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Deep level transient spectroscopy and minority-carrier transient spectroscopy �MCTS� have been applied to
study electron-irradiated and proton-irradiated p-type Si samples with boron concentrations in the range of
6�1013−2�1015 cm−3. Both impurity-lean epitaxially grown samples and Czochralski grown samples have
been investigated where some of the epitaxial samples were subjected to oxygenation prior to the irradiation in
order to controllably vary the oxygen concentration. The MCTS measurements reveal a dominant electron trap
at Ec−0.25 eV, where Ec is the conduction-band edge, commonly ascribed to a boron-interstitial oxygen-
interstitial complex �BiOi�. The amplitude of the level increases linearly with the irradiation dose and it anneals
out at �175 °C but shows, however, no correlation with the boron concentration. The level is dominant even
at doping concentrations in the 1013 cm−3 range and, irrespective of the oxygen concentration, the generation
rate decreases by almost 50% as the boron concentration increases by a factor of �30. Comparison with
numerical modeling reveals that these results are not consistent with the commonly accepted model of defect
reactions in irradiated p-type Si. Different reasons for this discrepancy are discussed, such as an incomplete
defect reaction model and alternative identifications of the Ec−0.25 eV level.
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I. INTRODUCTION

Electrically active point defects in silicon have been stud-
ied for several decades due to their fundamental importance
and potential detrimental or beneficial effect on semiconduc-
tor devices. It is generally accepted that in irradiated p-type
Si, the dominant hole traps are associated with the carbon-
interstitial carbon-substitutional pair �CiCs�, a defect origi-
nally identified by photoluminescence �PL� and electron-
paramagnetic-resonance �EPR� studies,1,2 the divacancy
�V2�, a defect originally identified by EPR,3 the carbon in-
terstitial �Ci�, initially identified by infrared-absorption spec-
troscopy studies,4 and the carbon-interstitial oxygen-
interstitial �CiOi� complex,5 originally identified by optical
and electrical techniques.6 Further, the most prominent elec-
tron traps in p-type Si have been ascribed to Ci, CiCs,

1 and
the boron-interstitial oxygen-interstitial pair �BiOi�.6 Specifi-
cally, the often dominating electron trap at Ec−0.25 eV,
where Ec denotes the conduction-band edge, has been attrib-
uted to BiOi primarily because of an increase in intensity
with increasing boron concentration and the abundance of
Oi.

6–8 At sufficiently high boron concentrations, the intensity
of the level decreases, which was attributed to the competing
formation of the BiBs pair.8 In recent theoretical work by
Jones and co-workers,9,10 and Sanati and Estreicher,11 two
forms of BiOi are predicted, indicating a more complex be-
havior of B-O clustering reactions than previously expected.
However, the key arguments for an identification of the Ec
−0.25 eV level as BiOi are the boron and oxygen dependen-
cies.

In the current work, we employ deep level transient spec-
troscopy �DLTS� and minority-carrier transient spectroscopy
�MCTS� to address the boron dependence of the Ec
−0.25 eV level in electron-irradiated and proton-irradiated
p-type samples with a relative variation in the boron concen-

tration by a factor of 30. The samples used were mainly
n+pp+ structures, accomplished by epitaxial growth and ion
implantation, in order to ensure saturation of the MCTS peak
intensities, which are known to be sensitive to the injection
level of minority carriers. Indeed, in layers with high doping
concentration, the injection is limited by the barrier height of
the pn junction while in layers with low doping concentra-
tion, the injection can be limited by the series resistance.12 In
this respect, n+pp+ diodes with a thickness of the lightly
doped layer, significantly smaller than the diffusion length of
the minority carriers, such as in our structures, are ideal for
measurements requiring a high and uniform injection level.

II. EXPERIMENT DETAILS

Mesa structured n+pp+ diodes were fabricated using pp+

wafers where the p layer ��20 �m in thickness� was grown
by chemical vapor deposition with a uniform boron doping
concentration in the range of 6�1013−2�1015 cm−3, as de-
duced by capacitance-versus-voltage �CV� measurements.
The p+ substrate was Czochralski �Cz� grown with a boron
concentration of �5�1018 cm−3. The highly doped n+ re-
gion was realized by a 36 keV P+ ion implantation to a dose
of 2�1014 cm−2 and subsequent activation annealing at
1050 °C for 10 min. For comparison, also n+p diodes were
fabricated using p-type Cz grown wafers with a boron dop-
ing concentration of 1.5�1015 cm−3. For some selected ep-
itaxial samples having 2�1015 B /cm3, an oxygenation
process13,14 involving a dry oxidation for 8 h at 1100 °C
followed by a heat treatment for 24 h at 1100 °C in N atmo-
sphere, was carried out prior to the n+-layer formation. The
SiO2 layer formed during the oxidation was subsequently
removed by wet etching and CV measurements revealed a
uniform carrier concentration identical within less than 20%
compared to that in the nonoxygenated samples. Hence, ad-
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ditional B doping by diffusion from the substrate is negli-
gible as well as formation of electrically active centers by the
in-diffused oxygen atoms. The latter result is consistent with
that reported by other authors employing a similar oxygen-
ation process13 and suggests that the vast majority of the
incorporated oxygen atoms occupy interstitial sites �Oi�, as
confirmed by infrared-absorption measurements.15

The oxygen and carbon chemical concentrations in the
samples were measured by secondary-ion mass spectrometry
�SIMS�. The oxygen concentration in the Cz material was
found to be about 1�1018 cm−3 while in the as-grown epi-
taxial layers, it increases from �1�1016 cm−3 in the surface
region to 1�1017 cm−3 near the substrate. In the oxygenated
epitaxial samples, a uniform oxygen concentration of
4�1017 cm−3 was observed through the whole thickness of
the epitaxial layer. The carbon concentration in the Cz mate-
rial was below the detection limit of �5�1016 cm−3. This
holds also for the epitaxial material, consistent with
previous SIMS measurements by other authors, giving
�C��8�1015 cm−3 for the same kind of epitaxial samples16

�brackets denote concentration values�. No variation of �O�
�and �C�� with the boron concentration in the samples was
found.

Ohmic contacts to front and backside surfaces were
formed by applying InGa and Ag pastes, respectively. For the
Cz material, a 36 keV backside boron implantation was also
carried out to improve the Ohmic contact.

The samples were irradiated at room temperature �RT� by
1.8 MeV protons having a penetration depth of �40 �m,
which is about twice �or more� the thickness of the epilayer.
The doses used were between 2�1010 and 4�1012 cm−2. In
order to extract accurate values for the defect generation
rates, each kind of sample was irradiated by three different
doses. The probing depth in the DLTS measurements varies
from 2.5 to 15 �m, depending on the dopant concentration,
and the vacancy generation rate differs by 25% in this depth
interval, as estimated by TRIM �Ref. 17� for 1.8 MeV protons.
In addition, the epitaxial samples with low and high B con-
centrations were irradiated with 6 MeV electrons, using
doses of 6�1013 and 2�1015 e− /cm2, respectively. After
the RT irradiation, which lasted no more than 1 h, all the
samples were stored at −20 °C until the initial DLTS/MCTS
measurements were carried out followed by RT storage. Stor-
age at −20 °C is sufficient to suppress, on the time scale of
a few weeks, reactions involving migration of Ci.

18

The DLTS/MCTS measurements were performed using a
refined version of a setup described in detail elsewhere.19

Both majority �DLTS� and minority �MCTS� carrier spectra
were recorded. The minority-carrier injection was carried out
by applying a forward bias of 3 V during the filling pulse
while the capacitance transients were acquired at a reverse
bias of −10 V for both the majority and minority-carrier
measurements. In addition, capture cross-section measure-
ments were undertaken by varying the duration of the filling
pulse. The forward bias of 3 V was well above the threshold
sufficient for saturation of the MCTS signal of the
Ec−0.25 eV level, as illustrated by the inset of Fig. 1. The
concentration of injected minority carriers was estimated by
TCAD simulations using the commercially available SYNOP-

SYS software.20 As illustrated in Fig. 1, for a forward bias of

3 V, the concentration of injected electrons in the epitaxial
samples is calculated to be 2�1017 and 1�1016 cm−3 at RT
and 100 K, respectively, while that in the bulk Cz samples is
2�1016 and 2�1015 cm−3, respectively. Including a defect
level at Ec−0.25 eV with electron and hole capture cross
sections of 2�10−13 and 1�10−20 cm2,6 respectively, and a
concentration of 10% of the doping concentration, the simu-
lations yield a complete occupancy of the level during 3 V
forward biasing at both 100 and 300 K, irrespective of the
sample used. Thus, the simulations support the assumption of
complete filling of E1 during MCTS and agree with the ex-
perimentally observed saturation of the amplitude of the
Ec−0.25 eV level during MCTS. In addition, simulations of
the MCTS spectra show that the influence of hole trapping
by the V2 level at Ev+0.20 eV on the Ec−0.25 eV level is
negligible for the experimental conditions used �Ev denotes
the valence-band edge�. Thus, the concentration of the
Ec−0.25 eV level can be deduced by the MCTS peak am-
plitude. The concentrations of the hole traps are found by the
peak amplitudes in the DLTS spectra.

III. RESULTS AND DISCUSSION

Figure 2 shows signatures of the hole traps detected by
DLTS at Ev+0.19 eV �H1�,3 Ev+0.30 eV �H2�4 and Ev
+0.36 eV �H3�,5 attributed in accordance with literature to
V2�+ /0�, Ci, and CiOi, respectively. In addition, a hole trap
occurs at Ev+0.42 eV �H4�. The material used in Fig. 2 is
the most lightly doped one, �6�1013 B /cm3, and H4 is
barely present in the medium doped material and not detect-
able in the highly doped one, indicating that the trap is re-
lated to an impurity with low concentration such as
hydrogen21,22 or copper.23 The H2 level, attributed to Ci, was
observed during the first DLTS and MCTS scans after irra-
diation and −20 °C storage but then disappeared after a few
days at RT in a 1:1 proportionality with the rise of the H3
level assigned to CiOi.

FIG. 1. Simulations of the steady-state electron density during
the filling pulse in the MCTS measurements using a boron concen-
tration of 2�1015 cm−3 and a forward bias of 3 V. The inset shows
the measured MCTS intensity of the Ec−0.25 eV level versus for-
ward bias pulse, illustrating the saturation of the MCTS signal.
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Further, the electron trap at Ec−0.25 eV �E1 in Fig. 2�,
commonly assigned to BiOi, dominates the MCTS spectrum.
The negative charge states of the divacancy V2�= /−� and
V2�− /0�, and the vacancy-oxygen �VO� pair are not ob-
served due to their large hole capture cross section, promot-
ing recombination rather than reemission of trapped
electrons.24 Overall, E1 is the dominating peak in Fig. 2,
having a three times higher amplitude than that of V2�+ /0�.
Isochronal annealing shows that E1 anneals out at �175 °C
�data not included�, supporting that the E1 level is of the
same origin as the Ec−0.25 eV level studied in Refs. 6–8.

Figure 3�a� reveals a linear dose dependence of the E1
intensities in the epitaxial samples. However, the generation
rate, i.e., the slope of the E1 intensity versus dose, decreases
with �Bs�. The corresponding concentration values of E1 are
given in Table I. Although the average self-interstitial and
vacancy generation rates within the measurement region de-
crease by �25% from the low to the high doped sample, as
estimated by TRIM calculations,17 this difference is not suffi-
cient to account for the observed dependence of the genera-
tion rate on �Bs�. In Fig. 3�b�, which summarizes the boron
concentration dependence of the generation rate for the de-
fects observed in the epitaxial and Cz samples, the produc-
tion of E1 is shown to decrease by almost 50% when �Bs�
increases from 6�1013 to 2�1015 cm−3 in the epitaxial
samples. A similar trend, with a relative decrease by about
30%, is also found for the electron-irradiated samples �open
symbols� where a highly uniform defect generation is ex-
pected. Figure 3�b� reveals also that �i� the generation rate of
V2 drops by 25% and hence stays constant with respect to
the rate of vacancy generation, as estimated by the TRIM

simulations, and �ii� the production of Ci decreases strongly
with increasing �Bs� because of the competition between Cs
and Bs for capturing Si self-interstitials.25 Furthermore, in
the Cz samples, the generation rate of E1 is significantly
reduced while �Ci� has increased due to a higher carbon con-
tent in this material. In fact, the generation rate of E1 in the
low doped epitaxial samples ��Bs��6�1013 cm−3� is more

than one order of magnitude higher than that in the Cz ma-
terial ��Bs��1.5�1015 cm−3�. This is in contrast to previous
reports using bulk material showing no detection of E1 in
lightly boron-doped samples.6–8

These different results imply that the formation of E1
hinges closely on the purity of the samples used. E1 is com-

TABLE I. Absolute concentration values of E1 in the different
epi-materials used.

Proton dose Lightly doped Medium doped Highly doped

�cm−2� �cm−3� �cm−3� �cm−3�

2�1010 6.8�1011

5�1010 1.8�1012 1.3�1012

1�1011 3.1�1012 2.6�1012

2�1011 5.4�1012

3.5�1011 7.4�1012

1�1012 1.4�1013

2�1012 3.2�1013

FIG. 2. Examples of normalized DLTS �dashed� and MCTS
�solid� signals, �c /c, taken from the proton-irradiated p-type epi-
taxial silicon samples having a doping concentration of
6�1013 B /cm3. The rate window used is �640 ms�−1.

(b)

FIG. 3. �a� The dose dependence of the E1 signal as measured in
the epitaxially grown samples. �b� Generation rate of the dominat-
ing point defects as a function of doping concentration for epitaxial
�symbols+lines�, and Cz �symbols� samples as measured after irra-
diation and storage at −20 °C. In addition, open symbols connected
by a dashed line refer to the right ordinate and represent the results
measured for the E1 level in electron-irradiated epitaxial material.
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monly assigned to BiOi �Refs. 6–8� and the formation is
primarily controlled by the following reactions:

I + Bs → Bi, �1�

I + Cs → Ci, �2�

Bi + Oi → BiOi, �3�

and

Bi + Bs → BiBs. �4�

In reaction �1�, a Si self-interstitial �I� generated by the
irradiation kicks out a Bs and the resulting Bi migrates until
it encounters an Oi, forming the stable BiOi center �reaction
�3��. Cs is a main competitor to Bs for trapping of the mi-
grating I’s �reaction �2�� and the pronounced decrease in the
generation rate of Ci when �Bs� increases from 6�1013 to
2�1015 cm−3 �Fig. 3�b��, indicates that �Cs� is only
�1014 cm−3 in the epitaxial layers, assuming similar capture
radii of I by Bs �RI�Bs�� and Cs �RI�Cs��. According to the
SIMS results, the oxygen content exceeds 1016 cm−3 in all
the samples used, which suggests that �Oi�� �Bs� and ex-
haustion of �Oi� will not limit the formation of BiOi centers.
However, at sufficiently high values of �Bs� relative to that of
�Oi�, the competing reaction �4� becomes important and en-
hances the generation of the BiBs pair on the expense of
BiOi.

The Ci atoms generated by reaction �2� are known to be
mobile at RT,18 although slower than Bi, and can form stable
centers with both Oi and Cs:

Ci + Oi → CiOi �5�

and

Ci + Cs → CiCs. �6�

As discussed above, it is anticipated that �Oi�� �Cs� in the
epitaxial samples and reaction �5� will dominate. Indeed, this
is supported by the results in Fig. 4, showing, within the
experimental accuracy, a 1:1 correlation between the loss of
�Ci� and the growth of �CiOi� in all the samples.

A similar set of reactions as �1�–�6� has been considered
in Ref. 28. In order to elucidate if these reactions can account
for the experimentally determined generation rates of E1 and
CiOi as a function of �Bs� �Figs. 3 and 4�, modeling has been
performed. Applying the theory for diffusion-limited
reactions,29,30 the coupled differential rate equations derived
from Eqs. �1�–�6� are given in Table II together with the
input values used in the calculations. The differential equa-
tions are numerically solved simultaneously from time t=0,
when the irradiation starts, until the defects have completed
their reactions, which occurs long after the irradiation to a
given fluence has finished. The ion flux used is
2�1010 H+ /cm2 s, which is comparable with the experi-
mental conditions. To comply with the concentration of
I-related defects observed experimentally, a net generation
rate of self-interstitials of �75 I / �H+ cm� is deduced from
the lightly doped samples. A comparison with the total gen-
eration rate of I’s, as estimated by TRIM calculations17 assum-
ing a displacement energy threshold of 15 eV, yields that
only a fraction of �1.5%–2% of the I’s survive spontaneous
�correlated� recombination with V’s. Similar small fractions
of surviving V’s have previously been reported in low-dose
ion-implanted n-type samples monitoring vacancy-type
defects.31

The evolution in concentration of each stable defect cen-
ter has been followed as a function of ion fluence in the
range 1011–1012 H+ /cm2, and in this dilute regime, all the
centers exhibit a linear dependence. From the slope of the
defect concentration versus fluence, the generation rate per
ion and unit length is extracted, and Fig. 5 shows a compari-
son between the simulated and experimental values for the
different epitaxial samples studied. A close agreement is re-
vealed for CiOi supporting the validity of reactions �1�, �2�,
�5�, and �6�; here, it should be emphasized that the values
used for RI�Cs� and �Cs�t=0 are not unique but their product
should remain constant relative to RI�Bs��Bs�t=0 for a given
value of �Bs�t=0. Also BiOi and E1 display good agreement at
low boron concentrations ��Bs��2�1014 cm−3� using a ra-
tio between the capture radii RBi

�Oi� and RBi
�Bs� of �0.018,

i.e., this indicates that reaction �3� involves an energy barrier
that exceeds the migration energy of Bi by �0.1–0.2 eV if
RBi

�Bs� is given by geometrical dimensions or, alternatively,
RBi

�Oi� is given by the geometry while reaction �4� is en-
hanced because of attractive forces between Bi and Bs.
However, for the highly doped epitaxial samples
��Bs��2�1015 cm−3�, the calculated value of BiOi underes-
timates E1 by a factor of three and the generation of BiBs
dominates strongly according to the simulations. Thus, the
model exhibits a limited validity and does not fully account
for the experimental data of E1. This conclusion is even
more clearly illustrated by the results for the oxygenated
epitaxial samples where the oxygen concentration is in-
creased by more than one order of magnitude up to
�4�1017 cm−3. As shown in Fig. 6, the generation rate of
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E1 after oxygenation remains essentially identical with that
in the nonoxygenated samples while the simulations predict
an increase of BiOi by a factor of �10, �3, and �1.3 in the
highly, moderately, and lightly doped samples, respectively
�Fig. 5�. Here, it should also be pointed out that no deep
level, such as the Ev+0.30 eV level observed in highly
boron-doped bulk samples6,7 and tentatively associated with
the BiBs pair, has been found to disappear or emerge on the
expense of E1 in the epitaxial samples.

At least two possible reasons for the discrepancy between
the commonly accepted model of defect reactions in irradi-
ated p-type material, described by Eqs. �1�–�6�, and the
present experimental results for E1 can be put forward. First,
E1 is correctly assigned to BiOi but the model of defect
reactions is incomplete. The lack of oxygen dependence in-
dicates that �Oi��1016 cm−3 is sufficient to saturate the gen-
eration rate of E1 in the epitaxial samples but, on the other
hand, a competing trap, which is boron-related and has a
formation process with a stronger boron dependence than
that of BiOi, must exist to account for the decrease in E1
with increasing �Bs�. The BiBs pair is one such candidate but
it exhibits a too strong dependence when �Bs� is varied by a
factor of 30, as shown in Fig. 5, and is not sufficient as the

only competitor. No evidence for any additional boron-
related and electrically active defect has been found in our
measurements but a defect that is electrically inactive or es-
capes detection during the measurement conditions used can-
not be excluded. Here, it may also be speculated that Fermi-
level effects influence the net generation rate of surviving I’s
�and V’s� although this appears to be inconsistent with the
close agreement between the measured and simulated data
for CiOi in Fig. 5, as well as the essentially constant genera-
tion rate of V2 versus �Bs� when accounting for the depth
variations in elastic energy deposition. Second, a reidentifi-
cation of E1 is discussed. The fact that E1 is not observed in
n-type material suggest that it is either boron-related or its
formation process is Fermi-level dependent. However, E1 is
found in n-type samples counter doped with B,32,33 indicat-
ing involvement of B and that the formation of E1 is not
Fermi-level dependent. If Bi combines with an element, X, to
form E1, the following considerations can be made: accord-
ing to the DLTS spectrum of the sample irradiated with the
highest dose �Fig. 3�a��, �E1�, and thus �BX�, is found to be
�3�1013 cm−3. Hence, �X� must be larger than 3
�1013 cm−3, assuming that �X� is the same in all the epitax-
ial samples. This implies that �X� is similar to or larger than

TABLE II. Survey of the simultaneous differential rate equations for the reactions in Eqs. �1�–�6� and numerical values of the input
parameters used in the computations.

d�I�
dt

=gI−4�DI�I��RI�Bs��Bs�+RI�Cs��Cs�	

d�Bi�
dt

=4�DI�I�RI�Bs��Bs�−4�DBi
�Bi��RBi

�Oi��Oi�+RBi
�Bs��Bs�	

d�BiOi�
dt

=4�DBi
�Bi�RBi

�Oi��Oi�

d�BiBs�
dt

=4�DBi
�Bi�RBi

�Bs��Bs�

d�Bs�
dt

=−4�DI�I�RI�Bs��Bs�−4��Bi�DBi
RBi

�Bs��Bs�

d�Ci�
dt

=4�DI�I�RI�Cs��Cs�−4�DCi
�Ci��RCi

�Oi��Oi�+RCi
�Cs��Cs�	

d�CiOi�
dt

=4�DCi
�Ci�RCi

�Oi��Oi�

d�CiCs�
dt

=4�DCi
�Ci�RCi

�Cs��Cs�

d�Cs�
dt

=−4�DI�I�RI�Cs��Cs�

d�Oi�
dt

=−4�DBi
�Bi�RBi

�Oi��Oi�−4�DCi
�Ci�RCi

�Oi��Oi�

Generation rate: gI=1.5�1012 cm−3 s−1 deduced from the experimental data with an ion flux of 2�1010 H+ /cm2 s

Diffusion constants: DI=1�10−9 cm2 /s �rapid, see e.g. Ref. 26�
�300 K� DBi

=1�10−12 cm2 /s �taken from Ref. 27�
DCi

=1�10−15 cm2 /s �taken from Ref. 18�
Capture radii: RI�Bs�=RBi

�Bs�=RCi
�Oi�=RCi

�Ci�=5 Å �geometrical dimension�
RI�Cs�=2.2 Å, RBi

�Oi�=0.09 Å �fitted values�
Initial values �t=0�: �Cs�=1�1014 cm−3, �Oi�=1�1016 cm−3 �4�1017 cm−3 after oxygenation�

�Bs�=5�1013−5�1015 cm−3

�I�= �Bi�= �BiOi�= �BiBs�= �Ci�= �CiOi�= �CiCs�=0
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�Bs� in the low doped material ��6�1013 cm−3�. Possible
candidates may then be boron-carbon related and boron-
hydrogen related centers. Here, it should be clearly pointed
out that such an assignment of E1 does not exclude the ex-
istence of BiOi; there is ample evidence for BiOi and recent
theoretical predictions for local vibrational modes of the
BiOi pair have been confirmed by experimental data.34,35

Hence, in irradiated and oxygen-rich p-type samples, BiOi is,
indeed, anticipated to play a major role, which favors an
identification of E1 as BiOi. However, a reaction barrier Bi
and Oi can suppress the absolute generation rate and other
impurities/traps with concentrations substantially less than
�Oi� may become important.

IV. CONCLUSIONS

In conclusion, the generation rate of the dominant elec-
tron trap E1 �Ec−0.25 eV� in irradiated p-type silicon is

found to decrease by �50% when the boron concentration
increases by a factor of �30 from 6�1013 to
2�1015 cm−3 in carbon-lean epitaxial layers. Comparison
with numerical modeling shows that these results are not
consistent with the commonly accepted model of defect re-
actions in p-type Si and this conclusion is further substanti-
ated by the fact that oxygenation of the epitaxial layers does
not influence the generation rate of E1. Hence, further stud-
ies of the defect reactions taking place in irradiated p-type Si
need to be pursued, including in situ DLTS studies of the Bi
transition to E1 in samples with controlled carbon concentra-
tions.
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