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Ion Beam “Photography”: Decoupling Nucleation and Growth of Metal Clusters in Glass
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We demonstrate that room temperature MeV ion irradiation of a glass containing copper oxide initi-
ates nucleation of pure Cu clusters via the inelastic “electronic” component of the ion energy loss, when
the latter is above a threshold value. The clusters grow under subsequent thermal annealing, following
Lifshitz-Slyozov-Wagner kinetics. The decoupling of nucleation and growth is analogous to that occur-
ring in the photographic process. It allows total control over the cluster density, average size, and size

distribution.
DOI: 10.1103/PhysRevLett.86.99

The study of atomic cluster properties [1] usually re-
quires that they be trapped in an adequate environment.
Glasses containing metallic nanoclusters [2] are attractive
candidates for experiments in which minimal chemical in-
teraction is required between the cluster and its host, thus
allowing optical studies of such basic nanocluster proper-
ties as the large third-order susceptibility, second harmonic
generation and picosecond response time [2—4], as well
as suggesting interesting applications in optical switching
and/or filtering. Individual properties of magnetic clusters
and their interactions [5] may also be studied in this way.
Controlling the size distribution and the density of clusters
has been successful only in a few instances, notably via
specific sol-gel techniques [6]. Forcing solute supersatura-
tion inside the glass (via cosputtering, sol-gel methods, ion
implantation, or irradiation) and then annealing at a tem-
perature where diffusion can occur leads to clusters that
nucleate (and hence grow) at different times. Subsequent
precipitate population evolution (so-called Ostwald ripen-
ing) then leads to broad size distributions, with little con-
trol over the average cluster size and density. We report an
MeV ion irradiation technique which allows us to (i) bias
the cluster formation chemistry, producing only metal clus-
ters, and (ii) decouple the nucleation and growth processes
entirely. Nucleation is shown to require a threshold in
the energy deposited into electron motion in the glass.
The nucleation probability (hence the cluster density) is
modeled very simply. All the clusters grow simultane-
ously under postirradiation thermal annealing, minimizing
their size distribution. The latter follows the Lifshitz-
Slyozov-Wagner (LSW) theory [7] of diffusion-limited
precipitate ripening. Complete control over the density,
the average size (from 2 to 8 nm), and the size distribution
(FWHM typically 2 nm) of Cu metal clusters was thus ob-
tained in an SiO;-based glass.

In previous metal cluster syntheses involving ion im-
plantation (e.g., Refs. [2—5]), the metal atoms implanted
into the glass did not interact with the host. Chemical
potential gradients favored metal clustering during high
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temperature annealing, and the damage— which was pro-
duced mostly by collisional (so-called nuclear S,) ion
stopping processes—was eliminated by the anneal. An
alternative approach involved irradiating a glass contain-
ing a metal oxide (typically at the 1%—10% concentration
level) with very high fluences of protons or He ions at en-
ergies between about 0.1 and 1.5 MeV (Refs. [2] and [8]).
Nanocluster precipitation then occurred during irradiation
via the inelastic energy transferred to the electrons (the
so-called electronic energy loss S.), an effect ascribed to
interactions between the metal and irradiation-induced de-
fects. Both methods provide some control over the cluster
density via the ion fluence, but neither can bias the nucle-
ation and growth processes. Our approach also involves
electronic stopping in glasses, but with two major differ-
ences: We use MeV heavy ion irradiations with far larger
energy depositions, and as a consequence of the very low
fluences which are then required, a simple relation may be
established between the nucleation probability and the sta-
tistics of individual ion impacts.

Samples were Cu oxide-containing glasses (composi-
tion by wt % approximately 74 SiO,, 16 Na,0O, 8 CaO,
0.11 SnO,, 0.08 Cu,0). The structural identification of
the clusters, as well as size and depth distribution measure-
ments, was performed by plane view and cross-sectional
high resolution electron microscopy (HREM) using a
200 kV Topcon EM002-B or a 200 kV Hitachi 9000 FEG
electron microscope with lattice resolutions of, respec-
tively, 0.18 nm and 0.20 nm. Lattice images were digi-
tized with a CCD video camera and analyzed using
standard Fourier transform procedures. Some density
and depth measurements were performed with a 120 kV
Philips CM12 transmission electron microscopy. Samples
were prepared via the tripod technique or by low-angle
Ar ion polishing. A prior study [9] of cluster formation in
the same glasses by thermal annealing alone showed that
visible clusters appeared only at annealing temperatures
above 853 K. We then found a bimodal size distribution
(not shown here) whose mean sizes (initially around 5 nm
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and 8 nm, respectively) increased with the annealing
time. HREM observations showed that both Cu,O and
pure Cu clusters [identified by the (111) Cu,O interplane
distance at 0.246 nm and the (111) Cu interplane distance
at 0.208 nm] occurred in the entire size range.

The effect of MeV ion irradiation on cluster formation
is strikingly different. Room temperature irradiations
were performed on the ARAMIS accelerator [10] with
11.9 MeV Br, 7 MeV Si, or 6 MeV O ions at fluences
ranging from 5 X 10" to 5 X 10'3 ionscm™2. The ion
beam flux was below 2 X 10'! ionscm™2s™! to limit
sample heating to a few degrees. Ion energy loss pa-
rameters were calculated using the SRiM98 code [11]. No
clusters were visible after room temperature irradiation
alone. Postirradiation anneals at 673 K (well below the
formation threshold in purely thermal treatments) were
performed for at least 600 s in order to obtain complete
cluster size distributions, i.e., such that their minimum
size was above the visibility threshold of our HREM
conditions.

Our main experimental results are the following. First,
ion irradiation biases the chemistry of cluster formation:
(111) lattice plane measurements revealed that only pure
Cu metal particles were formed. Second, cluster nucle-
ation is essentially (or solely) due to electronic stopping.
Below a depleted zone 100 nm under the surface (as-
cribed to glass hydration leading to Cu outdiffusion [12]),
cross-sectional HREM showed that nanocluster formation
occurred only (Fig. 1) in the first 40% of the ion stop-
ping region (the ion penetration depth was ~4 um for
all our ion mass-and-energy combinations). Within this
depth range, the cluster formation probability depends on
the electronic component S, of the ion energy loss (full
line in Fig. 1) which is 5-100 times larger than S, in
our irradiations. No clusters are formed towards the end
of the ion range, where S, increases. Varying the ratio
S./S, by changing the irradiating ion mass and energy
confirmed this conclusion. The effect of S, on cluster for-
mation is hence small or nil in these experiments, particu-
larly since clusters were formed in a range of ion fluences
(10''-10" jons cm™2) where collisional ion beam mixing
and redissolution are negligible. The Fig. 1 inset shows
the cluster size distribution obtained in this way.

Figure 1 suggests the existence of a threshold S, value
for cluster nucleation. Irradiating with 7 MeV Si (S, =
3.2 keV/nm) or 6 MeV O (S, = 1.9 keV/nm) ions led to
cluster formation curves parallel to the one shown in Fig. 1
for 11.9 MeV Br (S, = 4.1 keV/nm); i.e., the irradiation
and subsequent annealing treatment described above led to
cluster formation down to a maximum depth that depended
on the ion’s S, value. After irradiating with 11.9 MeV Br
or 7 MeV Si ions at a fluence of 10'3 ionscm™2, cluster
formation required an apparent threshold of 2.5 keV/nm.
When irradiating with 6 MeV O ions, the apparent thresh-
old was 1.65 keV/nm, but the near-surface cluster density
then saturated only at fluences that were some 10 times
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FIG. 1. Depth dependence of the pure Cu cluster density (tri-
angles, left axis) after irradiation of the Cu,O-containing glass
with 11.9 MeV Br at a fluence of 10! ionscm™2, compared to
the electronic (full curve) and nuclear (dotted curve) components
[11] of the Br ion energy loss (right axis). Postrirradiation an-
nealing was performed at 673 K for 600 s (see text). The inset
shows the Cu cluster size distribution (diameter d) correspond-
ing to the first data point.

higher. Thus, using different ion mass-energy combina-
tions, the cluster depth distribution scaled with the energy
deposited in electronic stopping, but cluster formation also
depended on the irradiating ion fluence. This suggested the
following analysis of MeV ion-induced cluster nucleation.

The energy deposited into electron motion by an incom-
ing ion is not continuous but is actually a statistical vari-
able. We divide the sample into elementary volumes and
assume that separate, additive electronic energy deposi-
tions inside such a volume may induce Cu cluster nucle-
ation. Depending on the ion-energy combination involved,
the cluster formation probability then depends on the num-
ber of energy deposition increments inside the elementary
volume. Each experimental point in Fig. 1 corresponds
to a 100 nm thick slice. Consider the first of these, with
maximum cluster density: The average distance between
clusters is above =60 nm, so that on average this slice
thickness accommodates at most just one cluster. We may
thus replace the elementary volume by its projected sur-
face o in order to calculate the fluence dependence of the
areal cluster density in this slice.

Figure 2 compares the experimental areal cluster
densities as defined above with those deduced from the
probability

iPn = i[(o—F)”/n!]e‘“’” (1)

of having more than n. increments of deposited energy on
the surface o (full curves). F is the ion fluence per cm?.
For Br (11.9 MeV) irradiation (full triangles), n, = 2 in-
crements within ¢ are required for nucleation to occur. For
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FIG. 2. Ion fluence dependence of the Cu cluster areal den-
sity for the 100 nm thick layer corresponding to the first (near-
surface) data point in Fig. 1. Results are for 11.9 MeV Br (full
triangles) and 6 MeV O (Open squares) irradiations. The curves
are F X (3. P,), where F is the ion fluence and (3_ P,,) is from
Eq. (1) (see text). Both data sets are fitted independently assum-
ing that the radius of ¢ is 1 nm. Experimental densities saturate
when the entire Cu content in the layer has clustered.

O (6 MeV) irradiation (open squares), n. = 3 increments
are required. The parameter needed to fit each curve is
the surface o, whose radius r is found to be » = 1 nm in
both cases. For cluster nucleation to occur, the average de-
posited energy must exceed 2 X (2.5 keV/nm) for the Br
irradiation and 3 X (1.65 keV/nm) for the O irradiation;
i.e., there is a unique “threshold” (5.0 keV/nm) for nucle-
ation, which may be reached in independent increments.
We confirmed that nucleation could occur for n. = 1
by performing [9] the same experiment with 580 MeV
Ag ions (for which S, = 13 keV/nm) delivered by the
GANIL accelerator (Caen, France). The saturation effect
observed in Fig. 2 occurs when all the Cu atoms in the
slice have clustered. This was checked [9] on glasses with
two different Cu,O concentrations (0.08 and 0.16 wt %).
Note that the same calculation allows us to estimate the
cluster density deeper in the sample; the only difference is
an increase in n. as S, is reduced along the ion path. The
present cluster formation mechanism differs considerably
from those described previously, since nucleation occurs
at fluences low enough to reveal that the energy deposited
along the individual ion track is a relevant parameter.

The cluster growth kinetics were determined by trans-
mission electron microscopy and HREM studies after
postirradiation annealing (at 673 K) at increasing times
(Fig. 3). In agreement with the LSW theory [7] of
diffusion-limited precipitate evolution, we find an inverse
time dependence of the cluster density, and > — rg = s§t,
where r is the cluster radius (rg is the particle radius at
time zero) and ¢ is the time during which the particles
grow under irradiation-induced diffusion. In a forthcom-
ing publication (see also [9]), we will show that (i) our
cluster size distributions after long-term annealing display
the characteristic universal shape predicted in Ref. [7]

160

801

ave. cluster vol. (nm?)

0 t t t

(=]
N
oo+

time (x10°%s)

10

cluster density (10'° /cm?)

|1()3 3
time (s)

FIG. 3. Time evolution of average volume (upper part) and
density (lower part) of Cu clusters under thermal annealing at
673 K, after nucleation by 11.9 MeV Br irradiation (fluence
10" ionscm™2). Scales of upper figure are linear; those below
are logarithmic. The slope of both lines is very close to unity, as
expected from Ref. [7] (note that their definitions are different).

and (ii) identical results are obtained in experiments
involving glasses without reducing components or glasses
containing NiO rather than Cu,O.

The analysis given above predicts the irradiation-
induced cluster densities but says little about the nucle-
ation mechanism. Pure Cu from the oxide dissolved in
the glass can only precipitate if (i) the Cu ionization
state is changed, since Cu® is the sole diffusing species
[13], and (ii) Cu® stability (for hours, at least) is com-
patible with overall charge equilibrium in the glass. Cu
neutralization may be produced in the glass by the very
high secondary electron recoil density accompanying
the stopping MeV ion [14]. The average range of these
electrons (extrapolated from the results of Ref. [15]) is
roughly 15 nm, in agreement with the Cu capture radius
for cluster formation deduced from the fluence values for
which cluster density saturation occurs in Fig. 2. The
stabilization of Cu’ may occur via irradiation-induced
defects that trap positive charges and/or by interaction
with the hydrogen impurities that abound in a glass [16].
Recoil electron-induced neutralization is thus a plausible
source of Cu mobility upon low temperature annealing.
The existence of an energy deposition threshold then
finds a natural explanation: The number of Cu atoms
which are neutralized (and hence diffuse) inside a volume
of radius r must be sufficient to form a stable cluster
nucleus; i.e., it is the nucleation volume. The threshold
is reachable in separate additive steps because the newly
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formed Cu’ atoms cannot diffuse at room temperature, the
673 K anneal being required for clustering to set in. The
~15 nm capture radius deduced from Fig. 2 determines
the clusters’ growth volume.

MeV ion irradiation thus triggers nucleation of pure
metal clusters in a glass containing the metal oxide and
allows control over their density. An independent thermal
annealing stage provides control (via LSW growth) over
the cluster size distribution. The analogy with the pho-
tographic process is rather striking. Understanding how
far it may be carried requires further scrutiny of the rela-
tion between the energy deposition mechanism and metal
precipitation. Combined with appropriate masking tech-
niques, this method could find interesting applications (no-
tably in optoelectronics and magnetism), especially if the
initial metal concentration may be significantly increased.
Recent results indicate that this is the case.
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