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The electrical properties of cluster-assembled nanostructured palladium oxide �ns-PdOx� thin films grown by
supersonic cluster beam deposition have been characterized by means of a customized ac current-sensing
atomic force microscope. Scanning impedance microscopy is shown to provide a deep picture of the electrical
properties of thin nanostructured interfaces even in the case of very soft and poorly adherent films. In particu-
lar, the dielectric constant of ns-PdOx can be quantitatively determined as well as its I-V characteristics.
Moreover, the measurement of the tip-sample parasitic capacitance can be exploited to probe the overall
mesoscale conductive character of thin films and to give a complementary and more precise view of the
oxidation of ns-PdOx obtained by x-ray photoemission spectroscopy.
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I. INTRODUCTION

The integration of nanostructured �ns� thin films and
nanoparticles in planar microfabrication processes for the
production of micro-electro-mechanical systems �MEMS�,
microelectronic components, lab-on-a-chip devices, and sen-
sors is the ground where the combination of top-down and
bottom-up approaches can provide innovative solutions with
high-technological and economic value.1 The physicochemi-
cal properties and the high surface-to-volume ratio, typical of
nanostructured materials resulting from the assembling of
nanoparticles, make them particularly suitable to improve the
performance of microdevices such as chemical sensors and
biosensors, field-emission devices, and catalytic
microreactors.2

Nanostructured metal-oxide films are a class of systems
offering a wide range of technological opportunities,3 among
them, one of the most versatile is palladium oxide.4 For ex-
ample, supported PdO catalysts are used for low-temperature
combustion of methane,4 and the oxidation processes of pal-
ladium nanoparticles supported by metal-oxide surfaces have
been investigated as a model system for catalysis.5 However,
the influence of oxide formation on the catalytic activity still
remains a matter of discussion.6 PdO, a p-type semiconduc-
tor thermally stable up to 800 °C with a relatively low work
function �3.9 eV�, is a suitable material for field-emission
applications and as an electrode material in surface-
conduction electron emitter displays.7 Palladium oxide is
also used as an active material in chemoresistive gas-sensing
microdevices since gas exposure results in a change in its
electrical conduction properties.8,9

Properties such as nanoscale morphology and structure,
presence of defects, and local oxidation state are expected to
influence the electrical response of interfaces to external
stimuli. Although the concurrent investigation of morpho-
logical and electrical properties of nanostructured PdO films
is crucial for their exploitation as active layers in gas sensors
and catalytic systems, to date scarce data are available about
their nanoscale electrical properties.

The atomic force microscope �AFM� �Ref. 10� is a well-
established tool, enabling topographic imaging of surfaces
with nanometer spatial resolution. In the last decade, ac and
dc current-sensing AFMs equipped with conductive probes
and dedicated electronics for the generation and acquisition
of electrical signals were developed.11–15 These instruments
allowed one to characterize different electrical properties si-
multaneously to topography, such as conductivity16–18 and
capacitance.19,20 An optimized low-noise transimpedance
amplifier was recently developed21 and integrated in a com-
mercial AFM to characterize the capacitive properties of in-
terfaces with attofarad resolution.22 This system was success-
fully employed to characterize the dielectric and transport
properties of micropatterned/nanopatterned surfaces23 and
biointerfaces.24

Here we present a study of the electrical properties of
nanostructured palladium oxide films �hereafter ns-PdOx�
produced by supersonic cluster beam deposition.25 The influ-
ence of different oxidation procedures on the electrical prop-
erties of ns-PdOx films was characterized using a custom ac
current-sensing AFM based on a low-noise transimpedance
amplifier.21 The use of this custom AFM allowed us to study
very soft samples that require extremely low applied loads.
We show that an optimized scanning impedance microscope
permits an accurate characterization of the nanoscale and
mesoscale electrical properties of ns-PdOx films and it can
unravel relevant aspects for the understanding of the oxida-
tion processes in cluster-assembled films, providing comple-
mentary information to traditional surface science tech-
niques, such as x-ray photoemission spectroscopy �XPS�,
which are limited by their low depth sensitivity.

II. EXPERIMENTAL SETUP

A. Deposition of cluster-assembled films

Ns-PdOx films were grown on various substrates by de-
positing under high-vacuum conditions �10−6 Torr�—a su-
personic beam of Pd clusters produced by a pulsed micro-
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plasma cluster source �PMCS�, as described in detail in Refs.
25 and 26. Briefly, a palladium target rod is placed in the
PMCS ceramic cavity where a solenoid valve delivers pulses
of He gas. A He plasma is ignited by a pulsed electric dis-
charge between the Pd rod �cathode� and an anode, produc-
ing the ablation of the target. The ablated Pd atoms thermal-
ize inside the cavity by collision with the inert gas
condensing into clusters; the He-cluster mixture is then ex-
panded in a vacuum chamber through a nozzle to form a
supersonic beam. Typical cluster size distribution, as pro-
duced by the PMCS, is peaked in the range of several hun-
dred atoms per cluster. The kinetic energy upon landing is on
the order of 0.5 eV per atom, which is small enough to avoid
cluster fragmentation.2 The deposition takes place on sub-
strates intercepting the supersonic beam in a second differ-
entially pumped chamber separated from the expansion
chamber by an electroformed skimmer at a deposition rate of
about 1 nm/min. Cluster-assembled films were deposited on
circular smooth glass substrates with diameter of 10–15 mm,
on which Cu/Au microelectrodes with dimensions of
60 �m�3 mm were evaporated. These microelectrodes are
connected on a side to a long perpendicular 1.5-mm-wide
Cu/Au strip for easier soldering and wiring. The microelec-
trodes are designed to minimize the stray capacitance be-
tween the substrate and the AFM probe in order to increase
the resolution of the capacitance measurements.27 The stray
capacitance can be kept as low as �40 fF with this arrange-
ment, which is much smaller than the �400–500 fF mea-
sured on an extended electrode obtained by depositing a thin
gold film on a glass substrate. We adopted two different strat-
egies to oxidize the Pd clusters: the introduction of a
80 at. % He and 20 at. % O2 mixture as carrier gas into the
cluster source during the ablation of the Pd target and post-
deposition thermal treatments in air at 200 °C or 400 °C for
4 h of the Pd films produced with He as carrier gas. We have
therefore characterized three types of ns-PdOx films: the as-
deposited films, produced using He �hereafter ns-PdOx�He��
and the He-O2 mixture �ns-PdOx�He:O2�� as carrier gas, and
the films deposited with He that underwent thermal treat-
ments �hereafter annealed ns-PdOx�He��.

B. Custom ac current-sensing AFM

A block diagram of the experimental setup for the nano-
scale electrical measurements is shown in Fig. 1. It consists
in a commercial multimode nanoscope IV AFM �Veeco In-
struments�, a custom wide-bandwidth current amplifier, and a
digital lock-in SR830 �Stanford Research System�. A fast
analog-digital acquisition board �PCI-6115, National Instru-
ments� and a high-resolution analog-digital acquisition board
�PCI-6251, National Instruments� are also available. The ac
and dc driving voltages for capacitance and I-V measure-
ments are provided by the lock-in and the high-resolution
board, accordingly, and are applied between the AFM probe
and the sample using a breakthrough box placed between the
AFM and its controller. A current limiter in series with the
tip limits the current to 150 nA in order to avoid damage at
the tip coating in case of a highly conductive sample.

A key element of the setup is the fully customized current
amplifier, specifically designed to combine high resolution

with wide bandwidth and described elsewhere.21,22,27 Shortly,
the amplifier is based on an integrator-differentiator scheme
combined with an active feedback to collect continuously the
dc input current. The system only has 4 fA /�Hz noise up to
a few kilohertz, a 1 MHz bandwidth, and ensures unlimited
measuring time even with 10 nA dc input current. Both the
ac and dc currents that flow through the sample are simulta-
neously measured by the current amplifier and converted to
voltages. The ac signal is processed by the digital lock-in
that measures the in-phase and in-quadrature components of
the measured current and calculates the resistance and ca-
pacitance of the sample. The system can operate in both
spectroscopy and imaging modes. In spectroscopy mode, I-V
analysis can be performed using a software interface �LAB-

VIEW� that drives the dc ramp signal and manages the current
and voltage data acquisition. During acquisition of the I-V
characteristics, the tip can be either kept fixed in one location
or allowed to scan a finite profile length in one direction.
Another spectroscopy mode consists in recording the value
of the capacitance as a function of the tip-sample distance
during approaching-retracting cycles. The in-plane tip posi-
tion is kept fixed in this case. In imaging mode, a finite
surface area is scanned by the biased AFM tip, while the dc
output of the current amplifier is sent back into the controller
and mapped together with the topography in order to char-
acterize the dc conductivity of the sample. The output signals
of the lock-in stage �Rout and Cout� can be also acquired in
order to map the resistive and capacitive properties simulta-
neously to the topography.

The typical experimental procedure was to scan the sur-
face of ns-PdOx films in tapping mode in order to find good
regions for the analysis than switching to contact mode and
probe the conductivity of the sample in spectroscopy or im-
aging modes. The cantilever choice and the fine control of
the applied force during the measurements turned out to be
crucial because the hardness and adhesion of ns-PdOx films
are very poor. Tips coated with a hard film of W2C mounted
on soft cantilevers �force constant k=0.3 N /m� were used.
Typical radii of curvature of these tips are in the range 50–
200 nm. Keeping the microscope head in a dry nitrogen at-
mosphere prevented the formation of capillary necks be-
tween the probe and the surface, minimizing adhesion forces,

FIG. 1. �Color online� Block diagram of the implemented instru-
mentation for nanoscale impedance microscopy. A fully customized
wide-bandwidth amplifier has been coupled to an atomic force mi-
croscope in a lock-in detection scheme to enable simultaneous dc
and impedance measurement.
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while suspending the AFM on a heavy plate by means of
elastic cords provided good insulation from vibrations.

III. RESULTS AND DISCUSSION

A. Morphology of ns-PdOx films

Figure 2 shows topographic maps of a ns-PdOx�He:O2�
film acquired by AFM. The morphology of as-deposited and
annealed ns-PdOx�He� films is similar to the one shown in
Fig. 2. The typical morphology of ns-PdOx films consists in a
fine raster of nanometer-sized grains. Root-mean-square sur-
face roughness of films with thickness in the range 10–20 nm
is typically below 10 nm �2 nm in the case of the film shown
in Fig. 2�. The smallest among the visible grains ��5 nm�
are primeval clusters produced in the source, while larger
grains result from the aggregation and coalescence of smaller
clusters. The real size of the smallest clusters is more than
doubled by the limited resolution of the AFM, determined
primarily by the finite tip radius �5–10 nm�. Such granular
nanoporous structure is a consequence of the low-energy
deposition regime typical of supersonic cluster beam
deposition,2 in this regime the cluster-assembled film is very
soft and it can be easily detached from the substrate. Because
of this peculiar nanostructure, the electrical properties of
ns-PdOx films may vary on the nanometer scale, and there-
fore the electrical characterization device must possess a
truly nanometer spatial resolution in order to faithfully repro-
duce the expected spatial variability of electrical properties.

B. Characterization of film oxidation by XPS and by
measurement of the parasitic capacitance

The results of XPS analysis of samples produced with
different deposition conditions and/or postdeposition treat-
ments �data not shown� are very similar.28 All spectra of
nanostructured samples show indeed the same peaks with the
same proportions: two peaks from surface palladium oxide
and one from Pd metal, whose binding energies are in agree-
ment with the literature.29 In order to understand the similar-
ity of XPS results, it must be considered that the XPS signal
originates from a surface region of the film extending into
the bulk to depths of the order of the escape distance of
photoelectrons �1–3 nm at 350 eV�, which is comparable

with the cluster size. Therefore XPS cannot reveal any dif-
ferences in the oxidation state of clusters lying in the deeper
layers of the films, where the oxidation state of the different
samples is likely to be more diverse. XPS, which is widely
used as a surface characterization technique �especially for
oxides�, turns out to be not very useful in those systems
where the size of the building blocks �the clusters� is com-
parable with the probing depth.

In order to get a more detailed understanding of the oxi-
dation mechanisms of thin ns-PdOx films, it is necessary to
use, in combination to a high surface-sensitive technique
such as XPS, another technique that can provide information
about the innermost film regions. To this purpose we observe
that a direct measurement of the parasitic contribution to the
total capacitance obtained by the current-sensing AFM al-
lows one to differentiate different oxidation states of the
films and, together with the XPS data, to build a clear picture
of the oxidation paths of Pd nanoparticles and films produced
using different deposition conditions and postdeposition
treatments. It is worth noting that the parasitic contribution is
an unwanted contribution to the total capacitance in imped-
ance nanoscale measurements. As discussed in the experi-
mental session, care must be taken in order to minimize this
parasitic capacitance. Here we show that this unwanted ef-
fect can be exploited beneficially to probe the overall con-
ductive character of a thin coating at the mesoscale. The
capacitances associated to the different parts of the tip-
cantilever assembly of an AFM are schematically repre-
sented in Fig. 3.

For tip-sample separations of several microns, the contri-
bution of the tip apex Capex is negligible and the measured
capacitance is equal to the parasitic �or stray� capacitance
Cpar=Ccone+Ccantilever+Cchip+Cholder.

22,30,31 An insulating
film between the AFM tip and the microelectrodes would act
as a dielectric slab, providing a parasitic capacitance propor-
tional to the area of the underlying microelectrodes. Con-
versely, a metallic film will act as a counterelectrode as large
as the glass substrate, determining a much larger parasitic
capacitance. A direct measurement of the parasitic capaci-
tance at fixed tip-sample distance and overall tip-sample ge-
ometry on different films can be used therefore to investigate

FIG. 2. �Color online� Atomic force microscopy topographic
maps of a ns-PdOx�He:O2� film. �a� Top view, scan size:
2�2 �m2, vertical scale: 10 nm, highest points are the brightest.
�b� Three-dimensional view of a 500�500 nm2 area, vertical scale:
10 nm.

Ccone CchipCcantileverCapex Cholder

Bottom electrode

θ

FIG. 3. A scheme of the contributions to the total tip-sample
capacitance C; the tip apex capacitance Capex is the true local ca-
pacitance, depending on the film properties, while the tip cone, the
cantilever, the chip, and the tip holder determine the parasitic ca-
pacitance Cpar.
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the electric properties of ns-PdOx films on a length scale
larger than the tip apex.

In Fig. 4 we report the parasitic capacitances measured on
different ns-PdOx samples by placing the tip 20 �m far
away from the sample surface and by applying an ac voltage
to the tip. Ns-PdOx�He:O2� films �Fig. 4, stars� present the
lowest parasitic capacitance ��35 fF�, equal to that mea-
sured above the naked microelectrodes. The low parasitic
capacitance suggests that ns-PdOx�He:O2� films are noncon-
ductive. The largest values of the parasitic capacitance �up to
�500 fF� are measured on ns-PdOx�He� films with thickness
above 10 nm �Fig. 4, disks�. Such a high parasitic capaci-
tance is in agreement with the figure of an AFM probe
coupled with a counter electrode �the uniform metalliclike
Pd film� as large as the glass substrate. Figure 4 shows how-
ever more subtle effects. By decreasing the thickness of
ns-PdOx�He� films, a transition from metallic �capacitance
�500 fF� to insulator character �capacitance �40 fF� is ob-
served. We can qualitatively explain these results using the
concept of percolation applied to electrical conductivity.32,33

Palladium clusters produced in the absence of oxygen are
metallic and only poorly oxidized upon exposure to air. If the
thickness of the film is very low, the different regions of the
film are not electrically interconnected. In the absence of a
network of conductive paths connecting metallic domains,
the AFM tip can establish a capacitive coupling only with the
microelectrodes. As the film thickness increases, percolative
paths begin to connect different regions of the film and the
film as a whole to the microelectrodes. The effective area of
the counterelectrode increases accordingly. When the film
thickness is sufficiently high, the film behaves like an ex-
tended electrode, whose area is as large as the area of the
glass substrate. The sudden transition from low to high para-
sitic capacitance observed for ns-PdOx�He� films at thickness
of �10 nm suggests the existence of percolative phenom-
ena. Macroscopic measurements of film conductance per-
formed in situ during ns-Pd film growth confirm the exis-
tence of a percolation threshold for the electrical
conductivity.34 We exclude that the observed behavior can be
determined by a z-dependent oxidation degree of the films.

Because of their reduced thickness �below 20 nm�, and being
the typical cluster size of the order of 1 nm, ns-PdOx�He�
films are likely uniformly �and poorly� oxidized across their
whole thickness upon exposure to ambient oxygen. More-
over, the oxidation of the nanoparticles induced by ambient
oxygen is very superficial and cannot interrupt the conduc-
tive paths formed by metallic clusters during deposition in
ultrahigh vacuum.

Annealed ns-PdOx�He� films with thickness above 10 nm
possess intermediate parasitic capacitances between those of
ns-PdOx�He� and ns-PdOx�He:O2� films, as observed in Fig.
4—squares and triangles. This can be interpreted in terms of
a reduction in the effective area of the metallic counterelec-
trode due to partial oxidation of the ns-PdOx�He� film. Upon
annealing up to 400 °C, the outer surface of Pd clusters gets
further oxidized. Although oxidation is more effective at the
film surface, it takes place also in the bulk, thanks to the
nanoporosity of the films. Pd clusters are partially coalesced
in the film. Upon annealing, surface clusters are likely to be
completely oxidized on their surface, and therefore become
electrically disconnected. Bulk Pd clusters however are only
partially oxidized, thus remaining electrically connected. The
larger the film thickness, the larger is the probability that
metallic connected paths survive to oxidation upon annealing
in the bulk of the film. This is consistent with the observation
that thicker annealed ns-PdOx�He� films show larger capaci-
tances.

The parasitic capacitance data suggest a simple picture of
the oxidation mechanisms of Pd clusters. The fact that the
parasitic capacitance of ns-PdOx�He:O2� films is always at
its minimum, irrespective to film thickness, supports the hy-
pothesis that the injection of oxygen in the cluster source
induces the formation of an outer oxide shells in all metallic
Pd clusters. When deposited onto a substrate, Pd /PdOx core-
shell nanoparticles cannot form a conductive film, even well
above the percolation threshold, because the oxide layer pre-
vents the metallic cores from getting in contact. In turn, Pd
clusters produced when only He is present into the source are
bulky metallic, and get only poorly oxidized at their surface
upon exposure to ambient oxygen. When deposited onto the
substrate they form electrically connected nanodomains.
These domains, when the ns-PdOx�He� film thickness is
above the percolation threshold, become connected on a
macroscopic scale, giving it an overall metallic character.
Annealing makes the very first surface layers of ns-PdOx�He�
films similar to those of ns-PdOx�He:O2� films and signifi-
cantly reduce the fraction of electrically connected Pd metal
in the innermost film layers, though it does not completely
destroy the overall conductive character of the bulk film.

Despite the striking difference in the parasitic capaci-
tance, the binding-energy spectra of ns-PdOx�He� and
ns-PdOx�He:O2� films are indeed at all similar; according to
XPS data, both films seem to contain the same relative
amount of oxidized and metallic palladium atoms. We have
noticed however that only an interfacial layer of ns-PdOx
with thickness of the order of the photoelectron escape
length �which is comparable to the cluster size� contributes
to the XPS signal. This layer is actually similar in both as-
deposited and annealed ns-PdOx�He� and ns-PdOx�He:O2�
films; this fact accounts for the similarity of XPS spectra.
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The difference between the films manifests at depths exceed-
ing the photoelectron escape length; in ns-PdOx�He� films
clusters are mostly metallic, while in ns-PdOx�He:O2� films
they are at all similar to surface clusters—a metallic core
surrounded by an oxide shell. Parasitic capacitance measure-
ments are sensitive to the surface as well as to the bulk layers
of the films and can discriminate between the two cases.

C. I-V analysis of ns-PdOx films

The electrical conductivity of ns-PdOx films has been
quantitatively investigated by measuring the local current-
versus-voltage characteristics �I-V curves�. To this purpose,
the AFM tip was kept in contact with the film surface with a
mild applied load below 10 nN and the dc current measured
while the bias was ramped. We allowed for a finite scan size
during the acquisition of the I-V curve in order to investigate
different locations and map local inhomogeneities. This is
also a convenient way of ensuring on the average a better
electrical contact and smearing out possible topographic con-
tributions to the I-V curve. The tip was scanned along the
same line. Scan size was set to 500 nm and scanning velocity
was set below 100 nm/s. Each applied bias was kept constant
along several scan lines to ensure a good statistics. Figure 5
shows a representative pair of topographic and current maps
acquired simultaneously on a ns-PdOx�He�, as described
above. The bias applied to the AFM tip was ramped from
positive to negative values with respect to the sample. The
bias applied during each scan line is shown in the side box of
Fig. 5. The same topographic profile is repeated in the topo-
graphic map of Fig. 5. The fact that the profile does not
change significantly during the scan suggests that we can
exclude destructive interactions between the AFM tip and the

film, which is a necessary condition for performing any elec-
trical characterization in contact mode. The current map
shows no signal until a negative bias of approximately
−1.5 V is applied; after that moment, the current map shows
nanoscale variations.

Figure 6�a� shows a complete I-V dispersion measured on
a ns-PdOx�He� film above the gold microelectrode. This
sample with unknown thickness showed a low parasitic ca-
pacitance �Cpar=25 fF�. According to the results of Sec.
III B, we can infer that the thickness of this film is below 10
nm. In Fig. 6�a� the current values measured for each applied
voltage are spread over a large interval and the marker size
in the figure does not allow one to appreciate their actual
distribution, which looks deceptively uniform. In order to
highlight the leading trends in the dispersion shown in Fig.
6�a�, we binned the current axis and calculated average cur-
rent values for each bin, in correspondence of each applied
voltage. Typically, the obtained current histograms showed
two distinct main contributions, as shown in the inset of Fig.
6�a�. These contributions were fitted with Gaussian curves, in
order to extract average values with their error �the standard
deviations� and separate the different I-V trends. The results
of this data analysis procedure for ns-PdOx�He� are shown in
Fig. 6�b�. Two trends have been identified: one is flat and
corresponds to the nonconducting nanoscale regions and the
other is nonlinear and shows a diodelike behavior. The I-V
analysis confirmed that this ns-PdOx�He� film is not homo-
geneously conducting on the nanometer scale. Although the
film is below the percolation threshold, a few conductive
paths exist, which connect the film surface to the gold elec-
trode some 10 nm below it. The presence of the two trends in
the I-V dispersion reflects the peculiar nanoscale electrical
inhomogeneity of cluster-assembled nanostructured films. In
particular, ns-PdOx�He� possesses a partially oxidized granu-
lar structure.

Figures 6�c� and 6�d� show the I-V curves of two other
samples: a 10-nm-thick ns-PdOx�He� film annealed at
200 °C for 4 h �Cpar=70 fF� and an 11-nm-thick
ns-PdOx�He� film annealed at 400 °C for 4 h �Cpar=83 fF�.
We have applied negative bias to the tip in order to avoid its
oxidation and maximize the lifetime of the conductive tip. In
all the curves it is possible to recognize threshold values of
the applied voltage at which the current significantly rises
above the zero level. For the as-deposited ns-PdOx�He� film,
the threshold value is �0.8 V for both positive and negative
applied voltages. In the sample annealed at 200 °C the
threshold bias is shifted �in magnitude� to a larger value �
�2 V�. The maximum current intensity measurable is set by
the current limiter ��150 nA�. In the sample annealed at
400 °C the threshold bias values are further shifted toward
larger absolute values ��3.4 V�, after which the increase in
current values is slower than in the previous curves. In this
sample the current value reaches only −5 nA with an applied
bias of −5 V. Our data support the hypothesis that annealing
improves the film oxidation, especially in the topmost sur-
face layers, which produces a decrease in electrical conduc-
tivity. The bulk cluster layers are less affected by the oxida-
tion from ambient oxygen, therefore in both samples a
conductive network survives to oxidation, determining a
similar parasitic capacitance.

FIG. 5. �Color online� Representative topographic and current
maps acquired on a ns-PdOx�He� film. A finite scan size of 500 nm
was allowed in the fast-scan direction, while the slow-scan direction
was disabled. The bias applied to the AFM tip during the scan is
shown in the side box.
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D. Measurement of the dielectric constant of ns-PdOx films

When the tip is far away from the electrode, the capaci-
tance is determined primarily by the tip cone, the cantilever,
the chip, and the tip holder. This parasitic contribution Cpar to
the total capacitance is approximately linear in the tip-
electrode distance for variations in several hundred
nanometers,23

Cpar�z� = q − mz , �1�

where z is the tip-electrode separation, and m and q depend
primarily on the geometry and size of the tip-electrode as-
sembly. The apex contribution to the total capacitance is non-
linear and dominates at small separation. An approximate
expression for Capex in the presence of a dielectric film is35

Capex�z� = 2��0R ln�1 +
R�1 − sin �0�
z − h0 + h0/�r

� + K�R,�0� , �2�

where h0 is the film thickness, z−h0 is the tip-film distance,
�0 is the vacuum dielectric constant, �r is the relative dielec-
tric constant of the film, R is the tip radius of curvature, �0 is
the tip cone angle, and K�R ,�0� is a constant. An approxi-
mate expression for the total capacitance C�z�=Cpar�z�
+Capex�z� is therefore

C�z� = q� − mz + 2��0R ln�1 +
R�1 − sin �0�
z − h0 + h0/�r

� , �3�

where q�=q+K	q, because q	K �in our case, q is typi-
cally 3 orders of magnitude larger than K�. The dependence
of Capex on �r suggests that the local relative dielectric con-
stant of a thin slab of material can be inferred from the mea-
sured capacitance vs distance curves.

Figure 7 shows C�z� vs z measured on a 17-nm-thick
ns-PdOx�He:O2� film. An offset of 47.69 fF has been sub-
tracted from the curve. The capacitance and the cantilever
deflection have been simultaneously recorded as a function
of the distance traveled by the z piezo during approaching-
retracting cycles. We obtained the correct tip-sample distance
axis as the sum of the translated piezo traveled distance and
the cantilever deflection36 �the piezo traveled distance is

FIG. 6. �Color online� I-V
curves acquired in spectroscopy
mode on ns-PdOx films. A scan
size of 500 nm was allowed dur-
ing acquisition of I-V curves,
while the slow-scan direction was
disabled. �a� Scattered I-V curve
acquired on a ns-PdOx�He� film.
The inset shows the histograms of
the current values measured for
two applied bias and the multi-
Gaussian fit. �b� The data shown
in �a� after binning and multi-
Gaussian fit for the identification
of the leading trends; �c� I-V curve
acquired on ns-PdOx�He� an-
nealed at 200 °C for 4 h; �d� I-V
curve acquired on ns-PdOx�He�
annealed at 400 °C for 4 h.

FIG. 7. Capacitance vs distance curve acquired on a
ns-PdOx�He:O2� film with thickness of 17 nm �a vertical offset of
47.6 fF has been subtracted�. A sudden increase in the curve slope is
detected at distances below �60 nm. The dotted line is the fitting
curve by Eq. �3�. In the inbox the deflection of the cantilever and
the simultaneously measured capacitance as a function of the dis-
tance traveled by the z piezo is shown. ac bias amplitude: 0.5 V;
frequency: 100 kHz; dc bias: 0 V; integration time: 300 ms; ap-
proaching velocity: �5 nm /s.

CASSINA et al. PHYSICAL REVIEW B 79, 115422 �2009�

115422-6



translated so that its value is zero in correspondence of the
jump-in position, where the tip comes into contact with the
film; the cantilever deflection is translated so that its value is
zero at large distances�. The film thickness was summed to
the distance axis in order to obtain the distance from the
bottom electrode. The subattofarad resolution was achieved
by averaging ten curves acquired by applying an ac bias with
amplitude of 500 mV and frequency of 100 kHz, and setting
the integration time of the lock in to 300 ms and the ap-
proaching velocity to a few nm/s. The curve clearly shows a
constantly sloped region at distances larger than 60 nm and a
sudden increase in slope below 60 nm due to the apex con-
tribution. The film thickness and the effective radius of cur-
vature of the tip have been independently measured. An ef-
fective radius of curvature of the tip of R=154�19 nm has
been obtained by fitting the capacitance-distance curve ac-
quired on a bare metallic electrode using Eq. �3� with h0=0.
The film thickness has been calculated by imaging with the
AFM a region of the film where a sharp step has been pro-
duced by partially masking the substrate during the deposi-
tion. Using the measured h0 and R values in Eq. �3�, the fit of
the capacitance-distance curve acquired on the
ns-PdOx�He:O2� film provided m�0.340�0.002 aF /nm,
q=47.69�0.01 fF, and an effective dielectric constant �r

=8.4�2.1. We notice that the sensitivity of the parasitic ca-
pacitance to variations in heights is quite low, only 0.34 aF
gained per nanometer. This is the result of the optimization
of the geometry of the electrodes. In addition, we engaged
the AFM tip in correspondence of the very end of the micro-
contacts in order to minimize all parasitic capacitive cou-
plings between the cantilever assembly and the microelec-
trodes, keeping the cantilever from shadowing the electrodes.

We have reported a direct measurement of the dielectric
constant of a nanostructured PdOx film and one of the very
few on PdOx.

37 The measured value represents an effective
dielectric constant averaged over an area of order ��R2

=250�250 nm2. The characterization of the local dielectric
constant could be implemented in a force-volume-like
scheme, where capacitance-distance curves are acquired at
each point of a grid, spanning a finite area of the film surface,
and postprocessing �fitting� of this capacitance-volume map
would transform it in a map of the local dielectric constant,
in one-to-one correspondence with the topographic map.

IV. CONCLUSIONS

We have performed an electrical characterization of nano-
structured cluster-assembled palladium oxide films by means
of a custom scanning impedance microscope based on a low-
noise transimpedance amplifier integrated in a commercial
AFM. Performing electric impedance rather than dc current
measurements turned out to be a successful approach for the
characterization of the electrical properties of very soft and
poorly adherent samples with nanometer spatial resolution.
Capacitance-distance spectroscopy proved to be a powerful
tool to characterize the dielectric properties of nanostruc-
tured thin coatings in a noninvasive way; we measured the
local dielectric constant of ns-PdOx, which is �r=8.4�2.1.
Local I-V spectroscopy revealed nanoscale electrical inho-
mogeneities in ns-PdOx films, related to the peculiar nano-
structured nature of these films and to the different deposi-
tion and postdeposition synthesis conditions. Moreover, we
have shown that the direct measurement of the parasitic con-
tribution to the total tip-sample capacitance, typically an un-
wanted side effect of nanoscale impedance measurement de-
vices, can be beneficially exploited to probe the overall
mesoscale conductive character of thin coatings. In particu-
lar, coupling parasitic capacitance measurements to XPS, we
obtained a qualitative picture of the oxidation of Pd nanopar-
ticles and thin nanostructured films under various conditions.
The presence of oxygen in the cluster source turned out to
enhance the formation of an oxide outer shell on metallic Pd
clusters, allowing the deposition of insulating films. In turn,
annealing in ambient atmosphere up to 400 °C of films as-
sembled using Pd metallic clusters was effective in oxidizing
a surface layer only a few nanometers thick while preserving
the overall conductivity of the bulk film. These findings are
interesting in view of the synthesis of nanostructured Pd
films with controlled oxidation for applications as model
catalytic surfaces or in biosensing and chemosensing de-
vices.
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