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Identification of a Frenkel-pair defect in electron-irradiated 3C SiC
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An electron paramagnetic resonance (EPR) spectrum labeled LE1 was observed in n-type 3C SiC after
electron irradiation at low temperatures (~80-100 K). A hyperfine interaction with four nearest C neighbors
similar to that of the well-known silicon vacancy in the negative charge state was observed, but the LE1 center
has a lower symmetry, C,,. Supercell calculations of different configurations of silicon vacancy-interstitial
Frenkel-pairs, Vg;-Si;, were performed showing that pairs with a nearest neighbor Si interstitial are
unstable—Vg; and Si; will automatically recombine—whereas pairs with a second neighbor Si; are stable.
Comparing the data obtained from EPR and supercell calculations, the LE1 center is assigned to the Frenkel-
pair between Vg; and a second neighbor Si; interstitial along the [100] direction in the 3+ charge state, Vgi-Si;H,
In addition, a path for the migration of Si;Pr was found in 3C SiC. In samples irradiated at low temperatures,
the LE1 Frenkel-pair was found to be the dominating defect whereas EPR signals of single vacancies were not
detected. The center disappears after warming up the samples to room temperature.

DOI: 10.1103/PhysRevB.80.125201

I. INTRODUCTION

Radiation-induced defects in SiC have been extensively
studied.!> However, in most of the studies the irradiation
was performed at room temperature or even higher tempera-
tures and the self-interstitials (Si; and C;) may already be
mobile at these temperatures. So far electron paramagnetic
resonance (EPR) studies of defects induced by irradiation at
low temperatures (77 K) were only reported for p-type 6H
SiC by von Bardeleben and co-workers® and defects with
spin S=3/2 and hyperfine (hf) interactions with nearest C
neighbors were attributed to far-distance Si Frenkel-pairs
(~6.5 A between the silicon vacancy, Vg;, and a Si; intersti-
tial for the pair along the c axis).? The defects were observed
only in samples irradiated with low-energy electrons (300
keV). Although the irradiation took place at 77 K, EPR mea-
surements were performed at room temperature® so it is not
clear if the defect was formed during irradiation at low tem-
peratures or after the migration of interstitials. As shown
from photoluminescence studies in samples irradiated at
room temperatures, some intrinsic defects can be observed
outside the irradiated region* indicating a possible migration
of primary defects such as interstitials. Theoretical calcula-
tions predicted different configurations of isolated and split
interstitials in 3C and 4H SiC.>® Among different types of
interstitial defects, isolated interstitials, and vacancy-
interstitial Frenkel-pairs are expected to be less stable. In
other semiconductors, Frenkel-paired defects are known to
be annealed out at temperatures well below room tempera-
tures. So far, the formation and stability of Frenkel-pairs in
SiC have mainly been theoretically studied.””'® Simulations

1098-0121/2009/80(12)/125201(8)

125201-1

PACS number(s): 61.72.jj, 61.72.jd, 71.15.Mb

using molecular dynamics in 3C SiC (Refs. 7 and 8) suggest
that Frenkel-pairs with the interstitial-vacancy distances less
than the lattice constant a, (~4.36 A) are not stable and that
Si interstitials recombine more easily than C interstitials. The
obtained activation energies for defect recombination pro-
cesses were between 0.22 and 1.6 eV for C Frenkel-pairs and
between 0.28 and 0.9 eV for Si Frenkel-pairs in those
simulations.® The migration of interstitials in certain configu-
rations and mostly in the neutral charge state have been stud-
ied by ab initio calculations in 3C SiC.>!” From theoretical
studies it is expected that Frenkel-pairs with large interstitial-
vacancy distances are stable and may be detected by experi-
ments. Since beyond the nearest neighborhood, the hexago-
nal and cubic structures differ configurations of Frenkel-pairs
and the migration paths for interstitials in 3C SiC may be
different from those in 4H and 6H SiC. It is of interest to
identify the stable configurations of Frenkel-pairs and to in-
vestigate the electronic structure of the vacancy perturbed by
a nearby interstitial. In this study, we performed electron
irradiation at low temperatures (~80—100 K) in order to
create defects when interstitials may still be immobile and to
minimize the formation of secondary defects and at the same
time to enhance the chance of observing isolated interstitials
or Frenkel-pairs. In order to reduce the complication in EPR
study due to the presence of different defect configurations
corresponding to different inequivalent lattice sites in the
hexagonal polytypes (2 and 3 in 4H and 6H SiC, respec-
tively), we used the simpler zinc-blende 3C SiC. In this pa-
per we present our identification of a Frenkel-pair in 3C SiC
based on the data obtained from EPR measurements and
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supercell calculations. The formation of the defect and the
migration paths for Si interstitials are discussed.

II. EXPERIMENTAL DETAILS

The samples used in our study are n-type 3C SiC layers
grown by chemical vapor deposition on (100) Si substrates.
Before the growth, countered slopes oriented in the [110] and

[110] directions were formed over the entire surface of the
Si(100) substrate in order to eliminate planar defects in the
3C SiC layers. Details on the crystal growth can be found
elsewhere.!! Freestanding layers (~0.3 mm thick) were ob-
tained by chemical etching of the Si substrates. The size of
samples is 20X 3 X 0.3 in mm. The concentration of the N
shallow donor is ~2 X 10'® c¢m™ as estimated by EPR. Irra-
diation with 2MeV electrons was performed at low tempera-
tures to a dose of 5X 10'7 ¢cm™ with the electron beam par-
allel to the [100] direction. Our Monte Carlo simulations
show that at the depth of 200 um the electron beam spreads
to ~250 wm in diameter (mostly concentrating in a region
of ~130 um in diameter). During irradiation, the samples
were kept in a cryostat with continuous liquid-N, flow and
the electron-beam-induced current was adjusted to keep the
sample temperature in the range of 80-100 K. The samples
were then transferred to specially designed sample tubes,
which were evacuated and stored in liquid N,. EPR measure-
ments were performed using an ES00 X-band Bruker spec-
trometer. All the spectra were detected under some sorts of
light illumination since the cryostat was not optically sealed
to facilitate sample transfer (sample is exposed to room light
via the open top of the double-wall dewar in the cavity). The
time for transferring the sample from the sample tube (kept
at 77 K) to the cavity (kept at 15-20 K) for EPR measure-
ments is typically ~3—4 seconds and the sample tempera-
ture is expected not to exceed 90-100 K during the transfer.
White light illumination (halogen lamp) was used for opti-
mizing the sample position in the cavity.

III. RESULTS AND DISCUSSION

Before irradiation, only the EPR spectrum of the N shal-
low donor was detected. After irradiation, the N spectrum
disappeared and several EPR spectra were observed. Figures
1(a)-1(c) show the dominating spectra appearing in the
magnetic-field region close to g=2 measured at 28 K under
white light illumination for the magnetic field B along three
main crystallographic directions. For BII[100], the spectrum
shows a strong central line with a typical hf structure due to
the interaction with 12 next-nearest Si neighbors [Fig. 1(a)].
Two clear hf lines due to the interaction with four equivalent
nearest C neighbors are also detected. The detailed structure
can be seen in the insert (X10 scale) of the figure. Such hf
structures are very similar to those of the Si vacancy in the
negative charge state, Vg;.!'®!! Rotating the magnetic field
away from the [100] direction, eight weaker EPR lines split
off from the central line and join to four lines at BlI[111] and
to five lines at BII[011] [Figs. 1(b) and 1(c)]. These lines are
labeled as LE1 and LE1’ (LE: low-temperature electron ir-
radiation). The C hf lines are also split off and some of them
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FIG. 1. (Color online) EPR spectra in 3C SiC after electron
irradiation at ~80—100 K measured at 28 K under white light il-
lumination for (a) BI[100], (b) BI[111], and (c) BI[011]. The
insets show the hf structures due to the interaction with the four
nearest C neighbors. The insert in (c) is a scaled up part from the
same spectrum showing also lower magnetic-field regions with a
different scale.

can be followed for low- and high-field EPR lines. Neither
the LE1 nor the LE1’ spectra were detected in samples irra-
diated at room temperature.

The LE1 and LE1’ spectra were not detected at tempera-
tures above 60 K. Figures 2(a) and 2(b) show the spectra
detected at 28 and 70 K, respectively, for BlI[100]. At 70 K,
the LE1 and LE1’ disappeared and a signal labeled LE2 was
detected [see the spectrum plotted with X6 scale in Fig.
2(b)]. The LE2 has trigonal symmetry (Cs,) with an effective
electron spin S=1/2 and g values: g;=2.0023 and
g, =2.0035. We will not discuss further on the LE2 center in
this paper. Unexpectedly, no isotropic EPR signal that has
the same g value and typical hf structure as the V§; signal'>!?
could be detected at temperatures above 60 K when the LE1
and LE1’ disappear. Considering the well-known fact that in
n-type 3C SiC irradiated at room temperature, the Vg; signal
can be detected in the whole temperature range 4-300 K (see
for example Ref. 13). Therefore, the missing of the V§; sig-
nal at temperatures above 60 K in our samples indicates that
the V§; signal does not appear right after electron irradiation
at low temperatures or its concentration is below the detec-
tion limit of our EPR system. We also noticed that in all our
15 samples of n- and p-type 4H and 6H SiC irradiated at low
temperatures, no EPR signal of the single vacancies (Vg; or
VE™ could be detected in the studied temperature range
6-120 K (either in darkness or under light illumination).
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FIG. 2. (Color online) EPR spectra in 3C SiC measured for
BII[100] before (a-b) and after (c—d) warming up the sample to
room temperature (~300 K). All the spectra were measured with
the same parameters and microwave power.

After warming up the samples to room temperature
(~300 K) both the LE1 and LE1’ spectra were annealed out
[Figs. 2(c) and 2(d)]. This was confirmed from angular de-
pendence studies which show only one isotropic line from
Vg, at all angles of the magnetic field. As can be seen in Figs.
2(c) and 2(d), the main line becomes much weaker (about
four times) and several EPR lines appear. At low tempera-
tures, the main line is weak, slightly asymmetric, and
broader due to overlapping of the Vg, and other unknown
signals. The V§; signal with its weak C hf structure can be
detected in the whole temperature range 6-300 K, and be-
comes clearer when measuring at temperatures ~250 K
[Fig. 2(d)]. Thus, the temperature-dependence study suggests
that the central line observed before annealing is mainly
from the LEl defect (and possibly also LE1’) and no or
negligible contribution from the Vy; signal. The LE1’ signal
is weak and hence it is not clear whether the spectrum has
also a line overlapping with the central line or not. Therefore,
the spin state of the LE1’ center could not be unambiguously
determined from the present experiment. In this paper, we
limit our study on the identification of the LE1 defect and
will not discuss further the LE1’ spectrum.

The angular dependences of the LE1 spectrum measured

with B rotating in the (011) plane are plotted in Fig. 3 with
the open circles representing experimental data points. This
angular dependence is rather unusual with only one reso-
nance at [100] and five ones at an arbitrary direction. As can
be seen in Fig. 3, when rotating the magnetic field away from
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FIG. 3. Angular dependence of the LEl spectrum in 3C SiC
with the magnetic field rotating in the (011) plane. The dotted

curves represent the simulated angular dependence using the param-
eters in Table I and the spin-Hamiltonian Eq. (7).

the [100] direction, the single line splits into four anisotropic
lines (labeled a—d) and one isotropic central line. The mea-
surements show that “a” and “d” are from two single defect
orientations corresponding to two inequivalent g components
which are not split by sample misalignment. The “b” or “c”
line is contributed from two equivalent defect orientations
and each splits into two lines in cases of a slight sample
misalignment. (Such a sample misalignment often occurred
and was corrected using a three-dimensional goniometry to
eliminate the splitting of the lines b and c before recording
the whole spectrum.)

In a cubic crystal, there are eight possible different sym-
metry systems'> and the observed pattern of rotation at arbi-
trary directions for LE1 indicates C,, symmetry. No other
symmetries can have an angular dependence with one single
loop and one double loop.!> However, this is a special case
of C,, symmetry, which can be understood by considering
the case of S=1/2 (the central line is not included). Choos-
ing the principal axis system in which the g tensor is diago-
nal, the angular dependence described in g values has the
form

g=[(g1-D*+(g2.m)*+ (g5.n)*]'" (1)

here 1, m, and n are the direction cosines of the magnetic
field with respect to the principle axes of the g tensor (the
principal axes of g,, g5, and gz are along the [100], [011],
and [011] or equivalent directions). In a cubic crystal, a Cy,
center has six defect orientations and their g values can be
described via three principal values g, g,, and g3. With B
rotating in the (011) plane, two of them are equivalent and
the number of independent g components reduces to four.
The g values for these four inequivalent orientations, g,.g,
can be written as

ga=1{[g1 cos(9)] + [g, sin()]}"? 2)

ga=1{[g; cos( 9)]2 +[g3 Sin(a)]z}”z (3)
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gp =1{[g; cos(45°)sin(6)]* + [g, cos(30°)cos(6— a)
+[g5 cos(30°)cos(8+ a)]*}1? (4)

g.=1{[g; cos(45°)sin(6)1* +[g, cos(30°)cos(H+ )]
+[g5 cos(30°)cos(0— a) 7} (5)

Here 6 is the angle between the magnetic field and the [100]
direction, « is the angle between the [100] and [211] direc-
tions (the angles are in degrees and a=35.264389627°), and
b and c are the two double orientations. For BII[ 100], replac-
ing 0#=0° in Egs. (2)-(5) we have g,=gq=g, and
gv=8.=[(g3+g3)/2]">. Normally, it will give rise to two
separate resonance lines at [100] corresponding to g; and
[(g5+g3)/2]"%. However, if

gi=(g3+g3)2 (6)

these two resonance lines will coincide. For BII[011] (@
=90°), g,=82, ga=g3 and gy=g.=[ (¢7/2)+(g3+g3)/4)]"
=g, [under the condition in Eq. (6)]. There will be three
resonance lines; one appears exactly in the same position as
for the [100] direction (g cf0117=&b.c[100j=&1) and the other
two appear at lower and higher magnetic fields with g values
equal to g, and g3, respectively. This type of angular depen-
dences is observed in our experiments for the LE1 center. As
also described in detail in Ref. 15, g, 4 and g, . (or labeled as
S, and S,, respectively, in Ref. 15) coincide at [100] only in
the cases of C;, and Ty symmetry (looking from the [100]
direction the distortions along any of the (011), (100) and
(111) or equivalent directions is symmetric). When the sym-
metry of an isolated defect lowers from Ty to C,,, e.g, due to
the Jahn-Teler effect, the distortion can occur randomly
along any of the (100) or equivalent directions. Looking at
one of the (100) directions, these distortions are seen differ-
ently and there will be two separated resonances observed
for BII{100) (S, and S, in Ref. 13). The coincidence of these
two resonances at [100] as observed for the LE1 center in-
dicates that the distortion occurs preferentially only along
[100]. We underline that the [100] axis is the direction of the
applied electron irradiation that created the LE1 center.

As shown above, the central line also belongs to the LE1
spectrum, so the spin of the center should be S=3/2. Its
angular dependence can be described by the spin-
Hamiltonian

H=ppB.g.S+D[S;,-S(S+1)/3]+E(S;,-S;,) (7)

here D and E are the fine-structure parameters representing
the zero-field splitting caused by the axial and orthorhombic
crystal fields, respectively, with D=3D,,/2 and
E:(DXX—Dyy)/ 2. The fit to the experimental data of
the LEl center gives an isotropic g value g=2.0029
and the fine-structure parameters D=11.1X10"* cm™' and
E=-3.7X10"* cm™'. With the typical line width of
~0.05-0.06 mT and the maximum error of =0.01 mT in
the fits, the error in the g value is about =0.0001. The
error in the determination of D and E is about
+0.09X 10™* cm™!. The spin-Hamiltonian parameters of
LEl are summarized in Table I. The D and E parameters
were found to have opposite signs, i.e., either positive D and
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TABLE 1. Spin-Hamiltonian parameters for the LE1 defect in
3C SiC. The fine-structure parameters D, E, and the principal values
of the hf tensor “A” are measured in the unit of 107* cm™'. The
principal z axis of the A tensor is parallel to the [111] direction. The
parameters of Vg, [13] are also given for comparison. The calcu-
lated principal hf values for the (V-Si;)** Frenkel-pair are given in
parentheses. 77a” and 77y are the spin densities in the 25 and 2p
orbital, respectively, on a nearest C neighbor. The parameters D and
E have opposite signs (positive D and negative E or vice versa)
which could not be determined from the fits. The principal axis of
the D tensor is along the [011] or equivalent directions. The error is
*0.0001 for the g values, *£0.09 10* em™! for D and E, and
+0.9 10 cm™! for the A values.

Vs LEl
Symmetry Ty Cyy
Spin 312 3/2

2.0029 2.0029
D 11.1
E -3.7
A 11.0 10.9 (13.9)
Ay 11.0 10.9 (14.1)
A,, 26.7 26.8 (29.6)
7a? (%) 1.29 1.29
79 (%) 14.6 14.8
S (a?+ ) 63.6 64.3

negative E or vice versa, but their absolute signs could not be
determined from our experiments. The simulated angular de-
pendence of the LE1 center using the parameters in Table I
and the spin-Hamiltonian Eq. (7) is plotted in Fig. 3 as dotted
curves.

The hf interaction with the four nearest C neighbors can
be followed for the outer lines of the LEIl center. At the
angles between 0—50° from the ¢ axis, the LE1 signal is
rather strong and the C hf lines can be followed at most
angles. The signal gets weaker at angles close to the [011]
direction and the C hf lines are more difficult to
follow as seen from the inserts in Figs. 1(b) and 1(c)
(scaling up from a single long scan with a low
modulation amplitude of 0.04 mT). The angular dependence
of the hf splittings are plotted in Fig. 4. The least-square fit
of the data gives the principal values of the hf tensor:
A,=A=268%X10"* cm'=80.4 MHz and A=Ay =A
=10.9X 10™* cm™'=32.8 MHz. Within the experimental er-
ror (£0.9X10™* cm™'), the principal A values of the LEI
center are coincident with those of the Vg center!!3
(A)=26.7x10™* cm™', A, =11.0X 10™* cm™). The data for
the Vy; center are also given in Table I for comparison.

Following the one-electron linear-combination-of-atomic-
orbitals (LCAO) approximation, the wave function of the
unpaired electron close to a neighboring C atom can be writ-
ten as a superposition of the electronic wave function
(5, 1) of the s and p orbitals of the C atom

W = n(ay;+ 7¢p) (8)

This wave function gives rise to a hyperfine interaction with
isotropic and anisotropic components, which can be related
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FIG. 4. The angular dependence of the '*C hf splittings of the
LE1 center measured with B rotating in the (011) plane.

to the unpaired spin in the s and p orbitals, respectively. The
decomposition of the hyperfine tensor into isotropic and an-
isotropic parts can be written as

A=al+b. 9)

The trace a of the A tensor, the Fermi contact term, is deter-
mined by the spin density 77a® in the s orbital by the ex-
pression

a=(1/3)(A;+2A,) = (2/3) mog pgnin 7 |, (0)]*.
(10)

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

b=(1/3)(A)— A ) = (1/4m) pog upgnin 7Y (£ 2/5)(r7),..
(11)

Here uy is the nuclear magneton and gy the nuclear g value
of the '°C isotope. From the principal A values, a and b were
deduced as a=48.7 MHz and b=15.9 MHz. Using atomic
constants given by Morton and Preston,'® gy value as tabu-
lated by Fuller!” and hf parameters from Table I, the spin
densities 77a? and 7?97 in the 2s and 2p orbitals on a nearest
C neighbor are found to be 0.0129 (1.29%) and 0.148
(14.8%), respectively. This gives the total spin density on the
four nearest C neighbors to be 0.643 or 64.3%, which is
about the same for the case of V§; (~63.6% as deduced from
the principal hf values given in Ref. 13).

From the g values, the hf interaction, the effective elec-
tron spin S=3/2 as well as the localization of the spin den-
sity on the four nearest C neighbors it can be concluded that
LEl is very similar to Vg;. It is likely that LE1 is the Vg
(S=3/2) being perturbed by a defect situated preferentially
along the [100] direction that lowers the symmetry from Ty
to C,,, i.e., a pair involving V§; and a defect with Ty sym-
metry lying along the [100] direction. Since the spin local-
izations of LE1 and V§g; are the same (within the experimen-
tal error), the spin density on the other component of the pair
must be negligible. Therefore, the second component may
not be a vacancy but is likely a nonbonded atom, most prob-
ably a Si interstitial ion with all four electrons being ionized.

PHYSICAL REVIEW B 80, 125201 (2009)

FIG. 5. (Color online) The defect model for the LE1 center: the
Si vacancy-interstitial Frenkel-pair with the second neighbor Si; at
TC site along the [100] direction. The open circle denotes the va-
cant site. The selected isosurface of the calculated spin density is
also shown: it is mainly localized on the four nearest C neighbors of
the vacancy.

The most probable model for the LEI center is the [100] Si
Frenkel-pair in the 3+ charge state with a completely ionized
Si; (Si'*) and a Vg, (trapping one electron), V;-Sii*. In this
model, S=3/2 and the spin density is localized around the
vacancy. This Frenkel-pair defect became our working model
that reflects the conditions of the creation of the LE1 center.

Next, we investigate the stability and spin density of Si
Frenkel-pairs in 3C SiC by ab initio calculations. We per-
formed calculations using a 216 atom supercell with
2X 2 X2 Monkhorst-Pack'® K-point sampling. We applied
local-density approximation within density-functional theory
(DFT-LDA).'%2 The geometry was optimized by VASP
code?! while the hyperfine tensors were determined by CP-
PAW code?? using projector augmented wave methodology??
and plane-wave cutoff of 30 Ry. This method was proven to
be very successful in identification of defects in 4H SiC.>42¢

According to the measurements the LE1 defect has C,,
symmetry. Therefore we seek for the Frenkel-pair in this
configuration. In order to fulfill this criterion, the silicon in-
terstitial should be placed along the (100) or equivalent di-
rections where the vacant site and the Si interstitial are along
the common rotation axis. If the isolated Si interstitial was
along the (100) direction then the Si interstitial has a stable
configuration at the tetrahedral T site of the cubic lattice.® In
the 3C SiC lattice there are two different T sites, caged by
four C atoms (TC) or by four Si atoms (TSi). The TC site has
a common rotation axis with the Si vacant site along (100)
direction, while the TSi site is off axis (see Fig. 5). There-
fore, the Vg;-Si;(TC) Frenkel-pair is a suitable candidate for
the LEl EPR defect. The isolated Si interstitial will be 4+
charged at the TC site.” This shows that the Si interstitial can
be easily positively ionized at the TC sites. On the other
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hand, the isolated V; center can be negatively charged.>?7-?
In the neutral charge state of Vg;, a t, level appears in the
band gap close to the valence-band edge and is occupied by
two electrons. Theoretically, one can put four additional elec-
trons to this defect level. Roughly speaking, the neutral Si
Frenkel-pair consisting of a Vg; and a Si interstitial at a TC
site can be described as a (Vg;-Si/*) pair, where the low t,
defect level of Vg; takes all the valence electrons of the Si
interstitial atom. According to the prediction of the theory,
the isolated Vg; can only be in the negative charge state in
moderate p-type and n-type cubic SiC and is in the 2—
charge state in n-type cubic SiC.>?’ Following our simple
arguments, this indicates that the neutral (V¢;-Si*) pair will
not be stable, but (Véi—-Si:H)=(VSi—Sii)2+ and (Vgi-Si:H)
=(Vg-Si;)** will be stable. The latter charge-state mimics the
isolated V§; defect which has the unique S=3/2 spin state in
SiC. Thus, this defect with 3+ charge state became our work-
ing model for the LE1 EPR center. First, we placed the in-
terstitial Si to the nearest-neighbor TC site of the silicon
vacancy. We note here that the distances between a Si vacant
site and the corresponding TC sites along the common [100]
axis are the following: 0.5a,, 1.5a,, and 2.5a,. Thus, the
nearest TC site is only about 2.2 A away from the Si vacant
site. We found that this configuration is unstable and Si; will
automatically recombine with the vacancy. This was previ-
ously found in neutral charge state, too.””!9 Next, we put the
interstitial Si to the next-nearest-neighbor TC site (see Fig.
5). This configuration is stable. We calculated the barrier
energy for recombination. We used the drag method for bar-
rier calculation where the reaction coordinate was along the
[100] axis. The calculated barrier energy is about 2.4 eV for
(Vg-Si;)**. We note that Si Frenkel-pairs have earlier been
investigated in cubic SiC by using classical molecular
dynamics”® and by first-principles calculations.'® However,
these studies considered either other configurations’ or this
configuration but only in its neutral charge state.'” Espe-
cially, Lucas and Pizzagalli found a very similar path to ours
for the recombination of the neutral Vg;-Si;(TC) pair by ab
initio calculations.'® Our combined EPR and theory studies
indicate that the Si Frenkel-pair exhibit (3+) charge state,
therefore, we believe that our calculated value, 2.4 eV, is the
relevant energy needed for direct recombination.

After establishing the stable Si Frenkel-pair we analyze its
electronic structure. This Si Frenkel-pair has C,, symmetry.
However, the perturbation on Vg; due to the interstitial Si is
very small. Theoretically, there are two pairs of nearest-
neighbor C atoms around the vacant site in C,, symmetry,
but the local symmetry remained Ty almost perfectly within
0.001 A. The t, level will split, in this case marginally
(within 0.07 eV), into a;, by, and b, levels when lowering the
symmetry from T, to C,,. By putting one electron in each of
these levels, all with parallel spins, the high-spin multiplet
state *A, will be formed, which is very similar to the isolated
V§; as was argued above. The calculated hf constants of the
nearest neighbor C atoms are: A,=13.9X10"* cm™!
=417 MHz, A,=14.1X10"* cm™'=423 MHz, and A,,
=29.6X10™* cm~'=88.8 MHz. The calculated hf constants
agree with the measured principal hf values of the LE1 EPR
center (A, =10.9X10™ cm™ and A;=26.8X107* cm™).
The slightly larger calculated values are expected due to a
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limited size of the supercell (216 atoms). The hf constants of
the interstitial Si were found to be negligible in the calcula-
tions as expected from the electronic structure of the defect.
(Si; is completely ionized and does not form covalent bonds
to any neighboring atoms.)> Based on the agreement between
EPR data and calculations, we identified the LE1 center as
the Si Frenkel-pair with the second-neighbor Si; in one of the
[100] direction in the 3+ charge state, (Vg;-Si))**. We also
calculated the (Vg-Si))** and (V;-Si;)** defects in this con-
ﬁ%uration. Both have S=1 ground state such as for V§; and
Vgi. The calculated DFT-LDA occupation levels are at
~0.53 eV and ~1.25 eV above the valence-band maximum
(VBM) for (4+|3+) and (3+ |2+), respectively. These values
are without any charge correction or DFT-LDA gap error
correction. While the DFT-LDA gap error and charge correc-
tions can partially compensate each other, it is expected that
these occupation levels shift down closer to VBM because of
the high charge states.’

Comparing the results obtained in our studies of 3C SiC
and in studies of 6H SiC by von Bardeleben and
co-workers,? one can see the following differences. We ob-
served the [100] Si Frenkel-pairs in 3C SiC irradiated with
high-energy electrons (2 MeV) along the [100] direction,
whereas in Ref. 3, Frenkel-pairs with principal axes along
the ¢ direction or ~24° off can only be observed in samples
irradiated with low-energy electrons along the ¢ direction.
With irradiation along the ¢ direction by high-energy elec-
trons, the Si (or C) atom being kicked out by electrons will
have enough energies to kick out the next C (or Si) atom
along the line to form a vacancy-antisite pair Vg;-Sic (or
V-Cs;) and a C (or Si) interstitial. Therefore, Frenkel-pairs
are not formed. In samples irradiated with low-energy elec-
trons, the kicked-out Si (or C) atom has not enough energy to
replace the next C (or Si) atom and therefore remains at
interstitial positions. The close interstitials will recombine
with the vacancy at room temperature and only the ones at
far distances (~4.5 A for inclined pairs and ~6.5 A for
axial pairs) will form the observed Frenkel-pairs.’> In our
study of 3C SiC, high-energy electrons kick out a Si atom
and give it energy to continue their way along the [100]
direction. This Si atom will then kick the next Si along the
line (at ay=4.36 A away from the vacancy) and replace the
position. As the result, the process leads to the formation of
a Frenkel-pair between a Si vacancy and a next-nearest Si
interstitial along the [100] direction (at a distance of
1.5ay=6.54 A from the vacancy). If the low-energy irradia-
tion is along the (111) or equivalent directions in 3C SiC
then Frenkel-pairs similar to what observed in 6H SiC (Ref.
1) are expected to form.

As shown above from the observed data for the LE1 cen-
ter, the spin density is mainly at Vg;. In the case of 1- charge
state of Vg;, a fully occupied a; defect level appears in the
valence band while the quasidegenerate t, state in the gap is
occupied by three electrons. This defect state is strongly lo-
calized on the four C dangling bonds of the Si vacancy. No
unpaired electron is localized at the Si interstitial of the Si
Frenkel-pair. Therefore, the dipole-dipole interaction along
the principal axis of the defect ([100]) connecting two com-
ponents is negligible. The fine-structure parameters D and E
are determined by the dipole-dipole and exchanged interac-
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tion between spins of three unpaired electrons at four C dan-
gling bonds. Every combination of two C dangling bonds
makes a pair in a (011) or equivalent planes. The interaction
between the spins at different dangling bonds is therefore
more pronounced in the (011) or equivalent directions which
determine the principal axis of the D tensor. The relative
large E compared to D parameter in the case of LE1 center
could be due to fact that the defects were created preferen-
tially with C,, distortion along [100] which is the direction
of the electron beam. The random distribution of the defect
in the [010] and [001] orientations may be negligible. This
may somehow creates a stronger orthorhombic field prefer-
entially in the [100] direction of the crystal lattice which
results in relative large E parameters representing the zero-
field splitting due to the orthorhombic field. The fine-
structure parameters of the Frenkel-pairs are indeed the pa-
rameters of the single negative perturbed Si vacancy. Due to
the high-symmetry Ty the unperturbed vacancy has no zero-
field splitting. The perturbation of the Si interstitial in the
Frenkel-pair lowers the symmetry of the defect to C,, and
hence induces the zero-field splitting of the single vacancy.
The amplitude of the fine-structure parameters of LEI center
(D=11.1X10"* cm™) is in the same range of D parameters
of the Vg centers in 4H SiC (351 MHz or
11.7X10™* ecm™ for Ty,, center and 0.009 ueV or
0.73x107* cm™! for the Ty, center).*

The calculated energy barrier for the Si interstitial at the
second-nearest TC site to recombine with the vacancy is
~2.4 eV. Basically, the recombination process involves a
kick-out mechanism in which the Sij* at the TC site kicks
out a Si atom from the lattice along the [100] direction to-
ward the vacancy, that in turn becomes Si;1+ at the nearest TC
site and the original interstitial Si substitutes its place. This
migration path for Si;Pr has not yet been considered before in
3C SiC and has about 1.0 eV lower barrier energy than that
of the other mechanisms. Thus, this combined EPR and the-
oretical study revealed a path for the migration of isolated
Si?*. The Frenkel-pair can also be easily created by this kick-
out mechanism: the barrier energy of 2.4 eV can be gained
during our irradiation, especially, the applied electron beam
was parallel to the [100] direction of the crystal. With the
energy of 2 MeV, electrons can kick out a Si atom from its
site (creating a vacancy) which in turn kicks out the next Si
atom along the [100] axis to the interstitial position and re-
places its site, finally forming a [100] Si TC interstitial defect
near a Si vacancy. Thus, the formation of this Frenkel-pair
defect is well understood. Apparently, the low stability of
this Frenkel-pair defect cannot be explained by direct recom-
bination possessing too high-energy barrier. First-principles
calculations on the isolated Si vacancy showed similar or
even higher barrier energy for diffusion,’ therefore, the con-
stituents of this Frenkel-pair defect would not move away
and dissociate at room temperature. We speculate on two
possible processes that can be responsible for the disappear-
ance of this Frenkel-pair defect. (i) By raising the tempera-
ture the carbon interstitials with very low barrier energy’
start to move and recombine with the carbon vacancy and the
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silicon vacancy as well with removing the Frenkel-pairs, too.
In the latter case a carbon antisite is created which is elec-
trically inactive. The diffusing carbon interstitials can also
form thermally stable complexes with the silicon
interstitials.! (ii) Due to the process (i) most of the defects
are annihilated even at very low temperatures and the quasi
Fermi-level increases with approaching the nominal doping
level in our n-type sample. Then, the Si;” defect will be
unstable’ and during autoionization it can diffuse away from
the Si vacancy. Unfortunately, these processes are very com-
plicated and beyond our computational capacity or method-
ology using ab initio calculations. Nevertheless, we believe
that both scenarios are quite feasible and in line with the
experience of previous studies.

IV. SUMMARY

In summary, we have observed a C,,-symmetry EPR de-
fect, LE1, in n-type 3C SiC irradiated with electrons in the
[100] direction at ~80—100 K. The LEI center has the same
g values and similar hf interactions with four nearest C
neighbors as the Vg; center. Supercell calculations of differ-
ent configurations of the Si Frenkel-pair show that only the
pair with a second-neighbor Si interstitial is stable in 3C SiC.
Comparing the electronic structure and the hf constants ob-
tained from EPR and supercell calculations, the LE1 center
was identified as the Si Frenkel-pair with a second-neighbor
Si interstitial at TC site along the [100] directions in the 3+
charge state, (Vg;-Si;)*". In the 3+ charge state, the Si inter-
stitial is completely ionized and the vacancy traps one elec-
tron. Without bonding to any neighboring atoms, the Si in-
terstitial has a negligible perturbation on the localization of
the spin density around the vacancy. Thus, Si; interstitials at
tetrahedral sites are indirectly detected through the identifi-
cation of the perturbed vacancies in Frenkel-pairs. The per-
turbation of the Si interstitial lowers the symmetry of the
system and leads to the detection of the fine-structure param-
eter D which represents the spin-spin interaction of Vg; that
is not observable for the unperturbed Vg, center due to high
T4 symmetry. This also explains why the principal axis of the
D tensor is along (011) or equivalent directions [pairs of
dangling bonds where electron spin density is localized in
the (011) or equivalent planes] and does not coincide with
the vacancy-interstitial axis along the [100] direction. Our
results also show that in samples irradiated at low-
temperatures Frenkel-pairs are dominating defects whereas
EPR signals of single vacancies are absent.
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