were found, around 37.1 Figure 8 shows the orientational dependence offis

and 36.74 MHz. It is assumed that their hf tensor is orientedor the three sites, k;, andk; in 6H-Si*°C as measured at
parallel to the crystallographic axis system. All other lines95 GHz and 1.2 K. Again the spectra and points have been
are found to be isotropic in the plane perpendicular toche corrected for the nuclear Zeeman shift. The upper two spec-
axis, i.e., their tensors are axially symmetric around ¢he tra were measured at positions(dpper ong and 2 (lower
axis. The open circles and full lines represent the depenene for Blic (as indicated on the right by=0°), respec-
dences of thé site, squares and dotted lines those ofkhe tively. The other four spectra were measured at the angles
site, and triangles and dashed lines those ofkthsite[see £ (B,c)=20°, 45°, 70°, and 90°, also indicated on the right
also Fig. 3a)]. The fit values are presented in Table (W  side of the figure. The spectra were always measured on the
site) and Table V(k; andk, site). It should be mentioned most intense part of the EPR line. The full lines and open
that the exact orientation of the axis was determined by circles represent positions of thesite lines and the filled
using (one of the orientationally dependent lines. The lines squares and dotted lines those of kie or k,-site lines.d is

for which only three or two points are shown in the spectrumindicated on the left. Due to the poor signal-to-noise ratio, no
were found to be isotropic in this proces. Comparing thisspectra could be measured in the plane perpendicular © the
dependence with th&’Si orientational dependence of tke axis. It is assumed that the lines are isotropic in this plane.
site in 4H-Si**C (Fig. 5), we see a remarkable difference. In Table IV shows the hf tensors of the ENDOR lines related to
the latter orientational dependence, most lines split whethe h site. Table VI contains the hf tensors of the ENDOR
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angle 6 (degrees)
2B3EBo

362 364 366 36.8 37.0 372 375 380 385 40 42
RF frequency (MHz)

FIG. 7. The orientational dependence of #i€ ENDOR lines of the three sités k;, andk, in 6H-Si*3C. The upper two, middle, and
lower three spectra in the three panels are measured §&,c)=0°, 2 (B,c)=45°, andZ (B,c)=90°, respectively, as indicated at the
right. The upper spectrum at 0° is measured at position 1, the lower one at position 2. The middle spe¢Buch=45°] is measured on
the most intense part of the EPR line. The upper spect@ff) is measured on the central part of the EPR line and incorporates the lines
of all sites. The lower two spectra at 90°, indicated¢by 45° ande=290°, are measured with the magnetic field making an angle of 45°
or 90°, respectively, with the magnetic-field direction of the first spectrum in the plane perpendicularctaxise The ENDOR lines are
represented by points, different points indicating different sites, witidicated on the left. All spectra and points have been corrected for
the nuclear Zeeman shift. The open circles and full lines represent the dependencdsdifahsequares and dotted lines those ofkhsite,
and triangles and dashed lines those ofkhsite (see Fig. 3 The fit values are presented in Table (lVsite) and Table V(k; andk; site).

lines of the qc sites. In the figure, no distinction is madeparing the three sites inH6-SiC, theh-site wave function
between thek; andk, site. However, in Table VI the lines has the largest delocalization. Thke-site wave function is
that might belong to thé, site are marked with a star or most localized. For thé, k;, andk, sites in H-SiC, the
question mark; the unmarked hf parameters belong t&kthe gpatial distribution of the wave function of the N donors over
site. In contrast to thed-SiC **Silines, the 61-SiC *Sihf  the j and C nuclei is qualitatively the same. In contrast, the
lines do not seem to split; they only shift with changing jsotropic hf interaction constant with tHéN nucleus in thén
orientation. It should be mentioned that the exact orientation.;;. is about 15 times smaller than that for the qc sites and, at

of thec axis was determined by the orientationally dependen{he same time, the anisotropic hf interaction constant is about

lines in the spectrum. The lines for which only three or WO\ 5o jarger. In W-SiC, one sees the same behavior as in

points are shown in the spectrum were found to be isotropl%3 : . . 7 . i
I : . : H-SiC but the difference in th&N hf interaction between
in this process. Only for th&’Si outer ENDOR linegFig. 8) éhe h and K sites is even largefa ratio of 20. We remark

was it difficult to determine the orientational dependence du . . . .
P that, although the difference in tHéN hf interaction for the

to the low signal-to-noise ratio. ) ) o -
h and qc sites in B- and 8H-SiC is the same, the spatial
distribution of the wave function on the Si and C nuclei is
IV. DISCUSSION very different. In passing, we note that our finding that the
According to the EPR and ENDOR results, the electronicSPin density in &1-SiC is located mainly on C is at variance
wave function of the N donor is found to be quite different in With the conclusion of Greulich-Webérthat in 6H-SiC the
the two polytypes. In particular, the spin-density distributionspin density is mainly on the Si. We explain this contradic-
over the'3C and?°Si nuclei is different for the W and 64 tion by the fact that at th&-band frequencythe frequency
polytypes. The main part of the spin density inl4SiC is  at which the ENDOR measurements were carried dus
located on the Si sublattice and the wave function contains ®ery difficult to assign the lines to Si or C nuclei because of
relatively large portion of Sp character. The hf tensors for the strong overlap. Moreover, since the hyperfine interaction
many Si shells have orientations that do not coincide withA/2 is equal to the nuclear Zeeman frequency, it is very
the c axis and, what is more, a deviation from axial symme-difficult or almost impossible to observe the low-frequency
try of the hf tensor has been observed for several Si shelldines. Moreover, in our experiment we benefited from @
For each of the three sites irH6SIiC, the main part of the enrichment.
spin density is located on the C sublattice and the wave To obtain the distribution of the electronic wave function
function is built mostly ofs-like C atomic orbitals. The an- of the N donor in the SiC crystal, the hf interactions found in
isotropic hf tensors for the Si and C are mainly orientedthe ENDOR spectra have to be assigned to spegficups
parallel to thec axis, in contrast to those inH-SIC. Com-  of) nuclei in the surrounding of the N donor and then trans-
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TABLE IV. The hf-tensor principal valuea andb and the correspondingiand p spin densities of the
unpaired electron connected to thesite in 6H-SiC with the '*C and?°Si nuclei surrounding the center.
Comparison with Tables Il and Il shows that these tensors are more isotropic than the ones connected to the
k site in 4H-SiC. The tensors correspond to the full lines and open circles of FigsCy &nd 8 £°Si). The
numbers in the first column count the lines from the line at the highest frequéniciHz in the °C
spectrum and 29.8 MHZ in th&Si spectrum to the line at the lowest frequend®6.4 MHz in the'*C
spectrum and 27.4 MHz in th&’Si spectrum The tensor corresponding to the last line € is not
incorporated in the table because assignment to a specific site is not possible.

6H-SiC 18C, a 8¢, b 25i, a 2Si, b
N, h (MHz) (MHz) s (%) p (%) (MHz) (MHz) s (%) p (%)
1 9.950+ 0.260 2.35% 0.051
0.001 0.007
2 8.095+ 0.21 1.821 —-0.017+ 0.040 0.015
0.002 0.001 0.001
3 6.994+ 0.19 1.196- 0.026
0.007 0.003
4 4.982+ 0.13 0.876 0.124+ 0.019 0.11
0.006 0.004 0.004
5 4.52+ 0.12 1.01% 0.022
0.01 0.003
6 4.275+ 0.11 0.755 —0.077+ 0.016 0.067
0.006 0.004 0.004
7 3.987 0.11 0.56% —0.012+ 0.012 0.01
0.004 0.002 0.002
8 3.309+ —0.015+ 0.088 0.014 0.362 0.008
0.001 0.001 0.005
9 2.866+ 0.076 0.24& 0.005
0.008 0.005
10 2.392¢ 0.024+ 0.063 0.022
0.002 0.002
11 2.276- 0.060
0.008
12 2.102c 0.056
0.002
13 1.742¢ 0.046
0.006
14 1.656¢ 0.044
0.003
15 1.548¢ 0.041
0.004
16 1.214- 0.032
0.003
17 1.097 0.008+ 0.029 0.007
0.002 0.002
18 0.943+ 0.055+ 0.025 0.051
0.003 0.004
19 0.621 0.016
0.002
20 0.507 0.013
0.008
21 0.371 0.010
0.004

lated to spin densities. The assignment to specific nuclei pre- Before we start the discussion of the EPR and ENDOR
sents a considerable problem because, as a result of the mdata on the*C and ?°Si nuclei using the Kohn-Luttinger
tivalley structure of the conduction band, interference effectsheory!>'* we will first give a qualitative analysis of the
occur, which means that the overall density of the wave funcwave function as found inHE-SiC and 61-SiC on the basis
tion does not decay monotonically with the distance to the Nof the calculated band structdfe and the effective
donor. To describe this problem, we use a model introduceehasse$32°Figure 9 shows the reciprocal lattice dfi4SiC

by Kohn and Luttinget3* and 6H-SiC, its symmetry points, and the orientation of this
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TABLE V. The hf-tensor principal valuea and b and the corresponding and p spin densities of the
unpaired electron connected to tke andk, site in 6H-SiC with the *3C nuclei surrounding the center.
Comparison with Table IV shows that the tensors are slightly more anisotropic for the qc sites thanhfor the
site. The tensors correspond to the dashed lines and full triangles fky #ie and the dotted lines and full
squares for th&;, site as shown in Fig. 7. The numbers in the first column count the lines from the line at the
highest frequency41.7 MHz fork, and 40 MHz fork,) to the line at the lowest frequen¢$6.48 MHz for
k, and 36.34 MHz fork,).

6H-SiC,

N, k, 8¢, a (MHz) B¢, b (MHz) C, b’ (MHz) s (%) p (%)
1 10.75-0.004 0.06%0.002 0.28 0.061
2 9.318+0.005 0.19%0.007 0.25 0.18
3 6.383+0.008 0.175%0.009 0.17 0.16
4 3.771+0.001 0.0870.001 0.10 0.081
5 3.659+0.003 0.097

6 3.023+0.002 0.0230.002 0.080 0.021
7 3.00G+0.002 0.079

8 1.066+0.002 0.0430.002 0.04%0.002 0.028 0.04
9 0.869+ 0.002 —0.018+0.002 0.023 0.017
10 0.579-0.003 0.015

6H-SiC,

N, k;

1 7.519+0.003 0.20

2 5.009+ 0.001 0.13

3 3.743+0.006 0.10

4 3.366+0.002 0.014:0.001 0.089 0.013
5a 1.98@-0.005 0.053

5b 1.820+ 0.004 0.076:0.003 0.058 0.004 0.048 0.071
6 1.583+0.004 0.042

7 1.510+0.003 0.040

8 1.525-0.003 —0.054+0.002 0.040 0.050
9 1.369+0.006 0.036

10 0.95G-0.004 0.025

11 0.892+0.005 0.024

12 0.753-0.004 0.020

13 0.656-0.004 0.007%0.003 0.017 0.007
14 0.480-0.003 0.015

15 0.285-0.004 0.008

16 0.222-0.002 0.006

lattice with respect to the lattice in real space. IH-&IC,
the minimum of the conduction band lies at tiepoint. The
effective mass is almost axially symmetric around the direcimasses along theaxis. In 4H-SiC, the effective mass along
tion I'M. In the calculations, the effective masseg,
=0.62my and myx =my; =0.32my (Mmy is the free-electron
mass$ were used. The position of the minimum iM6SIC is
less clear but it is agreed that it should be betweerMvttand
L point. Thus the conduction band oHESIC has minima in

the six possible (1 1R) planes of the crystal, and in the
calculations it is assumed that the minima lie at 60% fidm
to L. In 6H-SIC, the effective mass is not axialmyr
=0.77mg, myx=0.24my, and my =1.7my. An average
in-plane massn, (perpendicular to the axis) which is built
up from the longitudinal mass; (along thel’-M direction
and the transverse mass; (along the M-K direction is
given bym, = JVmyrmyx.2® In 4H-SiC, m, =0.445n, and

in 6H-SiC, m, =0.43n,. Thus one can see that the planarand a*=7.2 A for 6H-SiC. The effective-mass ionization

masses are almost the same for th¢ dand 64 polytypes,
though there exists a considerable difference in the effective

the ¢ axis is my; =0.32mn,, which is close to the planar
mass, but in 61-SiC the effective mass along tleeaxis is
my.=1.7my. These properties of the effective masses ex-
plain why for 4H-SiC the wave function of shallow donors
should be roughly spherically symmetric, whereas for
6H-SIC it should be strongly compressed along thaxis.
Moreover, the “effective” Bohr radius of the wave function
is given bya* =[ k/(m*/my)]ay, wherea,=0.5292 A (the
Bohr radiug, and its ionization energy is given b .
=[(m*/my)/k%]E,, with E, the Rydberg energy. InH-SiC,
k=10 and m*=0.4m, and in &H-SiC, k=10 and m*
=0.74mg, with m* defined bym* =3/m,m,m,.?® Thus the
electronic wave function has a radias =13 A for 4H-SiC
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FIG. 8. The orientational dependence of #i8i ENDOR lines FIG. 9. The reciprocal lattice of H-SiC and 64-SiC. It is

. X 1
of the three s'tim; klh andk; in 6H-Si™C. Ion Fhe upper t(\j/vo rotated by 60° around the axis with respect to the lattice in real

spe_cj[ra,L(B,c)—O - The upper spect_r_um‘)&O ) is measured at space. The positions of the special symmetry points are shown,
position 2, the lower spectrum at position 1. The other four SpeCtrEl‘ogether with the orientation of the hexagon with respect to the

are measured witht (B,c)=20°, 45°, 70°, and 90°, as indicated on crystallographic axis system y, andzin real space. Th€ point is
the right. The spectra are measured on the most intense part of the

EPR line. Both spectra and points have been corrected for the shi € cent.er 9f the h_exagon. Thé point lies in _thql 1 20) plane,

of the nuclear Zeeman frequency when following the EPR line. Th¢"€K pointin the(1 1 0 0 plane, and thé point lies above thé/

open circles and full lines represent the position and dependence 8iNt along the0 0 0 1 direction.

the h-site lines(Table V) and the filled squares and dotted lines

those of thek, or k, site (Table VI). energy E¢ of the lowest level is calculated to bEq
=54meV in H-SiC andE,z=101 meV in &H-SiC.

The calculation of the isotropic hf interaction

TABLE VI. The hf-tensor principal valuea andb and the cor- with the 2C and 2°Si nuclei

respondings andp spin densities of the unpaired electron connected

to thek, andk, site in 6H-SiC with the2%Si nuclei surrounding the We have calculated the isotropic hf interaction'3€ and
center. Comparison with Table V shows that the tensors are muck’Sj nuclei using the Kohn-Luttinger theoty>*4in which
more anisotropic than the ones connected to'fieinteractions. A the interference effect is explicitly taken into account. The
distinction between th&,; andk, site tensors is made in the table. isotropic hf interaction is given by

The tensors with stars and question marks probably belong to,the

site. The unmarked ones belong to thesite. In Fig. 8, all tensors A:% Wegn,ge,gnllf(ﬁﬂz, 1)

are indicated by dotted lines and full squares.

where g, is the free-electrorg value, g,, is the nuclearg
6H-SiC, g, a 2gi, b value, B is the Bohr magneton, an@, is the nuclear mag-
N, Ky ,ko (MHz) (MHz) s (%) p (%) neton.|y(r,)|? is the donor-electron wave-function density at
the lattice siter,. If we assume that in the ground state the

1 3.86x0.01 0.084 wave function is totally symmetric, i.e., the electron is
2 2.62:0.01  —0.02-0.01 0.061 0.018 equally spread over the six minima, thefr) is given by
3* 2.012+ —0.035+ 0.044 0.031
0.003 0.002 1 6
4 1.618+ 0.035 p(r)=—=2, Fi(nu;(re*i. 2
0.008 V6 i=1
57 1.402+ 0.024+ 0.013 0.021 For the envelope functiorr;(r) a variational function is
, 0.004 0.003 used, which is defined in a local axis systerhy’,z’, in
6 1.322¢ 0.025- 0.029 0.022 which thez’ axis points from the center of the Brillouin zone
0.002 0.002 I' towards thejth minimum of the conduction band. The
~ 1.107 0.058~ 0.024  0.051  function differs slightly from the one introduced in Ref. 14
0.004 0.003 or Ref. 5 and is given by
8 1.125+ —0.022+ 0.024 0.019
0.002 0.002 , (a*)S 1/2 X/Z y/2 2/2 1/2
9 0.935 0.013 0020 o011 FUD={Z") B | oz Tz Tz
0.001 0.001 Y x y z
10 0.748+ 0.016 r' ,
0.001 xexp — s Fisd1"), €
11 0.703: —0.008+ 0.015 0.007
0.002 0.002 whereF ;. (r') is the solution to the isotropic effective mass.

The exponents correétgg for the anisotropy of the effective
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est radius. The N nucleus, which has density 1, is indicated
by N(C). The largest, darkest circle is used to indicate all
nuclei with density between 1 andel/the next largest circle
indicates the nuclei with a density betweee ahd 1£2, and
so on until the smallest, colorless circle, which indicates the
nuclei with a density smaller than ef/ of the maximum
value. The interference effect is clearly visible. It is seen that
large spin densities are present on atoms alongcthais
above and below the substituted N atom. In contrast, the spin
density on the three nearest neighbors of the N atom that are
not parallel to thec axis is low. The overall behavior of the
: spin density is as expected on the grounds of the values of
5 - / the effective mass and ionization energy. The envelope func-
tion of thek site in 4H-SiC shows a larger Bohr radius than
FIG. 10. Results of our calculations for the distribution of the hf that of the sites in Bl-SiC because thk site in 4H-SiC has
interaction around thé site in 4H-SiC and a tentative assignment the smallest effective mass. Since the anisotropy between the
of ENDOR lines to nucleisee discussignThe direction of thee ~ masses in Hi-SiC parallel and perpendicular tois small,
axis is indicated and the values on the axes are in A. The differencthe distribution is almost spherical. For tHg site in
in the value ofy for Si, C, or N has not been taken into account and6H-SiC, the central hf interaction is slightly smaller. For the
the results were normalized to 1. On the right, the different symbols, sjte in 6H-SiC it is roughly two times smaller than for the
are explained. The largest, darkest circle is used to indicated auz site in 6H-SiC. Comparing the three centers it 6SiC,
nuclei having a density between 1 ane,lthe next largest circle i s seen that the distribution of tHe site has the largest
indicates the nuclei with a density betweee ahd 167, and so on g, 1o diys and thi, site the smallest, as expected from the
until _the smallest, colorless circle _that indicates the nuclei with aifference in binding energy between the three sites. The
density smaller than & of the maximum value. main density is distributed on the first-neighbor atom along
_ thec axis and on the three third-neighbor atoms in the plane
mass and= yE/Ejon corrects for the fact that the experi- st pelow the plane containing the N donor. The large effec-

mental ionization energkq, is different from the valu&es  tive mass along the axis flattens the distribution along this
calculated on the basis of the effective mass. The square rogkis.

9]

<

'
)]

distance along the c-axis (Z\)

TR

normalizes the function according to The assignment of the observed ENDOR lines to specific
1 13C and?°si atoms around the N donor is difficult due to the
_f lo:i(r)|2dr=1, interference effect. An additional problem is that iH-65iC
Q Jeer ! the position of the minima of the conduction band is not

(4) exactly known. Consequently, we are not absolutely sure that
20 the calculated interference effect comes close to the real situ-
f [F(n)[*dr=1. ation. Moreover, it has been shown by Ivey and Miéf&in
- their calculation of the donor wave function in Si that the use
For Fiso(r') we usedF (r')=[1/y(7a*)%]e ""/®" and the of a single conduction band and the use of only the Bloch
radii a,,, a,,, anda,, are defined in the same way as$. function at the conduction-band minima may also introduce
One difficulty in evaluatingd(r,)|? at lattice positionr, is  serious errors. That is why we have mainly used the results
the determination of the value of the amplitude of the Blochof the calculation in a qualitative way to analyze the ENDOR
functionu;(r,). The value ofu;(r)) is independent of when  data(in 4H-SiC) and to explain the differences in the elec-
evaluated at the lattice sitg, but does depend on the atom tronic properties of the different N donor sites it 4SiC
(Si or O). An estimate of the square of the wave functionsand 6H-SiC. The calculations predict a much more shallow
associated with the conduction band at the positions of thémore delocalizedcenter in 44-SiC than in 64-SiC, with a
nuclei is determined in terms of a dimensionless quanjity corresponding smaller central hf interaction than k-&iC.
=|u;(r)|%/(u;(r))2, which is used fow;(r)? in Eq. (2."*  In 6H-SiC, theh site is the most delocalized center akg
As estimated foruj(r|)2, we usey=227 for 6H-SiC.?" In  the most localized one, in agreement with our experimental
the calculations, the difference in the valuespfor Si, C, or  findings.
N has not been taken into account because the lattice seen
from the N center looks the same, whether N substitutes for
C or Si, and because the values are not accurately known.
Figure 10 shows the results of our calculations for the
distribution of the hf interaction around tlkesite in 4H-SiC We will first discuss the Ndonor in 4H-SiC because the
together with an assignment of ENDOR lines to nuclei dis-ENDOR spectra are more informative for this center than for
cussed below. The results have been normalized to 1. Athe N donors in 61-SiC. The Euler angles of the hf tensors
shown on the right of the figure, the nucleus with the highesgive symmetry information about the shells to which they
density has the darkest color and the largest radius and theelong. Moreover, there seems to be a remarkable similarity
nucleus with the smallest density has no color and the smalbetween the Ndonor in 4H-SiC on the one hand and the

Interpretation of the '°C and 2°Si ENDOR data
and calculation of the EPR linewidth
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shallow P(As,Sbh donors in Si on the other hand, when the the s spin density(s), whereas the anisotropic hf interaction
hf interactions with the impurity nucleus and the surrounding(b) is a measure for the density (p). The results are pre-
29Si nuclei are compared. On the basis of this similarity, ansented in the columns marked byor p in Tables Il and IlI
assignment of some of th€Si ENDOR lines to nuclei sur- for the k site in 4H-SiC, in Table IV for theh site in
rounding the N donor is proposed. Tables | and Il show, for 6H-SIC, and in Tables V and VI for the qgc sites ilH6SIC.

the N, donor in 4H-SiC as well as for the PAs) donor in  Summing up all entries in theandp column, respectively, it
silicon, the hf interactions and spin densities with the impu-is found that for thek site in 4H-SiC the ratios:p is 1:4 for

rity atom and the surroundingSi nuclei. It is seen that the the density on the Si atoms and 2.5:1 for the density on the C
hf interaction with the central impurity atom leads in both atoms. For theh, k;, andk, sites in H-SiC, we find 1:1
cases to as-like spin density and that it is of the same order (Sj) and 19:1(C), 3.5:1(Si) and 6.8:1(C), and 1.6:1(Si) and

of magnitude. The proposed assignments are indicated ip:1 (C), respectively. Thus the spin density corresponding to
Fig. 10. Looking at Table II, it is seen that line XVI for the the ohserved ENDOR lines jslike in character and located
Ny donor shows, like the shell witfi11) symmetry for the P mainly on the Si atoms for thesite in 4H-SiC, whereas for
(As) donor, a remarkably large anisotropic hf interaction,the three sites in 18- SiC the spin density is-like in char-

which 1S almost of the same sizé as the isotropic one. NQcter and located mainly on the C atoms. A small possible
other line shows these characteristics. Thus we suggest fror in the?’Si tensor parameters irt6 SiC does not affect

signing this line to the threg nearest Si neighbors of the hese conclusions and the ensuing conclusions about the
atom in the plane perpendicular to theaxis. This assign- .
pand—structure differences.

ment is supported by the calculations that predict a smal ) . . . .
Pb Y b A possible explanation for the difference in the electronic

isotropic hf interaction for these nuclei, and by the Euler s ) ) :

angles, which show that the hf tensors point towards thes@Ve function of the N donor in#-SiC and 64-SiC can be
nuclei. Looking at Table I, we see that the lines Il and 111 found in the large difference in the band structure of the two
have a large isotropic hf interaction and axial Symmetrypolytypes and in the po_smon of the minima in the Brillouin
along thec axis. Line IIb also has a rather large isotropic hf ZOne. As a result, the linear combination of atomic orbitals
interaction. The Euler angles as well as a comparison witiflescribing the wave function of the donor electron is differ-
the (400 shell in Si support an assignment of these lines teent. Thus the wave function might have a completely differ-
nuclei with a large calculated isotropic hf interaction alongent symmetry and a different distribution ®andp character
the ¢ axis, as shown in Fig. 10. We suggest that line llb, onon the Si and C atoms. From band-structure calculations, it is
the grounds of its rather large anisotropic hf interactionnot clear whether Si or C bands lie lowest in the minima in
should be assigned to the nearé&Si neighbor along the  4H-SiC and @4-SiC. Our results are consistent with mainly
axis, which corresponds to the fourthl1) site in silicon.  Si-like conduction-band minima inH-SiC (bottom of the

One more assignment can be suggested. The Euler anglesgdnduction bandsand C-like conduction-band minima in
the lines | and IV are roughly consistent with an assignmengH-Sic.

to the second Si neighbors of the N atom and the calculations oyr conclusions about the shape and properties of the

show that there are nuclei in these positions that have a larggectronic wave function are based on the interpretation of
isotropic hf interaction. A more precise assignment of thejhe gphserved ENDOR lines. The question arises whether
lines is considerably more difficult. One of the reasons is thaf,ege Jines represent the total electron spin density. To calcu-

one ca?no;[ dlstlngwshtbetween dlftferelnt S'teSdOf thehsarr}[%te this spin density, we must take into account the number
symmetry from Symmelry arguments alon€ and one nas 18t 5i5 g in the shell to which an ENDOR line is assigned.
use additional information that is not available for the other,

lines at the moment. Because mo3E ENDOR lines show V¢ Use 6 for the average number of atoms in a shell, since
no orientational dependence, little symmetry information ismOSt I|r_1es have not _yet been ?‘?S'gned- Though this is an
known about the hf tensors and thus it is difficult to assignoverestlmate for the first S.he"S’ Itis an underestlmate for the
them to nuclei. However, we suggest on the grounds of ouf’0re_distant shells. ‘Using the experimentally observed
calculations that the largest hf interaction, group | in TableENDOR lines and their corresponding spin densities given in
I, should be assigned to the nuclei indicated with/im  Table I=VI, we find for thek site in 4H-SiC 6x3.4%

Fig. 10. =20.4% on the Si atoms and6L.1%=6.6% on the C at-

For the N donors in B-SiC, a comparison with the do- 0ms. For theh, k;, and k, site in 6H-SiC, we find 6
nors in Si is not possible because the main density is locatedf 0.4%= 2.4% (Si) and 61.82%=10.92% (C), 6<0.2%
on the C atoms in this case. Moreover, the lines are mostlyF1.2% (Si) and & 1.0%=6% (C), and 6<0.3%
isotropic and thus give no information on the symmetry of=1.8% (Si) and 6 1.7%=10.4% (C), respectively. Thus
the shell or the orientation of the hf tensor. Thus an assignthe spin density found for thé& site in 4H-SiC is 27%,
ment for these centers should wait for more detailed calcuwhereas for the sites inH6-SiC the amount of spin density
lations. found is less than 14%.

To obtain more information about the N-donor center and To check whether no important hf interactions have been
the related electronic wave function, we consider the distri-overlooked, we have calculated the EPR linewidths from the
bution of s and p character. With the table of Morton and hf interactions of the electron spin with tH€Si and **C
Prestor?® we translate the observed hf interactions into spinnuclei as determined from the ENDOR measurements. The
density. The isotropic hf interactiof®) gives a measure of EPR linewidth at half maximumAB, can be written ds
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TABLE VII. The calculated[AB(Si), AB(C)] and measuredB,,,) EPR linewidths for the different
sites, as well as the total calculated linewidtB,, for the nonenricheéhatura) as well as thé*C-enriched
4H-SiC and 61-SiC samples. All values are in mT. The different abundances are indicated in the text. In the
enriched &1-SiC sample, it was not possible to distinguish between the experimental linew:
(mT), of the three sites. The estimated value of 1 mT is given for all three sites. The estimated error in the
other experimental linewidths is 0.05 mT.

A(B(_?)i) AB(C) (mT) ABtotal (mT) ABexp (mT)
m
Abundance natural natural enriched natural enriched natural enriched
4H-SiC, 0.194 0.084 0.43 0.28 0.62 0.32 0.57
N
6H-SIC, 0.063 0.176 0.99 0.26 1.05 0.30 ~1
Np
6H-SiC, 0.066 0.102 0.58 0.17 0.64 0.25 ~1
N1
6H-SIC, 0.092 0.165 0.88 0.25 0.97 0.30 ~1
N2
R a,(Si)|2 MHz. In contrast, for thé-acceptor centémbout 100% spin
AB?=2 E f(Si)ni(Si)(T) density is found back in the resolved ENDOR hf lines and no
I

nonresolved signal is present. The amount of spin density
incorporated in the nonresolved signal can be estimated us-
ing the approximation that the hf interactiéir) is given by
A(r)=Agexp(—r/rg), with Ay the spin density at the center
andrg the Bohr radius of the wave function. The amount of
wheren; andn; are the number of equivalent sites in fttle  spin density in a shelbr at distancer from the center is
Si shell and thgth C shell.a; anda; are the hf interactions given by the product of the spin densipyat r, calculated
for equivalent sites in theth Si shell and in thejth C  from A(r), and the number of atoms ifr. p(r) has a maxi-
shell. f(Si) andf(C) are the fractional abundancesd8i mum at twice the Bohr radius. Using, for examplg,
and 13C [f(Si)=0.047 andf(C)=0.011 in natural abun- =7.2A andAy,=4 MHz, 60% of the spin density turns out
dance samples, in enriched4SiC f(C)=0.3, and in en- to originate from nuclei located between 9 and 30 A
riched &H-SiC f(C)=0.35. f(Si)n;(Si) and f(C)n;(C) [A(9 A)<1.1MHZ]. Increasingrg even further, it is pos-
are the probabilities of having thiegh and jth lattice sites sible to account for an even larger amount of spin density.
occupied with a®°Si or 1°C, respectively. The summations Thus it seems reasonable to assume that the main part of the
extend over theR silicon shells and theM carbon shells, spin density is located in the crystal at distances of twice the
which contribute to the EPR linewidth. In our calculation, we Bohr radius and beyond.
include only those shells that have an isotropic hf interaction
that is larger than 1 MHz. We use 6 for the amount of nuclei
in a shell. In the case of the isotopically enricHé@ sample,
the number of'3C nuclei with which the donor electron in- It is interesting to compare the spin density on tf
teracts is greatly enhanced and thus the linewidth increasesucleus with that on the surroundingC and 2°Si nuclei.
The results of the calculation as well as the experimentafssuming that the wave function of the N donor corresponds
values,ABy,,, are shown in Table VII. The linewidth due to to the totally symmetric combination of the wave functions
the C atoms AB(C), and the total linewidthAB,,,, is  Of the six minima of the conduction baRdwe expect that
given for the nonenrichednatura) as well as for the en- this spin density is maximal on the centféN nucleus. This
riched case. From Table VII, it is clear that the calculationsis indeed the case for these sites iIH-&iC and 64-SiC.
agree very well with the experimentally found linewidth. From Tables I-Ill it is seen that the spin density on i
From this it can be concluded that we did not miss large hiucleus of the qc sites is about 2%. On t#8i nuclei in
interactions with neighboring®si or 13C atoms. 4H-SiC, the highest spin density is 1.3%n the*C nuclei

A large part of the spin density is related to the nonre-it is even lowey and on the*3C nuclei in 8H-SiC it is 0.3%
solved ENDOR signal around the Si and C nuclear Zeemaron the?°Si nuclei it is even lower In contrast, for thd site
frequencies, which consists of a superposition of a largén 6H-SiC the spin density on th&N nucleus amounts to
number of ENDOR lines with a very small hf interaction. In about 0.3%, which is the same as the maximum spin density
delocalized centers, this signal is expected to be very proen the?°Si nuclei.
nounced; in localized centers it is almost not present. Inspec- A possible explanation for this difference in behavior for
tion of the spectra in Fig. 2 shows that the nonresolved signahe qc andh sites may be found in the interference effect,
is indeed very pronounced, with an estimated width of 1.lassuming that the center of the donor electronic wave func-

a;(C) 2

M
+> f(C)nj((:)<T
]

The hf interaction with the N nucleus
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tion is on the N atom in the case of the qc sites but slightlyk, sites in 8H-SiC has been determined from the isotropic
displaced in the case of tesite. If true, the interference anq anisotropic hf interaction of the unpaired electron spin
effect would then lead to a maximum value for the spinwith the 13C and2°Si nuclei. It appears that the spin-density
density on the™N nucleus in the qc sites but to a reduced distribution over the"C and2°Si nuclei differs between the

value in the case of thi site. 4H-SiC and 61-SiC polytypes. The same conclusion is
drawn from the EPR line broadening of the N donor in
The substitutional position of the N atom 13C-enriched #-SiC and 64-SiC. The main part of the

L . . spin density in 44-SiC is located on the Si sublattice and the
1_'he_ question is whether our .ENEI)OR _r_esult? rrr]nght 9VE€\yave function contains a relatively large portion ofpSihar-

an |hnd|cat|on abo(l;t the .SUt;St'FUt'Ona position Io the B‘ at(;)macter. For the three sites irH6 SiC, the main part of the spin

in the 4H-SIC anc 61-SIC lattices. Inter(_estmg y, the band- density is located on the C sublattice and the wave function

structure calculations of Fukumdfopredict that the main is built mostly of slike C atomic orbitals. Comparing the

spin (_jen.sity should t?]e on the Si.atohms in thefcasebot?a Nthree sites in B1-SiC, theh-site wave function has the larg-
substitution and on the C atoms in the case ofsasbsti- est delocalization and is most isotropic. In tke site, the

tution. Following these ideas, we might conclude that N ®Wwave function is most localized and least isotropic. The

sides'cm a C position in 4H—.SiC and ona Si position in larger part of the spin density is located far into the crystal.
6H-SIC. The same calculations predicg Kb be a shallow ¢ iterence in the behavior of the wave function in the
center and I to be a deep center. However, from Table | it 4H and & polytypes seems to be due to the difference in

?S clear'that there is ho 'corlmection petween the. observe.d heir conduction-band structure. Our results are consistent
interactions and the ionization energies of the different siteg;, mainly Si-like conduction-band minima in H+SiC

in 4H-SiC and 64-SiC. We note further that inl8-SiC the
spatial distribution of the spin density ov&iC and?°Si at-
oms is qualitatively the same for the k;, andk, sites,
although the hf interaction ofN in h and qc sites differs ACKNOWLEDGMENTS

considerably. Thus at the present stage we have no compel-

ling argument to change the current point of view that N This work forms part of the research program of the

(bottom of the conduction bandsnd C-like conduction-
band minima in &1-SiC.
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