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Positron-annihilation lifetime spectra have been obtained from neutron-irradiated silicon. Isochronal annealing

shows that positrons trapped in divacancies have a lifetime of 325 + 20 psec and in quadrivacancies, a lifetime

of 435 ~ 30 psec. From this a positron lifetime of 270 psec is predicted for monovacancies. Divacancies are

found to anneal out according to a second-order process with an activation energy of 0.8 ~ 0.1 eV. Breakup of
divacancies is found to follow a first-order process with an activation energy of approximately 1.7 eV. The

positron trapping cross section for divacancies varied with temperature approximately as T ", which is in

good agreement with theoretical calculations based on the cascade capture model of the electron capture

cross section. At 296'K the positron capture cross section was estimated to be about 4X 10 ' cm'.

I. INTRODUCTION

Positron- annihilation studies ln silicon and
germanium have shown that defects created by
irradiation act as traps for positrons, as inferred
from the observation that the mean lifetime of the
positrons increases with radiation dose. Brandt
and Cheng' found in electron-irradiated silicon
that the mean lifetime increased with decreasing
temperature which they interpxeted, on the basis
of the trapping model, as being due to a tempera-
ture-dependent detrapping rate. In deformed ger-
manium, Kuramoto et al. ' succeeded in separating
the bulk lifetime from a longer lifetime which they
attributed to annihilation of positrons trapped at
dislocations. The effect of doping with different
impurities is not clear since Sen and Sen' found
a small dependence of the positron lifetime on the
doping while Dorikens et al.' did not observe any
such dependence.

In this paper we will report results from posi-
tron-lifetime studies of isochronal annealing of
neutron-irradiated silicon and also of the tempera-
ture dependence of the lifetime spectra. For the
first time the defect and bulk lifetimes have been
separated„ thus providing a more detailed picture
of the annihilation characteristics. This is a prom-
ising development since the positron technique can
then complement the more traditional microscopic
techniques such as EPR and optical spectroscopy. '

II, EXPERIMENTAL

High-purity dislocation-free single crystals of
P-type silicon (1900 0 cm} with less than 10" oxy-
gen atoms per cm' were irradiated simultaneously
with 2.2 && 10" thermal neutrons per cm' and
4.0 & 10 "fast neutrons per cm' at about 30'C.
After cutting and polishing, the crystals were

etched in a solution of HF and HNO, . The iso-
chronal anneal was performed in an oil bath regu-
lated to within —,

' 'C in the temperature range
70-220'C. A furnace was used for the annealing
at higher temperatures, with the same accuracy.
The annealing time for each temperature was
20+0.2 min. The positron measurements were
made at a temperature of 23'C on the annealed
samples using a NaCl positron source of strength
1.5 —p Ci deposited on 0. 28- mg/cm Al foil. En the
lifetime spectra this source gave a background-to-
peak ratio of 5 && 10 '. For the low-temperature
measurements a variable- temperature cryostat,
with a temperature regulation better than +& C,
was used. A 20- p, Ci source was used in order to
compensate for the increased separation of the
detectors. The lifetime spectrometer had a time
resolution of 320 psec at full width at half-maxi-
mum and each lifetime spectrum contained about
1.3 & 10' counts, accumulated during a time period
of 20 h. Further details of the lifetime spectrom-
eter are to be found in Ref. ].Q.

'The lifetime spectra were analyzed using the
program POSITRONFIT. " A source correction was
applied and was determined from measurements
on well-annealed Si crystals, by making the
reasonable assumption that only one lifetime is
present in perfect Si (the so-called bulk lifetime).
Any further components in the observed spectrum
are defined as source components. The relative
intensity of the source corrections amounted to
0.50% and 3.5% for the weak and strong sources,
respectively.

III. RESULTS

The results of the isochronal annealing experi-
ments are show'n in Figs. 1 and 2. The bulk life-
time was determined from a preirradiated crystal

14



DANNEFAER, DEAN, KERR, AND HOGG 14

o) 700—

I- VOO-

300-

230—

220-

2IO—

I

I e
Ie
I

I !

~ ~ ~
ir

~ ~ e ~

I

IOO

1

200
ANNEALING TEMPERATURE ('C)

400

e ———— —e

is shown in Fig. 3, as investigated in the tempera-
ture range 88-296 'K. With increasing temperature
a slight increa. se in the lifetime 7., is observed,
while its intensity I, decreases significantly. The
curve shown in the panel for 7, is calculated on
the basis of the simple trapping model (see Sec.
IV A) by use of the values of I, and 7, . In these
measurements no long-lived component of the order
of nanoseconds was found. For well-annealed
samples the bulk lifetime showed no temperature
dependence.

FIG. I.. Lifetimes 7
&

and 72 measured after 20-min
isochronal. anneal. s. The measuring temperature was
23 'C. The vertical dotted lines in the panel for 7& sep-
arate the annealing stages I, II, and III (see text). The
bulk lifetime is indicated by the broken line.

as well as from four diffexent sets of irradiated
crystals annealed for 1 h at temperatures of
500, 750, 1000, and 1250'C. A mean value of
226.5+1.0 psec was determined, and is indicated in

Fig. 1 by the broken line in the panel for v, .
On the basis of the behavior of both the lifetime

r, (Fig. 1) and the intensity of this component I,
(Fig. 2), we divide the annealing range into three
stages, designated arbitrarily as I, II, and III.
Stage I (20-150'C) is characterized by a nearly
constant value of 7, = 325 psec and a large de-
crease of I, from 24% to 7%. Stage II (150-250'C)
is characterized by 7, having a new, approximately
constant level at =435 psee. Stage III (250-420'C)
is characterized by a decrease in ~, and at about
340'C the same value is a,gain obtained as in stage
I. I2 increases and reaches a maximum at about
340 C. In Fig. 2 is also shown the intensity I, of
a third component with a, lifetime 7„of approxi-
mately 4 nsec (not shown). The intensity of this
component is very small (&0.2%) and was only found
in the temperature range 90-300'C.

The temperature dependence of the lifetime
parameters for an unannealed irradiated sample

IV. DISCUSSION
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Before discussing the results, we will first con-
sider the defect structure in neutron, -irradiated
silicon. Later, the discussion will be divided into

part A, dealing with the annealing experiments,
and part 8, dealing with the temperature depend-
ence.

The radiation damage suffered by silicon depends
on the neutron energy. Fast neutrons are known

to create displacement spikes with high concentra-
tions of defects, "of the order 10' cm ', which

ean be surrounded with an extended dipole"'
region exceeding 1000 A. The number of displace-
ment spikes ean be estimated to be about 6 x 10'
cm ', using a mean elastic scattering cross sec-
tion of 3 b and by assuming that only one spike is
formed per scattered fast neutron, which probably
is an underestimate. The number of defects in

ea.ch spike is estimated" to be 200, yielding a
total defect concentration of approximately 1.2
&10" cm '

Slow neutrons, on the other hand, can be cap-
tured by the silicon nuclei which leads to y-ray
emission from the excited nuclei, imparting an
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FIG. 2. Isochronal. anneal (20 min) of the two intensi-
ties I& and I

&
of the lifetimes 72 and ~&. The triangles

show a measurement on a post-irradiated sample.

FIG. 3. Temperature dependence of ~~, I 2, and 7'&,

the curve in the panel for T& is calculated from the trap-
ping model. .
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average recoil enexgy of 800 eV to the silicon
atom. " Since this energy is large enough to create
displacements, the thermal neutrons mill cause
radiation damage which is homogeneous (approxi-
mately 26 displacements could be created, but only
about two remain at room temperature). The dose
of 2.2 x 10" slow neutrons per cm' also gives rise
to the formation of roughly 3 x 10""P atoms per
cm' (from "Si) and the total number of recoiling
Si atoms ("Si and "Si) is about 7.5 && 10'" per cm',
thus creating -1.5 & 10"defects per cm'.

The monovacancy is the.primary vacancy-type
defect created by radiation, but since it migrates
at -200 or -100 C (depending on its charge") it
cannot be stable at room temperature. The diva-
cancy, however, migrates at -170'C and is stable
to -350'C, so one mould expect that the divacancy
is the dominant secondary defect type at room
temperature. The fact that the migration energy
of divacancies is higher than for monovacancies
(in contrast to the case for metals) is owing to the
crystal structure of silicon. Higher aggregates of
vacancies are of course possible, but the probabil-
ity of their formation decreases rapidly with in-
creasing cluster size, since, in a migration pro-
cess involving only monovaeancies of concentra-
tion e„, this probability varies as c„", n being the
number of monovaeancies in the cluster. Although
monovacaneies are highly mobile at room temper-
ature, they ean be stabilized at temperatures mell
above by trapping at impurities, e.g. , phosphorous
or oxygen.

A. Isochronal annealing

We attribute the 7, component to annihilation of
positrons trapped in radiation produced defects,
since this component is removed by annealing
beyond 440'C. At present no attempt to correlate
the very-long-lived v, component to a physical
process mill be made, but, as its intensity is very
lorn, me mill disregard it in the following. Adopt-
ing the simple trapping model, ' the trapping rate
from the bulk to the defect is given by

where A, (=I/r, ) is the a—nnihilation rate in the
defect and A., is the bulk annihilation rate. We have

A, = 1/0.2265 nsec '. Furthermore,

the bulk annihilation rate mill equal the observed
bulk rate, but othermise a discrepancy will be
found. In Fig. 4 the calculated bulk lifetime 1/Xo

using (1) and (3) is shown. The broken line shows
again the observed bulk lifetime, and it is clear,
that in the temperature range 30-270'C, a system-
atic deviation is present, while fox higher tem-
peratures good agreement is observed. Gn this
basis, and also because v, exceeds the bulk life-
time in the temperature range 160-260'C (see
Fig. 1), it is suggested that another component
with a somewhat longer lifetime than the bulk life-
time is mixed into the bulk lifetime. This com-
ponent could arise from positrons trapped in

monovacancies mhich have been stabilized by im-
purities. The precise nature of the defect cannot
be determined with certainty, but it seems that the
phosphorous vacancy complex can be ruled out
because it is stable'8 only belom 150'C. The pres-
ent experiments do not provide a direct determi-
nation of the lifetime in monovacancies (an indirect
determination mill be presented later), which
means that it is not possible to xnodify the trapping
model and obtain quantitative results. It is be-
lieved, however, that since the discrepancy be-
tween the calculated and observed bulk lifetime
only amounts to about (2-3)%, the trapping rate
calculated from (1) is sufficiently accurate.

The annealing of I, (Fig. 2) in stage I takes place
at about the same temperature as that of the
1.8- pm optical-absorption band" arising from
divaeancies, and me thexefore assume that in this
stage the positrons annihilate, at least mainly,
in divacancies mith a lifetime of 325 +20 psee.
This value is close to the saturation level of the
mean lifetime determined by Cheng gt aE.' It is
noted that, since v, is approximately constant in
stage I, this indicates that the divaeancies are not
forming aggregates.

The annealing rate of vacancies can be described
by the expression

d
dt 7

where c„ is the vacancy concentration, A is a
constant, n is an integer and F." is a migration
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where X, (=—1/7, ) is the observed annihilation rate
of the shortest component. In order to check the
applicability of this version of the trapping model
we use (2) in the form

If the model is correct the "model value" X0 of
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FIG. 4. "Bulk" lifetime 1/A. o calculated from the trap-
ping model using the isochronaL annealing data shown in

Figs. 1 and 2. The broken Line indicates the experimen-
tally determined value (226.5 psec).
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energy. The isochronal annealing measurements
yield E" according to

F(2) h [1/c&i+)) 1/c(i)J
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where c„"' is the vacancy concentration at the end
of the jth annealing step at temperature T"', and
B is a constant; n =1 corresponds to a first-order
process and n=2 to a second-order process. E"
can be found from (4) and (5) by making the usual
assumption that the trapping x'ate is proportional
to the vacancy concentration. Assuming first that
the annealing in stage I follows a first-order pro-
cess, this gave a poor fit to a straight line, and
further, a value of E"of only 0.3 eV, which is too
lom for a process taxing place at room tempera-
ture. A second-order process, on the other hand,
gave a good fit to the data (see curve Y)2) in Fig.
5) yielding a migration energy of E"=0.8+0.1 eV,
which is somemha, t lower than the migration ener-
gy of 1.2 eV for divacancies. ~' This indicates that
the divacancy is not the moving species, and me

therefore suggest, in agreement with Seeger, "
that it is the interstitial which is the migrating
species. This interpretation is supported by the

fact that the lifetime ~, in stage I is constant.
Furthermore, I ee and Corbett" found from EPR
measurements that the migration energy of inter-
stitials is 0.6+0.2 eV, in good agreement with
our determination.

In the beginning of stage II, 7, increases at the
temperature where reorientation (and hence migra-
tion) of divacancies is known to take place, "and
me therefore interpret this increase in 7, as being
due to aggregation of divacancies. From a statis-
tical point of view an aggregate of tmo divacancies
(a quadrivacancy) is the most probable. This is
further substantiated if the assumption is made that
the increase of the positron lifetime over the bulk

value is proportional to the number of vacancies in

the cluster. The increase in stage II is 210 psec,
which is approximately twice the increase for the
divacancy (99 psec), thus suggesting the quadriva-
caney formation. As a corollary of this hypothesis
one can determine, from a plot of annihilation rate
versus number of vacancies (zero, two, and four),
that the lifetime in monovacancies is roughly 270
psec. The decrease of 7, beyond 260 C in stage
III is interpreted as being a result of a break up
of the quadrivacancy complex, resulting in an in-
crease in I,. The temperature of 260'C is some-
what lower than found from EPR measurements"
where the quadrivacancy complex is found to break
up at 300-350'C. At 340 C, 7, is again close to
325 psec, indicating that most of the vacancies are
again in divacancy form. The trapping rate a,t this
temperature is 0.10 nsee ', which is close to the
rate at 150'C (0.11 nsec '), thus indicating that
only a minor loss in divacancy concentration has
taken place. This suggests that essentially all
interstitials have disappeared at 150 C or have
formed clusters stable to at least 340'C. The
decrease of I, beyond 340'C mas found to be ap-
proximately of first order (see curve 1'~) in Fig.
5) with an activation energy of -1.7 eV, which
agrees well with the binding enex gy of divacaneies. '9

B. Temperature effect

lO /T(K )

FIG. 5. Arrhenius plot of the parameter F~'}calculated
according to Eqs. (4} and (5} (see text) and using the
isochronal annealing data in Figs. 1 and 2. Y' ' and F~~

refer to a first- and second-order process, respectively.

The temperature dependence of positxon trapping
has previously been investigated principally in
metals, where experiments and theoretical calcu-
lations indicate a T" dependence where n ~0 (see,
e.g. , Ref. 23). If only a mean lifetime is deter-
mined experimentally, this dependency mill result
in a constant or increasing mean lifetime. In
contrast to this situation in metals, Brandt and
Cheng' observed, in silicon, a decrease of the
mean lifetime with increasing temperature, which
they interpreted as being a result of an increase
in detrapping rate from shallow traps. We point
out that their result may also be interpreted in
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terms of a trapping rate which increases with de-
creasing temperature, i.e. , the opposite of the
situation in metals. In order to decide between
these tmo interpretations, we include detrapping
in the trapping model" and obtain for the detrap-
ping rate, 0, valid for all values of 5:

6= (X, —X,)(Z, —X,)/(X, —Z, ) .
Here )., (=—I/v, ) is the observed annihilation rate in the

trapwhile detrapping is occurring, and X, is the anni-
hilation rate in the trap if no detrapping occurs Xy ls
the observed annihilation rate of the shortest com-
ponent, and Ao is the bulk annihilation rate. %e argue,
from a physical point of view, and inaccordance with

Brandt and Cheng, ' that the detrapping rate should
increase with temperature, and, since 5~0, X,
must increase. Oux results given in Fig. 3 show,
however, that X, actually decreases (as does X,),
which suggests that the concept of detrapping is
not applicable here. We therefore consider our
results in the framework of a temperature-depen-
dent trapping rate, and in ordex' to explain the re-
sults, we mill make use of Lax's'~ calculations of
the trapping of electrons (or holes) by defects. He

finds, by adopting the concept of cascade capture, "
that for charged defects the trapping cross section
varies as T "if only acoustic phonons are impor-
tant in the trapping process, whereas optical pho-
nons yield a T' " dependence mith n varying from 1
at low temperatures to 4 at high temperatuxes.
For neutral defects, n varies from 1 to 0, i.e. ,
quite differently from the case of charged defects.
Furthermore, Lax" concluded that the trapping
process mas not diffusion limited since this gave
trapping cross sections four orders of magnitude
too large. Experimentally, Bemski~' observed aT"dependence for electron capture in Au' cen-
ters (charged defects) in the temperature range
200-500'K, which shows that scattering with op-
tical phonons is the dominant process.

Considering now the trapping of positrons, we

assume, in the light of the above, that the process
is not diffusion limited and can then write the trap-
ping rate as

~ = vcr, (T)c„,

where v = (2kT/m, )'~' is the thermal velocity of the
positron, g, (T) is the (temperature-dependent)
positron trapping cross section, and c„ is the de-
fect concentration. In viem of the above, we as-
sume o,(T) varies as T " and a plot of In(~T ' ~')

vs lnT will then, yield the value of n according to
(6). In Fig. 6 our experimental values are plotted
along with Lax's" calculated curve for trapping
in a charged defect (taken from his Fig. 9, and
adjusted only by a constant), and me conclude
from the good agreement that, with respect to

trapping, positrons behave similarly to electrons
(or holes). Over the main part of the temperature
range, n is approximately 2.5. It follows that the
positron is trapped in a defect having a negative
charge since a neutx'al defect would result in a
much smaller temperature dependence, as men-
tioned above.

In Sec. IVA it mas shown that the dominant de-
fect after irradiation was the divacancy. The
charge of this defect is negative when the Fermi
level is between E„+0.55 and F.„+0.80, "where

E„ is the energy of the top of the valence band (in
electron volts). Since the Fermi level in irradiated
Si is close to the midgap level (E„+0.6),"it is
suggested that the divaeancy can account for the
temper"ature dependence of the trapping rate. The
possibility that the phosphorous or oxygen vacancy
complex could account for the temperature depend-
ence can be ruled out, because these centers are
neutral when the Fermi level is at the midgap
position.

The magnitude of the positron trapping cross
section at 296'K can be calculated from (6) using
the vacancy eoneentration estimated in the begin-
ning of the discussion (1.2 x 10" cm '). Using the
simplifying assumption that all vacancies are in
the form of divacancies one gets &,(300 'K) = 4
x 10 "cm', which is one order of magnitude less
than Bemski's" result for electrons trapped in
Au' centers. Several reasons for this diffex ence
can be visualized, one arising from the fact that
the majority of divacancies are confined to a vol-
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FIG. 6. Temperature dependence of trapping cxoss
section (proportional to KT ', K being the trapping
rate). The curve shows the theoretical results based on
Lax's calculations (Ref. 24).
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ume with very high defect density, which could
have the effect of reducing the effective number of
vacancies. From an experimental point of view,
the large increase in trapping cross section with
decreasing temperature is of benefit, since very
low densities of defects can be detected.

The reason for the small temperature depen-
dence of v, shown in Fig. 3 is not clear at present.
It seems unlikely, however, that the effect could
be understood in terms of the thermal expansion
of the lattice, since a nonlinear behavior of 7, is

observed. A possibility is that the positron, de-
pending on the sample tempexature, can occupy
different energy levels in the vacancy potential as
a result of the cascade capture process.
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