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Ion-beam-induced damage in silicon studied using variable-energy positrons,
Rutherford backscattering, and infrared absorption
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Silicon (100) wafers have been irradiated at 300 K with silicon ions or helium ions at energies between
0.2 and 5.0 MeV. Fluences ranged from 10" to 10' cm . The associated defect profiles have been ana-

lyzed using variable-energy positron-beam methods. Displaced-atom distributions have been extracted
from Rutherford-backscattering-channeling (RBSC) measurements and supplemented by infrared (1.8
pm) absorption measurements to yield divacancy concentrations. Defect annealing is observed through

the divacancy anneal stage (-470 to 570 K), He-irradiated silicon returning to single-crystal quality as
measured by infrared and positron methods. For the same anneal, Si-irradiated silicon shows partial res-

toration of crystallinity (RBSC), no change in positron-trapping characteristics, and removal of the opti-

cally active divacancies. Annealing to between 870 and 970 K restores the crystal to near preimplant
characteristics.

I. INTRODUCTION

Since the earliest reports of experiments on ion implan-
tation into silicon, ' a continuing interest has been shown
in microscopic descriptions of the associated radiation
damage. The general concepts involved in the evolution
of defect structure are well known. The kinetic energy of
the incoming ion is dissipated to electronic excitation and
to atomic ("elastic" or "nuclear" ) collisions. The latter
are responsible for the individual atomic displacements
and displacement sequences (cascades) that produce point
defects and defect ensembles, respectively, in the silicon
lattice. At high deposited energy densities, of the order
of 1 eV per atom, cascades may be large enough to pro-
duce lattice collapse over dimensions that are readily visi-
ble to transmission electron microscopy. At the other
extreme (electron, proton, and helium-ion irradiation),
defect production is dominated by the generation of
Frenkel pairs, with a high probability for recombination
or diAusional loss of the interstitials and vacancies. To
some extent the experimenter has control over the type,
configuration, and number of postirradiation defects
through the choice of sample temperature, of impurity
type and concentration in the sample, and of the implant-
ed ion type, energy, fluence, and flux. '

Of the many point defects identified in ion-implanted
silicon, the divacancy has been singled out for particular
attention. In an infrared absorption study of 400-keV
"B-, Zn-, and ' 'Sb-implanted silicon, Stein et al. were
able to relate divacancy formation to the energy deposit-
ed in collisional processes up to a critical energy density
at which amorphous zones are believed to form. In their
study of ion-beam-induced transitions between amor-
phous and crystalline phases at the crystalline-
amorphous boundary in silicon, Elliman, Linnros, and
Brown identified the divacancy as the active defect re-
sponsible for crystal growth or amorphization, the out-
come being controlled by sample temperature and ion

flux. Likewise, divacancy production was identified as
the central process in two discrete modes of damage ac-
cumulation during silicon self-ion irradiation.

The present study has been motivated by recent devel-
opments in slow-positron-beam methods. Thermalized
positrons have a high probability for capture and annihi-
lation in open volume (i.e., vacancy-type) defects. With
the advent of variable-energy positron beams, the probing
depth may be varied and hence the vacancy-type defect
distribution derived. The intent of this study was to
reexamine the nature and growth of ion-beam damage in
silicon using the positron-beam technique, supplemented
by ion backseat tering and optical absorption data.
Beams of —MeV energy He and Si have been used for the
irradiations to produce an abundance of relatively simple
defects. Preliminary results of positron and Rutherford-
backscattering-channeling (RBSC) studies of Si-
implanted samples have been published elsewhere. '

II. EXPERIMENT

A. Implantation

Wafers of (100) p-type Aoat-zone silicon 0.5 mm thick
were implanted at an ofF-normal orientation, using the
University of Western Ontario 1.7-MV Tandetron ac-
celerator. He ions were implanted at energies of 0.25,
0.5, 0.7, and 4 MeV, in doses from 10' to 10' ions cm
and Si ions were implanted at energies of 0.54, 3, and 5
MeV in doses from 10" to 10' ions cm . The beam
was rastered to give uniform irradiation over an area
-75 mm in diameter. Beam current was maintained at
0.3 pA or less to minimize beam heating of the samples,
although some beam heating (a few tens of degrees) did
occur. " The samples were characterized by positron an-
nihilation, RBSC, and infrared absorption both as im-
planted and after annealing stages.
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B. Analytical methods

1. Positron annihilation spectroscopy

The University of Western Ontario slow-positron-beam
facility is described in detail elsewhere. ' Monoenergetic
positrons (in the energy range 0.3—60 keV) are implanted
into the sample. In penetrating the solid the positrons
lose energy rapidly, thermalizing in —10 ps. The mean
depth z (A) of implantation into the sample may be
varied by changing the incident beam energy E (keV):

P(z) =(mz '/zo )exp[ —(z/zo) ],
with

(2)

z =(400/p)E",

where p is the density of the solid (g cm ) and n is a con-
stant deduced empirically to be n = 1.6+0. 1.' The
depth distribution of thermalized positrons is broad and
asymmetric. It can be described by a Makhovian distri-
bution:

ment in the solid and will differ between positrons
trapped by defects and those annihilating in the perfect
crystal.

In the present work, y-ray spectra are collected with
an intrinsic Ge detector of -210-cm volume and 1.3-
keV resolution (at 511 keV), and are analyzed using the
8' parameter, defined as the number of counts in the
wings of the 511-keV peak (507.3 —509.7 and 512.3 —514.7
keV) divided by the total counts in the peak (506.2 —515.8
keV).

The 8' parameter versus energy data are analyzed us-
ing the program POSTRAP4, which solves the diffusion
equation for positrons in a semiconductor, including the
effect of defects and electric fields. POSTRAP4 calculates,
for each incident positron beam energy E, the fractions of
positrons which annihilate in defects Fd(E), which an-
nihilate while freely diff'using in the bulk crystal Ff(E),
and which annihilate at the surface F,(E), for each model
of defects and electric fields in the sample. The experi-
mental line-shape parameter W(E) can then be fitted us-
ing the equation

zo=z/I [(1/m)+1], (3) W(E)= W, F, (E)+ WfFf(E)+ WdFd(E), (5)

where m =2.0.'
The depth at which the positrons annihilate is not only

determined by this broad implantation profile but also by
the diffusion that occurs after the positron has thermal-
ized. The diffusion coefficient for positrons in Si wafers
at room temperature is 2.1 —2.7 cm s", in this study
we have used the value 2.1 cm s '. Thermal positrons
diffuse through a defect-free solid for -200 ps before an-
nihilating. In the presence of defects the number of free-
ly diffusing positrons decreases at a rate k,ff.

Xpff kf +VC (4)

where A,f is the annihilation rate for positrons diffusing
freely in the bulk solid [4.55 X 10 s ' for Si [Ref. (15)], v
the trapping rate of the defects (s ') and C the defect
concentration (per atom). The trapping rate v used here
is 6X10' s ' per defect. ' Using this value one can cal-
culate that 5% of the positrons will be trapped by defects
at a homogeneous defect concentration of 4.0X 10 per
atom and 95% at a defect concentration of 1.5 X 10 per
atom. These values determine roughly the range over
which one can measure defect concentrations: Defect
concentrations smaller than 4.0X10 will not trap a
measurable fraction of positrons, while an increase of the
defect concentration above 1.5X10 will not lead to a
noticeable increase in the fraction of positrons trapped.

The surface of the solid is also an efficient trap for posi-
trons. The positron can be reemitted from a clean sur-
face, either free or bound with an electron as positroni-
um, but the probability of this is negligible for the
(oxide-covered) surface of samples in this study.

Annihilation may thus occur from one of three possible
states: freely diffusing, trapped at the surface of the solid,
or trapped by a point defect. In the annihilation event,
the momentum of the electron creates a Doppler shift in
the energy of the y radiation emitted. Thus the width of
the 511-keV line is sensitive to the electronic environ-

where 8'„8'f, and 8'd are the characteristic line-shape
parameters for annihilation at the surface, freely diffusing
in the bulk, and trapped in a defect, respectively. The pa-
rameter 8' is obtained from the data for low-energy im-
plantation, in which nearly all positrons diffuse to and be-
come trapped at the sample surface. 8', depends on the
condition of the surface, and usually varies slightly from
sample to sample. 8'f is obtained from positron implan-
tation at high energy, in which nearly all positrons an-
nihilate in the defect-free bulk crystal beyond the depth
of the ion-induced damage.

The fitting procedure is summarized in Fig. 1. A mod-
el defect distribution (based on TRIM, see below) is as-
sumed. The fraction of positrons trapped in defects and
at the surface is calculated for each positron energy.
Then using Eq. (5) above, a W parameter is obtained and
compared with the experimental results.

2. RBSC

X(z)= [1—Xd(z) ][Nd(z)/N]+Xd(z) . (6)

Channeling and backscattering using light ions (typi-
cally 3-MeV He+) is a well-established technique for
measuring the depth distribution of defects created by ion
implantation. ' In contrast to positron annihilation,
which is most sensitive to open volume defects (vacan-
cies, voids, etc), the channeling technique measures the
number of atoms that are displaced from their lattice
sites (interstitial atoms, atoms in amorphous or disor-
dered zones, etc.). In a simplified picture, channeled ions
cannot backscatter from atoms at lattice sites, but may
backscatter from displaced atoms. Nonchanneled (or
dechanneled) ions will have a "random" backscattering
probability from both lattice atoms and displaced atoms.
Thus the normalized backscatter yield X(z) (aligned yield
divided by random yield) from depth z is given by
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In this equation yd(z) is the dechanneled component at
depth z. Nd(z)/N is the fraction of atoms displaced from
their lattice sites. Some channeled ions will dechannel
due to small angle deflections by displaced atoms, and
thus the dechanneled fraction will increase as

(l —Xd) .
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FIG. 1. The positron fitting procedure is illustrated, for the
case of 10"3-MeV Si ions/cm . A defect distribution must first
be assumed (top), in this case derived from the TRIM profile.
The profile can be simulated with a few blocks of defects
without loss of accuracy due to the smearing effects of the posi-
tron implantation profile and diffusion. The diffusion equation
for positrons in the solid is then applied to determine the frac-
tion of positrons annihilating in each of three states (bottom).
The 6'parameter at each beam energy is then just a linear com-
bination of these three states, producing the fit shown (solid
line) in the middle figure.

At the surface no dechanneling has taken place, so the
number of displaced atoms is given by

x(o) —xv o
Nd(0) =N

l —yy(O)

where gz is the normalized yield from an unimplanted
crystal. From the number Nd(z) of displaced atoms we
can calculate the increase of the dechanneled fraction at
depth z and use this to successively determine the number
of displaced atoms at larger depth.

This, together with the usual energy-to-depth conver-
sion of an RBS spectrum, will provide us with a defect-
depth profile. There is one unknown in these equations,
the dechanneling cross section o-z. This is chosen in such
a way that the defect concentration at a depth much
larger than the range of the ions is equal to zero.

3. Infrared absorption (ir )

Positron annihilation and channeling each provide in-
formation about a category of defects: open volume de-
fects, and displaced atoms, respectively. In ion-
implanted silicon an infrared absorption band centered at
1.8-pm wavelength is attributed to the divacancy. ' '
Because the monovacancy becomes mobile in Si well
below room temperature, the divacancy is the simplest
vacancy-type defect present. Moreover it has been shown
that the infrared absorption technique can be calibrated
so that an absolute areal density of divacancies can be
determined. ' A comparison between the number of
vacancy-type defects observed by positron annihilation
spectroscopy and the number of divacancies is then possi-
ble.

Samples for the infrared absorption experiments were
polished on both sides and subsequently implanted from
both sides in order to increase the signal strength. Opti-
cal transmission measurements were made at room tem-
perature using a Nicolet Model 605X FTIR spectrome-
ter.

4. Computer simulations

Useful information concerning the displacements due
to ion bombardment can be obtained from computer
simulations such as TRIM. Results of TRIM calculations
for the ion species and energies involved in this study are
given in Fig. 2. For these calculations a displacement en-
ergy of 15 eV was assumed. These calculations give a
good estimate of the number of atoms initially displaced
by each incoming ion, and thus the depth distribution of
vacancies. However, many of the defects initially formed
will recombine or cluster, and such condensation process-
es are not included in the calculation. Also, the calcula-
tions assume an amorphous solid and thus do not simu-
late channeling e6'ects of the implanted ions. For off-
normal implantations this is an acceptable approximation
for most purposes.
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positron energy for silicon implanted with 540-keV Si+
ions. For the unimplanted (virgin) sample the measured
8' parameter decreases slowly with positron energy until
the "free" value 8'f is reached. This is a consequence of
the fact that with increasing energy fewer and fewer posi-
trons will diffuse to and annihilate at the surface. For
positron energies exceeding —12 keV the 8'parameter is
virtually constant, i.e., 8'= 8&. In a sample implanted
to 10" ions cm we measured a small but significant
change in the 8'parameter as a function of energy. As-
suming the trapping rate v=6X10' s ' we obtained a
defect production rate of —180 per incident ion. This is
much smaller than the number of vacancies per incident
ion produced as calculated using the TRIM code ( —1700
per ion). For increasing implantation dose, further de-
creases in the 8'parameter minimum were found, up to a
dose of 10' ions cm . An implantation Auence of 10'
ions cm gave an almost identical result to the 10' ion
cm implantation. This means we were in the satura-
tion regime, i.e., all positrons are trapped by defects.

The variation of damage range with Si ion implant en-
ergy is also reAected in the positron data. For implants
of Si ions at energies of 0.54, 3.0, and 5.0 MeV the data

FIG. 2. The vacancy production as calculated using the TRIM

code. The top panel shows the result for silicon implantation,
and the lower one for helium. Note the difference in the vertical
scales. The vacancy profiles for He+ implantation, and to a
lesser extent for Si+ implantation are peaked near the end of
range of the implanted ions.
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It was only possible to determine damage pro61es with
the RBSC technique for Auences of 10' cm and above.
In Fig. 3(a) we show the channeling spectra for samples
implanted at a Si-ion energy of 540 keV, to Auences of
10' and 10' cm . The calculated number of displaced
atoms in the implanted layer was on the order of a few
percent for the lower fluence and increased by only a fac-
tor of 2 for a tenfold increase in dose, i.e, saturation
effects are becoming evident. The shapes of the extracted
profiles [Fig. 3(b)] were in reasonable agreement with the
damage profile calculated using the TRIM program (see
Fig. 2). Results were also obtained for 3-MeV Si ion im-
plantation to a fluence of 10' cm and are summarized
in Table I.

Infrared absorption measurements performed on a
sample implanted with 3-MeV energy Si ions to a fluence
of 10' ions cm on back and front surfaces showed a di-
vacancy concentration per side of 6.5X10' cm, well
below the number of displaced atoms ( —10' cm ) in-
terpolated from the RBSC data.

With the positron annihilation technique, the develop-
ment of the damage can be monitored down to much
lower ion fiuences than is possible by RBSC or infrared
(ir) methods. Figure 4 shows the W parameter versus
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FIG. 3. The RBSC spectra of a sample implanted with 540-
keV Si ions. 3-MeV He ions were used as an analyzing beam.
The aligned spectra are enlarged three times for clarity. (b)
shows the damage profiles as extracted from these data using
the theory described in the text. The very sharp peak near the
surface is probably a consequence of the somewhat different sur-

face condition of the implanted and nonimplanted crystal.
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FIG. 4. The evolution of the 8' parameter as a function of
fluence of 540-keV Si ions implanted. Unimplanted (0), and
Auences/cm of 10" (), 10' (Q), 10" (~), 10' (0), and 10"
(0). Data for 10' ions/cm are displaced downwards by 0.005
for clarity. Solid lines show fits to the data. With increasing Si
dose the 8'parameter around 5 —10 keV decreases in value, as a
consequence of an increase of the implantation damage. At
doses higher than 10' ions/cm the 8' parameter does not de-

crease any more with increasing ion fluence because the posi-
tron trapping is saturated.

were well fitted by assuming the shapes (but not the abso-
lute concentrations) of the defect profiles to be given by
the TRIM calculations. (The authority for this rests on
the accord between RBS data and TRIM calculations. ) It
should be noted that an acceptable fit to the 540-keV Si
implant data can also be obtained, with similar Rd pa-
rameters, under the approximation that the defect con-
centration is constant from the surface to the maximum
range (-0.8 pm). This approximation fails for higher-
energy Si implantation conditions, as might be expected
from inspection of the TR.IM profiles in Fig. 2.

Figure 5 summarizes the relationship between defect
concentrations (derived from positron measurements) and
Si ion Auence. We assume for the two lowest Si ion
fiuences ( 10" and 10' ions cm ) that defect concentra-
tion will increase in proportion to ion fluence. Requiring
that the ratio between the defect concentrations for these
two Quences be a factor of 10 reduces by one the degree
of freedom in the fitting procedure, and to obtain such a
ratio it is necessary to use the defect parameter
8'd/8'f =0.935+0.005. This value can be associated
with divacancies, however, it is more likely in this case
that 8'd represents an average value for several defect
types which may be present. As the ion Auence is in-
creased, it is necessary to decrease 8'd in order to fit the
positron data. This change in 8'd with ion fluence may

TABLE I. Summary of data. Defect concentrations (cm ) are shown as derived from positron annihilation, ir absorption (diva-
cancies), RBS (number of displaced atoms), and TRIM. Numbers given for TRIM are obtained by multiplying the number of vacancies
per incident ion resulting from the simulation by the ion fluence. Positron results marked by a + represent a lower limit on the defect
concentration, and cannot be considered accurate due to the model of two competing defect types discussed in the text.

Defect concentration (crn )

Energy
(MeV)

0.54

3.0

S.O

Dose x
(10"/cm )

11
12
13
14
15
11
12
13
14
15
11
12
13

8'd /8'f

0.937
0.937
0.930
0.923
0.923
0.935
0.935
0.930
0.920
0.918
0.935
0.935
0.930

Positron

Si ions

1.8 x10"
1.8x 10'
9.Ox 1O'4

3.0x 10'
6.5 x10"
4.Ox 10"
2.9x10"
2. 3 x1O"
1.1x10"
2. 3 x 10'
4.9x10"
4.9x10"
3.7x1O"

11

( V-V)

6.5 x10"

RBSC

S.sx1O"
1.4x 10'

2.3x 10'

TRIM

2.9x10"
2.9x10"
2.9X 10'
2.9x 10'
2.9x10"
4.6x 1O'"

4.6x10"
4.6x1O"
4.6x 1O"
4.6x10"
4.9x10"
4.9x 10'
4.9 x10"

0.25
0.5
0.7

4.0

14
16
13
14
15
16
14

0.925
0.913
0.935
0.935
0.920
0.913
0.935

He ions

6.5 x 10"'
2.7 x 1O"
9.0x10"
9.0x 10'
1.3x 10'
2.7x 1O"'
1.8x 10'

1.3 x10"
2.6x 10'

7.7x10"
1.6x10"

1.8x10"
1.8x10"
1.8x 10'
1.8 x10"
2.3x 10'
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FIG. 5. The relationship between implantation dose and the
number of defects as observed by positron spectroscopy. Silicon
at 0.54 ( A ), 3.0 (~ ), and 5.0 ( ~ ) MeV; helium at 0.25 (0 ), 0.7
(0), and 4.0 (4 ) MeV. Solid lines are a guide to the eye.

be due to a change in the relative fractions of various de-
fect types present, i.e., the fraction of large vacancy clus-
ters (with smaller Wz values) increases with increasing
damage density.

2. Annealing

RBSC measurements of a sample implanted to 10'
cm with 0.54-MeV Si ions, then annealed for 10 min at
500 K, showed partial recovery of lattice order with a
50%%uo reduction in the disorder signal. No further
recovery was observed through isochronal annealing at
700 K. The disorder peak disappeared completely from
the channeling spectrum after a 10-min anneal at 900 K,
a temperature su5cient to activate the amorphous-to-
crystalline transition.

By contrast, a 30-min anneal at 573 K of the 10' cm
3-MeV Si ion implant was sufhcient to remove the 1.8-pm
absorption peak from the infrared absorption spectrum,
implying that the divacancies had annealed. A feature-
less absorption continuum at 2 pm and beyond indicated
that optically active scattering centers remained in the
sample.

The positron results from annealing of the 3-MeV Si
implant, 10' ions cm are shown in Fig. 6. Annealing
at 620 K, well above the divacancy annealing tempera-
ture of 560 K (Ref. 24) had only a small effect on the pos-
itron trapping (a change in the surface condition of the
sample but no change in the bulk; in some cases the 8'
parameters decreased marginally). While the convention-
al interpretation would be that the defects responsible for
positron trapping had not changed, this is inconsistent

0.22—
0 10

I

20
positron Energy (keV)

I

30 40

FIG. 6. Positron data for a sample implanted with 10' 3-

MeV Si ions/cm . The samples were annealed for 10 min in

vacuum. The data are unchanged (except for small changes in
the surface oxide) at 620 K, well above the divacancy annealing
temperature. The main annealing occurs at temperatures in the
870—970 K range. Unimplanted (0), as implanted (), an-

nealed 620 K (A ), annealed 970 K {A ).

with the ir evidence. If the disappearance of the divacan-

cy absorption was to be attributed to a change in the di-
vacancy charge state (assumed neutral), for example, it
would be expected that the positron trapping would also
change measurably. One possible explanation is that the
vacancy distribution had altered in the direction of va-

cancy aggregates, i.e., multivacancy defects which are
detectable by positron trapping but no longer optically
active at a 1.8-pm wavelength.

Annealing to 970 K resulted in recovery of the crystal
to near preimplant quality, with a defect concentration
&1% of that prior to annealing. The nature of the
remaining defects, stable to high temperatures, is not
known.

B. Helium implantation in silicon

1. Room-temperature results

RBSC data were obtained for a sample implanted with
10' He ions cm at an energy of 500 keV. The
diff'erence between the implanted and unimplanted sam-
ples was small, significant only near the end-of-range of
the 500-keV He ions. The peaked damage profile derived
from these data, and the lower level of damage intro-
duced by He ion implantation compared to Si ion implan-
tation, are rejected in the TRIM calculations shown in
Fig. 2.

Infrared measurements of a silicon sample implanted
from each side with 1.0X10' He ions cm at 700 keV
showed the divacancy concentration to be 2.55X10'
crn per side.

Positron data were obtained for 700-keV He irnplanta-
tion doses of 10', 10', 10', and 10' ions cm . De-
rived defect concentrations are given in Table I. The de-
fect concentration increases in proportion to the He ion
fluence between 10' and 10' cm, reminiscent of the
silicon ion data. The data for the 10' and 10' ions cm
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doses were very similar. This is due to the same satura-
tion effect discussed previously for Si ion irradiation, i.e.,
in the energy range -6—10 keV, nearly all positrons an-
nihilate from a defect-trapped state, and the addition of
more defects has little effect on the measured y-ray line
shape. The saturation value for 8' in this case is the
same as that observed for Si ions (Fig. 4), suggesting that
differences in the damage caused by high-fluence light-
and heavy-ion irradiations cannot be distinguished by
positron spectroscopy alone. The defect model used to fit
the data for the 10' and 10' ions cm cases was based
on the shape of the vacancy profile produced by the TRIM
simulation program, and the absolute defect concentra-
tion was varied until a good fit was obtained. However, it
was found that for the higher dose 700-keV helium im-
plants (10' and 10' ions/cm ), the 8' vs. E curve could
not be fitted with a defect profile shape based on TRIM
calculations, or, equivalently, on RBSC data. In order to
fit the positron data it was necessary to assume a shal-
lower defect profile, with the majority of the defects at a
depth of less than 1 pm. The range predicted for the im-
planted ions is -2.5 pm, and the majority of the damage
is expected to be near the end of range.

Similar disagreement has been reported by others who
have used positron methods to study implantation dam-
age in silicon by 12-MeV Si, 100-keV P, 35-, 60-, and
100-keV H, and 80-keV B.

Positron data were obtained for samples implanted at
energies of 250 keV, 700 keV (as discussed above), and 4
MeV at a fluence of 10' He ions/cm . The range of the
damage increases with He ion energy. The positron data
were fitted using the TRIM profile for the vacancy distri-
bution. (In the 4-MeV case, the ion range, —17 pm, is
greater than the maximum attainable positron range,—12 pm at 60 keV. ) For the 250-keV case it was found
that the extracted damage profile was again shallower
than predicted by TRIM, as it was for the higher-dose im-
plants at 700 keV.

By increasing the energy of the implanted He ions
from 250 keV to 4 MeV we had changed the nuclear
stopping close to the surface by about a factor of 10 but
the electronic stopping by not more than a factor of 2.
The large difference in the observed defect density close
to the surface between the 250-keV and 4-MeV implanta-
tions suggests very strongly that the damage scales with
nuclear, rather than electronic, stopping, in accordance
with the generally accepted view of damage production in
Si."

2. Annealing

Annealing of the He-implanted silicon at 570 K for 1 h
removed the majority of damage, as shown by the posi-
tron data in Fig. 7 for the case of 10' cm 500-keV He
ions. This temperature is close to the reported divacancy
annealing temperature of 560 K. Annealing at this tem-
perature also removed the 1.8-pm infrared absorption.
Monitoring the 8' parameter at a positron energy of 12
keV (mean depth -0.9 pm) during an in situ anneal-
showed no change in the sample below -560 K. We
conclude that the defect responsible from the majority of
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FIG. 7. The annealing of the 500-keV He implanted sample.
In contrast to the case of Si ion implantation the damage an-
neals near 570 K, the temperature range at which the divacancy
becomes mobile. Unimplanted ( 0 ), as implanted (~), annealed
570 K (6), annealed 970 K (k, ).

IV. DISCUSSION

A. Positron trapping rates

Recent positron lifetime measurements gave positron
trapping rates of v=0. 5 to 1.0X10' s ' for neutral di-
vacancies, 1.8 to 3.5X10' s ' for negative divacancies,
and 3.5 to 7.0X10' s ' for doubly negative divacan-
cies. In the p-type wafers used for this study, and for
defect concentrations high enough to drive the local ma-
terial intrinsic —which is approached under most of our
Si ion implant conditions —we expect the majority of di-
vacancies to be neutral. For the sample implanted with
10' 3-MeV Si ions cm, we measured 1.1 X 10' defects
cm while infrared absorption indicates there were
6.5 X 10' divacancies cm . We can adjust the rate v to
give exact agreement between these; then v=1.0X10'
s ', consistent with Mascher, Dannefaer, and Kerr to
within the experimental uncertainty. This, however, does
not take into consideration that defects other than the di-
vacancy, or a mixture of divacancy charge states, may be
trapping positrons. The helium implantation data cannot

positron trapping in these samples below this tempera-
ture was the divacancy. In the case of the higher doses
(10' and 10' He ions/cm ) however, it was noted that a
second type of defect, with Wd/Wf ) 1, appeared after
annealing. We speculate that this is caused by a helium-
related defect, since it appears to be at approximately the
end of range of the implanted ions, -2.5 pm (positron
energy -20 keV). This suggests that the discrepancy be-
tween depths of damage obtained from the positron mea-
surements and other techniques may be caused by a su-
perposition of two defect types with opposing effects on
the y-ray line shape. Why this is not seen for all cases of
He implantation is not clear but may be related to the
concentration of He in the sample, since it was observed
for the two highest doses at 700 keV, and for the 10'
cm 250-keV sample, in which the shorter ion range re-
sults in an increased He ion concentration.
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be used with confidence for such a comparison because of
the possibility of two competing defect types as discussed
above.

This would indicate that the dominant positron trap-
ping species is the divacancy. To reconcile this with the
absence of an annealing stage at the divacancy annealing

temperature for the Si implants, we speculate that upon
annealing the divacancies agglomerate into larger vacan-
cy clusters, with the product vC (concentration times
positron trapping rate) remaining roughly constant. This
would explain the apparent disagreement between the
positron measurements and other techniques for annealed
samples.

B. Defect production rates

In the limit of low Auences, the number of vacancies

per incident ion measured by positrons is 0.1 —0.2 of that
calculated by TRIM. This suggests that -85% of the
Frenkel pairs produced annihilate by recombination.

C. Dose dependence

Because of interactions between damage cascades, the
defect concentration increases less than linearly with ion
fluence for Auences above —10' cm for Si ions and
—10' cm for He ions. It is not possible to fit the posi-
tron data if one assumes that the number of defects and
ion dose increase proportionally beyond 10' ions cm
for Si and 10' ions cm for He.

D. Energy dependence

the 8'parameter in the opposite direction. The amount
of damage observed for the He implants is proportional
in all cases to the nuclear stopping of the implanted ion.

E. Temperature dependence

There is a clear difference in the annealing behavior of
the He and Si implanted samples. In the case of Si im-

plantation, the level of the damage measured by positrons
remains roughly constant up to temperatures at which
amorphous Si recrystallizes ( —870 K). In the case of He
irradiation, the damage seems to anneal out at (or a little
above) the temperature at which the divacancy becomes
mobile. From the infrared measurements we know that
in both cases a considerable number of divacancies are
present. In positron lifetime spectroscopy experiments,
at the temperature at which divacancies became mobile,
an increase in the lifetime of the trapped positrons was
observed (larger vacancy clusters grow by agglomeration
of more than one divacancy) whereas the trapped fraction
decreased (fewer of these larger clusters). ' A similar
phenomenon m.ay be occurring in our samples, but it is
not trivial to predict how the cluster size will inAuence
the y-ray line shape in Doppler-broadening measure-
ments. Besides agglomeration, the divacancies can also
be trapped at an interstitial cluster and annihilate in this
way. It may be that a different ratio of the recombination
and agglomeration processes in the Si and He cases
causes the qualitatively different behavior. However, this
question is far from settled.

The positron data for Si implantation and the low-dose
He implantations could be well 6tted assuming the shape
of the defect distribution as obtained from TRIM calcula-
tions and from RBSC. For the high-dose He ion implant-
ed samples the positron results disagree with both TRIM

and RBSC results. The positron results indicate a shal-
lower damage depth than that established by these other
techniques. This may be an indication of the formation
of a He-related defect at larger depth, which influences
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