
PH YS ICAL RE VIE% B VOLUME 22, NUMBER 12 15 DECEMBER 1980

Temperature dependence of the annihilation of positrons in Si containing divacancies and
quadrivacancies
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Positron-lifetime and Doppler-broadening measurements have been performed on Si samples containing

divacancies and quadrivacancies in the temperature range 10 to 286 K. The trapping rate is found to increase with

decreasing temperature and its behavior is described in terms of a cascade model of positron trapping. The positron

lifetime in divacancies decreases from 320 ps at 286 K to 270 ps at temperatures less than 150 K. The lifetime in

quadrivacancies is higher (430 ps} at 286 K but attains the same value as in divacancies at low temperatures. Both
the lifetime and Doppler-broadening data suggest that the nature of the trapped state varies with temperature and

evidence indicating partial dissociation of the divacancies is presented.

I. INTRODUCTION

The positron annihilation technique is very use-
ful for studying defects in semiconductors since the
annihilation characteristics of trapped positrons
are influenced by the charge of the defects. Vari-
ous defect charge states exist, dependent on the
position of the Fermi level, and have been deter-
mined for a number of defect types in other experi-
ments, e.g. , electron paramagnetic resonance
(EPR) measurements.

In a previous work by Dannefaer et al. ' (hence-
forth referred to as paper I), we reported on mea-
surements of positron lifetimes in neutron-irradi-
ated Si. This included the study of defect kinetics
in isochronal annealing measurements which re-
sulted in the identification of the positron lifetime
in divacancies and quadrivacancies, and the pre-
diction of the lifetime in monovacancies. In addi-
tion, the temperature dependence of the annihila-
tion parameters was determined in the tempera-
ture range 88-296 K. It was found that the positron
trapping cross section in divacancies increased
significantly with decreasing temperature, in good
agreement with theoretical calculations by Lax
based on a cascade capture model. The data also
indicated that the positron lifetime decreased with
decreasing temperature.

More recently, Fuhs et al. s studied the annihila-
tion of positrons in electron-irradiated pure and
boron-doped Si and obtained positron-lifetime val-
ues in monovacaneies and divacancies, in good
agreement with the values in paper I. Their study
included isochronal annealing measurements, the
results of which were interpreted in terms of dif-
ferent charges of the defect states in pure and

doped Si.

In the present work, measurements have been
performed on two different samples, one containing
primarily divacancies and the other quadrivacan-
cies. The temperature range has been extended
down to 10 K to further investigate the applicability
of the cascade model of positron trapping, and a
combination of lifetime and Doppler-broadening
data are used to examine the characteristics of
multivacancy conglom crates.

II. EXPERIMENTAL

The Si samples, as described in paper I, were
high purity, dislocation-free single crystals and
were irradiated with 2.2&&10' thermal neutrons
per cm and 4&&'10 5 fast neutrons per cm . After
cutting and polishing, the crystals were etched in
a solution of HF and HNO3 and then mounted in a
sandwich arrangement with a positron source con-
sisting of 20 pCi of 'NaCl deposited on 0.28 mgj

Al foj.l.
Lifetime measurements were performed using a

digitally stabilized spectrometer having an operat-
ing time resolution of 360 ps full width at half max-
imum (FWHM). This value was determined by fit-
ting the total lifetime spectrum from perfect Si
with a single lifetime component, together with a
double Gaussian resolution function (computer pro-
gram kindly supplied by M. Eldrup, Riso, Den-
mark). The time stabilization was done on the
symmetric lifetime spectrum providing a constant
time-zero for the asymmetric spectrum and allow-
ing the use of the RATIO method ' of analysis.
This method yields the annihilation parameters
through a comparison of the lifetime spectra from
defect-free samples and samples containing de-
fects by taking the ratio of the two spectra.
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Samples were held in a variable temperature
cryostat and lifetime measurements were made
over the temperature range 10-286 K on samples
in which most of the vacancies were in the divacan-
cy state. The samples were then heated to 437 K
for one hour, forming quadrivacancies (see paper
I) and measurements were repeated. 8-parameter
Doppler-broadening measurements were also made
on the samples containing quadrivacancies using a
hyperpure Ge detector with a resolution function of
1.1 keV FWHM at 514 keV.

HI. RESULTS

The results of the analysis of the lifetime spec-
tra are shown in Fig. 1. The top panel shows the
fraction, I2, of the long-lived component associated
with trapped positrons as a function of tempera-
hire. As seen in paper I, I2 increases strongly
with decreasing temperature. The values of I2 in the
present investigation are less than observed earl-
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ier, due to a slow annealing at room temperature
over the three-year period between the two sets of
measurements. The middle panel shows the tem-
perature dependence of the lifetime, v2, of posi-
trons trapped at vacancies. In accordance with
paper I, the room-temperature lifetimes charac-
teristic of divacancies and quadrivacancies are ap-
proximately 325 and 430 ps, respectively. These
values are rather uncertain due to the small values
of I2 at room temperature. The salient feature in
this graph is the decrease in v2 with decreasing
temperature, reaching a common value of -270 ps
for both types of vacancy aggregates. The appar-
ent lifetime, v&, of positrons not trapped by de-
fects is shown in the lowest panel of Fig. 1. The
horizontal line marked 222 ps signifies the tem-
perature-independent lifetime of positrons annihil-
ating in perfect Si. This value is slightly lower
than found in paper I (226 ps), probably because of
the better current determination of the resolution
function.

According to the simple trapping model (onebulk
state and one trapped state with no detrapping), the
behavior of 7& may be described by

I/7, = x, + ~,
where Xs is the bulk annihilation rate (4.50 nsec )
and z is the trapping rate which may be expressed
in terms of the observable parameters as
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FIG. 1. The lifetime parameters as a function of
temperature. The solid circles and crosses refer to
divacancies and quadrivacancies, respectively. The
triangles in the panel for w2 show the room-temperature
lifetimes determined in paper I. The error bar in the
bottom panel indicates the typical uncertainty in 7~. The
open circles and horizontal line marked 222 ps in the
bottom panel show the temperature-independent bulk
lifetime in perfect Si. The uncertainties in these mea-
surements are approximately +4 ps.

EA

04 I6—

0.4I2-
D

0.408-

0.404 I

50 l00 I 50 200, 250 300

TEMPERATURE ( K )

FIG. 2. Top panel: Variation of the trapped fraction,
f, with temperature. Bottom panel: Doppler-broaden-
ing $ parameter as a function of temperature. Since the
lifetime and Doppler data were not obtained at the same
temperatures, the solid curve was drawn by eye and
used for interpolation in obtaining the results shown in
Figs. 4 and 5.
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a = (Xs —1/7'2)I2/(I —I2) . (2)

Since the computer analysis of the ratio spectrum
provides the values 7'&, 7'2, and I2, v'& may be cal-
culated from (1) and (2) and compared with the ex-
perimentally determined 7, values. This may be
viewed as an internal consistency check of the fit-
ting procedure or, granting its validity, a check on
the applicability of the simple trapping model.
Good agreement (within 10 ps) is observed over the
whole range of z values from 12 ns ' at 10 K to 0.1
ns ' at room temperature. Referring again to the
simple trapping model, the fraction of trapped pos-
itrons is

f= a/(a+ Xs) .
This trapped fraction and the Doppler-broadening
data are shown in Fig. 2 and, as expected, the S
parameter reflects generally the behavior of f.
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a =vs, (T)C„, (4)

where v = (2kT/m, )
~ is the velocity of the posi-

tron, o,(T) is the temperature-dependent trapping
cross section, and C„ is the concentration of di-
vacancies. Following paper I, we assume o, (T)
varies as T" and, using values of z obtained from
(2), a plot of 1 ( nTa'~ ) vs. lnT yields the value n
These results are shown in Fig. 3. At tempera, -
tures below 40 K, the slope of the curve n is -1,
while at high temperatures the slope is -4, values
which, according to Lax, are indicative of a trap-
ping process involving the emission 'of optical pho-
nons. Lax's expression for the trapping cross
section depends on the dimensionless parameter
K&u/kT, where he is the energy of the optical pho-
nons. As seen in Fig. 3, a good fit to the divacan-
cy data can be obtained for Nm =0.025 eV, a value
which is significantly less than the experimental
value of 0.06 eV determined by Brockhouse. This
discrepancy, which was not apparent in the results
of paper I due to the limited temperature range,
seems rather large but it should be noted that the
phonon-dispersion relation near a defect may be
changed, reducing the optical phonon energy from
the bulk value. This view is supported by theoreti-
cal calculations ' which indicate significant
mode softening in the Si lattice in the vicinity of
vacancies. It is also apparent from Fig. 3 that the
behavior of the trapping rate in quadrivacancies is
essentially the same as in divacancies.

IV. DISCUSSION

In discussing the results, the variation of I2 with
temperature will be considered first and we com-
pare (as was done in paper I) with I.ax's theory of
cascade trapping. The trapping rate v is expressed
as

FIG. 3. 1n(W ) vs lnT for divacancies () and
quadrivacancies (x). The solid curve is the best fit to
the divacancy data using Lax's theory with $~= 0.025 eV.

The trapping radius r, [wr, =v, (T)J, may be esti-
mated from (4). In paper I, the concentration of
divacancies was estimated to be 10" cm 3, but is
reduced in the present investigation by a factor of
three as seen from the lower value of I2 at room
temperature. Setting m, equal to the mass of the
free electron yields, at 10 K where r, is maxi-

0
mum, x, =10 A, a value consistent with the size of
divacancies.

We now turn to the variation of v'2 with tempera-
ture. To our knowledge, this is the first time a
temperature-dependent lifetime of trapped posi-
trons has been established in Si, although a small
temperature dependence of 7'2 has been observed in
Pb (Ref. 11). In Si, the lifetime observed in the
temperature range 10-160 K for both vacancy ag-
gregate types, is nearly constant (258 ps & r2 & 280
ps), albeit with some definite structure, and is
close to the monovacancy value of 266 +10 ps de-
termined by Fuhs et aE. Our value of v2 for di-
vacancies then increases to about 320 ps at room
temperature. This is initially puzzling since Fuhs
et al. find an essentially constant value of 318+15
ps for divacancies over the same temperature
range. These apparently conflicting observations
may be explained in terms of defects with different
charge states. The divacancy is in itq V2, V2, V2,
and V2 states when the Fermi level is above E,
—0.4 eV, E,-0.5, E„+0.25, and E„, respectively,
where E, and E„denote the conduction- and val-
ence-band edges. ' In their determination of the
lifetime in divacancies, - Fuhs et al. used undoped
Si (10' Qcm); the Fermi level must have been very
close to the midgap position with the result that the
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FIG. 4. Plot of (S-So)1(f-fo) as a function of tem-
perature fsee (6) in text].
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FIG. 5. Defect-shape parameter S& as a function of
temperature.

charge state of the divacancy would have. been
either V2 or V2. In contrast, our samples were
phosphorous-doped due to the neutron irradiation.
After complete thermal annealing, the samples
had a resistivity of 200 Acm. This would place the
Fermi level close to the phosphorus donor level
which is 0.044 eV below the conduction band. A

simple calculation places the Fermi level 0.03 eV
below this donor level. Our samples were not
completely annealed which would tend to lower the
Fermi level, but the reduction would likely be
small judging from the very small fraction of trap-
ped positrons (and hence defect concentration} at
room temperature. Therefore, the divacancies in
our samples were probably in the V& state due to
the higher position of the Fermi level.

It has been speculated that the difference in the
charge state of the divacancy could have a profound
influence on its structure. '3 In contrast to the
other charge states, the V2 divacancy may be par-
tially dissociated due to the strong repulsion be-
tween the two electrons in antibonding orbitals.
This would lead ideally to a structure with two va-
cancies separated by a Si ion, a configuration
corresponding to the saddle-point configuration for
divacancy migration. The main reason for the
speculative nature of this, structure is that the V2

state has no unpaired electron spin, with the result
that EPH measurements cannot be made. Positron
measurements, however, lend themselves to the
determination of such a structure change, and the
present results taken together with those of Fuhs
et al. , indicate that the dissociated vacancy model
for the V2 state is indeed correct. We interpret
our decrease in v'2 with temperature as being due
to a localization of the positron in only one of the
vacancies in the divacancy (or quadrivacancy)
complex, thus yielding a monovacancylike lifetime
at low temperatures. Since Fuhs et a/. investi-
gated the undissociated divacancy in the V2 or V2

state, it would be expected that they would observe
the divacancy lifetime of -320 ps even at low tem-
peratures.

We consider finally the Doppler-broadening data
shown in Fig. 2. The shape parameter S of a Dop-
pler-broadened curve may be expressed as

S =(I -y)S, +ps„ (5)

S —So f
f —S0 S f f(So S0) (6)

where So, S~o, and fo refer to the values of S, S~,
and f at T =To. Allowance has been made for a
temperature dependence of SD but, on the basis of
the constancy of the bulk lifetime it is reasonable
to assume that S~ is not significantly temperature
dependent. An examination of the right side of (6)
shows that if S~ were temperature independent, a
constant value should result. The left side of (6),
determined experimentally from the Doppler and
lifetime data, is plotted in Fig. 4 with To —20 K
and it is clear from this result that $D is tempera-
ture dependent. The behavior of SD alone cannot
be determined from Fig. 4 since Fig. 4 shows the
combined influence of f and Sn. In fact, depending
on the relative rates of change of SD and f, either
a positive or negative temperature dependence
could account for the observed behavior of (S —Sp)j
(f-fo). An attempt was made to obtain S~ directly
from (5) by choosing Ss =S at T =300 K (no trap-
ping) and the result is shown in Fig. 5. The un-
certainties in the higher-temperature values of SD
are very large but there is at least an indication
of a positive temperature dependence. Qualitative-
ly, this result is consistent with the interpretation
of the behavior of w2, i.e., at low temperatures
where the positron is restricted to one of the va-

where S& and $D are the shape parameters corre-
sponding to the bulk material. and the defects, re-
spectively, and f is the fraction of trapped posi-
trons given by (3) and plotted in Fig. 2. Since the
defect distribution should be narrower (larger Sn)
than the bulk distribution, S is expected to increase
with f as is indeed the case. It is convenient to
choose some reference temperature, T„and to
develop from (5} the expression
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cancies in the quadrivacancy complex, the distrib-
ution should be relatively wide while at higher
temperature the distribution should become nar-
rower as the positron samples the entire quadr, i-
vacancy.
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