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EPR identification of the single-acceptor state of interstitial carbon in silicon
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An EPR center labeled Si-1.6 is reported which is identified as arising from the singly ionized ac-
ceptor state of isolated interstitial carbon (C, ) in electron-irradiated crystalline silicon. Correlated
deep-level capacitance transient spectroscopy measurements locate the acceptor level at E, —0.10
eV. The core structure of the defect is a (100) C—Si interstitialcy similar to that previously pro-

posed for C, +. The spin wave function is substantially more diffuse, however.

I. INTRODUCTION

Carbon is a common substitutional impurity (C, ) in
crystalline silicon. Its concentration is typically in the
range 10' —10' cm in both floating-zone- (FZ) and
Czochralski-grown materials. When silicon undergoes
radiation damage, mobile Si interstitials produced in the
primary damage event' can in turn displace C, atoms to
produce carbon interstitials (C; ). ' The first detection of
C; was made using infrared absorption via localized vi-
brational modes at 930 and 921 cm '. The C; defect was
subsequently identified in p-type material through elec-
tron paramagnetic resonance (EPR) (Ref. 3) and, later, its
corresponding donor level was identified by deep-level ca-
pacitance transient spectroscopy (DLTS). More recent-
ly, an electronic absorption band at 856 meV has also
been identified as arising from the C, defect. '

The EPR identification of C, + was made by Watkins
and Brower in p-type material from the so-called Si-G12
spectrum. With a specially carbon-enriched (60%
' C—40% ' C) sample, hyperfine satellites reflecting the
' C (I=—,') isotopic abundance revealed unambiguously
that a single carbon atom was incorporated in the defect.
The model deduced for the Si-612 center was a (100)
C—Si interstitialcy centered on a single substitutional
site, consistent with the observed Cz„point-group sym-
metry and ' C hyperfine interactions. Uniaxial stress and
recovery from the preferential alignment due to the stress
supported the microscopic model.

In DLTS studies it was found that a peak at E„+0.28
eV (Refs. 4 and 7) in room-temperature electron-
irradiated p-type silicon had a very similar formation and
annealing behavior as the Si-612 center in EPR (Ref. 3)
and the 930- and 921-cm vibrational modes in ir stud-
ies. The introduction rate of the defect was found to be
independent of the acceptor doping impurity or growth
technique. The level was therefore assigned to the single
donor level (0/+) of the isolated carbon interstitial,
known to exist from the EPR observation of C;+. In n-

type material, on the other hand, a similarly behaved
DLTS peak at -E,—0. 10 eV was also observed. By in-

jecting minority carriers into the n-type diodes, the
E, +0.28 eV peak could also be monitored in the same
diodes as the E, —0. 10 eV peak and it was found that the

two peaks came in and annealed out together. " On the
basis of this, the E, —0. 10 eV peak was assigned as aris-
ing from a single-acceptor level (

—/0) of C;. ' At the
time, however, no EPR spectrum had been reported that
could be related to C, , which should be paramagnetic.
Microscopic confirmation of this assignment was there-
fore missing.

In this paper we present EPR experimental results, in
combination with DLTS studies, which for the first time
establish that the E, —0. 10 eV level is indeed the single-
acceptor level of interstitial carbon. We report a new
EPR spectrum, Si-L6, which we identify as arising from
negatively charged C, . External uniaxial stress align-
ment and recovery reveal that the core structure of Si-L6
is similar to that of the Si-G12 center for C, +. In a spe-
cially carbon-enriched (60% ' C—40o//o

' C) sample, no
resolvable ' C hyperfine could be resolved in the Si-L6
spectrum. Weak but partially resolved ' C hyperfine in-
teractions, however, are observed in one of the direct
products of the Si-L6 center anneal at 300—350 K. This
product, Si-617, ' is the subject of the following paper,
where it is established' ' to arise from the stable
configuration of a bistable interstitial-carbon—
substitutional-carbon pair in its negative charge state
(C, C, ) . ' ' This serves to confirm the C;
identification of the Si-L 6 center. The weak ' C
hyperfine interaction for C; in its isolated and paired
configuration is argued to be consistent with a simple
molecular orbital model for the center.

II. EXPERIMENTAL PROCEDURE

The EPR experiments were performed on a 14-GHz
balanced bolometer spectrometer which could be tuned
to either absorption or dispersion. The samples were
placed in the center of a TEO» microwave cavity located
in a Janis varitemp cryostat and uniaxial stress was sup-
plied via a stainless steel rod from an air piston outside
the cryostat. The DLTS spectrometer was a home-made
version consisting of a 10-MHz capacitance bridge with a
double boxcar analyzer.

All samples were floating-zone-grown materials which
had varying carbon and donor concentrations, as shown
in Table I. The carbon (C, ) concentration [C] was deter-
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TABLE I. Wafers and bulk samples used in this study. All materials were FZ grown with oxygen
concentration below ir detection ([0]~ 2 X 10' cm ').

Wafers

n type
No. 1

No. 2
No. 3

p type
No. 5

Bulk

No. 1 ("F3-114")
No. 2 ("A127-27A")
No. 3 ("A231-9A")

No. 4 ["SL-210 (NTD)")

No. 5 ("A623-16B")
No. 6 ("SL-210")

Dopant concentration (cm ')

n =[P]-6X10"
n =[P]—1.2X 10'

n =[P]—9 X 10"
n = [P)—3 X 10" p = [B]—1 X 10"

p =[B]-2.4X 10"
p =[B)—1X10"

[C] (cm ')

2.4X 10'
1X10"
& 1016

1X10" ("C 60%)

1X10" ("C 60%)

mined by ir absorption measurements of its local mode at
607 cm ' at room temperature' ' with the limit of
detection —10' cm . The interstitial oxygen concen-
tration [0] was estimated from the intensity of its ir ab-
sorption band at 9 pm at room temperature. ' ' For all
of the samples the oxygen concentration was determined
to be less than 2X 10' cm, the limit of detection. The
samples for DLTS studies were either Schottky-barrier
diodes or p-n junctions formed by ion implantation to
avoid additional oxygen incorporation into the junction.
(Details of the diode fabrication are described in the fol-
lowing paper. '

) The EPR samples were cut from the ap-
propriate boule in the form of a rectangular parallelo-
piped with a (110) axis parallel to the long dimension
(2.5 mmX2. 5 mmX15 —20 mm). The diode wafers and
EPR samples were cut from adjacent regions of each
boule.

A specially ' C-enriched sample (SL-210, [8]—10"
cm ) was obtained from K. L. Brower. Some of the
SL-210 material was converted to n type by neutron-
transmutation doping' by J. Farmer at the University of
Missouri —Columbia. The final net donor concentration
was -2 X 10' cm

The irradiations were performed at room temperature
with -2.5-MeV electrons from a 3-MeV van de Graaff
accelerator. The samples were mounted on an air-cooled
(or water-cooled, for the EPR samples) aluminum block
with a low beam current ( ~ 2 pA/cm ) to avoid a sample
temperature rise during the irradiation.

III. RESULTS

10000

.2

1000-

V)/kT)

feet at E, —0.44 eV, in this case accidentally again at the
same position as the P- V pair, has been found to display
four other metastable configurations forming a remark-
able five-level metastable defect. ' ' ' ' It has been
tentatively identified as a carbon interstitial-phosphorus
substitutional (C, P, ) pair. ' The E, —0. 10 eV level

appears therefore to be the precusor of two carbon
interstitial-related pair defects.

The time constant for isochronal annealing of the
E, —0. 10 eV level in the temperature region 300—350 K
is plotted in Fig. 1 with different biases applied during the
anneal (sample No. 1). There is a small (a factor of 2.5)
increase in the annealing rate under zero bias but essen-
tially the same activation energy (-0.73 eV). This is as
expected because at the annealing temperature (300—350
K) the Fermi level in this lightly irradiated sample is es-
timated to be at -E,—0.20 eV. Most of the E, —0. 10

A. DLTS studies

The E, —0. 10 eV level was observed immediately after
room-temperature irradiation in all samples except sam-
ple No. 3 ([C]~10' cm ). Its production rate was
found to correlate directly with the [C] concentration. '

When it anneals at 300—350 K, two new defects with
DLTS peaks at E, —0. 17 eV and E, —0.44 eV were ob-
served to grow in in 1:1 correspondence. The E, —0. 17
eV defect, accidentally at the same position as the 0-V
pair, ' has been found to be bistable' ' and evidence
has been presented that its arises from a carbon
interstitial-carbon substitutional (C,.C, ) pair. ' '

This will be confirmed in the following paper. ' The de-

100
2.7 2.8 2.9 3.0 3.1 3.2 3.3

teeer v {K-')
FIG. 1. Temperature dependence of the recovery time ~ for

isochronal annealing of the E, —0. 10 eV level in n-type DLTS
diodes and the E„+0.28 eV level in p-type DLTS diodes under
different bias conditions: Zero bias (, E, —0. 10 eV; 0,
E, +0.28 eV); reverse bias ( C, E, —0. 10 eV; 6, E, +0.28 eV).
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B. KPR studies

A new EPR spectrum was detected in the n-type sam-
ples immediately following room-temperature irradiation.
The spectrum is labeled Si-L6, and is shown in Fig. 2(a).
It was taken at T-30 K with B~~(100), monitoring
dispersion in the adiabatic fast passage case. The ap-

{) Si-L6
g 1

= 1.9995 4 0.0002

g2 = 2.0020 + 0.0002

g3 — 2.0029 + 0.0002

eV centers were therefore in the same charge state under
both bias conditions. The -0.73 eV activation energy,
therefore, should reflect the property of the uncharged
defect. The 10 preexponential factor of the annealing ki-
netics strongly suggests long-range migration of the de-
fect. It is fully consistent with a model for which the de-
fect starts to migrate at 300—350 K and pairs off with
another defect after —10 jumps as an entity.

The annealing kinetics of C;+ in the p-type sample No.
5 were also studied by monitoring the E, +0.28 eV level.
The results are also plotted in Fig. 1. The annealing rates
and activation energies are very close to those in the n-

type sample, and in this case no effect of bias was ob-
served. The donor level for C;+ is 0.28 eV above the
valence band and a large fraction of the defects should be
positively charged under zero bias even at 300—350 K.
The results therefore suggest that the activation energy of
0.72 —0.75 eV is the migration energy of C;, which is in-

dependent of its charge state, at least for C;+ and C, .

propriate spin Hamiltonian is

S=p~B g S

with S=
—,'. The angular dependence and spin-

Hamiltonian parameters are given in Fig. 2 with the prin-
cipal axes of the defect defined in Fig. 3. The spectrum
has Cz, symmetry, similar to Si-612 (C;+). No resolved
satellites associated with hyperfine interaction with a sin-
gle Si atom were found up to +0.08 T indicating that
the center is not a dangling-bond vacancy-type center. '

In the n-type ' C-enriched (60% ' C) sample No. 4, no
evidence of resolved ' C hyperfine interaction could be
detected which suggests that if carbon is involved in the
center, the unpaired electron is only very weakly local-
ized on the carbon atom.

The Si-L6 spectrum was only detected in the samples
for which [C] ~ 10' cm, the same samples in which
the E, —0. 10 eV precursor level was detected. Its rela-
tive intensity among the various n-type samples of Table
I, like the E, —0. 10 eV level, also appears proportional to
[C] in the sample. The annealing behavior of the Si-L6
center is also very similar to the E, —0. 10 eV level, the
spectrum disappearing in -30 min at 350 K. Accom-
panying its disappearance, another EPR spectrum, previ-
ously reported and labeled Si-G17, ' grows in. In the
following paper (Ref. 12), we will establish that this new
center arises from the negatively charged (C;C, ) pair.

To further correlate the Si-L6 EPR center with the
E, —0. 10 eV level, we can make an approximate esti-
mate of the Si-L6 defect-level position directly in the
EPR experiment. Figure 4 is a plot of the EPR signal in-
tensities versus irradiation dose. Initially, the Fermi level
is locked on the phosphorus donors since few phosphorus
atoms are ionized at the measuring temperature ( —30
K). By increasing the radiation dose, more deep-level de-
fects are created, which serve to remove electrons from
the phosphorus donors. The phosphorus resonance
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FIG. 2. (a) Si-L6 spectrum at V=14.265 GHz, &~~[1(X}],
T-30 K. The principal g values are shown for the defect coor-
dinate system as de6ned in Fig. 3. (b) Angular dependence of
the Si-L6 spectrum, with B in the (011)plane.

[111] 1 [»1]

FIG. 3. Principal axes used for the spin-Hamiltonian param-
eters of the EPR spectra.
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FIG. 5. The Si-L6 spectrum shown before and after -270 K
compressional stress o [/[011];Bi[100].

FIG. 4. EPR signal intensities as a function of electron irra-
diation dose for an n-type sample (sample No. 2). The results
indicate that the energy-level position (E, ) of the Si-L6 center is
E, —0.045 eV (E, & E, —0. 17 eV.

therefore decreases while the deeper-level signals increase
[in this particular sample, a small amount of oxygen is
present so we have both Si-L6 and 0-V pair (A-center)
EPR signals' ]. When all the electrons are removed from
the phosphorus, the Fermi level moves down to the next
defect level, in this case the Si-L6 center. The Si-L6 sig-
nal therefore begins to decrease as electrons are removed
from it by the continued production of deeper defects,
while the A-center signal continues to increase. This
demonstrates that the energy-level position of the Si-L6
center is deeper than the phosphorus donor (-0.045 eV
below the conduction band ' ) but shallower than the
0-V pair which has a level at E, —0. 17 eV. This is fully
consistent with the DLTS measurement of the E, —0. 10
eV level.

We have further studied the Si-L 6 spectrum under uni-
axial stress. The change in energy of a defect in the re-
sulting strain, can be written

The labeling scheme shown in Fig. 2(b) arises as fol-
lows: The four (111) axes are labeled a, b, c, and d.
This is illustrated in Fig. 3. We label a defect by two
letters. The first letter specifies the (111)axis closest to
the g3 axis of a defect orientation and the second specifies
the (111) axis closest to the g, axis. In Fig. 3, the
specific defect axes illustrated correspond to defect cb.
For a Cz, center such as Si-L6, defect (ij ) and (ji) are
identical and in Fig. 2(b) only one of these labels is indi-
cated.

100000

P(0.88 eV)/kT]

10000-I
CO

80 eV)/kT]

1000-

E=Tr(8 E) (2)

where B is the "piezospectroscopic" tensor characteristic
of the defect ' and c. is the strain tensor. If the temper-
ature is sufficiently high, the defects are free to reorient
themselves amongst the various equivalent orientations
and an applied stress will produce a preferential align-
ment. This alignment can then be "frozen-in" by cooling
to low temperature with the stress on. In EPR, therefore,
the relative populations in the different orientations can
be determined directly from the relative intensities of the
corresponding lines.

[(077eV)/kT] .

100
4.2 4.4 4.6 4.8 5.0 5.2

1 00017 {K }
FIG. 6. Temperature dependence of the characteristic time

constant ~ for recovery of the alignment for the Si-L6 and Si-
G12 centers: O, Si-L6; Q, Si-G12, our results; 0, Si-G12, Ref.
3.
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TABLE II. Components of the traceless elastic coupling ten-

sor, B, for the Si-L6 and Si-G12 centers (the defect principal
axes are given in Fig. 3).

[100] C8 //r/el/llzfr
Sl

'Reference 3.

Si-L6 (eV)

Bl =7,4
B2 = —0.2
B3= —7.2

Si-G12' (eV)

Bl =7.3

B2 =0.3

B3= —7.6

0
4 i

////////////

~2
[011]

The Si-L6 center shows a preferential alignment when
external uniaxial stress ( —82 MPa) is applied at T + 270
K and the sample is cooled with the stress on to the EPR
measuring temperature ( —30 K). The results are shown
in Fig. 5 for stress o'~~[011] and B~~[100]where the indivi-
dual lines are labeled according to the convention. By
measuring the intensities of these lines before and after
the stress and combining with measurements for B~~[011]
to give the relative amplitude changes of ad and bc, we
compute the principal values of the traceless component
of B, assuming a Boltzmann distribution between the
differently oriented defects at the quench-in temperature
(-220 K, estimated from the recovery kinetics, Fig. 6,
which are described in the next paragraph). The results
are given in Table II along with those for the C;+ Si-612
center for comparison. The two sets of data are remark-
ably similar, which provides strong evidence that the two
spectra actually arise from the same center.

Recovery from the alignment for both the Si-L6 and
Si-G12 centers was studied by a series of isothermal an-
neals. The results are shown in Fig. 6, together with the
previous data reported for Si-612. The reorientation
energy barrier for Si-L6 is determined to be -0.77 eV,
very close to what we determine for Si-G12, -0.80 eV.
They are not identical, however, but we do not expect the
properties of two different charge states of a single defect
to be the same. (Note that our measured values for 612
are a factor of -3 faster than those previously reported
and with a lower activation energy, 0.80 versus 0.88 eV.
Whether this represents inaccuracies in temperature
determinations between ours and the earlier measure-
ments or whether it represents a real sample dependence
is an important question but not relevant to our con-
clusions here as regards the similarity between Si-L 6 and
Si-612.)

IV. MODEL AND CONCLUSIONS

We conclude that the Si-L 6 EPR spectrum arises from
the negative charge state of isolated interstitial carbon.
This provides the first microscopic confirmation that an
acceptor state of C, does indeed exist in the band gap,
and from correlative DLTS studies, we conclude that the
acceptor level is at E, —0. 10 eV, as previously pro-
posed. '

The microscopic model we propose for the C; state is
shown in Fig. 7. The atomic structure is essentially the
same as that proposed for C;+ (Si-612). The (100)-
oriented C—Si interstitialcy core structure remains, con-
sistent with the C2„symmetry of the EPR spectrum and

FIG. 7. A model for the Si-L6 center.

the uniaxial stress and recovery results which are almost
identical for the two.

In the figure we show also a simple molecular orbital
model for the defect. In the case of C;+, the unpaired
electron is localized in the nonbonding p orbital of the
carbon atom due to its larger electronegativity than sil-

icon. The ' C hyperfine interaction is therefore strong, as
observed. However, in adding two more electrons to
form C;, the unpaired electron is now in the nonbond-

ing p orbital of the silicon atom, explaining the failure to
detect the ' C interaction in Si-L6. This molecular orbit-
al picture agrees well with recent preliminary theoretical
calculations for the acceptor state of the isolated intersti-
tial carbon. However, failure to detect a single Si
hyperfine interaction from the C; state suggests that the
unpaired electron is actually not strongly localized on
this single interstitial silicon atom, but is rather more
diffuse. A possible explanation for this has also been cit-
ed in these recent calculations, where the existence of a
different more extended available state of comparable en-

ergy was also noted. Future experiments with
electron-nuclear double resonance would be desirable to
illustrate these points, as we11 as to provide direct
confirmation of the ' C involvement.

As noted by previous workers and discussed briefly
earlier, we might expect the same activation energy for
reorientation and annealing if the reorientation and single
diffusional jump mechanisms are the same. Recent an-
nealing results by Tipping and Newman for the 856-
meV optical band identified with C; gave an activation
energy of 0.87 eV and they noted the close similarity to
the 0.88-eV reorientation barrier reported earlier by Wat-
kins and Brower for Si-G12. Our results here indicate
uniformly lower activation energies for both reorientation
(0.77 —0.80 eV) and annealing (0.73 eV), but again similar
to each other. The reason for the discrepancy between
these two sets of results is not clear. Besides the trivial
explanation of possible inaccuracies in temperature deter-
minations, we note that these other studies involved con-
siderably more heavily irradiated materials. Just how
this would affect the annealing or reorientation kinetics is
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not clear, however, in view of the fact that we have estab-
lished that Fermi-level effects alone appear not to be im-
portant. Further experiments would be desirable to clari-
fy this question.
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