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Multilayer systems, consisting of Au55(PPh3)12Cl6 double lay-
ers and SiO2 barrier films of different thickness, have been
generated and characterised. The formation of the double
layer between the barrier films was carried out by using spin-
coating techniques. For the generation of the SiO2 films, a
plasma-assisted physical vapour deposition (PAPVD) pro-
cedure has been applied, based on an anodic plasma arc pro-
cess. Samples of up to nine cluster/SiO2 combinations have
been produced and have been characterised by AFM and
SEM. Impedance measurements showed that there is a char-

Introduction

Au55 clusters, although known for almost 25 years,[1] are
still the focus of intensive research, mainly because of their
extraordinary electronic properties. The density of states in
the valence and in the conduction bands is, compared with
that in a bulk piece of metal, dramatically decreased with
the result that a metal particle with an extremely small size
of 1.4 nm follows quantum mechanical rules instead of the
classical laws valid for a bulk metal with an infinitely large
number of atoms. Indeed, it has been previously shown that
Au55 clusters behave as quantum dots that have discrete
electronic energy levels.[2,3] Au55 clusters act as switches that
can be charged and discharged by single electrons, even at
room temperature. It is important to mention that individ-
ual Au55 clusters do not exist in the bare form, and in all
cases have to be protected by a shell of appropriate ligand
molecules. The nature of such ligand molecules can vary
from totally apolar to ionic, with a corresponding change
in the solvents in which they are soluble from nonpolar me-
dia like alkanes to very polar media like water.[4,5] The exis-
tence of a ligand shell is not only necessary for synthetic
reasons, but also for prevention of coalescence between
bare particles and, last but not least, for profiting from the
special electronic properties.
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acteristic thermally activated frequency dependence of the
capacitance of the different systems. The cluster layers inter-
act by dipoles formed in the double layers at low frequencies.
It has also been shown that multilayer systems with SiO2

films thicker than 15 nm tend to spontaneously crystallise.
Furthermore, wetting problems during the spin-coating pro-
cesses have been investigated.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Our knowledge of the unique electronic properties of
Au55 clusters prompted us already years ago to look for
routes to two-dimensional (2D) organisations, an indispens-
able condition for the application of these quantum dots in
nanoelectronic devices. Perfectly organised monolayers have
been generated with limited extension by self-assembly.[6,7]

More extended 2D arrangements could be prepared by
using chemically modified surfaces[8] or by Langmuir–
Blodgett techniques,[9] however, without giving ordered ar-
rays. Artificial structures became available for the first time
by using an AFM tip to electrochemically modify pre-pre-
pared surfaces on the nanometre scale.[10] If the order of
the clusters is not important, a very simple but effective
method can be used. This is the spin coating of dilute solu-
tions of ligand-modified Au55 clusters on appropriate sur-
faces. This technique has been used in the experiments de-
scribed in this contribution. Spin coating indeed allows to
reproducibly generate cluster double layers and, if neces-
sary, monolayers, if the experimental conditions are care-
fully worked out. Here we report on the generation and
on the electric properties of cluster double layers embedded
between SiO2 films of varying thickness. The reason for this
research was to find out if thin cluster films, separated from
each other by an insulating material, can still communicate
with each other, perpendicular to the film plane. From for-
mer experiments we know that the horizontal electric con-
ductivity of thin cluster films over extensions of dozens of
nanometres is below the detection limit,[11] whereas tunnel-
ling processes between clusters over shorter distances
(20 nm) have been observed.[12] Since the layers under inves-
tigation are of millimetre dimension, horizontal measure-
ments seem unnecessary. However, the question whether
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electron tunnelling between cluster layers that are separated
from each other by SiO2 films of varying thickness will be
possible is of general interest.

Results and Discussion

Generation of Cluster/SiO2 Multilayers

The aim of this work was to generate and electrically
characterise multilayer systems as shown schematically in
Figure 1 with varying numbers of layers.

Figure 1. Sketch of a multilayered system consisting of nanopar-
ticles and isolating barrier films.

The construction of the SiO2 films was performed by
plasma-assisted physical vapour deposition (PAPVD). The
process is shown in Figure 2.

Figure 2a shows the relevant circuits of the system, and
Figure 2b illustrates the process leading to the SiO2 films.
A piece of silicon in a carbon boat, which is linked to the
anode, is positioned opposite the cathode, which consists of
brass (1). The optimal pressure and the current conditions
needed to generate 5 nm SiO2 films were found to be
2×10–2 mbar O2 and 75 A. After formation of a stable arc
(2), the silicon begins to evaporate and moves towards the
substrate (3). The jets of the cathode meet the silicon vap-
our and ionise it resulting in the anodic plasma (4). The
anodic plasma expands into the vacuum reaching the sub-
strate with the condensation of the silicon ions (5). Due to
the presence of oxygen, SiO2 is deposited (6). The stoichi-
ometry is not perfect, and there may be a deficit of oxygen
to a certain extent, but this should not influence the further
steps. The time taken to produce a 5 nm SiO2 film is only
3 s. As has been shown by the AFM investigations, the
roughness of the as-prepared films is only 0.1 nm. Such sur-
faces are thus best suited for the generation of perfect clus-
ter layers. Figure 3 shows a photograph of the whole appa-
ratus.
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Figure 2. Illustration of the anodic plasma arc process. a: circuits
for the PAPVD process, b: schematic drawing of the coating process
using an anodic plasma arc.

To generate cluster double layers, diluted solutions of
Au55(PPh3)12Cl6 clusters in dichloromethane (4.3×10–6 )
were used for spin coating. To cover a 1×1 cm2 area, 50 µL
are necessary, which are dropped onto a silicon wafer sur-
face that is rotating at 100 revolutions per minute. After
5 s, the speed is accelerated to 4000 revolutions per minute,
resulting in double layers, as can be seen from the AFM
image in Figure 4.

The roughness was found to be 0.2 nm. The thickness of
the film was determined by generating a cluster-free win-
dow by means of the AFM tip. The height profile is also
shown in Figure 4. With a value of 5 nm, it agrees perfectly
with a cluster double layer.

From the AFM sequences in Figure 5, it can be seen that
the coating of the cluster layers with SiO2 films occurs with-
out destruction by the plasma process.
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Figure 3. Photograph of the whole apparatus for the PAPVD pro-
cess.

Figure 4. AFM image of a Au55(PPh3)12Cl6 double layer (left), roughness profile (0.2 nm) (right), and height profile (bottom) of 5 nm,
generated by scratching a window into the layer with the AFM tip.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 3670–36783672

Beginning with a silicon wafer (a), spin coating results in
a cluster double layer (b). Coating with a 5-nm SiO2 film (c)
occurs and the surface structure is maintained. As a typical
example, Figure 6 shows a transmission electron micro-
scopy image (TEM) of a sectioned piece of a seven-layer
system. For better visualisation, a sample with 15-nm SiO2

layers has been selected. For later electric measurements,
only 5 nm films will be considered, since the resistance of
the 15 nm films was too high.

As can be seen, the parallel cluster layers consist of indi-
vidual particles and are without visible defects. The final
SiO2 film still exhibits a low surface roughness of ca.
0.7 nm.

Side Effects

Before discussing the electric properties of multilayers,
some side effects will briefly be considered: hydrodynamic
instabilities of the cluster layers, and thermodynamic insta-
bilities and optical properties of the multilayers.

The homogeneous coverage of the Si wafers or the SiO2

films by Au55(PPh3)12Cl6 clusters from dichloromethane
solutions is only possible with solvent that contains moist-
ure (this can be achieved by contact of CH2Cl2 with air for
a couple of days). The use of absolutely dry solvents results
in an insufficient wettability of the wafer surface, actually
consisting of a very thin SiO2 film if handled in air. Absol-
utely dry solvents cause the Bénard–Marangoni effect.[13–18]

This effect deals with the evaporation of thin liquid films
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Figure 5. AFM images of a silicon wafer surface (top), a cluster double layer generated by spin coating (left) and a SiO2 film on top of
the cluster film (right), indicating that the SiO2 does not destroy the cluster layer.

Figure 6. SEM image of a sectioned multilayer system consisting of seven cluster/SiO2 combinations (black: cluster layers, grey: SiO2

films).

on substrates. Hydrodynamic instabilities and surface ten-
sions lead to diffusion processes from the warm substrate
to the cooler liquid/air interface. A constant flow inside the
liquid film is generated, which results in the formation of
hexagonally oriented cells. At the borders of these cells, the
particles, dissolved in the solvent, are deposited, and finally
form hexagonal patterns. Figure 7 illustrates the Bénard–
Marangoni effect, and Figure 8 shows light microscopy and
scanning electron microscopy (SEM) images of some of the
observed hexagonal patterns on glass (top) and on Si wafer
(bottom), respectively.
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Figure 7. Illustration of the Bénard–Marangoni effect.

It should, however, be mentioned that the formation of
such hexagonal structures is not expressed as much when
spin-coating techniques are used, relative to simple addition
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Figure 8. Light microscopy images (top) and SEM images (bottom)
of the hexagonal patterns of Au55(PPh3)12Cl6 clusters on glass sub-
strates (top) and on Si wafers (bottom), respectively. The structures
form if the wetting conditions are not appropriate. Bars in the SEM
images: 20 µm, 2 µm and 1 µm (from left).

of the cluster solution to the surface of a substrate. The
concentrations of the solutions have little influence on the
structure formation.

Figure 10. Changes in colour with increasing numbers of layers. a: photograph of multilayers consisting of 5-nm cluster layers and 30-
nm SiO2 films. b: UV/Vis spectra of the samples shown in a, measured in reflection.
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Another effect is observed that indicates the instability
of the multilayers in the case of thicker SiO2 interfaces. The
SiO2 films, generated by the discussed plasma process, are
amorphous. In the cases of multilayers with SiO2 films
thicker than 15 nm, there is a tendency of the multilayer
to spontaneously crystallise. This tendency is greater as the
thickness of the SiO2 films and the number of layers in-

Figure 9. Photograph of a crystallized multilayer sample.
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crease. Figure 9 shows an optical image of a crystallised
multilayer sample consisting of five cluster/SiO2 combina-
tions with 40-nm SiO2 films. Three different types of crys-
tallisation can be seen, macroscopically observable by dif-
ferent colours.

This phenomenon can be compared with the known
metal-induced crystallisation of amorphous silicon.[19]

Multilayers with SiO2 intermediates that are �15 nm are
stable with respect to crystallisation, whereas pure SiO2

films that are even more than 15 nm thick are stable in the
absence of gold clusters. This clearly indicates cluster-in-
duced crystallisation.

A last phenomenon should be mentioned: the change in
colour of the multilayers with increasing numbers of layers.
As an example, the colour development and the UV/Vis
spectra of a series of layered systems, consisting of cluster
double layers and 30-nm SiO2 films, are shown in Figure 10
(one to nine combinations).

It can be assumed that the reason for this observation is
interference between the layers because of reflection and
refraction. The fact that various numbers of SiO2 films do
not show any similar effects proves the influence of the gold
cluster layers with a different refraction index in between.

Electrical Properties

For vertical measurements, the multilayer systems were
contacted from the wafer side with conductive silver paint
and from the top SiO2 film by a gold contact that was made
by evaporation of gold through a mask with a central hole
with a diameter of 3 mm. As it turned out, reliable and
reproducible current–voltage measurements were not pos-
sible with as-prepared multilayer systems. One of the
reasons was the electrical behaviour of the silicon sub-
strates, which masked the weak additional influence of the
multilayers on top. Another reason was assumed to exist in
the randomly oriented cluster double layers, which enabled
the formation of differing individual conduction paths
throughout the samples and therefore prevented reprodu-
cibility. In another paper involving this issue, we describe
the investigation of multilayer systems with cluster mono-
layers and gold as a substrate. Thus, in this case perfect
current–voltage measurements are possible.

The electric behaviour of the multilayers described in this
contribution was investigated by capacitance measurements
by means of complex impedance spectroscopy. Impedance
spectroscopy (IS) is an experimental method for the analy-
sis of charge carrier dynamics in an electrode/sample sys-
tem. For this, an alternating electric field with a frequency
range of 1–107 Hz is applied as an external perturbation of
a system that is being tested under equilibrium conditions.
By applying an electric field, local as well as translational
charge carrier motion may be induced, which leads to the
polarization of the sample. Thus, IS is a non-destructive
method for the analysis of charge transport as well as of
grain boundary and interface polarisation in a solid mate-
rial. IS has been intensively applied to characterise three-
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dimensionally organized Au55(PPh3)12Cl6 clusters.[20–23] The
results were very valuable, since for the first time it could
be shown that these nanoparticles behave as quantum dots
with extremely small capacities between each other allowing
single electron transport between individual clusters.

From the impedance investigations of the above-men-
tioned multilayer systems, we expected information about
their electrical capacitance which is dependent on the
number of cluster/SiO2 combinations. For detailed capaci-
tance measurements, multilayers with 5-nm SiO2 films and
5-nm Au55(PPh3)12Cl6 double layers have been selected be-
cause of the instability of thicker SiO2 films (see above).

First, we studied the frequency dependence of the capaci-
tance of 5-nm SiO2 films relative to cluster-containing
multilayers. The pure SiO2 samples show a frequency inde-
pendent capacitance at frequencies below 103 Hz (Fig-
ure 11). A dispersion region can be observed at higher fre-

Figure 11. Frequency dependence of the capacitance in multilay-
ered systems consisting of SiO2 only (a) and of cluster/SiO2 combi-
nations (b).
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quencies, where a decrease in the capacitance is observed.
Additional peaks at 106 Hz are due to measurement arte-
facts. The cluster-containing samples show a similar behav-
iour, although higher capacitance values are observed. In
samples 1, 2, and 5, an additional dispersion region at low
frequencies can be recognised.

The geometry of the sample is an important factor for
the experimentally determined capacitance values. In Fig-
ure 11, one can see that the capacitance of the samples de-
creases with increasing thickness of the layers. This is in
agreement with the model of a parallel-plate capacitor with
the capacitance C = εr × ε0 ×A/d, where C = capacitance, εr

= relative permittivity of the system, ε0 = permittivity of
vacuum, A = square face of the system, and d = total thick-
ness. The geometric effects can be eliminated by calculation
of the relative permittivity εr of the sample being tested.
Physically εr describes the transparency of matter in electric
fields and, thus, is a measure of the polarisability. Figure 12
shows the relative permittivity of the samples plotted
against the layer thickness for two different frequencies.

Figure 12. Illustration of the dependence of the relative sample per-
mittivity on the sample thickness for two different measuring fre-
quencies (The lines serve only as a guide for the eye).

It is clearly visible that the pure SiO2 samples show a
significantly smaller permittivity relative to the cluster-con-
taining systems, and the permittivity only slightly increases
with increasing layer thickness. The cluster/SiO2 layer sys-
tems show increased permittivity with a pronounced pro-
gression as the number of the cluster layers increases. In all
measurements, the permittivity at 1 Hz is larger than at
1 kHz, indicating that at low frequencies slow movement of
charge carriers leads to an increase in the sample polarisa-
tion.

Samples without Au55(PPh3)12Cl6 clusters do not show
significant changes in εr with increasing frequencies. There-
fore, the increased polarisability of the multilayer systems
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must result from the presence of the cluster layers. We as-
sign this phenomenon to the formation of dipoles in the
cluster double layers and hence the formation of polarisa-
tion currents, as is indicated in Figure 13.

Figure 13. Illustration of the dipole formation in randomly ori-
ented cluster double layers. Black and grey arrows indicate transla-
tional motion of charge carriers within the cluster layers parallel
(black) to the applied electric field and disoriented (grey) with re-
spect to the applied electric field. White arrows indicate the super-
position of the local dipole moments forming a macroscopic dielec-
tric polarisation.

Temperature-dependent capacitance measurements indi-
cate a thermal activation of the polarisation processes in
the cluster layers. In Figure 14, experimentally determined
permittivity values at 1 Hz are plotted logarithmically ver-
sus the inverse temperature in an Arrhenius-like plot.

Figure 14. Arrhenius Plot of the temperature dependence of the
capacitance for pure SiO2 systems (triangles) and cluster/SiO2 sys-
tems (dots).
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The permittivity of pure SiO2 samples is almost tempera-

ture independent, whereas cluster/SiO2 systems show a tem-
perature-dependent behaviour. For the latter structures an
increase in the permittivity and therefore the number of po-
larization processes throughout the sample increases with
increasing temperature.

Determination of the activation energy of the polariza-
tion processes in the sample by using the Arrhenius-relation
gives a remarkably small value of 8.6 meV. However, this
value is apparently lower than the activation energies deter-
mined for tunnelling processes between Au55 clusters, i.e.
about 150 meV.[20–23] This might indicate that the polarisa-
tion process does not only reflect charge transport between
the clusters within the layer, for which the activation energy
measured was close to that of previous studies for pure clus-
ter samples. We assume that additional local charge carrier
transport occurs via defects in the oxide layer and/or at the
interface between the clusters and SiO2, which may exhibit
smaller activation energies.

Conclusions

We have demonstrated the formation of multilayer sys-
tems, consisting of Au55(PPh3)12Cl6 double layers and SiO2

Figure 15. Technical sketch of the PAPVD system with magnified recipient.
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barrier films of different thickness. The cluster double layer
formation between the barrier films was performed by using
spin-coating techniques, while the generation of the SiO2

films resulted from a plasma assisted physical vapour depo-
sition (PAPVD) process. Samples of up to nine cluster/SiO2

combinations have been produced and have been character-
ised by AFM and SEM. Impedance measurements showed
that there is a characteristic thermally activated frequency
dependence of the capacitance of the different systems. The
physical interpretation of this behaviour is the formation of
dipoles in the non-ordered cluster double layers.

Experimental Section
Reagents and Physical Measurements: Au55(PPh3)12Cl6 was pre-
pared as described.[24] Silicon wafers were used from SilChem, Frei-
berg, and consisted of n(As)-doped (111) silicon, 0.003 Ωcm,
375 µm. Silicon for SiO2 layers: 99.999%, 0.2–1.5 mm, Balzers Ma-
terials, Liechtenstein. All solvents were reagent grade and used
without further purification. CH2Cl2 for spin coating was kept in
contact with air for 2–3 d in order to achieve the necessary water
content. For optical imaging, a BX41 and a C3030 Zoom from
Olympus, Hamburg, were used. AFM measurements were per-
formed with a Nanoscope IIIa, Digital Instruments, Woodbury.
SEM investigations were performed with a LEO 1530, LEO Elec-
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tron microscopy, Cambridge. For TEM investigations, a CM 200
FEG, Philips, Eindhoven, was used. For a spin coater, Model 6700,
Speciality Coating Systems, Indianapolis, was used. The UV/Vis
spectra were recorded with a Cary 1Bio, Varian, Palo Alto. The
impedance measurements were performed with a Solartron
(Farnborough) Impedance Analyzer SI 1260 in combination with
a high-impedance input amplifier Solartron (Farnborough) 1296.
For the low-temperature measurements, a cryostat of a Physical
Property Measuring System by Quantum Design was used.

The device for the anodic plasma arc process was homemade, using
commercially available building blocks, if possible. The technical
principles behind were taken from patents[25–27] with permission
and help from the patent owner Dr. H. Ehrich, Physics Depart-
ment, University of Duisburg-Essen. A schematic overview over the
whole device is shown in Figure 15. Details are also described in
ref.[28].

Formation of SiO2 films: The holder for the silicon was a self-made
carbon boat. The silicon wafer was purified with ethanol and dried
with a dust-off nozzle before it was fixed by glue 20 cm above the
silicon container. The shutter is installed between sample and
wafer. The recipient was evacuated to 5×10–5 mbar, and oxygen
was then allowed to enter up to a pressure of 2×10–2 mbar. After
reaching a constant pressure, the helping anode was linked with
the power circuit. The power between the helping anode and cath-
ode was then increased until a stable discharge between cathode
and anode was reached; under the conditions to generate 5-nm
SiO2 films, it was 75 A. After having reached a stable discharge, the
supporting anode was separated from the circuit and the shutter
was opened. For the measurement of the thickness of the film, a
quartz resonator device was used, however, only for films thicker
than 10 nm since it is too slow to register thinner films in a few
seconds. In those cases a coating parameter had to be determined
over the time the sample is in contact with the ion flow. For the 5-
nm layers, 3 s are necessary. Usually, the coating rate is 1–
3 nmsec–1. It can be adjusted by tuning the power strength and the
gas inlet. The temperature in the sample during the coating process
was 25–35 °C.

Spin Coating: In a typical spin-coating experiment a 1×1 cm2 Si
wafer was carefully cleaned with ethanol. After drying with a dust-
off nozzle, the wafer was fixed on the sample holder of the spin
coater by evacuation. Rotation with 100 revolutions per minute was
started, and 50 µL of a 4.3×10–6 molar cluster solution was
dropped on by means of a glass syringe. The whole surface should
now be wet. The spin coater was then closed, and the speed was
accelerated to 4000 revolutions per minute and kept there for 25 s.
Each sample was controlled microscopically before further use. The
multilayers were produced by alternative layers of SiO2 films and
the clusters.
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