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Carbon vacancy-related defect in 4H and 6H SiC
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~Received 9 October 2000; revised manuscript received 22 February 2001; published 20 April 2001!

An electron paramagnetic resonance~EPR! spectrum was observed at temperatures above 25 K inp-type 4H
and 6H SiC irradiated with electrons. The center has C3V symmetry with an electron spinS51/2. Using high
frequency~;95 GHz! EPR it was possible to obtain the detailed hyperfine structure due to the interaction with
the four nearest silicon neighbors, and to identify the defect as the carbon vacancy in the positive-charge state
(VC1). Theg values and hyperfine tensor of the center in both polytypes are almost the same and no depen-
dence on the inequivalent lattice sites has been detected.

DOI: 10.1103/PhysRevB.63.201201 PACS number~s!: 61.72.Ji, 61.80.Fe, 61.82.Fk
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Vacancies can be introduced during crystal growth or m
terial processing such as electron irradiation for carrier l
time control or ion implantation for making contact or is
lating layers. They often introduce deep levels in the ba
gap of semiconductors and hence have a strong influenc
the electrical and optical properties of the material. In S
both the silicon and carbon vacancies are stable at room
perature and are electrically active. The negatively-char
silicon vacancy (VSi

2) has been identified by electron par
magnetic resonance~EPR! in 3C,1 4H ~Ref. 2! and 6H SiC.3

Its high symmetry (Td) and high spin configuration (S
53/2) were also confirmed by theoretical calculations4,5

The other charge states of the silicon vacancy appear t
much less known. The photoluminescence centers V1, V2 in
4H and V1, V2, and V3 in 6H SiC ~or the P3 and P5 EPR
centers in 6H SiC, which were previously attributed to long
distance vacancy pairs by Vaineret al.6! were suggested a
to originate from the VSi0 at different inequivalent sites.7

The EPR identification of the carbon vacancy (VC) may
be easier compared to the VSi since there is a better chance
detecting the hyperfine structure of29Si (I 51/2, 4.7% natu-
ral abundance! than that of13C (I 51/2, 1.16%!. In the past,
several VC-related defects have been observed in 3C,8 4H,9

and 6H SiC,6,9,10of which the T5 center in proton-irradiate
p-type 3C SiC was attributed to the single carbon vacanc
the positive-charge state (VC

1).8 The T5 center hasD2 sym-
metry and is annealed out at around 200 °C. This has le
a general belief that the VC becomes mobile at this temper
ture. In contrast to this EPR observation, recent theoret
calculations5,11 have predicted that the carbon vacancy
SiC is a negative-U system and therefore cannot be detec
by EPR under equilibrium conditions.

In this work, we used EPR at theX-band~;9.5 GHz! and
W-band~;95 GHz! frequencies to study intrinsic defects
4H and 6H SiC. At high frequency, it is possible to separa
most of the EPR spectra in 4H and 6H SiC. An EPR spec-
trum with a detailed HS due to the interaction with fo
nearest Si neighbors has been observed. The spectru
identified as originating from the positively-charged carb
vacancy (VC

1). The electronic structure and annealing beh
ior of the center are discussed and compared with that of
T5 center in 3C SiC.

The samples used in this work were mainly commerc
n- and p-type 4H and 6H SiC substrates and also fre
0163-1829/2001/63~20!/201201~4!/$20.00 63 2012
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standingp-type layers grown high temperature chemical v
por deposition~HTCVD!. The p-type substrates were Al
doped (231017– 131018 cm23). The p-type layers were
either Al-doped~in the mid 1017 cm23 range! or compen-
sated by residual impurities with a concentration bel
1016 cm23. The samples were irradiated with 2.5 MeV ele
trons at room temperature or at 400 °C with doses in
range of 131017– 231018 cm22. EPR measurements wer
performed on BrukerX-band ~;9.5 GHz! EPR spectrom-
eters~ER200D-SRC or ELESYS 580! and also on a home
made W-band ~;95 GHz! EPR setup. InW-band experi-
ments, we used an Oxford, split-coil superconducting mag
~0–5 T! with a liquid He bath cryostat, which allowed tem
perature regulation in the range from 1.6 K to room tempe
ture. The magnetic field was calibrated using the well-kno
Ps

0 signal in Si.12

In p-type 4H and 6H SiC irradiated with electrons a
400 °C, several EPR spectra were detected. Figures 1~a! and
1~b! show the spectra observed in the 4H polytype for the
magnetic fieldB parallel to thec-axis atX-band andW-band
frequencies, respectively. AtW-band frequency, two strong
lines, labeled EI5 and EI6, are well separated@Fig. 1~b!#. In
p-type samples irradiated at room temperature, the EI5
EI6 signals were also detected together with the EI1 and
spectra~the VC- and VSi-related defects, respectively!.9 To
avoid the overlapping between the HF lines of the EI5 a
EI6 spectra with the EI1 signal atW-band frequency, we
used samples irradiated at 400 °C, in which the EI1 cen
was annealed out. As can be seen in the figures, the dista
between the satellites~indicated by arrows! of the EI5 line
are the same when measuring atX-band andW-band fre-
quencies and do not depend on temperature. This confi
that the satellites are the HSs of the EI5 spectrum but not
structures of a spinS51 center split by the crystal field. Th
intensity ratio between all four satellites and the main line
about 20%, which is approximately the natural abundance
four 29Si isotopes. The intensity ratio has been checked
spectra measured at different orientations of the magn
field and the evaluation by comparing either the signal a
plitudes or numerical double integration of the peaks giv
similar values in the range 18–20.5 %. Therefore, these
ellites can be identified as the HSs due to the interac
between the electron spin and the nuclear spin of the29Si
atoms in the NN shell. This structure is typical for the h
perfine interaction with four nearest Si neighbors of an i
©2001 The American Physical Society01-1
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lated defect at a carbon site. ForB parallel to thec-axis ~see
Fig. 2!, the interaction with the Si~1! atom on the bond along
thec-axis will be strongest, which gives rise to the two lin
with the largest splitting~the two outer hyperfine lines in Fig
1!. The total intensity of these two hyperfine lines is abo
4.7% of that of the main line. At this direction ofB, the three
Si atoms on the bonds inclined an angle of 71°@the Si~2,3,4!
atoms in Fig. 2# with thec-axis are equivalent, and therefo
the interactions with these atoms give rise to two hyperfi
lines with triple intensity~i.e., about 15%! compared to that
of the outer lines.

The spectra in 4H and 6H SiC measured atW-band fre-
quency withB in the ~112̄0! plane and perpendicular to th
c-axis are shown in Figs. 3~a! and 3~b!, respectively. The
assignment of the hyperfine lines is indicated in the figur
At this direction ofB, the interaction with the Si~3! and Si~4!
atoms~Fig. 2! is equivalent and gives rise to the same lin
with double intensity@Fig. 3~b!#. The interaction with the
Si~2! atom will be strongest@favored by a larger value o
cos(B•c)] and gives rise to the two lines with the large
splitting ~Fig. 3!. In the case of 4H SiC, due to a small
misalignment of the sample, the Si~3! and Si~4! atoms be-
come inequivalent with respect to the magnetic field, a
therefore, the corresponding hyperfine lines split off@Fig.
3~a!#. The EI6 and other weak lines in Figs. 1 and 3 belo

FIG. 1. EPR spectra observed inp-type, electron-irradiated 4H
SiC for the magnetic fieldB parallel to thec-axis at~a! X-band and
~b! W-band frequencies.

FIG. 2. An isolated defect at a C site with the magnetic field
parallel to thec-axis. The expected symmetries of the hyperfi
tensors representing the interaction with the Si~1! and Si~2,3,4! are
C3V and C1h , respectively.
20120
t

e

s.

s

d

g

to different defects and will not be discussed in this pape
In order to determine the symmetry,g-values and the hy-

perfine tensor of the center, the angular dependencies o
spectra were measured by rotatingB in the~112̄0! plane. The
experimental data in 4H and 6H SiC are shown as ope
circles in Figs. 4 and 5, respectively. The angular depend
cies of the EI5 center in both polytypes are similar and c
be described by the following spin-Hamiltonian

H5mBB•g•S1 (
j 51 – 4

S•A~ j !
•ISi , ~1!

with the effective electron spinS51/2. HeremB is the Bohr
magneton and theg tensor is constrained to the trigonal sym
metry (C3V) with the principal valuesgi andg' correspond-
ing to the values in the@0001# and @1̄100# directions of the
hexagonal lattice. The second term describes the hype
interaction with the29Si nuclei (I Si51/2) in the NN shell.
The hyperfine tensorA(1) represents the hyperfine interactio
with the Si~1! atom ~see Fig. 2! and has C3V symmetry
whereas the hyperfine interaction with other three Si~1,2,3!
atoms is described by the same tensorA(2) that has C1h sym-
metry. TheA(2) tensor is described in the principal coord
nate system with the principal axesAx

(2) andAz
(2) lying in the

~112̄0! plane and theAy
(2) axis perpendicular to this plane

The angleb between theAz
(2) and thec-axis was determined

to be 5° for the center in both 4H and 6H SiC. The param-
eters deduced from the fit for the EI5 center are given
Table I. The simulated angular dependencies are plotte
solid ~for the main line! and dashed curves~for the hyperfine
lines! in Figs. 4 and 5, respectively. In the case of 4H SiC
~Fig. 4!, a misorientation angle of 3° in the rotating plane
the magnetic field@B was not exactly rotating in the~112̄0!
plane# was included in the fit to account for the splittin
induced by sample misalignment.

Following the one-electron linear combination of atom
orbitals approximation, the wave function of the unpair
electron close to a neighboring Si atom can be written a
superposition of the electronic wave function (cs ,cp) of the
s andp orbitals of the Si atom

C5h~acs1gcp!. ~2!

FIG. 3. EPR spectra observed inp-type, electron-irradiated~a!
4H and ~b! 6H SiC for the magnetic fieldB perpendicular to the
c-axis atW-band frequencies.
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This wave function gives rise to a hyperfine interaction w
isotropic and anisotropic components, which can be rela
to the unpaired spin in thes andp orbitals, respectively. The
decomposition of the hyperfine tensor into isotropic and
isotropic parts can be written as

A5a11b. ~3!

The tracea of the tensorA, the Fermi contact term, is dete
mined by the spin densityh2a2 in the s orbital by the ex-
pression

a5~1/3!~Ai12A'!5~2/3!m0gmBgNmNh2a2ucs~0!u2.
~4!

The traceless anisotropic partb is an axial tensor with prin-
cipal values (2b,2b,2b), where

b5~1/3!~Ai2A'!

5~1/4p!m0gmBgNmNh2g2~62/5!^r 23&p . ~5!

HeremN is the nuclear magneton andgN the nuclearg-value
of Si. Using atomic constants given by Morton an
Preston,13 gN value as tabulated by Fuller14 and hyperfine
parameters from Table I, the spin densitiesh2a2 andh2g2

in the 3s and 3p orbitals on the Si~1! atom are found to be
0.031 and 0.164, respectively. TheA(2) tensor is nearly axia
along thex-axis and the valuesAi andA' in Eqs.~4! and~5!
are replaced byAx

(2) and (Ay
(2)1Az

(2))/2, respectively. The

FIG. 4. The angular dependence of the EI5 spectrum in 4H SiC
measured withB rotating in the~112̄0! plane.u is the angle be-
tween the magnetic field and thec axis. ~u50° andu590° corre-
spond toBic andB'c, respectively!.
20120
d
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corresponding spin densities on each of the three Si at
~Si atoms 2, 3, and 4 in Fig. 2! are determined ash2a2

50.025 andh2g250.104. The localization of the wav
function on the Si~1! atom ~;19.5%! is larger compared to
that on the other nearest Si neighbors~;12.9%!.

From the HS due to the interaction with four nearest
neighbors and the symmetry C3V, it can be concluded tha
the EI5 center is an isolated defect at a carbon site.
center can only be detected in irradiated materials and
signal intensity increases with the dose of irradiation ind
pendently on the concentration of residual impurities~sec-
ondary ion mass spectrometry studies of crystals used in
work showed that the concentrations of common impurit
such as Al, V, Ti, Cr, B in commercial substrates are one
two orders of magnitude higher than in HTCVD layers!. This
indicates that the EI5 center is related to intrinsic defec
Therefore, the only model that could explain the observ
electronic structure of this isolated intrinsic defect is the c
bon vacancy. The VC can have a spinS51/2 in either the
negative or positive charge state. However, since the s
trum only can be detected inp-type, irradiated materials, th
charge state of the center must be positive. The EI5 cent
therefore attributed to the VC

1.
In all studied samples, the EI5 spectrum was not dete

able at temperatures below 25 K. Possibly, when decrea
temperature the Fermi level moves up~away from the va-
lence band! and passes the~1/0! level of the carbon vacancy
and therefore the EPR signal of the VC

1 disappears. No de
pendence on the inequivalent lattice sites was observed
the EI5 center in both 4H and 6H SiC. The electronic struc-
ture of the EI5 center is very different from that of the T

FIG. 5. Angular dependence of the EI5 spectrum in 6H SiC.
TABLE I. Spin-Hamiltonian parameters of the EI5 center in 4H and 6H SiC. The angle between the principalz axis of theA(2) tensor
is b55°. The error in the determination of theg values is60.000 05.

Polytype
Spin and
symmetry g A ~MHz! a ~MHz! b ~MHz! h2a2 h2g2

4H S51/2 gi52.00322 Ai
(1)5181.08,A'

(1)5125.01 143.76 18.69 0.031 0.164
C3V g'52.00484 Ax

(2)5140.60,Ay
(2)5103.43,Az

(2)5106.73 116.92 11.84 0.025 0.103
6H S51/2 gi52.00316 Ai

(1)5181.67,A'
(1)5123.21 145.70 19.49 0.032 0.171

C3V g'52.00461 Ax
(2)5140.30,Ay

(2)5103.43,Az
(2)5106.73 116.82 11.74 0.025 0.103
1-3
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center in 3C SiC,8 which has been attributed to the VC
1. The

averageg-value of the EI5 spectrum~2.0043 and 2.00413 fo
4H and 6H SiC, respectively! is markedly higher than that o
the T5 center~;1.99927!.8 The localization of the wave
function at the nearest Si neighbors in the case of the
center~;58%! is double compared to that of the T5 cent
~;29%!.8,15 As the result, the hyperfine constants are a
about two times different between the two centers. Deta
annealing behavior was not obtained since at around 450
in both 4H and 6H SiC, a broad EPR line appears rig
between the EI5 and EI6 signals making it difficult to kno
when the EI5 spectra completely vanished. However,
450 °C the HF lines of the EI5 spectrum are still observab
These HF lines were not detected after annealing at 50
~the main line might not be completely disappeared but w
significantly decreased so that weak HF lines were not
tectable!. In recent isochronal annealing studies of 6H SiC
with positron lifetime, Linget al.17 also found that the car
bon vacancy annealed out in the temperature range 4
650 °C. The annealing behavior of the EI5 center is clea
different from that of the T5 center in 3C SiC, which w
annealed out at about 200 °C.8,15 It should be noticed that the
T5 center8 and EI1 center in 4H and 6H SiC ~Ref. 9! ~or the
PB center in 6H SiC!10 are very similar ing-values, the
strength of the hyperfine coupling constants and the ann
ing behavior. Chaet al.10 attributed the PB center in 6H SiC
to the VC

1 , in which the unpaired spin locates at one of t
two reconstructed Si–Si bonds. At low temperature, the h
~or the unpaired electron! of the VC

1 may be frozen out in one
of the bonds and the defect may have C1h symmetry, but at
moderate temperatures the unpaired electron will be sh
by four dangling bonds and therefore the defect should h
C3V symmetry and a hyperfine interaction with four near
Si neighbors. The EI1~or PB! spectrum SiC does not chang
in symmetry org-values in studied temperature range 4–2
K. Our recent annealing studies of the EI1 spectrum inH
and 6H SiC indicate that it starts decreasing at 160–170
and seems to transfer to a similar EPR spectrum, which
9

,

.

,
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also C1h symmetry but a slightly differentg-tensor. Aft
annealing at around 200–220 °C, the spectrum reach
maximum when the EI1 completely disappears. Both th
and T5 spectra can be detected only inp-type, but not ev
in weakly n-type materials under light illumination. The
values and the strength of the HF constants are very s
but the HF interaction is completely different. The HF
action is with four nearest Si neighbors in the case of t
center in 3C SiC and with only two of the four neighbo
the case of the EI1 center in 4H and 6H SiC. This clea
indicates that they are not the same defect in differen
types. Zywietzet al.5 found in their calculations that the
in 3C SiC should haveD2d but notD2 symmetry as the
center. Calculations of the spin density of the VC

1 in 3C Si
by Gali et al.16 found a localization of about 16% on eac
the Si neighbors compared to 7% deduced from exper
for the T5 center.8 Unfortunately, there can be an ove
mate of the localization due to the restriction of the c
size on the delocalization of the defect orbitals and the
a comparison with the calculated value may not be ap
ate ~the evaluation using different cluster sizes is not
able!. It is possible that the T5 and EI1 centers may b
lated to the (VC12H) and (VC1H) complexe
respectively. The low annealing temperature of the T
EI1 centers~;200 °C! may be due to mobile hydrogen.

In summary, we have observed in electron-irrad
p-type 4H and 6H SiC an EPR center, which has C3V sym
metry and an electron spinS51/2. Based on the symme
the hyperfine structure due to the interaction with four
est Si neighbors, and the conditions for observation, t
fect is identified as the positively-charged carbon vac
By changing the charge state (VC

0 to VC
1) the carbon vaca

can compensate acceptors inp-type material.
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