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Defects created by 2-MeV electron irradiation of Czochralski-grown silicon have been investigat-
ed with use of positron-lifetime spectroscopy and results have been correlated with EPR and ir data.
The trapping rate for the positrons was smallest for the neutral divacancy where a concentration of
~10' cm 3 gave rise to a trapping rate of 1 ns™!. For the singly negative divacancy the trapping
rate was increased at 300 K by a factor of about 3.5 and for the doubly negative divacancy a further
increase by a factor of 2 was found. Isochronal annealing showed that the neutral divacancy an-
nealed at only 150°C, while the charged states annealed in a broad temperature range starting at
230°C. The monovacancy component found in some of the samples could be identified as being due
to divacancy-oxygen complexes. Measurements in thermal equilibrium between 30 K and room
temperature showed that shallow positron traps became activated at low temperatures. Oxygen va-
cancy pairs ( 4 centers) are concluded to be the defects acting as shallow traps and yielded a lifetime
of 225 ps, very close to the bulk lifetime of silicon. The trapping cross section of the charged defects
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varied with temperature as 7", with 2<n <3.

I. INTRODUCTION

In recent years it has been shown that positron-
annihilation spectroscopy (PAS) can contribute signifi-
cantly to the understanding of fundamental defect prop-
erties in semiconductors in general and in silicon in par-
ticular.!~® However, the long-standing problem of asso-
ciating a certain positron response with the concentration
of defects causing this response has so far impeded the
use of PAS as compared to established techniques such as
electron paramagnetic resonance (EPR), deep-level tran-
sient spectroscopy (DLTS), or infrared (ir) spectroscopy.
The aim of the investigations reported in this paper was
to solve this problem by using EPR data on electron-
irradiated silicon*’ as a gauge for the PAS results. We
will show that both a clear identification of defects creat-
ed by electron irradiation in silicon and a quantitative
link between defect concentration and positron trapping
rate can be established. .

Irradiation of Czochralski-grown silicon (Cz-Si) with
2-MeV electrons at room temperature creates both mono-
vacancies and divacancies as primary defects.®”° Howev-
er, since only the monovacancies are mobile at room tem-
perature, the resulting defect pattern will consist of diva-
cancies and monovacancies trapped by the interstitital
oxygen.! Because of the much higher introduction rate
of monovacancies compared to that of divacancies, the
dominant defect will be the oxygen-vacancy pair with an
effective introduction rate that depends on the concentra-
tion of interstitial oxygen. The introduction rates of the
other important defects are about 0.01 cm ™! for the diva-
cancies® and about 50% of the A-center introduction rate
for ¥,0 complexes.! Dopants (such as phosphorus) usu-
ally compete in the trapping of vacancies with the oxygen
and form their own complexes.'!
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The selection of samples ranging from heavily n type to
slightly p type also made it possible to investigate the
effects of various charge states of particular defects on
the trapping of positrons and their dependence on tem-
perature.

II. EXPERIMENTAL DETAILS

Samples of Cz-Si were investigated by positron-lifetime
spectroscopy after irradiation with 2-MeV electrons at
room temperature to a dose of 1X10'® ¢~ /cm? Both
the electron energy and the irradiation dose used in our
experiments were very similar to the parameters in the
EPR investigations mentioned in the Introduction to fa-
cilitate quantitative comparisons. The samples were
isochronally annealed in air up to about 400°C (z , =30
min) and quenched within a few seconds to room temper-
ature where the lifetime spectra were taken. Some of the
samples were also investigated in thermal equilibrium be-
tween room temperature and 30 K, both “as-irradiated”
and after the highest annealing temperature.

The positron-lifetime spectra were obtained using two
spectrometers having time resolutions of 240 and 255 ps
(full width at half maximum), respectively, and different
efficiencies. The less efficient spectrometer was used for
the room-temperature measurements where directly de-
posited positron sources (3—3.5 uCi) were used in close
geometry. No measurable source component could be
identified. The more efficient spectrometer was used. for
the low-temperature measurements to compensate for the
wider detector separation due to the cryostat. There, a
foil-source arrangement consisting of 8.2-uCi NaCl en-
closed by a l-mg/cm® Al foil was used. The now-
necessary source correction consisted of a 251-ps com-
ponent with 1.6% intensity (due to the annihilation in the
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Al foil). We also expected to obtain a contribution from
annihilations in the NaCl itself (with a lifetime of about
450 ps), but comparisons with spectra taken with the
weak directly deposited sources did not reveal any dis-
cernible differences.

The lifetime spectra, containing at least 6.5X10°
counts per spectrum, were analyzed by POSITRONFIT
(Ref. 12) and were typically decomposed into three com-
ponents, the longest of which, however, was an essential-
ly constant term of about 1.5 ns with no more than 0.3%
intensity. This term could easily be separated from the
actual spectra, leaving two significant terms from the sil-
icon itself. In some cases a third significant term was
necessary to properly describe the spectrum.

III. RESULTS

The samples listed in Table I are characterized by
different concentration levels of interstitial oxygen, Oy,
giving rise to different concentrations of oxygen-vacancy
pairs after irradiation as determined by infrared absorp-
tion.!> For the upcoming discussion of the experiment,
the samples are grouped according to their Fermi-level
positions'* as indicated in Table I after irradiation. Fig-
ure 1 shows the energy levels for various charge states of
the main defects in Cz-Si introduced by electron irradia-
tion.!> The divacancy-oxygen center (not shown) has no
reported levels in the band gap.

A. Isochronal annealing

The results in this section are presented according to
the three groups of samples in Table I beginning with the
slightly n-type samples 2, 3, and 4 which showed the least
complex behavior. Both samples 2 and 3 showed only
two significant lifetimes (see Table II), the longer of
which, 7,= 320 ps, can be identified as the lifetime of pos-
itrons trapped in divacancies.!®!” The shorter com-
ponent, 7;=1/A,, represents the lifetime in the bulk,
75 =1/Ap, modified by the trapping process according to
the two-state trapping model:!®
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FIG. 1. Energy levels for various charge states of mono- and
divacancies, PV pairs (E center), and OV pairs (A4 center) in Si
(Ref. 15). EPR-active (spin-%) states are indicated by arrows.
¥,0 (not shown) has no reported levels in the band gap and is a
spin-1 center.

with the trapping rate, x, given by
k=(Ag—M)[I,/(1—1,)], (2)

where A,=1/7, is the annihilation rate in the trap and I,
the intensity of this component directly determined by
the fitting procedure.

The applicability of the trapping model can be verified
in the following way. Using Egs. (1) and (2) the bulk life-
time can be calculated using the experimentally obtained
values for 7, and 7, and their corresponding intensities:

TB=(Il/T1+12/Tz)—x . (3)

Since 75 is a material constant (which for silicon has the
value of 218 ps essentially independent of sample temper-
ature’) the calculated values should be close to this value
if the trapping model is indeed applicable. ' This
verification is important since the physically important
trapping rate is based on the trapping model.

In Fig. 2 are shown the trapping rates into divacancies
as a function of isochronal annealing in samples 2, 3, and
4. Together with the trapping rates is shown the anneal-
ing behavior of (negatively charged) divacancies as deter-
mined by EPR experiments.* In the case of sample 4, 7,
(311+3 ps) was slightly shorter but it was possible to
split this component into 7,=270 and 7,=320 ps, where

TABLE 1. Characteristics of the investigated Cz-Si samples.

Doping [0)] [OV] Fermi level
Sample characteristics (107 cm™?) Er (V)
no. (before irradiation) (after irradiation) (after irradiation)

1 n type, P doped, p=0.1 Qcm 43 ~1.0 Ep~E,—0.17

2 n type, p=5-10 Qcm 1.9 0.15 E.—0.56<Ep<E.—0.41
3 2.6 0.28

4 2.7 0.53

5 p type, p=5-10 Qcm 5.9 0.79 Ep<E,—0.60

6 6.0 0.86

7 6.7 1.10
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FIG. 2. Trapping rates k3 as a function of isochronal anneal-
ing of the slightly n-type samples 2 (0), 3 (A), and 4 (O). Also
shown by the solid line is the annealing of (negatively charged)
divacancies from EPR data (Ref. 4).

270 ps is the well-established lifetime value for positrons
trapped in monovacancy-type defects.> The trapping rate
for this component was constant at 0.20+0.06 ns .

Figure 3 shows the lifetime results as a function of
isochronal annealing of sample 1 (highly P doped). In
this case it was necessary to separate three significant
components (see Table II), representing divacancies
(13=325 ps), a monovacancy-type defect (r,=270 ps),
and the modified bulk lifetime. As a consequence, the
two-state-trapping model has to be expanded to accom-
modate a second defect-related component. The new ex-
pressions for the trapping rates then are

K2=[}\,B_A2(1—13)—I3)\.3](12/Il) 4)

and
K3=[}\,B"—}\3(1_12)_12}\.2](13/11) (5)

with A;=1/7; and 3, I,=1. The lifetime in the bulk, 75,
then becomes

rp=,/m+1,/m,+15/73)" " . (6

From Fig. 3 one can see that only for T, > 156°C is the
trapping model satisfied with 75 =218 ps. This means
that for T, <156°C the trapping rates «, and k3 cannot
be calculated properly using Egs. (4) and (5), and hence,

P. MASCHER, S. DANNEFAER, AND D. KERR

40
400 300 200 100 Ta(°C)
2301 T T T
w . L]
(=% . L .
. 220 Ceget s et ¢ -
%
210 1 1 1 1
T T T T
2.5 ¢ q100
=
P
—~ 20 480 =
T s
£ <—— not calculable —— w
w15k -460 @
% N NE-Y
& A A E
X 10} T2=270ps | 440 ¥
T3=325 @
3 ps ha
o5 2 -~20 &
L ] 1 1
T T T T
60 -
G .
L4 e® e o
o 40 L4 e o 2 s |
‘_{\" i AaA Py A A 2 pAd
20| igﬁM 4 -
1 ] 1 1
2 3

INVERSE ANNEALING TEMPERATURE 1/T, (107 3K™)

FIG. 3 Trapping rates «, (®) and «; (A) as a function of
isochronal annealing of sample 1 (P-doped, n type). Also shown
by the solid line is the annealing of V,0 complexes from EPR
data (Ref. 5).

they are not included in Fig. 3. The annealing behavior
shown for ¥V,0 complexes was taken from EPR experi-
ments.’

In Fig. 4 the trapping rates in sample 7—
representative of the p-type materials—are shown as a
function of isochronal annealing. Because of the low
trapping rates, it is difficult to reliably separate more than
two lifetime components. Since only one defect-related
component with 7,=270%3 ps could be found above
T ,=130°C, this component was fixed for 7', <130°C as
well, leading to 75 values in the range from 320 to 325 ps
and the trapping rates k, and «; shown in the figure.

TABLE II. Original decomposition of the lifetime spectra at room temperature. Results of three- and four-term fits are shown in
the upper and lower parts of the table, respectively. A spurious long-lived component present in all spectra is not shown. (F) denotes
lifetime component fixed in the analysis.

Sample no.

Parameter 1 2 3 4 7

7, (ps) statistically 188+2 19242 18142 195+2
7, (ps) not 318+3 321+3 311+3 300+5
I, (%) acceptable 35+2 3142 4312 30+3
7, (ps) 133+6 no further 180+2 192+3
7, (ps) 270+14 decomposition 270 (F) 270 (F)
73 (ps) 325 (P possible 320 (F) 320-325 (P)
I, (%) 42+5 15t4 23-26 (+5)
1, (%) 32+6 31+2 13-11 (£2)




&

=l
K K3, Ky (ns™)

POSITRON TRAPPING . .. IN ELECTRON-IRRADIATED SILICON 11 767
Ta(°C) ' ‘
| 0300 300 200 100 A _ esofte ., ]
[7;) L]
(=8 .
osl  T2=270ps s T 230f . .
T4=320-325ps @ L .
0.6} ° 210 . : !
60 T T
04 o = PNV RN A T,=320ps
[ 9 . E\T\. 40 | a -
o2 ' . — a
20 1 1 !
o] . é L é _ 250 T T I
4 L]
INVERSE ANNEALING TEMPERATURE 1/T, (107°K™) 2 s00F"° e, J
= .. .
FIG. 4. Trapping rates k, (O,®), x; (W), and total trapping 150 05 200 355

rate K, () as a function of isochronal annealing of sample 7 (p
type). The solid line is to guide the eye only.

B. Measurements in thermal equilibrium

Samples 1, 2, and 7 were also investigated in thermal
equilibrium between room temperature and 30 K, both
“as-irradiated” and after quenching from the highest an-
nealing temperature.

Figure 5 shows the results for sample 1 in the as-
irradiated state. Between room temperature and 135 K,
both 7, and 7, increase with decreasing temperature, al-
beit 7, much less rapidly than 7,. Below 135 K, 7; and 7,

MEASURING TEMPERATURE T (K)

FIG. 6. Lifetime component 7, intensity of the second life-
time component (7,=320 ps), I,, and bulk lifetime 75, as calcu-
lated from Eq. (3) as a function of measuring temperature in
sample 2 (slightly n type).

are constant at 225 and 325 ps, respectively, while I, still
shows a pronounced temperature dependence. Impor-
tantly, the calculated bulk lifetimes now show very large
deviations from 218 ps. The figure shows only the results
of a two-term fit since the splitting (above T =135 K) of
T, into a 270- and a 325-ps component has very little
influence on the first (shortest) component and does not
alter the calculated 75 values at all. The observed tem-
perature dependence and the strong variations of 75 —as

. 260k l . o _ calculated from the simple trapping model—show that
a * * . this model cannot satisfactorily describe these data. Sam-
o 240} et . - ple 2 (slightly n type) shows, in general, the same temper-
~ ature effect—see Fig. 6 —with the onset of the increase
220 L L ! in 7, shifted down to about 100 K. In this sample
80 T T 7,=320 ps is constant and hence is the true representa-
3 5 LS tion of the lifetime in divacancies. Since these two sam-
® °°or X 7 ples clearly exhibit spectra which are not understandable
K z % in terms of the simple trapping model, a modified version
401 I s ] and its consequences will be discussed in the next section.
20 iz | | | Contrasting these strong temperature dependencies for
350 the as-irradiated state the same samples annealed at
Is . ! 5 ’ T 400°C showed a much reduced temperature dependence
3001 4 s 3 s = s of the lifetimes and intensities between room temperature
= and 30 K. The lightly doped sample showed no tempera-
= 250} 4 ture effect, while the phosphorus-doped sample retained
~ ix ; x % : some of the temperature effect in that 7 increased to a
|5 200} : - level of 232 ps around 100 K, considerably less than the
s . 260 ps in the as-irradiated state. No temperature depen-
150 . dence of the lifetime parameters could be found for the

100 200 300 p-type sample.

MEASURING TEMPERATURE T (K)

FIG. 5. Lifetime components 7, (®) and 7, (A), intensity of
the second component, I,, and bulk lifetime 75, as calculated
from Eq. (3) as a function of measuring temperature in sample 1
(P doped, n type).

IV. DISCUSSION

This section is subdivided into two parts. In Sec. IV A
the annealing data will be discussed with respect to defect
identification and quantification, and Sec. IV B will deal
with the temperature dependencies.
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A. Positron trapping at room temperature

The main difference between our samples is due to dop-
ing (both type and dopant concentration) and, as a conse-
quence, the charge states of the observed defects. Ac-
cording to Watkins and Corbett* (Fig. 1) the divacancies
in sample 1 should be in the doubly negative charge
state,'*!? in sample 2 (predominantly) in the singly nega-
tive charge state, and in sample 7 (predominantly) in the
neutral state.'#2°

The comparison of the annealing behavior of the 320-
ps component with the annealing of (negatively charged)
divacancies as found by EPR experiments (Fig. 2) clearly
substantiates the identification of this component as being
due to trapping in divacancies. The fact that above
250°C the annealing of the trapping rate is less steep than
the EPR curve is an indication for the formation of other
complexes with divacancy character (such as ¥;0). The
positrons would still “see” them essentially as divacancies
whereas the EPR signal is strictly associated with free di-
vacancies, and indeed the generation through annealing
of more and more complex defects in the presence of oxy-
gen is well established.!>!° Having thus established, by
comparison with EPR data, that the 320-325-ps lifetime
is indeed due to divacancies, we now proceed to discuss
trapping rates as well as their dependence on charge
states.

The trapping rate, x, may be written

where v, is the specific trapping rate of defect D and Cj,
is the concentration of this defect. Since we are dealing
with trapping of positively charged particles, the specific
trapping rate will substantially increase when defects be-
come negatively charged.

Divacancies are produced by 2-MeV electron irradia-
tion as primary defects®” at a rate of about 0.01 cm ™! at
room temperature.® We should therefore expect in our
samples a concentration of divacancies, [V,], of about
1X10' cm™3. Since the trapping rate, ks, into the neu-
tral divacancy, V,°, in the p-type sample (Fig. 4) is 0.2
ns !, the specific trapping rate is 2X 107! ns™!cm? (or
1X10'® s7! per unit divacancy concentration). This
value is actually an upper limit for the specific trapping
rate since the low dopant concentration in sample 7 could
result in a contribution from negatively charged divacan-
cies (see Table I and Fig. 1). Figures 2 and 3 show that
the trapping rates into divacancies in the slightly and
strongly n-type samples are about 0.7 and 1.4 ns™ !, re-
spectively. By comparison with Table I and Fig. 1, we
thus conclude that the transition from the neutral to the
singly negative charge state yields about a factor 3.5 in-
crease in the specific trapping rate and the transition to
doubly negatively charged divacancies yields another fac-
tor 2.

Further support for these quantitative links can be ob-
tained by means of the V,0 defect. It is produced at
about half the rate of the [OV] center'® and is neutral, at
least in samples 2—7. This leads to expected ¥,0 concen-
trations, [ V,0], of about 0.26 X 10! and 0.55% 10" cm 3
in samples 4 and 7, respectively (see Table I). The experi-
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mentally determined trapping rates are k,~0.2 ns” ! in
sample 4 (Sec. II A) and 0.4 <k,<0.6 ns ! in sample 7
(Fig. 4). Both samples thus yield a specific trapping rate
vp=1X10"" ns"!cm>. The neutral ¥,0 defect hence
exhibits nearly the same specific trapping rate as the neu-
tral divacancy which is only to be expected. These rates
are essentially the same as the value found recently for
neutral defects in GaAs (Ref. 21) and are also in agree-
ment with trapping rates usually found in metals.?

It is noteworthy that in sample 1 the trapping rate into
monovacancy-type defects is substantially higher than
that due to the ¥,0 concentration alone, which by itself
should contribute only with ~0.5 ns™!. The additional
monovacancy contribution is undoubtedly due to the fair-
ly high phosphorus concentration in this sample, which
leads to the formation of phosphorus-vacancy pairs (E
centers).!l'13

Figure 4 shows that trapping into neutral divacancies
could not be observed for annealing temperatures
T, =130°C. This leads us to the conclusion tat the neu-
tral divacancy exhibits a distinctly different annealing be-
havior than the charged species. At the present time it is
not known whether the neutral divacancies are annihilat-
ed by interstitials®> (or interstitial impurity complexes?*)
or have a significantly lower migration energy than the
charged ones. Another possibility is that the divacancies
do not actually anneal at these low temperatures, but are
rendered invisible to the positrons by a shift in the
Fermi-level position. This idea is supported by recent re-
sults obtained by Svensson et al.,* who observed in
highly boron-doped samples a strong dependence of the
ir-absorption bands on the Fermi-level position during
annealing below 200°C. They attributed this to a change
of the divacancy charge state from neutral to singly posi-
tive. Further experiments on p-type materials—
preferably with higher defect concentrations to obtain a
stronger positron response—are necessary to solve this
interesting problem.

At this point it is worth noting that, from the anneal-
ing experiments, there is no direct evidence for positrons
being trapped by A4 centers despite their large abundance
compared to all other defects. From Fig. 1 and the
Fermi-level ranges in Table I one can see that the A4
centers are neutral in samples 2-7, while in sample 1
both the neutral and the singly negative charge state are
occupied with about equal concentrations.!® One should,
therefore, expect to obtain the strongest response from
trapping by A centers—if any—in sample 1. Figure 3
shows that up to annealing temperatures 7, ~150°C the
bulk lifetime calculated from Eq. (6) is consistently high
by about 5 ps compared to the expected value of 75 =218
ps obtained for all the other samples. In the following
section on the temperature dependencies of positron trap-
ping it will be shown that this apparent ““increase” in 75
is due to A centers acting as shallow positron traps.

B. Temperature dependencies

Figure 5 shows the lifetime data as a function of tem-
perature for sample 1 (highly P doped) in the as-
irradiated state. The pronounced temperature depen-
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dence of the bulk lifetime, 75, as calculated from Eq. (6)
shows that the simple trapping model is not sufficient to
explain the experimental results.

From the figure, one can see that in sample 1 for tem-
peratures lower than 135 K a constant lifetime com-
ponent with 7=225 ps emerges in addition to the diva-
cancy component. The value of 225 ps is slightly higher
than that of the bulk lifetime. Therefore, it certainly can-
not be due to a bulk component modified by trapping into
the divacancies since this would require the lifetime to be
shorter than 218 ps [cf. Eq. (1)]. The closeness of the life-
time value to that of the bulk lifetime indicates very
little—if any—vacancy character of the responsible de-
fect. Since in the oxygen-vacancy pair the oxygen occu-
pies an almost substitutional position,® this, and the fact
that the A centers are, in terms of their concentration,
the dominant defects in our samples, lead us to the
identification of the traps as A centers. Figure 5 shows a
strongly temperature-dependent contribution of the A
centers to the overall trapping picture which will be de-
" scribed in detail using the extended trapping model

developed below.
The expansion of the simple trapping model to provide
~a more satisfactory description of the measured data in-
volves the concept of shallow positron traps?® and by im-
plication detrapping out of these traps. One assumes that
positrons at time ¢ =0 occupy only the bulk state and
that the shallow state is fed with a trapping rate, k,, and
is also depopulated with a detrapping rate, §,,. Trapping
into one of the deep states only takes place via the bulk
state with the rate x,; and no detrapping is assumed to
take place from a deep state. At low temperatures, where
8,,=0, up to three lifetimes (depending on the amount of
trapping) could therefore emerge experimentally: the
modified bulk lifetime 7, (1/7y=1/7p5+Kk;;+K3), the
shallow-state lifetime 7,, and the lifetime in the deep trap,
75. In our case, however, due to the closeness of 7, and
the lifetime in the shallow traps (which is very similar to
the bulk lifetime) a separation of these two components is
not experimentally possible. Using the formalism
developed by Pagh et al.,?” we obtain an expression for
the detrapping rate:

8y ={1—[a(1—13)/I;—(Ag—A3) /K] "'} (A3—Ay)

(8)
where a=k;3/k;,. A second relation between trapping
and detrapping is given by

AsKys

A2K12+()\.2+821_;\'._) ‘}\'3_—7\'—

Ag+

———}\,+)\.2_(1_I3)(Te1_1/}\.+) (9)
with A, =1(a+b+d) and
a =A’B +K12+K13 N
b=A,+5,,,
d=[(a —b)+4Kk;,6,1"?,
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where Ag, A,, and A; are the annihilation rates from the
bulk state, the shallow trap, and the deep trap, respec-
tively. 7,, is the experimentally observed shortest life-
time component. I is the intensity of the A; component.
Equations (8) and (9) involve three unknowns: 8,;, ki,
and k,;. Making use of the physical constraint that all
the rates must be greater than or at least equal to zero, an
iterative procedure leads to the allowed ranges for «, and
ky3 shown in Fig. 7. This procedure also leads to a finite
range 0<5,,<8,,,; only the maximum detrapping rates,
8maxs are shown in the figure. The trapping rates increase
rapidly with decreasing temperature and below 135 K at-
tain such large values that essentially all positrons are
trapped.

Similar calculations were done for the slightly n-type
material (sample 2), see Fig. 8. In this sample the 4
centers are neutral at room temperature and no contribu-
tion to the overall trapping could be found down to about
140 K, below which, however, a strong increase in the
trapping rate into the A centers takes place. This indi-
cates that more and more A centers become negatively
charged, exhibiting the usual significant temperature
dependence of the trapping cross section. The trapping
rate into divacancies, k3 increases of course also with de-
creasing temperature since most of the divacancies are
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FIG. 7. Trapping rates into vacancy-type defects, «;; (M),
and into shallow traps, K, (), as a function of measuring tem-
perature in sample 1 (P doped, n type). Also shown are the
maximum values of the detrapping rates 8,, out of the shallow
traps.
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FIG. 8. Trapping rates into divacancies, «;; (H), and into
shallow traps, «; (O), as a function of measuring temperature
in sample 2 (slightly n type). Also shown are the maximum
values of the detrapping rates, §,;, out of the shallow traps.

negatively charged already at room temperature.

In order to quantify the strong temperature depen-
dence of the trapping rates, we will make use of Lax’s?®
calculations regarding the trapping of electrons or holes
by charged defects. The concept is that of cascade cap-
ture, meaning a process where a particle is first captured
in a highly excited state of binding energy =~kT. It, then,
by emission of phonons, is progressively de-excited until
it reaches a low energy level, eventually the ground state.
If only acoustic phonons are important in the trapping
process, the trapping cross section varies as T~ !
whereas optical phonons yield a T~" dependence with n
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FIG. 9. Temperature dependence of the trapping rates k,,
and k3 in sample 2 (slightly n type). The underlying model is
described in the text.

TABLE IIlI. Positron lifetimes in electron-irradiated Cz-Si at room temperature.

Characteristic Specific trapping rate,
Sample lifetimes Defects and their vp, relative to Temperature
no. (ps) charge states v3=(1—2)X10""7 cm?/ns dependence
1 (1sr=225)* O-V neutral and singly negative not calculable strong®
7y =270 V,0 neutral not calculable
P-V singly negative
Ty =325 V, doubly negative 7
2,3 Ty =320 V, singly negative 3.5 T2
4 Ty =270 V,0 neutral 1 none
Ty =320 V, singly negative 3.5 723
5-7 7y =270 V,0 neutral 1 none
Ty =320—325 V, neutral 1 none

2Observable below 150 K.
®Complete trapping makes T~ " fit impossible.
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varying from 1 (at low temperatures) to 4 (at high tem-
peratures). For neutral defects, essentially no tempera-
ture dependence of the trapping cross section is predict-
ed. Considering now the temperature dependence of the
trapping of positrons, we can write Eq. (7) as

k=(2kT /m )0 p(T)C)p , (10)

where the defect concentration, Cp, is assumed to be
temperature independent. Following the arguments
above we assume the specific trapping cross section o),
to be temperature dependent as T~ " so that a plot of Ink
versus In T then will yield the value of n via the slope of
the curve. Figure 9 shows such plots for «;, and k3 (the
trapping rates into shallow traps and divacancies, respec-
tively) in sample 2. The obtained n values lie between 2
and 3, which is in excellent agreement with n =3.1 found
recently for low-temperature electron-irradiated float-
zone silicon®® and with the average n value of 2.5 found
much earlier for neutron-irradiated silicon.!® Unfor-
tunately, for the P doped sample the small temperature
range before reaching complete trapping makes a reliable
determination of the n value impossible.

The absence of strong temperature dependencies after
annealing at 400 °C is likely a result of complex formation
of the residual defects.”!%30 These complexes are neutral
and are typically oxygen-vacancy agglomerates. Depend-
ing on the particular makeup of individual complexes
they may exhibit vacancy character (Figs. 2 and 4) or
they may act as shallow traps, comparable to the 4
centers.
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V. CONCLUSIONS

The reported results obtained by positron-lifetime
spectroscopy on electron-irradiated Cz-Si are shown in
Table III and can be summarized as follows. The investi-
gation of isochronal annealing makes it possible—
through correlation with EPR data—to associate life-
times of 320325 and 270 ps with trapping in divacancies
and oxygen-divacancy complexes, respectively. The trap-
ping rates for the neutral species at room temperature are
very similar having values of 1-2 ns™! for a defect con-
centration of 107 cm™3. If the defects are charged, the
specific trapping rates (at room temperature) are in-
creased by factors of 3.5 and 7 for singly and doubly neg-
ative charge states, respectively. In this case the specific
trapping cross section is dependent on temperature as
T " with 2 <n <4. Oxygen-vacancy pairs act as shallow
traps with lifetimes close to the bulk value. In the nega-
tive charge state they exhibit essentially the same temper-
ature dependence of the trapping cross section as do the
charged divacancies. ‘
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