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Charge State Dependences of Positron Trapping Rates Associated
with Divacancies and Vacancy-Phosphorus Pairs in Si
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Charge state dependences of positron trapping rates associated with divacancies and vacancy-phosphorus pairs
in Si have been studied by controlling the Fermi level systematically. The specific trapping rates of both a diva-
cancy and a vacancy-phosphorus pair increase with an increase in the negative charge on them. A positively
charged divacancy shows no detectable positron trapping. Such charge state dependences of the positron trapping
rates clearly show that the long-range Coulomb interactions between a positron and a charged divacancy or a
charged vacancy-phosphorus pair play an important role in the trapping process.
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1. Introduction

Divacancies are a dominant species of defects in a sili-
con (Si) crystal irradiated with fast particles at room
temperature.? This is because monovacancies are too
mobile to survive at such a temperature.>® Both the
atomic and electronic structures of a divacancy in Si
have so far been investigated extensively by various ex-
perimental techniques, such as electron paramagnetic
resonancen (ESR),? infrared absorption (IR),>? photo-
conductivity (PC)'®'Y and deep level transient spec-
troscopy (DLTS).?>'® It is now established that three
energy levels are associated with a divacancy within
the band gap at E.—0.23eV, FE.—0.42eV and
FEyv+0.27 eV,'? where Ec and Ey are the energies of the
bottom of the conduction band and the top of the va-
lence band, respectively. Thus, four different charge
states (V3~, Vi, V%and V) are available for a diva-
cancy, depending on the Fermi level of the crystal. Va-
cancy-phosphorus (VP) pairs are also known to be one
of the main defects introduced by irradiation in phos-
phorus-doped Si.»® The properties of a VP pair have
also been studied by various techniques.’*?? Since a
VP pair has one energy level within the band gap at
Ec—0.44 eV, two different charge states (VP~ and
VP?) are available for a VP pair, depending on the Fermi
level.

Positron lifetime measurement is a powerful tech-
nique for detecting vacancy-type defects in crystal.??
Recently, this method has been extensively applied to
the investigation of defects in semiconductors.?**” The
positron lifetime is determined by an overlap integral
between the positron and electron wave functions.
Hence, the positron lifetime has the tendency to in-
crease with the size of a vacancy cluster where a
positron annihilates. On the other hand, the positron
trapping rate of a defect reflects the interaction of the
defect with a positron. In the case of metals, the
Coulomb attraction between a positron and a vacancy
is weakened due to the screening by free electrons.

*Present address: JAERI, Takasaki Radiation Chemistry Research
Establishment Institute, Watanuki-machi 1233, Takasaki, Gunma
370-12, Japan.

Since such a screening effect is reduced in semiconduc-
tors due to the low free-electron density, the long
range Coulomb interaction is expected to act between a
positron and a charged defect. Thus, the trapping rate
of a defect is expected to depend on the charge state of
the defect. The trapping rate obtained from a positron
lifetime measurement is proportional to the specific
trapping rate and the defect concentration. In order to
clarify the interaction between a positron and a defect,
it is important to determine the absolute value of the
specific trapping rate. This is, however, a difficult task
since the defect concentration must be known. In addi-
tion, the charge state of the defect should also be
specified in the case of semiconductors.

Some reports have already been published on the
specific trapping rates of divacancies and VP pairs.26-2
However, the concentrations and charge states of the
defects seems to be inadequately estimated in most
works. Here, we attempted to determine the specific
trapping rate of divacancies and VP pairs from positron
lifetime measurements according to their dependence
on their charge states. The concentrations of divacan-
cies and VP pairs were determined from Hall effect
measurements prior to the positron lifetime measure-
ment. The charge states of divacancies and VP pairs
were controlled by shifting the Fermi level of the crys-
tal by changing the dopant species, their concentra-
tions and the irradiation fluence.

2. Experimental

Specimens used in the experiment were prepared
from Si crystals grown by the floating-zone method.
The crystals are classified into two groups, Si:P (n-
type) and Si:B (p-type) which are doped with phospho-
rus and boron, respectively. Defects were generated by
irradiating crystal blocks with various fluences of 15
MeV electrons at room temperature. The blocks were
kept at room temperature during irradiation with run-
ning water. Specimens were cut from the irradiated
blocks and polished chemically with CP4 reagent. The
specimen was finished into a size of about 5x5X%0.8
mm? and 6 X5 X (0.8 mm? for the measurements of Hall
effect and positron lifetime, respectively. Table I
shows the dopant species, their concentrations and the
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Table I. Species and concentrations of dopants and irradiation
fluence of specimen.

Specimen Dopant (cm™3) Fluence (e /cm?)
Si:P-1 P: 1.7 x10% 1.5x10'
-2 1.0x 10"
-3 1.5 X107
4 2.0x10Y
-5 3.0x10"
-6 5.0 x10Y
-7 8.0x 10V
Si:B-1 B: 1.0 x10% 1.5x10%
-2 3.0x10
-3 1.0x10Y
-4 1.5%x10Y7
-5 2.0x10Y
-6 3.0x 10"
-7 5.0x10Y
-8 8.0x10"

irradiation fluence.

Hall effect measurements were performed by means
of the van der Pauw method®” between 90 K and room
temperature to determine the Fermi levels of crystals
and the concentrations of defects. The Hall coefficient
Ry (cm?®) was related to the electron density, n (cm™3),
or the hole density, p (cm™),

1
n,p= 1
=R (1)
where e is the elementary electronic charge

(1.602 %107 C).

2NaCl (~4x10°Bq) was deposited onto a Mylar
thin film with a thickness of ~5pum as a positron
source. It was sandwiched by two specimens and
positron lifetime measurements were carried out at
room temperature using a conventional spectrometer
with a time resolution of ~200 ps. The total counts of
2x10° were accumulated for each spectrum. The
source component was ~350 ps with the intensity of
~10%. After subtracting the source and background
components, the lifetime spectrum was resolved into
two or three lifetime components using a fitting pro-
gram of PATFIT-88.3Y For example, in the case of
three-component analysis, the spectrum was fitted by
the relation

L(t)=(I/71) exp (—t/71) +(L/72) exp (—t/T2)
+(Is/73) exp (—t/73). (2)
Here, 7; (i=1, 2, 3) are the positron lifetimes and I; are
the intensities (I, +L+;=1). In the case that the trap-

ping mode® is valid as a good approximation, the life-
times are given by

1

Tl:l/TB+I€D1+K,Dz, (3)
T2=—TD1, (4)
T3=Tp2, (5)

where T3 is the positron lifetime in the bulk, which was
determined to be 222%2 ps from the measurement of
unirradiated Si, and Tp; and 7ps are the positron life-
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times at different defects denoted by D1 and D2. «p,
and kp, are the trapping rates of defects D1 and D2, re-
spectively. They are given by

ICDIZ% {1/7'13—(1 _Is)/TDl_I:;/TDz}, (6)

5022% {1/r5—L/mp1—(1—L)/7ps}. (7)

Equation (3) indicates that if the trapping model is
valid the lifetime 7, should coincide with the right-hand
side calculated from eqs. (4) through (7). This criterion
is used to check the validity of the trapping model. In
the two-component analysis, we neglect 73, I3 and xp;
in the above equations.

The trapping rate is given by

k=pC=vy-o-C, (8)

where C' is the defect concentration, p is the specific
trapping rate, v, is the thermal velocity of a positron
(~107(T/300)* cm/s, where T denotes the tempera-
ture) and ¢ is the trapping cross section. Thus, we can
determine the values of specific trapping rate and cross
section if the defect concentration is known.

3. Results and Discussion

We first report the results of Hall effect measure-
ments and determine the Fermi levels of specimens
and the concentrations of divacancies and VP pairs.
Subsequently, we will report the results of positron life-
time measurements and determine the specific trap-
ping rates for various charge states of divacancies and
VP pairs.

3.1 Fermi level and defect concentration

Figures 1 and 2 show the temperature dependences
of carrier densities for Si:P and Si:B specimens, respec-
tively, obtained from Hall coefficients using eq. (1). It
is found that the carrier densities are reduced by irradi-
ation, and the specimen becomes semi-insulating at a
high fluence in both n- and p-type specimens. This is be-
cause divacancies and VP pairs induced by irradiation
act as acceptors in the n-type crystal (Si:P), and
divacancies act as donors in the p-type crystal (Si:B),
as discussed below.

We now show how the Fermi level Er changes with
the fluence. Er is related to the electron or hole density,
n or p, by

2mmekT \32 Er—Eq
n=2(-—hz——> exp( T ) (9)

21rmhkT 3/2 EV_EF
p=2<——};2—~) exp( T ) (10)

where m. and my are the effective masses of an electron
and a hole, respectively, and the pre-exponential fac-
tors are the effective densities of states of the conduc-
tion band and the valence band.

Figure 3(a) shows how the Fermi levels shift with the
fluence in Si:P and Si:B specimens estimated from egs.
(9) and (10). The Fermi level approaches the middle of
the band gap with increaseing fluence, irrespective of
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Fig. 1. Free-electron density as a function of the inverse of temper-
ature for various Si:P specimens.
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Fig. 2. Free-hole density as a function of the inverse of tempera-
ture for various Si:B specimens.

the conduction type of the crystal. This shows that the
irradiation-induced defects act as acceptors in Si:P
specimens and as donors in Si:B specimens, namely,
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Fig. 3. (a) Fermi levels in Si:P specimens (open circles) and Si:B

specimens (open squares) plotted against the fluence. (b) Energy
levels and charge states of a divacancy and a VP pair.

they are of ‘‘amphoteric nature’’. The decrease of
Fermi level with increasing fluence is gradual around
Ec—0.23 eV in Si:P specimens. This suggests the
defects have acceptor levels there,* which is close to
the second acceptor level of a divacancy shown in Fig.-
3(b). Thus, it is suggested that divacancies are in-
troduced by irradiation. With further increase in the ir-
radiation fluence, the Fermi level approaches Ec—0.44
eV which is close to the acceptor level of a VP pair.
Thus, VP pairs are also suggested to be introduced by
irradiation. On the other hand, the increase of Fermi
level in the Si:B specimen is first gradual around
Ey+0.25 eV. This may be attributed to the donor level
of a divacancy. With further increase in the fluence,
the Fermi level approaches to the middle of the band
gap. This behavior cannot be interpreted in terms of
the energy scheme of a divacancy since a divacancy has
no donor level at the middle of the band gap. Thus,
another donor level at the middle of the band gap which
is related to irradiation-induced defects should be
taken into account. According to the DLTS study by
Ono and Sumino,® hole traps at Ey+0.53 eV are in-
troduced by 15 MeV electron irradiation. Our result
can therefore be explained by the idea that such
defects are introduced in Si:B specimens, which act as
donors.

Thus, we propose that divacancies and VP pairs were
introduced by irradiation. The existence of divacancies
has also been confirmed from IR measurements.? A
divacancy acts as an amphoteric defect to compensate
free electrons or free holes in n-type or p-type Si. A VP
pair is not an amphoteric defect since it has only one ac-
ceptor level. The above results show that the Fermi
level is controlled to be deep by high irradiation
fluences. This means that the charge state of a diva-
cancy changes in the order of V3 —V;—V$ and
Vs —V$in the Si:P and Si:B specimens, respectively,
with the increase in fluence. Similarly, the charge state
of a VP pair changes in the order of VP ~—VP? in the
Si:P specimen.

Next, we undertake to reproduce the temperature de-
pendences of free-carrier densities shown in Figs. 1 and
2 using the occupation statistics of divacancies and VP
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pairs to confirm that these two types of defects are
dominant in irradiated Si crystals.

The neutrality condition of a crystal is generally
given by

n+Nsa+ >, Na=p+Ndp+> Np, (11)
z J
where N3a and N4y are the concentrations of ionized
shallow acceptors and shallow donors, respectively,
and Na and N Brj are the concentrations of ionized i-th
kind of acceptors and j-th kind of donors, respectively,
all of which are introduced by irradiation. The concen-
tration of the ionized donors N (Ngp or N Sj) and that
of the ionized acceptors N (Ngx or N A, ) are given by

N,
N§= > , (12)
Er—FEp
1+gp exp T
N,
Ni= > : (13)
EA—EF
1+ga exp T

respectively, where Np and N, are the concentrations
of the donors and acceptors, respectively, and Ep and
E are their energy levels, and gp and g are their de-
generacy factors. The value of the degeneracy factor
depends on the electronic structure of the defect. For
shallow donors and acceptors, gn=2 and ga=1/2,
respectively. For the defects, gp=ga =2 if they are ini-
tially empty or occupied by paired electrons. Alterna-
tively, gp=ga=1/2 if they are initially occupied by the
unpaired electrons, and are finally empty or occupied
by paired electrons.?” Substituting eqs. (9), (10), (12)
and (13) into eq. (11) yields a nonlinear equation with
respect to Fr. If the concentrations and energy levels of
donors and acceptors are given, Er can be calculated by
solving the nonlinear equation, and n and p can be esti-
mated from eqgs. (9) and (10). The obtained n and p
should coincide with those determined experimentally
if given concentrations and energy levels of donors and
acceptors are correct. Thus, we can determine the con-
centrations of donors and acceptors by treating them
as fitting parameters.

The nonlinear equation was solved numerically using
a computer program developed by Kamiyama.®® In the
calculation, the acceptor levels of divacancies and VP
pairs were adopted for Fja in Si:P specimens and the
donor levels of divacancies and Ev+0.53 eV for Ep in
Si:B specimens, as mentioned above. The solid lines in
Figs. 1 and 2 show the results of the calculation. It is
seen that the temperature dependences of carrier densi-
ties are reproduced in a satisfactory manner.

Figure 4 shows the concentrations of divacancies and
VP pairs as a function of fluence. The concentration of
the donor levels at Ey+0.53 eV in Si:B specimens is
~1/5 that of divacancies. The latter defects will not be
discussed hereafter since they are not related to
positron trapping centers. The concentration of VP
pairs increases slowly with increasing fluence and tends
to saturate. On the other hand, the concentration of
divacancies in Si:B specimens increases linearly with
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Fig. 4. Concentrations of divacancies and VP pairs as a function of
fluence. Open squares and open circles show the concentrations of
divacancies in Si:B and Si:P specimens, respectively. Open dia-
monds show the concentration of VP pairs in Si:P specimens.

fluence. The production rate of divacancy is estimated
to be ~0.1 cm ™" which is higher than the production
rate of divacancies, ~0.03 cm ™", in primary collision.
These indicate that divacancies are produced not only
by primary collision but also by means of the pairing of
monovacancies. The concentration of divacancies in
Si:P specimens shows different behavior from that in
Si:B specimens; the production rate of divacancies is
rather low in the low fluence range, but increases rap-
idly in the high fluence range. Thus, we show that the
fluence dependence of divacancy concentration de-
pends on the conduction type of specimens. A similar
result was reported by Svensson and colleagues'>'” for
tin-doped Si. They showed that the production rate of
divacancies in tin-doped Si was suppressed in compari-
son with undoped Si. They attributed such a reduction
in the production rate of divacancies to the trapping of
monovacancies by tin atoms. However, they ruled out
another possibility that single interstitials recombine
with divacancies. Considering the fact that VP pairs
are also produced in Si:P specimens, the low produc-
tion rate of divacancies in this type of specimen may be
interpreted to be a result of the fact that phosphorus
atoms work as effective trapping centers for mobile
monovacancies. However, it does not fully explain the
process since the difference in the concentrations of
divacancies in two types of specimens is not equal to
half the concentration of VP pairs ([ Valsis—[ Valsip#
[VPlsp/2). Tt is probable that the reduction of the
production rate of divacancies is also caused by the
recombination between divacancies and single intersti-
tials. The high production rate of divacancies in the
high fluence range in Si:P specimens may be interpret-
ed in terms of the idea that the trapping of monovacan-
cies by phosphorus atoms and the recombination of
divacancies and single interstitials are reduced there.
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In order to confirm the validity of such an idea, we per-
formed a model simulation for the formation processes
of defects under irradiation using chemical rate equa-
tions given by Damask and Dienes.’” Here, we give
only the essence of the results. (For detailed discus-
sions, see appendix.) In the simulation, it is shown that
the formation process of divacancies is affected by phos-
phorus atoms. In phosphorus-free (undoped) Si the con-
centrations of monovacancies and single interstitials in-
troduced by irradiation approach stationary values in
the initial stage of irradiation. As a result, the concen-
tration of divacancies increases linearly with fluence.
This situation corresponds to the case of Si:B speci-
mens.?®® On the other hand, in phosphorus doped Si,
monovacancies are trapped by phosphorus atoms to
yield excess interstitials which do not recombine with
monovacancies. As a result, the excess interstitials
recombine with divacancies and reduce the concentra-
tion of the latter. This is the explanation for the low
production rate of divacancies in the low fluence range.
The concentration of VP pairs approaches a saturated
value with prolonged irradiation. Then, monovacancies
are no longer trapped by phosphorus atoms and recom-
bine only with interstitials. As a result, the concentra-
tion of divacancies increases at the same rate as in un-
doped Si.

3.2 Positron lifetime

First, the results for Si:B specimens are reported.
This type of specimen contains predominantly divacan-
cies after irradiation. We thus decomposed the lifetime
spectra into two lifetime components (those related to
bulk and to divacancies). Figure 5 shows the lifetimes
71 and 7, and intensity I as a function of the fluence.
The magnitude of lifetime 74 (bulk) agrees well with
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Fig. 5. Positron lifetimes (7, and 7,) and intensity (I,) as a function
of the fluence for Si:B specimens. 7 ™ denotes the first lifetime ex-

pected from the trapping model (see text).
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that expected from the trapping model. This assures
the validity of analysis based on the trapping model.
The lifetime 7, (defect) is about 295 ps and is nearly in-
dependent of the irradiation fluence. This shows that
the species of positron trapping centers does not
change with the fluence. The lifetime 295 ps is longer
than the lifetime at a monovacancy (~250 ps).>® Ac-
cordingly, this lifetime component is assumed to be
related to divacanies. In fact, it was found that the an-
nealing behavior of the 295 ps component well agrees
with that of divacancies observed by IR measure-
ment.*” Moreover, the lifetime of 295 ps is comparable to
the lifetime at a divacancy reported by Kwete et al. )

The trapping rate for the second lifetime component
has been estimated from the intensity shown in Fig. 5
using eq. (6). Figure 6 shows the fluence dependence of
the trapping rate for the second lifetime component.
The trapping rate is lower than the detection limit in
the fluence range below 1X10' ¢~ /cm?, but increases
linearly with the fluence in the higher fluence range.
Most divacancies are in the positive charge state in the
fluence range below 1% 10'7 e /cm? as shown in Fig. 3.
This may suggest that the trapping rate of a positively
charged divacancy is too low to be detected. This
seems to be due to the Coulomb repulsion between a
positron and a positively charged divacancy, as dis-
cussed later. The increase of the trapping rate above
the fluence of 1 X 10'" e /cm? is explained as being due
to the transformation of the charge state of divacancies
from positive to neutral due to the shift of Fermi level
and trapping of a positron by a neutral divacancy. The
linear increase of the trapping rate indicates that the
concentration of divacancies is proportional to the
fluence. This scenario agrees with the result shown in
Fig. 4. It is now possible to estimate the specific trap-
ping rate for neutral and positive divacancies from the
trapping rate and the concentration of divacancies.
This will be discussed later.

Next, the results on Si:P specimens are reported. As
shown in §3.1, this specimen contains mainly divacan-
cies and VP pairs. It is shown that these two kinds of
defects act as positron trapping centers in phosphorus-
doped Si.*? However, three-component analysis (bulk,

TRAPPING RATE(ns™")

i 1 I 1 1 1 |
0 2 4 6 8
FLUENCE (x10'7e /cm?)

Fig. 6. Positron trapping rate (k) related to the second lifetime com-
ponent in Fig. 5 as a function of the fluence.
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VP pairs and divacancies) of the lifetime spectrum us-
ing free parameters yield no meaningful results due to
large statistic error in most cases. We therefore per-
form three-component analysis by fixing one of the life-
times. Since reliable data on the lifetime at VP pairs
have already been reported by Makinen and co-
workers,?* we adopt their values here. Their works
show that the positron lifetimes at the singly negative
and neutral VP pairs are ~250 ps and ~265 ps, respec-
tively. Such values are also supported by a theoretical
work.”” Since the singly negative VP pairs are
dominant in the fluence range below 3 X107 e /cm?,
the lifetime at a VP pair may be fixed at 250 ps. Some
VP pairs are in the neutral charge state at fluences of 5
and 8 X107 e~ /em? Hence, the lifetime at a VP pais
may shift slightly toward 265 ps. We thus examined to
analyze the data by changing the lifetime from 250 ps
to 265 ps for these fluences. However, the result of the
analysis is not affected by such a small change of life-
time within statistical error. We therefore fix the life-
time at a VP pair to be 250 ps for these fluences as well.

Figure 7 shows the lifetimes 71 and 73 and intensities
I, and I; for Si:P specimens as a function of the fluence
obtained from the three-component analysis. The sec-
ond lifetime was fixed to 250 ps for VP pairs. The first
and third lifetime components were chosen to be free
parameters. The lifetime 7; (bulk) agrees with that ex-
pected from the trapping model. This assures the validi-
ty of the analysis based on the trapping model. The life-
time 75is ~320 ps in a low fluence range, but gradually
decreases toward ~300 ps with increasing fluence. As
reported in a previous work,*” the lifetimes at a doubly
negatively charged, a singly negatively charged and a
neutral divacancy are 323, 310 and 295 ps, respec-
tively, at room temperature. Since the charge state of
divacancy changes from doubly negative to neutral
with fluence, the fluence dependence of the lifetime 73
seems to reflect the charge state dependence of life-
time at a divacancy.

We estimated the trapping rates for the second and
third lifetime components from the intensities shown in
Fig. 7. Figure 8 shows the fluence dependences of the
trapping rates, k2 and ks, which correspond to the sec-
ond and third lifetime components, respectively. They
show somewhat unusual behaviors. The trapping rate
ko first increases with the fluence and then decreases
gradually to approach a constant. The trapping rate k3
first increases rapidly, decreases slightly and then in-
creases again with fluence. These nonlinear fluence de-
pendences of trapping rates are thought to reflect (i)
nonlinear fluence dependence of the concentrations of
divacancies and VP pairs shown previously and (ii) the
charge-state-dependent specific trapping rates associ-
ated with divacancies and VP pairs. Solid lines in Fig. 8
show the fluence dependences of trapping rates ob-
tained from the concentrations of divacancies and VP
pairs shown in Fig. 4 and their specific trapping rates
which will be derived in the following section. The
rapid increase of the trapping rate x3 in the low fluence
range is probably related to the fact that most divacan-
cies are charged doubly negative, with which the

A. KAWASUSO et al.

INTENSITY (%)

@
=)
=]
g
? @
PR RS |

_

[

o

&

s ©,=250ps fixed

- i

] 200

= —_—
e ™

SrTeeraen.

100 —

4 6 8
FLUENCE (x10'7e /cm?)

Fig. 7. Positron lifetimes (;, 7, and 73) and intensities (I, and I,)
as a function of the fluence for Si:P specimens. The second lifetime
component (7,) was fixed at 250 ps (see text). 7 7 is the same as in
Fig. 5.
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Fig. 8. Positron trapping rates (, and &,) related to the second and
third lifetime components in Fig. 7 as a function of the fluence for
Si:P specimens.

specific trapping rate may be the highest. The slight
decrease of k3 in the middle fluence range is explained
by the transformation of the charge state of divacan-
cies to singly negative and the low production rate of
divacancies. The increase of k3 in the high fluence
range may be due to the high production rate of
divacancies. The fluence dependence of k2 can also be
explained in a similar manner.
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3.3  Specific trapping rate
Now we calculate the specific trapping rates of a diva-
cancy and VP pair. Since both a divacancy and a VP

pair can have different charge states (V3~,--+, V3,
VP~ and VP?), eq. (8) is extended as '
&=Cv( fvz-pvi- v pvstfvepvetfvruvs), (14)

(15)

for divacancies and VP pairs, respectively, where p;
and f; are the specific trapping rate and the fraction of a
defect ¢, respectively:

fve+fvs Tfvstfv =1, (16)
fvp-+fvp,=1. (17)
The value of f; is determined from the Fermi-Dirac dis-
tribution (egs. (12) and (13)) and is shown in Table II.

Equations (14) and (15) are modified into more con-
venient forms. For VP pairs, eq. (15) is rewritten as

(18)

using eq. (17). In the case of Si:P specimens, fve and
fvy are negligible in the fluence range below 3 X 107 e/
cm? since most divacancies are charged to be doubly
and singly negative. Thus, eq. (14) may be rewritten as

(19)

In a similar way, since fyz- and fvy are negligible in the
fluence range above 3 X107 e /cm?, eq. (14) is rewrit-
ten as

&= Cvp( fvp—vp—+fvpoftypo)

&/Cve=uve-—pvpo) fvp -+ tvpo,

R/CV2:(HV§’ “,UV;)fvg‘ +Mv;~

(20)

In the case of Si:B specimeuns, fyz- and fv; are negligi-
ble. Thus, eq. (14) is rewritten as

&/Cv,=(pv; —pve) fv; +pve

&/Cv,=(pve—pvs) frvstuvs. (21)

Now we have k/C for the defects as a function of f;
for a dominant charge state. Hence, the values of
wvz-,"*, vy, pvp- and pypo are determined from the
plot of k/C against f.. For example, the values of pyz-
and pv; are determined from the plot of k/Cv, against
fvz-, as seen from eq. (19). Figure 9 shows the plots of

Table II. Fraction f; of divacancies and VP pairs in various charge
states.
g . Fluence B _
pecimen (e~/cm?) fvi fv; fve fvy fup-  fupo
Si:P-1  1.5x10® 0.70 0.30 0.00 0.00 1.00 0.00
-2 1.0x10" 0.42 0.58 0.00 0.00 1.00 0.00
-3 1.5x10Y 0.38 0.62 0.00 0.00 1.00 0.00
4 2.0x107 0.25 0.75 0.00 0.00 1.00 0.00
-5 3.0x10Y 0.03 0.96 0.01 0.00 0.99 0.01
-6 5.0x107 0.00 0.86 0.14 0.00 0.84 0.16
-7 8.0x10Y 0.00 0.30 0.70 0.00 0.25 0.75
Si:B-1  1.5x10® 0.00 0.00 0.00 1.00 -
-2 3.0x10™ 0.00 0.00 0.01 0.99
-3 1.0x10Y 0.00 0.00 0.07 0.93
-4 1.5x10Y 0.00 0.00 0.10 0.90
-5 2.0x10 0.00 0.00 0.88 0.12
6 3.0x107 0.00 0.00 0.97 0.03
-7 5.0x107 0.00 0.00 0.99 0.01
-8 8.0x107 0.00 0.00 0.99 0.01
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Fig. 9. The plot of x/C against f;: open circles, open squares, open
diamonds are for doubly negatively, singly negatively, and neutral
divacancies, respectively, and open triangles are for negatively
charged VP pairs.

k/C against f; for the above four cases. The values of y;
determined from these plots are summarized in Table
III together with those determined by other authors.
The specific trapping rate of a positively charged diva-
cancy is lower than the detection limit (<10 s™*). The
specific trapping rate of a singly negatively charged
divacancy is about an order of magnitude larger than
that of a neutral divacancy. That of a doubly negatively
charged divacancy is 3 times as large as that of a singly
negatively charged divacancy. The specific trapping
rate of a negatively charged VP pair is larger than that
of a neutral VP pair by more than one order of magni-
tude. The specific trapping rate of a neutral divacancy
agrees with those previously reported in its order of
magnitude. However, those of negatively charged
divacancies and the VP pair are 5 to 10 times larger
than those reported by Mascher et al.?® and Méakinen et
al.?® These discrepancies are probably related to inac-
curacies in the concentrations and charge states of the
defects in their work.

The above charge state dependence of specific trap-
ping rates clearly shows that long-range Coulomb inter-
action acts between a positron and a charged defect.
The undetectably small specific trapping rate of a posi-
tively charged divacancy may be interpreted in terms
of the Coulomb repulsion between a positively charged

Table III.  Specific trapping rates of divacancies and VP pairs in
various charge states (units: s,
Present Mascher Shimotomai Kwete Makinen
re et al.®® et al.?” etal.® et al.®®

py3m 2.9x10'  3.7-7.4x10%
pvy  1.0Xx10"°  1.9-3.7x10% =
py? - 8.1X10™ 0.5-1.0x10% 3.0x10™ 5.5x10™
s <1014
wyp- 1.8x10% 2x10%
pypo 6.8X10™
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divacancy and a positron. The large specific trapping
rates of a negatively charged divacancy and VP pair
show that the long-range Coulomb attraction acts be-
tween a positron and them. The trapping cross sections
for doubly negatively charged, singly negatively
charged and neutral divacancies-are estimated to be
~5.6x10"“cm? ~1.9%X10 *cm? and ~1.6x1071
cm?, respectively, from eq. (8). If we simply assume
that the trapping cross section is given by 7mr? with the
effective trapping radius r, the trapping radii for dou-
bly negatively charged, singly negatively charged and
neutral divacancies are estimated to be ~13 A, ~8 A
and ~2 A, respectively. It is interesting to note that
the trapping radius of a neutral divacancy is compara-
ble to the geometrical size of a divacancy. The differ-
ences in trapping radii of doubly negatively and singly
negatively charged divacancies from that of a neutral
divacancy are 11 A and 6 A, respectively. The former
is about twice of the latter. This probably reflects the
ratio of their charges.

We conclude that Coulomb attraction between a
positron and a negatively charged divacancy or a VP
pair enhances the specific trapping rate. A positron and
a negatively charged defect have a long range attrac-
tion. The wave function of a positron trapped by the
Coulomb potential may fairly extend. The situation is
analogous to that of shallow donors and acceptors in
semiconductors. However, the positron will ultimately
be trapped in the deep ground state where the positron
is localized in the vicinity of the vacant sites. Results of
a theoretical study*® indicate that positron trapping by
a negatively charged vacancy occurs via two steps: a
positron is at first trapped by one of the shallow ‘‘Ryd-
berg’’ states originating from the Coulomb attraction,
and then is successively transferred to the deep ground
state. Namely, the Coulomb attraction provides a
precursor state for positron trapping into the ground
state. It will be interesting to clarify the details of such
a trapping mechanism. It will be necessary to study, for

Table A-1.
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example, the temperature dependence of the trapping
rate of each charge state of divacancies and VP pairs.
Such work will be reported elsewhere.

4. Conclusions

The specific trapping rates of various charge states
of divacancies and VP pairs at room temperature were
determined by controlling the Fermi level systemati-
cally. It is found that the specific trapping rate is sensi-
tive to their charge state; the specific trapping rates of
a negatively charged divacancy and a VP pair are much
larger than those in the neutral charge states, and that
of a positively charged divacancy is too low to be detect-
ed. These clearly indicate that the long-range Coulomb
attraction acts between a positron and a negatively
charged divacancy or a VP pair, while Coulomb repul-
sion acts between a positron and a positively charged
divacancy.
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Appendix

In order to explain the fluence dependence of the con-
centrations of divacancies and VP pairs shown in Fig. 4,
we performed a simulation based on the chemical ki-
netics. Since divacancies and VP pairs are introduced
in the phosophorus-doped Si, we consider the following
reactions:

Irradiationﬁ) V+1, (A-1)
Irradiationi Vot+21I, (A-2)
V+I—>Naull, (A-3)
Vﬁsinks, (A-4)

Rate equations, definitions of reaction constants and input parameters used in the calculation.

Rate equations:

%:IQ_KIV[I][V]—KVS[V]—2KV2[V]2*KVP[V]([P0]_[VP])+KIV2[I][V2]
K2~ Kl V)~ Kisl 1)~ L1 Vi] ~ K2} P

] ek VP K11V

d[vP]

T:KVP[V]([PO]_[VP])_KIVP[I][VP]

Reaction constant:

Ki=ny-i, K,=ny, i, Kys=aDy, Kis=aD;, a=r*(1/A*+1/B*+1/C?)
Ky=4wR(Di+Dy), Ky, =Kyp=47RDy, Ky,=81RDy, Kyp=47RDy

Production rates:

Beam current:

Capture radius:

Diffusion coefficients:

Size of crystal:

Initial phosphorus concentration:

1 1

ny=10cm °, ny,=0.03 cm™

1=10 pA

R=5A

Dy=4%10"° em?/s, D;=3%X107° cm?/s
A=B=0.5 cm, C=1cm
[P]=2x%10"%cm™®
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Kis

I—>sginks, (A-5)
ViV, (A-6)
VPP, (A-7)
Vi 25y, (A-8)
VP+IﬁP>P. (A-9)

Equations (A -1) and (A -2) show the direct formation of
a monovacancy (V), a single interstitial (I) and a diva-
cancy (V3) upon irradiation. Equation (A -3) shows the
recombination of a monovacancy and a single intersti-
tial. Equations (A -4) and (A -5) show the annihilation of
a monovacancy and a single interstitial at their sinks.
Equations (A -6) and (A - 7) show the formation of a diva-
cancy or a VP pair through the combination of two
monovacancies or by combination of a monovacancy
and an isolated phosphorus atom. Equations (A -8) and
(A-9) show the annihilation of a divacancy and a VP
pair due to the recombination with a single interstitial.
K; denotes the reaction constant.

Thus, we set up the chemical rate equations shown in
Table A-I. The brackets| ] denote the concentration.
In the case of phosphorus-free (undoped) Si, we neglect
the terms related to VP pairs. This is the case for Si:B
specimens.®® The reaction constants are also defined in
the table. The specimen is assumed to be the rectangu-
lar with the size of A XB X C. Sinks are assumed to be
on the surface of the specimen. The fluence is given by
i-t. Since it seems to be difficult to solve these rate equ-
ations in analytical forms, we solved them numerically
using the input parameters shown in Table A-I. The
production rates of monovacancies and divacancies
with 15 MeV electron irradiation were cited from refs.
46 and 1, respectively. The diffusion constants of
monovacancies and single interstitials were cited from
ref. 47. The capture radii are assumed to be 5 A in all
cases. This is thought to be an effective interaction
radius for elastic interaction among neutral defects.*?

Figure A-1 shows the result of numerical calcula-
tions. The concentration of divacancies in undoped Si
increases linearly with the fluence. This agrees with
the experimental result for Si:B specimens shown in
Fig. 4. From Fig. A-1, the linear dependence of the
concentration of divacancies may be interpreted in
terms of the concentrations of monovacancies and inter-
stitials rapidly reaching the stationary values in the low
fluence range. On the other-hand, the concentration of
divacancies in phosphorus-doped Si is rather low in the
low fluence range and increases rapidly in the high
fluence range. The concentration of VP pairs increases
with fluence and tends to saturate in the high fluence
range. These behaviors are similar to the experimental
results for Si:P specimens shown in Fig. 4. It is also not-
ed that the behaviors of concentrations of monovacan-
cies and single interstitials are different from those in
undoped Si. Namely, the concentrations of monovacan-
cies or single interstitials are somewhat lower or higher
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Fig. A-1. The concentrations of VP pairs (VP), divacancies (V,),
monovacancies (V) and single interstitials (I) as a function of
fluence. Solid lines are for undoped Si. Chained lines are for phos-
phorus-doped Si.

than those of undoped Si and tend to approach station-
ary values in the high fluence range. The nonlinear
fluence dependence of the concentration of divacancies
in phosphorus doped Si may be interpreted in the fol-
lowing way. In the lower fluence range, monovacancies
generated by irradiation are trapped by phosphorus
atoms to form VP pairs. This results in the reduction of
free monovacancies and yields excess interstitials. As a
result, the formation rate of divacancies due to the pair-
ing of monovacancies is reduced and recombinations be-
tween divacancies and single interstitials are enhanced;
hence the concentration of divacancies is suppressed.
With high fluence, the concentration of VP pairs ap-
proaches the saturated value, namely VP pairs are no
longer produced. This results in the increase of free
monovacancies and reduction of excess interstitials
due to the mutual recombinations. As a result, the con-
centration of divacancies increases rapidly.

As mentioned in §3.1, Svensson and co-workers
also found a similar nonlinear fluence dependence of
the concentration of divacancies in tin-doped Si. They
explained it in terms of the trapping of monovacancies,
but did not consider the behavior of single interstitials.
Our results show that the linear and nonlinear fluence
dependences of the concentration of divacancies may
be fully interpreted by taking into account both the
trapping of monovacancies by phosphorus atoms and
the behaviors of interstitials.
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