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Deposition and diffusion of small silver
particles on graphite

Introduction

There are at least two reasons for wanting to study clusters on surfaces. First, there is the
motivation of learning more about the fundamental properties of clusters. A great many
experiments with this goal have already been done on free clusters in beams, but if a
sufpcient number of size-selected clusters could be collected on a surface without altering
signibcantly their free properties, then the whole armoury of surface science techniques
could be applied to learn more about their properties, from scanning probe microscopy to
the various forms of photo-electron spectroscopy. Examples of this type of work have
already been given in chapter one of this thesis.

Second, there is the desire to manufacture on a very small scale electronic devices
(Woodham, 1994), or materials with a structure that is controlled on a nanometre scale
(Khanna, 1992 ). In both cases, it is necessary to know something about the way in which
deposited clusters interact with each other and with the surface. A technique, known as
low energy cluster beam deposition ( LECBD ) involves depositing neutral clusters of up to a
few hundred atoms at thermal energy (Fuchs, 1991). Films produced by this method tend
to consist of small grains that are related in size to the incident cluster size. Very thin
continuous PIms may be obtained, with a controlled crystalline structure. The differences
between LECBD and vapour deposition are attributed mainly to the lower diffusivity and
higher sticking coefbcient of clusters compared to atoms.

In this chapter, a study of deposition and diffusion of silver clusters on highly oriented
pyrolytic graphite ( HOPG) is presented. The effects of landing kinetic energy ( KE), incident
cluster size, and cluster deposition rate are discussed, and a computer model is presented
which models qualitatively the diffusion process and makes predictions about the island
size distributions that would be expected under different deposition conditions.

Sample preparation

All of the samples were prepared in the following way: the HOPG was cleaved in air to
produce a clean surface and then clamped behind the mounting ring of the sample holder
(figure 3.26) and placed in the vacuum chamber. Except for those prepared with landing

KE of 200EeV and 400EeV, the samples were heated to 800EK in order to clean them and
then allowed to cool back to room temperature, at which point the pressure in the
chamber was about 3E E16'Embar. Deposition commenced when the gate valve directly in
front of the sample was opened and the sample moved up close to the mass selection

aperture (see section 3.8). The number of clusters deposited on the sample was monitored



4.3.

Chapter 4: Deposition and diffusion of small silver particles on graphite 75

600 nm | ,

Figure 4.1 Secondary electron ( SE) SEM image showing sample contamination and

damage caused by the scanning electron beam. This occurred with some of the samples

which were not cleaned by heating in vacuum before depositing clusters.

by recording the integrated drain current on the sample, assuming that ( i) the fraction of
multiply charged clusters in the beam is sufpciently small to be negligible, ( ii ) the clusters
are neutralised upon landing and ( iii ) the fraction of silver rebounding or desorbing from
the surface after impact is negligible. Mass spectra from the source have shown that the

+ +

intensity of Ag ** is less than 15% of the intensity of Ag *, so that assumption (i) is a
reasonable approximation. Assumption ( ii) is justibed considering the implausibility of a
metallic island on a conducting substrate retaining a charge. Although assumption ( iii )
was not directly tested, Rutherford back-scattering measurements have shown a sticking
probability of 95%E +E5% for silicon clusters deposited onto graphite with a KE of a few eV
(Bower, 1992) and it is to be expected that the sticking probability for silver clusters
would be similar. Secondary electron emission from the sample and mass selection
aperture could potentially reduce the accuracy of the coverage measurement. These two
effects would tend to cancel each other, and as described in section 3.7.4, the aperture was
designed to minimise secondary electron emission. Once the intended cluster coverage is
reached, deposition is stopped by turning off the power to the crucible heater, which stops

cluster production in a matter of seconds. (This is quicker than closing the gate valve.)

Sample contamination

The brst samples were made without heating the  HOPG under vacuum before deposition.
On some of these samples, an unacceptably high degree of surface contamination was
observed. Figure 4.1 illustrates two problems found on some of these samples. First, in the

centre of the micrograph is a rectangle, formed by the repeated scanning of the electron
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beam over the sample in a high magnibcation view. Second, the micrograph reveals dark
regions and slightly lighter regions on the sample. The silver particles, appearing as
bright dots, almost all lie on the lighter regions. The appearance of the micrograph
suggests that the sample is heavily contaminated, and that the silver collects
preferentially on the lighter regions. The implication is that the silver is more mobile on
the darker regions, which is why it collects on the lighter regions. The damage caused by
the scanning electron beam is due to cracking of a thin layer of oil contaminating the
surface (see section 1.6.2.2).

The subsequent samples, which were heated to 800EK under vacuum before deposition,
did not exhibit any of this kind of contamination, although repeated scanning over the
same area at high magnibcation did gradually reduce the contrast of the image on that
part of the surface. To minimise this loss of contrast, the micrographs were always
recorded from a fresh area on the surface that had not been scanned previously. This was
achieved by focusing on one region of the surface and then moving the electron beam
sideways slightly and immediately recording the micrograph. Sample degradation due to
the beam was fastest when the beam voltage was 20EkV, and so most of the micrographs

were imaged at 5EKV.

Effect of landing kinetic energy

A primary question concerning deposition of silver clusters is their immediate fate upon
hitting the surfaceNspecibcally, whether they remain largely intact, or whether they
undergo processes such as implantation in the surface or gross fragmentation. So in the

166 nm : l

Figure 4.2 SE image obtained after deposition of silver clusters containing 200300

atoms on HOPG with 200EeV KE. The total cluster coverage was 1.6E"~ E1¢’Eclusters/cnf
which corresponds approximately to an atomic coverage of a third of a monolayer.
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() 166 nm | : (b) 43.0 nm |

Figure 4.3 SE images obtained after deposition of silver clusters containing 200300
atoms on HOPG with 400EeV KE. The total cluster coverage was 1.6E"~ E1&’Eclusters/cnf.
(a)Eshows an overview, and () is a magnibed view of the same sample.

brst experiments, the relationship between impact KE and the resultant distribution of
silver islands or particles on the surface was investigated. These experiments were
carried out before the mass blter was fully commissioned, and so the full cluster size
distribution of the source, from around 20 to 300 atoms, was used.

Before examining the micrographs obtained, it is helpful to consider what we might
expect to see if the clusters retained their gas-phase shape on the surface. In this case, we
would expect to see roughly spherical particles distributed at random over the surface,
with diameters ranging from approximately 0.9Enm to 2.1Enm, corresponding to clusters
with 20300 atoms each ™. Figure 4.2 shows the result of depositing clusters with 200EeV
of KE. Contrary to what would be expected if the clusters remained separate, the
micrograph reveals that the mean particle diameter is around 8Enm, with some particles
as large as 13Enm. Even if the clusters had Rattened upon impact to form islands of just
one atomic layer, then the expected diameters would be only 1.4D5.3Enm ©. Since this is
still smaller than the observed diameters, it must be that aggregation of the clusters has
taken place. This demonstrates that the clusters must be mobile on the surface.

Figure 4.3 a shows the result of depositing clusters with 400EeV of KE, under conditions
otherwise identical to those above. The most obvious difference is that the particles are
much smaller. Figure 4.3 b is a higher magnibcation view. The particles have diameters

mostly between 2 and 3Enm, with a few as large as 4Enm, corresponding roughly to the

The volume per silver atom in bulk silver is 1.71& ~ E16%°End.

®The surface area per silver atomis 2 a2, where the lattice parameter a E=E4.0863E-.
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sizes that might be expected for single clusters Rattened to one atomic layer thickness.
Another important difference is that whereas in bgure 4.2 the silver coverage on the
surface is very irregular, the material having gathered into clumps, in bgure 4.3 a the
coverage is much more uniform. A further sample was made with a deposition KE of
800EeV. Its appearance in the SEM was identical to the one made at 400EeV.

The implication of these observations is that whereas clusters that are deposited with
200EeV ofkE diffuse to form larger aggregates, those deposited with 400EeV or more do
not. If clusters became pinned at defect sites on the surface, they would be prevented from
diffusing. Such defect sites could be produced as a consequence of the energetic cluster
impact with the surface. As a rule of thumb, one can expect surface damage to occur when
the KE per atom in the incident cluster exceeds the binding energy of the substrate
(Hsieh, 1990; Pelletier, 1992 ). A more recent ion bombardment study of HOPG with rare
gas ions (Marton, 1995 ) indicated that the displacement energy necessary to create stable
defects in the surface is 34.5EeV, i.e. much larger than the graphite binding energy of
7.44EeV, and that this is independent of the mass of the incident rare gas ion.

However, recent molecular dynamics simulations (Cheng, 1994; see section 1.4.1) have
shown that the situation for clusters is different. A Cu  ,, cluster hitting a bare Cu(111)
surface with just 1.3EeV per atom, i.e. well below the copper binding energy of 3.54EeV, can
partially penetrate into the surface and cause mild surface damage. The difference can be
attributed partly to the more efbcient momentum exchange between the projectile atoms
and target atoms, due to their similar mass, and partly to the polyatomic nature of the
cluster. In the case of a rare-gas ion impact, there are no internal vibrational modes of the
ion to excite, and so it is easy for the ion to rebound elastically. In the case of the cluster,
the internal temperature of the cluster rises dramatically on impact, dissipating much of
the initial KE. This could lead to closer coupling between the cluster and the surface,,
resulting in more efbcient energy transfer between them.

In the present work, the cluster KE is 400EeV so that the KE per atom of the incident
clusters ranges from 20EeV to 1.3EeV as the cluster size increases. Given the high binding
energy of graphite and the dissimilar masses of graphite and silver atoms, one would not
necessarily expect that the larger clusters would cause surface damage, but it is plausible
that the smaller clusters would damage the surface where they land and become pinned.
These damage sites could then serve as pinning sites for the larger clusters, thereby
preventing signibcant diffusion and aggregation. The damage sites would be distributed
at random across the surface, in the same manner as the particles shown in bgure 4.3,
rather than in clumps as in Pgure 4.2.

The question arises as to the degree of fragmentation of the clusters upon impact with
the surface. The (bulk) binding energy of silver is 2.95EeV per atom. In order to fragment
the cluster completely, the energy per atom must exceed this value, so a 400EeV cluster
must contain less than 136 atoms. (In fact, since the surface atoms of the cluster are less
strongly bonded, slightly less energy would be needed.) But this is not a sufpcient
condition for total fragmentation. The molecular dynamics simulations of Cheng (1994)
have shown that a Cu ,,, cluster impacting on a bare Cu(111) surface with 5.3EeV per atom
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(@) 330 nm | | (b) 330 nm | |

Figure 4.4 SE images obtained after deposition of silver clusters on graphite with
50EeV ofKE showing particles at steps. ( a)E5@8 atoms per cluster and ( b) 250+90 atoms
per cluster. Total coverage in both cases was 10 “EclustersEctif.

(well above the binding energy) form fairly compact disordered structures involving
penetration of most of the cluster into the surface and crater formation. It is likely that
this is the type of structure imaged in bgure 4.3.

In conclusion, there is a marked difference between clusters deposited at a  KE of
400EeV or more, and clusters deposited at 200EeV or less. In the former case, the clusters
become pinned where they land due to damage caused to the surface. In the latter case,
they are able to diffuse after landing and form larger particles.

Steps as surface defects

The results of the preceding section show that by maintaining the landing KE of the
clusters below 200EeV, the kind of damage to the surface that stops the clusters from
diffusing across the terraces can be avoided. However, other defects on the surface such as
steps are expected to have a pinning effect on diffusing clusters similar to the damage
sites of the previous section (Francis, 1996 ).

Figure 4.4 shows areas of two different samples, both containing steps. Along the
steps, particles are visible that are smaller than those on the terraces. The sample shown
in bgure 4.4 a was prepared with clusters of 50 atoms, whereas that shown in bgure 4.4 b
was prepared with 250 atom clusters. The deposition rate and total cluster coverage were
the same for both samples and the KE was 50EeV. In order to illustrate more clearly the
difference between particles at steps and particles on the terraces, bgure 4.5 shows line
probles of the secondary electron signal versus distance along the step compared with
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Figure 4.5 Line plot of SE intensity versus distance along a step edge and along a
line parallel to the step ( a) for the right hand step of bgure 4.4 a and (b) for the step in

pgure 4.4b.

that along a parallel line near to the step. It is clear that the steps trap particlesNthe
number density of particles along a step is far greater than that along an arbitrary line on
the terraces. In the case of 50 atom clusters, the particles along the step seem to have
sizes around a mean of 8.6Enm, although there are some considerably smaller. The line
along the terrace only passes through one island, which has a width of 25Enm.
Examination of the micrograph reveals that this island consists of two touching particles.
Incident (roughly spherical) clusters of 50 atoms have a diameter of 1.2Enm and if
Rattened to a single atomic layer would have a diameter of 2.1Enm. The line proble shows
no clear particles this small above the background noise, so it appears that even at steps,
the clusters are mobile, though to a lesser degree than on the terraces, due to the
increased interaction with the steps.

For 250 atom clusters, the story is much the same. The line proble shows that the
particles along the step have diameters around 10Enm with some a little less. The
particles on the terraces are larger, as before. Again, all particles are much larger than a
2-dimensional island of 250 silver atoms (which would have a diameter of 4.8Enm)
indicating that the clusters are able to diffuse along the steps and aggregate into larger

particles.

Effect of incident cluster size

In order to investigate the effect of the incident cluster size on the deposited particle sizes
and distribution, several samples were prepared under similar conditions except for the
size of the incident clusters. The cluster coverage was bxed at 10 “EclustersEciif; so the
KE was kept
" E16

coverage in terms of silver atoms increased with cluster size. Landing
constant at 50EeV and the Rux varied slightly from sample to sample between 1.6E
and 2.4E E10Eclustersiém 2Es™.



Chapter 4: Deposition and diffusion of small silver particles on graphite 81

(@) 200 nm | | (b) 1.00 mm |
©) 200 nm | | (d) 1.00 mm |
Figure 4.6 Micrographs obtained for clusters of various sizes deposited onto  HOPG.

In each case, the total cluster coverage was 10 “’EclustersEcrff and the landing energy was
50EeV. &) and (b) 5048 atoms per cluster deposited, mean Bux 1.6E ~ E10EclustersiEm 2Es?,
(c) and (d) 18560 atoms per cluster, mean Rux 1.6E ~ E10Eclustersiém 2Es.
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© 200 nm | : (f) 1.00 mm | |

Figure 4.6 continued Micrographs obtained for clusters of various sizes deposited
onto HOPG. In each case, the total cluster coverage was 10 ““EclustersEc¥f and the landing
energy was 50EeV. €) and (f) 250+90 atoms per cluster, mean Rux

1.6E E10EclustersEm ?E&* and 2.4E E10EclustersiEm 2B respectively.

Figure 4.6 shows typical micrographs obtained from these samples for incident
clusters of size 50, 185, and 250 atoms. The micrographs were deliberately recorded away
from steps in order to obtain good statistics for the particles on the terraces away from
defects®. The micrographs for different sized incident clusters all look remarkably alike.
Most of the islands are small, consisting of one or two touching particles, and a few are
larger, up to around six or so particles per island in rare cases. The particles themselves
are all approximately the same size, regardless of incident cluster size. The main
difference between the micrographs is in the island density, which increases with incident
cluster size.

In order to quantify these observations, all of the micrographs recorded were
electronically digitised and the particle sizes and particle density were measured by
computer ®. In order to differentiate between the particles and the background, pixels
with a brightness value more than 2.5 standard deviations brighter than the mean for the
entire frame were counted as belonging to a particle. This produced positions of the
boundaries between the particle and the bare substrate that were independent of the

®on a few of the samples, a few small blotches ranging from 100 to 500Enm across were visible on the
surface. They showed up as regions of reduced secondary electron emission and the silver particles
appearing on them were generally smaller, with diameters of 5SEnm or more, and more closely spaced than
elsewhere. In analysing the particle size distributions and particle densities these regions were excluded,
since they were assumed to be contaminated.

(A)Image analysis carried out with the public domain application ONIH imageO for Apple Macintosh.
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Figure 4.7 Distribution of particle sizes for three samples: (  a) 50+8 atoms
per cluster, ( b) 185+60 atoms per cluster and ( ¢) 250+90 atoms per cluster.

overall brightness of each micrograph. The edges of the particles found by this method
were also consistent with what would be estimated by eye.

The number of particles in an island was estimated manually, and then the computer
measured the area of the island. (Since the particles in each island were not always well
resolved, it was not possible to have the computer count the number of particles
automatically.) From this information, the mean area of the particles of each island can be
extracted. Since most of the islands contained only one to three particles and a large
number of islands were measured, the distribution of means is a reasonable
approximation to the distribution of individual particle sizes.

Independent measurements were made of the silver coverage on the surface, by
recording the total fraction of highlighted pixels in each image.
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Figure 4.8 Histogram showing the distribution of the number of particles per island
collated from a large number of micrographs similar to bgures 4.6 a, cand e.

Particle size

Figure 4.7 shows the distribution of particle diameters for three of the samples ® The
Pgure demonstrates strikingly that there appears to be a universal diameter for the
particles around 14 nm, and that this is independent the incident cluster size. Particles of

this size would contain approximately 2100 atoms if two dimensional, i.e. approximately
40, 11 and 8 incident clusters of 50, 185 and 250 atoms respectively. If they are three
dimensional hemispheres, then they would contain approximately 42000 atoms each, i.e.
approximately 840, 230 and 170 incident clusters respectively.

Particles per island

The islands in general only contain a small number of particles each. Figure 4.8 shows the
distribution of the number of particles per island for three different sizes of incident
clusters. The data were collated from a large number of micrographs. The distribution is
almost independent of the incident cluster sizeNthere is perhaps a slight increase in the
proportion of larger islands for larger incident clusters.

Silver coverage on the surface

Since all of the particles are the same size, it is possible to estimate the number of atoms
per particleNand hence determine whether they are two or three dimensionalNfrom the
known coverage of silver deposited. The fraction of the surface covered by silver is given

by

®)t was discovered that the micrographs taken at lower magnibcations could not be used to measure
reliable particle size distributions; they gave over-estimates of the sizes due to the limited detail in the
micrographs.
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Figure 4.9 Fractional coverage of the HOPG surface with silver as a function of

incident cluster size, as measured from SEM micrographs.

coverage = %Aa " 100%

(4.1)
= %x?.os’ 1072 %

where n is the number of atoms per cluster, r_ is the cluster density deposited on the
surface, A, is the cross-sectional area of one atom ®, and h is the mean number of atomic
layers in each particle.

Figure 4.9 plots the coverage (measured as described in the last paragraph of section
4.6) against number of atoms in the incident clusters. The gradient of a least-squares
straight line bt through the origin to the points Q, N, and L in bgure 4.9 is 7.3E  ~ E16° so
that, by (4.1), hBE10. So the particles appear to be three dimensional. This estimate is
subject to several possible sources of error. First, there is the uncertainty in the total
number of clusters depositedNsee section 4.2. More seriously, the SEM is not able to
image silver particles smaller than about 1Enm, so that if there were a signibPcant number
of these between the visible particles, then the estimate of h would be too large. The SEM
may also slightly exaggerate the size of the particles, due to the Pnite resolution of the
photographic bIm, although by choosing micrographs taken at high magnibcation, this
effect is minimised. Any such broadening would make this estimate of  h too small. It is
noteworthy that if ten atomic layers is the real mean height of the particles, then they are
higher than the incident clusters for all cluster sizes. This means that as the clusters
aggregate, there must be a transport mechanism that lifts atoms above their starting
point.

As well as preparing samples with 50, 185 and 250 atoms per cluster, other samples
were prepared with the mass Pblter set to 370 atoms (R on bgure 4.9) and 500 atoms (J and
P on bgure 4.9). Despite the transmission size of the mass blter being increased, the
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Figure 4.10 (a) Histogram showing the distribution of particle diameters from

sample OTOb)EHistogram showing the distribution of number of particles per island for
sample OTO. This sample was produced with a deposition Bux three times smaller than
those used for bgure 4.8.

coverage is not any greater at size 500 than it is at size 250. Examination of the
micrographs recorded from these samples reveals the same 14Enm diameter particles as
observed with all of the other samples. The explanation for this is that the size
distribution of clusters generated by the cluster source tails off above around 250-300
atoms, and the resolution of the mass Plter rapidly falls off above this massNsee section
3.7.3 and bgure 3.22. Thus as the transmission size of the mass blter is increased above
about 250 atoms, the mean of the transmitted cluster size distributionNthe modulation of
the cluster size distribution of the source by the transmission function of the mass PlterN
remains at around 250 atoms. This is sensitive to the resolution of the mass blter, which
depends upon the beam size at the aperture. It appears that for a beam half-width of
3.4Emm, as suggested in section 3.7.3, the expected transmitted size-distribution is
consistent with the coverage data of bgure 4.9.

Effect of deposition rate

The mean deposition rate recorded for all of the samples discussed so far was between
1.6E E16EclustersiEm?Es* and 2.4E E16Eclustersiém 2Es *Na variation by a factor of 1.5.
Another sample was prepared with a mean deposition rate of 4.5 “ E10 clustersEcm 26 *N
a factor of 3.5 smaller. The mean particle diameter appears to be slightly larger than
before (Pgure 4.10a). This is probably only due to the poorer quality of the micrographs
that were obtained on this occasion. There is, though, a more signibcant difference in the
distribution of the number of particles per island (Pgure 4.10  b). Due to the small number

of micrographs recorded, the error bars on these data are much larger than those of the
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3.00 m | :

Figure 4.11 SE images obtained near the edge of a sample prepared with clusters of

50 atoms, deposited at 50EeV to a coverage of 10°EclustersEciif. The island density drops
rapidly into the shadow of the mounting ring.

previous data. Despite this, there is a small but signibcant increase in the mean number

of particles per island at the lower deposition rate.

Dependence on distance from the centre of the sample

Most of the micrographs were recorded in the centre of the sample. On all of the samples,
images similar to those in bgure 4.6 were obtained over a large area, but at the edges the
appearance of the islands changed considerably. On one side of the sample, the island
density suddenly dropped to zero over a short distance of litle more than 10E nmm, as
illustrated in bgure 4.11. This is attributed to masking of the surface by the mounting
ring that holds the sample in place. On the opposite side of the sample, a different pattern
was observed. Figure 4.12 shows two micrographs both taken from the same sample, one
near the middle of the sample, and one near the edge opposite to the sharp shadow. In the
latter case, the island density is much lower, but the islands contain far more particles
per island than over most of the surface. Rather than aggregating into compact islands,
the particles have formed branched fractal-like structures, similar to those observed by
Bardotti et al. (1995) and Murakami et al. (1994)Nsee section 1.5.5. Similar branched
islands have also been seen following vapour deposition of silver on platinum (RSder,
1995), though in this case the branches were two to three atoms wide, indicating growth
by diffusion of single atoms between islands and along the edges of islands.

The fact that the behaviour is different on opposite sides of the sample is easily
explained if the sample holder was not completely aligned with the mass-selection

aperture. Figure 4.13 illustrates thisNthe ion trajectories striking the bottom of the
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(@) 1.00 mm |} | (b) 1.00 mm |

Figure 4.12 SE images both obtained from the same sample, prepared with 250 +90
atom clusters at a nominal coverage of 10 “’EclustersEci¥f and a deposition Rux of
4.5E E10EclustersEm 2Es™* at 50EeV. &) was imaged at the centre of the sample, and ( b)

near one edge.

Incoming
Flux ion beam
Sample Sam plle _ Mass selection
clampingring aperture
Figure 4.13 Schematic illustration of the situation when the mass selection aperture

is not fully aligned with the sample clamping ring. Since the intensity of the cluster
beam drops off towards the edges, at one side of the sample there is a sharp cut-off at the
edge of the shadow of the clamping ring, while on the other side the coverage may decay

gradually.
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() 200 nm | : (b) 200 nm | ,

Figure 4.14 SE images obtained from the same sample after deposition of 250 £90 atom
silver clusters on graphite with 50EeV of KE. (a) Image recorded one day after deposition.

(b)Elmage recorded seven days after deposition. The total coverage was 10 “*EclustersEci.

sample are delRected away from the surface normal by the lensing action of the electric
peld at the exit of the mass selection aperture. lon-trajectory simulations using the
SimioN @ ion ray tracing program (see Pgure 3.24 b) show that the angle of deRection can
be up to 20° for the geometry and potentials used. (Space charge makes no contribution to
the spreading of the beam at the low beam currents used.) The intensity in the beam may
also fall off near the beamOs edge. By contrast, at the top the beam is cut off sharply by the
sample clamping ring. Whether it is the reduced Rux or the bent trajectories that is

responsible for the large islands will be discussed in section 4.11.

Time evolution of the samples in air

All of the samples were exposed to air within approximately two minutes of the end of
deposition, and stored in air until they were placed in the SEM for analysis. Because of the
possibility that the samples might degrade over time, all of the micrographs were
recorded within three days of the samples being made. There was no systematic variation
between the samples depending on the length of time that they had been stored in air, up
to this three day limit.

To investigate the degradation of the samples with time, further micrographs were
recorded after seven days in air, from a sample that had been previously examined when
one day old. Figure 4.14 compares micrographs taken on the day the sample was made

©gimioN ion ray tracing program for MS-DOS, D. A. Dahl and J. E. Delmore, Idaho Engineering
Laboratory, EG&G Idaho Inc., P.O. Box 1625, Idaho Falls, ID 83415.
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and on the seventh day after the sample was made. The islands on the seven day old
sample appear to be more rounded, larger, and more sparse. The precise shapes of some
islands suggest that they consist of a small number of particles aggregated together into a
compact shape, but with the boundaries between particles no longer well debned. The
blurring of the boundaries between particles could due to partial merging of the particles

by diffusion or, perhaps, to the formation of an oxide layer on the surface of the particles,
which would bridge the boundaries between the particles.

Recent XPs and UPS (x-ray and ultraviolet photo-electron spectroscopy) measurements
of vapour deposited silver clusters on polycrystalline graphite have shown a marked
increase in the reactivity of silver clusters with oxygen as the cluster size decreases (Rao,
1992). Small silver clusters were found to dissociate O , molecules whereas larger clusters
did not. The transition from high to low reactivity was found to occur at the size where the
clusters changed from non-metallic to metallic character, as evidenced by the shift in the
3d,,, binding energy of the clusters relative to the bulk value. Unfortunately, the absolute
sizes of these vapour-deposited clusters are not known, but it is to be expected that the
particles in the present work, containing around 10  “ to 2E E10 atoms, are fully metallic in
character, and so relatively unreactive towards oxygen. This observation suggests that the
particles observed in the SEM within three days of deposition are not signibcantly
oxidised, although over longer periods in air, they do become oxidised.

Simulations of the diffusion and aggregation process

In order to obtain a better understanding of the diffusion processes underlying the
observed distribution of islands on the surface, a computer model was written to simulate
the process. The rules of the model are as follows:

(i) Clusters containing a specibed number of atoms n are deposited at random
positions on a grid of 100E” E100 cells at a rate R clustersEcm ?Es™* until a coverage
of C clustersEcm™? is reached.

(i) Clusters and particles diffuse by jumping randomly to any of the four
immediately neighbouring cells at a rate of D(n) jumps per second, where D(n) is
given by

(4.2)

where a is the grid spacing, D, controls the overall mobility of the particles, and  x
is an exponent that controls the relative mobility of the large and small particles.
The same power-law relationship between the mobility and the cluster size has
been used in other diffusion and aggregation simulations, e.g.Jensen et al. (1994).
(iii ) Particles containing more than 3E “~ E18 atoms do not diffuse. (These correspond to
aggregates of more than one 14Enm particle.)
(iv) If two particles attempt to occupy the same cell, they merge irreversibly.
The simulation is greatly simplibed by neglecting the effect of the size and shape of the
particles, i.e. assuming that each particle occupies exactly one cell, regardless of the
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Figure 4.15 Typical results from the simulation showing the evolution of particle size

distribution with time. Deposition ceased at 625 seconds, indicated by the vertical line.
(a) shows the results for 50 atom incident clusters, with D ,E=E2.0E16° and xE=E2.75k is
for 250 atom clusters, with D,E=E3.0E16°and xE=E2.5.

number of atoms it contains. This approximation is valid for the low particle densities
simulated here.

Figure 4.15 shows some typical output from the simulation as an example. The
numbers of particles in given size ranges are plotted against time. Figure 4.15 a is for
D,E=E2.0E16° and xE=E2.75; parameters which result in an island size distribution similar
to that in Pgure 4.8. Figure 4.15 b shows a simulation that produced very different results.
Here, the 14Enm particles were more mobile relative to the incident clusters than in 4.15  a
(since x was smaller), and most of the islands produced consist of 5E ~ E10 to 7E E10 atoms;
equivalent to three 14Enm particles per island.

Figure 4.16 summarises the way in which the behaviour of the system depends upon X

and D,. The simulated particle size distributions two minutes after the end of deposition
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Figure 4.16 Histograms representing the distribution of particle sizes shortly after
deposition ceases in the simulation for various values of the parameters D, and x. One
particle is taken to contain approximately 2E  ~ E10 atoms, and islands containing less
than 10 * atoms are not shown.

are plotted. (Two minutes was approximately the length of time between stopping
deposition and removing the sample into air in the experiments. Whilst it is conceivable
that the particles continue to diffuse in air, in no case was a particle ever observed to
move in the SEM, and there was no systematic variation with time between samples
imaged from one to three days after deposition. So it seems reasonable to assume that the
island size distributions did not change signibcantly between the time when air was
admitted into the deposition chamber and when the sample was imaged in the SEM.) In
the model, the changes in the size distribution after deposition stops are mostly very slow,
as illustrated in bgure 4.15, so that the precise choice of two minutes is not important.

Using this simulation, it is possible to reproduce the island size distributions of bPgure
4.8 approximately by careful choice of x and D,. It turns out that the behaviour of the
model is rather sensitive to the value of x. Figure 4.16 abdillustrates that for small values
of x (xE<E2.5), if the value ofD, is large enough to facilitate formation of  any islands
containing more than one particle from 50 atom clusters, then 250 atom clusters result in
mainly islands of two or more particles. There is no value of D, for xE<E2.5 that is able to
reproduce the size distributions of bgure 4.8, in which the distribution of island sizes from
50 atom clusters is almost the same as that from 250 atom clusters
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Figure 4.17 Histograms representing the distribution of particle sizes
shortly after deposition ceased in the simulation for various values of the
parameters D, when xE=E2.75. One particle is taken to contain approximately
2E E10 atoms, and islands containing less than 10 * atoms are not shown. 0O
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As x increases, the mobility of the larger particles decreases relative to the smaller
particles and the behaviour of the system changes. The system begins to favour formation
of larger islands from the 50 atom clusters compared with the islands formed from 250
atom clusters. For the parameters of Pgure 4.16 h, xE=E3.0 and,E=E6E16°, relatively
more islands of two particles arise in the case of 50 atom clusters than in the case of 250
atom clusters. These results suggest that in order to reproduce the size distributions of
bPgure 4.8, x needs to be somewhere between 2.5 and 3.

Figure 4.17 shows island size distributions for ~ xE=E2.75. It can be seen that for
D,E=E2E16° the island size distributions from 50 and 250 atom clusters are almost
identical, although the proportion of islands of more than two particles is rather lower
than the experimental results. Because of this, and the approximations of the model, it
would not be appropriate to attempt to derive absolute values of the mobility of the
particles from these results.

In this model, it is implicitly assumed that particles can continue to grow by
assimilation of other particles of any size. In interpreting the results from the model, it is
assumed that any particle growing to contain more than 3E ~ E10 atoms splits into two to
form an island of the type seen in the SEM micrographs. A second possibility though is
that particles that reach the Ouniversal diameter® of 14Enm, corresponding to 2E" E10
atoms, cease growing completely, and the aggregates seen in the micrographs are formed
exclusively from these 14Enm particles diffusing and meeting each other.

To investigate this scenario the following minor change was made to the rules of the
simulation. Any particle containing less than 2E ~ E10 atoms that meets a particle of more
than 2E E10 atoms simply Obounces® off, and returns the way it came. Aggregates are
formed when a particle of more than 2E “ E10 atoms meets another one or an existing

aggregate. As before, the aggregate structure of islands containing more than 3 ~ E10
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Figure 4.18 Histogram showing the showing the distribution of particle sizes shortly
after deposition ceases in the second simulation, for D,E=E1.0E16"and xE=E2.75. One
particle is taken to contain approximately 2E  “~ E10 atoms, and islands containing less than

10 atoms are not shown.

atoms is implicit in the interpretation of the simulation results rather than an integral
part of the simulation.

This alteration to the rules made little difference to the results of the simulation, the
same trends being apparent in the bnal island size distributions as before. The most
notable difference was that whereas in the former case the island size distributions
changed very little after deposition ceased, in the latter case, there was rather more
change, even up to 23 minutes after deposition ceased when the simulation ended. Figure
4.18 shows the size distributions two minutes after the end of deposition, for particular
values of D, and x. Although the bt to the experimental data of bPgure 4.8 is not good, it
demonstrates that, given the approximations of the model, this second mechanism cannot
be ruled out.

4.11. Discussion

The main question to be addressed in this section is the mechanism by which the islands
form. The appearance of the islands, in particular the larger ones, is strongly reminiscent
of the fractal-like islands formed by diffusion limited aggregation ( DLA, see section 1.5.5).
Here, the units that build the branches would be the 14Enm particles rather than single
atoms (RSder, 1995 ; Bardotti, 1995; Jensen, 1994). However, the situation is complicated
by the presence of a whole range of different sized particles from the incident clusters up
to the 14Enm particles.

As was mentioned in section 4.6.1, there is a favoured diameter of 14Enm for the
particles that make up the islands. The most plausible explanation for this is that strain
energy prevents the particles from growing any larger than ~14Enm. The lattice mismatch
between silver and graphite is 15%Nrather larger than the 4% mismatch between silver
and platinum, which was already enough to limit the size of two dimensional islands (see
section 1.5.4; Blandin, 1994).
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There are two main distinct mechanisms by which the islands could form. The brst
mechanism involves growth of islands from incoming particles of a range of sizes. As in
the brst simulation, a particle could grow as other particles collide with it, and then split
into smaller particles when its diameter exceeds 14EnmNin a manner similar to the edge-
roughening mechanism seen by Blandin et al. Given the reasonable bt between the
simulation results and the experimental island size distributions, this mechanism seems
plausible enough. Alternatively, and this is not outlawed by rules of the brst simulation
(since the structure of the islands is not specibed), when a smaller particle collides with
one that is already 14Enm in diameter, the smaller particle could stick without merging,
forming the OseedO of a new 14Enm particle next to the Prst one. This avoids the need for
particles to split. However, in this case, islands consisting of a 14Enm particle surrounded
by a number of smaller particles would be expected, whereas most of the islands observed
consisted of one, two, or three equally sized particles.

The second mechanism is that aggregation of particles to form the islands seen in the
SEM micrographs proceeds exclusively by diffusion of pre-formed 14Enm particles. In this
case, smaller particles could be prevented from joining either by (i) there simply being far
fewer collisions of smaller particles with islands than 14Enm particles with islands, or ( i)
by smaller particles not being able to join onto the 14Enm particles, as in the second
simulation. Option ( i) is included in the Pbrst simulation, since it corresponds to the case
where the 14Enm particles diffuse more quickly than the smaller particles, and is ruled
out because it would result in a completely different distribution of island sizes to that
observed. A high mobility of the large particles relative to the small particles would result
in the formation of islands containing many particles, rather than just two or three (Pgure
4.16).

Option (i) corresponds to the second simulation, and is not ruled out by the results of
the simulation, although the bt to the experimental data is worse than that of the prst
simulation.

The main qualitative point that arises from the simulation is that in order to obtain
similar island size distributions from 50 and 250 atom clusters, the mobility of the 14Enm
particles must be very much smaller than that of the incident clusters. This is regardless
of whether the mechanism of the brst or the second simulation is correct. In the model,
islands of two or more particles are made immobile, but even if not immobile, islands of
two particles would be approximately 10 ° times less mobile than 50 atom clusters
according to the power law used in the simulation with ~ xE=E2.75 (the value ofx that was
found to give the best bt to the experimental island size distributions in both cases).

If the mechanism of the brst simulation is correct, then it would explain why some of
the islands observed in the SEM appear to consist of partially joined particles, as if the
strain energy had not become quite large enough to make the particles split up
completely. This is particularly clear in Pgure 4.6 f. According to the mechanism in which
pre-existing 14Enm particles aggregate to form islands, the 14Enm particles should not

merge (or the islands would not consist of separate or nearly separate particles).
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It is worth noting that these results are not the same as those of Villeneuve et al.
(1993) who studied aggregation of antimony particles on HOPG. The islands that they
observed consisted of several distinct particles each, with no obvious evidence of partially
merged particles. In this case, because the islands contained many more particles each
than in the present work, it seems likely that island growth was dominated by
aggregation of ready-formed large particles with high mobilities (each containing on
average bve clusters from the beam).

Could this grow-and-split mechanism lead to the fractal-like islands seen in bgure
4.12b? It seems that it could. The mechanism would be similarto  DLA (section 1.5.5). After
a particle has formed on the edge of an island, its far edge would be more likely to collect
mobile clusters than the edge adjoining the rest of the island. Thus growth of the island
would take place preferentially on the tips of branches growing out from the centre, as in
DLA.

One should ask whether there are other mechanisms that might reproduce the
experimental results. Since the main problem in reproducing the size distributions of
bgure 4.8 is to limit the mobility of the 14Enm particles (to prevent larger islands from
dominating the size distribution) it might be supposed that defects on the surface could
play a role. This idea can be discounted though. First, if the supposed defects are caused
by the impact of the clusters (perhaps a proportion of the clusters creates pinning sitesN
although far fewer than for deposition at 400EeV), we would reasonably expect to see a
lower defect density for the 250 atom clusters, since the impact KE per atom is lower.
Thus the density of nucleation sites for particles formed from 250 atom clusters would be
lower than for those formed from 50 atom clusters, resulting in the formation of fewer and
larger islands from 250 atom clusters. This, though, is the opposite of what is seen in the
micrographs. Second, if the surface defects exist prior to deposition, the defect density
would be independent of cluster size, whereas what is needed is an increased density at
larger cluster size.

According to the model, a decrease in the deposition rate, keeping the bnal cluster
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Figure 4.19 Histogram showing the change in the simulated island size distribution
when the deposition Bux is reduced by a factor of 3 from 1.6E “ E10Eclustersém ?E* (O) to
5.3E E10Eclustersiém s * (). The parameters D E=E2.0E16°and xE=E2.75 were used.
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coverage the same, will result in larger islands, as shown in bgure 4.19. This is what was
observed in the SEM micrographsNsee Pgures 4.8 and 4.10 bNalthough there the effect
was less pronounced.

Finally we turn to the images obtained at the edge of the sample. Measurements of
Pgure 4.12b and similar micrographs indicate a coverage only marginally less than in the
centre of the sample. The difference is so marginal, and in any case less than the
uncertainty in the measurements, that it is not possible to explain the dramatic increase
in the island size by a reduced Bux at the edge of the beam. Instead, it seems that it is the
angle of impact of the clusters with the surface that makes the difference, which, as
mentioned earlier, can be up to 20 ° from the surface normal at the beamOs edge. This
angle has the effect of (i) reducing the component of the momentum of the incoming
cluster perpendicular to the surface, and ( ii) increasing the parallel component. The
decrease in the perpendicular component is probably not signibcantNit is equivalent to a
small fractional decrease in the landing  KE from 50EeV to 44EeV. But it is possible that the
component of momentum parallel to the surface may temporarily enhance the mobility of
the clusters immediately after deposition. The momentum component parallel to the
surface for an impact angle of 20 ° is equivalent to a KE of 5.8EeV. This is a very large
energy compared with kT, which is approximately 0.026EeV at room temperature. Thus we
can imagine that until the cluster reaches thermal equilibrium with the surface, its
mobility will be greatly enhanced. As has been seen in the simulations, an increase in the
mobility of the particles results in an increase in the mean size of the resulting islands on
the surface.

Summary and future prospects

The important role of surface defects in determining the distribution and morphology of
particles on the surface has been demonstrated. First, if the clusters are deposited with
400EeV or more ofKE, then they create defects where they land and are prevented from
diffusing. At 200EeV and below, this kind of pinning at defects is not observed. Second,
steps on the surface act as pinning sites for clusters and particles on the surface. It
appears that once captured, particles at steps are still partially mobile along the direction
of the step.

After depositing silver clusters on HOPG with a KE of 50EeV, the resultant silver
particles on the surface display a very narrow size distribution, with a mean diameter of
14Enm. It is suggested that the particle size is limited by the strain that exists between
the silver lattice and the underlying graphite lattice.

Computer simulations suggest that in order to reproduce the island size distributions
of the experiments, the mobility of the 14Enm particles must be around 10’ times less than
that of 50 atom clusters. In the simulation, the mobility as a function of size was modelled
by a power law, and the exponent that provided a best bt to the experimental results was
xE=E2.75, indicating a rapid fall-off in mobility with increasing particle size. The
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simulation also correctly predicted that the mean island size increases as the deposition
rate decreases, for Pxed total coverage.

Further tests of the model could be made: deposition at a bxed rate, to a lower total
coverage should result in a reduction in the mean size of the islands. Figure 4.15 a
indicates that production of 14Enm particles does not begin until about 100 seconds after
deposition commences for 50 atom incident clusters. Beyond this time, the number of
single 14Enm particles increases rapidly, then levels off, and begins to fall as they start to
become incorporated into larger islands. So a sample prepared from 50 atom clusters
deposited at the same rate but for a very short time should exhibit few or no 14Enm
particles. It would be interesting also to investigate the effect of the deposition Rux over a
larger range than has so far been done. The chief problems encountered here though are
the increased likelihood of part of the cluster source failing, particularly the crucible
heater, during extended deposition times, and the difpculty of accurately measuring the
low deposition currents obtained at low RBuxes.

It is hoped that in the near future, the cluster deposition source will be linked to an
ultra-high vacuum ( UHV ) system to enable in-situ measurements of clusters deposited in
clean conditions. This will be a major step forward, as it will enable better characterised
samples to be made without the possibility of contamination. Furthermore, it will also be
possible to cool the sample to cryogenic temperatures. This would make it possible to
investigate, for example, the temperature dependence of the particle mobility, or to soft -
land the clusters in a rare gas matrix (see section 1.4.1).
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