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s a consequence of the increasing

miniaturization of electronic and

magnetic devices, nanostructured
materials are receiving more and more at-
tention, especially due to their optical, elec-
trical, and mechanical properties, which dif-
fer definitively from those of bulk
materials."” Thus, in the emerging field of
nanoscience and nanotechnology, nano-
tubes, nanorods, and nanowires are key
forms for both understanding the proper-
ties of nanostructures and developing new
nanodevices.*® Several strategies have
been developed for the growth of nano-
structured materials. Known methods,’ '8
however, require high temperatures and
special conditions; in some cases, they re-
sult in complex and tedious procedures. For
instance, the selection of suitable catalysts
and templates is not straightforward, and
the removal of templates and/or the stabili-
zation of unsupported nanostructures in
some cases represent crucial issues that
may compromise the structural and physi-
cal properties.'® Metal-organic chemical
vapor deposition (MOCVD) procedures of-
fer, in the case of nanomaterials, the usual
advantages associated with easy deposition
over large areas, as required in many ad-
vanced technological and industrial
applications.

Platinum nanostructures, in particular,
are expected to be important components
in future nano-electronics, due to their in-
teresting properties that include a very high
chemical stability, a strong resistance to oxi-
dation, and a remarkable thermal conduc-
tivity. Because of these properties, much at-
tention has been devoted to the study of
Pt films, which are used as electrical con-
tacts in semiconductor devices,?*?" protec-
tive coatings for special instruments,?? and
catalytic agents in different chemical
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ABSTRACT The electrical conductivity of platinum nanocolumns has been imaged and measured by conductive

atomic force microscopy. The successful syntheses of well-aligned (100)-oriented Pt nanocolumns on both random

and oriented substrates have been carried out via a simple and seedless metal- organic chemical vapor deposition

process. Control of the crystalline quality has been achieved by carefully selecting operational conditions. The

growth mechanism, depending on deposition parameters (including deposition temperature, oxygen partial

pressures, deposition time, and substrate nature), has been examined in detail.

KEYWORDS: nanocolumns - platinum - MOCVD - electrical characterization

processes.>>~2> Nevertheless, the scaling-
down of electronic circuits will soon need
nanostructured platinum materials; hence,
experimental methods suited for directly
addressing the electrical properties of plati-
num nanostructures are highly desirable.

To date, Pt films have been grown by dif-
ferent techniques, including molecular
beam epitaxy (MBE),?%?” pulsed laser
deposition,?®?° sputtering,>*3' and
MOCVD.32737 In particular, various com-
plexes have been tested as platinum
MOCVD precursors, such as [(ns—
Cp)PtMe;],%® [(m>-MeCp)PtMe,],>%3° alkyl-
platinum complexes of the types [PtMe,L,]
and [PtR(Me)L,],*° and
bis(acetylacetonato)platinum(ll).

On the other hand, the growth of Pt
nanostructures has been achieved mainly
by template synthetic methods.*>™*°

In this paper, we report on a seedless
and template-free MOCVD approach to the
synthesis of Pt nanocolumns. Uniform ar-
rays have been obtained on large-area sub-
strates having different natures (glass, Ni-
based alloy, namely Hastelloy C276, and
SrTiO5(100) single crystals). Here, we illus-
trate the principle behind this synthetic ap-
proach by studying both the role of indi-
vidual operational parameters in the
process and the influence of these param-
eters on the morphologies of Pt samples. In
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Figure 1. (a) Typical SEM image of Pt nanocolumns grown
in the 280-400 °C range on glass substrate without tem-
plate and/or seeds. (b) Typical XRD pattern of (100)-oriented
Pt samples grown in the 280-400 °C deposition tempera-
ture range. (c) Rocking curve of the (100) Pt nanocolumns re-
corded using the 200 reflection. (d) Pole figure of the Pt
nanocolumns recorded using the 111 reflection. (e) SEM im-
age of a Pt film grown at 450 °C. (f) XRD pattern of a polycrys-
talline Pt sample grown at deposition temperature >400
°C.

addition, the study of the electrical properties at the
nanoscale level by conductive atomic force microscopy
(C-AFM) is reported. C-AFM provides a direct imaging
of the morphology and electrical properties of the plati-
num nanocolumns and, therefore, offers a clear percep-

tion of the low-dimensional physical properties.

RESULTS

The present study describes the growth of (100)-
oriented platinum nanocolumns on different substrates
(glass, Hastelloy C276, and SrTiO5(100)) by MOCVD, us-
ing the platinum(ll) acetylacetonate (Pt(acac),) precur-
sor without catalytic or template actions.

First, experiments were carried out on a glass sub-
strate in the 220-550 °C temperature range using flows
of 100 sccm Ar and 200 sccm O, This substrate was
chosen on the basis of several considerations: (i) it is
amorphous, and thus it does not influence the orienta-
tion of Pt growth; (ii) it is resistant to oxidation; and (iii)
it is chemically stable in the investigated temperature
range. The onset of Pt deposition was observed at 250
°C. However, slightly higher deposition temperatures
(280 °C) were required to obtain a better homogeneity
over the entire 10 X 10 mm? substrate area.

In the 250-400 °C range, Pt nanocolumns were ob-
tained (Figure 1a). The related X-ray diffraction (XRD)
patterns (Figure 1b) show only two peaks, centered at
26 = 46.2° and 103.65°, related to 200 and 400 platinum
reflections, respectively. This is indicative of textured
nanostructures along the (100) direction.
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Figure 2. (a) SEM cross-section image of the Pt nanocol-
umns perfectly perpendicular to the substrate surface. (b)
SEM top view showing the homogeneous growth of the Pt
nanocolumns on the substrate, which was completely cov-
ered. (c) SEM magnification of the Pt nanocolumn tip, con-
sisting of four triangular {111} facet faces. (d) TEM cross-
section image of Pt nanocolumns, showing that Pt tips are
sharp and 20 nm wide. (e) High-resolution TEM image of the
nanocolumn tip, indicating that the four triangular top faces
possess a lattice space of 0.227 nm, related to the d,,, space
of cubic Pt, as modeled in the inset.

The related rocking curves (Figure 1c), recorded us-
ing the 200 reflection, display full width at half-
maximum (fwhm) values ranging from 9.8° to 8.5°.
These values, even though much greater than those ob-
tained for epitaxial films on single-crystal substrates,
provide clear evidence that oriented Pt nanoarrays can
be easily obtained on random substrates using a
catalyst-free and template-free MOCVD approach. Bet-
ter insight into the in-plane orientation has been ob-
tained from the pole figure shown in Figure 1d. Pole fig-
ures were recorded using the 111 reflection (26 =
39.90°) as a pole. All the present samples grown in the
250-400 °C range show a circular feature, obtained at
W = 54° as a consequence of there being no in-plane
texturing. Conversely, in-plane-oriented samples would
have shown four peaks repeated every 90° of ¢.

In the case of depositions beyond 400 °C, the data
collected pointed out that the samples are mainly ran-
dom polycrystals, as demonstrated by the related XRD
patterns (Figure 1f), which show all the reflections ex-
pected for a polycrystalline Pt sample (JCPDS No.
4-0802). Scanning electron microscopy (SEM) images
(Figure 1e) of samples deposited at higher T, show a
quite different morphology. There is no evidence of
nanocolumn formation, but rounded grains 200 nm
wide are observed. This is a convincing indication that
the nanostructure critically depends on deposition
temperature.

A cross-sectional SEM image (Figure 2a) of samples
grown at 250-400 °C suggests that Pt nanocolumns
grow almost perfectly vertical to the substrate surface.
A typical MOCVD deposition (60 min) yielded columns
with diameters ranging between 40 and 80 nm and
lengths of 1.8-2 wm, so that the aspect ratio ranges
from 22.5 to 50. The average size increases with longer
deposition times, up to 100150 nm in width and 8 um
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length for 3 h experiments. In every case, note that the
substrate is uniformly covered (Figure 2b). Thus, the
presently reported approach can be an appealing
method for the growth of nanostructured arrange-
ments on very large areas.

Each nanocolumn grows along the (100) direction
and is capped by pyramids, the four triangular faces of
which are clearly visible in Figure 2c.

Further morphological characterization using trans-
mission electron microscopy (TEM) shows that typical
Pt nanocolumns have sharp tips of 20 nm width (Fig-
ure 2d). The high-resolution TEM image (Figure 2e)
demonstrates that the four triangular top faces pos-
sess a lattice space of 0.227 nm. This value is in agree-
ment with the d,,, interplanar distance of cubic Pt.
Thus, the nanocolumns’ tips consist of {111} planes
which represent the most stable planes in a face-
centered-cubic (fcc) system in terms of surface energy.

Finally, the sample purity was evaluated by
wavelength-dispersive X-ray (WDX) analysis. In particu-
lar, there is no evidence of carbon contamination (<2%)
in the entire 250-550 °C range, as expected for clean
decomposition processes. This is because oxygen plays
a crucial role not only in determining the formation of
the nanocolumns (vide infra) but also in regard to the
purity of the arrays, accordingly to studies previously re-
ported on the deposition of copper oxide films from
the Cu(acac), precursor.*”*® In fact, oxygen influences
the decomposition of acetylacetonate or other non-
fluorinated ligands, helping remove the organic
byproducts produced during decomposition.**° In
the case of platinum, hydrogen has also been shown
to play a key role in reducing the carbon impurities.>"

Study of Process Parameters. A better understanding of
the role played by various deposition parameters in
controlling the morphology can be obtained by an ac-
curate comparison among samples deposited under
different conditions, i.e., evaluating the influence of the
deposition temperature, the sublimation precursor
temperature, the oxygen partial pressure, and the na-
ture of the substrate.

In regard to the effect of the deposition tempera-
ture, several experiments were carried out in the 250-
550 °C range, keeping constant the Ar flow (100 sccm),
the oxygen flow (200 sccm), and the sublimation tem-
perature (170 °C).

The Arrhenius log plot of deposition rate vs 1/T (Fig-
ure 3a) shows, over the entire temperature range, the
profile typically associated with CVD processes. In the
lower Ty, region (250 °C < T, < 380 °C) a linear trend
is observed, indicating that the deposition occurs un-
der a kinetically controlled regime. Fitting the experi-
mental data in the linear range (250 °C < T, < 380 °C)
provides an apparent activation energy for the process
of 23 = 2 ki mol ™.

Upon increasing T, to 380-450 °C, the deposi-
tion rate no longer depends on the temperature. There-
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Figure 3. (a) Growth rate of Pt samples vs 1/T,, in the 250~
550 °C range. (b) Plot of the nanocolumn length vs deposi-
tion time at T, = 280 °C, showing a linear trend. (c) Pt
nanocolumn length vs oxygen partial pressure from 1 to
8.8 Torr.

fore, the growth rate is limited by mass transport of
the precursor to the substrate surface. Under this re-
gime, the maximum growth rate is 33.3 nm/min. Be-
yond 450 °C, the deposition rate decreases due to the
depletion wall effect.

Finally, at T4, = 280 °C, usually adopted for stan-
dard experiments, the nanocolumn length depends lin-
early upon the deposition time (Figure 3b).

Influence of Sublimation Rate of the Pt Source and Influence
of Oxygen Partial Pressure. In these experiments, the depo-
sition temperature was kept constant at 280 °C, the Ar
flow was maintained at 100 sccm, and the oxygen flow
was maintained at 200 sccm. The precursor sublimation
temperature was varied in the 150-180 °C range.

Clearly, fiber texturing and surface morphology do
not depend on the precursor sublimation T in the 150-
170 °C range, while higher sublimation T (180 °C) causes
the formation of some larger nanocolumns (>100 nm
wide) with a less uniform size distribution. Therefore, it
can be concluded that precursor temperature mainly
controls the size distribution and does not affect the
texturing.

The influence of oxygen partial pressure (0.5-8.8
Torr) was investigated by varying the oxygen flow from
50 to 800 sccm. The experiments were carried out at
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280 °C, using a sublimation temperature of 170 °C and
an Ar flow of 100 sccm.

It was observed that low oxygen partial pressure
(0.5 Torr) yields poorly crystalline samples. In contrast,
greater oxygen partial pressures (=1 Torr) favor the
(100) orientation, and the related XRD patterns, in fact,
show more intense and narrower 200 peak intensity, in-
dicating a better crystallinity.

There is evidence that P, > 1 Torr is of relevance
since experiments carried out in the absence of oxy-
gen and using an additional Ar flow did not result in
the formation of platinum nanocolumns. Moreover, fur-
ther experiments adopting a delayed O, flow (intro-
duced after 30 min) resulted in the sudden growth of
platinum nanocolumns (observable by the “naked eye”
in the form of a black coating of the substrate) just after
the O, feeding.

The oxygen partial pressure, however, has no influ-
ence on the growth rate (Figure 3c); in fact, no change
in the Pt nanocolumn length was observed by varying
Po, from 1 to 8.8 Torr.

In addition, the influence of oxygen flow on the Pt
nanocolumn size is negligible. However, it plays a cru-
cial role in determining the (100)-oriented growth
mode, and it assures the preparation of pure and C-free
samples.

Influence of Substrate Nature. To test the influence of
the nature of the substrate, several further experi-
ments were carried out at 280 °C on both random and
single-crystal substrates. In particular, Hastelloy C276
(Ni-based alloy) foils were used as random metallic sub-
strates, while SrTiO5(100) was employed to test the ef-
fect of an oriented single-crystal substrate.

Platinum samples deposited on Hastelloy C276 con-
sist of (100)-oriented Pt nanocolumns (Figure 4a), simi-
lar to samples deposited on glass. Thus, amorphous
and metallic substrates allow the growth of platinum
(100)-oriented nanocolumns.

The influence of an oriented single-crystal sub-
strate, namely SrTiO5(100), was tested as well. In this
case, the chosen lattice parameter (a = 3.905 A) is very
close to that of platinum (a = 3.923 A). In principle, epi-
taxial Pt films were expected due to the very small lat-
tice mismatch (0.45%). Nevertheless, platinum samples
deposited on SrTiO5(100) substrates in the range
250—400 °C showed the same texturing and morphol-
ogy observed in the case of random substrates (Figure
4b). No improvement of the c-axis alignment of the
nanocolumns was observed, and the fwhm values (8°)
of the rocking curves are close to those found on glass.
Moreover, Pt samples deposited above 400 °C, up to
850 °C, are polycrystalline and do not possess the co-
lumnar morphology; instead, square ordered grains are
clearly visible in Figure 4c.

In conclusion, the present low-temperature MOCVD
process appears to be substrate-independent and pro-
duces high-quality nanocolumns on glass, Hastelloy

&) VOL. 1 = NO.3 = LO NIGRO ET AL.

Figure 4. SEM images of the surface morphology of Pt
samples grown (a) at 280 °C on Hastelloy C276 substrates,
(b) at 280 °C on SrTiO5(100)-oriented substrates, and (c) on
SrTiO;(100) substrate above 450 °C.

C276 alloy, and SrTiO5(100) single crystals. In particu-
lar, our studies indicate that morphological and struc-
tural properties are closely related to the temperature
range adopted in the deposition process.

C-AFM Measurements. The electrical properties of the
Pt nanocolumns on Hastelloy C276 substrates were in-
vestigated by C-AFM measurements, a variant of atomic
force microscopy that uses a conductive cantilever tip
connected with a pre-amplifier module. C-AFM can,
therefore, collect simultaneously both the morphologi-
cal image and the current map. Alternatively, it is pos-
sible to measure a local current versus voltage upon
stopping the scan.

Preliminary electrical studies on Pt nanocolumns
were performed by a simultaneous morphological and
current imaging at fixed voltage (+1 V). In the current
map (Figure 5, right), preferential routes for the electri-
cal conduction with current peak intensities on top of
each single nanocolumn are shown. There is no evi-
dence of notable variations of current transport among
different nanocolumns, although some fluctuations oc-
cur at the boundaries, the spatial distribution of which
can be easily identified due to the abrupt current drop
in the corresponding regions. This is an indication of a
well-defined barrier at the boundaries among nanocol-
umns. Conversely, nanocolumns represent separate
blocks rather than particularly rough grains (inset of Fig-
ure 5).

www.acsnano.org
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Figure 5. AFM morphological image (left) and the current map (right) of the Pt nanocolumns. The 3-D image of the current
map (inset) indicates a well-defined barrier at the boundaries among nanocolumns, which represent blocks rather than par-

ticularly rough grains.

Morphological and current imaging at different
bias voltages on a nanocolumn area region and on
plain Hastelloy C276 were compared as well. Figure 6a
shows an edge in the scanned regions at biased differ-
ent voltages due to the absence of Pt nanocolumns in
the left part of the image. The substrate current maps
show a constant characteristic with no significant cur-
rent variation upon increasing the voltage in the con-
sidered voltage range (22-32 mV). By contrast, the pres-
ence of nanocolumns causes strong current variation
upon increasing the tension. This different behavior is
highlighted in Figure 6 by the color variation in both re-
gions. In particular, below 25 mV, the current sign is
negative in the nanocolumn region. In contrast, at volt-
age >26 mV, the current sign becomes positive. This re-
sult points to an inner potential in the Hastelloy C276 -
nanocolumn system of about 26 mV.

Moreover, by stopping the tip scanning, current-
voltage (/I-V) measurements (Figure 6b) were per-
formed on the single nanocolumn and on plain sub-
strate. Ohmic behaviors were observed in both cases,
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Figure 6. (a) Comparison between the morphological and
current imaging at different voltages biased in two regions:
covered and not completely covered by nanocolumns. (b)
Local current versus voltage (/-V) plots obtained by stopping
the C-AFM scan and performing the electrical measure-
ments on a single nanocolumn and on plain Hastelloy C276
substrate.
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and the two patterns cross each other in a singular I-V
point when the applied voltage is opposed to the inner
potential (26 mV). Moreover, the slope of the I-V curve
was used to calculate the single nanocolumn resistivity
from the following relation:

p=RY (1)
where R is the resistance calculated on the basis of the
C-AFM current measurements, A (70 X 70 nm?) is the
mean area of a single nanocolumn, and / is the mean
length (about 1200 nm).

The evaluated resistivity value is about 22.2 X 10~°
Q- cm, only twice the platinum bulk value (10.6 X 10~°
Q-cm).

The recorded data indicate that Pt nanocolumns
possess very good conductivity. These results demon-
strate that there are sufficient mobile charge carriers in
the nanodimensional lattice.

DISCUSSION

Nanofabrication aims at building nanoscale struc-
tures that can act as components, devices, or systems
in large quantity and with potentially low costs. For sev-
eral decades, MOCVD fabrication has been the most
popular industrial synthetic method for the growth of
thin films. Here, we show the capabilities and applica-
tions of the MOCVD technology for nanofabrication.

The proposed MOCVD approach represents an inno-
vative, low-temperature and low-cost synthetic method
that proved to have several advantages over the widely
used template and/or catalytic methods for the fabrica-
tion of ordered nanostructures.

It is innovative because, to the best of our knowl-
edge, no MOCVD fabrication of nanostructured arrays
has been previously reported, besides the growth of
epitaxial nanostructure arrays.>?~>* In that case, the
growth of the nanostructures was induced by the epi-
taxial relationship between the nanocolumns and the
substrate.

Furthermore, our approach requires mild opera-
tional conditions (low deposition temperature and
common gasses), and the growth rate is quite high
(33.3 nm/min). Moreover, in contrast to the major solu-
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tion methods, which cannot produce controlled assem-
blies of nanocolumns, this method assures the fabrica-
tion of uniform ordered arrays on several substrates,
including those required in several fields, from cataly-
sis to nanoelectronics, and from biotechnology to gas
sensing. As a matter of fact, all these applications re-
quire the production of tailored architectures on very
large areas.

Finally, and even more importantly, the present ap-
proach is absolutely general since it can be adopted
for the deposition of fcc materials over any substrate.
In fact, the occurrence of the (100) texturing and of the
columnary morphology at low deposition tempera-
tures can be rationalized using the growth model re-
ported for metallic and oxide films (Ag, Cu, Al,O,, TiO,)
deposited on random substrates by physical vapor
deposition (PVD) techniques and by the Mochvan and
Demchishin model, respectively.>>*® Both models rely
upon three different kinds of structures and morpholo-
gies, depending on the homologous temperature (T,, =
Tdep/TmeIting)'

In particular, polycrystalline or amorphous sub-
strates have irregular atom arrangements on the sur-
face, and there is no definite geometrical similarity be-
tween the film and the underlying substrate; thus,
under a non-epitaxial growth regime, there is an infi-
nite number of possible orientations and morphologies
for growing grains.>> However, more and more studies
on the texture of fcc metals (Ag, Au, Cu, Al, Ni, and Pb)
grown on polycrystalline or amorphous substrates have
shown that all of them possess predominantly (100) ori-
entation in the 0.3-0.5 T, range.>>>’

The PVD growth model related to texturing is
based on the differences of surface energies and
elastic energies between grains of different
orientations.>>>” For example, in fcc metals, the
(111) orientation is favored on the basis of surface
energy considerations. Nevertheless, in the 0.3-0.5
homologous temperature range, the (100) texture
prevails due to the different elastic energy stored in
grains with different orientations. The entire process
is, therefore, governed by the balance between dif-
ferences of the intrinsic elastic stress and the surface
energy. The consequence is that grains with lower
strain orientation grow at the expense of neighbors
having greater strain energy orientations. The in-
crease of the film thickness results in the balancing
the bulk and surface energies and causes the pre-
dominance of crystallographic planes different than
the {111} planes.

Note that the T}, range of the present MOCVD experi-
ments (0.26 < T, < 0.34; T,,aiing(Pt) = 2045 K) lies well
within the limits reported for PVD processes.

At higher deposition temperatures (450-850 °C), all
the present samples are randomly oriented. Tempera-
tures in this range correspond to homologous temper-
atures in the 0.41-0.5 range, involving crystallite forma-

/@) . .
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tion controlled by greater surface mobilities. It is
reasonable to assume that, under these conditions, sur-
face energies play a more important role in determin-
ing the preferred texture, so that (111) orientation is
favored.

Therefore, the texture is mainly controlled by the
deposition temperature, but it also depends upon the
thickness, since grain dimensions control the stored
elastic energy while the surface energy is related only
to the grain surface. Moreover, we have observed the
111 reflection at film thicknesses >6 pum. These results
are in accordance with the proposed model for PVD
growth of Ag films, which shows the 111 reflection at
film thicknesses >8 wm.

In regard to the morphology, nanocolumns depos-
ited in the 0.27 < T,, < 0.34 range consist of columnar
grains with a length much greater than their lateral
dimensions.

In particular, these morphological studies provide
further indication that the growth models reported for
PVD processes can be extended to the present MOCVD
approach and can be rationalized on the basis of the
Mochvan-Demchishin zone model.>®

The validity of the PVD model applied to the present
case is corroborated by data collected on different sub-
strates. In any case, Pt nanocolumns grown in identical
T ranges show the same morphology, and even in the
case of SrTiO; substrates, which could drive the epitax-
ial growth of Pt films, only Pt nanocolumns have been
observed.

This observation confirms that the present MOCVD
process is substrate independent and represents a gen-
eral approach to grow nanocolums, since in principle
it can be applied to fcc materials growing on any kind
of substrate.

CONCLUSIONS

The present paper reports on a simple, low-
temperature, seedless and template-free MOCVD ap-
proach to fabricate oriented Pt nanocolumns. Conduc-
tive AFM analysis has been used to measure electrical
characteristics at the nanometer scale.

The crystalline quality and orientation of Pt nanocol-
umns have been carefully controlled by an accurate
tuning of operational parameters. There is evidence
that morphologies and structures of Pt nanocolumns
in the 250-400 °C temperature range do not depend
on the nature of substrates, either polycrystalline or ori-
ented, but are strictly determined by operational
conditions.

SEM images show that the entire substrate is coated
with a highly uniform array of Pt nanocolumns. At Ty,
> 400 °C, platinum random films were obtained on all
the investigated substrates.
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A suitable rationale for the textural changes vs tem-
perature and for the columnar morphology has been
related to the zone model already adopted to describe
physical vapor deposition processes.

EXPERIMENTAL SECTION

The platinum samples were prepared by the MOCVD method
using a cold wall horizontal reactor. Bis-acetylacetonate platinu-
m(ll) (Pt(acac),), used as precursor, was purchased from Aldrich
Chemicals. It was purified by sublimation at 150 °C and at 103
Torr before use. The precursor temperature, during standard ex-
periments, was kept constant at 170 °C in order to maintain
high vapor pressure and sustain a high deposition rate (33 nm/
min). The influence of Pt precursor partial pressure was studied
by varying the Pt(acac), sublimation temperatures in the 150-
180 °C range. Oxygen and argon were used as reaction and car-
rier gases, respectively. They were introduced through separate
lines at 200 sccm O, and 100 sccm Ar flow during the standard
depositions, and then the oxygen flow was varied in the 50-800
sccm range in order to get oxygen partial pressures of 0.5-8.8
Torr.

Standard experiments were performed using glass as sub-
strate. The glass substrate was mounted onto a stainless steel
susceptor with silver paste. The susceptor block was heated with
an external ceramic resistance, and the substrate temperature
was monitored directly with a thermocouple inserted into the
susceptor block. The depositions were performed in the 220-
550 °C range for various deposition times (15-360 min). Further
experiments were performed on Hastelloy C276 and SrTiO5(100)
substrates and gold transmission electron microscope (TEM)
grids. Samples grown on the gold grids were used for TEM
investigations.

Thicknesses and morphologies were observed for the cross-
sectional and surface images using a LEO Iridium 1450 scan-
ning electron microscope (SEM) as well as a JEOL 2010 F TEM.
Pt sample purity was determined by WDX analysis using an Ox-
ford Instruments WDX-3PC analyzer. The analyses were carried
out at 15 kV accelerating voltage, 10 nA current, and 100 s acqui-
sition time. A thallium acid phthalate (TAP) crystal was used as
X-ray selector. X-ray diffraction (XRD) was carried out using a
Bruker 6-6 D 5005 diffractometer, working with Cu Ka radia-
tion. Electrical properties were studied by conductive atomic
force microscopy (C-AFM). C-AFM measurements were carried
out using a conductive tip (boron-doped diamond tips) so that
a voltage drop was applied between the conductive tip and the
sample. The current amplifier was 100 nA/V. Two operation
modes were applied. The conduction current was recorded in
the “scanning mode” using a constant voltage. The scan fre-
quency was usually between 0.2 and 0.5 Hz. The applied volt-
age was negative relative to the sample, and the tip acted as an
electron collector. An alternative operation mode involved the
use of the tip fixed in a particular location and a sweeping volt-
age. This configuration represents the nanometric-scale counter-
part of microscopic current-voltage measurements. The lateral
resolution of our measurements is limited by the tip radius,
which is around 10 nm.

Measurements were performed on a Digital Instrument 3100
C-AFM operating in air, in contact mode, and using NANO-
WORLD diamond-coated boron-doped tips.
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