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Carbon vacancy-related defect in 4 and 6H SiC
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An electron paramagnetic resonaE®R) spectrum was observed at temperatures above 25Kyipe 4H
and @ SiC irradiated with electrons. The center hag €ymmetry with an electron spi&=1/2. Using high
frequency(~95 GH2 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
(Vc+). 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.
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Vacancies can be introduced during crystal growth or mastandingp-type layers grown high temperature chemical va-
terial processing such as electron irradiation for carrier life-por deposition(HTCVD). The p-type substrates were Al-
time control or ion implantation for making contact or iso- doped (2<10'—1x10® c¢cm™3). The p-type layers were
lating layers. They often introduce deep levels in the bancither Al-doped(in the mid 13" cm™ range or compen-
gap of semiconductors and hence have a strong influence @ated by residual impurities with a concentration below
the electrical and optical properties of the material. In SiC10"® cm™>. The samples were irradiated with 2.5 MeV elec-
both the silicon and carbon vacancies are stable at room terffons at room temperature or at 400 °C with doses in the
perature and are electrically active. The negatively-chargeg@nge of 1X10'-2x10'® cm 2. EPR measurements were
silicon vacancy (\) has been identified by electron para- Performed on BrukeiX-band (~9.5 GH2 EPR spectrom-
magnetic resonand&PR) in 3C 4H (Ref. 2 and 64 SiC3 eters(ER200D-SRC or ELESYS 58(nd also on a hom.e—
Its high symmetry () and high spin configuration § made W-band (~95 GH2 EPR setup. InW-band experi-
—3/2) were also confirmed by theoretical calculatibfs. ments, we used an Oxford, split-coil superconducting magnet

The other charae states of the silicon vacancy apoear o 0-5 T) with a liquid He bath cryostat, which allowed tem-

hi K g The photol .” v Y appea erature regulation in the range from 1.6 K to room tempera-
fmuch 1ess Known. The p oto uminescence centgrs\y in ture. The magnetic field was calibrated using the well-known
4H and V;, V,, and V5 in 6H SiC (or the P3 and P5 EPR

. . . . . P? signal in Sit?
centers in 6 SiC, which were previously attributed to long- In ptype 4 and €4 SIC irradiated with electrons at

distance vacancy pairs by Vainet al®) were suggested as 400°C, several EPR spectra were detected. Figu@sahd
to originate from t.h.e \g_io at different inequivalent site’s. 1(b) show the spectra observed in thel golytype for the

The EPR identification of the carbon vacancycfMnay  magnetic fieldB parallel to thec-axis atX-band andi-band
be easier compared to the;\éince there is a better chance of frequencies, respectively. At-band frequency, two strong
detecting the hyperfine structure &Si (1 =1/2, 4.7% natu- |ines, labeled EI5 and EI6, are well separatedy. 1(b)]. In
ral abundancethan that of'°C (1=1/2, 1.16%. In the past, p-type samples irradiated at room temperature, the EI5 and
several \&-related defects have been observed in®3E1,°  E|6 signals were also detected together with the EI1 and EI2
and 6 SiC>*'%of which the T5 center in proton-irradiated spectra(the V- and Vr-related defects, respectivefy To
p-type 3C SiC was attributed to the single carbon vacancy iravoid the overlapping between the HF lines of the EI5 and
the positive-charge state £Y.® The T5 center haB, sym-  EI6 spectra with the EI1 signal al-band frequency, we
metry and is annealed out at around 200 °C. This has led tased samples irradiated at 400 °C, in which the EI1 center
a general belief that the Mbecomes mobile at this tempera- was annealed out. As can be seen in the figures, the distances
ture. In contrast to this EPR observation, recent theoreticabetween the satellite§ndicated by arrowsof the EI5 line
calculationd! have predicted that the carbon vacancy inare the same when measuringXband andwW-band fre-
SiC is a negativéd system and therefore cannot be detectecquencies and do not depend on temperature. This confirms
by EPR under equilibrium conditions. that the satellites are the HSs of the EI5 spectrum but not fine

In this work, we used EPR at théband(~9.5 GH2 and  structures of a spiG=1 center split by the crystal field. The
W-band(~95 GH2 frequencies to study intrinsic defects in intensity ratio between all four satellites and the main line is
4H and 64 SiC. At high frequency, it is possible to separate about 20%, which is approximately the natural abundance of
most of the EPR spectra ifH4and 64 SiC. An EPR spec- four 2%Si isotopes. The intensity ratio has been checked for
trum with a detailed HS due to the interaction with four spectra measured at different orientations of the magnetic
nearest Si neighbors has been observed. The spectrum fisld and the evaluation by comparing either the signal am-
identified as originating from the positively-charged carbonplitudes or numerical double integration of the peaks gives
vacancy (\£). The electronic structure and annealing behav-similar values in the range 18—20.5 %. Therefore, these sat-
ior of the center are discussed and compared with that of thellites can be identified as the HSs due to the interaction
T5 center in 3C SiC. between the electron spin and the nuclear spin of {18

The samples used in this work were mainly commercialatoms in the NN shell. This structure is typical for the hy-
n- and p-type 4 and 61 SiC substrates and also free- perfine interaction with four nearest Si neighbors of an iso-
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FIG. 3. EPR spectra observed jitype, electron-irradiatedh)
4H and (b) 6H SiC for the magnetic fiel® perpendicular to the
c-axis atW-band frequencies.

FIG. 1. EPR spectra observed prtype, electron-irradiatedHt
SiC for the magnetic fiel@® parallel to thec-axis at(a) X-band and
(b) W-band frequencies.

lated defect at a carbon site. FBiparallel to thec-axis (see to different defects apd will not be discussed in this paper.
Fig. 2), the interaction with the $1) atom on the bond along In order to determine the symmetryvalues and the hy-
the c-axis will be strongest, which gives rise to the two lines Perfine tensor of the center, the angular dependencies of the
with the largest splitiingthe two outer hyperfine lines in Fig. SPectra were measured by rotatBgn the (1120) plane. The
1). The total intensity of these two hyperfine lines is about€xPerimental data inH4 and 64 SiC are shown as open
4.7% of that of the main line. At this direction &, the three c!rcles in Figs. 4 and S, respectively. The anglj'""!r dependen-
Si atoms on the bonds inclined an angle of b Si2,3,4 cies of th_e El5 center in bpth po_lytypes_are_smllar and can
atoms in Fig. 2 with the c-axis are equivalent, and therefore P& described by the following spin-Hamiltonian
the interactions with these atoms give rise to two hyperfine
lines with triple intensity(i.e., about 15%compared to that H=pugB-g-S+ S sl s, 1)
of the outer lines. i=1-4
The spectra in ¥ and 64 SiC measured aiV-band fre-
quency withB in the (112)) p|ane and perpendicu|ar to the with the effective electron SpiB: 1/2. Hereug is the Bohr
c-axis are shown in Figs.(8 and 3b), respectively. The Mmagneton and theg tensor is constrained to the trigonal sym-
assignment of the hyperfine lines is indicated in the figuresmetry (Gy) with the principal valueg, andg, correspond-
At this direction ofB, the interaction with the ) and S{4) ing to the values in th¢0001] and[1100] directions of the
atoms(Fig. 2) is equivalent and gives rise to the same lineshexagonal lattice. The second term describes the hyperfine
with double intensity{Fig. 3(b)]. The interaction with the interaction with the?°Si nuclei (g=1/2) in the NN shell.
Si(2) atom will be strongesifavored by a larger value of The hyperfine tensok(*) represents the hyperfine interaction
cos@B-c)] and gives rise to the two lines with the largest with the Si1l) atom (see Fig. 2 and has G, symmetry
splitting (Fig. 3). In the case of U SiC, due to a small whereas the hyperfine interaction with other thre@ 2i3
misalignment of the sample, the(8)i and Si4) atoms be- atoms is described by the same ten&&? that has G, sym-
come inequivalent with respect to the magnetic field, andnetry. TheA® tensor is described in the principal coordi-
therefore, the corresponding hyperfine lines split [§ffg.  nate system with the principal axa$” andA? lying in the
3(@)]. The EI6 and other weak lines in Figs. 1 and 3 belong(llzo) plane and theA§,2) axis perpendicular to this plane.
The angles between the\{?) and thec-axis was determined
951(1) to be 5° for the center in bothHtand 64 SiC. The param-
A eters deduced from the fit for the EI5 center are given in
. Table I. The simulated angular dependencies are plotted as
caxis j |B solid (for the main ling and dashed curve$or the hyperfine
s lines in Figs. 4 and 5, respectively. In the case ¢f &iC
‘, (Fig. 4), a misorientation angle of 3° in the rotating plane of
‘ Si(4) the magnetic fieldB was not gxactly rotating in théLlZ_)).
si2) ‘ plang was included in the fit to account for the splitting
$i(3) induced by sample misalignment.
Ry Following the one-electron linear combination of atomic
%5, £ 1eolated detees orbitals approximation, the wave function of the unpaired
ata Csite electron close to a neighboring Si atom can be written as a
FIG. 2. An isolated defecttaa C site with the magnetic field Superposition of the electronic wave functiops( ) of the
parallel to thec-axis. The expected symmetries of the hyperfineS andp orbitals of the Si atom

tensors representing the interaction with thélsand Si2,3,4 are
Csy and Gy, respectively. V= n(apst yip). (2
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FIG. 4. The angular dependence of the EIS spectrunHrsSiC FIG. 5. Angular dependence of the EI5 spectrum kh &iC.

measured wittB rotating in the(1120) plane. # is the angle be- ) . . )
tween the magnetic field and tleaxis. (#=0° and 9=90° corre- ~ corresponding spin densities on each of the three Si atoms

spond toBlic andBL ¢, respectively. (Si atoms 2, 3, and 4 in Fig.)2are determined as)’a?
=0.025 and 2y?*=0.104. The localization of the wave

This wave function gives rise to a hyperfine interaction withfunction on the Sil) atom(~19.5% is larger compared to

isotropic and anisotropic components, which can be relatethat on the other nearest Si neighb6rsl2.9%.

to the unpaired spin in theandp orbitals, respectively. The From the HS due to the interaction with four nearest Si

decomposition of the hyperfine tensor into isotropic and anneighbors and the symmetry;{ it can be concluded that

isotropic parts can be written as the EIS center is an isolated defect at a carbon site. The
center can only be detected in irradiated materials and the
A=al+b. 3 signal intensity increases with the dose of irradiation inde-

pendently on the concentration of residual impuritissc-
ondary ion mass spectrometry studies of crystals used in this
work showed that the concentrations of common impurities
such as Al, V, Ti, Cr, B in commercial substrates are one to
_ _ 2 2 2 two orders of magnitude higher than in HTCVD layerBhis
a=(L13)(Ay+2A,)=(213) pog mednmnn” s 0)|* indicates that the EI5 center is related to intrinsic defects.
Therefore, the only model that could explain the observed
The traceless anisotropic pdrtis an axial tensor with prin-  electronic structure of this isolated intrinsic defect is the car-
cipal values (®,—b,—b), where bon vacancy. The ¥ can have a spiis=1/2 in either the
negative or positive charge state. However, since the spec-
b=(1/3)(A—AL) trum only can be detected mtype, irradiated materials, the

The tracea of the tensord, the Fermi contact term, is deter-
mined by the spin density?a? in the s orbital by the ex-
pression

= (1/4) o agnin 72y = 2/5)(r 3. . (5) charge state of the center must be positive. The EI5 center is
P therefore attributed to the M/
Here uy is the nuclear magneton aigg, the nucleag-value In all studied samples, the EI5 spectrum was not detect-

of Si. Using atomic constants given by Morton and able at temperatures below 25 K. Possibly, when decreasing
Preston’® gy value as tabulated by Fullrand hyperfine temperature the Fermi level moves (mwvay from the va-
parameters from Table |, the spin densitig&r® and »°y?>  lence baniland passes ther/0) level of the carbon vacancy

in the 3 and 3 orbitals on the SiL) atom are found to be and therefore the EPR signal of the: \disappears. No de-
0.031 and 0.164, respectively. TAé?) tensor is nearly axial pendence on the inequivalent lattice sites was observed for
along thex-axis and the value&, andA, in Egs.(4) and(5)  the EI5 center in bothH4 and @4 SiC. The electronic struc-
are replaced bA(® and AP +A)/2, respectively. The ture of the EIS center is very different from that of the T5

TABLE I. Spin-Hamiltonian parameters of the EI5 center i dnd éH SiC. The angle between the principahxis of theA® tensor
is B=5°. The error in the determination of tlgevalues is+=0.000 05.

Spin and
Polytype symmetry g A (MHz) a(MHz) b(MHz)  7%a? 72y?
4H S=1/2 g,=2.00322 A(M=181.08,A(M=125.01 143.76 18.69 0.031  0.164
Cay 9,=2.00484 AP=140.60,A?=103.43A?=106.73  116.92 11.84 0.025  0.103
6H S=1/2 9,=2.00316 AM=181.67,AM=123.21 145.70 19.49 0.032 0171
Cay 9. =2.00461 A(P=140.30,A{?=103.43A(?=106.73  116.82 11.74 0.025  0.103
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center in 3C SiC which has been attributed to tthg\/The also G;, symmetry but a slightly differeng-tensor. After
averageg-value of the EI5 spectrurt®2.0043 and 2.00413 for annealing at around 200-220 °C, the spectrum reaches their
4H and 6 SiC, respectivelyis markedly higher than that of maximum when the EI1 completely disappears. Both the EI1
the T5 center(~1.99927.% The localization of the wave @and TS spectra can be detected onlypitype, but not even
function at the nearest Si neighbors in the case of the EI#! Weakly n-type materials under light illumination. They
center(~58%) is double compared to that of the T5 center Values and 'the strength of the HF constants are very §|m|lar,
(~29%).315 As the result, the hyperfine constants are alsd?ut the HF interaction is completely different. The HF inter-
about two times different between the two centers. Detaile@CtoN 1S with f(_)ur nearest Si neighbors in the case of the .T5
annealing behavior was not obtained since at around 450 ° enter in 3C SiC and with O!"V two of the. four ne|ghbors in

in both H and 6 SiC, a broad EPR line appears right | e case of the EI1 center irHdand 64 SiC. This clearly
between the EI5 and EI6 signals making it difficult to know indicates that theysare not .the same defegt in different poly-
when the EI5 spectra completely vanished. However, a}ypes. Zymetzet al® found in their calculations that the V
450 °C the HF lines of the EI5 spectrum are still observable!" 3C S'g fh?UI.d havf)zhd bUI.n%tDZ _symfrnﬁtr);nagct:hg_gS
These HF lines were not detected after annealing at 500°§enter' alculations of the spin density of thg !

(the main line might not be completely disappeared but wal” Gali et al*® found a localization of about 16% on each of
LT 9 P y disapp The Si neighbors compared to 7% deduced from experiments
significantly decreased so that weak HF lines were not d

tectabld. | t isoch | I tudies of 6IC ®or the T5 centef. Unfortunately, there can be an overesti-
e'(t:ha .'tn relie? 'SOCL. ron? I""{;”ela'”fg S 3 tlﬁst h ! mate of the localization due to the restriction of the cluster
with positron firetime, Lingetal. aiso found that tn€ car- ;0 o the delocalization of the defect orbitals and therefore

bon vacancy annealed out in the temperature range 400z?comparison with the calculated value may not be appropri-

gifo °C.tTfhe artlrr]letall?gt]hbe_rll_gmor (t)f the ?I)ECISSc_(énterh[shclearlyate (the evaluation using different cluster sizes is not avail-
Iiterent from that of the center n I%, which was ablg. It is possible that the T5 and EI1 centers may be re-

85 :
annealed out at about 200 &3 1t should be noticed that the lated to the (W+2H) and (Ve+H) complexes,

T5 centef aﬂd Ell 962‘3” in 4 and (H _SiC_(Ref. 9 (or the respectively. The low annealing temperature of the T5 and
PB center in 6 SiC)™ are very similar ing-values, the I1 centerg~200°C) may be due to mobile hydrogen
strength of the hyperfine coupling constants and the annea'I:? In summary, we have observed in electron-irradiated
ing behavior. Chat al° attributed the PB center inH6SiC p-type H and 6—| SiC an EPR center, which has,Csym- '
to the \%, in which Fhe .unpaired spin locates at one of ther.netry and an electron spid= 1/2. Bas’ed on the symmetry,
two reconstructed Si-Si bondf/.+At low temperature, the holg, o hyherfine structure due to the interaction with four near-
(or the unpaired electromf the Vo may be frozen outinone g gj neighbors, and the conditions for observation, the de-
of the bonds and the defect may havg, Gymmetry, but at  fect is identified as the positively-charged carbon vacancy.

moderate temperatures the unpaired electron will be shar changing the charge stateg‘tb V) the carbon vacancy
by four dangling bonds and therefore the defect should havg, compensate acceptorspiftype mCateriaI.

C,y symmetry and a hyperfine interaction with four nearest

Si neighbors. The Ellor PB) spectrum SiC does not change  Support for this work was provided by the SSF program
in symmetry org-values in studied temperature range 4—250SiCEP, the Swedish Research Council for Engineering Sci-
K. Our recent annealing studies of the EI1 spectrumhkh 4 ences(TFR), the Swedish Natural Science Research Council
and 64 SiC indicate that it starts decreasing at 160—170 °"GNFR), Okmetic AB, ABB Corporate Research and the Na-
and seems to transfer to a similar EPR spectrum, which hasonal Defense Research Establishm@fdA).
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