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The depth profile of open volume defects has been measured in Si implanted with He at an energy of 20
keV, by means of a slow-positron beam and the Doppler broadening technique. The evolution of defect
distributions has been studied as a function of isochronal annealing in two series of samples implanted at the
fluence of 5<10'® and 2x 10' He cm 2. A fitting procedure has been applied to the experimental data to
extract a positron parameter characterizing each open volume defect. The defects have been identified by
comparing this parameter with recent theoretical calculations. In as-implanted samples the major part of
vacancies and divacancies produced by implantation is passivated by the presence of He. The mean depth of
defects as seen by the positron annihilation technique is about five times less than the helium projected range.
During the successive isochronal annealing the number of positron traps decreases, then increases and finally,
at the highest annealing temperatures, disappears only in the samples implanted at the lowest fluence. A
minimum of open volume defects is reached at the annealing temperature of 250 °C in both series. The
increase of open volume defects at temperatures higher than 250 °C is due to the appearance of vacancy
clusters of increasing size, with a mean depth distribution that moves towards the He projected range. The
appearance of vacancy clusters is strictly related to the out diffusion of He. In the samples implanted at
5% 10 cm™2 the vacancy clusters are mainly four vacancy agglomerates stabilized by He related defects.
They disappear starting from an annealing temperature of 700°C. In the samples implanted at 2
X 10 cm~2 and annealed at 850—900 °C the vacancy clusters disappear and only a distribution of cavities
centered around the He projected range remains. The role of vacancies in the formation of He clusters, which
evolve in bubble and then in cavities, is discussed.

[. INTRODUCTION strength of H on Si.Voids formed by He implantation in Si
were demonstrated to be good centers for gathering metal

Positron annihilation spectroscop§AS) performed with  contaminant$®! This last finding could open new methods
slow positron beams is a powerful and well-established techto confine these contaminants that are known to reduce the
nique to probe open-volume-defect profiles in sofid@osi-  performances and the reproducibility of semiconductor de-
trons, in fact, are efficiently trapped by open volume andvices produced by the very large scale integration. It was
negatively charged defects. PAS was used to investigate exlso found thdf cavities can be only formed if a local con-
tensively the formation, the evolution and the electroniccentration of 3.5 10?° He cmi 2 is reached in the sample.
structure of defects in elemental and compound Although the recipe to obtain cavities by ion implantation
semiconductoré? In particular in the Doppler broadening with He is well known, the fundamental mechanisms that
experiments with positron beams the one-dimensional mobring about their formation are not yet well understood. One
mentum distribution of the positron-electron annihilating of the remaining questions is related to the role of the open
pairs is measured. A narrowing of the momentum distribu-volume defects of atomic scafeacancies and vacancy clus-
tion is an index of positron trapping in vacancies and va+ers in cavities formation and to their interaction with the
cancy cluster defects. implanted helium. It must be stressed that in the works cited

Griffioen et al* and Evanst al® have found that nano- above, cavities are considered those open volume defects
cavities can be produced in Si by He implantation and subwith the minimum dimension that is resolved by transmis-
sequent thermal annealing of the samples. These authos#on electron microscopyTEM) measurements. This means
showed that He implanted at high doses<(®0'” cm™2 flu-  that cavity dimensions range from a few nanometers to hun-
ence, 10 keV energycoalesces in bubbles. Then, after an-dreds of nanometers. For this reason, to our knowledge, no
nealing at temperatures higher than 800 °C, outdiffuses leawetailed studies were done on Si-implanted He at low flu-
ing empty voids. The dimensions of these voids are in theence, where only smaller voids are formed. On the other
nanometer range. Recently there was a novel interest in voibland, the PAS technique is very sensitive to open volume
formation for scientific as well as for technological reasons.defects from atomic dimensions, and opens new possibilities
The optical and electricdl properties and the surface in understanding the He-vacancy interaction at the threshold
energy of these nanostructures were investigated. The cleaaf the He fluence necessary to obtain cavities.
cavity walls of these voids were used to determine the bond In a previous paper we have investigated the first stages of
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open-volume-defects formatioivacancies and divacancjes with a stragglingAR, of 85 nm. The simulation bgRrimos

in samples implanted at two doses and annealed isothermalpsge also gives the vacancies distribution due to implanta-

at 250 °C? The temperature at which He starts to outdiffusetion centered around 175 nm. It must be stressed that the

from our samples is 250 °C. _ SRIMgg code does not take into account the recombination
For this work we have measured by PAS two series ofyrocess between displaced atoms and vacancies or clustering

samples. The first one implanted at He dosepf yacancies and of helium atoms during implantation.

(5X 10" cm"2, 20-keV-He energybelow the threshold for  samples of both implantation doses were isochronally an-
cavities formation. The second one implanted at a He dosgegled in a 10° Pa vacuum fo2 h in the 150—900 ° Gem-

just above the threshold for cavities formation perature range at steps of 50°.
(2x 10 cm™2, 20-keV-He energy The samples of the two
series were isochronally annealed from 150 to 900 °C in or-
der to study the evolution of the open-volume-defect profiles. B. PAS measurements
To get information about the evolution of He and displaced To identify the open-volume-defects distributions in the
Si atom distributions, similar samples were also charactertwo series of samples we have performed Doppler-
ized with Rutheford backscattering in channellitRBSO,  broadening measurements of the positron annihilation line
elastic recoil detection analysiERD),'® and thermal pro- with an electrostatic positron beam coupled with a high-
grammed desorptiofifPD) measurement$. TEM was per-  purity germanium detector. The resolution of the detector
formed to identify the nanostructures. measured at the 356-keV line of Bawas 1 keV with 6.us

The paper is organized as follows. In Sec. Il we give theshaping time in the spectroscopy amplifier. Details about the
details about the sample preparation, their thermal treatapparatus are reported in Refs. 17,18. More information
ments, and the slow-positron measurements. We also repaibout the Doppler-broadening technique, used in particular
briefly some information about the techniqU&BSC, ERD,  for the defects characterizations in Si, can be found in Refs.
TEM, TPD) employed to characterize the samples. A brief2 19. In PAS, with the Doppler-broadening technique, the
summary of the experimental results obtained by RBSCshape of the 511-keV annihilation line is characterized by the
ERD, TEM, TPD measurements are presented in Sec. Ill. IRpo-calledS parameter. Thé parameter is calculated as the
Sec. IV the analysis of PAS measurements is presented angtio of the counts in the central area of the pe#iki(
an attempt is made to identify the nature of the open volume- Ey|$0.85 keV) and the total area of the pealsil
defects as seen by PAS. It is known that the identification of— E7| <425 keV) Our choice of the energy windows is re-
defects in Doppler-broadening measurements has been @@rted in parenthesis. The Doppler broadening of the 511-
unresolved problem for years. An important step in this di-keV annihilation lineAE is related to the electron-positron
rection haS been made in the theoretical WOI‘k of Hamla annih“a‘[ing pair momentum Componepi, in the detector
al.’® In this section we present the first experimental evi-girection, by the relatiofE = p,c/2. TheS parameter reflects
dence in favor of this identification. In the last part of Sec.the fraction of positron annihilating with electrons of low
v the eVOIU“On Of the Open Volume defeCtS IS descnbed.momentum_ In particular our energy WindOW Corresponds to
Section V is devoted to the discussion of the interaction ofpomentum in the & p,=<3.3x 10®m,c range. In our analy-
the different type of defects and their role in the formation ofgjs of PAS data we have also utilized the wing paraméter

cavities. All the details of the mathematical analysis of thethat is the relative fraction of the counts in the wings region
PAS measurements needed to extract information about tht the annihilation line. The windows chosen for the wings

defects distribution, the defects concentration and the chagygre 1.6<|E,—511<4.0 keV corresponding to positrons
acteristic positronic parameters that identify the defects ar@nnihilating vyvith high-momentum electrons &20 3m,c
left to the Appendix. <p,<15.6< 10 3m,c. The S andW parameters were mea-
sured as a function of the positron implantation energy in the
Il. EXPERIMENT 0.06-25 keV energy range. In silicon this corresponds to a
mean positron implantation depth ranging from 0.13 nm to
3.5 um. The Doppler-broadening spectra were acquired with
Two series of samples were obtained from high-puritymicrospectra methods and stabilized by a software
p-type (1.7-2.%) cm) silicon wafers, Czochralski-grown, proceduré® At each positron implantation energyx30°
(100 oriented. The samples were implanted at 20 keV withcounts in the 511-keV annihilation line were accumulated.
He fluence of 510" and 2< 10'® cm™2 (low dose, LD and  This corresponds to a statistical error of 0.1% on the mea-
high dose, HD, respectivelyat a beam current density of suredS parameter.
about 8uAcm~2. The sample holder was kept at liquid-
nitrogen temperaturé_NT) during the implantation process
and the samples tilted by 7° to avoid ion channeling. One
sample implanted at room temperatyFeT) with a He flu- Several techniques were performed on a series of samples
ence of 5<10'° cm™? has been measured in order to allow asimilar to those used for PAS measurements. The distribu-
comparison with LNT results. The 20-keV implantation en-tion of equivalent displaced silicon atoms was measured by
ergy was chosen in order to implant He deeply enough t&RBSC with a 2-MeV*He" beam aligned to thgL00] crystal
ensure that He does not effuse during implantation and stodirection. The ions were collected with two detectors placed
age at room temperature. The He implantation profile wast 160° and 120° scattering angles. The distribution of He
simulated bysrimas code?® At 20 keV implantation energy contents was investigated by ERD, using®d™* beam at 7
the He-projected rangR, was found to be about 235 nm and 8 MeV. The samples were tilted 75° and the detector

A. Samples

C. RBSC, ERD, TEM, TPD measurements
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) B FIG. 2. Thermal desorption spectrdheating rate of
FIG. 1. Displaced silicon atoms as measured by RBSC, and Hgg o~ min ) for the as-implanted samples at L@l line) and
fluence as measured by ERD, as a function of the annealing temyp (broken ling.

perature, for the samples implanted at 20'® He cm 2.

placed at 30°. A mylar film 6um thick placed in front of the Sample the He distribution extends from the surface down to

detector suppressed the scattered nitrogen beam. TEM anaff2? nm ‘.Nith. amean depth of 220 nm._The mean depth of the
g distribution does not change during the isochronal an-

sis was made on selected cross-sectioned samples usin ; ; i .
nealing, and remains symmetric. After annealing up to

Philips EM400 microscope. TPD measurements give the d . . . .
sorption rate of Hgamount of He leaving the unit surface 2°0°C the quantity of He in the samples is almost the same

per unit timg. Information about the activation energies can but the c_iistribl,_ltion is narrower: at 35_0 °C the full Y}Vidth at
be extracted from the desorption rate. Moreover, the integrdt@ll maximum is about 80 nm. Annealing up to 400 °C leads
in the time of the desorption rate gives the total amount of® & moderate loss of Heess than one-third of the initial

He released. TPD spectra were collected for the as-implantdgPNtents. At higher temperatures the loss is moreorapid: al-
samples of the two investigated doses. most all He outdiffuses in #12 h annealing at 700 °C.

Measurements on samples implanted at
5x 10'° He cm 2 have shown that the He distribution was
centered around 220 nm; this mean depth moved to 170 nm

For a detailed description and discussion of the RBSCafter annealing at 250 °€. At 250 °C the helium amount
ERD, TEM, TPD measurements and results we refer thevas about X 10' cm 2 and the displaced silicon atoms
reader to Refs. 13,14,21. Here we only resume the main rebout 6< 10*®> cm 2. In the LD samples annealed at a tem-
sults obtained with these techniques; these results will beerature higher than 250 °C, RBSC and ERD measurements
useful in the following PAS data description and discussionwere below the limit of their sensitivity.

The total number of equivalent displaced silicon atoms in  TEM analysis was not able to detect any defect in the LD
the series of samples implanted atx20'® Hecmi? is  samples. On the contrary, defects were visible in the HD
shown in Fig. 1, as extracted from RBSC measurements. Theamples. At 400°C the damage shows a band 80 nm wide at
distribution of displaced silicon atoms in the as-implanteda mean depth of 210 nm. These defects, with an electron
samples extends from the surface down to 230 nm, with aptical density lower than the matrix, were identified as
mean depth of about 130 nm. In the samples annealed up tmnoagglomerates stabilized by He atoms. Small voids were
200 °C there is a recovery of the damage in the first 170 nmobserved in the tail of the damaged region towards the sur-
After annealing at 250 °C, a new damage appears at a depthce. After annealing at 700 and 900 °C, cavities appeared in
of about 180 nm. From 250°C the mean position of thethis damaged regio70 nm wide, always centered at 210
distribution remains unchanged. At 350 °C this new damag@m). The density of these cavities was estimated to b 10
has a quite symmetric distribution with a full width at half and 18 cm™? for the two annealing temperatures, respec-
maximum of 60 nm. The concentration of displaced silicontively. The cavities in the sample annealed at 700 °C have a
atoms is about constant in the 350—500 °C annealing rangenean diameter of 11 nm. The cavities after annealing at
From 500°C to 800°C it decreases monotonically and fi-900 °C reach a shape with well-defined faéetsith a mean
nally disappears. diameter of 15 nm.

The total He contents measured by ERD for the samples TPD measurements were performed at a constant heating
implanted at 2 10'® He cm 2 is presented in Fig. 1 as a rate. In Fig. 2 the TPD spectra, obtained at a heating rate of
function of the annealing temperature. In the as-implanted5°C mini ! for the as-implanted samples of the two inves-

Ill. RBSC, ERD, TEM, TPD: EXPERIMENTAL RESULTS
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tigated doses are shown. The helium release starts at 250 °C. mean positron implantation depth [nm]
Both samples present a peak in the desorption rate around 100200 500 1900 2000 2500
350°C. In the sample implanted at the low He dose, the T T T T T

desorption rate decreases reaching zero at 600°C. On the 1.04 4 2l .

contrary, the sample implanted at the high He dose presents
a minimum between 400 and 500 °C and a second large peak
with a maximum at 750 °C. The decrease of the desorption
rate in the 350—-500 °C range is well in agreement with the
ERD results in Fig. 1: in fact the He contents as measured by
ERD is about constant in the same temperature range. The
analysis of TPD measuremettshas pointed out that im-
planted helium is spatially distributed in agglomerates of dif-
ferent sizes. The He activation energy has a continuous dis-
tribution ranging from a minimum of 1.17 eV to a maximum

of 1.7 eV. This last value was attributed to detrapping of He
atoms from the largest nanoagglomerdte®n the other
hand, the cavities, as seen by TEM measurements, are only
present in the X 10'® He cm 2 implanted samples annealed ]
at temperatures higher than 650 °C. Figure 2 confirms quali- *  reference sample

tatively that He is bound in a different way in the samples 082, + s impl. fluence 5x10" sample
implanted at the two doses. In the LD sample all He atoms ] © 450°C anneaing

are desorbed below 600 °C. In the sample implanted at the L
dose above the critical concentration for bubbles formation C 2 4 6 8 10 12 14 16 18 20

(2% 10'® He cm ), more He desorbs at temperatures higher positron implantation energy [keV]

than 600°C. This is an indication that He is detrapped from

large agglomerates. The peak of desorption is reached close FIG. 3. S parameter of the Doppler-broadened annihilation line

to 700 °C, where the first cavities appear. vs positron implantation energy: reference sample, full squares; LD
sample implanted with He at 20 keV, full triangles; LD sample

annealed at 450 °C, open circles. The lines through the experimen-
tal points are best fit curves obtained according to the diffusion
model.

S-parameter

IV. PAS

A. Analysis of the experimental results

In Fig. 3 we show selecte§-parameter measurements, From our fitting procedure of the measured spectra the mean
normalized to the silicos bulk value, as a function of pos- depthd of the defect profile and the specific trapping rate
itron implantation energy. A sample implanted at related to the defect concentratibip, were also obtained. In
5% 10'° He cm 2 and annealed at 900 °C was adopted as th@ few cases where the diffusion equation analysis failed to
reference sample. The choice of the reference sample igive reliable values forS;, we have used a different,
Doppler-broadening PAS is a nontrivial task: our choice iscomplementary approach proposed by Cleneral®* This
explained in the Appendix. The parameter of the reference method allows us to determine the characteriStiand Wy
sample starts from a low surfaSesalue and increases mono- values of the defected layer by studying the trajectory of the
tonically towards the bull§ value. This behavior reflects the shapeS(E) and W(E) parameters plotted in & W plane
backdiffusion of the implanted positrons toward the surface.with the positron implantation energy as a running param-
In the as-implanted sample, and in the sample implanted aneter. All the analysis details are discussed in the Appendix.
annealed at 450°C, th& parameter reaches a maximum The results are summarized in Table | for the two series of
before decreasing to ti&bulk value. The difference of th®@  samples. The values @&, as a function of the annealing
parameter of these samples with respect to the referendemperature are different in the two series of samples. In the
sample indicates that more positrons annihilate with eleckD seriesSy has a constant value of 1.02 up to 200 °C. In
trons of low momentum: this difference is relaté@*>to  the 250—400 °C and 450—850 °C temperature refigeas a
positrons trapped in open volume defects. The fact that atalue of 1.04 and 1.06 , respectively. In the HD seri&sis
positron implantation energies higher than 18 keV $y@a-  constant(1.038 up to 400 °C, then increases progressively
rameter converges to the bulk value means that positronsom 1.047(450°Q to 1.112 (700°C). In a few cases two
with these energies are implanted much deeper than the dealues for the mean depths are reported in Table I: this
fected region. means that the defect profile is better described by two func-

Every type of open volume defect is characterized by aions. This can be attributed to the coexistence of two distri-
typical Sy parameter. The PAS data were analyzed by bedbutions of defects centered at different depths. The guess
fitting the Svs E curves with the diffusion equation describ- profile adopted for the analysis of mdsvs E measurements
ing the positron motion in the steady stateWith this  was the derivative of a Gaussian. Samples implanted at HD
model, giving as input an estimate for the defect profile, it isand annealed at 800,850,900°C were analyzed using a
possible to obtain for ever§ vs E spectrum ar§; value. If ~ Gaussian profile for this estimation. The full width at half
more than one defect is present in the sample, the evaluatedaximum (FWHM) of such a Gaussian is reported in
S, represents a weighted value of the correspondiglg.  Table I.
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TABLE I. Results of the fitting procedure applied to t8e's E data measured by PAS for LD and HD samples: charactefgtialue
of the defects, number of defedts,, per unit surface, mean depttlg andd, of the defect density profiles. The error b, is 30%; the
error ond; andd, is 10%. The values reported in square brackets are only indicative.

Samples implanted at a fluence ok80'° He cm 2 Samples implanted at a fluence 0k20' He crm 2
Samples Sy dy (nm) dy (nm) N, (X104 cm™? Sy d, (nm) d, (nm) FWHM N, (x10%) cm™2
As-implanted  1.02,55%, 31 16.6v% 1.0376 5505 44.4 1.3W3
AnnealingT (°C)
150 1.02 28.8 4.44 6.64vF 1.0376 53.2 0.83v3
200 1.02 71 5.3 2.5v% 1.0376 57.7 0.4V3
250 104330 532 3.55 0.73V3 1.0376 64.3 0.3}
300 1.04 80 4.0 1.40v% 1.0376 99.8 0.18v3
350 1.04 86.5 3.55 1.83v3 1.038,090% 887 2.0N3
400 1.04 88.7 3.1 3.22V3% 1.038 95.4 2.50v3%
450 1.061, 003  84.2 2.2 1.60v% 1.047,0%,  95.4 313
500 1.057,99% 91 2.7 1.8W3 1.05209% 95.4 1.38v3%
550 1.065, 0032  75.4 2.2 2.0v% 1.061Z.33%  104.2 1.25v%
600 1.063, 0912 53.2 2.7 1IN 1.0877.9%1  84.2 7.0 0.52V%
650 1.063 55.0 2.0 1.80v3
700 few defects 1112583 93.2 7.0 104V,
750 [1.063 [88] [0.023/3] 1.112 115.3 8.8 0.7810 “V,
800 [1.063 [30] [0.0MV%] 1.112 142 4810  0.22<10 V.
850 [1.063 [97] [0.018/%] 1.112 232 4810  0.17K10 4V,
900 no defects 1.112 235 330 105V,

The continuous curves through the experimental points irsamples and they change with the thermal treatment. Larger
Fig. 3 were obtained by applying the best fitting procedurevalues of theS; parameter are an index of larger open vol-
cited above. ume defects in silicon?

In the following, as in previous papetswe present the Before discussing the results in Figs. 4 and 5, we have to
data in a form that gives more direct information about posdidentify the positron traps corresponding to tBg values.
itron trapping in open volume defects. With reference to Fig.For the sample implanted at HD and annealed in the
3, this information is contained in the difference of tBe 700-900 °C temperature range, the assignment is straightfor-
value of the given sample minus teralue of the reference ward. In these samples cavities are seen by TEM, and we
sample. As the measur&ivalues have been fitted we have have assigned the value 8f=1.112 to these defects. This

rewritten them as =(S—S.)/(S-S,), whereS, is the S value is in very good agreement with the value of 1.119
value at the surface as determined by the fitting procedurfound by Hakvoortet al*® for stable voids obtained in im-
andS, =1 is the bulkS value common to all samples. For Planted Si samples with 2.5 keV He at a dose of
the sake of having a less noisy reference, we have used thel.6x 10" He cm? and annealed at 800 °C.

values obtained through the fitting procedure on the refer- The values o in the 1.034-1.038 range were assigned
ence sample as reference values and we have calc@idied © divacancie®”’ and S,=1.052:0.003 to negatively

with the above formula. For each sample the differeA& charged divacanci€in Si. Only Avalos and Dannefa€r

~ o~ have reported a highéi.067 value for neutral divacancies
_&_ &fit
=S—Siet has been calculated and has been plotted as @ o 10.meV electron irradiated Fz silicon.

function c_)f the mean implantation depth. The mean positron Recently Hakalat al'® have calculated positron lifetime
implantation depth has been calculated from E&B) (see  5nq for the first time, momentum distribution of electron-
the Appendix. The AS values are related to the probability ,gjtron pairs annihilating at vacancy clusters in Si. In these
fq of positrons to be trapped in a defect. The probabfiifys  c5jculation they have considered an ideal vacancy cluster in
calculated through the diffusion equation and depends on thghich the ions surrounding the defects are not allowed to
positron specific trapping rate per unit defect concentrationg|ay from their ideal lattice position. From the calculated
[Egs. (A4) and (AS5) of the Appendi}. The PAS measure- momentum distribution they have extracted the Doppler
ments and the fitting curves are shown in Figs. 4 and 5&s spectrum and convoluted it with an experimental resolution
vs mean positron depth, for the isochronal annealing. curve(a Gaussian with FWHM 4.7x 10~ 3m,c). From this
Doppler spectrum they have calculated Separameters for
monovacancie¥, to clusters of five vacanciégs. In Fig. 6
we have reported ous, values, obtained by fitting the PAS
As reported in Table | th&; values characterizing the data, as a function of the annealing temperature for the two
type of positron traps are different in the two as-implantedseries of samples. On the same figure 8jevalues calcu-

B. Identification of open volume defects
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0.1 1 10 100 1000 lated in Ref. 15 are reported as dotted lines; these lines are
T labeled on the right axis. The resolution function of our de-
I as impl. 5x10" Heem® | tector at 5}1 keV was 4>610T3m0c FWHM, very close to
150°C (a) the resolution function used in Ref. 15, and therefore we do

1 not need any correction for the comparison $f values.
Figure 6 deserves some comments.

(a) The calculateds, values® are for ideal vacancies and
vacancy clusters. In our samples, as will be shown, the open
volume defects are stabilized by He or displaced Si-related
defects. This is certainly the case of monovacancies in the
LD sample; in fact it is well accepted that single vacancies
are not stable at room temperature ir*Si.

(b) In our samples there is certainly a distribution of dif-
ferent types of open volume defects. For example, in the
sample implanted at 210'® He cm ? and annealed at
700°C, TEM measurements have shown cavities in a region
70 nm wide centered at 210 nm, and this is in agreement
with our finding, but positrons see also a well-defined distri-
bution of defects from the surface up to this depth. These
defects are smaller than cavities and are not seen by TEM.
The heterogeneity of the open volume defects will also be
reflected in oulSy values. These experimental values can be
thought of as linear combination values coming from defects
of different types. Also the values of 1.034—1.038 assigned

(2 to divacancies in previous work8;2 most probably reflect
the coexistence of divacancies and monovacancies possibly
stabilized by impurities. This coexistence was postulated in
measurements on samples implanted with He and treated iso-
thermally at 250 °QRef. 12 and would explain our values
in some samples in Fig. 6 that lie between the calculated

. . values for monovacancies and divacancies.
124] . swoc Aer 4 (c) The presence in our samples of negatively charged
o 550°C N (9] defects likeV, *,V, 2 cannot be excluded.
S | e AL i (d) It cannot be excluded that positrons are also trapped in
. 700°C of [°° . open volume defects partially filled by He atoms.
* 750°C | G 1 However, with the mentioned cautions, we have classified
i gggg A ’ the defects in our samples according to Figsée also Table
I, columns five and ten In the following we will use the
064 . term V3, ... V; helium-related defecté.e., vacancy com-
plexes stabilized by He or other impuritje® label a distri-
0.4 . bution of defects with a predominance of open volume de-
° a ) fects with V, ... Vs character. This is the more general
024 Y i assumption but we must stress that our data points in Fig. 6
M H line up in horizontal lines. This suggests, for instance, that
i our V*2 are mosthyV, with an S, value different but compat-
oo : 0 100 1000 ible with the one given by Hakalat al.*®
In Table | we have reported the concentration of defects
mean positron implantation depth [nm] calculated through EqA5) of the Appendix. With the hy-

pothesis that the characteristic trapping ratefor an ag-
glomerate ofh vacancies is proportional to the characteristic

FIG. 4. A mean itron implantation h for -
G S (see text vs mean positron implantation depth fo trapping ratev, of a neutral vacancy,=nv, ,'>3'the num-

LD samples(a) As-implanted, fyull squares; 150 °C, open circles;
200°C, full triangles: 250 °C, diamondéb) 250 °C, diamonds: berN,,, of defects per surface area per host atom was evalu-

300 °C, full circles; 350 °C, open triangles; 400 °C, open squares"[;Ited W'th _the relation’= N, Vv_/NSi’ whereNs; is the num- -
450°C, full diamonds(c) 500 °C, full triangles: 550 °C inverted P€T o_f silicon atoms per unit volume. As a characteristic
triangles; 600 °C, open circles; 650 °C, open diamonds; 700 °c{rapping rate for a neutral vacancy we have used half of the

full circles; 750°C, full squares; 800 °C, open squares; 850 °c value v,,=0.8X 10® st for a neutral divacancf/z. For
inverted full triangles. The lines through the experimental points aréavities a trapping rate,= 10" s™* was evaluated from Eq.
best fit curves obtained according to the diffusion mo¢@l.The  (5) using the cavity density as estimated by TEM measure-
best fits for 550 °C and 650 °C only are reported for clarity. ments(Sec. IlI).



10 160 ROBERTO S. BRUSAet al. PRB 61

0.1 1 10 100 1000 0.1 1 10 100 1000
AR | T T T T MRARL S MAALLA B LA AL L Eaend
1.2 . -
« asimpl. | 2x10° Heem® o 250°C
o 150°C «  300°C
1ol | o 200€ @ | . 350°0 ® |
' o 250°C s 400°C
v 450°C

0.8

FIG. 5. AS (see text vs mean
positron implantation depth for
HD samples. (a) As-implanted,
full squares; 150 °C, open circles;
200°C, triangles; 250°C, dia-
monds. (b) 250°C, diamonds;
300 °C, full squares; 350 °C, full

0.6

0.4

0.2
circles; 400°C, full triangles;
H 450°C, inverted triangles.(c)
0.0 500°C, full triangles; 550°C
12- | open circles; 600 °C, inverted tri-
' . angles; 700°C full squaregd)
° 700°C, full squares; 750°C,
1.04 v 4 open circles; 800 °C, inverted tri-
w o .
4 ) angles; 850 °C, diamonds;
900 °C, crosses. The lines through
0.8 . the experimental points are best fit
curves obtained according to the
diffusion model. The best fits for
0.6 T the 250°C, 300°C and 400°C
only are reported for clarity.
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C. Evolution of the open volume defects majority of vacancies produced during the implantation pro-

The evolution of the open volume defects as measure§€SS is either passivated by He or involved in the formation

with PAS will be discussed with reference to Figs. 4, 5, and®f more complex qefecfs’—_ 3
Table 1. In the samples implanted at lower dose oxflystabilized

by He-related defects survives. Due to the increased mobility
of both He and vacancies during the implantation process,
the V*1 concentration is lower in the sample implanted at RT.
In Figs. 4a) and Fa) the AS values vs the mean implan- In the sample implanted at HD, the defects are maifily It
tation depth of positrons are reported for the two asdis worth noting that the concentration of positron traps is
implanted samples at LNT. A sample, not shown in the fig-lower by three and two orders of magnitude in comparison to
ures, implanted at LD and at RT, was also measurgg ( displaced silicon atoms and He content, respectively. Posi-
=1.02, N, =4.2¥ 1014\/’1k cm 2, 51:22 nm). All the im-  tron traps are less numerous in the samples implanted at HD
planted samples present a very near-to-the-surface positréhan in the samples implanted at LD.
trap distribution. The mean depth runs from about 44 nm in
the sample implanted at the highest dose to 31 and 22 nm irp. |sochronal annealing of 510 He cni~2 implanted samples
the samples implanted at the lowest dose at LNT and RT, ! . . R
respectively. These traps are at a depth five times smaller N the first two isochronal annealings (150,200°C) we
than the mean depth of the He distributi210 nm and observe a considerable decreas_e\/@ftra}ps. In the sample
three times smaller than the mean depth of the displace@nnealed at 150 °C the mean degthof V, distribution does
silicon atoms distributior{130 nn) as measured by RBSC. not change with respect to the as-implanted sample. On the
These observations have been interpreted as showing that thentrary, in the samples annealed at 200 °C the decr‘é*@se

1. As-implanted samples
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L e e e R s 3. Isochronal annealing of 210 He cmi™2 implanted samples

113 ]

142] [samples implanted at a fluence of 1 For annealing temperatures of 150-250°C a decrease of

SIE N 213522 °oo0oo ] V, is observedd; moves slightly deepefby about 10 nm

1107 1 with respect to the as-implanted sampkég. 5a)]. V, in-

o S | - 1 crease as the annealing temperature is increased to 350°C;

107.] k Vs then they remain almost constant in the 350-450°C tem-
S ; Wy ewe TV perature rangéFig. 5b)]. In this temperature range; is

od o orpppldtl o v apouti00nm.

1-04-_} o o , iV From 500°C the positron traps increase in size:

103 ] V3, V., Vg appear progressively. Our measured data in Fig.

1.024K .. N e 3 4 6 . . .

101 ] o R B 6 suggest the absence‘aﬁ@ defects. We cannot judge if this
O is a feature of our samples or if it is a general characteristic
0 100 200 300 400 500 600 700 800 900 1000 of defected Si. Starting from 600 °@; moves progressively

annealing temperature (°C) and reaches at 850 and 900°C, the mean depth of about 230

o ) nm. At 800,850,900 °C, the traps are caviti&g) confined
FIG. 6. Characteristi§y parameters as a function of the anneal- ;, 5 layer of about 30—40 nm centered around 230[Fig.
ing temperature for the samples implanted at LD and HD. $he 5(d)]. We must note that thdS data at 700°C, already
values were obtained by the analysis described in the AppendixShOWS a small peak of defects at a depth arOljnd 150 nm

The Sy values shown without error bars were kept fixed in the - S
analysis with the diffusion equation. The dashed lines indicate thesuperlmposed to the broader and larger distribution centered

Sy values as calculated in R¢fl5] for the defects indicated on the at 100 _nm[see Fig. %)]. This .peak can be attributed to
right axis. cavities; on the contrary, the tail of defects towards the sur-

face has to be attributed to vacancy clusters of smaller size.

o The final distribution of positron traps is centered in the

is accompanied with an increasedyf and with a consequent same position as the He distribution after the implantation

broadening of the trap distribution. At 250 °®/,, appear, Processaround 220 nm

and the minimum number of positron traps is reached. Itis interesting to compare the PAS results shown in Fig.
The concentration ok, increases monotonically up to 5 with the ERD results in Fig. 1. In the 350-450 °C tempera-

R . . — ture range, where the positron trapping stops increasing,
400°C[Fig. 4(b)]. At 300°C the mean depith reaches the ERD evidences that the He content is almost constant. In the

value of 80 nm. In the 300-450°C temperature radge same temperature range there is also a decrease of the He

remains practically unchanged. From 450 to 650 °C, the posdesorption ratésee Fig. 2.

itron traps are mainlyV,: their distribution at 600 and

650 °C[Fig. 4(c)] moves toward the surfag@bout 50 nm

and their number decreases. We can underline the following main differences and
In the 700—900 °C temperature range a nonmonotonic besimilarities between the evolution of the open volume de-

havior of defects was detectffig. 4(c)]. In this temperature fects as detected by PAS in the series implanted at low and

range we have measured two samples, produced in the safi@h He dose.

experimental condition, for every annealing temperature. All () The samples implanted at LD show more positron

of them showed the same behavior. The positron traps iHaPS in the region near the surface and the traps distribution

these samples are from 50 to 100 times less than in the oth& Proader than in the HD series. A double-defect profile is

investigated samples. At 700 °C there is only a small devian®eded to describe the trap’s distribution. ,
(i) Both series show that the number ¢} andV, de-

tion from the reference sample near 200 nm. At 750 and . |

800 °C there is an increase of positron traps with a broagréases in the 150-250 °C annealing temperature range, and

distribution. At 850 °C they decrease again. At 900 °C all thethatd; increases at 250 °C with respect to the as-implanted

positron traps are annealed out. The meas@@drameter samples.

values for the samples in the 700-850°C range are more (iii) At 300°C, in both the series there is a sensible in-

scattered and, consequently, the parameters of the defect digease oﬁl (from 50 to 80 and from 65 to 100 nm in the LD

tribution as evaluated from the fitting procedure are affectechnd HD series, respectively

by large errors. Values of these parameters reported in Table (iv) From 400 °C there is a diversification of open volume

| are only indicative. Due to the uncertainity in the ana'ySiS,defects: in the series at LD onwz appear, on the contrary in

it cannot be excluded that the positron traps at 750-850 °Ghe HD series the open volume defects evolve fijito V.

are few vacancy clusters larger the(p. with the progressive appearance of cluster of increasing size.
The distribution of positron traps, also after annealing, is  (v) In the 300—550 °C range the concentration of positron

always confined in the first 150 nm from the surfacq ( traps increases at about fixeg in the LD series. On the

=85 nm). Only the tails of the He and positron trap distri- contrary, in the HD series, the concentration increases up to

butions overlap. The mean depth of the near-to-surface 350 °C, then remains constant up to 450 °C.

distribution, has an almost constant value around 4 nm in the (vi) In the 600—900 °C range in the LD series the concen-

samples annealed in the 150-400°C temperature ranggation of traps decreases. At 900°C all the traps are an-

Then it decreases at about 2 nm in the 450—650°C range. nealed out. In the HD series, from 700 °C the concentration

4. Comparison between the two series of samples
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decreases but the traps never disappear and their profinfirm that He is released with a distribution of activation
moves towards the bulk. energies, revealing the presence of heterogeneous traps. In
addition the open-volume-defect distributions seen by PAS
are confined in that region where the He concentration is
lower.

The present measurements show that the dynamics of the (2) The number of open volume defects detected by PAS
number of defects detected by PAS has three well-distinds very small in comparison with the implanted He dose and
stages in both series of sampl@sgs. 4,5. The first at an-  with the equivalent number of displaced Si atoms. Convert-
nealing temperatures lower than 250 °C in which open voling the number of open volume defects in Table | in a num-
ume defects decrease, the second one from 250 to 650 °C, ifer of equivalent single vacancies we found that in the LD
which more and different open volume defects appear, theamples, as implanted and annealed at 250°C, where the
third one from 700 to 900 °C, in which cavities appear in theERD and RBSC data are availaﬁlh;he vacancies are about
HD samples and open volume defects disappear in the LEve times less than He and four times less than equivalent
samples. An explanation of the open-volume-defect dynamdisplaced Si atoms. The difference is more marked in the HD
ics is hardly separable from the behavior of He during thesamples, about 70 times less than He and 500 times less than
implantation process and its outdiffusion during the isochrodisplaced Si. This relative difference decreases with the an-
nal annealing as measured by TPD. Besides, the open vahealing temperature of the samples. This number of equiva-
ume defects interact with the damage due to the implantaent vacancies is evidently less than the expected number
tion, detected by RBSC. This damage is due to dislocationgrom the creation of Frenkel pairs during the implantation
He atoms, Si self-interstitials. These defects probably ar@rocess. The small number of vacancy defects and the asym-
connected to form extended defects as this damage starts figetry in the behavior of the vacancy defects in the samples
disappear at temperatures higher than 500 °C. implanted at different He doses points out clearly that vacan-

To our knowledge little information is available from the cies interact with He atoms and participate in the He cluster-
literature about vacancy clusters or vacancy complexes stang.
bilized by other defects in Si. Different from He in metals, The interaction of vacancies with He atoms is twofold.
there are few experimental and theoretical studies about Herom one side He can passivate the divacancies that are the
in Si. The results achieved by these studies that useful fosnly open volume defects expected to be left in the samples

V. DISCUSSION

our discussion can be summarized as follows. implanted at these He doses with this energy. On the other
@ Sln_%e vacancies are mobile well below room temperasside mobile vacancies can be directly involved in the He
ture in Si: clustering process. The dissolution of these He clusters dur-

(b) The annealing temperature of divacancies is arounghg annealing is then responsible for the appearance of the
250 °C?>* other author¥ have found an annealing tempera- vacancy clusters. The second point can be explained by the
ture of about 300 °C for stabilized divacancies. following considerations.

(c) It has been reported in electron paramagnetic reso- The He bubble formation process, according to the theo-
nance measurements that the annealing temperature of namtical calculatior’® is activated by the tendency of He to
planar tetravacancies is around 330%C. cluster. This clustering of He will be more effective in the

(d) Alatalo et al*® have studied the very early stage of region where the local concentration of He is highem
bubble formation in Si from first-principle molecular- fact to accommodate more than four He atoms in the Si
dynamics calculation for He atoms in silicon. They havelattice it is necessary to create a vacancy. The energy needed
found that two He atoms in a perfect lattice tend to occupyto create a vacancy-interstitial pajabout 6 eV can be
adjacentT 4 interstitial sites. The solution energy for the sec-achieved by the exothermic transfer of He from solid solu-
ond He atom is 0.08 eV lower than that of a single He atontion to the gas phase in the bubble. A rough estiffateows
(0.88 eV). This energy can be regarded as the binding energyhat 30 He atoms at least are needed to form a bubble with a
of the two atoms, therefore they are very stable at roonvolume equivalent to four vacancies. On the other side a
temperature. From this result it is pointed out that the Hedifferent mechanism should be called for where the density
bubble formation could start from clustering of an interstitial of He is lower (from the surface to about the He-projected
He. The He atom is found not to be trapped by single vacanrange and the number of vacancies produced by implanta-
cies, excluding the possibility that the single vacancy is aion is higher. It is more plausible that vacancies themselves
nucleation center for He agglomeration. contribute to the clustering process of He, decreasing the

(e) Helium was found to have the tendency to fill energy necessary to accommodate successive He atoms. Va-
cavities>® From the point of view of positrons, filled cavities cancies, in agreement with calculati&nyould not be nucle-
are passivated traps. ation center for He clustering, but, due to their mobility,

The main results that we have obtained by a through comeould be incorporated in the cluster during its formation. In
parison of the PAS data with the ERD, RBSC, and TPDthis respect vacancies disappear just during the implantation
measurements, are the following. process. At the end of the implantation process He is ex-

(1) Helium is shown to passivate also small open volumepected to be organized in agglomerates of different sizes,
defects ¥/3 —Vg): this is demonstrated from the detection with the size of these clusters larger in the region of higher
with PAS of vacancy complexes with character of vacancyHe concentration. In this way more vacancies are so left in
cluster of increasing sizes as He outdiffuse by thermal treatthe LD samples where the clustering process is less probable.
ments. Previous wofR has demonstrated this passivation for The different maximum size of the vacancy clusters observed
large cavities only. TPD measuremeflsg. 2 and Sec. I)l  in the samples implanted at the two doses after He desorb-
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tion (V, in LD andVg andV,, in HD) supports again the idea  This dynamics shows that the He clustering process is
that the local density of He is responsible for the agglomerahighly favored by capturing of vacancies, especially in the
tion process and for the disappearance of the vacancies duegion where the local concentration of He is lower. PAS
ing implantation. measurements point out that, although the tendency of He to
(3) In the as-implanted sample and in the samples ancoalesce is the driving force in He bubble formation, any
nealed up to 250°C the open defects detected by PAS argodel or theoretical calculation must take into account the
only those that survived He passivation. Their distribution isinteraction of He with vacancies during the implantation and
very near the surface where the He density is negligible. Ithe first annealing stages. From the appearance of vacancy
the HD samples the mobile single vacancies are involveglusters of different size during He outdiffusion, it is evident
more efficiently in He clustering, and only the more stablethat He, like H3' passivates also small voids and not only
V, survive. The strong instability of; in the LD samples is ~cavities. The revealed vacancy complexes, due to the high
well confirmed by the annealing at 150 °C in which aboute_mnealing temperature, are found to be very stable and stabi-
2/3 of V; disappear. In this first stage, according to the TPDIized by He or He-related defects.
and ERD measurements, there is a negligible loss of He from
the samples, and RBSC measurements reported in Fig. 2 ACKNOWLEDGMENTS
clearly show the decrease of displacb%g silicon atdthis
decrease is just in the near-surface regiprFrom the above . ' :
consideration it can be deduced that during these first annear']é-late”a(.lNFM) for f'”."’!”c"'?" supp(’)rt.' The authors thank G.
ings the residual mobile He interstitial probably continues to _alzola_n and c. Nob|I|(Un|ver5|tg di Modena for helpful .
contribute to the clustering process. The disappearanvé of discussions. This work was partially supported by the Min-
* . L : ) istero dell’'Universita’ e della Ricerca Scientifica e Tecno-
and of V, can be ascribed to recombination with d|splaced|0giCa (MURST).
silicon atoms, their migration and capturing by the He clus-
ters that increase in size, and passivation by diffusing He
atoms.

(4) In both series, starting from 250 °C, the concentration  We have determined the parameters that characterize the
of V, increases as He starts to outdiffusgg. 2. At this  gnen yolume-defect distributionsN,, ,d; ,d,) and the na-
stage all theV, and theV, survived after the implantation ture of the open volume defectSy), by a best fit of th&Svs
process have disappeared and the appearance of th¥ new E experimental curves. We have adopted for the fitting pro-
and the appearance of vacancy complexes from 450 °C in thgedure the diffusion modé?:* In this model the parameter
LD series and from 500 °C in the HD series can be explainegs expressed as a linear combination of three tefims:
with the depassivation of the open volume defects left by He
detrapping and outdiffusion. S(E)=Sf§(E) + Syfp(E) + Syf4(E), (AL)

PAS measurements reveal thé},V, and the other va- herefg(E),fy(E),f4(E) are the positron annihilation prob
ili s b »id -
cancy complexes must be stabilized by other defects or b bilities at the surface, in the bulk, and in the defects respec-

He itself. In fact, as reportetf, all vacancy clusters up to © o .
pentavacancies are expected to disappear at a temperaturet'g?ly' Ss,Sp,Sq are the characteristic values 8ffor posi-

450 °C. trons annihilating at the surface, in the bulk, and in the

. * , R defects, respectively. The energytdepth dependent
(5) In the LD seriesV, starts to disappear at 700 °C. At e :
this temperaturésee Fig. 1 all He has outdiffused. Con- fs(E),Tp(E),T4(E) probabilities are related to the stationary

versely, in the HD series, the process evolves so that ac{ensnyn(x,E) of thermal positrons, at incident positron en-

700 °C cavities are detected by PAS and TEM. At tempera—ergyE and at depix, by the equations.

tures higher than 700 °C the desorption of He is almost total w

(Fig. 1) and TEM and PAS show an increase of cavity diam- fb(E):)\f n(x,E)dx, (A2)
eter and a decrease of cavity density due to a coalescence 0

process? PAS reveals also the disappearance of the small

One of us(N.T.) thanks the Istituto Nazionale Fisica per

APPENDIX: MODELLING OF PAS RESULTS

vacancy clusters from the surface down to 150 nm. They f(E)=D dn(x,E) (A3)
disappear above 700 °(ike in LD sample$ leaving a Si SSEUEH dx o
lattice free from defects. The vacancies produced in the dis- X0
solution of these small clusters could migrate and be cap- w0
tured by the more stable bigger cavities. fq(E)= vf C(x)n(x,E)dx, (A4)
0
VI. CONCLUSIONS where\ is the bulk annihilation rate iic-Si [for which we

have accepted the theoretical value(221 p3~* (Ref. 15],

In conclusion we have followed with the PAS technique D, is the positron diffusion constant,C(x) are the specific
the evolution, as a function of isochronal annealing, of postrapping rate per unit defect concentration and the function
itron traps in implanted Si at two He doses. We have identidescribing the profile of positron traps, respectively. The
fied open volume defects with trapping characteristics rangspecific trapping rate is related to the defect concentratjon
ing from single vacancy to hexavacancy. At the end of the(defects per unit area per host atothrough the equation
annealing process we have identified cavities in the samples
implanted at higher dose. V=CqVyq, (A5)
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where vy is the characteristic trapping rate of the defect. T T T
The positron density(x,E) is the solution of the diffu-
sion equation

1.00 4

d’n(x,E) d
g A BB e In(GE)
+P(x,E)=0. (AB)
u . is the positron mobility, related to the diffusion constant o %7

and to the thermal enerdy, T by the Einstein equatiop
=eD, /kyT (e is the electron charge arig, the Boltzman
constank E, is the electric field in the direction of theaxis. 0.94 -
As it is well known in p-silicon samples an electric field
associated to the band bending near the surface pushes the
positron away from the surfac®(x,E), the positron im-
plantation profile, is the positron density profile at the end of
the thermalization process. As the positron-implantation pro- o I

file we have used the Makhov functiéh, o1 1 T 100 1000
mean positron implantation depth [nm]
d x\m
P(X,E)=— prviods Bl bl T (A7) FIG. 7. Parameter vs mean positron implantation depth for a
0 p(100) samplgopen circlesand a LD sample annealed at 900 °C
wherem=1.9 andx, is related to the mean implantation (full squares.
depth by means of the equation

0.92 1

_ L,=(D,/\)%®=215+10 nm]. The surface electric field
x=0.88%,=(A/p)[E(keV)]" (A8)  has been taken with the linear dependence predicted by

with the density of siliconp=2.33 g/cni. A andn are two the Poisson equation in the constant carrier-density

. . 9 . .
parameters characteristic of the investigated material. Th@Pproximatiort” The surface-bulk potential differena¢ as-
solution of Eq. (A6) has been obtained by a numerical sociated with the surface electric field has been found to be

routine° V=0 for the annealed sample akd=67 mV for the virgin
sample. The results found with the above procedure for the
annealed sample have been used in the analysis of all the
samples of the two series. The mean depth distribution of
As a first step in the application of the diffusion model, cavities found with this PAS analysis in HD implanted
the diffusion constanb . , the surface electric fielf,, and  samples and annealed at 800-900 °C is in perfect agreement
the two parameter& andn must be evaluated. This has beenwith TEM measurements. This has to be considerech as
done, as usual, by fitting a8 vs E curve of an undefected posteriori confirmation of the correctness of our evaluation.
sample with Eq(A6): in this casev=0. These parameters
are to be evaluated with care because they will affect directly As-implanted and annealed samples
the determination of the depth reported in Tabf A criti-
cal point is the evaluation of the surface electric fi&ldve
have found that the surface of our samples was modified b
the implantation process. All of the as-implanted sample
and the annealed samples of the two series have shoBg an
value close to 0.92see for example Fig.)3 This value is
lower than theS; value of about 0.95 measured fop&100)
sample before implantation. In Fig. 7 we have reported3he 1573x 0.88%\ 2
measurements for a virgin samg¥100)(1.7—2.5 cm) and C(x)= 'T:exp{ _<T) l (A9)
for a p(100) (1.7-2.5 cm) sample implanted at LD and an- d d

Reference sample

The measure vs E curves of the as-implanted and an-
ealed samples have been fitted with E&6) in which the
pecific trapping rate and the defect profil€(x) were kept

as a free parameter and an estimating function, respectively.
As an estimate for the defect profile a derivative of a Gauss-
ian was chosen:

d

neal °C. This | mpl r fect-fr . Lo
Crystaline sample a5 analysed by RBSC, ERD, and PASINE CONSIants in EGAD) ensure the condiion 5C(x)dx
Therefore, the two samples are expected to have the samel, JoXC(x)dx=d. d is the mean depth of the defect den-
bulk propertieithe sameD . ,A,n)_ In our ana|ysis we have Slty prOfile. With this function it was pOSSible to fit the
assumed that the difference in tBeurves of Fig. 7 can be Samples of the X10'®Hecm ? series from the as-
ascribed to a change of the surface electric field. Consdmplanted sample to the sample annealed at 550 °C. In this
quently we have fitted the data of the two samples reportedase the free fitting parameters weréin Table | asd;) and

in Fig. 7, with E,,D, ,A,n as free best fit parameters but the specific trapping rate.

with the constraint that oD , ,A,n shall be the same for the All the samples in the LD series and the samples of the
two samples. The best fit values f&rn, andD . have been HD series annealed in the 600-750°C temperature range
found to be A=3.5g/cnt and n=1.7, and D,=2.1 present a shoulder of defects near to the surfaee Figs. 4
+0.2 cnf/s [D. is related to the diffusion length through and 5. To obtain a good quality fit, it was necessary to use
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an estimate function, which is the sum of two equations like . o T T T LI B T

Eq. (A9). The free fitting parameters wesg ,Ss,d; ,d,, and QT SURFACE .
the two trapping rates were; ,v,. The S parameter of the ‘ sample 600°C fluence 2x10
surface was varying from 0.90 to 0.922 and from 0.896 to
0.917 in the low and high dose samples, respectively.

In the case of the samples of the HD series annealed in th
800-900 °C temperature range, no defects were observed iz
the region from the surface down to 150 nm. To obtain a
good quality fit to the data a Gaussian was adopted as th
estimate function:

_ g2

: (A10)

207

where 2.34 is the full width at half-maximum.
The errors on the best fit parameters have been estimated FIG. 8. W vs Scurve for a HD sample annealed at 600 °C. The
in correspondence with an increase ofi bf the square of lines are best fits as discussed in the Appendix.
the variance of the fit, where is the number of degrees of
freedom. the probability for a positron to annihilate at the surface is
The best fit procedure, applied to ti$evs E curves of negligible. For the first line, the points in the 8-12-keV
some samples annealed at temperatures higher than 500 °€hergy range have been used: here the probability of annihi-
failed in determining accurately th®&; parameter. This fact lation in the bulk is negligible. These energy intervals were
was due to the interrelation between the specific trapping ratehosen by crosschecking tlig andf¢ values with the diffu-
and theSy best fit parameters. A decrease in the specificsion equation.
trapping rate is compensated by an increasgjinmaking it In the present work this method has given the same values
difficult to find out its upper limit. The method proposed by of S; as obtained by fitting the diffusion equation to the
Clementet al?* has been adopted to check ®gparameters measured curves of all the samples annealed in the
as evaluated by the fit procedure and to evaluateSthpa-  400-550 °C temperature range. The method has given poor
rameters in the uncertain cases. In this method, based on thesults in the analysis of those samples in which the increase
linearity properties of the shape and the wing parameters, thef the measured vs E parameter was not so pronounced
S(E) andW(E) parameters are plotted as a trajectory in the(as-implanted, 150—300 °C temperature range samplége
S-W plane. As an example, Fig. 8 shows tBaN plot fora  Svs W method performed better than the diffusion equation
sample implanted at HD and annealed at 600°C. Twdor all the samples annealed at temperatures higher than
straight lines are easily identified starting from the surfage ( 600 °C. In the samples in which there was a decrease of
values close to 0.92and from the bulk § values close to positron traps, th&, value was fixed. In particular, thg,
1.0). The intersection of these lines yields the characteristivalue of 1.112, found for the HD implanted sample and an-
Sy andWy parameters of the defected layer. The uncertaintynealed at 700 °C, was kept fixed to analyze the samples an-
limits on the two parameters have been evaluated from theealed at a higher temperatur§y=1.02 andS;=1.0376
variance in the slope of the two straight lines. In the case ofvere kept fixed in the analysis of the samples annealed at
Fig. 8 the second line has been determined by a linear fit td50-200 °C, implanted at LD and HD doses respectively
the measured points in the 20—25-keV energy range: hergee Fig. 6 and Table.l
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