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N
anoparticulate materials are al-
ready very important for modern
technology, and they will only in-

crease in their application in the coming
years. As a result of the nanoscience revolu-
tion, there has been increasing interest in
the fabrication, characterization, and prop-
erties of nanoparticles. However, much of
the work is carried out on nanomaterials
prepared at, or close to, ambient tempera-
ture, whereas there are many areas of tech-
nology where thermal stability is a crucial
aspect of the application, for instance, in
heterogeneous catalysis1,2 and fuel cells.3

In some cases, such materials have to oper-
ate above 1000 K, and the active phase of-
ten consists of metal particles on a ceramic
support, materials of the type presented in
this paper.

Surfaces are regions of high energy,
and this property has consequences for the
stability of nanoparticles and for a variety
of areas of technology. Because of this high
energy, which exists due to the under-
coordination of surface atoms compared
with those in the bulk, surfaces tend to
minimize surface energy in a variety of
ways. This includes changes in nanoparti-
cle morphology (minimization of surface
area by tending to a spherical shape and
by minimization of high-energy crystal
planes) and particle aggregation in order

to reduce surface area (sintering). In techno-

logical areas, such as heterogeneous cataly-

sis, where it is essential to maintain the sur-

face area in order to retain high catalytic

activity, such sintering is reduced by an-

choring the metal nanoparticles involved

onto refractory supports such as alumina,

and this is achieved during the synthesis of

the material. Preparation of such materials

generally involves a “calcination” step (heat-

ing to elevated temperature) in order to de-

compose the precursor material and form

metallic nanoparticles.

In the present work, we report the ef-

fects of nanostructuring upon the behavior

of nanoparticles, especially on their thermal

stability, in a rather direct way, by imaging

Au films deposited on an alumina single

crystal and their structural evolution with

annealing temperature.

RESULTS AND DISCUSSION
Gold arrays can be made in a whole vari-

ety of ways, both using “bottom-up” meth-

ods (see, for instance, refs 4 and 5) and “top-

down” methods.6 We have made films of

gold, produced by metal vapor deposition

(MVD) onto an alumina (0001) single crystal,

and have nanostructured them using fo-

cused ion bombardment (FIB), a top-down

method. XPS analysis of such a film before

annealing (Figure 1) shows that the sub-

strate alumina signal has essentially disap-

peared after film deposition, indicative of

the formation of a film of gold covering the

whole surface. By AFM and scanning elec-

tron microscopy (SEM) analysis, the thick-

ness of the film is �15 nm.

FIB is most often used for machining

structures to small size for use by other

techniques such as transmission electron

microscopy (TEM) or SEM.7 It is much less
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ABSTRACT We report results relating to the thermal stability of nanoparticles and show a remarkable effect

of nanostructuring of the metal. Au films are nanostructured by focused ion beam sputtering (FIB) to produce

isolated areas of metal, which are imaged by atomic force microscopy (AFM). Images of the surface show that, if

the islands are made small enough, the metal in the islands is lost by evaporation, whereas the nonfabricated

areas outside are relatively stable and the nanoparticles remain present there.
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often used for nanostructured array formation,8 EBL
(electron beam lithography) being used more fre-
quently,6 though usually not directly (i.e., using masks
of various kinds). However, here the films described
above were engineered into several types of structures
by machining lines through the film using the FIB
method.9�11 Examples of the structures formed are
shown in Figure 2, imaged by AFM (Veeco Multimode
with Nanoscope IIIa controller). The fabricated areas
only occupy a very small part of the 10 � 10 mm crys-
tal, each being around 30 �m2. The deposited film con-
sists of a somewhat grainy layer of Au on the alumina
(Supporting Information Figure S1), which arises from
the Volmer�Weber-type growth of metals on such
oxides.12�15 In this growth mode, the higher surface
energy of the metal compared to the oxide results in
nucleation and island growth, with the monolayer form-
ing as islands coalesce. This graininess could indicate
some porosity in the film, but such porosity is very lim-
ited because XPS (X-ray photoelectron spectroscopy)
analysis of the film shows no evidence of any signal
from the alumina crystal beneath it, as expected for a
continuous film of this thickness (Figure 1). There are
two types of machined structures shown in Figure 2,
both of which consist of �40 nm lines cut into the Au
film by FIB, with an average spacing between them of
350 nm. One structure simply consists of these lines fab-
ricated over an area of 5 �m � 6 �m, whereas the
other consists of orthogonal lines, leaving isolated cells
of Au of �250 nm � 250 nm, though, as can be seen
in Figure 2, there is some variation in the size of these
cells (�10%). Line scans show that the structured areas
are rougher than the film, the mean roughness of the
former being �15 nm, while it is less than 1 nm for the
unstructured areas. Some damage also occurs to the
film itself, due to the FIB; some swelling of the remain-
ing Au film occurs (see, for instance, the edges of the
gold lines in Figure 2), and this is a well-documented ef-
fect of such treatment.16 Furthermore, it is clear that
the machined areas of the Au film are somewhat more
porous than the unstructured film (see the cells in Fig-
ure 2), probably due to ion beam damage. Nonetheless,
it is evident that there are clear lines where the sputter-
ing has taken place, and imaging after heating at very
high temperature, when all the gold has been removed,
shows that this sputtering takes place right through
the gold film and into the alumina beneath (see Figure
4).

The main aim here was to investigate the effect of
thermal treatment upon the three types of film (that is,
the two structured areas plus the unstructured film).
Upon heating to 1173 K for 3 h (Figure 3), it is clear that
the film has changed significantly and that it has sepa-
rated into nanoparticles. It is apparent from these im-
ages that (i) the particles in the nanostructured areas
are generally smaller than those in the rest of the film
and (ii) the particles in the structured areas remain lo-

cated within the prefabricated structures. The majority

of the particles for the structured films are less than 500

nm in perimeter length (for the cell structures, 80% are

less than this value, with a mean particle size of 95 nm;

particle size distribution plots are given in the Support-

ing Information Figure S2), whereas for the unstruc-

tured film, most are bigger than this (78%, mean par-

ticle size �250 nm). Thus, nanostructuring of the film

by FIB has had a major effect on the thermal evolution

of the structure of the treated areas.

These observations are associated with the creation

of artificial boundaries within the gold film, from which

material retreats during annealing due to dewetting of

the underlying alumina. Note that from other studies15

we have identified that these transformations begin to

take place at around the Tamman temperature (�670 K

for Au), which is often associated with the onset of mo-

bility within solids. There is also some evidence that par-

ticles within the cells are somewhat smaller than those

even within the fabricated parallel line structures. There

Figure 1. XP spectra for (a) the as-prepared sample and (b) after
heating to 900 °C and (c) 1100 °C. Note that the peaks in the 70�80
eV region in (a) are due to satellite lines from the main Au(4f) peaks.
The signal from the alumna substrate is only seen after heating be-
cause the sputtered areas are only a tiny fraction of the total area
analyzed by XPS before heating, whereas the alumina is exposed
over the whole surface after heating due to dewetting of the sur-
face by gold.
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is little evidence of sintering after dewetting because

the particle size distribution changes very little upon

heating between 973 and 1173 K. This is due to the very

large interparticle separation that minimizes the coales-

cence and Ostwald ripening type sintering that is ob-

served for much smaller particles that are packed to-

gether more closely.14,15

However, perhaps the most important finding here

relates to Au evaporation from the surface while heat-

ing to 1373 K (Figure 4); there is very little loss of gold

from the surface at 1173 K, but there is at 1373 K. Here,

it is very clear that Au is completely lost from the cells

but not from the unstructured area, where the average

particle size is still around 200 nm, though the particle

size distribution has broadened considerably and the

number density has decreased somewhat. The area ma-

chined with lines also has some particles present, but

much fewer than for the unstructured film. Thus, nano-

structuring enhances evaporation rates for nanoparti-

cles. Imaging of such an effect has not been reported
before, but it is a reflection of the nature of the nano-
particles formedOon the nanostructured areas, they
are significantly smaller than for the unstructured ar-
eas. This is confirmed by observations of cells of larger
size (Supporting Information Figure S3), where (i) the
Au particles in these 1 �m cells are larger than for the
smaller cells before heating to 1373 K and (ii) particles
still remain after heating to 1373 K.

To understand this behavior, we might consider
that this may be a reflection of the increased surface en-
ergy for small particles, which in turn is a reflection of
lower average surface coordination and hence a lower
energy barrier to vaporization. However, from consider-
ations of average surface coordination (see Supporting
Information), it is evident for particles of the size shown
in Figures 3 and 4 that the surface energy is not signifi-
cantly different between particles of �100 nm (in the
cells) and �250 nm diameter (in the unstructured film).
Indeed, the surface is essentially macroscopic in its be-
havior, with average surface coordination very close to
9 for both types of nanoparticles. Significant lowering of
the average surface coordination only occurs for par-
ticles smaller than 5 nm or so in diameter. So it is not
mainly a surface energy difference that leads to the
marked effects of Figure 4, though we will return to
this point below.

The main reason that nanostructuring has such a
marked effect is that it produces smaller particles after
heating which have a higher surface/bulk ratio. This
means that the rate of loss of material from the sur-
face of the particle is high compared with its bulk vol-
ume; that is, it runs out of material more rapidly, and
hence, such particles disappear before the larger par-
ticles do. We can approximate these rates in the follow-
ing way and by use of bulk data for the evaporation
process

where the left-hand side represents the rate of loss of
gold from a particle; ke is the evaporation rate constant
from the Au particle, and this is multiplied by the
amount of surface Au available for evaporation. This is,
in turn, represented on the right-hand side of eq 1 in
terms of surface area and ke= � keNs, where Ns, the sur-

Figure 2. AFM images of two nanostructured areas on the gold film. On the
left side, lines are sputtered into the surface, whereas on the right, we have or-
thogonal sputtered lines producing isolated islands of Au.

Figure 3. Effects of annealing to 1173 K on the structure of the unprocessed area (left), the lined area (middle), and the area
with cellular structure (right).

-d[Au]/dt ) ke[Aus] ) ke′2πr2 (1)
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face concentration of Au atoms, can be expressed in
terms of atoms m�2 or monolayers. What we would like
to know, in terms of the experiments shown in Figures
3 and 4, is the rate of decrease of radius with time in or-
der to compare the rates from small and large nanopar-
ticles. Substituting for the particle volume (propor-
tional to the total amount of gold), we obtain

where k � ke=�32/3(2�)1/3, where � is the density of
gold. Upon integration, the time evolution of volume
is given as

which can be expressed again in terms of particle radius

that is, there is a zero-order dependence of radius upon
time. Thus, if we consider two particles, one twice the
size of the other, then the smaller one will have disap-
peared when the larger one has only decreased in size
by a factor of 2. We can estimate the absolute rate of
loss of radius if we can evaluate the rate constant
above, which can be expanded in the usual Arrhenius
form.

The E value is the activation energy for vaporization,

which is reported to be 324 kJ mol�1,17 and as de-

scribed above, these large nanoparticles are essentially

bulk-like in their behavior and so it is reasonable to as-

sume that the bulk heat of vaporization applies. The es-

timate of the vaporization indicates that rates are insig-

nificant in terms of the experiments above at less than

�1300 K. However, at 1373 K, the evaporation rate is

�0.05 monolayers s�1 (or approximately 0.01 nm s�1),

so a particle of 100 nm diameter will be lost in �104 s

(which is the period of heating in this case), whereas

clearly it will take longer for the bigger particles.

In conclusion, we have shown that nanostructur-

ing of gold films has a marked effect on nanoparti-

cle formation and the effect of thermal treatment on

such particles. The nanostructuring creates artificial,

extra boundaries, which lead to the formation of

smaller nanoparticles as the film dewets with anneal-

ing to high temperature. Perhaps more importantly,

this strongly affects evaporation rates, with the

smaller nanoparticles evaporating away from the

surface at a much faster rate than for larger par-

ticles. This may have important consequences for

the processing of films and nanoparticle arrays in a

variety of technological areas which may involve

high-temperature treatments.

METHODS
The sample used as the basis for deposition was an alu-

mina (0001) single crystal of 5N purity. The preparation of
the nanostructured sample first involved the deposition of a
thin layer of Au onto the single crystal of alumina. This was
achieved by resistive evaporation in which a sample of Au
wire was placed in a tungsten evaporation boat and mounted

in a thermal resistive evaporator. The film thickness was
monitored during the deposition process using a precali-
brated crystal monitor, and the thickness of the film used
here was �15 nm.

The next stage in the crystal preparation involves focused
ion beam (FIB, Carl-Zeiss XB 1540) machining in order to fabri-
cate the various patterns into the crystal, using gallium ions,

Figure 4. Effect of heating to 1373 K for 3 h on the structure of the unprocessed area (left), the lined areas (middle), and
the cells (right). Almost all of the gold has been lost from the cellular area.

-dV/dt ) ke′F2π(3V/2π)2/3 ) kV2/3 (2)

Vt
1/3)V0

1/3 - kt/3 (3)

rt)r0-ke′Ft (4)

k' ) A' exp(-E/RT) (5)
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which sputter the Au film and alumina beneath the film. The
FIB system is controlled externally by Eliphy Quantum lithogra-
phy software and hardware package, which facilitate the design
of the pattern to be etched and control the dwell time of the ion
beam at each individual pixel, step size between the pixels, num-
ber of loops, etc. The sample was inspected in situ during the
milling process using a high-resolution field emission scanning
electron (FE SEM) microscope integrated into the FIB system. In
this particular study, the trenches were milled into alumina with
a pitch of 400 nm and width of 75 nm. Note that the data pre-
sented here are from ONE sample, with all the different fabri-
cated structures being on the same crystal substrate. This en-
sures that when comparing structure effects they are for areas
treated at EXACTLY the same temperature and conditions. They
were imaged by AFM (Veeco Multimode with Nanoscope IIIa
controller), using a contact mode tip, as the alumina surfaces
were hard enough to withstand the force exerted by this mode
of operation. Some more details are given in the Supporting
Information.
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