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Abstract
Rare gas thin solid ﬁlms have been used to create a wide range of nanostructures through buﬀer-layer-assisted growth.
This paper examines eﬀects related to the microstructure of the buﬀer layer and demonstrates that those eﬀects can be
used to produce nanostructures with diﬀerent spatial distributions. We show that 100 ML thick Xe ﬁlms form large
columnar grains through secondary grain growth when condensed on amorphous substrates at 15–40 K. The grains grow
to reach diameters exceeding 30 times their ﬁlm thickness. Moreover, surface grooving occurs where the grain boundaries
intersect the buﬀer surface. The deposition of Au atoms onto these surfaces produces clusters, and warm-up induces cluster diﬀusion and aggregation during buﬀer desorption before delivery to the surface. Transmission electron microscopy
results show that the grooves capture the mobile clusters and concentrate them in a fashion analogous to the capture of
agitated grains of sand on a patterned surface. The grain boundaries and their grooves then oﬀer a way to vary the cluster
distribution on the surface and to print by pattern transfer using nanoscale particles of a material of choice.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Cluster-assembly on surfaces is viewed as a
promising technique for building devices and device arrays at the nanoscale [1]. An important issue
for such assembly is the interaction between the
clusters and the surface, since these interactions
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impose severe restrictions on both cluster formation and cluster mobility. A novel and robust
way of circumventing those restrictions is a technique introduced by Waddill et al. [2] that is now
known as buﬀer-layer-assisted growth or BLAG
[3]. In BLAG, atoms of the material of choice
are vapor-deposited onto thin layers of inert gas
solids that have been grown at 20–50 K on any
substrate [2–7]. Three-dimensional clustering occurs on the buﬀer, and subsequent warm-up sublimes the buﬀer so that the clusters are delivered
to the pristine surface in the ultimate of soft-landing. BLAG makes it possible to prepare a wide
range of nanostructure/support systems that cannot be formed by conventional deposition techniques, e.g. Ge clusters on Si without a wetting
layer [8]. Moreover, the density of the nanostructures produced with BLAG can be varied over
more than two orders of magnitude by changing
the buﬀer thickness; the amount of material deposited makes it possible to produce compact or ramiﬁed clusters derived from tens to many hundreds
of thousands of atoms [3,9,10].
Several recent BLAG studies have concentrated
on the interaction of the clusters and the buﬀer.
One showed that ramiﬁed structures were formed
that had fractal dimensions consistent with diﬀusion-limited cluster–cluster aggregation (DLCCA)
models [9,10]. Another showed that particle diﬀusion proceeds through slip at the highly incommensurate particle-buﬀer interface, and that slip
is activated by multi-phonon processes as the buffer warms and desorbs [11,12]. An extension of
BLAG to solid molecular CO2 has revealed similar
activation for diﬀusion and has shown the feasibility of using such layers for nanoparticle synthesis
[13].
In this paper, we address issues related to the
microstructure of the buﬀer layer and its eﬀect
on cluster aggregation. We show that rare gas thin
ﬁlms are made up of large columnar grains with
low energy surfaces and that grain formation
occurs through secondary grain growth. Groove
formation at the grain boundaries, which is wellknown for metals at elevated temperatures, leads
to the capture of clusters when their motion is activated during warm-up and buﬀer desorption. The
cluster distribution then reﬂects the groove pat-
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terns, and the distribution of clusters on the surface represents a print of those patterns.

2. Experiment
The samples were grown in an ultrahigh-vacuum (UHV) chamber with a typical base pressure
below 1 · 1010 Torr. The substrates were 20–30nm-thick amorphous carbon (a-C) and amorphous
SiOx foil supported on copper grids obtained from
Electron Microscopy Sciences and SPI Supplies.
Those foils were formed by vapor condensation
on thin supported soap ﬁlms. After growth, the
soap ﬁlms were dissolved and the ﬂoating foils
could be suspended over copper grids. The substrates were used as received without further preparation. A resistive heater mounted between the
substrate and the cold head of a closed-cycle He
refrigerator was used to control the sample temperature in the range between 15 and 60 K. The
temperature was measured with a AuFe-Chromel
thermocouple. Xenon gas was introduced into
the chamber through a precision leak valve to condense the buﬀer layer. The pressure was maintained at 1 · 106 Torr, and it was monitored
with an ion gauge, corrected for Xe sensitivity.
The buﬀer growth rate was estimated from the
number of incident atoms per unit time per unit
area, namely I = p/(2pmkT)1/2, where p is the Xe
partial pressure, m is the mass of a Xe atom, T
is the ambient temperature, and the sticking
coeﬃcient was assumed to be unity. The layer
thicknesses are given in monolayers where 1 ML
of Xe(1 1 1) results from a 3.5 Langmuir exposure and corresponds to an atom density of
6 · 1014 cm3. Gold atoms were evaporated onto
the buﬀer layer from a tungsten basket. The
impinging Au atoms were suﬃciently mobile that
they could form clusters, a process favored by
weak bonding with the rare gas solid. Cluster
diﬀusion occurred as the samples were warmed
through the 75–85 K window and the Xe sublimed.
Characterization of the samples was done at
room temperature after their transfer to a Philips
CM12 120-kV transmission electron microscope
(TEM). Imaging was done in the bright-ﬁeld
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mode, keeping the beam intensity low to avoid signiﬁcant changes in nanostructure morphology.
The samples were stable when stored in air, and
there was no evidence of coarsening.

3. Initial nucleation and secondary grain growth
The adsorption of Xe on a cold substrate and
ﬁrst layer island nucleation is governed not only
by temperature and deposition rates but also by
the substrate structure and its cleanliness. Xenon
adsorption produces layer by layer growth with a
compact (1 1 1) structure on the basal plane of
clean graphite where there is a good lattice match
[14]. However, the presence of adsorbates signiﬁcantly alters this growth process, and multilayer
Xe islands form on graphite substrates that have
not been heat treated in UHV [14]. Since our substrates were air exposed and processed in an aqueous environment with no in vacuo cleaning, we
expect adsorbates that would aﬀect ﬁrst-layer
sticking, wetting, and island growth. Their amorphous nature could also contribute to deviations
from close-packed ordering [14]. Subsequent
condensation beyond the ﬁrst layer should result
in island thickening and expansion to create a polycrystalline ﬁlm with diﬀerently oriented grains, the
details of which would reﬂect the growth
temperature.

To gain insight into the initial nucleation density for the buﬀer layer, we exposed a-C and SiOx
surfaces to enough Xe to grow a 6 ML thick ﬁlm at
34 K. This thickness was chosen so that we could
determine whether there was multilayer island
growth prior to the formation of a continuous
ﬁlm. Exploiting the capabilities of BLAG, we reasoned that inhomogeneities in the Xe layer would
be reﬂected in the size and distribution of clusters
that would form following the deposition of 3 Å of
Au. In particular, Au clusters would form on the
multilayer islands, and they would diﬀuse and
aggregate during buﬀer desorption, as usual in
BLAG. The Xe island shapes could be deduced
from the cluster pattern after delivery to the
substrate.
Fig. 1(a) and (b) show a bimodal size distribution for Au clusters on both a-C and SiOx. The
background of the images has been altered to identify regions where Xe had been present. The darker
regions with smaller clusters represent areas where
Au was delivered directly to the unbuﬀered substrate (portions that had not been wet by the
Xe). In those areas, clustering would occur when
the samples warmed to room temperature and
Au diﬀusion was activated, as with conventional
physical vapor deposition onto a-C or SiOx [15].
Larger Au clusters were formed on the Xe islands
(lighter regions), where the cluster densities and
sizes are consistent with those grown on uniform

Fig. 1. TEM micrographs of clusters formed by depositing 3 Å Au on 6 ML of Xe condensed at 34 K on a-C and SiOx substrates after
heating to remove the Xe buﬀer layer. The bimodal cluster size distribution reﬂects the nonuniformity of the buﬀer layer that grows on
the air-exposed substrates. The image backgrounds have been altered to enhance the contrast between the Xe-covered (light) and bare
(dark) regions: (a) on a-C, the Xe islands covered 33% of the surface, and they had an initial density of 1 · 1010 cm2 and (b) on SiOx,
the island coverage was 46%, and the initial density was 2 · 1010 cm2.
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Xe ﬁlms with thickness greater than 10 ML condensed at 20 K. (Exact comparison cannot be
made because many of the clusters have diﬀused
to the island edges where their subsequent motion
diﬀers from that on a uniform ﬁlm.) On a-C, the
initial Xe island density is 1.3 · 1010 cm2 and
the islands covered 33% of the surface. On SiOx,
we estimate a slightly higher initial island density
of 2.0 · 1010 cm2 (assuming some islands had
started to coalesce) and that 46% of the surface
was covered. These images reﬂect diﬀerences in
Xe atom sticking coeﬃcients, mobility, and nucleation. Most signiﬁcantly, they show that the initial
islands are small and island center-to-center distances are 50–100 nm.
The question that arises from Fig. 1 involves
how the buﬀer layer evolves as more Xe is condensed. TEM observations of vapor-deposited
ﬁlms of Xe on a-C substrates have shown columnar grains with (1 1 1) surfaces [16]. To gain insights into the structure of thicker BLAG layers,
we took advantage of a process that is well-known
from the metals literature, namely that grooves
will form when a grain boundary intersects the surface. This process is discussed in the next section,
but the possible existence of grooves suggested
that they might act as traps for diﬀusing clusters
and that the Xe grain boundary patterns could
be transferred to the buﬀered surface.
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To determine whether pattern transfer could be
observed, we grew clusters by depositing 5 Å of Au
on a 95 ML thick Xe buﬀer condensed at 40 K on
a-C. This thickness was chosen because thinner
ﬁlms allow too little cluster diﬀusion and thicker
ﬁlms allow too much aggregation for eﬀective
patterning. Fig. 2(a) is a low resolution TEM
micrograph that has been digitally blurred using
Gaussian-weighted pixel averaging. The dark lines
correspond to enhanced cluster densities, identifying where the Xe grain boundaries were prior to
desorption. Fig. 2(b) is an unprocessed micrograph of the same area where the grain boundary
positions deduced from Fig. 2(a) are overlaid.
Fig. 2(c) shows a higher resolution image of
the boxed area, revealing how the clusters are distributed relative to the Xe grain boundaries. The
lines mark the grain boundary region as revealed in Fig. 2(a). The Au cluster density is
4.8 · 109 cm2, and the clusters are ramiﬁed with
a fractal radius of 20 nm, as observed on similar
samples prepared at 20 K [11]. Note that under
normal imaging, the increased concentration of
clusters at the grain boundary would not be noticed. Now, however, it is possible to determine a
typical grain size of 2.6 lm.
The grain density in Fig. 2 is over three orders
of magnitude less than the initial island density
of Fig. 1. Moreover, the width-to-height ratios

Fig. 2. (a) A low magniﬁcation bright ﬁeld TEM micrograph of particles grown from a deposition of 5 Å Au on 95 ML of Xe
condensed at 40 K. The image was digitally blurred using Gaussian-weighted pixel averaging to reveal cluster accumulation in regions
where there had been grain boundaries and grooves in the Xe ﬁlm, (b) the same image as in (a) prior to blurring. The lines were drawn
to show the grain boundary network deduced from (a) and (c) a higher resolution image of the square area reveals how the clusters are
distributed relative to the marked grain boundary region.
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are much larger than expected from primary or
normal grain growth where grain widths are limited to a few times the ﬁlm thickness [17]. The
development of such large grains can be understood in terms of secondary or abnormal grain
growth. Primary grain growth is driven by a reduction in grain boundary energy and results in ﬁlms
with a log-normal grain size distribution. In secondary grain growth, so called abnormal grains
grow at a much higher rate than normal grains,
leading to a bimodal size distribution. In thin
ﬁlms, secondary growth is driven by reduction in
surface and interface energies rather than grain
boundary energies. The sketch in Fig. 3(a) depicts
a large abnormal grain growing and consuming
surrounding grains that have higher surface and
interface energies [17]. The abnormal grains will
continue to grow until they impact one another
and the grains again develop a monomodal size
distribution. At this point, grains are no longer expected to grow because the driving force for sec-

Fig. 3. (a) A schematic of secondary grain growth. The arrows
signify that the grains have many diﬀerent orientations. Grains
with lower surface and interface energies grow at the expense of
their neighbors, thus causing a bimodal grain size distribution
and (b) the observed dependence of the ﬁnal grain size on buﬀer
condensation temperature as deduced from results like that in
Fig. 2(b).

ondary growth no longer exists and that for
primary growth is insigniﬁcant [17].
Although referred to as secondary grain
growth, we suspect that structural changes occur
during Xe ﬁlm growth. Wong et al. observed secondary growth in Au thin ﬁlms deposited on SiOx
at room temperature, i.e. at 22% of the melting
temperature [18]. Following the deposition of
10 nm of Au, they reported islands with large open
areas that are qualitatively similar to those deduced for Xe in Fig. 1(b). A polycrystalline ﬁlm
formed upon further Au deposition, with randomly-oriented grains with sizes on the order of
the ﬁlm thickness. Signiﬁcantly, the onset of secondary growth was observed as soon as the ﬁlm
was continuous, and Wong et al. reported that
the (1 1 1) grains increased rapidly in size with continued deposition. We envision a similar growth
sequence for Xe ﬁlms condensed at 34 K. With
condensation beyond that of Fig. 1, a polycrystalline ﬁlm would develop, and the grains would
grow through both primary and secondary pathways until the surface is all (1 1 1). As predicted,
we observe that the grain sizes are stagnant after
secondary growth was completed, even with
annealing at 45 K [19].
Thompson presented a model for secondary
thin ﬁlm growth that links ﬁnal grain sizes to the
initial grain structure [20]. The model predicts that
the ﬁnal grain sizes increase with ﬁlm thickness
and that they are strongly aﬀected by the initial
grain sizes and orientations. During secondary
growth, the lower-energy abnormal grains consume the surrounding grains. The larger the incorporated grains are, the larger the ﬁnal grains will
be. In addition, the lower the fraction of lowenergy-oriented grains, the greater the number of
initial grains that will be incorporated into a single
grain, and hence the ﬁnal grains will be bigger. To
investigate whether this model would be applicable
to thin Xe ﬁlms, we varied the condensation rate
and temperature, expecting that both would inﬂuence the initial grain sizes and orientations. Interestingly, variations in the growth rate from
0.03 ML s1 to 3 ML s1 at 15 K had a negligible eﬀect on the grain size. As summarized in
Fig. 3(b), increasing the condensation temperature
from 15 K to 34 K only increased the average
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grain size 85% from 0.85 lm to 1.58 lm. The reason for the weak dependence on temperature (or
condensation rate) is that the initial grains are larger for higher temperatures, but a larger fraction
of the grains are initially (1 1 1) oriented. With
more abnormal (well-oriented) grains, fewer grains
will be consumed, and the ﬁnal structure will be
characterized by smaller grains. The eﬀects of initial size and initial orientation partially cancel
one another, resulting in weak dependence of the
grain size on the adsorption rate or growth
temperature.

4. Grain boundary grooving and groove evolution
It is well-known that surfaces of polycrystalline
materials are roughened and grooves form where
grain boundaries intersect the surface. A quantitative continuum theory of thermal grain boundary
grooving was developed by Mullins [21]. As depicted in Fig. 4 for a ﬁlm-vacuum interface, thermal grooves introduce long range roughening
and involve the diﬀusion of buﬀer material from
grain boundary regions toward the center of the
grains [22]. Grooving is driven by thermodynamics
as the aﬀected regions seek to lower their energies.
Their formation is responsible for the patterning
of Fig. 2.
The equilibrium structure near a grain boundary is dictated by the balance between the surface
free energies fs and the grain boundary free energy
fgb at the intersection line,
fgb ¼ 2f s sin a;

ð1Þ

where, for simplicity, the surfaces and fs are assumed to be symmetric across the boundary and
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the angle a is deﬁned in Fig. 4. Surface diﬀusion
and/or evaporation–condensation processes would
then drive the ﬂat surface (a = 0) to form a groove
with the angle a determined by the free energies.
The ejected material would accumulate into
ridges on either side of the groove, but the ridges
would be thermodynamically unstable and dissipate through adatom diﬀusion. This diﬀusion
would eﬀectively lower a, forcing further deepening of the groove to restore the equilibrium angle.
The groove depth d would then increase with time,
and Mullins derived a d  (time)1/4 dependence for
surface-diﬀusion-mediated processes. Signiﬁcantly,
the groove shape would remain independent of
depth since it is determined by the equilibrium
value of a. Grooving would halt when the curvature
was constant over the whole grain surface because
conservation of mass would require increasing the
angle a for continued grooving. Of course, the
groove could reach the surface before equilibrium
is reached, depending on the angle a, the initial
grain thickness, and the grain diameter [23].
In order to determine whether the grain boundary grooves were, indeed, deepening with time, we
grew Kr thin ﬁlms and deposited Au onto them.
Krypton is superior to Xe for such studies because
it has a lower cohesive energy, a much higher surface diﬀusivity at 20 K, and a faster rate of grooving. Investigations of Au nanostructures produced
using BLAG on freshly condensed Kr showed densities and distributions that were qualitatively similar to those grown on Xe [11]. However, when a
95 ML thick Kr buﬀer with Au clusters was aged
for 26 h at 20 K, the result was a bimodal cluster
size distribution, with channels of high-density,
small clusters surrounding regions with larger Au
aggregates.

Fig. 4. A schematic of thermal grooving of a grain boundary as described in Ref. [21]. Grooves form at the intersection of a grain
boundary with the vacuum due to the imbalance of the interface free energies. The angle of the groove a is deﬁned by the interface
energies, and it remains constant as the groove deepens.
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The TEM images indicate that the grooves
deepened and reached the surface, and that the
ﬁlm dewets the surface. In the regions of deepening
grooves, Au clusters that had nucleated on the Kr
were gently delivered to the substrate. In contrast,
clusters that had nucleated far from the grooves
diﬀused and aggregated into larger structures, as
usual. The density of the large-cluster regions
where Kr was present is 2.7 · 108 cm2, about
two orders of magnitude lower than the initial island density of Fig. 1, indicating the Kr ﬁlm also
experienced secondary grain growth.
Prior to the formation of grooves, the continuous Kr ﬁlm was stabilized by kinetics. Grooving
reduced the barrier for dewetting by thinning the
ﬁlm and exposing the surface. Thus, the surface
conditions that initially gave rise to inhomogeneous island growth (Fig. 1), but which were subsequently overgrown and buried during primary
and secondary growth, were again important and
lead to dewetting around the grains.

5. Pattern transfer with grooves
The fact that the grain boundary positions become apparent upon blurring an image reveals
the higher density of cluster material near the grain
boundaries. Cluster diﬀusion is driven by multiphonon processes as the buﬀer layer warms, and
diﬀusivity scales inversely with the cluster-buﬀer

contact area [11,12]. Diﬀusing clusters could not
cross a groove without signiﬁcantly decreasing
their contact area and a cluster in a groove would
have an increased contact area as it touches both
sides of the groove. These contact area considerations prevent clusters from diﬀusing across or
away from the grooves and allow them to diﬀuse
along the groove.
To learn more about grain boundary pattern
transfer, we varied the amount of Au deposited
on Xe buﬀers so as to vary the cluster density
and size distribution. Fig. 5(a)–(c) show the eﬀects
of depositing 0.7, 2, and 3.5 Å of Au on a 95 ML
Xe buﬀer condensed at 34 K on SiOx. The eﬀect
of the grain boundaries is particularly evident in
Fig. 5(a). A reduction in the amount of Au deposited resulted in smaller cluster sizes, reduced surface coverage, and much more accumulation at
the grain boundary. Increasing the amount of Au
causes the clusters to be more uniformly distributed because of their reduced diﬀusion length.
For the sample in Fig. 5(a), the average coverage
was 1.5% and, signiﬁcantly, 90% of the clusters
were observed within 100 nm of the grain boundary. This results in a web-like pattern of clusters
separated by large cluster-free regions.
In order to quantify the accumulation of clusters, we measured the average coverage as a function of the distance from the grain boundary.
Fig. 6 shows the results of averaging along many
grain boundaries for the samples in Fig. 5. The

Fig. 5. The cluster distributions for (a) 0.7, (b) 2 and (c) 3.5 Å of Au deposited on 95 ML Xe buﬀers condensed at 34 K. The surface
coverages were 1.5%, 2.7% and 6.0%. The cluster diﬀusion length is largest for smaller clusters and for lower coverage. This diﬀusion
leads to cluster trapping at the grooves and pattern transfer when the buﬀer desorbs.
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The ability of the grain boundaries to trap diffusing clusters, combined with the eﬀects of coverage on diﬀusion length, provides a method for
patterning the surface with nanometer size clusters. Clusters can be selectively deposited in the
location of grain boundaries and the grain sizes
can be controlled, presenting a technique for
depositing a size-selected network of particles.

6. Summary

Fig. 6. Surface coverage as a function of distance from a Xe
grain boundary deduced from Fig. 5. The proﬁles are normalized to the average coverage of the sample. The clusters are
more uniformly distributed across the sample as the coverage or
amount of Au deposited increases. The inset shows the cluster
diﬀusion length determined by DLCCA Monte Carlo simulations after a ﬁxed amount of time. The diﬀusion lengths fall oﬀ
exponentially as the surface coverage is increased from 0.25% to
10%.

plot is normalized to the average surface coverage.
From these proﬁles, it is clear that material is more
likely to accumulate near the grain boundary at
reduced coverage.
To gain insight into the eﬀects of surface coverage and grain boundaries, we carried out Monte
Carlo simulations of diﬀusion-limited cluster–cluster aggregation, DLCCA [24]. The details of the
base DLCCA simulation are described in Ref.
[12]. The simulation was run on a square lattice
with periodic boundary conditions, and the clusters were represented by groups of adjacent occupied cells. Diﬀusion lengths calculated from the
simulation are shown in the inset of Fig. 6 for surface coverages from 0.25% to 10%. As expected,
the clusters remained smaller and could diﬀuse further without coalescing at lower coverage, allowing them to sample more of the buﬀer surface
and be more aﬀected by the grain boundary. When
clusters accumulate at the grain boundaries, the
local coverage at the center of the grains decreased, allowing clusters at the grain centers to
diﬀuse further. This trend can create the gradient
in the surface coverage evident in Figs. 5 and 6.

We have demonstrated that the condensation of
Xe or Kr on a-C and SiOx below 40 K results in
the formation of polycrystalline ﬁlms with a mean
grain size that weakly increases with condensation
temperature. The rare gas forms multilayer islands
before covering the surface and, once continuous,
the grains grow through secondary growth to form
large (1 1 1) oriented grains, independent of the initial number density and the presence of adsorbates
on the air exposed substrates. The surface of the
ﬁlm is unstable, and grain boundary grooves that
inﬂuence BLAG develop at temperatures as low
as 20 K. The diﬀusion of clusters on the ﬁlm surface during warm-up is aﬀected by the grain
boundary grooves. The surface coverage of clusters has a signiﬁcant eﬀect on diﬀusion of clusters
and capture at the grooves. When the amount of
cluster material deposited is small, the grain
boundaries can be used to form a web-like pattern
of clusters with large cluster-free areas. Knowledge
of the buﬀer structure oﬀers several ways to vary
the cluster distribution on the surface and create
patterns that can be used to add functionality to
surfaces, for example through selective chemisorption or reaction at the clusters.
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