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Irradiation-induced Ag nanocluster nucleation in silicate glasses: Analogy with photography
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The synthesis of Ag nanoclusters in soda lime silicate glasses and silica was studied by optical absorption
and electron spin resonance experiments under both low (gamma ray) and high (MeV ion) deposited energy
density irradiation conditions. Both types of irradiation create electrons and holes whose density and thermal
evolution—notably via their interaction with defects—are shown to determine the clustering and growth rates
of Ag nanocrystals. We thus establish the influence of redox interactions of defects and silver (poly)ions. The
mechanisms are similar to the latent image formation in photography: Irradiation-induced photoelectrons are
trapped within the glass matrix, notably on dissolved noble metal ions and defects, which are thus neutralized
(reverse oxidation reactions are also shown to exist). Annealing promotes metal atom diffusion, which, in turn,
leads to cluster nuclei formation. The cluster density depends not only on the irradiation fluence but also—and
primarily—on the density of deposited energy and the redox properties of the glass. Ion irradiation (i.e., large
deposited energy density) is far more effective in cluster formation, despite its lower neutralization efficiency

(from Ag* to Ag®) as compared to gamma photon irradiation.
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I. INTRODUCTION

The coloring of glasses by the controlled introduction of
appropriate metallic nanoclusters is one of the older tech-
niques known to humankind. Although their optical proper-
ties were related to the existence of nanoclusters,' and ana-
lyzed long ago,?? determining the mechanisms which lead to
the nucleation and growth of these nanoclusters is an ongo-
ing scientific and technological challenge for glass making*
as well as—more recently—for potential applications to
photonics.>® Research on precipitation control has involved
many techniques.” Among these, methods involving the use
of ionizing radiation (photons, electrons, and ions) have re-
peatedly drawn interest because control was envisaged, via
the irradiation fluence, over the amount of precipitated metal,
the density, and average size of the metallic nanoclusters. For
example, adequate control was indeed observed via photon
irradiation in the so-called photosensitive glasses,® and rather
precise control via ion irradiation was recently
demonstrated.® However, in none of these cases was the mi-
croscopic mechanism of ionizing radiation-induced precipi-
tation elucidated. The present work aims at improving our
understanding of these processes.

As summarized in Sec. I A, the fact that electrons pro-
duced by photons or ionizing radiation may control metal
nanocrystal growth in various media is now well known. The
best and oldest example is the photographic process'’ in
which visible light impinging on AgBr crystals forms a so-
called latent image: Photon absorption creates electron-hole
pairs whose components migrate and may be trapped on dif-
ferent sites, including defect centers or silver ions in different
charge states. The efficiency of the clustering process de-
pends on the competition between electron scavenging by
Ag* ions and the electron recombination with holes, hence
on the redox interactions within the photographic emulsion.
For example, the sensitivity of photographic plates was en-
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hanced tenfold by adding an efficient hole scavenger.!'® The
main role of the developer is to transfer electrons to Ag* in
the vicinity of a stable cluster.'!®

Radiolysis studies''®!2 have contributed significantly to
an understanding of nucleation and growth processes in
aqueous solutions containing dissolved charged or neutral Ag
oligomers, and the experimental work and the presentation of
this paper attempt a somewhat similar approach. By combin-
ing optical absorption (OA) and electron spin resonance
(ESR), we first show how gamma-ray irradiation (i.e., with
comparatively low deposited energy densities) affects nucle-
ation and growth control of metal nanocrystals in glasses via
the redox property modifications induced by ionizing
radiation-induced electrons and holes, in strong analogy with
the photographic process. We have also studied the effect on
defect creation and subsequent metal solute precipitation of
large deposited energy densities (due to ion irradiation), al-
though it is more difficult to detail because sample thick-
nesses (hence analysis sensitivity) are limited by the irradi-
ating particle range. By performing experiments with both
silicate glasses and silica hosts, we show that these nonequi-
librium deposited energy density (DED) effects combine
with the equilibrium redox properties of the host to deter-
mine the silver clustering behavior.

In order to put this work into perspective, we first present
a brief review of the literature on irradiation effects in metal
cluster precipitation in glasses, highlighting the knowledge
available as regards microscopic precipitation mechanisms.

II. METAL CLUSTER FORMATION BY PHOTONS AND
IONS: A BRIEF SUMMARY

As will be seen later, the precipitation mechanism and its
efficiency differ considerably depending on the local density
of electrons and holes created by the irradiation (which, in
turn, is determined by the deposited energy density) and on
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their subsequent diffusion and recombination processes.
Hence, our separation of results concerns photon versus ion
irradiation.

A. Photosensitive glasses (photon irradiation)

Precipitation control of metallic nanoclusters in glasses
using ultraviolet (UV) photons was initiated in the middle of
the last century by Dalton'? for copper-doped glasses, by
Armistead'* and Badger and Hummel'® for silver-doped
glasses, and by Stookey'® for gold-doped glasses. Such
glasses are referred to as photosensitive glasses in the litera-
ture. In contrast to glasses used in the present work, they
usually contain a chemical reducing agent (As,O3 or Sb,O3)
and a photosensitizer (CeO,)—the latter enhancing the effect
of low energy photon (typically 4 eV) irradiation by easy
dissociation and electron emission. The noble metal precipi-
tation requires that the metal ions initially contained in the
glass be reduced or neutralized into metal atoms. Stookey!'¢
first suggested an analogy to the photographic process
known at that time: Photoelectrons induced by irradiation
were supposed to be trapped in the glassy network (latent
image), subsequent annealing allowed them to diffuse and
reduce metal ions in the glass, and the neutralized species
could then move in turn, nucleate, and grow. Despite this
remarkable intuition, many questions remained unsolved as
to the nature of the so-called photoelectrons, the trapping
mechanism in the glassy network, and the nature of the traps.
Also, what about photoholes and possible metal ion neutral-
ization during the irradiation itself? Later work by Maurer®
clearly demonstrated proportionality between the final clus-
ter density and the irradiation fluence but did not elucidate
the microscopic aspects of nucleation and growth notably as
regards the neutralization stage. Kreibig!? found evidence for
neutralization in OA experiments, but only 1% of the initial
Ag" was neutralized by UV irradiation of a photosensitive
glass, in agreement with prior ESR experiments on gamma-
irradiated metaphosphate glasses,'® x-ray irradiated silicate
glasses!” or gamma-irradiated silicate glasses,?” thus partially
contradicting the mechanism proposed by Stookey. On the
basis of his observations, Kreibig proposed that (i) nucle-
ation first proceeds by aggregation of neutralized silver (thus
accounting for the proportionality between the cluster den-
sity and the irradiation fluence) and (ii) growth occurs by
Ag* diffusion to the surface of such clusters, where Ag*
could be neutralized by reducing agents (As, Sb) if these
were present in the glass. This process assumes homoge-
neous nucleation. However, Kreibig noticed that some
growth could also occur in the absence of reducing agents.
Moreover, he did not deal with the role of irradiation defects.
The present work provides a study of these features.

B. Ion irradiation

The discovery of ion irradiation-induced precipitation of
noble metals in glass was actually a side effect of Maxwell-
Garnett’s theory of light absorption in heterogeneous media,’
a century ago.?! Ion-irradiation effects on metal ion-
containing glasses have been reconsidered since the 1970s,
with many attempts to control supersaturation, nucleation,
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and growth. A detailed review by the most active group in
the field?> summarizes the corresponding research and we
refer to it for complementary information. A common feature
of much work in the area, so far, was its interpretation in
terms of the specific complexities of ion beam interactions
with glass. This was justified by the existence of the two,
quite distinct mechanisms of ion beam slowing down—the
so-called electronic stopping (inelastic interactions with tar-
get electrons) versus the so-called nuclear stopping (elastic
collisions with target atoms)—leading to quite different en-
ergy deposition processes in the target. The consensus today
is?? that directly or indirectly, both ion stopping mechanisms
lead inter alia to the production of electron-hole pairs which
may interact with defects and impurities in insulators. The
experimental results we obtained in this regard have been
discussed elsewhere;?* our purpose in the present paper is to
parallel the discussion of photon-induced nanoclustering
summarized above, with an emphasis on the elementary in-
teractions.

There has been surprisingly little systematic work on the
microscopic mechanisms responsible for ion-irradiation trig-
gering of metal precipitation. Very early on, Arnold and
Vook?® showed that ionic silver contained in metaphosphate
glass is neutralized when ion irradiated in the electronic stop-
ping regime. This is similar to the neutralization effect by
chemical reduction of photon irradiation discussed above.
However, no link was established between the neutralized
quantity and the final cluster density (or total precipitated
amount) of Ag. The very extensive work of the Padua-Venice
group,?? as well as of other authors,?°~ has largely centered
on the high-fluence ion implantation or irradiation synthesis
of single- or double-component (core-shell) metallic nano-
clusters, i.e., concentrations well above 1%, for which clus-
tering mostly occurs without further treatment. Although
such concentrations are obviously of potential interest for
many applications, notably in optical guiding and switching,
they are generally not those that provide the clearest infor-
mation on elementary processes. Complications are due, e.g.,
to high concentrations of moving metallic ions and defects
during implantation that may lead to radiation-enhanced or
-induced diffusion. Also, collisional recoiling of light (nota-
bly oxygen) atoms modifies the glass composition and leads
to strong chemical potential gradients in and around the im-
planted profile depth. The latter is likely the main conse-
quence of the existence of the so-called nuclear (i.e., colli-
sional) stopping power of ions. Examples of this are found,
for example, in Ref. 22 where secondary ion mass spectrom-
etry (SIMS) and/or transmission electron microscopy (TEM)
reveal nanocluster depth distributions that are well outside
the implantation profiles; there are also many examples of
lognormal nanocluster size distributions which testify? to
the complex interference of several processes in nanocluster
growth.

A recent attempt’ to obtain more information by irradiat-
ing exchanged Ag/Na silicate glasses was blemished by the
Ag concentration being so high that clustering had already
started in the unirradiated sample, as shown by a photolumi-
nescence signal ascribable to Ag32+. Valentin et al.” demon-
strated the control of Cu nanocrystal density in initially
Cu*(1% -2 % )-doped silicate glasses. After a low-fluence
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TABLE 1. Summary of experiments performed and information obtained in this work.

Irradiation Anneals
Samples (irradiation temperature) (K) Expt. Information deduced
Silicate glass 0Co v photons 80-843 ESR Defects
no A T..=80 K,
o ne ( 300 K) OA
Silicate glass Unirradiated 300-843 OA Absence of nanoclustering
+Ag (65 appm)
Silicate glass co y photons 80-802 ESR Defects, Ag oligomers
+Ag (Tir=80 K, OA Defects, Ag oligomers,
(17-130 appm) 300 K) Nanocluster formation
Silicate glass He (1.6 MeV), 300-693 ESR Defects
+Ag Br (12 MeV)
(65130 appm) (Tiy=120 K, OA Nanocluster formation
300 K)
Silicate glass Unirradiated 300-823 SIMS Diffusion profile
+implanted Ag OA No clustering
(500 appm) Br (12 MeV) OA Influence of DED on
(Tyx=300 K) nucleation
Silica Unirradiated 300-1073 OA Influence of host redox vs
+implanted Ag Br (12 MeV) DED on clustering
(500 appm) (T;y=300 K)

ion irradiation (10>—10"3 Br’*cm™ at 12 MeV) in the
electronic energy deposition regime, no Cu nanoclusters
were detected by high resolution TEM. Annealing the
samples in the 550—700 K range allowed controlled growth
of a nanocluster population whose density depended in a
simple way on the energy deposition statistics, and the long-
term limit of the size distribution closely followed the
Lifshitz-Slyozov-Wagner?! (LSW) characteristics of Ostwald
ripening. This result indicates that the primary irradiation has
two effects: (i) it initiates nucleation (at a subobservational
level as in a photographic latent image) with an efficiency
depending on the deposited energy density and (ii) it modi-
fies the initial solute Cu* ion population in such a way that
growth may occur by diffusion of, e.g., Cu” atoms. The first
of these effects is established by the agreement of the size
distribution with LSW, due to the fact that the initial popu-
lation of aggregates constitutes the total growth mass. The
second effect was deduced from the very existence of ther-
mally activated growth but was neither quantified nor under-
stood in detail.

C. Methodology of the present work

Here, we have approached the nucleation and growth
problem in a more systematic way. First and foremost, we
performed v irradiations in order to determine the effect of
redox chemistry on the precipitation processes. ESR and OA
studies of gamma-irradiated silver-doped silicate glasses
demonstrate that the various silver redox states and their in-
teraction with the host, particularly with the electrons and
holes generated by the irradiation, play a major role through-
out nucleation and growth. The nucleation and growth se-
quence that we observe in our experiments is basically simi-

lar to those observed during radiolysis of Ag*-containing
aqueous solutions,!'' supporting our interpretation of the ex-
perimental results in terms of the photographic process. The
knowledge acquired on photon-assisted clustering provides a
basis for extending our interpretation of the results in terms
of redox effects to ion-irradiation-induced precipitation
(here, electron transfer to metal ions at high deposited energy
densities).

Two significant differences between photography and
glass hosts are (a) the role played in the latter by irradiation-
induced defects that trap electrons or holes which are re-
leased upon annealing [this feature was important in our
work, as revealed by the use of the techniques (OA and ESR)
that are particularly sensitive to it] and (b) the fact that both
the host redox properties and the beam DED affect nanoclus-
tering. The latter point was studied by comparing nanocluster
formation in Ag-containing silicate glasses and silica. For
clarity, Table I summarizes the different sets of experiments
and the information deduced from them.

III. EXPERIMENTS

Silver-doped glasses were studied in this work because
the surface plasmon resonance (SPR) absorption that signals
Ag clustering is intense and spectrally isolated from the in-
terband transitions (as opposed to the cases of Cu or Au).*?
The existence of Ag nanocrystals containing more than about
10-20 atoms may then be deduced from the SPR absorption
signal, whose position coincides®® with the value predicted
from Mie theory. Furthermore, we will see below that several
ionized or neutral silver oligomers are also observable in
ESR and optical absorption, providing vital information on
the initial stages of clustering. Either high-purity silica or the
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FIG. 1. Optical absorption spectra of the unirradiated silicate
glass chemically doped with 65 appm silver per host atom. Anneal-
ing temperatures and durations as shown (in this experiment, the
hump at 600 nm was due to a grating artifact and should be disre-
garded). No absorption band due to reduced silver is apparent.
Sample thickness: 1 mm. (Vertical axis units multiplied by 100.)

simplest soda lime silicate base glass—composition 74 SiO,,
16 Na,O, and 10 CaO (mol %)—was used in our experi-
ments. Most of our studies were performed on chemically
doped samples by adding AgNOj; to the glass melt. The re-
action AgNO;— Ag,O occurred, as detailed in Ref. 34.
Since our aim was to compare directly the degree of Ag*
reduction due to different ionizing radiation densities, no re-
ducing agent was added to the glass composition. The initial
AgNO; content was adjusted so as to avoid metal precipita-
tion during glass synthesis or subsequent annealing, as con-
trolled by OA (Fig. 1)—Ag was thus dissolved as Ag* ions
in the pristine glass. As also shown in Fig. 1, high tempera-
ture annealing alone did not lead to Ag* reduction. The solu-
bility limit corresponding to this procedure restricted the
maximum Ag concentration to 150 appm (100 appm corre-
sponds to 1072 mol 17!). The glass samples were melted in a
silica crucible at 1800 K for 3 h, poured onto a steel plate,
and annealed at 30 K above the glass temperature T,
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=823 K in order to remove strain. The silver concentration
was then measured by dissolution and OA spectrometry.
I-mm-thick samples were cut and polished on both sides. We
studied the effect of the host composition (notably its redox
properties) on DED-assisted precipitation by comparing
nanoclustering in irradiated silica and silicate glass. The lat-
ter’s composition was chosen so that its basicity was higher
than that of pure silica. For these studies, Ag was introduced
into the samples by ion implantation (using the CSNSM ion
implanter IRMA) in order to increase the Ag dopant concen-
tration, thus allowing OA monitoring of Ag clustering. In the
latter experiments, special care was taken to check possible
differences between the consequences of annealing alone
versus the sequence (irradiation+annealing).

Table II summarizes the features (energy, flux, dose or
fluence, and penetration depth) of the irradiations performed
on our samples. We have also listed the deposited energy
density or, equivalently, the linear energy transfer as used in
the y-irradiation literature. Gamma-ray irradiations were per-
formed (using the LCP-Université Paris Sud facility) at room
temperature or at 80 K, with a 0Co source emitting 1.33 and
1.17 MeV photons interacting with the glass via the Comp-
ton effect at a flux of 3 kGyh~'. Ion irradiations with
11.9 MeV Br’* or 1.6 MeV He* beams were performed at
room temperature with the CSNSM ARAMIS accelerator.?
Ton currents were kept below 200 nA for Br’*, and samples
were clamped to a metal holder in order to avoid significant
heating. All sample (30 min) anneals were performed in a
quartz tube oven under a dry N, flux, at temperatures ranging
up to 1100 K.

A Dual Beam Cary 500 spectrophotometer was used for
optical absorption (OA) measurements. The latter can iden-
tify defects and several Ag oligomers, as well as Ag nano-
clusters via their SPR absorption. Spectra were corrected by
subtracting the unirradiated glass absorption contribution. In
the following, the spectra obtained after gamma irradiation
are presented in terms of the optical absorbance, since the
entire sample thickness was affected by the irradiation. On
the other hand, ion irradiation only induced modifications in
a thin layer of our samples, so that the corresponding results
can only be presented in terms of the measured optical ab-
sorption. X-band ESR spectra were acquired at 120 K with a

TABLE II. Summary of irradiating conditions. Gamma irradiation parameters are given in terms of dose, dose rate, and linear energy
transfer (LET). The corresponding terms for ion irradiations are fluence, ion flux, and deposited energy density (DED).

Radiation

(ion beam) % Agt Br’* He*

Energy 1.17-1.33 MeV 480 keV 11.9 MeV 1.6 MeV

Dose rate 3 kGy h™! 2X 10" Agem™2 57! (4-9) % 10'% ions cm™2 5! 10'2-10"3 jons cm=2 5!

(ion flux)

Dose (fluence) 21-40 kGy 10" ions cm™2 10" -10" jons cm™2 2 <10" jons cm™

(DED) LET 0.23 eV nm™! 0.4 keV nm™! 4 keV nm™! 0.3 keV nm™!
(2-2500 eV nm™>)

Dose rate 107 70 1-2 4-40

(eVnms)

Penetration depth >1 cm ~0.15 um ~4.8 pm ~5.2 pm

%n terms of energy absorption, this corresponds to 2 X 10°~2 X 10° kGy.
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Brucker EMX spectrometer (ER 041 XG microwave bridge)
at a working frequency of 9.42 GHz. The species detected by
ESR in such samples are either glass defects, electrons
trapped on threefold-coordinated silicon (E’),* nonbridging
oxygen hole centers (NBOHC),?” or silver-related species
such as Ag’, Ag?*, or Ag,” (Ag* is undetectable because of
its paired electrons). The g values of all these species are
close to 2. Spectra were therefore acquired by scanning the
magnetic field between 2750 and 4250 G, with the amplitude
and modulation frequency being, respectively, 3 G and
100 kHz. The power was limited to 1 mW in order to avoid
signal saturation.

Modifications of the silver concentration depth profile
were monitored by SIMS (the low silver concentration pre-
cluded the use of Rutherford backscattering). SIMS analyses
were performed with a Cameca IMS 4F probe (at LPSC-
CNRS, Bellevue) using a Cs* primary beam and signal de-
tection via an electron multiplier. The detection threshold
was about 0.1 appm for silver. The *°Si signal was simulta-
neously recorded in order to determine the surface position
and detector efficiency. Depth calibration was achieved by
measuring the depth of the postanalysis crater with a Tencor
Stylus profilometer, assuming a constant sputtering rate.
These concentration profile studies were necessary for the
following reason. Among the different valence states of sil-
ver (mainly Ag’ atoms and Ag* ions) existing in oxide
glasses, only those which are mobile may contribute to Ag
clustering. The oxidized form Ag* is known3®* to be very
mobile. Doremus*® found a very high Ag* diffusion coeffi-
cient (~107% cm?s™!) at 773 K in soda lime glass; no direct
measurement of the diffusion constant for Ag® in silicate
glasses is available to our knowledge, probably because of
its very low solubility. The corresponding numbers are usu-
ally evaluated very indirectly*! by adjusting growth proper-
ties to classical growth models: values as low as
10712 cm? s~! at 773 K were deduced in this way, but these
evaluations may be in error since such models do not include
the contribution of Ag* to Ag nanocluster formation. Uncer-
tainties also beset an attempt*? at a direct measurement of the
AgP diffusion coefficient in which a fraction of the silver
precipitated during diffusion, so that the experimental result
must differ from the intrinsic diffusion coefficient.

In order to evaluate Ag species mobility, we implanted Ag
into our base soda lime silicate glass with the IRMA-
CSNSM facility*® at 480 keV to a fluence of 10" ions cm™2,
i.e., a maximum concentration of 500 appm. Samples were
postannealed for 1 h at temperatures between 486 and
823 K, and total silver concentration profiles (including all
oxidation states) were measured by SIMS. Annealing at tem-
peratures above 623 K for 1 h resulted in a flattened concen-
tration profile (Fig. 2), lowering the average Ag concentra-
tion to only 7 appm and even to 0.3 appm after annealing at
T,=823 K. This demonstrates fast diffusion of Ag species,
both inward and toward the surface. The double-peaked Ag
profiles obtained at lower temperatures are indicative of Ag
trapping, so that it is impossible to deduce a diffusion coef-
ficient from the results. The OA spectra (not shown here) of
these samples remained identical to that of the pristine glass,
showing neither Ag nanocrystal plasmon absorption nor any
identifiable Ag oligomer-related absorption peak. Thus, most
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FIG. 2. SIMS concentration profile of 107Ag in silicate glass
after implantation at 480 keV (fluence 10" ions cm™2), followed by
annealing at increasing temperatures. The silicate glass atomic den-
sity is 6 X 10%% at. cm™3,

of the silver must be retained—and diffuse—in the oxidized
Ag™" state, which cannot be detected by OA and a negligible
amount of Ag has been reduced. Electron-hole recombina-
tion induced by Ag implantation is more efficient than are
reactions between electrons and Ag ions. In the following,
we assume that both valences of silver (0 and +1) are mobile.
Figure 2 confirms Ag mobility at low annealing tempera-
tures, but there is no evidence for a relation to classical dif-
fusion. The splitting of the initially quasi-Gaussian profile
into two parts, one shifted toward the surface and the other in
depth, may be due to implantation-related effects (defect cre-
ation and strain and changes in the oxygen content inside the
implantation profile by collisional recoiling) that modify the
Ag’« Ag* equilibrium and the diffusion properties of both
species and other oligomers.

IV. RESULTS ON NANOCLUSTER NUCLEATION

The deposited energy density (DED) along the ionizing
particle track, also designated in the radiolysis literature as
the average value of the linear energy transfer (LET) (Table
II), affects the electron and hole densities as well as the
radiation-enhanced (or -induced) Ag diffusion. Cluster nucle-
ation therefore involves (i) the metal atom and/or ion’s
charge state, (ii) the stability of the corresponding charge
states, (iii) the diffusivity of different Ag species in the glass,
and (iv) the stability of small Ag aggregates versus charge
capture. The redox potential of all these entities and that of
the glass matrix affect the clustering efficiency. This conclu-
sion emerges from the results presented in this section.

A specific trait of glasses is that the clustering sequence is
mediated by a stage in which irradiation-induced defects act
as charge reservoirs. The nature and stability of these defects
therefore play an important role in the analysis, and Sec.
IV A describes experimental results on this point. In Sec.
IV B, we describe our ESR and OA studies of Ag clustering
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induced by 7y photon irradiations—hence at a low deposited
energy density (**Co gamma rays generate Compton elec-
trons of about 600 keV, whose mean linear energy loss is
about 0.5 eV nm™'). The Ag content of the doped glass was
in the range 17—130 appm. The sensitivity of both ESR and
OA to signals from defects and from Ag species in doped
samples is high, with the whole volume of the sample being
modified by the irradiation, so that rather complete informa-
tion on the initial stages of nucleation and growth is ob-
tained. We also performed heavy ion (1.6 MeV He and
12 MeV Br) irradiations of the same base glasses containing
65 or 130 appm Ag; these irradiations involve very large
DED (respectively, ~0.3 and ~4 keV nm™") (Table II). They
have the experimental drawback of modifying the sample
only at a near-surface depth (typically below 4 um, the av-
erage ion penetration depth), hence at levels close to the ESR
and OA detection sensitivity limits. Notwithstanding this
limitation, the comparison of irradiations for which the DED
values differ by 4 orders of magnitude demonstrates the ef-
fect of varying concentrations of electron-hole pairs in the
glass.

A. Charge reservoirs: Irradiation-induced defect centers in
undoped glasses

A guideline in this area is the considerable work on initial
charge formation and evolution (the solvated electron) in
aqueous solutions.'>* The obvious difference here?> is the
formation of metastable defects which “store” the charges in
different ways. The influence of DED on the creation and
short-term evolution of different electron- and hole-capturing
glass defects was studied first by comparing the ESR spectra
of y- versus ion-irradiated glasses containing little or no Ag.
Figure 3 shows that ESR is quite sensitive to these defects, in
spite of the ion-range limitation. We observed the trapping**
of the photoexcited carriers in the glassy network via both
ESR and OA. The so-called nonbridging oxygen hole center
(NBOHC) was previously identified*’*3 as the source of the
intense ESR signals at g=2.0097 and g=2.0036. Our spectra
indicate that 7y irradiation led to a very large NBOHC popu-
lation [Fig. 3(a)]. We also found a small signal at g=1.964,
ascribed to a trapped electron,*’” but we observed no ESR
signal from E’ or peroxide radical (POR) centers.*®

In the ESR spectra corresponding to ion irradiation [Fig.
3(b)], the NBOHC contribution remained approximately un-
changed (i.e., it varied as the ratio of the irradiated sample
thicknesses), but here the E’ centers’ contribution to the
spectra was very large, demonstrating the impact of a large
DED in their formation. The recombination and subsequent
dissolution of these defect centers upon annealing at the
known*® E' defect temperature stage is clearly shown in Fig.
4. Potential signals due to electrons or electron traps were
not intense enough to be detected by ESR in these samples.

Complementary information was obtained from OA,
whose sensitivity to the different absorbing centers differs
from that of ESR. The OA spectra of the y-irradiated un-
doped silicate glass display overlapping absorption bands. Its
spectrum was fitted here by a combination of Gaussian
curves whose parameters are given in Table III: the resulting
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FIG. 3. ESR spectra of chemically doped (65 appm Ag) sili-
cate glass irradiated by (a) gamma photons from a Co source
(15kGy); (b) Br (12 MeV, 10'*at.cm™2, full line) and He
(1.6 MeV, 10" at. cm™2, dashed line) ions. Irradiations were per-
formed at 120 K, and spectra were taken on unannealed samples.
Inset in spectrum (a) shows the weak signal associated with a
trapped electron.

absorption bands are close to those previously found*’ in a
similar glass. We detected the well-known NBOHC (1.98
and 2.79 eV bands) and now also observed the peroxy radi-
cal POR (5.35 eV band) hole-trapping centers (not seen in
ESR spectra), as well as a known*’ electron-trapping center
(4.1 eV band). The electron-trapping E’ center, which ab-
sorbs around 7 eV (vacuum ultraviolet), was not observable
with our OA setup. (See note added.)

B. Silver species evolution after vy irradiation of Ag*-doped
glasses

Silver-doped silicate glass samples (65 appm) were ¥ ir-
radiated to 15 kGy at 80 K and then annealed for 30 min at
increasing temperatures. The corresponding ESR spectra
(Fig. 5) provide considerable information on the initial stages
of Ag species’ formation and evolution. Up to 363 K, they
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FIG. 4. ESR spectra of chemically doped (65 appm Ag) silicate
glass after irradiation by 1.6 MeV He ions (10'° cm™2), annealed
1 h at increasing temperatures. The curves are shifted for clarity.
displayed signals typical of Ag’!%204% with the hyperfine
splittings due to the electron-nuclear spin (/=1/2) interac-
tion for both silver isotopes (abundances of 51.8% for '"’Ag
and 48.2% for '“Ag). Thus, a fraction of the photoelectron
population has reduced silver ions directly by the reactions

NBOHC, POR defects,
(1a)

silicate glass + irradiation — e™,

Agt+e  — Ag° (1b)
(the spectrum termed “unannealed,” taken at 120 K, only
showed inhomogeneous broadening—the isotopic silver dou-
blet could not be observed since very slow structural relax-
ation prevented the silver environment from reaching its neu-
tral silver configuration). The intensity of signals due to
solvated electrons or other electron traps was too low for
ESR detection.

TABLE III. Adjustment parameters (assuming Gaussian compo-
nents) of the OA spectra (Fig. 6) from an undoped and a 17 appm
doped silicate glass after room-temperature gamma irradiation
(40 kGy). The position and width of the first four absorption bands
are determined from the undoped glass and assumed to be un-
changed when determining the neutral silver band position (at
3.6 eV).

Intensity (cm™)

Position Width

(eV) (eV) Undoped Doped Assignment
1.98 0.3 1.0 0.19 NBOHC
2.79 0.65 2.1 0.41 NBOHC
4.1 1 2.45 0.86 e~
5.35 0.65 4.1 1.7 POR
3.6 0.5 0.5 Ago
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FIG. 5. ESR signal of chemically doped (65 appm Ag) silicate
glass, gamma irradiated (15 kGy) at 77 K and annealed as shown.
See text for identification of the different paramagnetic Ag centers.
For clarity, the high intensity signal around H=3350 G, due to ir-
radiation defects, has not been drawn, and the curves have been
shifted.

Evidence for Ag® was also found by comparing the OA
spectrum of the undoped glass to that of a +-irradiated
(40 kGy) 17 appm silver-containing glass. The latter (Fig. 6)
displayed an additional absorption band centered at 3.6 eV
(A=345 nm), whose features were determined (Table III) by
a multi-Gaussian adjustment as above while keeping the
peak position and width of the previously determined un-
doped glass bands fixed. The new band’s position agrees
with that found for free Ag® (Ref. 50) as well as for Ag’ in
water (360 nm).!> The optical absorption of a species de-
pends on the polarity of the medium in which it is embedded
and the nature of ligands that interact with it; the fact’' that
in oxide glasses Ag® is surrounded by oxygen, just as in
water, likely accounts for this result. The concomitant iden-
tification of Ag’ in ESR and OA confirms!’ that photon irra-
diation leads to the neutralization of ionic silver.

The observation of neutral silver means that Ag* traps
electrons, but its role in the photocarrier population evolution
is not a simple one, since all defect absorption intensities
were two to five times lower in the doped glass than in its
undoped counterpart (Table IIT). The presence of silver must,
in fact, also catalyze electron and hole recombination. Actu-
ally, Ag° can trap holes via the reaction

A’ +ht — Ag. (2)
A reaction with a detrapped hole may also occur, such as

Agt+ht — Ag?t, (3)
followed by a reaction of oxidized Ag>* with electrons:

Ag* +e — Ag”. (4)

Reactions (1b) and (4) account for the electron trap popula-
tion decrease when Ag* is added to the glass. The recombi-
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FIG. 6. Room-temperature OA spectrum and its component
analysis for a chemically doped (17 appm Ag) silicate glass, ob-
tained after a 40 kGy room-temperature gamma irradiation. The
component parameters and their assignments are given in Table II.
The spectrum of the unirradiated glass does not contain the 3.6 eV
band due to Ag’.

nation center role of multivalent elements such as Ag was
previously documented,’? but not insofar as its role in postir-
radiation clustering is concerned. Such Ag-assisted recombi-
nations may presumably take place along the Compton elec-
tron track (before electron and hole trapping), as well as by
short-term diffusion of electrons and holes detrapped from
the above-mentioned centers. Our observations indicate that
silver species interact with trapped charges at the earliest
irradiation stage, as well as after annealing. To our knowl-
edge, this early redox interaction had not been noted in pre-
vious work.

Other silver species were identified, and we monitored
their concentration versus the irradiation defect concentra-
tion variations. As shown in Fig. 5, annealing the sample at
413 K led to the disappearance of the Ag’ signal and the
growth of a new doublet with a lower g value. The latter is
well established™> as characterizing Ag,” (g=1.994, A
=780 Mhz=279 G). Thus, neutral silver has reacted with
Agt:

Ag’+Agh — Ag,*. (5)

This also appeared in OA spectra taken on similar samples
(Fig. 7) in which the absorption peak is blueshifted from
345 nm (the characteristic wavelength of Ag®) to 310 nm.
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FIG. 7. Room-temperature OA spectra of chemically doped
(118 appm Ag) silicate glass after a 21 kGy gamma irradiation, and
postannealing for 30 min at the temperatures shown. Sample thick-
ness: 1 mm.

We ascribe this 310 nm peak to Ag,"; its position is identical
to that found for Ag," in radiolyzed aqueous solutions con-
taining Ag*. This identification is supported by the correlated
reduction in the intensity of this OA peak and of the Ag,”
ESR signal in Fig. 5. Annealing at 413 K also led to an ESR
signal with a uniaxially anisotropic g factor (g,=2.28,g,
=2.04). This feature is ascribed to Ag?* (Refs. 56 and 57)
and provides evidence for the reactions

Ag"+NBOHC — Ag** + NBO (6)
and
Agt+POR — Ag* + =Si—0—0". (7)

The integrated ESR signals are proportional to the con-
centration of the various defects and Ag species observed in
ESR. Figure 8 compares their temperature dependence for
the 130 appm Ag glass, 7 irradiated to 15 kGy at 80 K. The
corresponding intensities were deduced by double integra-
tion of the ESR signals. The intensity due to all observed
defects, as well as to Ag®, decreased as the temperature rose
from 120 to 290 K. Electrons and holes recombine by the
reactions

NBOHC + ¢~ — NBO, (8)

Ag’ + NBOHC — Ag* + NBO. 9)

As mentioned previously, our experimental conditions did
not allow detection of POR centers. Mechanisms (8) and (9)
led to a decrease of the Ag population as the temperature
rose to 300 K, followed by a relative increase presumably
due to a release of trapped electrons according to Eq. (1b).
From 360 to 420 K, the decrease in NBOHC and Ag° popu-
lations was correlated to an increase in that of Ag** and
Ag,", respectively [Eqs. (5) and (6)]. The role of the
NBOHC oxidizing center is critical in this evolution. The
ESR signals diminished at temperatures above 425 K and
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FIG. 8. Integrated ESR signals (proportional to their concentra-
tion) for different paramagnetic centers as a function of annealing
temperature (annealing time of 30 min).

disappeared above 580 K, but the OA spectra taken in the
temperature range between 530 and 630 K (Fig. 7) displayed
a shift from 310 nm (Ag,") to 280 nm. Paramagnetic defect
centers (notably the NBOHC) are essentially annealed out at
such temperatures according to the ESR results, so that the
latter absorption peak is very likely due to an interaction
between Ag species. A comparison with results obtained for
Ag-containing aqueous solutions'? is instructive again: In
that case, an absorption peak was also found at 280 nm, due
to Agy*, Ag;™*, or to Ag,** formed by the diffusion and
dimerization of Ag," ions. The latter process is unlikely in
glass because Ag," mobility is low compared to that of Ag’
and Ag*, but Ag® or Ag* may diffuse to and react with the
Ag," oligomer by the reactions

Ag," + Ag’— Ag;’, (10)

Ag,' +Agh — Agy™, (11)

so that we ascribe the weak 280 nm peak, found after y
irradiation (to 21 kGy) and postannealing at temperatures up
to 643 K, to either Ag," or Ag,>* or both. These experiments
detect the initial steps of metal aggregation in a silicate glass.
They show that standard phase diagram considerations alone
cannot account for nanocluster formation in glasses; the ag-
gregation process also depends on the outcome of a multi-
factor competition between silver reduction and oxidation.

Silver reduction being a prerequisite for nanocluster for-
mation, information on the v irradiation-induced neutraliza-
tion efficiency was obtained in the following way. We first
deduced the Ag’- and defect-creation rate from the irradia-
tion dose dependence of the OA spectra. As noted
previously,’® the evolution of the Ag® and defect populations
is well described (Fig. 9) by the simplest rate equation solu-
tion:
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FIG. 9. Room-temperature gamma irradiation dose dependence
of the maximum optical absorbance values for different bands, re-
sulting from multi-Gaussian decomposition. The bands correspond
to different defects and to Ag, see text and Fig. 6. This result was
obtained for a chemically doped (118 appm Ag) silicate glass. Lines
are Poisson curve adjustments with n=1 [see Eq. (12) and text].

y=1-exp(-pD), (12)

where y is the defect fraction, D the vy irradiation dose, and
1/p a defect-creation dose corresponding to the transition
from the independent to overlapping track regime. Adjusting
the experimental defect fraction in Fig. 9 gives 1/p
~7 kGy. Since 1 Gy corresponds to 5% 10'° y interactions
per cm™ of glass, we find that the effective defect-creation
volume per v interaction is approximately 107> cm?. Con-
sidering the approximations made, this is acceptably close to
the volume (107'% cm?) of the Compton electron track as
calculated by Cooper,” so that the efficiency of silver reduc-
tion within the track may be roughly estimated from Fig. 9.
We assume, in view of their similar environment and spectral
properties, that the molar extinction coefficient per neutral
silver atom in silicate glasses is identical to that in water, i.e.,
17 000 1 mol~' cm™".1? In the 118 appm silver-doped glass, a
v irradiation dose of 21 kGy led to saturation of the Ag
neutralization at an intensity of about 15 cm™, i.e., a con-
centration of 5.5X 107 Ag® cm™. The initial concentration
of Ag* being 7X 10" cm™, we might conclude that some
10% of the initial silver ion population was reduced by irra-
diation. In fact, this is actually a gross underestimate of the
neutralization efficiency since the sample was irradiated and
maintained at room temperature, and the optical spectrum
was recorded five days after irradiation. Evidence that a sig-
nificant fraction of Ag® had by then been reoxidized by re-
combination with trapped holes is provided by Fig. 5, which
shows that a 30 min anneal at 295 K leads to more than a
fivefold decrease of the Ag signal relative to its intensity in
the as-irradiated (at 80 K) sample.

We argue that silver neutralization is, in fact, largely
achieved in the initial Compton electron track, but that re-
verse oxidation reactions such as Egs. (2) and (9) occur in
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FIG. 10. Optical absorption of chemically doped (118 appm Ag)
silicate glass, gamma irradiated to a dose of 21 kGy at room tem-
perature and annealed for 30 min at the temperatures shown.

time, affecting the ratio of the Ag’ species population to that
of its charged counterpart. The yield G (ratio of the newly
formed Ag’ species concentration per unit of deposited en-
ergy, in SI units of molecules per joule) may be estimated
from the initial slope of the curve in Fig. 9. We measured
about 2.2 X 10" Ag’ cm™ (3.5X 10 mol 17!) at 5 kGy (af-
ter a five-day anneal at room temperature), leading to G
=0.7X 1077 mol J-!. This may be compared to the yield
found'! in aqueous solutions, i.e., G=2X 10""mol J~!. Ex-
trapolating our value to 80 K (no annealing, no reverse oxi-
dation) would produce a yield of about 3.5X 10~7 mol J7!,
similar to that (4 X 1077 mol J™!) of the hydrated electron at
very short times before electron-hole recombination may oc-
cur. It is noteworthy that effects which only appear at very
short time scales in water become easily visible in glasses
due to slow Ag species diffusion.

V. RESULTS ON CLUSTERING EFFICIENCY AND
GROWTH

In this section, we show that both the growth mechanism
and the ultimate clustering efficiency are also strongly af-
fected by the interaction of the neutral and ionized Ag spe-
cies’ interactions with the charge populations released from
the electron- and hole-containing defects. The formation of
nanoclusters in glass requires that the medium be sufficiently
reduced to favor growth over dissolution, i.e., reactions (1b)
and (4) as well as reactions of Ag* with trapped electrons,
over reactions (6), (7), and (9) in the initial stages.

A. Growth after vy irradiation

After annealing above 640 K, the OA spectra of the
gamma-irradiated sample (Fig. 10, extending the results of
Fig. 7 to higher annealing temperatures) display the Ag peak
at 400 nm, i.e., the collective excitation (plasmon) wave-
length as derived from the standard Mie calculation. The
peak was shown, in the case of water,? to be fully developed
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when the clusters contained at least some 13 atoms on aver-
age. We estimated the total amount of precipitated Ag in our
samples from the OA peak intensity, as in Sec. IV B, to be
~4 X 1010 Ag cm™, i.e., about 1% of the total Ag concentra-
tion in the glass. This means that only some 10% of the
neutralized Ag’ finally coalesced into clusters. The actual
proportion may have been somewhat higher, since we as-
sumed that the OA extinction coefficient was
17 000 1 mol~' cm™', whereas it is, in fact, known to vary
from nearly zero for Ag, to 15 000 for Ag;; and a fraction of
the clusters were probably smaller than Ag,;. However, it is
clear that a very large fraction of the initial Ag® population
was reoxidized during the anneal, presumably by interacting
with the hole population released from traps as the tempera-
ture was raised [e.g., Eq. (9)]. Recall that annealing all the
defects at temperatures above T, (see the OA spectra of Fig.
4) led to complete dissolution of all clusters. In our base
glass composition—devoid of added reducing agents—the
initial amount of reducing electron defects equals the initial
amount of hole defects. At sufficiently high temperatures,
detrapped holes may recombine not only with electrons but
also with silver oligomers, thus oxidizing the latter.

The metastability of different Ag species was also shown
in the following way. Ag (118 appm)-doped glass samples
were room-temperature gamma irradiated to a 21 kGy dose
and annealed for 30 min, either at 373 K (most of the silver
is then Ag®) or at 413 K (most of the silver is then Ag,* and
Ag;*/Ag;™"). We compared (Fig. 11) their optical absorption
immediately after the anneal and after room-temperature
conservation for 11 months. In the former case, the AgO con-
tribution practically disappeared; in the latter, the Ag," con-
centration decreased by 20% while that of Ag;* or Ag,**
remained practically identical. We conclude that Ag? is more
easily oxidized than Ag,", the reverse being true of Ag;* and
Ag32+. This suggests that the redox potential increases with
the nuclearity, as previously demonstrated!! in water, and
leads us to the following stability sequence for the various
species:

A’ < Ag,t < Agyt/Agy*t < -+ < Ag,. (13)

It indicates the existence of a “critical” aggregate size (~3
Ag entities), below which clusters are unstable versus reoxi-
dation (hence redissolution) due to holes released by glass
defects and above which stable nanocrystals may grow by
Ag™" diffusion to the cluster and in situ reduction by an elec-
tron.

B. Growth after ion irradiation

Although not as detailed, information on the clustering
mechanism under 1.6 MeV He or 12 MeV Br ion irradiation
is quite significant. In contrast to previous?>®' ion-beam-
assisted metal colloid formation experiments, our purpose
here was to distinguish initial effects specifically due to irra-
diation from those due to annealing-induced mobility. A prior
study of the heat input by the ion beam was carried out?*3* in
order to identify the former unequivocally. By keeping the
dissipated power below 0.3 W cm™2, sample heating (hence
Ag diffusion) remained negligible, and all observed effects
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FIG. 11. Long-term dependence of room-temperature (RT) OA
spectra for two identical chemically doped (118 appm Ag) silicate
glass samples, gamma irradiated to a dose of 21 kGy and annealed
at (a) 100 °C for 30 min or (b) 140 °C for 30 min.

were due to the large DED. The silicate glass’s composition
was identical to the one used in our 7y-irradiation studies
above, and it was chemically doped with silver to 130 appm.
Figure 12 shows the OA spectra for such a glass after Br ion
irradiation to 10'* ions cm™ and postannealing up to 693 K.
The only significant feature in the spectra was the appear-
ance of the characteristic Ag, plasmon frequency at 400 nm
at temperatures as low as 570 K, with a maximum intensity
after annealing to 643 K, and progressive dissolution as the
annealing temperature approaches 7,. This result concurs
with those obtained® on 12 MeV Br irradiation-induced clus-
tering of Cu and Ni in similar glasses via this “ion beam
photography” process. However, the results presented here
for Ag clustering also show significant differences with those
obtained in that work. One difference involves the use of
experimental techniques with different size threshold detec-
tion limits (OA versus TEM), while others relate to the dif-
fering metal species’ redox potentials and mobilities. A re-
markable example of the latter is the ion-irradiation fluence
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FIG. 12. OA of chemically doped (130 appm Ag) silicate glass,
irradiated with Br ions (12 MeV, 10'* at. cm™2) and postannealed at
temperatures shown. Sample thickness: 1 mm. (Vertical axis units
multiplied by 100.)

dependence of the plasmon peak intensity after a 643 K an-
neal, shown in Fig. 13. These and other ion-irradiation re-
sults are discussed elsewhere?* in more detail. For our
present purpose, we note that the curve saturation value cor-
responds to 4 X 10" at. cm™ (or 10'® at. cm™ in the 4 um
irradiation depth). Thus, about 15% of the entire silver con-
tent in the irradiated portion of the glass formed stable clus-
ters after the 12 MeV Br irradiation, as opposed to the 1%
value after vy irradiation. While both reduction and oxidation
occurred in the low-DED conditions of the latter, the high-
DED drastically modifies the nucleation and growth condi-
tions. Why? The 15-fold increase in the clustered Ag fraction
does not signal a larger neutralization efficiency, since the
ion fluences are some 4 orders of magnitude higher than the
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FIG. 13. Br’* (12 MeV) ion-irradiation fluence dependence of
neutralized silver quantity in silicate glass after annealing at 643 K,
as deduced from two separate OA experiments. The saturation con-
centration corresponds to ~4 X 10'5 Ag cm™. We conclude that at
least 75% of the Ag in the irradiation depth was clustered.
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vy doses shown above. The radiolytic yield estimated from
Fig. 13 was only G=0.4 X 10" mol J7, i.e., 20 times lower
than that of a 7 irradiation. A previous comparison®? of the
neutral silver yields after irradiation by a C®* ion beam or by
v photons in an aqueous medium gave similar results. The
reduced neutralization yields observed for high-DED radia-
tion versus those due to vy photons in both media are presum-
ably due to the efficient electron-hole recombination [reac-
tion (8)] in the plasmalike track environment, a
recombination that occurs faster than silver reduction [reac-
tions (1) and (4)]. Such reactions could also be the source of
the observed enhancement in stable Ag clustering (see Sec.
VI).

C. Influence of host composition

The results presented so far show that Ag clustering is
affected by the irradiation-induced local modification of the
sample redox potential. The outcome of a given ion-
irradiation DED as regards Ag clustering should, in turn,
depend on the initial redox state of the host. This is indeed
the case, as shown by the following experiments. A concen-
tration of ~0.1 at. % Ag was ion implanted (10'> Ag cm™2,
480 keV), rather than dissolved, at a projected range Rp
~ 160 nm in either pure silica or silicate glass samples, i.e.,
in different redox environments. OA measurements were per-
formed in order to detect Ag® and other oligomers, as well as
silver clusters. In the case of the Ag-implanted pure silica
samples (Fig. 14, upper), annealing at increasing tempera-
tures led successively to Ag reduction, oligomer formation
(at least Ag, and Ags clusters) and nanocluster formation
(detected by the SPR). By contrast, the OA spectra (not
shown here) corresponding to the Ag-implanted silicate glass
samples showed no evidence of Ag reduction or precipitation
even after annealing to temperatures in the vicinity of the
glass transition temperature (863 K) where species mobility
is very high (see Fig. 2). We ascribe this absence to the fact
that silicate glass is considerably less reducing than silica.
The chemical nature (redox degree) of the glass host thus has
a major impact on its sensitivity to irradiation. This was also
apparent in a comparison of identical 12 MeV Br irradiations
(fluence 2% 10 Brcm™) performed on unannealed Ag-
implanted silica versus silicate glass. The Ag*-implanted re-
gion was confined to the high electronic DED regime part
(4-5 keV/nm) of the Br ion tracks in both cases. The spec-
tra obtained after high-DED irradiation of Ag-implanted pure
silica and annealing (Fig. 14, lower) were very similar to
those obtained (Fig. 14, upper) on its unirradiated counter-
part, i.e., the high-DED irradiation only had a weakly accel-
erating effect on nanoclustering, the silica host being suffi-
ciently reducing to ensure precipitation of the entire Ag
content above 870 K. On the other hand, whereas no cluster-
ing had been found upon annealing the Ag-implanted silicate
glass in the absence of the high-DED irradiation, the latter
had a major effect on the system evolution (Fig. 15). It re-
duced silver even at room temperature and led to nanocluster
formation (detected by the SPR at 400 nm) above ~500 K in
the silicate glass. The interaction between the reducing
power of ion-irradiation DED and the redox degree of the

PHYSICAL REVIEW B 76, 205431 (2007)

I T T T T T |
~ 1073K/1h |
~—’ \ 1023K/1h
f=1
£ 'M\ 883K/1h
o
5 \\ 73K/1h
2 L\ S83K/1h)
. MK/_IP_
I L 1 L L . 1
200 400 600 800
Wavelength (nm)
F T y P |
after Br irradiation
N\ 1073K/1h
- ~ k 1023K/1h
=
£ S83K/1h
wn
=
= \\‘\__w
\\\ 773K/1h,
0 x i L i M | |
200 400 600 800

Wavelength (nm)

FIG. 14. OA spectra of Ag-implanted (480 keV, 10" ions cm™2)
pure silica after annealing as indicated. Upper: Evolution upon an-
nealing only. The irradiation defect contribution to the spectra dis-
appeared almost completely at 573 K. Absorption peaks at A
<400 nm in the Ag-doped silica OA spectra are ascribed to a mix-
ture of silver oligomers (see text), evidencing the first stages of
growth. The peak around A=400 nm is the silver cluster SPR.
Lower: Evolution after 12 MeV Br irradiation at a fluence of 2
% 10" ions cm™2, followed by annealing as shown. The absorption
at A <400 nm due to silver oligomers no longer appeared; we only
observed the SPR of Ag clusters at 400 nm. The curves are shifted
for clarity. (Vertical axis units multiplied by 100.)

matrix was clearly substantiated by the occurrence of a maxi-
mum in the SPR intensity at an annealing temperature
around 620 K. Below this temperature, the reducing action
of irradiation DED counterbalanced the oxidizing action of
the matrix, whereas above 620 K, the thermodynamical state
of silver in the silicate glass favored Ag oxidation, leading to
cluster dissolution. In summary, efforts to control nanoclus-
ter formation require that the redox properties of both the
irradiation (via the DED) and the host be taken into account.
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FIG. 15. OA spectrum of Ag-implanted (10" ionscm™2;
480 keV) silicate glass after by Br ion (10'* ions cm™2; 11.9 MeV)
postirradiation and annealing as indicated. As opposed to the silica-
based sample (Fig. 14), the Br ion irradiation produced an OA
signature of Ag® (\=360 nm) in the unannealed sample. Annealing
produced a progressive increase of the nanocluster SPR signature
(400 nm) up to 620 K, followed by a decrease (see text for discus-
sion). For clarity, the curves are shifted by a constant amount of
2X 1072, (Vertical axis units multiplied by 100.)

VI. DISCUSSION

This section discusses (i) the influence of the redox po-
tential on nucleation and growth and the analogy with pho-
tography and (ii) the specific role of the DED in Ag cluster-

ing.

A. Redox dominates nucleation and growth

Our data show the crucial role of photoelectrons and pho-
toholes and their interplay with irradiation defects and with
the silver species themselves, in the irradiation-induced
nucleation and growth of silver nanocrystals in glasses. This
led us to a close comparison with pulsed radiolysis studies of
Ag*-containing aqueous solutions, which had shown!>%3 that
the stability of small aggregates strongly depends on charge
exchanges and that the free energy of the various (charged
and neutral) Ag oligomers could be evaluated and compared
to that of the (liquid) host components on a redox scale.
Briefly, whereas in vacuum the ionization potential of a small
cluster tends to increase with average size, the electron do-
nor strength of such clusters actually decreases with size in
aqueous solutions due to the effect of the surrounding me-
dium solvation energy: The larger the cluster, the easier it is
to solvate a charge from it, and the solvated electron swiftly
interacts with the medium to form highly reactive free radi-
cals. Such charge exchange effects clearly also play a major
role in nucleation and growth of metal clusters in oxide
glasses. As regards growth, after reactions (la), (1b), and
(2)-(11), the following reactions occur during annealing (g
and [ are, respectively, the charge and the number of atoms in
a cluster) and are responsible for the competition between
growth and oxidation:
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Ag" + AL = Ag, T, (14)
Ag + Agt = Ag, Dt (14™)
Ag!* + defect(e”) = Ag, V", (14™)
Ag* + defect(h*) = Ag, 1" (14™)

In standard photography as in aqueous solutions, the im-
age developer would be an electron donor molecule, enhanc-
ing growth of all clusters whose redox potential is higher
than that of the developer—the sequence being Ag’ and Ag*
clustering followed by developer-induced reduction.
Subcritical-sized clusters suffer oxidation until total
dissolution;** depending on the developer’s redox potential,
the critical number of silver atoms is between 2 and 5. This
critical size bears no direct relation to that derived from clas-
sical nucleation theory:65 in the latter, it is the result of a
competition between surface and volume energies for com-
paratively large clusters, whereas here it involves charge ex-
change effects in the very earliest stage of aggregation (a few
atoms).%® By analogy with photography, the “latent image”
formed by the subcritical clusters is unstable, as opposed to
the “image” formed by those above the size threshold, the
transition between the two being activated by the redox po-
tential of the “developer.”

Whereas photographic development in solution only pro-
vides electron donor molecules, the situation is more com-
plex in irradiated glasses. The analogy between classical
photography and irradiation of silver-containing glasses may
be carried further but here, the developer is the glass host
and its charged species populations. The latter’s evolution
depends on both electrons [reaction (14")] and holes [reac-
tion (14")] being released by defect traps as the irradiated
glass is annealed. The redox conditions in which cluster
growth may take place are determined not only by the glass
chemistry but—to a larger degree—by the charge states of
the Ag species formed upon the release of electrons and
holes from the defect traps. The corresponding states (includ-
ing the defect traps and Ag oligomers) have well-defined free
energies and a redox scale that includes them may be drawn
(Fig. 16) to indicate the various possible reactions (e.g., clus-
tering versus dissolution of Ag). It is important here to stress
that Ag is a fast diffuser in glass, and the charge exchanges
that we are interested in here occur at temperatures well be-
low those at which modifications of the basic glass structure
can occur. In view of our findings, it is not exaggerated to
state that the behavior of Ag in glass is essentially the same
as that of Ag in aqueous solutions, to within the orders-of-
magnitude difference of Ag diffusion coefficients in the two
hosts. The detailed nature and stability of irradiation-induced
defects obviously influence the kinetics (i.e., the temperature
dependence) of charge release and charge equilibrium, but
their main role is that of charge reservoirs.

The differing redox potentials of the reducing and oxidiz-
ing defects account for (i) the critical size (3—4 atoms) below
which clusters are unstable versus oxidation by the surround-
ing medium, while larger clusters may grow; (ii) the base
glass composition dependence of the reduction efficiency,
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FIG. 16. Redox potential (E?) diagram of species observed in
our irradiated glasses.

e.g., a small concentration of Sb or As in photosensitive
glasses leads to more reducing conditions; and (iii) cluster
dissolution under the thermodynamical redox potential of the
host when the annealing temperature and/or time is in-
creased. It also indicates that modifications in irradiation
DED affect nucleation and growth, as discussed below.

B. Why deposited energy density impacts on redox
behavior

Whereas (see Sec. V) 1y irradiation leads to a decrease of
the Ag® concentration upon annealing, the large DED pro-
duced by ion irradiation favors a higher local concentration
of reducing E’ centers, leading to an increase in Ag’ and
providing a very efficient path for the formation in glass of
stable Ag nanoclusters which are then less susceptible to oxi-
dation by NBHOC centers (Fig. 16). As shown in Sec. IV,
ESR and OA spectra revealed notable differences between
the y- and ion-irradiated Ag*-doped glass samples. The ESR
spectrum in Fig. 3(a), corresponding to a room-temperature
y-irradiated glass, displays an intense contribution from the
hole-trapping NBOHC defects, whereas its counterpart ob-
tained from room-temperature, 1.6 MeV He or 12 MeV Br
ion-irradiated glasses [Fig. 3(b)] contains approximately
equal contributions from both the NBOHC and electron-
trapping E’ centers. This DED-induced difference in the sur-
viving population of electron- and hole-trapping defects pro-
vides a major source for the difference in the nanocluster
formation probability. As noted above, OA and ESR mea-
surements showed that the NBOHC density was essentially
the same in both cases. Due to network modifiers such as Na
or Ca, silicate glasses contain high concentrations of non-
bridging oxygen (NBO), and these act as preferential hole
traps to form NBOHC, the center that dominates the ESR
spectrum of Fig. 3(a). On the other hand, the enhanced for-
mation of oxygen Frenkel pairs in the ion-irradiated (high-
DED) case presumably accounts for significant electron trap-
ping in E’ centers, an effect that is very weak under the low
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energy transfers involved in vy irradiation.*¢67-8 It is difficult
to go into more detail. The difference between the relative
amplitudes of the electron trap and NBOHC signals in the
ESR and OA spectra of the y-irradiated glass is at least par-
tially due to the contribution of multivalent Ag oligomers to
a charge imbalance in the glass (compare the OA spectra
before and after the introduction of Ag in the glass). Knowl-
edge of electron traps is rather poor; although the existence
of the electron trap identified in our OA spectra is known, its
structure has not been established. Griscom® suggested that
electrons could be trapped on alkali clusters in glasses. As
noted above, another contribution (which was not studied
here) is probably the dependence of the optical absorption on
the medium polarity and the interaction of reduced Ag with
neighbors.

Although more work on defect identification remains to
be done, the main result of the comparison (Fig. 3) is that, in
spite of a relatively weaker reducing efficiency than that of y
irradiation, ion irradiation and its correspondingly large DED
are far more effective in producing metal nanocluster pre-
cipitation. The high charge density in the ion tracks has two
opposite consequences: it enhances electron-hole recombina-
tions, thus reducing the clustering efficiency, but, on the
other hand, the large residual electron density leads to rapid
silver cluster nucleation which is less susceptible to oxida-
tion during annealing. The lower efficiency being compen-
sated by a much higher total ion fluence (versus the y dose),
the final reduced silver concentration is significantly higher.

C. “Phase diagram” for Ag nanocluster nucleation and
growth

In order to summarize our results and their consequences,
we propose a compound, unifying picture of all the nano-
cluster nucleation and growth processes in glasses. It is clear,
from the discussion above, that the different processes are
not on an equal footing. Those that are determined by glass
chemistry can be described by an equilibrium phase diagram
in the (7, redox) plane. Those that involve irradiation-
induced charged species are determined by nonequilibrium
effects such as carrier concentrations, recombination paths,
etc. We present (Fig. 17) a qualitative three-dimensional
“phase diagram,” where the quotation marks indicate this
extension from equilibrium to nonequilibrium processes. In
addition, of course, there will be kinetic effects due to carrier
lifetimes, thermally activated defect trapping and detrapping,
etc.

Two of the variables in Fig. 17 are familiar: the tempera-
ture and the quantity termed “glass acidity” by glass makers
which qualifies the initial (equilibrium) redox state E, of the
host, depending on the nature and the amount of electron
donor it contains. The annealing duration (30 min in the ex-
ample of Fig. 17) is assumed to be constant throughout. The
results deduced from standard glass chemistry—no defects,
no irradiation—correspond to those drawn in the (7, redox)
plane (it typically portrays the compositional change be-
tween silica and silicate glasses, as well as the efficiency of
adding such reducers as Sb or As in order to scavenge holes
and thus enhance metallic nanocluster formation). We add a
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FIG. 17. Schematic phase diagram describing Ag oligomer and nanocluster evolution in terms of temperature, ion-irradiation DED, and

redox potential of the base host (see text).

third variable: the ionizing radiation’s deposited energy den-
sity (DED). The concept of DED has the advantage that it is
an easily defined and measured quantity related to the irra-
diating beam, depending only on the target’s elements, mass,
and density, and independent of its thermodynamical or
chemical state. It does not assume anything about the pro-
cesses occurring when the energy is deposited in the target’s
electron bath. From the point of view adopted here, the DED
provides a measure of the initial charge (electron and hole)
density injected into the glass by irradiation. As such, it is
independent of the other variables. It is not a thermodynamic
variable, hence the quotation marks above. As seen previ-
ously, the initial DED influences nucleation and growth in-
directly, via both primary charge injection and defect cre-
ation, but—because Ag is such a fast diffuser—defects can
be treated simply as charge reservoirs. Thus, the charge bal-
ance is modified via defect kinetics, as shown notably in the
(DED, T) plane. The charge balance (and resulting aggrega-
tion probability) also depends on the combined influence of
the DED and average host redox potential, as shown notably
in the (DED, E;) plane. The “phase diagram” drawn here is
heuristic rather than quantitative, but in spite of this limita-
tion, it provides both a summary of our results and a guide
for nucleation and growth control.

There is a low-valued region of the “phase diagram” in
which Ag* remains simply dissolved in the glass. As the
temperature is raised, there is first a rather broad region in
which an increase in the DED and/or (separately or—more
efficiently—simultaneously) in the reducing efficiency leads
to both nucleation (with or without charge capture) and re-
dissolution. Upon further raising the temperature so that
monomer mobility sets in, and for large values of the DED or
of the reducing efficiency, significant nucleation and growth
occur (involving neutral and/or charged Ag oligomers, as

discussed above). At sufficiently high temperatures, dissocia-
tion occurs and Ag is again dissolved. The transitions be-
tween the different regions of the diagram illustrating the Ag
population’s evolution are, of course, progressive rather than
sharp. As portrayed by the asymmetry in the diagram, the
DED is very effective in biasing the system toward nanoclus-
ter nucleation. A most useful feature of the diagram is to
emphasize (see the two examples given in Fig. 18) that tra-
jectories exist in the forward quadrant along which combined
control over both DED and glass acidity may lead to en-
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FIG. 18. Cuts along two different directions of the phase dia-
gram shown in Fig. 15. Left: The cross section parallel to the basal
plane illustrates how clustering may be due to (a) the reducing
character (redox potential E(g)lass) of the glass composition—Ileading
to equilibrium thermodynamical precipitation—or to (b) the reduc-
ing power, via charge neutralization, of the ionizing radiation’s
DED (nonequilibrium precipitation), or to (c) a combination of
these features that both modify redox precipitation conditions.
Right: A planar cross section containing the temperature axis illus-
trates the precipitation temperature dependence in a situation where
both the glass composition and the ionizing radiation DED deter-
mine the effective redox potential (Egys).
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hanced nanocluster tailoring’® by controlling the nucleation
and growth speeds.

VII. CONCLUSION

We have studied the initial stages of Ag clustering in
glasses, as well as the stages of further growth and the clus-
tering efficiency, under irradiation at differing deposited en-
ergy densities (y versus ion irradiation). Our main results are
as follows. (1) Initial aggregation as well as latter-stage clus-
ter growth depend simultaneously on the charge state of the
Ag species and on the host redox potential. (2) The latter
depends, in turn, on the (temperature-dependent) release of
charges by the different electron and hole traps produced by
the y or ion energy depositions. (3) Such irradiations
(coupled to appropriate annealing) are an efficient means of
modifying and controlling the system’s redox state via both
charge evaporation from defect reservoirs and transitions be-
tween Ag oligomer charge states. (4) The corresponding
modifications supplement and interact with those due to the
chemical composition of the host itself. (5) The large differ-
ence (a factor ~10%) between energy densities deposited by
v versus ion irradiation has striking consequences (see Sec.
V) on the oligomer production efficiency and on the final
cluster density because of the different DED morphologies in
the two cases. As compared to the effect of vy irradiation, the
higher overall DED of the ion irradiation actually leads to a
far lower initial Ag° production efficiency because of charge
recombinations occurring in the plasma along the ion path.
However, ultrafast clustering of neutral Ag atoms also occurs
in this plasma; combined with the high total ion fluence, this
leads to a significantly higher final density of stable Ag nano-
clusters.

A strong analogy between our results and those previously
found in aqueous solutions is apparent, an interesting feature
being that early intermediate states of charge evolution and
aggregation that were difficult to observe in aqueous solu-
tions are visible in glasses because of the slower Ag and
charge diffusion.

In addition to the usual surface and volume energies, a
correct description of nucleation and growth of metallic
nanoclusters in glass (and probably other polar media)
should thus take into account the redox (charge) state of
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clusters. Cluster growth is governed not only by Ag’ ex-
change but also by charge (via defects) and Ag* exchange
[reactions (14)]. There is a competition between fast reduc-
tion, favored at high DED, and corrosion by hole defects—
the latter being ineffective when the cluster size exceeds a
critical nuclearity threshold. Quite generally, in insulators
(and semiconductors)—and notably in glasses—defects and
chemical species may have more than one charge state;
reaching equilibrium between charge states is often a long-
term process. This is the source of the influence of redox
effects on nucleation and growth. Combining the classical
nucleation scheme with the charge recombination mecha-
nisms described by Egs. (14) could possibly be treated in the
generalized approach to nucleation suggested by Binder and
Stauffer.”! It is a task well beyond the scope of the present
work, but we argue that these effects cannot be ignored when
considering nanocluster nucleation and growth in such mate-
rials.

Note added. Recently, we became aware of the paper by
Chen et al.” showing how alternating high-temperature an-
neals and x-ray irradiations can successively dissolve and
re-form Ag nanoclusters. This allows a measure of size con-
trol. Albeit limited to photon irradiation effects, the authors’
interpretation of their results in terms of the interaction of Ag
with electron- and hole-center defects is rather similar to that
presented here. We also became aware of the work of Roiz et
al.,”® which describes defect formation and identification un-
der conditions (gamma, electron, and ion irradiations) that
are quite relevant to the present work.
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