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Defect energy levels in boron-doped silicon irradiated with 1-Mev electrons*
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Using transient capacitance spectroscopy, we studied defect energy levels and their annealing behavior in

boron-doped silicon of various resistivities irradiated with 1-MeV electrons at room temperature. Three levels

located at E„+0.23, E„+0.38, and E, —0.27 eV consistently appear in various samples, showing they
are characteristic defects in boron-doped silicon. Many properties of the E„+0.23-eV level and the divacancy
are the same, according to the present study and others. We correlated the E„+0.38-eV level to the vacancy-
oxygen-carbon complex recently identified by Lee and Corbett using the EPR technique. The E, —0.27-eV
level could arise from an interstitial defect of oxygen and boron; and a new level at E„+0.30 eV arising upon
its disappearance could be a vacancy defect trapping an oxygen atom and a boron. Several additional defect
levels are reported.

I. INTRODUCTION

The self-interstitial and the vacancy in silicon
are highly mobile at room temperature. ' Some
secondary defects, created by trapping an inter-
stitial or a vacancy at an imperfection site, such
as the boron interstitial, ' the carbon interstitial, '
and the vacancy trapped at a next. -nearest neigh-
bor of a boron atom4 are also mobile at room
temperature. Consequently, stable defects in
silicon created by irradiation at room temperature
can be divided into three categories: (i) defects
created directly by collision cascade, such as the
divacancy; (ii) defects created by the interaction
among radiation-induced intrinsic defects, such
as the di-interstitial; and (iii) defects created by
the interaction between an intrinsic defect and an
imperfection originally in the crystal (usually an
impurity), such as the vacancy-oxygen complex.
Many experiments, primarily done with n-type
silicon, have demonstrated that low-energy-elec-
tron irradiation (e.g. , l MeV) with low fluence
should produce defects of the third category. How-
ever, the literature contains much less informa-
tion concerning impurity-associated defects in
p-type silicon.

In this paper, we report results from an experi-
mental study of defect energy levels in p-type
boron-doped silicon created by 1-MeV electron
irradiation at room temperature. These experi-
ments reveal new information concerning impur-
ity-associated defects in p-type silicon.

II. EXPERIMENTAL

Our experimental method for the energy level
measurements is similar to the transient capaci-
tance spectroscopy reported by Lang." The mea-
sured activation energies for carrier emission
are accurate to about ~ 0.02 eV. The carrier

capture cross sections, o~ (hole) and o„(electron),
were measured at the temperature at which the
signal from the level appeared. The cross sec-
tions were measured to within one significant
figure. Electron irradiation was carried out at
the 4-MeV Dynamitron at SUNY/Albany. The
irradiation temperature was about 25-30 'C.

The samples used were diodes fabricated by
phosphorous diffusion on boron-doped silicon
wafers with nominal resistivities of 0.3, 1, 2, and
8 A cm. The samples were annealed in air to
200'C and in a dry nitrogen atmosphere from 200
to 450'C. Temperatures were measured to within
1 C in the lower range and 2 'C in the upper range.

III. EXPERIMENTAL RESULTS

Figure 1 shows typical transient capacitance
spectra for 0.3, 2, and 8-Oem p-type silicon
samples under the conditions of majority carrier
pulse and injection pulse. Two majority carrier
trapping centers and one minority carrier trapping
center in the spectra are systematically observed.
By measuring the thermal emission rates as a
function of temperature, we found the locations
of the energy levels of these trapping centers to
be E„+0.23, E„+0.38, and E, —0.27 eV. The
errors in these values are about + 0.02 eV. As
shown in Fig. 1, the additional majority carrier
trapping levels located at E„+0.18, E„+0.31, and
E„+0.48 eV with smaller concentrations were
observed in 0.3-0 cm samples, but not in others.
Figure 2 shows the productionrate of the E, -0.27-
and the E„+0.38-eV levels under 1-MeV electron
irradiation at room temperature as functions of
the boron concentration of the sample. The pro-
duction rate of the E, —0.27-eV level increases
with boron concentration, but that of the E„+0.38-
eV level decreases with boron concentration.
Furthermore, the increase of the production rate
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FIG. 1. Typical transient capacitance spectra after
irradiation by 1-MeV electrons for boron-doped P -type
silicon.

of the E, —0.2V-eV level seems to be proportional
to the square root of boron concentration. Note
that the E, —0.2V-eV trap is not clearly observed
in the 8-Acm material, so we plotted the maxi-
mum possible production rate in Fig. 2. The pro-
duction rates of the E„+0.23-eV level in different
samples vary around 0.002 cm '; they are inde-

FIG. 2. Production rate vs boron concentration for the
E +0.38- and E, -0.27-eV energy levels in 1-MeV el-
ectron irradiated p-type silicon.

pendent of boron concentration. The production
rates of the E„+0.18-, E„+0.31-, and Ev+0.48-eV
levels are about 0.001, 0.002, and 0.002 cm ',
respectively.

All the data presented here were taken a few
weeks after irradiation. There is a majority
carrier trapping level located at Ev+ 0.29 eV
which always appears in all the samples just after
room-temperature irradiation and which disap-
pears completely within a few days when the
sample is stored at room temperature. This level
has been correlated with the carbon interstitial"
which is mobile at room temperature. '

Table I gives the carrier capture cross sections
of the energy levels measured in the present study.
These values are calculated from the data obtained
from the measurements of variations in the tran-

TABLE I. Capture cross sections of defects observed in present study of p-type silicon.

Energy level
(eV)

Capture cross section
(cm~)

After
irradiation

After
annealiag

Ev+ 0.18

Ev+ 0.23

Ev+ 0.31

Ev+ 0.38

Ev+ 0.48

Ec—0.27

Ev+ 0.30

Ev+ 0.26

Ev+ 0.2

Ev+ 0.47

o&&2 x10 iY

cr =3 x10 is

&2 x 10-17

o&,
—2 x 10-is

cr&&
——2 x 10 (after irradiation)

o&~-—5 x 10 ' (after 350 C annealing)

cr» —-1x 10 " (after 400 C annealing)

o &2 x10 i7
P

o'„=2 x 10

& =2 x10-"
P

o' =4 x10 is
P
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FIG. 3. Normalized signal vs pulse width for the E„
+0.38-eV energy level. Curve is fit with two straight
lines indicating two capture rates.

sient signal as a function of the pulse width. A

semilog plot of signal height versus pulse width

can be fit by a single straight line, indicating one
capture rate for all the levels except the E„+0.38-
eV level. Data for this level can be fit with two
straight lines as shown in Fig. 3, which indicates
two capture rates. This phenomenon implies that
two different defects have a level at E„+0.38 eV:
one defect (-80%of the signal) is a neutral trap,
and the other (-20%) is positively charged when
the Fermi level is below the trap level. The
cross section for the minor portion seems to in-
crease with annealing temperatures as shown in
Table I.

The measured minority carrier capture cross
section of the E, —0.27-eV level, 0„=3&10"cm'
at 145 'K, shows that the trapping center must be
positively charged before trapping an electron.
We used the double pulsed technique' to measure
the majority carrier capture cross section of the
level after trapping the electron. The majority
carrier capture cross section is on the order of
10 "cm', which shows that the level is still posi-
tively charged after trapping the electron. There-
fore the defect must be doubly charged before
trapping an electron. The fact that the measured
majority carrier cross sections of E„+0.18-,
E„+0.24-, and E„+0.48-eV levels are on the order
of 10 "cm' suggests that the defects causing
these levels are in their neutral states before they
trap holes.

Figures 4 and 5 show typical isochronal anneal-
ing data obtained from 0.3- and 2-A cm samples.
Several interesting features are shown in Figs.
4 and 5. First, the E, —0.27-eV level disappeared
upon annealing around 170 'C. At the same time,
a new majority carrier trapping level, located at
E„+0.30 eV, appeared. Further isothermal an-
nealing experiments have shown that the activa-
tion energies and the frequency factors for the
disappearance of the E, —0.27-eV level and for the
growth of the E„+0.30-eV level are the same, i.e.,
E„=1.2+0.1 eV and f,= (1.6 + 1)x 10" sec ' (Fig.
6). Second, the E„+0.30-eV level does not appear
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of 1-NeV electron irradiated p -type silicon.

Ec 27eV

Ey+ 38eV
Ey+ 48eV

Ey+ 23eY

Ev+ 30eV
Ey+ 26eVCA 4I—

200-
0

CD

X

IOO—

x
A————~————-o——-o- --o——~

0 X

$CL

I

0 IOO 200 300 400
ANNEALING TEMPERATURE ('C)

I

500

FIG. 5. Isochronal annealing data for 0.3-0 cm
samples of 1-NeV electron irradiated p-type silicon.

in the 8-0 cm samples, in which the E, —0.27-eV
level was not clearly observed. These above re-
sults argue that the defect giving rise to the
E„+0.30-eV level evolves from the defect causing
the E, —0.27-eV level. Upon further annealing
at higher temperatures, the E„+0.30-eV level
disappeared at about 400 'C.

Our isochronal annealing studies have also shown
that the E„+0.38-eV level disappeared upon an-
nealing around 400'C. The data from 2- and
8-~ cm samples consistently indicate an increase
in the intensity of this level upon annealing at
lower temperatures, and a sizable increase
around 300'C. Upon annealing at 250-300 C,
the E„+0.23-eV level disappeared and two new
levels (E„+0.2 and E„+0.26 eV) appeared. The
latter two annealed out around 400'C. The E„
+ 0.26-eV level was not observed in 0.3-0 cm
samples. In addition, the E„+0.48-eV level, ob-
served only in 0.3-0 cm samples, disappeared
upon annealing around 170 'C. Finally, several
different majority carrier trapping levels were
observed upon annealing 8-0 cm samples at higher
temperatures. A level Located at E„+0.47 eV, with
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FIG. 6. Annealing rate as a function of temperature
for the disappearance of the E, —0.27-eV level and the
growth of the E„+0.30-eV energy level.

a cross section of cr~= 4 ~ 10 "cm', appeared at
300 'C and disappeared around 450 'C. Another
level with a very small concentration was observed
after 350 'C annealing and disappeared around
450 'C. A sizable peak corresponding to a level
located at E„+0.18 eV appeared after 400 'C anneal
and remained after 450 'C anneal.

IV. DISCUSSION

The four defect energy levels observed in our
study (E„+0.23, E„+0.38, E —0.27, and E„+0.30
eV) may have been previously reported by Kimer-
ling' using a technique similar to ours and Walker

and Sah' using thermally stimulated capacitance
measurements. The E„+0.30-eV level appeared
upon the annealing of the E, —0.27-eV level. The
reported locations of these levels are slightly
different from our values, as shown with other
levels appearing upon annealing in Table II.
From the similar production and annealing prop-
erties of the levels reported by them and those
we observed, we argue that all the workers have
observed the same levels. The differences could
be due to errors hidden in measurement and data
analysis techniques which require further coopera-
tive studies for clarification.

Because the energy levels (listed in Table II)
have been observed in a wide range of samples
by different investigators, we believe they are
associated with major defects in boron-doped
silicon. The defect giving rise to the E„+0.23-eV
level has been correlated with the positively
charged divacancy. ' Our results are consistent
with this correlation. The divacancy can be pro-
duced by a collision cascade during irradiation
or by a combination of two vacancies. Under 1-
MeV electron irradiation with light fluences, the
former process should be the dominant one, as
is evident from the experiment of Corbett and
Watkins. " However, the production rate varies
from sample to sample with different crystal ori-
gins, as is evident in our measurements, pre-
sumably because the availability of the self-inter-
stitial to be trapped at the divacancy can vary.

The other three levels appear to arise from
three impurity-associated defects (as indicated
by our results). The major impurities in our sam-
ples as well as those used by Kimerling' and %'alk-
er and Sah, ' are oxygen and carbon, in addition
to the dopant boron. The oxygen concentration
should be inthe order of 10" at om s/ cm', because
the samples used are diffused diodes. It is known
that carbon very often exists in silicon crystals;
its content in our samples is not known, but is

TABLE II. Energy levels in P-type silicon obtained by the present studies and by Kimerling
(Ref. 8) and Walker and Sah (Ref. 9).

Present study
(eV)

E„+0.30

Ev+ 0.23

Ev+ 0.38

E —0.27

E„+0.30

Kimerling
(eV)

E„+0.27

E„+0.21

E„+0.33

E —0.26

E„+0.29

Walker and Sah

E„+0.28 eV

E„+0.182 eV

E„+0.354 eV

Not observed
because of
limitations of
the technique

E„+0.302 eV

Annealing properties

out 30'C

out 250-300 'C

in 30'C, out 400'C

out 170 C

in 170 C, out 400'C
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probably on the order of 10"atomslcm'. Other
impurities could also appear in silicon crystals,
but their appearance is not as consistent as those
of oxygen and carbon. " In Sec. IVA, we shall
present the information available up to the present
which we believe is relevant to the defects giving
rise to the three levels and discuss possible cor-
relations.
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FIG. 7. Production rate vs boron concentration for
1-MeV electron irradiated boron-doped silicon from the
present study, Kimerling, and Walker and Sah.

A. E„+0.38-eV level

This level appears at about room temperature
upon the annealing of the E„+0.29-eV level, which
Lee et al. ,

' using the photo-EPR technique as
well as the transient capacitance method, associa-
ted with the carbon interstitial. Consequently, the
E„+0.38-eV level should also be associated with car-
bon. Recently, using the EPR technique, Lee and Cor-
bett" have identified the K center in irradiated
p-type silicon as a positively charged vacancy-
carbon-oxygen complex, [V+ C+0], in which a
carbon and oxygen form a "CO molecule" nested
in a divacancy. They have found that (i) this defect
appears upon the annealing of the carbon inter-
stitial; (ii) it has a level at E„+0.33(a 0.02) eV;
(iii) it is neutral when the Fermi level is above
the level; and (iv) it disappears upon annealing
around 400 'C. Of the defects giving rise to the
E„+0.38-eV level most (-80%) have these same
properties, and can therefore be correlated with
this vacancy-carbon-oxygen complex.

According to Almeleh and Goldstein, "the pro-
duction rate of the K center in P-type silicon under
1-MeV electron bombardment was about 0.025
cm '. The production rates of the E„+0.38-eV
level in p-type silicon of various resistivities
obtained by the present study, Kimerling, ' and
Walker and Sah' were also in this range as shown
in Fig. 7. The data in Fig. 7 also indicate that
the production rate of this level decreases with
increasing boron concentration in the range higher
than 10"atom/cm'. This trend is reasonable,

because in this range the boron atoms could start
to compete for the vacancy or the self-interstitial
with other impurities (oxygen or carbon) which
are necessary constituents for the vacancy-car-
bon-oxygen complex. The scatter of the data
shown in the figure can be exp'ained by differences
in the impurity content from one sample to
another.

The annealing temperature of the E„+0.38-eV
level, observed by the present study to be around
400'C, is the same as that of the vacancy-carbon-
oxygen complex reported by Lee and Corbett. '
In our cross-section experiments we have ob-
served that -80% of the defects giving rise to the
E„+0.38-eV level are in a neutral state when the
Fermi level is above the defect level, which is
also consistent with the finding of the EPR work
of Lee and Corbett. From the onset of their
photo-EPR signal, Lee and Corbett concluded that
the vacancy-oxygen complex has a level at E„
+ 0.33(s 0.02) eV, which is smaller than that of
E„+0.38(s 0.02) eV. Due to the difference in pro-
cess between the photoexcitation and the thermal
emission, we do not consider the difference in the
level position to be inconsistent. Alternatively,
the vacancy-carbon-oxygen complex and a second
unknown defect could together cause an apparent
E + 0.38-eV level.

Several possible mechanisms for the formation
of the [V+C+ 0] defect have been discussed. "
The first is

[c,+0,]+[v]- [v+ c+o],
where [V] represents the vacancy and [C,+ 0,]
represents a complex consisting of a substitutional
carbon and an interstitial oxygen. Newman and
Smith, '~ using infrared absorption measurements,
presented evidence that the [C,+ 0&] defect may
exist prior to irradiation. Also Sieverts et al."
have observed [V+ C+0] in heat treated samples.
The simplicity of this mechanism also argues for
it. One difficulty is that the vacancy migrates at
-200'K, indicating that [V+C+0] should form at
that temperature; however, it forms at room tem-
perature upon the annealing of the interstitial car-
bon. Nevertheless, this mechanism is a reason-
able one for [V+ C+ 0] formation during heating
process.

The favorable mechanism under irradiation at
room temperature is the one in which [V+ C+ 0] is
formed by trapping an interstitial carbon at a
vacancy-oxygen complex (the A center) with a
simultaneous ejection of a silicon atom from a
neighboring site, as

[C,]+ [V+0]-[V+ C+0]+ [Si,.].
The silicon atom becomes a self-interstitial which
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is highly mobile at room temperature. Several
arguments support this mechanism. The first is
the observation that [C,] anneals out at room tem-
perature" when [V+C+ 0] appears. The second
is that the A center, [V+ 0], is known to exist in
our samples although we have not observed any
energy level which can be attributed to this defect.
[V+0] has one energy level at 8, —0.1VeVandis
neutral when the Fermi level is below that level.
Therefore, it is not surprising that [V+0] does
not play a role in majority carrier trapping in
p-type silicon and is also electrically inactive.
On the other hand, [V+ 0] could be an effective
minority carrier trapping center because in its
neutral state it has an electron capture cross sec-
tion as large as 1 x 10 "cm'. ' Our observation
of the defect depends on the hole capture cross
section of the defect. Our failure to observe
[V+0] enables us to set a lower limit for the hole
capture cross section of the negatively charged
vacancy-oxygen complex at 10 "cm'. This is a
reasonable limit, as the typical cross section of
a Coulombattractive center is in the range of 10 "-
10 "cm'. Experimental evidence that the hole
capture cross section of [V+0] is & 10 "cm' has
frequently appeared in the literature. "" In addi-
tion, many workers have indicated the existence
of [V+0] in p-type silicon using the minority-
carrier lifetime technique. ""Therefore, [V+0]
may exist in the samples used in the present study
but cannot be observed under our experimental
conditions. The third argument in favor of this
mechanism is that the ejection of the silicon atom
is energetically possible, because the chemical
bonding energy between carbon and oxygen (257
kcal/mole) is more than three times larger than
that between silicon and silicon (76 kcal/mole). "

The observed increase in the intensity of the
E„+0.38-eV level after annealing around 300'C in
some samples is also consistent with the correla-
tion with [V+ C+ 0], because [V+0] is mobile at
that temperature and [V+ C+ 0] can be formed by
trapping a [V+0] at a substitutional carbon site.

In conclusion we believe we have successfully
correlated the major fraction (-80%) of the E„
+ 0.38-eV level with [V+ C+0]. The defect causing
the remaining fraction (-20%%uo) of the level is still
not known. Kimerling' has observed a level of
E„+0.33 eV which we believe is the same as the
E„+0.38-eV level mentioned before. He has ten-
tatively attributed this to the carbon-carbon pair,
identified by Brower" using the EPR technique.
We note that the carbon-carbon pair disappears
upon annealing around 300 e, which is much lower
than annealing temperature of the E„+0.33-eV
level reported by Kimerling. ' In addition, silicon
samples similar to some of those used in the

present study have been examined by Lee" using
the EPR technique; he did see the signal from
[V+ C+ 0], but none from the carbon-carbon pair.
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FIG. 8. Production rate vs boron concentration for
the E~ -0.27-eV energy level in 1- and 10-MeV electron
irradiated samples. Kimerling's data are plotted with
data from the present study.

S)j E,-0.27- and E„+0.3&eV levels

Our experimental results show that the defect
giving rise to the E„+0.30-eV level evolves from
the defect causing the E, —0.27-eV level. We shall
discuss these two levels together.

The production rate of the defect causing the
E, —0.27-eV level increases with boron concentra-
tion. Kimerling' has also observed this phenom-
enon. In Fig. 8, we plotted Kimerling's data along
with ours. Considering our data alone would indi-
cate that the production rate is proportional to the
boron concentration to the one-half power. If
Kimerling's data are included, the one-half -power
dependence becomes uncertain. Nevertheless, all
the data in Fig. 8, including Kimerling's data
from 10-MeV irradiation, indicate that the pro-
duction rate increases with the boron concentration
and that the power of the dependence is in the
range of & to 1.

Because of the boron dependence, we believe
that the defect causing the E, —0.27 eV is a boron-
associated defect. The information for boron-
associated defects available from the literature
is summarized below. Using the EPR and elec-
tron-nuclear-double-resonance techniques, Wat-
kins' observed an interstitial boron in silicon
irradiated with 1.5-MeV electrons at 20.4 'K.
Interstitital boron is unstable at room tempera-
ture, disappearing in -30 min with an activation
energy of 0.6 eV. Watkins' also identified the Si-
G10 spectrum as due to a lattice vacancy trapped
by a substitutional boron in silicon. He did not
observe any hyperfine spectrum caused by the
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boron atom in his study. Because the G10 spec-
trum is observed only in boron-doped floating-
zone material, he has concluded that the boron
atom is a next-nearest neighbor to the vacancy.
These two studies indicate that neither of the first
generation complexes produced by the trapping of
primary defects is present in room-temperature
irradiated silicon.

Using infrared absorption techniques, Bean
et al."studied electron irradiation damage in
silicon containing high concentrations of boron.
They observed two absorption lines at 733.0 and
760.0 cm ', labeled Q lines, which arise from
vibrational modes of "Band "B in a center which
still has to be identified. They reported that the
intensity of the Q lines did not change upon an-
nealing until 220'C. Obviously, the E, —0.27-eV
level observed by us cannot be correlated to the
Q lines. Some other boron-associated defects
have been reported by Cherki and Kalma" using
the photoconductivity technique and by Tan et al."
using the internal friction technique. We are not
able to establish any correlation between these
defects and the E, -0.27-eV level observed by us.

Using electrical measurements, Vavilov, Muka-
shev, and Spitsyn" observed annealing stages at
360-500 'K in boron-doped silicon and 460-560 'K
in aluminum- and gallium-doped samples. They
also reported a deep donor level at E„+0.45 eV in
p-type sil con associated with the annealing stage,
irrespective of the type of acceptor impurity.
They suggested that the defects in question were
complexes consisting of vacancies and acceptor
impurity atoms. Their annealing stage in boron-
doped sample occurred at roughly the same tem-
perature as the E„—0.27-eV level. A small an-
nealing stage in carrier recovery at -170'C was
observed by Stein and Gereth" in their annealing
study of 10-0cm boron-doped pulled silicon.
These results from electrical measurements are
consistent with our results that an electrically
active defect in boron-doped material disappears
upon annealing around 170 'C.

Since we are unable to correlate the E, —0.27-eV
level to any known boron-associated defect, there is
room for speculation. Two experimental findings
obtained from our study are important to this
speculation: (i) the defect causing the E, —0.27-eV
level anneals out by dissociation at 170'C as in-
dicated by our values for the activation energy
and the frequency factor: and (ii) this defect is
in a positively charged state with an energy level
close to the conduction band. The latter indicates
that the defect could be interstitial type. Since the
boron interstitial is mobile at room temperature,
the defect has to be a second generation defect.
After careful consideration, we suggest that the

defect is a complex formed by the trapping of an
interstitial boron by an interstitial oxygen. This
model seems to fit the experimental data well.
There are a lot of oxygen atoms available in our
sample for the trapping of the mobile interstitial
boron. In addition, the chemical bonding energy
between oxygen and boron (-192 kcal/mole) is
slightly higher than that between silicon and oxy-
gen (- 188 kcal/mole), "showing that the forma-
tion of the interstitial boron-oxygen complex,
[B,+ 0,], is energetically possible. This [B,+ 0,]
defect dissociates itself by emitting an interstitial
boron at 170'C. The interstitial boron is then
trapped by a multivacancy-oxygen complex to form
a vacancy-oxygen-boron complex. The reasons
for suggesting this process are (i) the high con-
centration of the vacancy-oxygen complexes avail-
able, and (ii) the high chemical bonding energy
between oxygen and boron. This vacancy-oxygen-
boron complex gives rise to the E„+0.30-eV level
appearing upon the disappearance of the E, —0.27-eV
level and disappearing upon annealing around 400 'C.
It is known that the vacancy-oxygen complex dis-
appears upon annealing around 300 'C. It seems
reasonable that the additional trapping of a boron
at the vacancy site requires a higher annealing
temperature. The experimental data in Fig. 2
show a competition for a primary def ect in the
formation of the defects causing the E„+0.38- and
E, —0.27-eV levels. We think that the competition
is for the self-interstitial by the substitutional
carbon and substitutional boron.

Kimerling' has speculated that the E, —0.27-eV
level is associated with a boron-boron pair which
is formed by the trapping of the interstitial boron
at a substitutional boron site, similar to the
carbon-carbon pair in silicon reported by Brow-
er." If it is so, the production rate of the level
ought to be proportional to the square of the boron
concentration. However, the data available (see
Fig. 8) indicate a dependence on the boron concen-
tration to a power of & to 1. He has also specu-
lated that the E„+0.30-eV level formed upon the
disappearance of the E, —0.27-eV level is associa-
ted with the di-interstitial identified by Brower.
However, that the annealing of the di-interstitial
occurs around 500'C, about 100'C higher than
that of the E„+0.30-eV level, argues against this
association.

Our suggestion that the E, -0.27- and E„+0.30-
eV levels are associated with the interstitial oxy-
gen-boron complex and the vacancy-oxygen-boron
complex, respectively, agrees with the experi-
mental data available. However, we would like
to emphasize the speculative nature of the sug-
gestion. Further studies should pursue these
possibilities.
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C. Other trapping levels

In the present study, we have observed several
other levels appearing upon irradiation or anneal-
ing at higher temperature in one sample or the
other. Because of the lack of more detailed in-
formation concerning these levels, we shall not
discuss them further than the report of their exis-
tence.

V. SUMMARY

model in which the E, —0.27-, E„+0.38-, and E„
+ 0.23-eV levels are associated with the interstitial
oxygen-boron complex, the vacancy-carbon-oxygen
complex, and the divacancy, respectively. The
E„+0.30-eV level, which appears upon the dis-
appearance of the E, —0.27-eV level at 170 C, may
arise from the vacancy-oxygen-boron complex.
Several additional majority carrier trapping levels
have been observed upon irradiation or upon an-
nealing at higher temperatures in p-type silicon.

The E, —0.27-, E„+0.38-, and E„+0.23-eV lev-
els are the dominant levels observed in p-type
boron-doped silicon irradiated with I-MeV elec-
trons at room temperature. The experimental
data for these three levels obtained by the present
study as well as by others are consistent with a
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