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Abstract
Samples of amorphous silica were implanted with Au ions at an energy of 190 keV and 
fluences of 1 1014×  ions cm−2and 5 1014×  ions cm−2 at room temperature. The damage 
produced by ion implantation and its evolution with the thermal treatment at 800 °C for one 
hour in nitrogen atmosphere was depth profiled using three positron annihilation techniques: 
Doppler broadening spectroscopy, positron annihilation lifetime spectroscopy and coincidence 
Doppler broadening spectroscopy. Around the ion projected range of R 67p =  nm,  
a size reduction of the silica matrix intrinsic nanovoids points out a local densification of 
the material. Oxygen related defects were found to be present at depths four times the ion 
projected range, showing a high mobility of oxygen molecules from the densified and stressed 
region towards the bulk. The 800 °C thermal treatment leads to a recovery of the silica 
intrinsic nanovoids only in the deeper damaged region and the defect distribution, probed by 
positrons, shrinks around the ion projected range where the Au atoms aggregate. Open volume 
defects at the interface between Au and the amorphous matrix were evidenced in both the as 
implanted and in the thermal treated samples. A practically complete disappearance of the 
intrinsic nanovoids was observed around Rp when the implantation fluence was increased by 
two orders of magnitude (3 1016×  ions cm−2). In this case, the oxygen defects move to a depth 
five times larger than Rp.
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1. Introduction

Amorphous silicon dioxide ( a-SiO2), both in the form of silica 
glass and oxide thin films, is one of the key materials in many 
technological fields such as microelectronic, optoelectronic, 
optics and telecommunications [1, 2]. Intrinsic defects or 
introduced during manufacturing or device operation in harsh 
environments can have detrimental effects regarding optical 
and electronic properties [1–5]. Defects induced by ultravi-
olet (UV) irradiation are also responsible for the change of the 
refractive index in silica glass [6]. Defects in silica and their 
spectroscopic properties were deeply studied and reviewed in 
a number of books and papers [1–3, 7, 8]. The main defects, 
intrinsic or induced in silica, can be summarized as follows:

 i) E’ center: hole trapped at an oxygen vacancy ≡ Si ·  
+ Si ≡, where the point ‘·’ indicates an unpaired electron, 
‘+’ the trapped hole and the symbol ‘≡’ three bonds to 
three oxygen atoms in the glass structure. This positively 
charged oxygen vacancy is a paramagnetic center that can 
be finely identified by electron spin resonance (EPR);

 ii) Dangling oxygen bond ≡ Si–O·, named non bridging 
oxygen hole center (NBOHC). NBOHC were identified 
by EPR, photoluminescence (PL) and optical absorption 
(OA) in UV and vacuum ultraviolet (VUV);

 iii) Peroxy radical (POR), ≡ Si–O–O·, that is also an active 
EPR center;

 iv) Interstitial oxygen molecules O2 residing in the intersti-
tial space of SiO2. A spectroscopic signature of an oxygen 
molecule is its infrared PL band at 1272 nm (0.975 eV). 
Interstitial O atoms can also exist as peroxyl ≡ Si–O–O–Si 
≡ and ozonyl ≡ Si–O–O–O–Si ≡ linkages.

Both the structural modification and the formation of defects 
induced by irradiation of a-SiO2 with electrons, neutrons, protons 
and photons was subject of many investigations with different 
analytical techniques such as electron paramagnetic resonance 
(EPR) [9], Raman scattering [10], infrared (IR) absorption [11, 
12] and small-angle x-ray scattering (SAXS) [10].

Irradiation was also specifically employed to form defects 
with the aim of their study and identifications [13, 14]. Other 
effects occurring under irradiation are the structural disorder 
due to transformation from large to small ring structures [15] 
and the local densification of the silica glass, see [16] and ref-
erences therein.

On the other hand, ion beam implantation of heavy metals 
(Au, Ag) was employed for the synthesis of metallic clusters 
in silica for tailoring the linear and non-linear optical response 
of the embedded nanostructures [17]. Noble metals nanopar-
ticles are efficient scattering centers and/or absorbers of light 
in the visible or near infrared range. This property arises from 
the excitation of localized plasmon resonances at the surface 
of the metallic nanoparticles. Luminescence phenomena have 
been observed decreasing the size of the noble metal clusters 
down to sub-nanometer dimensions. These phenomena can be 
related to a transition regime between bulk and molecule-like 
structure properties of the ultra small clusters of which elec-
tronic configuration supports discrete electronic levels with 
an energy gap between the highest occupied and the lowest 

unoccupied molecular orbital (HOMO–LUMO gap) [18]. 
Room temperature photoluminescence (PL) emission of small 
Au nanoclusters of 5–10 atoms in size was reported in the 
600–1500 nm wavelength range [19] and it was suggested that, 
in co-implanted Au and Er silica, part of the energy adsorbed 
by the Au nano-clusters is transferred to Er increasing the 
excitation cross section of the rare earth [20]. In these systems 
the presence of defects introduced by implantation near or at 
the surface of the nano-clusters and which are not completely 
recovered after the annealing treatments, can act as detrimental 
non-radiative recombination channels for the PL.

Aggregates of few atoms, which act as nucleation sites for 
the successive clustering process under thermal treatments, are 
already formed during implantation when the fluence exceeds 
the solubility threshold in the matrix [17]. Their size and depth 
dispersion depend on the ion fluence and the deposited energy. 
During thermal annealing, the aggregates first increase in size 
due to the atoms diffusing from the surrounding matrix, then 
by a coarsening process (Ostwald ripening) at the expense of 
the smaller aggregates. In the case of Au, due to its low diffu-
sivity in silica [21], the distribution of the formed nanoclusters 
remains centred around the ion projected range.

Due to the non-uniform distribution of both the implanted 
species and the further formed nanoclusters, it is of peculiar 
interest to gain insight on the distribution of defects introduced 
by the implantation process and its evolution with thermal 
annealing. Although analytical techniques such as EPR and 
optical spectroscopies are extremely selective in identifying 
the type of defects in silica, they are not depth sensitive.

In this work, we have employed three complementary posi-
tron annihilation spectroscopy (PAS) techniques with the aim 
to depth profiling open volumes and oxygen related defects 
in silica samples implanted with Au. The implantation was 
performed at a low fluence (about 1014 Au cm−2) at 190 keV, 
so that the size of the Au nanoclusters after thermal annealing 
of the samples is likely around 1 nm [22]. Annealing was done 
at a temperature of 800 °C, at which the original structure of 
the silica glass is usually considered to be completely recov-
ered. As a first approach to the present work we reported some 
preliminary results as a case of the study obtained on a gold 
implanted silica glass sample using PAS [23]. As a result, our 
previous work was mainly addressed to point out the impor-
tance of PAS as an adequate not destructive technique to char-
acterize open volume in disordered materials.

In silica-based materials, 60–80% of the implanted posi-
trons form positronium (Ps) [24–26]. Ion or particle implan-
tation in silica produce strong quenching of Ps because of 
the material compaction with a consequent reduction of the 
free volume available for Ps formation, oxygen enrichment 
of the trapping sites and competing trapping and annihilation 
of positrons at negatively charged oxygen-related defects. 
Quenching of Ps has evident effects on the observed positron 
lifetimes in silica and on the shape of the 511 keV positron 
annihilation line.

Doppler broadening spectroscopy (DBS) allowed to depth 
profile the overall damage. Positron annihilation lifetime spec-
troscopy (LS) was used to extract information on the defect 
type and the size variation of the intrinsic sub-nanovoids. 

J. Phys. D: Appl. Phys. 48 (2015) 495302



L Ravelli et al

3

Coincidence doppler broadening spectroscopy (C–DBS) was 
applied to get the fraction of open volume defects decorating 
the Au atoms or aggregates formed after implantation and the 
Au nanoclusters after annealing.

The paper is organized as follows. In section 2 informa-
tion on the implantation parameter and the thermal treatment 
of the samples is followed by a description of the three PAS 
techniques used to characterize and depth profile the damage. 
In section 3 we report the results obtained with LS, DBS and 
C–DBS and their discussion; in section 4 we give the conclu-
sions of the present work.

2. Experimental

2.1. Samples

Samples were obtained from silica glass slabs (Herasil–1 by 
Heraeus) produced by fusion of natural quartz crystals. The 
slabs were implanted at room temperature with a 200 kV high-
current implanter (Danfysik 1090) at the INFN Ion Implantation 
Laboratory (Legnaro, Italy). Au+ ions at 190 keV were 
implanted in silica slabs with a fluence of 1 1014×  ions cm−2  
and 5 1014×  ions cm−2. To avoid sample heating during 
implantation the ion flux was maintained at 0.1 μA cm−2. The 
ion projected range Rp, i.e. the mean depth of the implanted 
Au distribution, was calculated by using SRIM program [27] 
and amounts to R 67p =  nm with a straggling R 14p∆ =  nm. 

Samples implanted at 1 1014×  ions cm−2 and 5 1014×  ions 
cm−2 were annealed in nitrogen atmosphere at 800 °C for 
one hour. In the following the as-implanted samples with flu-
ences of 1 1014×  ions cm−2 and 5 1014×  ions cm−2 will be 
identified as 1E14 and 5E14, and the two annealed samples 
as 1E14-A and 5E14-A, respectively. A further sample (3E16) 
was implanted in the same experimental condition of samples 
1E14 and 5E14 but with a fluence of 3 1016×  ions cm−2.

2.2. Lifetime spectroscopy (LS)

Positron lifetime measurements were performed with the 
pulsed monoenergetic positron beam of variable energy 
PLEPS (Pulsed Low Energy Positron System) [28, 29] at the 
high intensity positron source NEPOMUC (NEutron induced 
POsitron source MUniCh) [30, 31]. The measured lifetime 
spectrum consists of a sum of exponentials convoluted with 
the resolution function R(t) superimposed on a constant back-
ground B:

F t R t
I

i

t
Bexp

i

N
i

i1
( ) ( )

⎛
⎝
⎜

⎞
⎠
⎟∑

τ τ
= ⊗ − +

=
 (1)

where iτ and Ii are the positron lifetimes in the state i and its 
relative intensities, respectively.

The positron lifetime is a measure of the electron density 
at the annihilation site [24–26], therefore, positron lifetime 
values increase when positrons become trapped in open vol-
umes with increasing size. In many materials, when the open 
volume reaches the sub-nanometer size, Ps can be formed 
[24–26]. Positronium is formed in two states: a singlet state, 

para-positronium (p-Ps) (total spin 0 and formation prob-
ability 1/4) and a triplet state, ortho-positronium (o-Ps) (total 
spin 1 and formation probability 3/4). In vacuum, p-Ps anni-
hilates into two gamma rays of 511 keV with a lifetime of 
125 ps, whereas o-Ps annihilates into three gamma rays with a 
lifetime of 142 ns. The lifetime of o-Ps formed in open voids 
is reduced by the 2γ pick-off process in which the positron 
annihilates with an electron of opposite spin of the medium. 
The size of the nano or sub-nanovoids is directly linked to the 
reduced lifetime of the o-Ps.

Positron lifetime spectra were acquired in a range of posi-
tron implantation energy of 0.5–18 keV. The overall (detector 
plus pulsing system) time resolution was 280 ps. At each 
energy 3–5 × 106 were acquired with a counting rate of 8000 
counts per second.

The mean positron implantation depth z̄ in nanometers is 
related to the positron implantation energy E by the equa-
tion  z E40/ 1.6¯ ( )ρ=  when the material density ρ (2.2 g cm−3 
for fused silica glass) and energy E are expressed in g cm−3 
and keV, respectively [24–26].

The analysis to extract the lifetime and intensity values 
from the measured spectra was performed with the POSFIT 
program [32]. A good fit to the data was obtained by decon-
volving the spectra into three lifetime components.

2.3. Doppler broadening spectroscopy (DBS)

The depth distribution of the damage was obtained by the anal-
ysis of the DBS measurements [25, 26]. With depth profiling 
DBS technique the 511 keV positron-electron annihilation 
line G E E,( )γ  where Eγ is the energy of the detected gamma 
quanta, is measured at different positron implantation ener-
gies E. The recorded annihilation line in the laboratory frame 
is Doppler broadened by the motion of the electron-positron 
annihilating pair. The longitudinal momentum component 
pL of the electron-positron pair with respect to the detector 
direction is related to the energy shift ∆ = | −γE E 511 keV|, 
where Eγ is the energy of the detected gamma quanta, by the 

equation: pL
E

c

2= ∆ . Therefore, the shape of G E E,( )γ  gives the 

one-dimensional momentum distribution of the annihilation 
radiation convoluted with the resolution function. The low-
momentum part of the spectrum is mainly due to positron 
annihilation with valence electrons and it is characterized by 
the so-called shape parameter S defined as the ratio between 
the counts in a central area and the counts in the total area of 
the annihilation peak. The high-momentum part arises from 
annihilations with core or outmost core electrons which are 
a fingerprint of the chemical nature of the atom [33–35]. The 
detailed study of the core annihilation region gives informa-
tion on the atoms surrounding the positron annihilation site 
but, because these annihilation events are very rare, a coinci-
dence measurement is necessary to suppress the background 
(see paragraph 2.4).

DBS measurements were performed with a continuous 
positron beam at the Trento University [36, 37] coupled with 
a high purity germanium detector [HPGe] 45% efficiency, 1.4 
keV resolution at 511 keV. The S parameter was acquired with 
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a microspectra method and stabilized by a software proce-
dure [38]. To calculate the S parameter, the energy windows 
were chosen as: E511 0.85⩽| − |γ  keV and E511 4.25⩽| − |γ  
keV for the central and the total area of G E E,( )γ  respectively. 
The S parameters were measured with a statistical error of 
0.1% (more than 2.5 105×  counts in each annihilation spec-
trum) and normalized to the S value of bulk Si (S 0.537b

Si = ): 
S S S/n

b
Si= . This choice allows the comparison with data on 

silica samples obtained in other laboratories [25].

2.4. Coincidence broadening spectroscopy (C–DBS)

The signal from positron-core electron annihilation can be used 
to obtain information on the chemical species surrounding the 
annihilation site [33–35]. Since positrons are repelled by the 
ion core, the annihilation probability with core electrons is 
low. To extract information from the high momentum region 
of the spectrum, the background must be reduced by a coin-
cidence technique with two germanium detectors. The coinci-
dence measurements were done at the high intensity positron 
source NEPOMUC [31, 39, 40] with a resolution in coinci-
dence of 1.1 keV at 511 keV, acquiring about 2 107×  counts 
for each spectrum. To highlight the fingerprint signal coming 
from the atom around the annihilation site, data are presented 
as a ratio curve of the measured spectrum with respect to the 
measured spectrum obtained measuring a reference sample. 
As a reference, in this work we have used a coincidence spec-
trum measured in the bulk of a Si single-crystal. A spectrum 
G E25 keV,Au(   )γ  in Au single crystal was also measured in 
order to obtain the characteristic feature of this element in the 
high momentum annihilation region. The fingerprint of posi-
tron annihilation in bulk silica glass was obtained by mea-
suring the coincidence spectrum G E25 keV,glass(   )γ .

3. Results and discussion

At first, the distribution and evolution of the defects as a func-
tion of depth is discussed. An analysis of the type and fraction 
of defects at the surface of the Au nanoclusters will follow.

3.1. Depth profiling of the damage

The depth profile of the damage due to implantation and its 
evolution with thermal annealing can be extracted by ana-
lysing the S Eversusn     curves measured with DBS technique. 
The S Eversusn     curves for 1E14 and 1E14-A samples are 
shown in figure 1 while those for 5E14 and 5E14-A samples 
in figure 2.

The data were modelled using the positron stationary diffu-
sion equation. Dashed lines through the experimental points are 
the best fit to the data obtained by this model. The S Eversusn     
data for the virgin silica glass (Herasil-1) together with its fit-
ting line are also shown in figure 1. For clarity, only the fitting 
curve for Herasil-1 is shown as a continuous line in figure 2.

The Sn values in the Herasil samples monotonically 
increase from a characteristic value Ss (∼0.965) to a value Sb 
(∼0.99) due to positron annihilation in the surface and bulk 

states, respectively. At each positron implantation energy, the 
Sn(E) values can be expressed as a linear combination of Ss 
and Sb:

S E S f E S f En b b s s( ) ( ) ( )= + (2)

where fb(E) and fs(E) are the fractions of positron annihilating 
in the bulk and surface states, respectively.

The produced ion implantation damage is evidenced by a 
strong decrease in the Sn parameter values. The experimental 

Figure 1. Line shape parameter Sn as a function of the positron 
implantation energy (lower axis) for Herasil 1 silica glass, Au 
implanted sample at a fluence of ×1 1014 ions cm−2 (1E14) and 
the irradiated sample annealed at 800 °C for one hour (1E14-A). 
Dashed lines through the experimental points are the best fit 
obtained with the positron diffusion equation. The mean positron 
implantation depth z̄ is indicated on the upper axis. Experimental 
errors are within the symbols.

Figure 2. Line shape parameter Sn as a function of the positron 
implantation energy (lower axis) for the Au implanted sample at 
a fluence of ×5 1014 ions cm−2 (5E14) and the irradiated sample 
annealed at 800 °C for one hour (5E14-A). Dashed lines through 
the experimental points are the best fit with the positron diffusion 
equation. Only the fitting line for Herasil-1 silica glass is shown 
for clarity (experimental points in figure 1). The mean positron 
implantation depth z̄ is indicated on the upper axis. Experimental 
errors are within the symbols.

J. Phys. D: Appl. Phys. 48 (2015) 495302
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data show a well pronounced minimum around (2–3) keV 
positron implantation energy, see figures 1 and 2. The shape 
of the S Eversusn     curve and the Sn value of  ∼0.925 at the min-
imum, are similar in both implanted samples. The observed 
broadening of the 511 keV annihilation line (i.e. decrease of 
Sn values) is attributed to an increase of positron annihilations 
with oxygen electrons and by Ps quenching [24–26]. p-Ps 
annihilations contribute to the central region of the Doppler 
broadened line, their decrease in the quenching process is 
reflected in a lowering of the Sn values.

The thermal annealing at 800 °C gives rise to a partial 
recovery of the damage. In the 1E14-A sample, the Sn surface 
values match to those of Herasil-1 before implantation and the 
minimum in the curve rises to about Sn  =  0.96. On the con-
trary, the minimum in sample 5E14-A is less evident, and a 
small increase of the Sn values above the Herasil curve around 
1 keV positron implantation energy is observed.

The S(E) values in the implanted and thermally treated 
samples can be described by a linear combination which takes 
into account positron trapping into defects:

S E S f E S f E S f Eb b s s
i

di di( ) ( ) ( ) ( )∑= + + (3)

where Sdi and fdi(E) are the characteristic S parameter of the 
defect of type i and the fraction of positron annihilation in the 
defect i, respectively.

The S(E) curves were modelled, as in [37, 38, 41], with 
the positron diffusion equation  to extract the distribution of 
the defect profile. The probability fb(E ), fs(E ) and fdi(E ), are 
related to the stationary density n(z, E ) of thermal positrons at 
depth z by the equations:

f n z E z

f D
n z E

z

f C z n z E z

, d

d ,

d

, d

b b

s
z

di i i

0

0

0

( ) 

( )

( ) ( ) 

⎡
⎣⎢

⎤
⎦⎥

∫

∫

λ

ν

=

=

=

∞

+
=

∞

 

(4)

where bλ  is the bulk positron annihilation rate (taken as the 
inverse of the mean lifetime in the bulk 〈 〉λ τ= =1/ 1/1060b b  ps−1),  
D+ the positron diffusion constant, iν  the specific trapping 
rate per unit defect concentration, Ci(z) the defect profile. The 
positron density n(z, E) is the solution of the positron diffu-
sion equation:

D
n z E

z
C z n z E P z E

,
, , 0b

i
i i

( ) ( ) ( ) ( )
⎡
⎣⎢

⎤
⎦⎥∑λ ν

∂
∂

− + + =+ (5)

The positron implantation profile P(z, E ) [24, 25, 33] is 
given as input while the functional forms of the defect profiles 
Ci(z) are inserted as a guess and iν  is a fitting parameter.

The positron diffusion length in the virgin sample was 
found to be L D 48bτ= =+ +  nm. Two defect profiles were 
needed to obtain a good fit to the implanted and thermal treated 
samples: a derivative of a Gaussian and a Gaussian for the first 
and the second distribution were adopted, respectively. The 
defect profiles C(z) are shown in figures 3 and 4. The integral 
of C(z) is proportional to the number of traps [37, 38, 41].

In both samples, implanted and annealed, there is a first 
defect distribution very near to the surface and a second 
one which extends very deeply in the sample. The Sn values 
characterizing the defects were found to be S 0.92d1≅  and 
S 0.95d2≅ , for the two defect distributions, respectively. In 
the implanted samples, the first distribution is confined in a 
region of 40 nm from the surface (E  <  2 keV) and the cor-
responding number of near surface traps is about thirty times 
lower than the traps in the second distribution. After annealing 
the number of traps becomes ninety and fifteen times lower 
than in the second distribution.

The majority of the traps are in the second distribution 
which reaches a depth of about four times the Rp value of the 
as implanted samples. The maximum of the Gaussian distribu-
tion is around 100 nm depth in both samples. An extension of 
the defected layer beyond the Rp position, was also observed 
by positron techniques in silica implanted with Ar+ at 30 keV 

Figure 3. Defect profiles as obtained by the fitting of the 
   S Eversusn  curves of figure 1 with the positron stationary diffusion 

equation. Solid line: sample implanted at a fluence of ×1 1014  
ions cm−2 (1E14); Dashed line: sample annealed at 800 °C for  
one hour (1E14-A).

Figure 4. Defect profiles as obtained by the fitting of the 
   S Eversusn  curves of figure 2 with the positron stationary diffusion 

equation. Solid line: samples implanted at fluence of ×5 1014  
ions cm−2 (5E14); Dashed line: sample annealed at 800 °C for  
one hour (5E14-A).

J. Phys. D: Appl. Phys. 48 (2015) 495302
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and 50 keV energy at a fluence of 1 1017×  Ar+ cm−2 [42]. In 
that case the damage extended only two times the ion pro-
jected range.

After annealing the centre of the Gaussian moves, in both 
samples, to  ∼90 nm depth but the distribution squeezes more 
significantly in the 5E14-A sample: the FWHM reduces at 
about  ∼50 nm and only  ∼15 nm in the 1E14-A and 5E14-A 
samples, respectively.

3.2. Oxygen related defects and size variation of  
sub-nanovoids

The lifetime spectra of all samples and of bulk silica were well 
decomposed into three lifetime components. The variance of 
the fit was always in the 1.0–1.2 range. The lifetimes and their 
respective intensities obtained for the implanted and annealed 
samples are plotted and compared in figure  5 (lifetime 
1τ , intensity I1), figure 6 (lifetime 2τ , intensity I2) and figure 7 

(lifetime 3τ , intensity I3). The data are shown as a function of 
the positron implantation energy E (lower axis) and the mean 
positron implantation depth z̄ (upper axis). In the figures, the 

lifetimes and the associated intensities corresponding to the 
Herasil-1 silica bulk are plotted as a solid line. The damaged 
region, as obtained by DBS measurements, extends from the 
surface to about 250 nm depth for the as implanted samples. 
This depth corresponds to a mean positron implantation depth 
at an implantation energy of  ∼5 keV. After annealing, the 
damaged region is confined in the first 180 nm (E 4.2≅  keV) 
for the sample 1E14-A, and in the first 120 nm (E 3.4≅  keV) 
for the sample 5E14-A.

We will discuss at first the positron lifetimes characterizing 
the Herasil-1 silica glass. Above 4 keV positron implantation 
energy, the lifetime and intensity values are characteristic of 
the Hearasil-1 silica glass bulk. For positron implantation 
energies lower than 4 keV, an increasing fraction of positrons 
and Ps annihilates in a surface state.

The longest lifetime in the Herasil-1 bulk ( 16003τ ≈  ps, 
I 573≈ %) comes from pick-off annihilation of Ps formed in 
the intrinsic sub-nanovoids of the silica glass:

1 1 1

T3 pick offτ τ τ
= +

−
 (6)

Figure 5. Lifetime τ1 and its associated intensity I1, as a function  
of the positron implantation energy (lower axis) for the Herasil-1 
silica glass (solid line), implanted samples at fluence of ×1 1014 
ions cm−2 (1E14) and ×5 1014 ions cm−2 (5E14). Results on the 
samples annealed at 800 °C for one hour (1E14-A, 5E14-A) are also 
shown. The mean positron implantation depth z̄ is indicated on the 
upper axis. The dashed lines are guides to the eye.

Figure 6. Lifetime τ2 and its associated intensity I2, as a function of 
the positron implantation energy (lower axis) for the Herasil-1 silica  
glass (solid line), implanted samples at fluence of ×1 1014 ions cm−2 
(1E14) and ×5 1014 ions cm−2 (5E14). Results on the samples 
annealed at 800 °C for one hour (1E14-A, 5E14-A) are also shown. 
The mean positron implantation depth z̄ is indicated on the upper 
axis. The dashed lines are guides to the eye.
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where 142Tτ =  ns is the o-Ps lifetime in vacuum and pick offτ −  
is the pick-off lifetime . The pick offτ −  is correlated with the 
average size of the nano-voids, in which o-Ps annihilates, by 
the Tao-Eldrup semiempirical model [43–45]. This model is 
very accurate to estimate size voids below 2 nm in silica-based 
materials [46]. Variations in the radius of the voids of 0.01 nm 
can be easily detected [47, 48].

In the Tao-Eldrup model the void hosting Ps is assumed to 
be spherical with an effective radius R. Such a Ps trap is con-
sidered as an infinite potential well with its radius increased 
to R R+∆ , ( R 0.166∆ =  nm) being an empirical parameter 
which describes the penetration of Ps wave function into the 
bulk [45]. The relationship between pick offτ −  (in ns) and the 
radius R (in nm) is the following:

R

R R

R

R R
0.5

1

2
sin 2 nspick off

1

 
⎡
⎣⎢

⎛
⎝
⎜

⎞
⎠
⎟
⎤
⎦⎥

τ
π

π=
∆
+∆

+
+∆

−

−

 (7)

In Herasil-1 the o-Ps pick-off lifetime results in 1.640 0.011( )±  
ns. The corresponding radius of the intrinsic sub-nanovoids is 
0.250 0.001( )±  nm. In this silica sample about 77% of implanted 

positrons are found to form Ps in sub-nanovoids (4/3 I3).

The second lifetime ( 6502τ ≈  ps, I 172≈ %) is attributed 
to annihilation of trapped positrons and Ps that is quickly 
quenched in smaller voids. It is worth to note that both trapped 
positrons and positron of Ps undergoing pick-off, annihilate 
with the oxygen atoms decorating the walls of the sub-nano-
voids. Annihilations of free positrons and p-Ps contribute to 
the shortest lifetime ( 1501τ ≈  ps, I 241≈ %).

Near the surface, less o-Ps formation (I 363≈ % with 
respect to 58% into the bulk) is balanced by more positrons 
annihilating at surface trapped states increasing the intensity 
I2 from 17% to 40%.

In implanted Herasil-1 strong variation of the lifetimes and 
intensities values are observed as a consequence of the intro-
duced oxygen related defects and variation in the size of the 
intrinsic nanovoids.

The variation of 1τ  and 2τ  in implanted silica glass and 
crystalline quartz were correlated with the type of defects dis-
cussed in [49]. In that experiment samples were irradiated with 
different doses of fast neutrons and then studied using PAS 
techniques and ESR as a function of isochronal annealings up 
to a temperature of 1200 °C. The 1τ  lifetime increasing from 
about 150 ps to about 200 ps was associated to the presence of 
NBOHC defects, whereas the decrease of 2τ  from (700–600) ps  
to (400–500) ps was associated to the detection of oxygen 
molecules in interstitial positions. Positrons appeared to be 
insensitive to E’ and POR defects, as also confirmed by photo 
blenching experiments.

In Herasil-1 after Au implantation and subsequent annealing, 
very pronounced changes of lifetimes and intensities were 
observed in the first 250 nm (E  <  5 keV). The monotonous 
increase of the lifetimes and their intensities from positron 
implantation energies of (4–5) keV (160–250 nm) to 10 keV, 
see figures 5–7, is due to positrons probing both the bulk and 
the defected region during their diffusion motion. Towards the 
surface of the samples, below 50 nm, the increase of all the 
three lifetimes points out a less defected structure. This region 
corresponds to the first defect profile obtained by the analysis 
of DBS data.

In the as implanted samples, around E  =  3 keV, 
depth  ∼100 nm (see figure 7), the intensity I3 associated with 
the positron fraction forming o-Ps and annihilating via pick-
off decreases and reaches a minimum value of  ∼20% in the 
1E14 sample and of  ∼15% in the 5E14 sample. A slight max-
imum at 2 keV (∼50 nm) is observed before the minimum. 
The o-Ps lifetime 3τ  also decreases from  ∼1600 ps to  ∼1300 
ps in both samples indicating that in this region there is a 
reduction of free volumes for Ps formation. Here, the mean 
radius of the voids becomes R 0.215 0.001( )= ±  nm. Both, 
the decrease of o-Ps formation and its lifetime are due to a 
reduction of free volume available for Ps formation because 
of compacting and/or enrichment of free volume by displaced 
oxygen created in the Frenkel process. These measurements 
show that the major compaction of the material is just around 
R Rp p+∆ . In the simple approximation that the free volume 
fraction can be expressed as f CI vv h3⟨ ⟩=  [50], where vh⟨ ⟩ is 
the mean volume of the nanovoids and C a constant related to 
the o-Ps formation, the free volume in this region reduces to 
20% of the free volume in the Herasil-1.

Figure 7. Lifetime τ3 and its associated intensity I3, as a function of 
the positron implantation energy (lower axis) for the Herasil-1 silica 
glass (solid line), implanted samples at fluence of ×1 1014 ions cm−2  
(1E14) and ×5 1014 ions cm−2 (5E14). Results on the samples 
annealed at 800 °C for one hour (1E14-A, 5E14-A) are also shown. 
The mean positron implantation depth z̄ is indicated on the upper 
axis. The dashed lines are guides to the eye.
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After implantation the intensity I1 due to p-Ps and free 
positron annihilations (figure 5) is reduced from  ∼24% to   
∼(7–9)%. The non-observed increase of 1τ , seems to exclude a 
sizable presence of NBOHC defects.

Defects with unpaired electrons and displaced oxygen 
atoms or molecules are competitive traps for positrons. 
Their presence is revealed by the decrease of 2τ  from about 
600 ps to  ∼425 ps in both samples 1E14 and 5E14. Around 
3 keV, intensity I2 increases at a maximum of about 80% 
where I3 reaches its minimum. This behaviour indicates that 
the majority of positrons after implantation annihilate with 
oxygen and negatively charged oxygen-related defects.

Positrons also probe, as will be shown in section 3.3, the 
presence of Au atoms. The positron lifetime in pure defect 
free Au is 100 ps and in Au vacancy clusters spans from 200 to 
400 ps. But, due to the atomic size of the Au aggregates in the 
present samples, positrons would be mainly trapped in open 
volumes at the Au–SiO2 interfaces annihilating with both Au 
and O electrons. These annihilations can be expected to give a 
slight contribution to 1τ , I1 and 2τ , I2.

The presence of damage in implanted silica was observed 
to extend beyond Rp by etching and leaching the samples 
[51, 52]. In contrast to these techniques, PAS depth profiling 
probes directly and non destructively the in depth modification 
of the silica matrix. At depth distant from the most damaged 
region around Rp, the decrease of the Ps formation and conse-
quently the diminution of the free volumes can be ascribed to 
the filling of the SiO2 rings with interstitial oxygen.

Using first-principle schemes based on density-functional 
theory, stable configurations of oxygen introduced into the 
SiO2 rings were found to be the peroxyl and ozonyl linkages 
which consist of two or three oxygen atoms bonded together 
and with two silicon atoms, and the oxygen molecule O2  
[53, 54]. The O2 interstitial configuration is energetically 
favoured with respect to the ozonyl and peroxyl linkages, 
respectively. The formation energy of O2 residing in a ring, 
calculated referred to an isolate O2 and the unperturbed oxide, 
was shown to depend on the size of the interstitial volume and 
to be below 1 eV from  ∼80 Å

3
 up to 250 Å

3
 [54].

Different studies [53–55] on oxygen diffusion in silica 
glass and quartz crystals suggest that the interstitial O2 mol-
ecule is the main diffusion species since the activation energy 
for the diffusion process is less than 1 eV [55]. The interstitial 
oxygen do not strongly interact with the SiO2 matrix and dif-
fuse much faster than lattice oxygen. It was also reported that 
O2 can diffuse being inserted within Si–O–Si bond with an 
activation energy of 0.7 eV [53].

Compaction of the implanted layer, as probed by the reduc-
tion of free volume available for Ps formation, is expected to 
induce a tensile stress gradient from the ion stopping region 
towards the underlying layers of the sample. An increased dif-
fusion of the interstitial oxygen along this stress gradient may 
account for the observed in depth defect distribution. For pre-
vious experimental evidences of in depth damage in implanted 
silica see discussion in [42] and references therein. PAS depth 
profiling measurements in Ar+ implanted silica [42] have 
shown that the damage distant from the R Rp p+∆  region, 
like in the present Au implanted silica samples, is strongly 

related to the presence of oxygen defects. In the present Au 
implanted samples, oxygen defects are found two times more 
deeper than in Ar+ implanted samples. Injection of defects due 
to stress relaxation was also observed by PAS in Si substrate 
of deposited thin carbon films [56].

Thermal treatment induces a partial recovery of the glass 
structure in the damaged region, more evident in the 1E14-A 
than in the 5E14-A sample (see figures 5–7 and DBS data in 
figures 1 and 2).

The o-Ps lifetime 3τ  returns to values around 1600 ps like 
in the Herasil-1 glass, showing a partial reconstruction of the 
silica structure. Conversely, in the region of the minimum, 2τ  
increases and slightly decreases in the 1E14-A and 5E14-A 
sample, respectively. Anyway, its lifetime values range around 
450 ps. This points out that oxygen defects are still present 
after annealing at 800 °C. This lifetime stays well below the 
typical value in the Herasil-1 glass (about 600 ps). For the 
1E14-A sample, the intensities I2 and I3 approach the intensity 
values of the Herasil-1. For the 5E14-A sample at energies 
slightly lower than 3 keV, a minimum in the I3 curve (35%) 
and a maximum in the I2 curve (50%) are always well vis-
ible at the position of the maximum of the defect distribution 
reported in figure 4. Here, due to the shrinking of the defect 
distribution, the defect concentration is higher for the sample 
5E14-A than that of 1E14-A. On the contrary, for the sample 
1E14-A the distribution of defects is broader and the defect 
concentration is lower. As a consequence, in the region around 
the maximum of the defects distribution the structure of the 
intensities I2 and I3 are hardly visible.

The increase of the intensity I1 follows the variation of I3 
values mainly due to p-Ps annihilations.

3.3. Defects near Au particles

C-DBS coincidence spectra in the implanted and thermal 
annealed silica glass were measured at 2 keV implantation 
energy, corresponding to a positron mean implantation depth 
near the ion projected range Rp.

The CDB spectra are presented as a function of electron 
momentum pL in the form of difference of momentum distri-
bution relative to the Si spectrum G ESi( )γ  divided by the same 
spectrum G ESi( )γ :

G
G E G E

G E
i

i0 Si

Si

( ) ( )
( )

=
−γ γ

γ
 (8)

Following the procedure described in [34] to obtain the 
relative difference ratio curves, all experimental data points 
were treated using a smoothing routine from 15 10 3× −  m0c 
till 60 10 3× −  m0c which consists on averaging n channels 
increasing from 3 to 7 in the selected pL range. Furthermore, 
the smoothed spectra were normalized to a total area of one in 
the whole momentum range.

In figure 8 the ratio curve of Au and Herasil-1 silica glass, 
as obtained with equation (8), are shown. The ratio curve of Au 
has two peaks centred at  ∼12 10 3× −  m0c and 35 10 3× −  m0c.  
Herasil-1 curve has a first peak at 10 10 3× −  m0c followed by 
a bump with a maximum around 40 10 3× −  m0c, which is in 
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agreement with previous studies on both amorphous silica and 
crystalline quartz [57].

The ratio curve of sample 5E14 is indicated in figure  9. 
Similar curves were obtained for the other three samples 
studied in this work. To have a rough estimation of the fraction 
of positrons annihilating in proximity to Au particles, these 
curve were fitted with a linear combination of the Au and SiO2 
curves of figure 8:

G f G f G10 Au
0

SiO
0

2
( )= + − (9)

where f is the fraction of positron annihilating with Au high 
momentum electrons. This fitting procedure can be justified 
by the fact that the SiO2 curve is a fingerprint of positron 
annihilation with oxygen atoms and, in a first approxima-
tion, can be also assumed for positron annihilation at oxygen 
related defects or positron of Ps annihilating by pick-off into 
nanovoids.

The fractions f as obtained by the fitting procedure are 
summarized in table 1.

The positron fraction annihilating in proximity to the Au 
particles reduces with the annealing and with increasing the 
irradiation dose. Both these effects can be explained by the dif-
fusion of Au atoms towards the Rp region and their clustering 
[17]. Clustering was indirectly evidenced by the shrinking of 
the defect distribution near Rp (see figures 3 and 4) which is 
the region where the disorder of the matrix and the defects 
concentrate after annealing. Clustering reduces the number of 
Au sites and, as a consequence, the Au–SiO2 interface area in 
which positrons can be trapped. This effect is more marked 
when more Au atoms, i.e. in the sample irradiated with the 
highest dose, are present in the matrix.

3.4. Compaction by increasing the Au implantation fluence

In this section we show that increasing the Au fluence of two 
order of magnitude the positron lifetime signals saturate due 
to the high sensitivity of PAS.

An additional sample was implanted with Au ions at an 
energy of 190 keV in the same experimental condition of 

Figure 8. C–DBS ratio curves of Au and Herasil-1 silica glass with 
respect to a Si reference sample. The maximum errors are shown on 
the last points in the figure.

Figure 9. C-DBS ratio curve of sample implanted at a fluence 
of ×5 1014 ions cm−2. The solid line is the fit obtained with 
equation (9).

Table 1. Fraction fAu of positrons annihilating with Au electrons.

Samples CDB @ 2 keV

Sample Dose Thermal treatment fAu

1E14 ×1 1014 — ±21 1

1E14-A ×1 1014 Annealed 1 h 800 °C ±16 1

5E14 ×5 1014 — ±14 1

5E14-A ×5 1014 Annealed 1 h 800 °C ±2 1

Note: The fractions were obtained by fitting the ratio curve of the implanted 
and annealed samples.

Figure 10. Line shape parameter Sn as a function of the positron 
implantation energy (lower axis) for samples implanted with Au 
ions at fluence of ×3 1016 ions cm−2. The dashed lines through 
the experimental points are the best fit with the positron diffusion 
equation. For comparison, the fitting on the experimental data 
measured in Herasil-1 and 5E14 sample are shown as well (in solid 
and dotted lines, respectively). The defect profiles obtained by the 
fitting procedure on the 3E16 sample are shown in the inset. The 
mean positron implantation depth z̄ is indicated on the upper axis. 
Experimental errors are within the symbols.
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samples 1E14 and 5E14, but with a much higher fluence of 
3 1016×  ions cm−2 (sample 3E16).

In figure 10 the DBS measurements are presented and the 
defect profiles extracted by the diffusion model are shown in 
the inset. For comparison the S Eversusn     curves of Herasil-1 
and of the 5E14 sample are also shown as solid and dotted 
lines, respectively.

From the fitting procedure, the Sn values characterizing the 
defects, Sd1 and Sd2, were found to have the same values than 
that of the samples implanted at a lower fluence. This result 
indicates that the type of defects does not change with the flu-
ence. The defects produced by Au implantation range deeper 
down to a depth of 330 nm from the surface, about five times 
the implantation projected range (see inset in figure 10). This 
depth is 25% larger than that found in the sample implanted 
at a fluence of 1014 ions cm−2. The deep damage reflects the 
higher stress field due to the high Au dose that promotes the 
clustering of Au atoms already during the implantation.

In the defected region around Rp, the shortest lifetime dis-
appears while 2τ  and 3τ  slightly decrease below 400 ps and 
1600 ps, respectively (see figure 11). The intensity I2 reaches 
nearly the value of 100% and the intensity I3 reduces to a 

few percent. This behaviour shows that increasing the fluence 
up to 1016 ions cm−2 leads to a strong decrease of the silica 
intrinsic nanovoids with a heavy local densification of the 
material.

4. Conclusions

In this work, we have used different positron annihilation 
spectroscopy techniques to analyse the depth profiles of inter-
stitial oxygen related defects and nanovoids in Au implanted 
amorphous silica. For this aim, firstly a–SiO2 was implanted 
at room temperature with Au at an energy of 190 keV  
and two different fluences. Then, the implanted samples were 
annealed for one hour in nitrogen atmosphere at 800 °C.  
The damage produced by ion implantation and its evolu-
tion with the thermal treatment is discussed in terms of a 
local densification of the silica matrix around the ion pro-
jected range Rp where the Au atoms aggregate. The obtained 
results reveal that interstitial oxygen related defects were 
found at depths four times greater than Rp which indicates 
a high mobility of oxygen molecules from the densified and 
stressed region towards the a–SiO2 glass bulk. It was also 
found that the size of the silica intrinsic nanovoids recover 
to the original size only in the deeper damaged region after 
annealing. However, open volume defects at the Au/SiO2 
interface are still present in both the as implanted and the 
thermally treated samples. When the fluence was increased 
by two orders of magnitude, the intrinsic nanovoids around 
Rp almost complete vanish and oxygen defects move to a 
depth five times larger than Rp.

We have also shown that the non-destructive PAS tech-
niques are able to depth profile damage generated in a 
disordered system by implantation of heavy ions. The 
most striking features are the possibility (i) to probe with 
positrons, as a function of depth, the local densification of 
silica looking at the shrinking or disappearance of intrinsic 
nanovoids. As a matter of fact, densification of silica glass 
induced by high hydrostatic pressure and high irradiation 
doses of neutrons, ions, protons, gamma rays, or electrons, 
was extensively studied. The main drawback in those cases 
is that homogenous densified thick layers were considered; 
(ii) to detect open volume defects at the interface of the 
metal aggregates and the silica matrix which could influ-
ence the optical response of the glass; and (iii) to accurately 
determine the depth range of the highly mobile interstitial 
oxygen molecules diffusing in silica. The last two points are 
significant issues when investigating the influence of defects 
in changing photoluminescence properties in the visible 
and near-infrared ranges of silica for applications in several 
applied fields as sensing, photovoltaics, catalysis and non-
linear optics.

Future works with PAS techniques could be carried out 
on even more complex amorphous silica systems under co-
implantation of noble metals and rare earths with the aim to 
correlate open volume defects evolution, and the consequent 
introduction of different electronic states, with changes in the 
optical response of the silica-based materials.

Figure 11. Lifetimes and their corresponding intensities, as a 
function of the positron implantation energy (lower axis) for 
implanted sample at a fluence of ×3 1016 ions cm−2. The mean 
positron implantation depth z̄ is indicated on the upper axis. The 
dashed lines are guides to the eye.
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