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Lattice defects having strong paramagnetic resonances are introduced into p-type silicon that has been
bombarded with electrons. We have studied the paramagnetic properties and growth of the dominant defect
so introduced (the X center) as functions of electron Qux and bombardment energy under conditions of dif-
ferent resistivities, impurity dopants, and illumination. The defect has a spin of —,and has g values of 2.0000,
2.0066, and 2.0056 for the principal magnetic axes, which lie along the (221), (110), and (114),crystallo-
graphic directions, respectively. No hyperfine interactions are observed. The introduction rates for the
E center are 0.006, 0.025, 0.073, and 0.11 cm ' at bombardment energies of 0.7, 1, 3, and 6.6 MeV, re-
spectively. The Ecenter is independent of the p-type dopant. It is not a primary defect, but requires oxygen.
At high integrated electron Quxes the EPR-measured E-center concentration decreases; however, illumi-
nation and annealing experiments have established that the defects are still present but have a different
charge state because they have trapped an electron. The EPR measurements have been paralleled by Hall-
effect measurements. We have associated the E center with a previously reported 0.3-eV defect level on the
grounds that both require oxygen, that both have about the same introduction rates and bombardment
energy dependence, and that the value of the Fermi level at which the E-center EPR absorption decreases
sharply is about 0.3 eV.

I. INTRODUCTION

LECTRON spin resonance has been used to study
& the growth and structure of paramagnetic defects

produced by electron irradiation. ' ' In silicon, evidence
for the existence of at least 21 species of paramagnetic
centers has been presented by Watkins. ' The conditions
for observing these defects vary considerably, being
dependent upon the irradiation and measurement tem-
peratures, dopant concentration, and electron Rux.
In this paper we will discuss the results of studies on
the dominant paramagnetic defect in p-type silicon
produced by room-temperature electron irradiation.
By dominant is meant the defect center with the
highest introduction rate.

We have studied this center as functions of electron
Qux and bombardment energy under conditions of
different resistivity, iInpurity dopants, and illumination.
EPR measurements have been paralleled by Hall and
resistivity measurements. We have found that the
center requires oxygen, is independent of the particular
p-type dopant, and is associated with a previously
established defect level 0.3 eV above the valence band.

G. EXPEMMENTAL PROCEDURE

The samples studied were p type and doped with
boron, gallium or aluminum to resistivities of 0.3 0 cm,
2.0 0 cm, and 6.0 0 cm. For the most part, boron-doped

+ The research reported here was sponsored by the National
Aeronautics and Space Administration, Goddard Space Flight
Center, Greenbelt, Maryland, under Contract NAS 5-9131 and
RCA Laboratories, Princeton, New Jersey.' G. D. Watkins, J. W. Corbett and R. M. Walk. er, j. Appl.
Phys. BO, 1198 {1959).' G. Bemski, J. AppL Phys. 30, 1195 (1959).

G. D. Watkins, Radiation Dan&age in Semiconductors (Dunod
Cie., Paris, 1965).

material —(the most readily available) —was used in
the experiments since the defect spectrum did not
depend on the presence of a specific acceptor. Sample
dimensions were 0.025 in)&0.3 in. &(0.1 in. and allowed
uniform penetration of the electrons. The irradiations
were performed in air at room temperature. The 0.7-
the 1- and the 3-MeV bombardments were carried out
with a Van de Graaff accelerator at a beam current of
5 pA/cm', the 6.6-MeV irradiations were performed on
a linear accelerator at 10'/cms. 4 A Faraday cup
monitored the current and total charge throughout the
irradiations. The samples were kept cool by mounting
them on water-cooled blocks. The maximum tempera-
ture rise was 25'C for the lower energy bombardments
and 50'C for the 6.6-MeV irradiation.

The spin-resonance measurements were performed at
liquid-neon temperature with a spectrometer operating
at a frequency of 21.5 Gc/sec using superheterodyne
detection. Relative defect concentrations were de-
termined from the intensity of the defect's resonance
absorption. This, in turn, was determined by comparison
to the simultaneously measured resonance absorption
of the conduction electrons in a (known) phosphorous-
doped sample. The spin-resonance data were taken
only in the dispersion mode in order to avoid errors
introduced by saturation of the signal. 5 A modulation
frequency of 80 cps and a modulation 6eld of 0.32 6
were used. Spin-resonance measurements in which the
sample was illuminated were performed on a 9-kMc/sec
Varian spectrometer.

After irradiation, resistivities of all samples were
measured with a four-point probe. On several samples

4 Kindly supplied by the Ethicon Company, Somerville, New
Jersey and High Voltage Engineering, Cambridge, Massachusetts.

~ A. M. Portis, Phys. Rev. 91, 1071 (1953).
s M. Weger, Bell System Tech. J. 39, 1013 (1960).
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view the E center in the dispersion mode, the J center
is in the absorption mode. Since both centers give rise
to saturated resonance lines, the J center will appear
even more weakly. "For the remainder of this paper,
we will be concerned only with the E center.

FIG. 1. EPR spectrum of the E center. The magnetic 6eld II is
oriented 10' from the (110) axis.

two-point probe and Hall measurements were used to
determine their resistivities and thermal activation
energies. In the latter measurements the Hall constant
was measured over a temperature range between 200'K
and 300'K.

III. EXPERIMENTAL RESULTS

A. Electron Paramagnetic Resonance Results

1. Conditiols for Detecting the Z Celter

The samples do not exhibit any resonances before
electron bombardment. After irradiation a dominant
spectrum of a single center, to be referred to as the
E center, is detected, (see Fig. 1). The spectrum7
is observed in pulled silicon crystals doped with boron,
gallium and aluminum. The E-center resonance is not
present in silicon grown by the Qoating-zone technique
with similar doping concentrations. Instead, one identi-
fied with the J center appears. '' The main difference
between these two types of crystals is that in the
former there are approximately 10"/cm' oxygen atoms
while in the latter there are only about 10"/cm'. Oxygen
thus appears to be necessary for the creation of the
E center.

The J-center spectrum is observed occasionally in
pulled crystals along with the E center, but generally
in very much lower concentrations. There are several
reasons why detection of the E center is strongly favored
in our experiments. First, as we shall see, its introduction
rate is higher. Secondly, the linewidth of the J center
is about one half that of the E center so that the modula-
tion amplitude (0.32 0) favors detection of the E
center. Finally, and, perhaps most importantly, the
two resonances are 90' out of phase with each other'
with respect to the modulation signal. This means that
when we have tuned the KPR spectrometer so as to

~ This center corresponds to the center designated as Si-G15
by Watkins in Ref. 3. Beyond giving the g values, however, no
further work was reported on this center.

8 J. W. Corbett and G. D. W'atkins, Phys. Rev. Letters 7,
314 (i96i).

~ G. D. Watkins and J. W. Corbett, Phys. Rev. 138, A543
(~965).

Z. Symmetry Properties

The E-center spectrum consists of seven closely
spaced lines as shown in Fig. 1. The angular variation
of the seven-line spectrum has been fully investigated
and the details have been discussed elsewhere. " For
completeness, however, we will brieQy summarize the
pertinent results here. The analysis of the data on the
angular variation of the spectral lines with magnetic
field (see Fig. 2) is well fitted by a defect with a spin rs

and whose three principal magnetic axes are along the
(221), (110), and (114) crystallographic directions. The
corresponding g values are 2.0000, 2.0066, and 2.0056.
Although attempts were made to discern hyperhne
structure in the spectrum to help determine the physical
nature of the defect, none was observed. Apparently,
the interaction between the Si" nuclear spin and the
spin of the defect is either very small or zero.

3. Growth Rate of the E Center

The growth rates of the Z center for 0.7-, 1-, 3-, and
6.6-MeV bombardment energies as measured by electron
spin resonance on 2-0 cm material are shown in Fig. 3.
In this 6gure, the integrated resonance signal and the
density of centers are plotted as a function of integrated
electron dose. (The calibration of spin resonance in-
tensity with defect concentration is most conveniently
discussed in the next section on "Effects of Illumina-
tion"). For the 1- and 6.6-MeV curves, the E center
grows linearly at low Quxes while at larger Quxes it
decreases and anally falls below the limit of detection.
No other spectrum emerges when the E center di-
minishes. From the relative slopes of the linear region
of these two curves it is seen that the higher energy
electrons are about three times more effective in pro-
ducing defects. The maximum number of defects ob-
served, on the other hand, does not appear to be strongly
dependent on the bombarding energy. In the case of the
0.7- and 3-MeV irradiations the dose was not high
enough to observe the decrease.

The decrease in KPR signal in the high Qux region is
not due to a real decrease in E-center density. We have
found that heating the samples which have been
bombarded at these high Quxes to 300'C for 1 h con-
siderably increases the spin-resonance signal. For
example, a 4X10' e/c7bmosmbardment at 6.6-MeU
resulted in a near-zero KPR signal. After heating at
300'C the E-center resonance appears with an intensity
corresponding to 20 on the scale of Fig. 3.

' RCA Laboratories Final Report Contract No. WAS 5-457,
1963 (unpublished).
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FIG. 2. Angular variation of the E-
center EPR spectrum. The magnetic Geld
H is rotated in the (110) plane. (From
B. Faughnan et al., Ref. 10.
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FIG. 3. Integrated spin-resonance intensity and defect concen-
tration of the E-center as a function of electron flux for various
energies. Bombardment energies: &—0.7-MeV; g—1 MeV;
Q—3 MeV; )&—6.6 MeV.

The decrease in observed defect concentration may be
explained by the fact that as the resistivity increases
(due to the introduction of carrier removal sites by the
electron bombardment) the Fermi level moves past the
defect level toward the center of the forbidden energy
gap. This depopulates the E center, and if our EPR
measurements detect only the (hole) populated defects,
the apparent E-center density would decrease. This
explanation, of course, requires the presence of a level
deeper than the defect level. Direct experimental
evidence for such a level is discussed in Sec. III 32. One
could also account for this decrease if the defects are
annihilated or annealed out of the sample. However, the

300'C heat treatments described above and measure-
ments involving sample illumination discussed in the
next section have ruled this out.

The energy dependence of E-center production is
obtained by plotting the initial slopes of the curves in
Fig. 3 versus energy. This is shown in Fig. 4 along with
the energy dependence of the production of a previously
reported defect level 0.3 eV above the valence band. "—"
The similarity between these two curves in shape and
magnitude was one of our first indications that the K
center should be associated with this level.

4. Effects of Itlumirtatioe

Our hypothesis that the electron bombardment raises
the Fermi level and thus depopulates the E centers was
tested by illuminating heavily bombarded samples
with white light. This illumination should produce
holes which could repopulate the E centers. Accordingly,
EPR spectra were taken of heavily bombarded samples
first in the dark and then in white light. In all cases, the
E-center resonances were stronger, by factors of up to
20, for those samples which were illuminated.

Another important result of these experiments was
that they furnished the calibration for the actual con-
centration of E centers produced by the electron bom-
bardment. We had found that at electron cruxes below
the flux p, at which the EPR signal was maximum,
illumination had no e6ect on the K-center resonance.

"G. K. Wertheim, Phys. Rev. 110, 1272 (1958}.
"Interim Report MR32, Contract No. WAS 5-1851, 1964

(unpublished).
'3 R. L. Novak, Ph.D. thesis, University of Pennsylvania,

1964 (unpublished).
'4 D. E. Hill, Phys. Rev. 114, 1414 (1959).
"References 11—14 place the defect level between 0.27 and

0.32 eV above the valence band. The reported production rates
for different bombardment energies are sufhciently close to
indicate that the levels in question arise from the same defect.
We will refer to this defect as the 0.3-eV defect level.
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ALE I. Summary of four-point-probe measurements.

Flux
{e/CmI) p{Q cm)

Crystal g S-1295
EJ —Ey

(ev)'

1 MeV
Crystal

p(Q cm)

g&V-341

Eg —Ey
(eV). p(O cm)

Crystal g S-1295
EJ, —Ey

(eV)'
Flux

{e/CmI)

6.6 MeV
Crystal g S-341

Eg—Ey
(eV)'

2X 1016

5X 1016

X10"
1X10»
2X10»
3X1017

4X10'7
6X10»
8X10»
1X10"
2 X1018

0.3
0.3

~ ~ ~

0.3
0.3

~ ~ ~

1.0
1.8

S.S
& 103

0.12
0.12
~ ~ ~

0.12
0.12

~ ~ ~

0.17
0.18

0.22
&0.36

2.4
~ ~ ~

3.1
3.7
5
70
190

0.18
~ ~ ~

0.19
0.20
0.21
0.28
0.32

10
25

~ ~ ~

60
10'

& 103
& 103

0.23
0.25

~ ~ ~

0.27
0.35

&0.36
&0.36

5X101
4 SX10"
7.5
1.5 X10»
3 X10»
4 X10»

3.2
5.7
50
560
108

& 108

0.19
0.22
0.27
0.34
0.35
0.36

+ For these calculations the mobility was assumed to be independent of electron flux.

At iti=iti„ illumination produced only about a 10%%u~

increase, indicating that essentially all the K centers
are occupied. Since the starting resistivity determines
the hole concentration, and hence the maximum popu-
lated E-center density in the dark, the measured E-
center density at it =itI, is then approximately equal to
the acceptor concentration. We have used this to con-
vert the EPR resonance signal into the absolute
E-center concentrations plotted, for example, in Fig. 3.
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5. sects of Resistiiiity

The eRects of the initial resistivity on K-center pro-
duction are shown in Fig. 5. The same growth behavior
is found as that described in Fig. 3. The E-center
concentration increases linearly with Aux until a certain
value It, is reached, beyond which it descresaes. As the
initial resistivity increases, itI, decreases. These effects

can be understood again in terms of Fermi-level location
and charge state of the K center. At higher resistivities,
the acceptor concentration, E, is smaller. Therefore, to
move the Fermi level past the E-center level requires
the formation of fewer carrier removal sites. This, in
turn, requires a smaller flux p, . Note also that in Fig. 5
the product of iti, and the introduction rate, R, of Fig. 3
is equal to N, for the diRerent resistivities. This further
substantiates our earlier resoning that at it, the E
center density should equal E,.

For the 0.3 0-cm curve, It, occurs at, a lower value
than /tr, /R However. , this is probably due to the fact
that at high Aux levels the defect concentration is
approaching the oxygen concentration, and so might
be expected to have a somewhat lower production rate.
This would mean that fewer carrier removal sites (deeper
than the K center) would be required to move the
Fermi level past the K-center level, resulting in a
smaller it, . The rates of decrease of the K-center
resonance intensity in Figs. 3 and 5 indicate that the
deeper level is being produced at comparable rates.
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FIG. 4. Introduction rates of the E center and the 0.3-eV defect
level as a function of energy.

FIG. 5. Growth rate of the E center as a function of flux for three
different resistivity crystals.
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Z. HalI, Measurements

The association of the E center with the 0.3-eV defect
level in pulled silicon and the failure to observe the
E center in Qoat-zone silicon led us to make Hall meas-
urements to see if the 0.3-eV level itself depended on
oxygen. Hall samples of both pulled and Qoat-zone
silicon (2-0 cm, p type) were irradiated with 1-MeV
electrons with fluxes of 4X10" and 6X10" e/cm',
respectively, and Hall measurements were performed
from 200 to 335'K. The data are plotted in Fig. 6. The
thermal activation energy for conduction obtained in
Qoat-zone silicon is 0.20 eV while for pulled material
it is 0.3 eV. These results demonstrate that the 0.3-eV
defect level is indeed associated with oxygen and so
adds further evidence for the connection between it and
the E center. The terminal resistivities after the same
amount of irradiation indicate that the production of
carrier removal sites is smaller by a factor of 5 in the
Qoat-zone silicon.

IO"-

IO
3.0

I I

3.5 40
I I

4.5 5.0
IO / T'K

I I

5.5 6.0 6.5

Pro. 6. Plot of pTB'~' versus 10'/T'K for "pulled" and "Goat
zone" silicon irradiated with 1-MeV electrons showing that a
0.3-eV level is dominant in the former while a 0.2-eV level is
dominant in the latter.
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B. Electrical Measurements

l. Resistivity Measurements

Our earliest evidence that the E center is associated
with the 0.3-eV defect level stemmed from the fact
that their introduction rates and the energy dependence
of these rates were the same. Additional evidence for
this association has been derived from the correlation
of resistivity measurements described below with our
earlier EPR results.

The resistivity measurements were taken by standard
four-point probe techniques at room temperature, and
are summarized in Table l for the 1- and 6.6-MeV
irradiation energies. The bold-face entries are those for
which the irradiation Qux produced the maximum
E-center KPR signal. Note that at these Quxes, the
Fermi level is always close to 0.3 eV above the valence
band. At Quxes greater than this, the Fermi level lies
further from the valence band and the E-center EPR
signal begins to decrease (see Figs. 3 and 5), i.e. the
flux at which the Fermi level moves past (and thus
depopulates) the 0.3-eV level is the same at which the
E-center EPR signal decreases. This is, of course, con-
sistent with our suggestion in Sec. EII A 5 that hole
depopulation of the E center is responsible for the
decrease in its EPR signal. '

'6 Although the resistivity and the Fermi level were measured
at room temperature while the spin resonance measurements were

so
I
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V
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performed at 27'K, the temperature difference does not alter the
mature of the above conclusion since the Fermi level moves toward
the band edge as the temperature is lowered. Thus an upper limit
to the Fermi level position is established by the room-temperature
value which in turn places an upper limit to the E-center level.
It does mean that a more precise quantitative investigation is
required to place accurately the position of the Fermi level and
the population of the 0.3-eV level at 27'K.

3.0 3.5 4.0 4.5 5,0 5.5 6.0 6.5
IO~/ T' K

FIG. 7. Plot of p T /~ versus 10 /T'K for "pulled" silicon
irradiated with 6.6-MeV electrons showing that at high total
cruxes a 0.39-eV energy level is dominant.
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Resistivity measurements were also made on pulled
silicon samples (2-Q cm, p type) irradiated by 6.6-MeV
electrons with fiuxes of 4)& 10'r e/cm'. It will be recalled
that under these very heavy irradiations no E-center
EPR signal was detected (see Fig. 3), and it had been
suggested that this was due to hole depopulation of the
0.3-eV level. This mechanism, of course, requires that
a deeper level be present in the crystal. The results of
such resistivity measurements as a function of tem-
perature are shown in Fig. 7. Although mobilities were
not measured at the various temperatures, the tem-
perature dependence of the mobility, given by Prince, "
was used to determine the carrier concentrations. The
data do indeed show the presence of a deeper level at
0.39 eV, which is being produced at a rate comparable to
that of the K center (see Sec. III A 5).

IV. SUMMARY AND DISCUSSION

We have found that the E center is the dominant
paramagnetic defect introduced into p-type silicon by
electron bombardment at energies ranging from 0.7 to
6.6 MeV. Its net electron spin is —,'. Its g values are
2.0000, 2.0066, and 2.0056 for the (221), (110), and
(114) directions, respectively. Its synnnetry axis is the
(221), which is the direction from a substitutional
lattice site to a next nearest-neighbor interstitial. The
E center is not a primary defect but requires oxygen,
thus suggesting that atomic motion of either (inter-
stitial) silicon and/or oxygen may be involved.

The formation of the E center is independent of the
p-type dopant. Its introduction rates at 0.7, 1, 3 and
6.6 MeV are, respectively, 0.006, 0.026, 0.073, and
0.11 cm '. At high Quxes, depending in part on bom-
bardment energy and in part on the starting resistivity,
the EPR-measured E-center concentration decreases.
However, subsequent illumination experiments and
annealing experiments show that the defects are still
present, but that they have a different electronic charge
state because they have trapped an electron.

We have identified the E center with an electrical
level 0.3 eV above the valence band. This is based on
the following of our measurements: Both have the same

"M. B. Prince, Phys. Rev. 43, 1204 (1954).

introduction rate and energy dependence for their
formation; both require oxygen; and, Anally, the
K-center EPR absorption decreases sharply as the
Fermi level, moving away from the valence band,
passes through a value of about 0.3 eV.

Experimental results of other workers furnish strong
supporting evidence for this hypothesis. For example,
both Vavilov et a/. ' in photoconductivity studies, and
Fan and Ramdas" in optical absorption measurements,
6nd that a 0.3 eV-peak response is present only when the
Fermi level is less than 0.3 eV. These results are anal-
ogous to our EPR findings described in Sec. III A 5.
Furthermore, Fan and Ramdas" have annealed heavily
bombarded silicon and subsequently observed a 0.3-eV
optical absorption which had been absent before the
anneal. This, again, is analogous to our EPR results
described in Sec. III A 3.

In conclusion, it is interesting to note that Watkins
has recently associated the J center with the 0.3-eV
level after measuring an optical threshold of 0.25 eV
at which the J-center depopulates. It is suggested here
that this association is inappropriate since the introduc-
tion rate for the J center is considerably less than that
for the 0.3-eV level, and since the 0.3-eV level requires
oxygen while the J center does not. The 0.25-eV thresh-
old may, of course, correspond to the depopulation of
the 0.2-eV level seen in Fig. 5. If this is so, it leads to
the suggestion that the 0.2-eV level be identified with
the J center, rather than the 0.3-eV level which we have
associated with the E-center. Both levels may, in fact,
be present in oxygen-containing material, but because
the 0.3-eV level has a larger introduction rate, the 0.2-eV
level is not readily detected.
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