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Positron trapping at vacancies in electron-irradiated Si at low temperatures
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Experimental results on positron trapping at vacancies in electron-irradiated silicon are present-
ed. The positron lifetimes 273+3 and 248+2 ps in pure Si and heavily-phosphorus-doped Si

([P]= 10 cm ') are assigned to a negative monovacancy V and a negative vacancy-phosphorus
pair (V-P), respectively. In pure Si, positron trapping displays a strong negative temperature
dependence, and the specific trapping rate reaches very large values (10' -10' s ') at low tempera-
tures. In Si:P the trapping rate is independent of temperature. These different temperature behav-

iors are attributed to different positron-trapping mechanisms, a cascade of one-phonon transitions
in pure Si, and an Auger process in Si:P.

I. INTRODUCTION

Because of their positive charge, positrons are strongly
repelled by the positive-ion cores in solids. Open-volume
defects such as vacancies, isolated or associated with oth-
er defects, are attractive centers, where positrons get
trapped. As a result of trapping the annihilation charac-
teristics change. Because of the reduced electron density
around a vacancy the annihilation rate decreases and the
electron-positron momentum distribution narrows. '

Positron annihilation at vacancy defects in semicon-
ductors has been clearly observed. Positron trapping in
silicon has been reported after irradiation and deforma-
tion. ' In compound semiconductors, especially in
GaAs, positron annihilation has revealed the presence of
native vacancies. " ' Furthermore, the possibility of
probing vacancy defects in the near-surface region, in
thin films, and at interfaces has been demonstrated by us-

ing low-energy-positron beams. '

Annihilation characteristics give specific information
on the defects involving vacancies. In semiconductors it
is important to correlate this information to the defect
properties known from well-established techniques which
are sensitive to vacancies as well as other defects such as
interstitials, antisites, and impurities. Positrons in stan-
dard experiments sample the bulk properties as, for ex-
ample, electron paramagnetic resonance (EPR) or optical
absorption do. The determination of the concentration of
vacancy defects from annihilation parameters requires
that the specific trapping rate per defect, or the trapping
cross section, is known. So far the mechanisms and the
cross sections of positron trapping in semiconductors are
poorly known even in the case of vacancies.

In metals the trapping process is reasonably well un-
derstood. ' In the transition to the bound state at a va-
cancy defect, the release of the positron binding energy is
assisted by electron-hole excitation in the conduction
band. Trapping is limited by the quantum-mechanical
transition rate, which is independent of temperature for .

small defects such as a vacancy. The positron binding en-

ergy is typically a few eV, and the specific trapping rate
for a monovacancy is of the order of 10' s ' in all met-
als.

In semiconductors there exists experimental evidence
indicating that positron trapping is temperature depen-
dent. ' ' Specific positron-trapping rates have been es-
timated in a few cases. From neutron-irradiated Si Dan-
nefaer et aI. have estimated the specific trapping rate
2X10' s ' for divacancies at 300 K. This is in good
agreement with the value 3X10' s ' deduced from
electron-irradiation experiments by Shimotomai et al.
From electron irradiation in GaAs Stucky et ah. ' found
the specific trapping rate 6X 10' s ' for As vacancies at
300 K. These values are comparable to those typically
encountered for vacancies in metals. Until now, there are
no theoretical calculations on positron trapping in semi-
conductors.

As the free-carrier capture at defect centers, ' the
positron trapping at vacancies is expected to vary strong-
ly with the semiconductor, the position of the Fermi lev-
el, and temperature. The charge of the vacancy defect
and its screening play a determining role in the mecha-
nism by which the energy released in the trapping is car-
ried away. A strong reduction in the trapping cross sec-
tion is expected when a neutral defect becomes positively
charged. In analogy with the carrier capture, a multi-
phonon or an Auger transition at a neutral defect may be
replaced by a phonon cascade capture mechanism, when
the defect becomes negatively charged. At low tempera-
tures the cascade capture leads to a large increase in the
trapping cross section at charged defects.

The aim of this work is to study positron-trapping
mechanisms at vacancies in silicon at two different
Fermi-level positions. We present experimental results
on the temperature dependence of the trapping rate in
electron-irradiated silicon samples. The results show that
the positron trapping at vacancies occurs via different
mechanisms in high-purity Aoat-zone Si and in heavily-
phosphorus-doped Si ([P]=10 cm ). In pure Si the
trapping is strongly temperature dependent, and the
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specific trapping rate reaches giant values (10'7—10' s ')
at low temperatures. In Si:P the trapping process has
characteristics similar to those in metals, i.e., the specific
trapping rate is of the order of 10' s ', and it is indepen-
dent of temperature. We conclude that positrons are
trapped at negative vacancies via a phonon cascade cap-
ture in pure Si, and at negative vacancy-phosphorus pairs
via an Auger transition in Si:P.

The paper is organized as follows. In Sec. II experi-
mental details are given. In Sec. III experimental lifetime
results are presented, and in Sec. IV the positron traps
are identified as monovacancies in pure Si and vacancy-
phosphorus pairs in P-doped silicon. In Sec. V we esti-
mate the specific trapping rates and attribute their
different temperature dependences to different trapping
mechanisms.

II. EXPERIMENT

High-purity Si and n-type Si heavily doped with phos-
phorus were studied. The high-purity samples were cut
from a Aoat-zone-refined Si ingot grown at the Centre
d'Etudes Nucleaires de Grenoble. The resistivity of this
material was p=10 Q cm. The residual boron and phos-
phorus concentrations, based on photoluminescence mea-
surerpents, were n~ =3.3X10' cm and no =1.4X10'
cm, respectively. This is in good agreement with the
electrical measurement, which yielded n ~

—nD = 1.5
X 10' cm . The concentrations of oxygen and carbon
were below the detection limit of 10' cm . The Si:P
samples were cut from a Czochralski-grown Si ingot
doped with phosphorus. The phosphorus concentration
was approximately 10 cm, and the resistivity was
lower than 8X10 Q cm.

Irradiations were carried out with 1.5- and 3.0-MeV
electrons in the Van de Graaf accelerators at Centre
d'Etudes Nucleaires de Grenoble and Centre d'Etudes
Nucleaires de Fontenay aux Roses. Irradiation tempera-
ture was 20 K and the electron current 2—4 pA cm
Three pairs of pure Si samples were irradiated with 3.0-
MeV electrons. The Auences were 1 X 10', 1 X 10', and
I X 10' e /cm . In the case of Si:P samples the irradia-
tion energy was 1.5 MeV, and the Auences were 3X10',
3 X 10', and 3 X 10' e /cm . After irradiation the sam-
ples were transferred in liquid nitrogen into the positron-
lifetime spectrometer, and thus the defect structure cor-
responds to an annealing temperature of 77 K. Positron
lifetime was measured in a hquid-helium cryostat. The
temperature range studied was from 4 to 150 K, and the
temperature regulation was better than +1 K.

The positron lifetime was also measured in situ at 20 K
immediately after electron irradiation in pure Si. The
incident-electron energy was 1.5 MeV and the Auence
1X10' e /cm . The samples and the irradiations are
listed in Table I.

The lifetime spectrometer was a conventional fast-slow
coincidence system. ' The width of the resolutio~ func-
tion was optimized for each lifetime spectrum, and it
remained within +3 ps from the mean value 276 ps for
the full width at half maximum. Typically, the total
number of counts in a single spectrum was 10 . A 20-pCi

Na source evaporated on a 1-mg/cm Ni foil was used.
The annihilations in the source were estimated to contrib-
ute two components, 3/o of 180 ps and 5.9% of 500 ps.
In the in situ measurement the source activity was 60 pCi
evaporated on a 1-pm-thick Al foil, and the source
correction was 2.6% of 500 ps. After subtracting the
source components the spectra were analyzed with either
one or two lifetimes. The average lifetime ~ was deter-
mined in terms of the lifetimes ~& and ~2 and their intensi-
ties I

&
and I2 as ~=I,~, +I2~2.

III. KXPKRIMKNTAL RESULTS

A. Pure silicon

Positron lifetime in pure Si samples before the electron
irradiations was measured to be 221+1 ps at 300 K and
219+1 ps at 77 K. The average positron lifetimes as
functions of temperature after the 3.0-MeV electron irra-
diationss at 20 K and annealing at 77 K are given in Fig.
1. The lifetime values measured at 4 K clearly increase
with the electron fiuence. After the 1 X 10' -e /cm irra-
diation the average lifetime at 4 K is 2 ps above the value
measured in the unirradiated samples. After the Auences
1X10' and 1X10' e /cm, the increase at 4 K is 16
and 39 ps, and the lifetime is 237 and 260 ps, respectively.

Figure 1 also shows that ~ decreases strongly as tern-
perature increases. The decrease from 4 to 120 K is ap-
proximately 20 ps in these two samples. A most interest-
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FIG. 1. The average positron lifetime ~ as a function of tem-
perature in electron-irradiated pure Si after different Auences.
The variation of the lifetime is completely reversible from 4 to
120 K. The lifetime in bulk Si is 221+1 ps at 300 K and 219+1
ps at 77 K. Irradiation temperature was 20 K and the incident-
electron energy 3.0 MeV.
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ing feature is that this change in lifetime is completely re-
versible. Thus it is not an annealing effect. The first an-
nealing stage in these samples was found to take place
around 150 K.

After 1 X 10' - and 1 X 10' -e /cm irradiations we
find it possible to resolve two separate lifetime corn-
ponents without putting any constraints on the exponen-
tial fits in all the spectra, apart from the single spectrum
measured at 115 K after the electron irradiation 10'
e /cm . The results of the decompositions are given in
Figs. 2 and 3. For both Auences the long lifetime ~2
remains constant as temperature varies from 4 to 120 K.
Within the experimental errors, the value of ~2 is the
same for two samples, 273+3 and 277+3 ps, respectively.
The intensity I2 in Figs. 2 and 3 decreases as temperature
increases, and this explains the decrease of the average
lifetime observed in Fig. 1. The short lifetime ~, after
1X10' and 1X10' -e /cm irradiations is about 150
and 110ps, respectively.

Lifetime measurement carried out in situ at the irradia-
tion temperature 20 K yields the average positron life-
time &=241 ps after the 1 X 10' -e /cm irradiation with
1.5-MeV electrons. The lifetime spectrum can be decom-
posed into two components. The long lifetime is
hz=273+1 ps, and its intensity I2 is 77+1%. The short
lifetime is 7

~
132+5 ps. The average lifetime of 241 ps

is approximately 20 ps lower than the value obtained
after the 1 X 10' -e /cm irradiation with 3-MeV elec-
trons and annealing at 77 K. However, it is important to

90
0

o

eo—

I Pure

70

2
280

270

140

120
C3
CX

100
C)
O

80
I I I I

20 40 60 80 100 120

TEMPERATURE T (K)

FIG. 3. Positron lifetimes ~I and ~2 and the intensity I2 as
functions of temperature in pure Si after 1X 10"-e /cm elec-
tron irradiation. Irradiation temperature was 20 K and the
incident-electron energy 3.0 MeV. The variations of the lifetime
parameters are completely reversible.
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notice that the long lifetime ~2 has the same value after
the 1.5- and 3.0-MeV irradiations. The lifetime v.

2 has a
lower intensity I2 after the 1.5-MeV irradiation, which
explains the shorter average lifetime.

In conclusion, we find the same lifetime ~&=273+2 ps
after electron irradiation at 20 K with or without anneal-
ing at 77 K. Moreover, this lifetime is found after 1.5- as
well as 3.0-MeV irradiation.
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FIG. 2. Positron lifetimes ~I and v2 and the intensity I2 as
functions of temperature in pure Si after 1X 10' -e /cm elec-
tron irradiation. The average lifetime v is presented in Fig. 1.
Irradiation temperature was 20 K and the incident-electron en-
ergy 3.0 MeV. The variations of the lifetime parameters are
completely reversible.

B. Phosphorus-doped silicon

Positron lifetime in phosphorus-doped Si:P was found
to be 221+1 ps at 300 K. As in pure Si, the lifetime is
nearly independent of temperature. From 77 to 300 K
the increase is less than 2 ps. The average positron life-
times ~ measured in Si:P after the 1.5-MeV electron irra-
diations and annealing at 77 K are presented as functions
of temperature in Fig. 4. After the lowest fluence 3 X 10'
e /cm the lifetime is 3 or 4 ps higher than in unirradiat-
ed samples. The decomposition of the spectra was not
possible (Iz ( 10%).

With the irradiation Auence 3 X 10' e /cm, the aver-
age lifetime reaches a value 235 ps, corresponding ap-
proximately to an increase of 15 ps. Unlike in pure Si, ~
shows only a weak linear and reversible increase with
temperature. Two lifetime components are resolved in
this sample, and the decompositon as a function of tem-
perature is presented in Fig. 5. The long lifetime v2 is
now around 248 ps and it exhibits a slight increase with
temperature. The intensity I2 is approximately 90% and
tends to decrease with temperature. The short lifetime ~&
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Si:P are compared. First, the long lifetime ~2 induced by
electron irradiation at 20 K is 273+3 ps in pure Si and
248+2 ps in Si:P. Second, the intensity I2 shows a strong
reversible negative temperature dependence below 120 K
in pure Si, whereas it remains nearly constant in Si:P.
The two di6'erences are discussed below. In Sec. IV the
long lifetime will be assigned to a monovacancy in pure Si
and to a vacancy-phosphorus pair in Si:P. In Sec. V the
difFerent temperature dependences of I2 will be attributed
to two difFerent positron-trapping mechanisms.
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FIG. 4. The average positron lifetime ~ in electron-irradiated
phosphorus-doped Si ([P]=10 cm 3) after different fiuences.
Irradiation temperature was 20 K and the incident-electron en-

ergy 1.5 MeV.

remains constant with a value of 130+10ps.
The increase of the electron fluence further to 3 X 10'

e /cm leads to saturation in positron trapping
(I2 = 100%%), and there is only one lifetime in the spectra.
This lifetime is 248+2 ps, consistent with the results of
the decomposition after the 3X10' -e /cm electron ir-
radiation. There also seems to be a weak linear increase
of 2X10 psK ' with temperature. This trend was
confirmed by measurements at 300 K, where the lifetime
was 252+1 ps.

To conclude this section we make a summary of the ex-
perimental findings as follows. The positron lifetime re-
sults exhibit two striking difFerences when pure Si and

IV. IDENTIFICATION OF POSITRON TRAPS

Positron trapping at defects induced by electron irradi-
ation is readily seen in pure Si and Si:P as the average
lifetime increases appreciably after irradiation. In the
following, we first recount some consequences of the trap-
ping model and then successively examine the charac-
teristics of positron trapping in pure Si and Si:P.

A. Trapping model

When there are two modes for annihilation, i.e., posi-
trons may annihilate from a delocalized state in bulk or
as trapped at a defect, the lifetime spectrum takes the
form

n ( &) =I, A, ,exp( 1,, t) +—I2 I&exp( Azt)—.

In terms of the two-state trapping model, the experimen-
tal annihilation rates I, , =~, ' and A,2=~2 ' are related to
the characteristic annihilation rates in the bulk (A,b ) and
at a defect site (A,d (A, b ) as follows:

Ab +K

and

2 Ad (3)
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The factor p is the specific trapping rate. Equation (3)
implies that the lifetime ~d =A,d is readily determined by
the experimental annihilation rate A,2, independent of the
trapping rate or the defect concentration. Furthermore,
from the lifetimes ~& and ~2 and their intensities I, and I2
one can calculate the average lifetime,

~=I ) w)+ I2~2,

which is relatively insensitive to uncertainties in the
decomposition of the spectrum. In a situation in which
only the trapping rate K is subject to change, the average
lifetime defines the trapping rate,

Here K is the trapping rate, which is proportional to the
defect concentration cd.

FIG. 5. Positron lifetimes ~& and ~& and the intensity I2 as
functions of temperature in phosphorus-doped Si ([P]=10
cm ') after 3 X 10' -e /cm electron irradiation. Irradiation
temperature was 20 K and the incident-electron energy 1.5
MeV.
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In conclusion, when there is only one kind of a defect
present, it is characterized by the positron lifetime v2,
and as this lifetime remains unchanged, the average life-
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time ~ yields the positron-trapping rate v. If the defect
concentration is too low (~ ((A, I, ), all positrons annihilate
before trapping and I2=0. On the other hand, at high
defect concentrations (a ))A,b ) all positrons annihilate as
trapped in defects and I2 = 100%%uo. The comparison of the
annihilation rate A,

&
calculated from Eq. (2) with the ex-

perimental one provides a check on the consistency of the
two-state trapping model.

-B. Vacancies in pure Si

The positron lifetime was found to be 221+1 ps in pure
Si before irradiation. This result is in agreement with the
value 220 ps accepted as the bulk lifetime in silicon. '

From 77 to 300 K the increase of this lifetime is less than
2 ps.

After electron irradiation, positrons are trapped at
irradiation-induced defects. The defect lifetime v.z is the
same, 273+3 ps, for irradiation performed with either
1,5- or 3.0-MeV electrons. The value of ~2 is also in-

dependent of the irradiation Auence. This strongly sug-
gests that this lifetime is due to a well-defined defect.

The electron energies of 1.5 and 3.0 MeV are sufficient
to produce both vacancies and divacancies in Si lattice.
The maximum recoil energies of the knocked-on atoms
are 290 and 920 eV, respectively. The mean recoil ener-
gies, however, are very close to the displacement thresh-
old energy Ed = 10—20 eV needed to create a single
Frenkel pair, although energetic knocked-on atoms can
produce small displacement cascades including divacan-
cies. Thus the majority of displacements leads to the for-
mation of vacancy-interstitial pairs. However, self-
interstitials are mobile in Si already at the irradiation
temperature 20 K, which leads to considerable recom-
bination of Frenkel pairs. This may change much the ra-
tio between mono- and divacancy concentrations. The
lifetime data suggest that positrons are trapped at mono-
vacancies in pure Si samples.

Several authors have previously associated lifetimes
around 270 ps with a monovacancy in Si. Fush et al.
found a lifetime of 266+10 ps after 1-MeV electron irra-
diation at 20 K. During annealing this lifetime disap-
peared at 150 K, which is consistent with the tempera-
ture where vacancies are known to migrate. Dannefaer
et al. measured the same lifetime, 271+2 ps, in thermal
eqmlibrium above 1450 K and assigned it to monovacan-
cies. Positron lifetimes in semiconductors have been cal-
culated by Puska et al. The predicted lifetime for a
Si vacancy is 254—260 ps.

Lifetimes around 270 ps are clearly shorter than the
lifetime associated with the divacancy in Si. The experi-
mental lifetimes for divacancies fall in the range 318—330
ps. Dannefaer et a/. have proposed that after 330 K
neutron-irradiation divacancies give rise to a 325-ps life-
time. Fush et al. have attributed the lifetime 318 ps to
divacancies in Si after 1-MeV electron irradiation and an-
nealing above 150 K. Shimotomai et al. have reported
lifetimes of 318—327 ps after 2-MeV electron irradiation
at 300 K. After similar irradiation divacancies have been
clearly identi6ed by electron-paramagnetic-resonance
(EPR), electron-nuclear double-resonance (ENDOR), and

deep-level transient spectroscopy (DLTS) measure-
ments.

We assign the lifetime 273 ps to monovacancies in Si.
When this value is compared to the lifetimes of 254—260
ps calculated by Puska et al. ,

" the open volume ap-
pears to be larger than for an ideal vacancy, which sug-
gests that the relaxation of the erst-neighbor atoms of the
vacancy are outwards. The lifetime 273 ps is still well
below the theoretically predicted value for the divacancy.
For an ideal divacancy, the theoretical lifetime is 306—309
ps, ' nearly 20% longer than for the monovacancy.

Further support to the assignment of the 273-ps life-
time to monovacancies comes from the annealing proper-
ties. The annealing stage of this lifetime was observed at
150 K. This is in the temperature region where vacancies
become mobile, whereas divacancies are stable up to
450-500 K.30

In pure Si the Fermi level still remains in the middle of
the energy gap after electron irradiations. Therefore, the
273-ps lifetime corresponds to the charge state occupied
at this Fermi-level position. Since the early identification
of the V+ charge state of the Si vacancy, experimental
evidence of three other charge states V, V, and V
has accumulated. The identi6cation of the vacancies in
electrical measurements is, however, difficult, and the
ionization levels are not precisely known. Watkins and
Troxell ' have proposed a scheme for the ionization levels
in which the silicon vacancy is a negative U center with
the level (0/+) at 0.05 eV above the top of the valence
band E„and the (+/2+) level at E„+0.13 eV. The ion-
ization levels (

—/0) and (2 —/ —) lie somewhere in the
energy gap above E„+0.13 eV and below E, —0.17 eV
(E, is the bottom of the conduction band). Van
Vechten has proposed that the ( —/0) level lies below
the midgap at E, —0.73 eV, and that the (2—/ —) level is
above the midgap at E, —0.27 eV. EPR and DLTS, as
well as electrical measurements, indicate that a
vacancy —group-V-impurity pair gives rise to the ioniza-
tion levels ( —/0) located around E, —0.45 eV. The
assumption that the vacancy-impurity ionization levels
are vacancy-like ' leads to locate the ionization level
(2—/ —

) of the vacancy slightly above E,—0.45 eV, in
good agreement with the levels proposed by Van
Vechten. We conclude, therefore, that the 273-ps posi-
tron lifetime is due to vacancies in the single negative
charge state, i.e., V

Di8'erent charge states could explain why we observe
at low temperatures positron trapping only at monova-
cancies, although both vacancies and divacancies are
present. EPR measurements have placed the ionization
level (2 —/ —) of a divacancy at E, —0.4 eV, making it
possible that the divacancy could be neutral or singly
negatively charged when the Fermi level is in the rniddle
in the energy gap. Based on DLTS measurements,
Evwaraye and Sun have proposed a scheme of ioniza-
tion levels in which (0/+), ( —/0), and (2—/ —) levels
are located at E, +0.25 eV, E, —0.41 eV, and E,—0.23
eV, respectively. Thus the midgap position of the Fermi
level would correspond to the neutral charge state of a di-
vacancy, and we expect that positron trapping at nega-
tively charged vacancies is much more efficient.
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FICs. 6. Positron trapping rate v calculated from Eq. (4) as a
function of temperature in pure Si after 3.0-MeV electron irra-
diation at 20 K. The trapping rate corresponding to the Auence
1X10' e /cm has been scaled by a constant factor of 6.0 to
compare the variation of ~ with temperature. The variation is
completely reversible.

The decrease of the average lifetime as a function of
temperature (Fig. 1) is explained by the decrease of the
intensity I2 (Figs. 2 and 3), i.e., the fraction of positrons
annihilating at vacancies. Thus only the positron-
trapping rate is subject to change and it may be calculat-
ed from the average lifetime according to Eq. (6). This,
however, requires that the two-state trapping model is
valid. Below this is checked by comparing the short life-
time ri from Eq. (2) with the experimental one. For 1.5-
MeV irradiation, the calculated value for ~& is 135 ps and
agrees well with the experimental value 132+5 ps. The
agreement is good also for 3.0-MeV irradiation when the
fluence is 1 X 10' e /cm, but after the higher fluence of
1 X 10' e /cm it is no longer satisfactory. In this sam-
ple the intensity I2 is high (90%), and the calculated
values for ~& are much below 100 ps. Such short lifetimes
are below the limit of the experimental resolution. Fur-
ther, we were unable to improve the fitting by adding a
third lifetime, either free or constrained, into the analysis.
In conclusion, we consider that the experimental data can
be treated in terms of the two-state trapping model in all
three samples.

The trapping rate ir calculated from Eq. (6) is given as a
function of temperature in Fig. 6. In the figure the trap-
ping rate in the 1X10' -e /cm irradiated sample has
been scaled by a constant factor of 6.0 to compare the
temperature dependences. We find an appreciable de-
crease in v with temperature in both 1 X 10' - and
1X10' -e /cm irradiated samples. Below 20 K the
trapping rate ~ is approximately 2X10 and 13X10 s
in the two samples, respectively. Increasing the tempera-
ture to 120 K reduces the trapping rate by a factor of 10,
and the decrease is nearly linear. The change is reversi-

ble, and therefore it cannot be related to an annealing of
the irradiation-induced vacancies. There is no reason to
expect any change in the configuration of a vacancy in
the temperature range 4—120 K in pure Si. We conclude
therefore that Fig. 6 illustrates a strong decrease of the
specific positron-trapping rate p, defined in Eq. (4). It
will be seen in Sec. V that the identification of the 273-ps
lifetime as a negative vacancy V is quite consistent with
the specific trapping rate estimated for this defect and
with the strong reduction of p with temperature.

C. Phosphorus-vacancy pairs in Si:P

The defect lifetime ~2=248+2 ps induced by 1.5-MeV
electron irradiation in the P-doped samples is clearly
shorter than any previously reported value for a Si vacan-
cy. Dannefaer and Kerr' have observed a 240-ps life-
time in Czochralski-grown Si after heat treatment and at-
tributed it to a vacancy-oxygen complex. In the present
case phosphorus is the dominant impurity, and we there-
fore consider the vacancy-phosphorus pair (E-center) as
the defect structure for the 248-ps lifetime. Small clus-
ters of phosphorus atoms may exist in addition to isolated
substitutional P atoms, as the concentration is as high as
10 cm . Even then the pair of a vacancy and one P
atom would be the dominant defect. Pure vacancies can
be ruled out since they migrate already below 200 K.
Such annealing is not observed for the 248-ps lifetime,
but the first annealing stage occurs around 450 K in
agreement with the disappearance of V-P pairs.

The vacancy-phosphorus pair is the dominant defect
produced by electron irradiation at room temperature in
P-doped Si. Here we observe them to be present after
20-K electron irradiation and annealing at 77 K. Forma-
tion of these centers may take place after increasing the
temperature to 77 K or during the irradiation at 20 K.
In low-resistivity n-type Si the vacancy migration energy
associated with the charge state V is only 0.18 eV,
and hence vacancy migration occurs already below 80 K.
The probability to form V-P pairs is high due to the high
phosphorus concentration and the attractive interaction
between the opposite charges of the vacancies and ion-
ized P impurities. In addition, formation of these centers
already during the electron irradiation may also occur.
Vacancies are not mobile at 20 K, but limited vacancy
migration may take place under the irradiation condi-
tions. This kind of a process has been suggested to be re-
sponsible for the existence of close vacancy-oxygen pairs
immediately after electron irradiation at 20 K. As this
material was grown by the Czochralski method, oxygen is
also present. However, because of the very high phos-
phorus content the 248-ps lifetime is interpreted as a pos-
itron annihilating at a V-P pair rather than at a site of a
vacancy-oxygen pair.

The V-P pair has an ionization level ( —/0) at 0.44 eV
below the conduction band in weakly doped Si:P. Due
to the very high P concentration the interaction between
phosphorus atoms may change the position of the ioniza-
tion level. The concentration of phosphorus atoms, 10
cm, is su%.ciently high to keep the Fermi level in the
conduction band at about E, +0.07 eV after 3X10'-
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FIG. 7. Positron trapping rate K in phosphorus-doped Si
([P]=10 cm 3) after 1.5 MeV electron irradiation at 20 K.
The electron Auence was 3X 10' e /cm .

e /cm irradiation (see Sec. V 8 2). Cxiven the position
of the Fermi level we can assign the 248-ps lifetime to the
negatively charged ( V-P ) pair. The atomic con-
figuration of the negative charge state is not known, as
this center cannot be observed with EPR. However, by
extending the structural model of the neutral (V-P)
pair, we reach the conclusion that the positron sees the
Si vacancy as V . The positron lifetime changes with
the charge state of a defect only when the charge-state
transition induces a distortion around the lattice site.
We observe a strong reduction of the lifetime in ( V-P)
compared to the lifetime in an isolated vacancy V . This
suggests an inward relaxation at the vacancy site when it
is doubly negative. In Sec. V it will be seen that the
electron-positron screening effect in Si:P may also reduce
the positron lifetime in a vacancy.

Previously, Mascher et al. associated the V-P pair to
a lifetime of 270 ps measured in the same P-doped (10
cm ) Si material as ours after 40-MeV proton irradia-
tion. This difference could be due to a different charge
state. However, a question arises whether the defect re-

sponsible for the 270-ps lifetime is a pure V-P pair. The
migration energy of the E center is 0.95—1.25 eV depend-

ing on the charge state, but the 270-ps lifetime was sti11

observed after annealing above 1200'C. As proton irra-
diation produces displacement spikes, the 270-ps defect
might be also a multiple vacancy associated to phos-
phorus atoms.

The average lifetime as well as the lifetime &2 in Figs. 4
and 5 were found to be independent of temperature.
Therefore one expects to find a positron-trapping rate
which remains constant. This is illustrated in Fig. 7,
where a calculated from Eq. (6) is depicted in the temper-
ature range 4—150 K. The trapping rate is (7+1)X10
s . Additional measurements at 230 and 300 K indicat-
ed that the trapping rate is still at the same level. The
fact that no annealing occurred in these samples below
4SO K clearly indicates that the concentration of positron
traps remains unchanged. Therefore the specific posi-

tron-trapping rate into (V-P) pairs turns out to be in-

dependent of temperature below 300 K.
In summary, we have identified the positron traps as

negatively charged vacancies V in pure Si and as nega-
tively charged vacancy-phosphorus pairs ( V-P) in Si:P.
We have also reached the conclusion that the specific
trapping rate into a vacancy V displays a strong nega-
tive temperature dependence between 4 and 120 K in

pure Si and remains constant from 4 to 300 K in the case
of ( V-P) pairs in Si:P.

V. POSITRON TRAPPING

A. Specific trapping rate

The specific positron-trapping rate p in Eq. (4) can be
written in terms of the trapping cross section o. as

where v is the thermal velocity of a positron. This form
is practical in comparing positron-trapping cross section
with the cross sections for carrier capture. The estima-
tion of p (or o. ) from the experimental trapping rate ~ is

straightforward, when the concentration of the defects
trapping positrons is known. The defect concentration
induced by electron irradiation is

dcd

dQ Xg

where X is the defect-production rate, P is the integrated
Aux, and X~ is the atomic density. Complications arise
from determining the defect-production rate X in silicon,
as recombination of the vacancy-interstitial pairs occurs
already during irradiation even at 20 K. In silicon X is
highly dependent on the type and concentration of impur-
ities. In the following we first neglect the recombina-
tion and later try to assess it using existing experimental
defect-production rates.

The total displacement rate, neglecting all the recom-
bination effects, gives an overestimate and an upper limit
for the defect-production rate X and consequently, a
lower limit for the specific trapping rate. %'e have ac-
complished this estimation by applying the McKinley-
Feshbach approximation for the electron-atom scattering
cross section and using the total displacement probability
similar to that in the Kinchin-Pease model with a cutoff
at the threshold displacement energy Ed."' For Ed we

have adopted the value 21 eV. The vacancy-production
rate X so obtained is 2.6 and 3.6 cm ' for 1.5- and 3.0-
MeV electrons, respectively. This estimation of X, to-
gether with the experimental trapping rate v, results in
the specific positron-trapping rate p presented in Table I
(p, no recombination). In the case of pure Si samples,
where x depends on temperature, p is calculated at 20 K.
In Si:P ~ and p are independent on temperature. In both
types of silicon samples we get p = 10' —10' s ', which is
equal to the values typically encountered in metals. Thus
the specific trapping rates for vacancies in silicon are at
least as high as in metals. It can be even much higher,
when the recombination is taken into account, as will be
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seen below.
Recombination of interstitial atoms with vacancies

reduces the final number of displaced atoms. In silicon
this efFect is pronounced due to the athermal interstitial
migration taking place down to at least 0.5 K (Refs. 42
and 43) during electron irradiation. As originally pro-
posed by %'atkins to explain results of EPR measure-
ments, vacancy-interstitial recombination occurs unless
the interstitial atoms find some other sinks than the va-
cancies. In p-type Si the acceptor atoms act as traps for
interstitials. The vacancy-production rate increases
linearly with the doping level, until it saturates at the ac-
ceptor concentrations of 10' —10' cm . The highest
values in p-type Si for 1.5-MeV electron irradiations
below 20 K are in the range 0.1—1 cm '. ' There ap-
pears to be no evidence for interactions of self-interstitials
with donor impurities. Therefore in n-type Si with very
few interstitial sinks the vacancy-production rate may be
as low as 0.001—0.01 cm

Kouimtzi and Banbury have reported a production
rate of 0.002 cm ' for 1.5-MeV electron irradiation at 4
K in 8-doped Si having an acceptor concentration of
4X 10' cm . This concentration is comparable to that
in our pure Si material ( n ~

=3 X 10' cm ), and we
adopt the vacancy-production rate 2=0.002 cm ' for
pure Si. For 3.0-MeV electrons a simple scaling with the
ratio of the total number of displacements calculated
above yields a vacancy-production rate X=0.003 cm
These very low values indicate that the recombination of
vacancy-interstitial pairs is nearly complete, only O. l%%uo of
vacancies survive.

Estimation of the recombination e6'ects in our Si:P
samples is more difIicult. There are three types of poten-
tial traps for interstitials. First, as Czochralski-grown
material the oxygen content is high, about 10' cm . In-
frared adsorption studies indicate that oxygen is an
e6'ective trap for interstitials, but still the cross section
seems to be much lower than for group-III acceptor
atoms at low temperatures. Second, due to the high

phosphorus concentration of 10 cm, Si:P samples are
expected to contain pairs and small clusters of phos-
phorus atoms. Such clusters may be able to trap self-
interstitials in silicon. Third, the residual acceptors are
traps for interstitials. Altogether, we may assume that
the total concentration of traps for self-interstitials is at
the level of 10' —10' cm or higher, which in p-type Si
is sufficient to saturate the vacancy-production rate into
the range 0.1—1 cm . As an order-of-magnitude esti-
mate we adopt for Si:P the vacancy production rate
X=0.3 cm '. This value means that 10% of vacancies
survive during recombination.

The specific positron-trapping rates and the trapping
cross sections, based on the experimental defect-
production rates discussed above, are listed in Table I (p,
with recombination). Two points can be noted. First, in
pure Si the level of the specific trapping rate is 10' —10'
s ' at 20 K. This is a giant value compared to the trap-
ping rates in metals, and it is strongly temperature depen-
dent. Also, the corresponding values for the trapping
cross section, 10 "—10 ' cm, are comparable to the gi-
ant cross sections for carrier capture. ' Second, in Si:P
positron trapping has characteristics similar to those in
metals. The specific trapping rate p is approximately
10' s ' and it is constant from 4 to 300 K.

B. Trapping mechanisms

Capture of free carriers at defects in semiconductors
occurs via radiative and nonradiative mechanisms. Non-
radiative mechanisms can be classified into two main
categories depending on whether they are phonon assist-
ed or involve excitations of electrons (Auger process-
es). ' ' Similar nonradiative mechanisms are expected
to be available for the trapping of free positrons at de-
fects. Radiative mechanisms are ruled out in the case of
positrons as they occur in a time scale of 10 s, which is
2 orders of magnitude longer than the positron lifetime.

TABLE I. Samples and electron irradiations at 20 K. The defect lifetime ~2, specific trapping rate p,
and trapping cross section o. are given at 20 K. The specific trapping rate JM is estimated (a) from the
total-displacement rate (no recombination), and (b) from the experimental vacancy-production rates
(with recombination). The values of o. are based on the values of p with recombination. For the
vacancy-production rates used to estimate the specific trapping rate, see the discussion in Sec. V A.

Sample

Pure
Pure'
Pure
Pure
P-doped'
P-doped
P-doped

Eirr
(MeV)

1.5
3.0
3.0
3.0
1.5
1.5
1.5

Fluence
(e /cm )

1X10"
1X 10"
1X10"
1X10"
3 X10"
3 X 10"
3 X 10"

(ps)

273+1

273+3
277+3

248+3
248+1

p
(s ')

2X 10'

1X10"
4X10"

2X ]0'4

p
(s ')

3X10"

2X 10'8
1X10"

2X10"

b

(cm')

2X 10

1X10-"
7X 10-"

1X10-"

'No recombination.
With recombination.

'No trapping is observed.
"Trapping is in saturation.
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Below we discuss separately the trapping mechanisms in
pure Si and Si:P.

1. Cascade trapping in pure Si

p o:p2( T)T exp(E, /kT) . (9)

For example, from 100 to 200 K, electron-capture cross
section at selenium (Se +

) in Si can be fit in a cascade
model with the power law T " with n =3.2 as well as in
the two-stage capture model of Eq. (9) with E, =14
meV.

The initial positron trapping occurs at a highly excited
Rydberg-like state around a charged vacancy. In the first
stage the positron descends through a ladder of closely
spaced states emitting phonons of increasing energy at
each step. The energy released in the final transition
down to the deep ground state in the vacancy is about 1

eV and too high to be carried out by one-phonon emis-
sion. However, it is possible to observe an increase in the
positron lifetime (221 —+273 ps) only, when the trapped
positron has reached its ground state in the vacant lattice
cell. In an excited Rydberg-like state the positron scans
mainly the bulk and has the lifetime 221 ps. Thus the

in pure Si the specific trapping rate into vacancies is
characterized by (i) extremely high values at low temper-
atures reaching 10' —10' s ', and (ii) a strong decrease
with temperature from 4 to 120 K. Giant carrier-capture
rates of the order of 10' —10' s ' have been observed in
Si and Ge, and they have been explained by a capture
process at a charged defect involving the emission of a
phonon cascade. The cascade model for electrons as-
sumes a series of closely spaced states near the conduc-
tion band. A carrier is captured by one of the upper ex-
cited states and it descends from one state to another at
lower energy by emitting one or a very few phonons at
each step.

The conditions, at which the cascade model can be ap-
plied, are well fulfilled for positrons in pure Si. Positron
traps are negative centers, V; the trapping rate is very
high and it displays a strong negative temperature depen-
dence, as predicted by this mechanism at the low-
temperature limit.

Within a semiclassical approach of the cascade pro-
cess, the carrier-capture cross section varies with temper-
ature as T ". According to Abakumov and Yassie-
vich, n=1 when the thermal energy kT is smaller than
the kinetic energy of a carrier having the sound velocity,
i.e., kT((2 K in Si. For kT&60 K the trapping cross
section decreases as T . Gibb et al. have extended
the cascade model to situations involving deep levels.
They suggest a model in which the electron is first cap-
tured by a cascade process to the energy state E„and the
subsequent step to the ground state occurs at the rate p2.
Energy E, is the lowest state reached by the cascade pro-
cess. According to this two-stage model, in the low-
temperature limit the capture cross section is the same as
in the cascade capture. At higher temperatures the
thermal reemission back to the conduction band becomes
larger than the final capture to the ground state, and the
capture rate p is

trapping process consists of two stages. A multiphonon
emission or an Auger transition is necessary to take the
positron to the ground state. Both these processes are
slow compared to the cascade process, but fast compared
to the positron lifetime.

Puska et al. " used the linear-muffin-tin-orbital
atomic-sphere-approximation (LMTO ASA) Green's-
function method to calculate the positron and electron
single-particle states at vacancies in various semiconduc-
tors. Their results showed that the positron is more
bound than the outer electrons. In Si the positron bind-
ing energy varies from 1.0 to 1.6 eV depending on the
charge state of the vacancy and is typically 1.5 times
higher than the binding energy of the less bound electron.
Therefore, two Auger processes may occur. The bound
electron carrying away the energy released by the posi-
tron is excited into a Rydberg-like state of the vacancy or
is ejected into the conduction band. Even the excitation
of a valence electron to the conduction band cannot be
ruled out.

In Fig. 8 we show the positron-trapping rate in a lnv-
versus-(1/T) plot. One can see that above 60 K the posi-
tron data fits the law vcc exp(E& /kT) with E& =20+2
meV. This energy corresponds to a Rydberg-like state
with the quantum number n =3 for the positron trapped
around a V vacancy. It is comparable to the electron
captured by Se + with E

&

= 14 meV corresponding to the
Rydberg state of n=2 or 3. If the trapping cross sec-
tion is fitted to the T " law in the same temperature
range, from 60 to 120 K, one finds n =3.1, in good agree-
ment with n = 3 predicted by Abakumov and Yassievich
for the cascade process.

The transition rate from the state E& to the ground
state can be estimated in the following simple way. The
transition rate pz( T) competes with annihilation from
state E, . We do not observe annihilations from this
state. This means that the transition rate pz(T) is at least
about 10 times faster than the annihilation rate in the

2.0—
t)

0

n 1.5-

1.0—

Sj pure

~ 1~101~e /cm2

o 1„1017e /cm

I I 1

10 15 20 25

TEMPERATURE 1000/T (K '
)

FIG. 8. Temperature dependence of the positron trapping
rate a at negative vacancies V in pure Si after 3.0-MeV elec-
tron irradiation at 20 K. The trapping rate corresponding to
the fluence 1X10' e /cm has been scaled by the same con-
stant factor of 6.0 as in Fig. 6.
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bulk, i.e., p2(T)) 5X10' s '. Such high transitions
rates are possible, because the positron wave function in
the state E& is already fairly localized in the vicinity of
the vacancy. The classical radius of the n=3 Rydberg
state for a positron in Si is about 40 A.

It is interesting that the positron-trapping rate does not
fit the predicted temperature dependence below 60 K, be-
cause the carrier cascade model is supposed to work espe-
cially well in the low-temperature region. In semiconduc-
tors, most of the studies of the carrier-capture rate are
performed above 100 K. The origin of the discrepancy in
the temperature behavior is not yet understood, but may
indicate that for the positron a full quantum-mechanical
treatment of the trapping process is necessary. However,
we may conclude that the cascade process explains quali-
tatively the positron trapping at negative vacancies in
pure Si.

2. Trapping via Auger process in Si:I'

The positron-trapping rate in Si:P is quite similar to
that in metals. This is not entirely unexpected because Si
crystals doped with phosphorus to 10 cm exhibit rne-
tallic properties. The critical concentration n, for the
metal-insulator transition in Si:P is 3.75X10' cm, in
good agreement with the theoretical value

n,' ao =0.25, (10)

where ao is the effective Bohr radius for the electron. '

The donor levels of P atoms are no more discrete but
form a band (see, e.g. , Mott and Pantelides et al. and
references therein). At 0 K the crystal has its valence
bands fully occupied and the conduction band is filled up
to the Fermi level with the 10 cm electrons from P
donors. A simple parabolic band can be assumed to cal-
culate the Fermi energy. %'ith the effective mass of
1.062mo (Ref. 54) the Fermi level lies at 0.071 eV above
the bottom of the conduction band.

In Si:P the Thomas-Fermi screening length is A,+&=40

A, only about 10 times longer than its typical value in
metals. Thus the screening of the positron charge in this
material is close to the metallic limit and more efFicient
than in pure Si. This changes the positron lifetime in a
vacancy. Puska has calculated the lifetime in an As va-
cancy V at the metallic limit of screening, and found a
12-ps decrease. The difference is expected to be roughly
the same for a sihcon vacancy. The positron lifetime in a
(V-P) pair is approximately 25 ps lower than in a va-
cancy V in pure Si. We may attribute about 5—10 ps of
this difference to the screening in Si:P, and the rest is due
to the different charge state of the vacancy. By extending
the configuration model of the neutral vacancy-
phosphorus pair (V-P) proposed by Watkins to the
negative (V-P) pair, we reach the conclusion that the
positron sees a vacancy, which has three pairs of local-
ized electrons. This means that the positron sees a V
vacancy in Si:P instead of a V vacancy in pure Si. Posi-
tron lifetimes are rather insensitive to the charge state as
long as no relaxation occurs, ' and therefore we can
conclude that the first-neighbor atoms of the vacancy are
relaxed inwards in (V-P) compared with V . Such a

tendency corresponds to that predicted by Samara.
Although the positron trapping in Si:P occurs at a neg-

atively charged vacancy, the cascade process is no longer
possible because the screening of the Coulomb potential
(Ze /r)exp( r/—Ar„) is very efficient. The effective Bohr
radius [Z= 1 for ( V-P) ] for the positron is 6.2 A. Sub-
stituting this value into Eq. (10) we see that the positron
can no longer be bound to a Rydberg-like state, when the
conduction-electron density is higher than 7 X 10' cm

As seen in Sec. IV, the positron-trapping rate in Si:P
remains constant at least up to 300 K. This temperature
independence a priori rules out the capture mechanism
via multiphonon emission, because the capture rate of
this process is temperature dependent. ' The
positron-trapping mechanisms which may yield a capture
rate independent of temperature in Si:P are (i) the capture
via electron-hole excitation in the conduction band as in
metals, and (ii) the capture via Auger processes. Depend-
ing on the energy E„released in positron capture, various
Auger processes may take place. If E, is high, E, &E~,
the three following Auger processes are possible: (1) a
valence electron is ejected into the conduction band, (2) a
valence electron is ejected into a localized state at a deep
trap, or (3) a localized electron at a deep trap is ejected
into the conduction band. For E, &Eg p

the band-band
Auger transition is no longer possible, and the processes
involving localized states at deep traps may occur de-
pending on the required ionization energies and momen-
tum conservation.

Here we are dealing with positron trapping at negative-
ly charged vacancies in the vacancy-impurity pairs (V-
P) . Puska et al. ' have calculated the positron bind-
ing energies and lifetimes at vacancies. The theoretically
predicted binding energies are 1.0 eV for isolated V va-
cancies and 1.5 eV for isolated V vacancies. The posi-
tron binding energy at V-P pairs are expected to be of the
same order. For example, the positron binding energy at
V~, -Aso, complexes is slightly higher (0.2 eV) than in
isolated pure VA, vacancy. The energy released in posi-
tron trapping at vacancies in Si:P is thus higher than the
optical band gap, E +El;. At 20 K, the photolumines-
cence experiments indicate that the optical gap is approx-
imately 1.1 eV and that the energy gap Eg in
phosphorus-doped Si ([P]= 10 cm ) is smaller by
0.145 meV than the energy gap of 1.17 eV in pure Si. "'
The three Auger processes quoted above therefore seem
possible.

The question arises, whether electron-hole creation in
the conduction band or the Auger process may account
for the specific trapping rate value of 2X10' s ' in Si:P.
For carrier capture it is accepted that an Auger transi-
tion may yield capture rates comparable to the rates ob-
tained in multiphonon emission processes. Capture rates
as high as 5X10' s ' have been explained by the multi-
phonon emission process in GaP. However, the experi-
mental data on the Auger process are less firm and the
theoretical values appear to be very sensitive to the
choice of the wave functions used to describe the free- or
bound-carrier states. ' Jaros has proposed that many
of the capture cross sections as high as 10 ' —10 ' cm,
which exhibit only weak temperature dependence, might



10 172 MAKINEN, CORBEL, HAUTOJARVI, MOSER, AND PIERRE 39

be explained by this mechanism.
We have roughly 'estimated that neither the electron-

hole excitation in the conduction band nor the band-band
Auger process can yield trapping rates as high as 2 X 10'
s . Thus an Auger transition is likely to involve local-
ized states in the case of positron trapping at the ( V-P)
pair, which contains up to six localized electrons.

In conclusion, in Si:P the insensitivity of the positron
trapping rate to temperature is typical of an Auger pro-
cess. However, the specific trapping rate in the range
10' —10' s ' would lead to conclude that the Auger pro-
cess is unusually efficient in a ( V-P) pair.

IV. CONCLUSIONS

In this paper we have studied positron-trapping mech-
anisms in semiconductors by investigating the tempera-
ture dependence of positron trapping in electron-
irradiated silicon at different Fermi-level positions.

In pure Si the positron lifetime 273+3 ps is attributed
to negatively charged monovacancies V . The trapping
rate is strongly temperature dependent and decreases by
an order of magnitude between 4 and 120 K. In heavily
phosphorus-doped Si ([P]=10 cm ) the lifetime of
trapped positrons is 248 ps. This lifetime is attributed to
negatively charged vacancy-phosphorus pairs ( V-P )
The difference between the two lifetimes indicates that
the lattice relaxation associated with the V vacancy in
the V -P+ complex is inward compared with an isolat-
ed V

The specific trapping rates are dificult to estimate be-

cause of the recombination during low-temperature irra-
diation. However, the results tend to show that the
specific trapping rate at V in pure Si reaches a giant
value of 10' —10' s ' at 20 K. The very large trapping
cross section and the strong temperature dependence
point out that positron trapping occurs via the phonon-
cascade mechanism.

In heavily doped n-type Si:P the specific trapping rate
is of the order of 10' s ' and independent of tempera-
ture, as in metals. The doping level is so high that the
crystal has metallic properties. Due to the high carrier
concentration the long-range Coulomb interaction is
screened out, and the phonon-cascade mechanism is not
possible for positron trapping. We have attributed the
trapping to the Auger process, where localized electrons
at V are excited to the conduction band.

In summary, positron trapping at vacancies in semi-
conductors is as complex as carrier capture. Different
trapping mechanisms occur depending on the charge
state of the defects and the Fermi level of the sample.
The value of the specific trapping rate may vary several
orders of magnitude.
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