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Positron Annihilation Spectroscopy (PAS) performed with continuous and pulsed positron beams allows
to characterize the size of the intrinsic nano-voids in silica glass, their in depth modification after ion
implantation and their decoration by implanted ions. Three complementary PAS techniques, lifetime
spectroscopy (LS), Doppler broadening spectroscopy (DBS) and coincidence Doppler broadening spectros-
copy (CDBS) will be illustrated by presenting, as a case study, measurements obtained on virgin and gold

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

PAS is a well established spectroscopy tool for studying open
volume defects in all type of materials: metals, semiconductors,
polymers [1-3]. It is possible to depth profile from few nm to sev-
eral microns the samples by tuning positron implantation energy
from few eV to about 30 keV. Injected positrons slow down to ther-
mal energy in few picoseconds, then they start a diffusive motion
ending their life by annihilation with an electron of the medium.
At each implantation energy, a fraction of positrons diffuses at
the surface of the sample annihilating in a surface state, a fraction
annihilates in a bulk state and a fraction is trapped into open vol-
ume defects where it annihilates. Positrons have high sensitivity to
single vacancy, vacancy clusters and open volumes up to nano size.
They are preferentially trapped in these sites due to the missing
positive charge of the ions.

In insulators, when nano or sub-nanovoids are present, posi-
trons can form positronium (Ps) the electron positron bound state.
Ps is formed in two spin states. Ortho-positronium (o-Ps, triplet
state, total spin number 1, formation probability 3/4) and para-
positronium (p-Ps, singlet state, total spin 0, formation probability
1/4). p-Ps has a vacuum lifetime of 125 ps. The p-Ps lifetime in o-
SiO, was found to be 156 + 4 ps because the distance between pos-
itron and electron becomes larger than that in vacuum due to the
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screening of the Coulomb interaction with the electrons of the
medium [4]. o-Ps has a lifetime of 142 ns in vacuum, but this life-
time is shortened to few nanoseconds in a void of the matter by the
so called pick-off process. In the pick-off process the positron of the
0-Ps atom, annihilates with an electron of opposite spin of the
environment. In fused silica glass up to 80% of positrons form Ps.

Information on open volumes defects (distribution in depth,
sizes, decorations) can be obtained by looking at the 511 keV pos-
itron-electron annihilation gamma rays and to the positron and
positronium lifetime.

In spite of their technological importance [5], silica glasses
have not been deeply investigated by PAS [6-9]. Recently, we
have started a systematic analysis of silica glass implanted with
different ions with the aim of studying the modification of the
intrinsic sub-nanovoids of the material and the induced defects
[10,11].

In this paper we will present the information that can be obtained
by studying virgin and implanted silica glass with three complemen-
tary PAS techniques. It will be shown as a full description of the
intrinsic sub nanovoids and of the open volume defects can be
achieved with these techniques. In Section 3 it will be shown as LS
allows the characterization of the type of defects formed by ion
implantation. The depth distribution of this defects can be extracted
by analyzing the data obtained by the DBS technique, Section 4. And
finally,in Section 5, the presence of gold associated to some defectsis
outlined. To this aim, the sensitivity of the CDBS technique to the
chemical environment around open volume defects is used.
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2. Samples

Samples were obtained from silica glass slabs (Herasil 1 by
Heraeus) produced by fusion of natural quartz crystals. Slabs were
implanted at room temperature with a 200 kV high-current im-
planter (Danfysik 1090) at the INFM-INFN Ion Implantation Labo-
ratory (Legnaro, Italy). Au® ions at 190 keV were implanted in the
silica slab with a fluence of 5 x 10'*ions/cm?. To avoid sample
heating during implantation the ion flux was maintained at
0.1 pA/cm?. The ion projected range R,, calculated by using SRIM
program [12], was R, = 67 nm with a straggling AR, = 14 nm.

3. Lifetime Spectroscopy (LS)

LS allows the characterization of defect types and the dimen-
sion of intrinsic sub nanovoids in silica glass. The positron lifetime
measurements were done with the apparatus PLEPS (Pulsed Low
Energy Positron Beam) [13] at the high intense positron source
NEPOMUC (Neutron induced POsitron source MUniCh) [14]. An
example of a measured lifetime spectrum is plotted in Fig. 1. The
lifetime spectrum F(t) is a sum of exponential decay lifetime
components:

F(t):ii—iiexp (—%) (1)

where 7; and [; are the positron lifetime in the state i and its asso-
ciate intensity, respectively. The positron lifetime is inversely pro-
portional to the local electron density in the annihilation site
[1,3]. As a consequence, lifetime values increase when positrons be-
come trapped in larger open volumes. When the open volume
reaches the sub-nanometer size, Ps can be formed [1-3]. In materi-
als similar to those studied in the present work, from the decompo-
sition of the LS spectra, up to four components representing
different annihilation sites can be well-resolved.

For this experiment, lifetime spectra were acquired in the 0.5-
18 keV positron implantation energy range and analyzed by POSFIT.
The overall (detector plus pulsing system) time resolution was
280 ps. Ateach energy from 3 to 5 millions counts were acquired with
a counting rate of 8000 counts per second. A lifetime depth profiling
with 15 positron implantation energies requires a measurement time
from 3 to 4 h. From the analysis of the spectra, three lifetime compo-
nents were enough to obtain good fits of the experimental data.

According to the Makhovian implantation profile, the mean
positron implantation depth z in nanometers is related to the pos-

silica glass
positron energy 10 keV

-
o
L

[

Counts/Channel (12.5 ps)
) =)

w
0 0® ®e 0000000000000 000000000

10

Time [ns]

Fig. 1. Typical lifetime spectra. The long decaying exponential is due to o-Ps pick-
off annihilations.

itron implantation energy E by the equation z = (40/p)E!-® when the
material density p (2.3 g/cm?® for fused silica glass) and energy E
are expressed in g/cm® and keV, respectively [1-3].

The lifetimes and the respective intensities as obtained by mea-
suring the Au implanted sample are shown in Fig. 2 and Fig. 3 as a
function of the positron implantation energy. The damage region
extends from the surface to about 300 nm depth (see DBS mea-
surements in the next paragraph) corresponding to a positron
implantation energy of about 6 keV. For energies above 12 keV
positrons are implanted beyond 1 pm depth and annihilate in the
bulk of silica glass. Therefore the measurements above 12 keV pos-
itron implantation energy characterize the virgin silica and will be
discussed in advance.

The longest lifetime (73 ~ 1600 ps, I3 ~ 57%) is due to o-Ps pick-
off annihilation in the intrinsic sub-nanovoids of the silica. The
pick-off reduced o-Ps lifetime is correlated to the size of the open
voids in which o-Ps annihilate. An estimation of the dimension of
the open volume in silica can be obtained by the Tao-Eldrup semi-
empirical model that relates the pick-off reduced o-Ps lifetime to
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Fig. 2. Positron lifetimes as a function of the positron implantation energy. The
longest lifetime 73 corresponds to the o-Ps pick-off annihilation. The dashed vertical
line marks the damage region by Au® implantation. The continuous vertical line
marks the bulk of the unaffected silica glass.
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Fig. 3. Positron intensities of the respective lifetimes as a function of the positron
implantation energy. The dashed vertical line marks the damage region by Au*
implantation. The continuous vertical line marks the bulk of unaffected silica glass.
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the average sizes of the free open volume [15-17]. The cavity host-
ing Ps is assumed to be a spherical void with effective radius R.
Such a Ps trap has a potential well with finite depth; however,
for convenience of calculations one usually assumes the depth as
infinite, but the radius increased to R + AR, AR (0.166 nm) being
an empirical parameter which describes the penetration of Ps wave
function into the bulk [17]. The electron density is supposed to be
zero for r <R and constant for r > R. The relationship between o-Ps
lifetime 73 (ns) and radius R is the following:

AR 1 R \1"'
T3:0.5 m“rﬁsln <2nm):| (2)

Of course, the values of the radii obtained from Eq. (3) should be
interpreted only as rough estimates, since real voids are irregularly
shaped.

In the present sample, Herasil 1, with an o-Ps lifetime of 1.6 ns,
the size of the intrinsic sub-nanovoids with diameter d is found to
be 0.5 nm from Eq. (3). The dimension of the voids as a function of
the silica content was studied in several glasses by Sasaki et al. [9].

The second lifetime (7, ~ 600 ps, I, ~ 19%) is attributed to anni-
hilation of trapped positrons [8]. It is important to note that both
trapped positrons and positrons of o-Ps annihilate with the oxygen
atoms decorating the walls of the sub-nanovoids. In our fused silica
sample about 76% of implanted positrons are found to form Ps (4/3
I3). Fast positron annihilations and p-Ps annihilations contribute to
the shortest lifetime (7, ~ 150 ps, I; ~ 24%).

As mentioned above, in the samples studied in the present
work, ion implantation produces damage from the surface up to
300 nm depth. In this damage region (see Fig. 3) a strong quench-
ing of Ps formation is observed: the intensity I3 drops from 57% to
20% and I; from 24% to 10%. This reduction can be due to concom-
itant factors: compacting of the material with reduction of free vol-
umes available for Ps formation, enrichment of the free volumes by
displaced oxygen, free electrons at dangling bonds. Conversely the
fraction I, increases from 19% up to 73%. The strong increase of I, is
due to the oxygen enrichment of the trapping sites and annihila-
tion of positrons at negative charged oxygen-related defects as evi-
denced by the decrease of the lifetime 7, of the trapped positrons
to 7, ~ 450 ps (Fig. 2). The reduction from 600 to 450 ps of 7, is
associated at the presence of O, defects [8]. The slight increase
of the shortest lifetime 7, over 150 ps is associated to the presence
of nonbridging oxygen hole centers =Si-O~ [8].

Summarizing, LS measurements show that in the first 300 nm
(corresponding to a positron implantation energy of about 6 keV)
of the silica glass most of the intrinsic sub nanovoids are both com-
pacted and filled by oxygen atoms. Many of this oxygen atoms are
expected to be negatively charged. The o-Ps pick-off lifetime 73
that decreases to about 1400 ps points out a reduction in size of
the remaining sub-nanovoids (d ~ 0.45 nm).

The monotonically variation of the lifetimes and their intensi-
ties between ~4 keV and 12 keV is due to the positrons diffusion
length. In this region positrons diffusing in the bulk silica glass
probe both the bulk and the defected region (see next paragraph).

4. Doppler Broadening Spectroscopy (DBS)

The defects distribution can be obtained by the analysis of the
DBS measurements. With depth profiling DBS technique the
511 keV positron-electron annihilation line is measured at differ-
ent positron implantation energy. The broadening of the line is
evaluated by the so called S parameter defined as the ratio be-
tween the counts in a central area and the counts in the total area
of the annihilation peak (see Fig. 4). The electron momentum com-
ponent p, in the detector direction is related to the energy shift
AE = |E, — 511 keV/|, where E, is the energy of the detected gamma
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Fig. 4. Annihilation line (511 keV). The total and central areas of the peak used to
define the S parameter are highlighted.

ray, by the equation: p, = 22£, Hence, the S parameter is an indica-
tion of positron annihilation with low momentum electrons.

The S parameter as a function of the positron implantation en-
ergy, as measured by the Trento continuous slow positron beam
[18], is reported in Fig. 5 for the virgin and the Au implanted sam-
ple. The measured S(E) parameter values were normalized to the
Ssi = 0.537 parameter measured in the bulk of a p-type (1 00) Si
single-crystal. This choice allows the comparison with data on sil-
ica samples obtained in other laboratories [2]. For each energy,
about 3 x 10° counts were accumulated under the 511 keV line,
corresponding to an error of 1 x 10~> on the S parameter.

Each S(E) measured in the virgin sample is a linear combination
of the S, (E > 12keV) and S;(E — 0) characteristic of positron anni-
hilation in the silica bulk and at the silica surface, respectively:

S(E) = Sufs (E) + Sofs(E) (3)

where f,(E),fs(E) are the fractions of positron annihilating in the
bulk and surface states. The measured S values increase monotoni-
cally from the S; to the Sp.
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Fig. 5. S parameter, normalized to bulk silicon, as a function of positron implan-
tation energy (lower scale) and mean positron implantation depth (upper scale) for
fused silica and Au® implanted silica glass. The solid lines are best fit to the
experimental data using the positron stationary diffusion equation.
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The ion implantation produce a strong decrease in the S param-
eter values (see Fig. 5). The S(E) parameter shows a well pro-
nounced minimum and a subsequent increase, reaching the S,
bulk value. The broadening of the annihilation line produced by
irradiation is related to the different and coexistent phenomena
pointed out by lifetime measurements. The compacting of the
material and the filling of sub-nanovoids with oxygen atoms re-
duce the free volumes available for Ps formation: this also means
a less p-Ps contribution to the narrowing of the 511 keV annihila-
tion line. The oxygen enrichment of the free volumes increases the
positron annihilation with oxygen electrons that contribute to the
broadening of the annihilation line [2].

The S(E) in the implanted sample can be described by a linear
combination taking into account positron trapping into defects:

S(E) = Sufo (E) + Sfs(E) + > _ Saifu(E) (4)

where Sy and fi(E) are the characteristic S parameter of the defect
of type i and the fraction of positron annihilating in the defect i.

Modeling the S(E) curves by the positron stationary diffusion
equation (Eq. (5)) allows to extract the distribution of the defect
profiles [19]. The positron density n(z, E) is the solution of the pos-
itron diffusion equation:

’n(z,E)
0z2

D" is the positron diffusion constant, 4, the positron annihilation
rate in silica (taken as the inverse of the mean lifetime in the bulk
J»=1/1060 ps~1) and v; the specific trapping rate per unit defect
concentration. The positron implantation profile P(z,E) [1-3] is gi-
ven as input while the functional forms of the defect profile C;(z)
are inserted as a guess. v; is a fitting parameter. The fraction
fo(E), fs(E),fui(E) are related to the positron density n(z,E) by the
equations:

fo=17p /Ox n(z,E)dz
f=D, [dn(z, E)LZ0 (6)

D" - [z,, +3° v,-c,-(z)] n(z,E) + P(z,E) = 0 (5)

dz
Jai = Vi/oDC Ci(2)n(z,E)dz
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Fig. 6. Fractions of positron annihilating in the different annihilation states:
surface, bulk, two types of defects.
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Fig. 7. Defect distribution as a function of depth as obtained by fitting the
experimental data of Fig. 5 using the positron stationary diffusion equation.

The obtained fraction f,(E), fs(E), fsi(E) and the extracted defect
profiles are shown in Figs. 6 and 7 respectively. The continuous
lines in Fig. 5 are the best fit to the S (E) curves with the data of Figs.
6 and 7. The positron diffusion length in the virgin sample was
found to be L. =48 nm. Two defect distributions are pointed out
in the implanted sample: the first one very near to the surface,
the second one extending very deeply in the sample. The first dis-
tribution is confined in a region (<40 nm; <2 keV) below the R,,. In
this region there is a slightly reduction of oxygen filling nanovoids
and oxygen-related defects (see decrease of I, in Fig. 3). The defects
in the second distribution reach a depth of about four times the Ry,
These defects are oxygen filling the nanovoids and negatively
charged oxygen defects (see LS measurements). Probably, to reach
this depth, the mobility of displaced oxygen atoms is increased by
the stress field which is known to be produced by volumetric
change on the surface of insulators after implantation [20].

The functional forms adopted as a guess were a derivative of a
Gaussian and a Gaussian for the first and the second defect distri-
bution, respectively.
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Fig. 8. CDBS measurements. Ratio of the Au single crystal and of the Au implanted
silica glass 511 keV annihilation line to the 511 keV annihilation line of silica glass.
The spectrum of the Au implanted silica glass was measured at 2 keV positron
implantation energy. The dashed lines are a guide to the eyes.



3190 R.S. Brusa et al./Nuclear Instruments and Methods in Physics Research B 268 (2010) 3186-3190

5. Coincidence Doppler Broadening Spectroscopy (C-DBS)

Positrons annihilation with high momentum electrons, i.e. the
outermost core electrons of the atoms, populate the tail of the
511 keV annihilation line. As the core electrons maintain their
atomic characteristic also in a solid [21,22], the signal from posi-
tron-core electron annihilation can be used to have information
on the chemical species surrounding the annihilation site [23,24].
The annihilation probability with these electrons is very low be-
cause positrons are repelled by the ion core and the signal is com-
parable with the background. To extract the information a
background reduction coincidence technique with two germanium
detector must be used and usually 2 x 107 counts or more must be
recorded in coincidence. The coincidence measurements were
done at the high intense positron source NEPOMUC [14,25] with
a resolution in coincidence of 1.1 keV at 511 keV. To highlight
the fingerprint signal coming from the atom around the annihila-
tion site, the data are presented as ratio curve respect with a refer-
ence sample. In the present measurements as a reference a
coincidence curve measured in the bulk of a silica glass sample
was used. A gold single crystal was also measured to mark the
characteristic feature of this element in the high momentum anni-
hilation region. In Fig. 8 the measured 511 keV annihilation lines in
pure Au and in the Au implanted silica are reported as ratio to the
511 keV annihilation line in bulk silica glass. The spectrum of Au
implanted silica was measured at 2 keV positron implantation en-
ergy. This energy correspond to a depth of 53 nm, and hence very
near to the R,. As can be seen in Fig. 8, the Au ratio curve shows
two well defined peaks centered at gamma energy E, around
513.5 and 519.0 keV. A peak at about 519 keV is present also in
CDBS measurements on SiO, and Si surfaces [26] and there was
attributed to annihilation with oxygen. In the Au implanted silica
glass the two peaks are also present with the second one slightly
shifted to higher gamma energies (~521 keV). This is an indication
that some positrons traps are near to the Au implanted atoms, the
shift in the second peak could be due to the simultaneous presence
of Au and oxygen near to the positron trap. A more quantitative
discussion would require of theoretical calculations [27] and the
consideration of contribution of the different positron annihilation
states to the measured spectrum [23,24].

6. Conclusions

It was shown that, using three complementary PAS techniques,
information on the intrinsic dimension of sub nanovoids of silica
glass and on the type and distribution of defects produced by ion
implantation can be obtained. At present, these measurements
can be carried out in relatively short times at the NEPOMUC facil-
ity. Many properties of silica glass materials depend from its mor-

phology, doping and silica content. Non destructive methods, like
PAS, to characterize open volumes and their decoration in insula-
tors, can have an important role due to the wide use of silica glass
based materials in several technological field, from optical to hous-
ing and mechanical. Theoretical works are necessary to extract
quantitative information on the decoration of defects from CDBS
measurements.
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