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EPR study of shallow and deep phosphorous centers in 6H -SiC
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The phosphorus related defects inn-type 6H-SiC monocrystals doped by neutron transmutation have been
studied by electron paramagnetic resonance~EPR! spectroscopy. After thermal annealing at 1900 °C two sets
of three phosphorous related EPR spectra are observed, which are attributed to the isolated shallow P donor on
the two quasicubic (c1,c2) and the hexagonal~h! sites as well as to a deep P center on thec1, c2, h sites. The
deep P center is tentatively attributed to the PSi-carbon vacancy complex. Our results show in agreement with
theoretical predictions that the previous suggestions that the two types of centers are the ground and excited
states of the isolated P donor can be ruled out. The donor-monovacancy complexes are characterized by an
exceptional thermal stability.

DOI: 10.1103/PhysRevB.66.165206 PACS number~s!: 61.80.Hg, 76.30.Da, 61.72.Ji
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INTRODUCTION

n-type conductivity of silicon carbide monocrystals
generally achieved by the use of nitrogen doping. The pr
erties of the N donor in 6H-SiC have been studied i
detail.1,2 Nitrogen introduces shallow effective-mass-like d
nor states and is believed to substitute for carbon atoms.
properties of the isolated substitutional nitrogen donor
pend further on the particular lattice site on which it is l
cated. In the 6H polytype with three nonequivalent substit
tional lattice sites, two quasicubic (c1,c2) sites and one
hexagonal~h! site, three different N centers have been ide
tified. Their thermal ionization energies are 81, 137.6, a
142.4 meV, respectively, with the hexagonal site donor be
the shallowest one.

n-type conductivity can also be obtained by doping w
phosphorous,1,3–7which can be introduced during the grow
or after the growth; both ion implantation and neutron~n!
transmutation have been used in the past. In the two ca
subsequent high-temperature thermal annealing is require
electrically activate the phosphorous dopant and to an
the implantation related deep defects. In analogy to the c
of shallow N, three different P centers corresponding to P
the c1, c2, h sites are expected to coexist. This picture is
agreement with electrical measurements on P-implan
thermally annealed 6H layers.6 They have shown the pres
ence of two P related centers with ionization energies
(8065) and (11065) meV, which were attributed to th
isolated P donor on theh site and the nondistinguished
donors on thec1 andc2 sites, respectively.

The microscopic and electronic structure of the phosph
ous related defects can be studied in more detail by elec
paramagnetic resonance~EPR! and electron-nuclear doubl
resonance~ENDOR! spectroscopy. Such measurements h
been performed only on neutron transmutation P do
n-type samples.3–5 The results indicated a complex situatio
Instead of the expected three P centers on thec1, c2, h sites,
five different P related centers were observed in the 77–
K temperature range. Their interpretation has given rise
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some controversy, which is not yet settled. The first X-ba
EPR results were obtained by Veingeret al.3 who observed
at 77 K three different doublet spectra labeledP1, P2, P-V.
They attributed theP1, P2 spectra to the isolated PSi donor
on the hexagonal and the nondistinguishedc1, c2 sites; the
third spectrum,P-V, was attributed to a different P relate
complex center. Kalabukhova, Lukin, and Mokhov4 extended
the EPR measurements to the 4 K temperature range and t
higher frequencies~142 GHz!. The sample investigated in
their study had beenn-irradiated under similar conditions a
Veinger’s sample but annealed at higher temperatures. T
observed at 4 K two different P related centers—labeledI1,
I2—with strongly reduced central hyperfine interactio
~Table I!; as these centers could only be observed at temp
tures below 15 K, an inverted level system was proposed
the shallow P donor with anE ground state corresponding t
the I1, I2 spectra and anA1 excited donor state giving rise
to spectraP1, P2, P-V.1,5,8

ENDOR measurements at 4.2 K confirmed5 the phosphor-
ous origin of the observed hyperfine splittings of theI1, I2
centers. It remained however unclear, why only two disti
sites were observed for this P center, whereasa priori three
sites (c1,c2,h) are expected, and why the ground-state co
figuration should be different for shallow N and P donors

The experimental results obtained up to 1997 for the
and P donors were resumed in Ref. 1. However, as show
Table I the results contain some inconsistencies, which
not been noticed at that time. The numerical values of theI2
center hyperfine~HF! splittings determined in the EPR an
ENDOR studies do not agree. The ENDOR spectra prese
in Ref. 5 show HF splittings ofAic512.1 MHz andA'c
56.4 MHz for theI2 center, which correspond to 4.3- an
2.3-G splittings. However the HF splitting measured1 by
9-GHz EPR forB'c is 3.1 G. The HF interactions constan
a5(Ai12A')/3 and b5(Ai2A')/3 deduced from these
values (a58.3 MHz,b51.9 MHz) do not correspond to
those given in the same paper (a58.7 MHz,b54.2 MHz).

We report in this paper new EPR results on the high- a
low-temperature spectra of the P related centers. They s
©2002 The American Physical Society06-1
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TABLE I. g factors and hyperfine splitting constantsA of the shallow and deep phosphorous centers
reported in Refs. 1, 4, and 5.

Center
High T
~77 K! Center

Low T
~4.2 K! Refs.

P1 gi52.0040 Ai556.3 G EPR, Ref. 3
g'52.0029 A'555.5 G

P2 gi52.0040 Ai551.7 G
g'52.0025 A'551.7 G

P-V gi52.0044 Ai59.2 G
g'52.0025 A'57.2 G

I1 gi52.0049 Ai51.2 G EPR, Ref. 4
g'52.0031 A'5<1.2 G

I2 gi52.0041 Ai56.11 G
g'52.0028 A'51.58 G

I1 Ai51.2 G ENDOR, Ref. 5
A'50.2 G

I2 Ai54.3 G
A'52.3 G

I2 gi52.0041 Ai56.1 G EPR, Ref. 1

g'52.0028 A'53.1 G
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the presence of two different defects in three configurati
corresponding to the three nonequivalent lattice sites in
6H polytype. Our results settle also the question of the
calized or delocalized character of the low-temperature
fects I1, I2 by the observation of a superhyperfine~SHF!
interaction with two equivalent Si atoms. Further, we sh
that the so-called high-temperature spectra can also be
served at 4.2 K, which proves that they do not correspon
an excited state of the shallow effective-mass-~EM! like P
donor.

EXPERIMENTAL DETAILS

The 6H-SiC:N bulk samples of 400mm thickness were
prepared by the Lely method under special conditions to
duce the N concentration to the 1.231016-cm23 level They
were irradiated with thermal neutrons to a total dose o
31020 cm22.

Thermal neutrons will transmute30Si isotopes into31P
according to the reaction

30Si1n→31P1b2.

The P concentration thus obtained is estimated to
31016 cm23. After the irradiation a thermal annealing
1900 °C for 30 min was performed.

The EPR measurements were performed with aX-band
spectrometer. The spectra were measured over the w
temperature range of 4 to 100 K. Theg values were deter
mined from the measured microwave frequencies and
magnetic-field values calibrated by a proton nuclear m
netic resonance sonde. To further minimize errors in the fi
determination, an additionalg-standard~MgO:Mn! was used.
The error ing is estimated to beDg,0.0002. The experi-
mental EPR spectra were decomposed into their individ
16520
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components with the help of a special computer progra
which allowed the determination of line shape, linewidth
line intensities, and positions.

RESULTS

Shallow P donors

Figure 1 shows a typical EPR spectrum observed aT
580 K for the magnetic-field orientationBic. In the central
part we observe a strong three-line spectrum which or
nates from the N doping; it is the sum of the three N shall
donor spectra for thec1, c2, h sites, which are not resolve
under these conditions. In addition, we observe three an
tropic doublet spectra namedsPc1 , sPc2 , sPh , the param-
eters of which are given in Table II. They are of axial sym

FIG. 1. EPR spectra of the shallow P centers (sPc1 ,sPc2 ,sPh)
at 80 K; Bic.
6-2
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metry and correspond to the three phosphorous cen
previously reported by Veingeret al.3 The g values and HF
constants differ slightly from those reported in Ref. 3 pro
ably due to a better field/frequency calibration in our stu
We attribute these spectra in agreement with recent calc
tions by Gali et al.9 to the ground state of the isolated
centers on the three nonequivalent Si lattice sites. The i
ropy of the central HF interactions and the weak localizat
of the wave function are very similar to the case of the sh
low N donors and correspond to the properties of an effec
mass donor. In spite of the different lattice sites of theC
and PSi donors, the hexagonal site PSi donor has equally a
strongly reduced central HF interaction as compared to
c1, c2 site donors.

FIG. 2. EPR spectra of thesPc1 , sPc2 centers at 80 and 4 K for
Bi@1120#; note anx axis break between 3320 and 3350 G; t
high-field X line belongs to a different spectrum.

TABLE II. EPR parameters~g factors and phosphorous hype
fine interaction constantsA! and thermal ionization energiesE of
the shallow phosphorous centers.
16520
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To investigate the issue of the ground- or excited-st
configurations, we have measured the temperature de
dence of thesPc1 , sPc2 , sPh spectra between 100 and 4
K. Below 60 K thesP centers saturate even for the lowe
available microwave powers of 0.1mW and their observation
under slow passage conditions is no longer possible. H
ever, as shown in Fig. 2, thesPc1 sPc2 centers can still be
observed atT54.2 K under fast passage conditions leadi
to an absorption line shape. The central part containingsPh
is obscured by the strong N spectrum. As the energy sep
tion between the ground state of the effective mass donor
its first excited state is estimated to be 36 meV for the q
sicubic site donors,1 the EPR observation of the excited d
nor state is not expected under thermal equilibrium con
tions at 4 K due to its negligable thermal population. We c
thus attribute thesPc1 , sPc2 spectra to the ground-state co
figuration of the phosphorous donor.

The study of the EPR spectra of thesPc1 , sPc2 centers at
high ~.80 K! temperatures allows also to determine whi
of the two quasicubic centers has the smaller thermal ion
tion energy. In Fig. 3 we show the high field lines of the tw
spectra at 70, 80, 90, and 100 K. The spectra are taken u

FIG. 3. High-field EPR lines of thesPc1 , sPc2 centers in the
70–100 K range.

FIG. 4. Temperature dependence of the total deep phospho
related EPR spectrum.
6-3



H
ts
s
er
io

ous
es of

e a
er
es
in

, all
ger

um
opic

ture-
ted
l

a-

ld

hr

t
-
e n-

BARANOV, ILYIN, MOKHOV, VON BARDELEBEN, AND CANTIN PHYSICAL REVIEW B 66, 165206 ~2002!
the same conditions. We observe a slight reduction in the
splitting of the sPc2 center in the 70–90 K range and i
disappearance due to thermal ionization at 100 K. Thus, a
the case of N donor, the P donor with the smaller HF int
action corresponds to that with the smaller thermal ionizat
energy.

FIG. 5. Low-temperature EPR spectra of the superposed t
deep P centers for different field orientations;T59 K.

FIG. 6. Decomposition of the experimental EPR spectrum aT
59 K andB at 50° from thec axis in four components: three dou
blet lines corresponding to the deep phosphorous centers on thc1,
c2, h sites and theN spectrum; the sum spectrum~line! is super-
posed on the experimental one~dots!.
16520
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Deep P donors

In the 4–15 K temperature range, additional phosphor
related EPR spectra are observed. Figure 4 shows a seri
spectra taken under identical conditions forB'c between
13.5 and 5.5 K. At the highest temperature, we observ
single line spectrum of axial symmetry; at slightly low
temperatures~11.5 K! an apparent doublet spectrum becom
superimposed. Both can be well studied simultaneously
the 7.5–10 K temperature range. For lower temperatures
spectra decrease in intensity, and at 4.2 K they are no lon
observable. As will be shown below, the total EPR spectr
can be consistently simulated as the sum of three anisotr
doublet spectra, which we labeldPc1 , dPc2 , dPh ; the three
spectra show an angular-dependent and tempera
dependent intensity variation typical for Jahn-Teller distor
low-symmetry defects10 with a thermally activated motiona
averaging giving rise to an apparentC3v symmetry. The par-
ticularity of the system is the unusually low thermal activ
tion energy.

In Fig. 5 typical EPR spectra for different magnetic-fie

ee

FIG. 7. Angular variation of theg factors of the centersdPc1

~squares!, dPc2 ~open squares!, dPh ~circles! at T59 K.

FIG. 8. Angular variation and fit of the hyperfine splitting co
stant for thedPc1 ~squares!, dPc2 ~open squares!, dPh ~circles!
centers.
6-4
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EPR STUDY OF SHALLOW AND DEEP PHOSPHOROUS . . . PHYSICAL REVIEW B 66, 165206 ~2002!
orientations are shown. For the two high-symme
orientations—Bic andB'c—the spectra can and have in th
past been mistaken as a sum of two doublet spectra only
performed a detailed computer assisted analysis of the

FIG. 9. Experimental EPR spectrum and its decomposition
dPc2 anddPh components with their corresponding superhyperfi
lines;B'c, T59 K; the experimental spectrum~dots! and the sum
spectrum~line! are superposed.

TABLE III. EPR parameters and microscopic models of t
deep phosphorous centers.
16520
e
tal

EPR spectrum for all magnetic-field orientations. They sh
clearly the presence of three partially overlapping doub
spectra and not two, as previously assumed. The presen
three spectra is most easily seen at intermediate angles w
all three are of comparable intensities. The decomposi
for the orientation 50° fromc is shown in Fig. 6. The con-
tribution of the underlying N spectrum, small under the
experimental conditions, is included in the decompositi
The complete analysis of the angular variation shows
presence of three spinS5 1

2 spectra with axial symmetry fo
the g tensor and the central phosphorous hyperfine inte
tion. The effectiveg factors and hyperfine splittings are re
resented in Figs. 7 and 8. The principal values obtained b
least-squares fit are given in Table III.

The variation of the intensity of the spectra with th
magnetic-field orientation is particularly important for th
spectra of deep P centersdPc1 anddPc2 . As a consequence
for Bic, the dPc1 doublet is dominating whereas forB'c
the dPc2 doublet is strongest. As theg values of the two
centers are very close this can easily give rise to a misin
pretation of the experimental result.

The dP spectra show additional small intensity lines d
to superhyperfine~SHF! interaction; they can easily be see
for B'c at the low- and high-field sides of the central set
lines ~Fig. 9!. For this orientation, where thedPc2 anddPh
spectra are dominant in intensity, we observe two doub
centered at thedPc2 anddPh lines, respectively, with split-
tings of 10.2 G (dPc2) and 11.2 G (dPh). ForBic a value of
8.8 G is obtained fordPc1 . The intensity ratio of the SHF
lines to the corresponding central line has been evaluate
10%, which corresponds to the interaction with two equiv
lent Si atoms~Table III!. The SHF structure is observable fo
all orientations; it is approximately isotropic with values
the 10-G range~Fig. 10!. A more refined analysis of its sma
angular dependence requires the use of higher microw
frequencies.

n
e

FIG. 10. Angular variation of the SHF lines~large squares! of
the deep P centers; forB'c the intensity of thedPc1 center is small
as compared to the other two centers and a good assigneme
possible. For the other orientations the superposition of the S
lines from the three centers will require high-frequency studies
the determination of the small anisotriopy of the SHF tensors.
6-5
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DISCUSSION

The simultaneous observation of three shallow and th
deep phosphorous related centers allows a coherent inte
tation of the shallow phosphorous defects within the E
model. Whereas for theP1, P2 centers, the attribution to
substitutional P on siliconc1, c2 sites was accepted sinc
long, their ground state (A1 /E) and the attribution of the
third so-calledP-V center remained controversial.1,5,8 From
our results it follows that the shallow P donor ground state
anA1 state, and thus the three EM-like P centers should h
spin densities at the P nuclei in close analogy to the nitro
EM-like donors. This corresponds to the experimental fin
ings: the isotropic HF interaction constants scaled with
nuclearg factors (a/gN) are 82.28/83.13/6.11 MHz for the N
donors at thec1, c2, h sites, and 64.09/68.93/9.7 MHz fo
the corresponding P donors.~The value of 1.06 MHz given
in Ref. 1 is erroneous. It is more correct to take into cons
eration thes-electron wave function density at N and
nucleus for nitrogen and phosphorous atoms that corresp
to11 5.599 a.u. and 7.252 a.u., respectively, and overlap i
grals between envelope function and wave functions o
and P. But for a qualitative analysis we will not consid
these effects because they partly compensate one ano!
As the P1, P2, P-V EPR spectra had not been observed
low temperature in the previous studies the possibility o
thermally populated excitedA1 state and thus anE ground-
state configuration had been considered.1 However, our ob-
servation of the quasicubic shallow P centers at 4.2 K
clude this possibility and show a complete analogy betw
the shallow N and P donors in 6H-SiC in spite of their
different lattice sites C/Si. Our assignment is in good agr
ment with recent calculations by Galiet al.,9 who predicted
also theA1 character of the EM-like P donor ground state

The observation of strong SHF interaction with two
neighboring atoms demonstrates the deep character o
second set of phosphorous defects~dP! observed at low tem-
perature. The reduced HF interaction with the P nuclei
compared to the EM donors seems at first surprising, as
a more localized wave function, a higher P HF interact
might have been expected. Recent calculations9 of the spin
distribution of the P-vacancy complex, which is a high
probable candidate for thedP centers, are however in goo
agreement with our experimental results. Galiet al.9 have
modeled the neutral PSi-VC center in 3C geometry using
C37Si34H60 molecular cluster. Their results show that t
paramagnetic electron is not localized on the P atom but o
Si atom in the first nearest-neighbor position of the carb
vacancy. The ground state corresponds to one electron o
pation of ane-level subject to a Jahn-Teller distortionC3v
→C1h . Their calculations confirm the localized character
the ground-state wave function: in theC1h symmetry relaxed
state 85% of the spin density is localized within the first a
second neighbor shells; the main spin density is not on th
atom but on the three next-nearest-neighbor Si atoms of
carbon vacancy with 44.2% on (Si1) and 9.6% on (Si2 ,Si3).
The localization on the P atom is only 2.1%. Due to t
strong localization of the wave function these results are a
considered to be relevant for the 6H polytype. The predicted
16520
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P and Si SHF interaction are in qualitative agreement w
the experimental results obtained for the three deep P
ters. The additionally predicted strong HF interaction w
one Si1 atom has not yet been observed up to now. Nev
theless, we consider these results to be a strong suppor
the assignment of the deep P centers to the PSi-VC pairs on
the threec1, c2, h lattice sites.

It is instructive to compare the properties of the deep
centers with the deep N center12 observed in fast neutron
irradiated, thermally annealedn-type 6H-SiC:N and the
deep B and deep Al centers13 observed often as native de
fects. Under fast neutron irradiation conditions31P genera-
tion by transmutation is negligible and only intrinsic poi
defects and defect complexes are generated by elastic c
sions. During high-temperature annealing, the point defe
become mobile and can interact with the dopant atoms—N
this case. Vainer and II’in12 have reported after annealing i
the 1350–1950 °C range the formation of a new nitrog
related defect characterized by a strongly reduced N HF
teraction and resolved C SHF interaction. This center
been attributed to a NC-VSi pair. A comparison with the cor-
responding P centers shows~Table IV! a close similarity with
the hexagonal site deep phosphorus centerdPh . This anal-
ogy further supports the attribution of the deep phosphor
centers to PSi-VC pairs. It might appear astonishing that
our samples only defects ofC3v symmetry are observed
whereas one should expect also the occurrence of PSi-VC
pairs not aligned with thec axis. However, different expla
nations can be considered for their nonobservation: e.g.,
thermal stability of such complexes might be different;
must be recalled that the samples of this study were anne
at 1900 °C, the electrical levels of deep defects in SiC v
with the local symmetry and their observation depends
particular Fermi-level positions which might not be favo
able in our samples.

As concerns the angular- and temperature-dependen
tensity variation observed for the deep P centers it should
noted that a similar behavior has previously been repo
for the deep B and deep Al centers, which were a
suggested13 to be carbon vacancy complexes.

The microscopic nature of the defects remaining af
very high (T.1500 °C) temperature thermal annealing h
been the object of numerous studies but no conclusion co
be drawn. TheD1 defect~see Refs. 14 and 15 and referenc

TABLE IV. Comparison of the EPR parameters~g factors, hy-
perfine and superhyperfine interaction constantsA! of the NC-VSi

and thedPh (PSi-VC) pairs

NC-VSi pair Si-VC pair/hexagonal site

S5
1
2 C3v S5

1
2 C3v

gi52.0063 gi52.0044
g'52.0044 g'52.0027
Ai(N)51.0 G Ai(P)51.0 G
A'(N)50.8 G A'(P)50.5 G
Ai5(3C)515.0 G ASHF(2Si)511.2 G
A'(3C)510.5 G
Vainer et al. ~Ref. 12! This work
6-6
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therein! easily observable in photoluminescence is the p
cipal defect observed after such treatments. The EPR re
on the neutron irradiated and 1900 °C annealed samples
new elements to this discussion: they demonstrate a sur
ing and unexpected formation and thermal stability
donor—monovacancy complexes; this contrasts sharply w
the weak thermal stability of the isolated monovacanc
which anneal out below 1000 °C. Veingeret al.3 had
observed that the concentration of the shallow phospho
centers decreases after the annealing at high tempera
We believe that the formation of the deep P center is
result of the capture by the shallow P center of the car
vacancy, which is released in this high-temperature annea
step. In agreement with this correlation the involveme
of vacancies in high-temperature defects including
D1 center can be concluded. The involvement of the Si
cancy in theD1 center has recently been proposed by Fis
nd

.
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e
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et al.16 from photoluminescence studies on growth rela
D1 defects.

CONCLUSION

We have shown that phosphorous donors introduced
neutron transmutation give rise to both shallow and de
phosphorous centers in close analogy to the case of the
trogen dopant. For bothsP, dPdefects, the three-site specifi
centers have been observed and characterized. The
phosphorous center is attributed to a PSi-VC complex formed
in the high-temperature annealing step.
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