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Abstract

New experimental data on the desorption of nanoclusters (2-40 nm) from nanodispersed layers of metals (Ag, Pt, In,
Bi) and semiconductors (Ge, UO,, PbS) by fission fragments (FF) are reported and compared to the previously ob-
tained data on desorption of nanoclusters of gold. It is shown that the desorption of nanoclusters from nanodispersed
layers of metals and semiconductors due to electronic processes induced by swift heavy ions is a universal phenomenon.
The yield of the desorbed nanoclusters depends on the cluster material and cluster size as well as on the material of the
target substrate and varies within the range from ~5 to ~0.001 FF~!. The angular distributions of the nanoclusters do
not depend on the cluster material, but only on the cluster size: the mean polar angle of desorption decreasing from 45°
to 23° while cluster size increasing from 2 to 40 nm. The majority of the nanoclusters is desorbed in the form of molten,
liquid droplets. The results are discussed. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction layers [1]. This phenomenon was previously trea-
ted as “inelastic (electronic) sputtering” [2]. Then
it was established that as a result of fission frag-
ment (FF) bombardment of metal (Au) nan-
odispersed islet targets (islet size 2-22 nm) the
islets are desorbed as intact particles — nanoclus-

ters [3-6]. Lately physical and chemical properties

It is well known that stopping of swift heavy
ions in spatially constrained aggregates of metals
results in strong degradation of nanodispersed
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of nanoparticles of various materials have been
studied actively, since this is both of technological
importance and fundamental interest [7]. Studies
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of the nanocluster desorption have also been ex-
tended to nanodispersed layers of a wide range of
materials. In this work the FF induced desorption
of nanoclusters (cluster size range 2-40 nm) of
metals — Pt, Ag, In, Pd, semimetal Bi and semi-
conductors — Ge, PbS, UO, is studied for the first
time. Change of the islet matter leads to change of
some parameters which influence the desorption
process, as for example, the primary energy losses
in an islet or the thermal and electrical conduc-
tivity of an islet, that determine the life time of the
islet excited state. The new results are compared
to those previously obtained on the desorption of
nanoclusters of gold within the same size range
[5,6].

2. Experimental techniques
2.1. Targets

Islet layers of metals and semiconductors were
prepared by vapor-deposition of the matter in

vacuo onto thin substrates. Usually 1 pm Al films
covered with ~5 pg/cm? carbon layer were used as
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substrates. Size distributions of islets were varied
by varying deposition conditions, i.e. the mean
thickness of the layer (1.5-10 pg/cm?), the evapo-
ration rate and the substrate temperature fgepos.
The deposited islet layers were characterized
by means of a transmission electron microscope
(TEM) as described elsewhere [5,6]. Examples of
the electron micrographs of islet layers of some
substances are presented in Fig. 1. In order to es-
timate the influence of the substrate material on
the desorption process several targets of Bi were
prepared on different substrates (Al+C, Ni, Ag,
Au, Ag+NaCl, Al,O;) under the same deposition
conditions.

2.2. Irradiation of targets and analysis of the
desorbed clusters

The targets were irradiated with FFs from a
22Cf source in pass-through geometry in vacuo
~5x 1077 Torr. The energy range of FFs was
40-70 MeV, and the electronic stopping power
range was 12-26 keV/nm depending on the tar-
get material [8]. Fluence of FFs varied from 2 x
10'° to 1 x 10'2 cm~2 depending on the desorption

o -®
...';. .‘Q L3 5.. ‘
,‘.. .. ." ....

Fig. 1. TEM images of nanodispersed metal and semiconductor layers of (a) Ag, (b) Pt, (c) In, (d) Pd, (e) UO, and (f) Ge.
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parameters to be determined. Registration and
analysis of the desorbed nanoclusters involved the
collector technique whose variants were described
in detail in the works [5,6].

2.2.1. Sizes and masses of nanoclusters

To measure sizes and masses of the desorbed
nanoclusters they were collected on two types of
collectors — (1) carbon films on copper grids that
were studied afterwards by TEM (Hitachi 600) and
(2) freshly cleaved mica pieces that were studied by
scanning force microscope (SFM, Nanoscope®
III, Digital Instruments Inc. and Park Scientific
Instruments). The areal density of clusters on the
collectors was usually 10-50 nanoclusters/um?.
TEM images were used to determine lateral size (D)
distributions of the collected clusters, while SFM
images were used to determine height (H) distri-
butions thereof. The relationship of the mean
height and of the mean lateral sizes of nano-
clusters desorbed from a given target o = (H)/(D)
was used to calculate the cluster mass distribu-
tion, quasi-spherical shape of the clusters being
assumed [5].

2.2.2. Angular distributions and yields

According to the technique developed in [6] the
desorbed clusters passed some drift (~10 mm) and
were gathered onto a mosaic of TEM grids. TEM
images made for these grids were used to deter-
mine the distribution of the areal density of the
collected clusters over the collector. The latter
was recalculated into the angular distribution of
the desorbed clusters and the absolute desorption
yield was evaluated, taking into account the ex-
periment geometry and FF fluence. To measure
the absolute yields of clusters of Pd, Bi, PbS, Ge
having the order of magnitude of 10-!-103 FF~!,
the clusters were collected onto one TEM grid
placed at ~2 mm from the target and the areal
density (ny) of the clusters was determined. Then
just the same was done for a reference nano-
dispersed target of gold with known yield (Y;.) of
nanoclusters which had a similar size distribu-
tion. The absolute yield of cluster desorption from
the target of interest (Y;) was evaluated as ¥, =
Yrer. (Mx /et ), Where ny is the areal density of the
gold clusters.

3. Results
3.1. Sizes and masses of desorbed nanoclusters

It was shown that desorption of nanoclusters
occurs for all the islet layers of metals and semi-
conductors within the same size range as the islets
on the targets (see Fig. 2). It is evident that Pt, Ag,
Pd clusters, as well as previously observed gold
clusters have regular round shape on the collector
plane whereas most islets on the targets have
slightly irregular shape (see Fig. 1). Size and mass
ranges of the desorbed clusters of some materials
are compiled in Table 1. Masses of Ge and UO,
clusters were estimated basing on SFM measure-
ments of the cluster heights because of insufficient
contrast of TEM images and small cluster sizes,
spherical cluster shape being assumed.

3.2. Angular distributions

Angular distributions of Pt, Ag, In nanoclusters
within size range of 2.5-24 nm coincide within the
experimental error with the angular distributions
of gold clusters [6]. In general they are narrow,
stretched normally to the target surface and are
well-approximated by means of the same function
dn/dQ = g(0) ~ exp(k x 0)cos(0), k=-22 to
—4.5 rad™! for the cluster size 5-20 nm. The larger
the cluster size is, the narrower the angular dis-
tribution is. Fig. 3 shows the results obtained for
various ‘target material-cluster size’ combinations
in coordinates: ‘mean polar angle of cluster emis-
sion—mean size of the cluster desorbed’. One can
see that regardless of the cluster matter all the
experimental points are more or less uniformly
distributed along a single curve.

3.3. Absolute yields

For nanodispersed targets of Pt, Ag and In the
absolute yield of desorbed clusters was measured
as a function of the mean cluster size (see Fig. 4).
The same dependence for gold nanoclusters ob-
tained previously [6] is also presented in Fig. 4. For
targets of Pd, UO,, PbS, Ge and Bi the values of
the absolute yield of the desorbed nanoclusters are
compiled in the Table 2. Influence of the substrate
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Fig. 2. TEM images of thin film carbon collectors with desorbed clusters of (a) Ag, (b) Pt, (c¢) In, (d) Pd and SFM image of mica

collectors with desorbed clusters of (¢) UO, and (f) Ge.

Table 1

Size and mass ranges of nanoclusters desorbed from various nanodispersed targets under FF bombardment

Cluster material Cluster size range (nm)

Cluster mass range (amu)

(H)/{D)

Pt 1.0-5.5
Ag 3.0-24
In 4.0-29
Ge 3.0-5.0
U0, 2545

1.0 x 10*-1.4 x 10
0.80 (£10%) 1.7 x 105-4.8 x 107
0.67 (£10%) 1.0 x 106-4.0 x 107
- 5.0 x 10-2.0 x 10°
- 3.0 x 10*2.5 x 10°

0.93 (£10%)
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Fig. 3. Universal dependence of the mean polar angle of cluster
desorption on the cluster size.

on the yield of the desorption was studied for the
clusters of Bi. These results are also presented in
Table 2.

4. Discussion

The main result of this work is that desorption
of nanoclusters from the nanodispersed layers
under FF bombardment is observed for a wide
range of materials: metals (Pt, Ag, In, Pd), semi-
metal Bi and semiconductors (Ge, PbS, UO,). This
allows us to conclude that the desorption of na-
noclusters from nanodispersed layers caused by a
single swift heavy ion is a universal phenomenon.
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Fig. 4. Dependencies of the absolute cluster yield of Au, Pt, Ag
and In on the cluster size (Zgepos 1s the temperature of the target
substrates during deposition of the islet layers, Dy, is the esti-
mated desorption size threshold).

The following common features were observed for
the process of desorption of nanoclusters of dif-
ferent materials:

(a) Sizes of the desorbed nanoclusters are ap-
proximately the same as those of the target islets.
In general, size and mass ranges of the clusters
desorbed were 2-40 nm and 10*-10% amu respec-
tively.

(b) In most cases the nanocluster desorption is
accompanied by a change in the nanocluster shape:
islets having irregular shape are transformed into
nanoclusters with regular round shape, which is
apparently connected with the islet heating and

Table 2

melting, i.e. these clusters are desorbed in the form
of liquid nanodroplets. When the cluster size ex-
ceeds ~25 nm, non-round shaped clusters begin to
appear, the relative number thereof depending
on the melting point of the cluster material. It is
probable that in these cases the energy deposited
into the islets by FFs is sufficient to desorb the islets
but not to melt them.

(c) The character of the detachment of the na-
noclusters of different materials from the target
substrate is the same. The angular distribution is
defined solely by the size of the desorbed nano-
clusters and does not depend on the cluster mate-
rial (see Fig. 3). This result indicates the important
role of the substrate, which provides the direc-
tional momentum perpendicular to the surface in
the islet ejection process.

(d) The absolute yield of nanoclusters of dif-
ferent materials (Au, Ag, Pt, In) similarly de-
creases with the increase of the mean cluster size
(see Fig. 4). Dependencies of the yield versus the
mean nanocluster size in the general form are very
well described by the function Y(D) = 4(1/D -1/
Dy,,), where Dy, is interpreted as the size threshold
of the desorption. Possible origins of the desorp-
tion size threshold are considered in [6]. Fitting to
the experimental points (see Fig. 4) allowed for
estimating the Dy, values for the FF induced de-
sorption of nanoclusters of Au, Ag, Pt, In as 39,
42, 31 and 46 nm, respectively. With respect to the
desorption yield it is also important to note that
we observed the yields >1 FF~! for Pt and Ag

Absolute yield Y of FF induced desorption of some nanocluster spices from nanodispersed layers of metals and semiconductors
deposited on various substrates at the various substrate temperature fgepos

Cluster material Substrate tgepos (°C) Cluster size range (nm) Y (1/FF)
Au Al+C 20 3-5 56+1.1
Pd Al+C 250 1.5-3 0.5+0.3
uo, Al+C 300 1.54.5 04+0.2
PbS Al+C 250 1.5-5 0.25+0.15
Ge Al+C 180 3-5 0.10 £0.08
Bi Al+C 200 5-10 ~0.02*

Bi Ag+ NaCl 200 5-10 0.2+0.1
Bi Al,O; 200 5-10 0.10 £ 0.08
Bi Ni 200 5-10 ~0.02*

Bi Ag 200 3-5 ~0.005*

Bi Au 200 1.5-3 ~0.001*

* The accuracy of the yield measurements was of about factor of 2.
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clusters sized at D < 5 nm, that is very similar to
what had been observed for nanoclusters of gold in
[6], i.e. islets can be desorbed without being passed
through by a projectile.

In general the absolute yield of the nanocluster
desorption varies within a very wide range — from
~5 to ~0.001 FF~!. In addition to the cluster size
it also depends on a number of factors, e.g.

(i) the nanocluster material that determines at
least the value of the electronic energy losses
of FFs in the irradiated islets (for the cluster
materials involved they varied from 12 to 26
keV/nm) and adhesion of the islets to the target
substrate;

(i) the material of the substrate that influences the
islet-substrate adhesion too. It may also con-
trol the leakage of hot electrons from an
excited islet to the substrate through the islet—
substrate contact area. The data on the desorp-
tion of nanoclusters of Bi show the trend of
increasing of the desorption yield with decreas-
ing of electrical conductivity of the substrate
material. This increase can reach up to two or-
ders of magnitude with application of dielectric
substrates (see Table 2).

The applied aspects of this work are con-
nected with the development of the new desorption
method of producing nanoclusters of different
matters in the free state, including beams of ac-
celerated nanocluster ions within the size range of
2-40 nm in the form of liquid nanodroplets. They
may be used both for studying size effects in phase
transitions in matter [9] and interaction of the
accelerated clusters with the surface [10], as well as
in fabrication of a new class of nanostructured

solids and devices [11]. Use of different materials
as substrates for nanodispersed layers will make it
possible to vary the desorption yields and nano-
cluster beam intensities related thereto, within a
wide range.
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