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Optical properties of cluster-assembled nanoporous gold films
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We report a spectroscopic ellipsometry investigation of the electronic and morphological properties of
cluster-assembled nanoporous metallic gold films deposited from a low-energy supersonic cluster beam. We
modeled the optical response of the medium by explicitly introducing a variable degree of porosity in the film
and finite-size effects due to the cluster nanometeric size. We deduced the characteristic size of the individual
clusters within the nanoporous structure and their depth-resolved arrangement. Comparison with independent
data available in the literature yielded extremely good quantitative agreement with the results extracted from
our model, in terms of the degree of porosity of the films and of their surface roughness. The cluster-size
distribution in the films obtained by the optical model matched extremely well the one obtained by atomic-
force microscopy on isolated clusters. This demonstrates that, though the clusters are in contact with one
another in the porous film, they retain their crystallographic individuality when assembled in three-dimensional

structures.
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I. INTRODUCTION

One of the most remarkable differences that porous mate-
rials exhibit with respect to their bulk counterparts is the
availability of tremendous enhancements of free-surface ar-
eas per unit volume. This property concurs to make porous
materials extremely appealing as high-efficiency catalysts
and molecular sensors, and has accordingly fuelled huge re-
search efforts in this direction in the past years. Porous ma-
terials exhibiting typical pore size in the few nanometer
range (nanoporous) provide additional motivation for interest
as selective molecular detectors since the pore dimension
is directly compatible with the typical size of
macromolecules.'?

Among nanoporous materials, metals are receiving par-
ticular attention due to the possibility of exploiting the influ-
ence of finite-size effects on their optical response (plasmon
resonances) for ultrasensitive optical detection.>* Such type
of application offers the relevant advantage of directly ex-
ploiting the several inherent advantages of optical tech-
niques. Optical probes are in fact nondestructive, especially
when molecules are involved,’ are fast and straightforward to
employ and, not least, can probe the material response within
a volume limited only by the radiation skin depth.

Fully exploiting the potential of optical techniques in the
analysis of nanoporous materials, requires going beyond a
merely qualitative analysis of the spectra and developing re-
liable models of the optical response of the material that
keep its nanoscale structure into account.®® Successfully
modeling the system’s response yields in turn extremely
valuable information about the parameters of the nanoporous
structure such as void fraction and mean characteristic di-
mension of the metallic frame, that are typically fundamental
in determining its overall properties.

In this paper we report a variable-angle spectroscopic el-
lipsometric investigation of the morphological and electronic
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properties of thin nanoporous cluster-assembled Au films de-
posited from a supersonic cluster beam. Cluster-assembled
materials are a class of materials that have stimulated great
interest from the scientific and applicative point of view, due
to their application as sensors,'? biocompatible supports,!!
and in general for the versatile fabrication of complex three-
dimensional nanostructures endowed with novel interesting
properties.'? Gold is at the hearth of a widespread interest in
the field of nanoporous structure for (bio)molecule sensing
and for plasmonics applications. In this work, we modeled
the optical response of the cluster-assembled medium by
both applying a cluster-size-dependent correction to account
for the granular nature of the films®7!3 and explicitly intro-
ducing a depth-dependent degree of porosity in the medium.
This allowed us to deduce the effective characteristic size of
the individual building blocks of the nanoporous structure
and their arrangement in a porous films. Comparison with
data obtained by atomic-force microscopy and with theoret-
ical simulations available in the literature yielded a good
quantitative agreement with our results, in terms of the de-
gree of porosity of the Au structures and of their surface
roughness. Matching the cluster-size distribution obtained by
atomic-force microscopy with the effective-mean cluster size
extracted by optical modeling yielded a good agreement be-
tween the two methods. This provided a direct confirmation
of the success of the optical modeling, and suggests that the
low-energy assembled clusters maintain, from a crystallo-
graphic point of view, their individuality when randomly
stacked in a three-dimensional structure.

II. EXPERIMENT
A. Preparation of nanoporous Au samples

Nanostructured Au films with variable thickness in the
tens of nanometer range deposited onto 15X 15 mm? silicon

©2009 The American Physical Society
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FIG. 1. Schematic of the SCBD experimental apparatus em-
ployed for nanoporous Au film deposition.

wafers were fabricated by the Tethis Srl company. The films
were produced by supersonic cluster beam deposition
(SCBD), using an apparatus equipped with a pulsed micro-
plasma cluster source (PMCS), as schematically shown in
Fig. 1. The principle of operation of a PMCS, described in
detail in Refs. 14 and 15, is based on the ablation of a rod-
shaped target by an inert gas plasma pulse ignited by a
pulsed electric discharge: the ablated atoms thermalize into
the inert gas and reaggregate to form clusters. The gas-
cluster mixture undergoes supersonic expansion driven by
pressure difference between the source and the expansion
chamber. A group of aerodynamic lenses'® collects the gas-
cluster stream from PMCS nozzle and forces the nanopar-
ticles to concentrate close to the beam axis, increasing the
beam collimation (divergence less than 20 mrad) and the
in-axis intensity. Aerodynamic lenses also act as a mass filter,
removing the coarse tail of the particle size distribution. The
beam collimation allows the separation of the deposition
chamber from the expansion chamber, with a differential
vacuum approach, in order to reach ultraclean conditions in
the deposition chamber, where the growth of cluster-
assembled nanostructured films takes place at room tempera-
ture. The kinetic energy of about a few tenths of eV per
atom, characterizing clusters in supersonic argon beams, pro-
motes a good adhesion of the resulting cluster-assembled
film.!”!® The films were deposited at room temperature,
where low particle mobility dominates the growth
dynamics.'?2° The typically observed morphological features
of cluster-assembled films can be ascribable to ballistic re-
gime growth. Nanoscale porosity causing lower density re-
spect to bulk and surface roughness increasing with film
thickness are the most relevant features.

Prior to deposition, the wafers were cleaned by 30 min
immersion in “piranha” solution [30% H,0, (BDH Analar,
purity >30%): 70% concentrated H,SO, (Fluka, purity
95-97 %)] at 80 °C, 3 min in HF (Fluka, purity >48%), 30
min again in piranha solution at 80 °C. Each step was fol-
lowed by careful rinsing in Milli-Q water. This cleaning pro-
cedure assures a good hydrophilic substrate, characterized by
extremely uniform thickness of the native oxide layer.?! Dur-
ing deposition, a shadow mask was applied in front of the
substrate in order to deposit the clusters on half of the silicon
surface only, thereby leaving part of the wafer uncovered
with the purpose of independently assessing its morphologi-
cal and optical quality.
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Four sets of samples, characterized by different cluster-
assembled film thickness ranging from submonolayer Au
coverage to a few tens of nanometer were prepared in a
single deposition run. During the course of the deposition the
film thickness was roughly estimated by means of a quartz-
crystal monitor (QCM) previously calibrated on sacrificial
samples by cross comparison with spectroellipsometric mea-
surements. Though the absolute thickness uncertainty deter-
mined by QCM can be on the order of *10%, this method
ensures a good estimation of the relative thickness ratios for
samples prepared within a single deposition run, whose ef-
fective thickness is later assessed with more precision by
optical modeling. We will henceforth refer to the above
sample sets labeling them as A, B, C, and D. Here A refers to
the submonolayer sample, and B-D refer to sample sets of
increasing thickness for which a “continuous” film consisting
of several stacked cluster layers was formed. Upon quick
visual inspection, sample A was not discernible from the
dark-gray Si substrate, sample B exhibited a faint yellowish
patina with a strong grayish background, while samples C
and D gradually lost any gray tone and exhibited dark-
yellow, highly reflective surfaces.

B. Atomic-force microscopy

Samples with isolated clusters (set A) were used to evalu-
ate the size distribution of film precursors, by atomic-force
microscopy (AFM, Digital Instruments Nanoscope Multi-
mode 3A). For these samples the Au cluster coverage was
kept to a minimum (<1%) in order to avoid the possibility
of cluster coalescence. Careful substrate preparation before
deposition, and reference samples not exposed to the cluster
beam, were adopted to favor artifacts elimination (or recog-
nition) in AFM images. In order to rule out the contribution
of pathological topologies, statistic of in-plane particle diam-
eters was compared with statistic of particle heights to iden-
tify the particle subset characterized by the proper height-
diameter relation of spheroidal objects. Final size
distribution was obtained limiting the statistic to the heights
of this subset, therefore removing also the overestimation
due to AFM tip radius. Lognormal distribution, as expected
for cluster growth by gas-phase monomer aggregation into
PMCS, shows a mean size of 2.7 nm and a maximum well
below 2 nm, as reported in Fig. 2 (blue-contoured bars). The
fractional volume distribution as a function of the particle
diameter, obtained by multiplying the size distribution by the
particle volume (under the hypothesis of spherical clusters)
and normalizing the distribution to unity, is also reported as
the solid orange bars. The fractional volume distribution is
peaked in correspondence of a particle diameter d
~(6.5%2) nm. In the bottom part of Fig. 2, we report a
typical AFM image of sample A (image 1), and of sample D
(image 2). In the former, isolated Au clusters are clearly
discernible on the substrate, while in the latter, the rough,
granular surface characteristic of thick cluster-assembled
films is apparent.

C. Spectroscopic ellipsometry spectra

The spectroscopic ellipsometry (SE) characterization of
the samples was performed by a J. A. Woollam M-2000S
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FIG. 2. (Color online) Top: blue-contoured bars: size distribu-
tion of Au precursors extracted from the AFM characterization of
submonolayer samples. Solid orange bars: fractional volume distri-
bution extracted from the precursor distribution by multiplying it by
the cluster volume and normalizing the obtained distribution to
unity. See text for details. Bottom: representative AFM images of
sample A (image 1) and sample D (image 2).

rotating-compensator spectroscopic ellipsometer, capable of
measuring at 225 wavelengths in the 245-725 nm spectral
range, at angles of incidence adjustable between 40° and 90°.
The principles of ellipsometry are thoroughly described in a
number of publications.’>?* The output of the standard
SE measurements is the ratio p of the p-polarized and
s-polarized complex Fresnel reflection coefficients r,, and
1y routinely expressed in terms of the two angles W and A
as

pzf’ﬂz:tan Pl (1)
rSS

In order to obtain physical information on the systems
under scrutiny, samples are typically modeled as a stack of j
layers, each characterized by its complex dielectric function
g;=(gy,8,) and its effective thickness d;, and the system’s
W(N) and A(N) spectra are calculated and compared with the
experimental data until the best agreement between simula-
tion and experiment is found by varying the appropriate layer
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FIG. 3. (Color online) Experimental A(\) and W(\) curves mea-
sured for cluster-assembled Au films. Data for samples B, C, and D
are reported as the blue, orange, and red symbols, respectively.
Clean-substrate (gray lines) and bulk gold (fuchsia lines) ellipso-
metric spectra are reported for reference.

parameters. Simulations and optical fitting were performed
with the aid of the WVASE32 program, supplied by the manu-
facturer. Measurements were systematically performed at
three angles of incidence (60°, 65°, and 70°) though, for the
sake of clarity, only the data at 65° will be shown here.

In Fig. 3 we report the W(\) and A(\) spectra measured at
65° of incidence for samples B, C, and D (blue, orange, and
red symbols, respectively), approximately 4 days after their
fabrication in the SCBD setup. Along with such spectra, ref-
erence W(\) and A(\) spectra measured for a typical Si sub-
strate in its as-prepared state, and for a freshly flame-
annealed, optically thick (200 nm) Au film deposited on a
glass slide coated with a Cr primer (Arrandee) are reported,
as the gray and fuchsia lines, respectively. The SiO,/Si spec-
tra are easily recognizable by their two characteristic features
in the UV region, corresponding to the dominant Si absorp-
tion peaks. The spectra recorded for sample B accordingly
still bear a strong resemblance with the one of the substrate,
and exhibit only an overall fading of the Si-related structures
in the UV, accompanied by the appearance of Au-related
spectral features in the visible part of the spectrum. Increas-
ing the Au film thickness further, the experimental spectra
lose any similarities with the initial substrate data, while at
the same time not quite approaching the reference Au spec-
tra, even for the thickest film under scrutiny.

At this stage, extracting information about the morpho-
logical and electronic properties of the films is possible ei-
ther by converting the W(\) and A(\) spectra into so-called
pseudodielectric functions or by thoroughly modeling the
film structure in terms of appropriate layer stacks and corre-
sponding dielectric functions. Whereas the first route was
employed in a number of studies,?>?° it mostly yields quali-
tative insights only on the actual film properties. The latter,
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though harder to implement, yields instead precious quanti-
tative information on the detailed structure of the nanogranu-
lar films, and will be the approach of our choice.

III. MODELING SE SPECTRA
A. Au dielectric function

Modeling the optical response of the cluster-assembled
films requires taking into account a few basic characteristics,
namely, their intrinsically granular nature, their (likely
thickness-dependent) porous structure on the nanometer
scale and the presence of a marked surface roughness.

For this aim, we will not discuss here the case of isolated
clusters (sample A) or the transition between isolated clusters
and continuous films,?”-28 but rather focus on the case of
thicker films, for which the clusters have aggregated in
thicker, three-dimensional structures. For the purpose of this
study, the main use of submonolayer samples was that of
providing independent information on the size distribution of
clusters produced by the SCBD source. At the extremely low
coverage needed to reliably measure the cluster size by AFM
measurements, the influence of the Au clusters on the bare-
substrate response is so small to become noticeable only
upon observing the difference between the spectra of sample
A and the substrate.’ Even then, no clear signature of a well-
defined surface-plasmon resonance peak’’*’ was observed.
This we ascribed to both the poor Au signal at this coverage
and to the broadening of the plasmon peak arising from both
the size distribution of the Au clusters’ and from the effects
of interaction with the substrate.3! We point out that detailed
treatments of the optical properties of isolated Au particles
and structures on various surfaces can be found in a number
of publications.”-3233

The granular structure of the films can be modeled by
correcting the bulk-Au dielectric constants g, by the intro-
duction of a size-dependent extra contribution Ae related to
enhanced electron scattering in correspondence of cluster
boundaries.®”* Thus, the dielectric constant of the granular

medium g,, will be written as &,,=¢&,,,+Ae, where Ae
reads
2
o) 1 1
Ag=—L - - - . (2)
wl| w+il'y; w+il'(R)
Here w, is the plasma frequency and TI'(R)=I',,;

+Avp/R, where vy is the Fermi velocity, I, is the scatter-
ing rate of bulk gold, A is an empirical parameter whose
value is typically close to unity,”%?%3*35 and R is the radius
of the grain. We assumed bulk values for vp=1.4
X 10° m/s, w,=8.8 eV, and I',;,=3.3Xx 10" s717

The reference optical constants of bulk gold g, were
determined by inversion of the corresponding SE spectra re-
ported in Fig. 3, yielding values in good agreement with
benchmark results for this system.>’-3 The experimental
value for the real and complex part of g, are reported in
the top panel of Fig. 4 as the orange and red symbols, re-
spectively. The optical constant g,,; was then expressed in
analytical form, in the form suggested by Etchegoin et al.,*®
as the sum of a free-electronlike Drude contribution and of

PHYSICAL REVIEW B 80, 205428 (2009)

-20 = | | | | 1 =0
300 400 500 600 700

Wavelength [nm]
d, BEMA 2: x,Au, +(1-x,)void | €

ng

d, BEMA 1: x,Au,+(1-x,)void | €

ng
dsion | SIO, Esio,
Si Eg;

FIG. 4. (Color online) Top panel: real and imaginary part of the
bulk-Au dielectric constants extracted from the W(\) and A(N)
spectra reported in Fig. 3 (orange and red symbols, respectively).
Solid black lines: best fit of the Au dielectric constants, according to
the analytical model of Ref. 36. Bottom panel: scheme of the layer
stack model employed for fitting the optical response of the cluster-
assembled Au films.

two interband transitions whose defining parameters were
adjusted to provide the best fit to the experimental &,,;. The
two interband transitions were located at a wavelength N\
=461 nm and A=335 nm, respectively, whereas the plasma
wavelength \,=27c/w, was \,=136 nm, in good agree-
ment with the analysis of Ref. 36. The best-fit curves to &,
under this approximation are shown as the solid black lines
in the top part of Fig. 4.

As far as the porosity is concerned, we treat the medium
with the Bruggeman effective-medium approximation
(BEMA).*” In doing so, some care must be taken, since
BEMA approaches fail to correctly reproduce the physical
properties of the percolated mixture, like its dielectric con-
stant, in proximity of the percolation threshold.?”-3-3 While
we cannot reliably a priori assess the proximity of our sys-
tem to the percolation threshold, we can judge the effective-
ness of the BEMA approximation based on its capability of
reproducing the experimental spectra. Finally, the thickness
dependence of any of the various characteristics of the
cluster-assembled systems are conventionally modeled intro-
ducing suitable gradings of the film properties (porosity,
cluster dimensions, etc.) along the direction normal to the
surface.
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B. Layer model and fit

The layer model that we adopted for the -cluster-
assembled Au films, according to the above discussion, is
sketched in the bottom part of Fig. 4. The substrate is mod-
eled as an infinitely thick Si layer, topped by a thin SiO, film,
with a transition layer inserted between the two to allow for
possible interdiffusion or inhomogeneity of the Si/SiO, in-
terface modeled as a BEMA layer with 50% Si and 50%
SiO, composition.?! Tabulated values for the optical con-
stants of Si and SiO, have been employed.*>*! The substrate
parameters (thickness of the silicon oxide and of the inter-
mixing layer) were initially optimized by fitting them against
the bare-substrate spectra, and subsequently held fixed
throughout the fitting procedure of the Au film data. The
nanoporous Au film is schematized as a stack of two BEMA
layers each consisting of a variable fraction of “granular”
gold (with dielectric function g,,) and voids (g¢=1). The
BEMALI layer represents the film fraction in direct contact
with the substrate, whereas we label BEMA?2 the layer in
contact with the ambient. The thickness and the void fraction
of the BEMA1 and BEMAZ2 layers are left free to vary com-
pletely independent of each other, whereas the dielectric
function g,, is set to be common to both the BEMA1 and
BEMAZ2 layers, based on the observation that both are
formed by the stacking and aggregation of the same precur-
sor clusters.

In the Au films, the parameters left free for optimization
were the thickness of each BEMA layer, its void fraction and
the finite-size correction Ae to the bulk-Au dielectric con-
stant. The interband contribution to &,, was assumed con-
stant and fixed at the bulk value, thereby neglecting any band
distortion effect, and the depolarization factor L within each
BEMA layer was fixed at L=1/3 (spherical inclusions). A
number of fitting procedures was performed starting from
different sets of initial conditions to ensure the reproducibil-
ity of the results. An uncertainty on the order of =5% on the
porosity and of =2 nm on the thickness for the Au BEMA
layers was estimated.

The best-fit A(\) and W(\) simulated spectra are reported
in Fig. 5 on top of the experimental data already shown in
Fig. 3. For each sample, the pertinent morphological param-
eters corresponding to the best-fit spectra are reported in the
left part of Fig. 6; the best-fit imaginary part of the granular
gold dielectric function g,, are reported for each sample in
the right panels of the figure.

IV. DISCUSSION

In Fig. 5 we notice very good agreement between data
and simulations, the only significant discrepancies between
the two sets of curves being found for the C and D samples
in the UV regions. We are accordingly confident of the abil-
ity of our model to capture the essential characteristics of the
nanoporous materials, thereby also justifying the description
of the effective dielectric properties of the mixture in terms
of the BEMA approach. The best-fit procedures yield differ-
ent thickness of the nanoporous Au layer, ranging form little
more than 10 nm for film B to almost 60 nm for sample D.
However, despite this relatively large film thickness range,
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FIG. 5. (Color online) Experimental and simulated A(\) and
W(N\) curves for the cluster-assembled Au films. Experimental data
for substrate and samples B, C, and D are reported as the blue,
orange, and red symbols, respectively. Best-fit simulated A(\) and
W(N\) curves, according to the model described in the text, are re-
ported as the solid black lines and superimposed to the correspond-
ing experimental data.

many similarities appear in the morphological characteristics
of the samples. The BEMAL layers, i.e., the porous Au layer
in direct contact with the substrate, exhibit a fairly similar
porosity ranging between 22% and 35% over the various
samples, whereas the BEMA?2 layer is consistently more po-
rous for all the samples, with void percentages ranging be-
tween 69% and 83%. This suggests that the “inner” film
layers are characterized by a metallic behavior whereas in
the BEMA?2 layer some degree of spatial confinement might
occur. For each sample, we also notice that the thickness of
the BEMAZ2 layer exhibits a very clear linear scaling with the
corresponding BEMA1 thickness, and we stress that the best-
fit procedure yields dielectric functions g, for the granular
Au which are extremely similar over the three different
samples, showing markedly larger values at the near infrared
end of the spectrum with respect to the reference Au dielec-
tric function g, The information extracted from the fitting
therefore provides interesting insights on both the morpho-
logical and the electronic properties of the cluster-assembled
films that are worth discussing further.

In this respect, the first point we address concerns the
degree of porosity obtained for the two effective-medium
layers. For the BEMAI1 layer, we obtain relative densities of
the cluster film with respect to a corresponding bulk system
roughly between 0.65 and 0.8. These values are in very good
agreement with molecular-dynamics simulations performed
for cluster-assembled Au films employing realistic cluster-
size distributions*? that predict 0.6 relative density for 0.25
eV/atom deposition energy and 0.95 for the 1.25 eV/atom
case (note that these deposition energies are comparable to
ours). In the BEMAZ2 layer, instead, much lower relative den-

205428-5



BISIO et al.
Sample B ——
5.4 nm void:69%
9.7 nm void:35%
1.4 nm
0.75 nm R .
| | | | |
300 400 500 600 700
Wavelength [nm]
Sample C I
19.1 nm void:81%
33.2 nm void:26%
1.7 nm ©
0.6 nm o O FlatAu
C
0 | | | | |
300 400 500 600 700
Wavelength [nm]
Sample D
T T T T T
23.4 nm void:83%
40.3 nm void:22%
1.7 nm
0.7 nm ,L O FlatAu B
—D
| | | | |

300 400 500 600 700
Wavelength [nm]

FIG. 6. (Color online) Left: layer models corresponding to the
best-fit curves for samples B, C, and D. The best-fit value for the
layer thickness is indicated, along with the void fraction, where
applicable. Right: imaginary part of the dielectric function &, cor-
responding to the best-fit simulations for samples B, C, and D (blue,
orange, and red lines, respectively). The dielectric function of bulk
gold is reported for reference as the open symbols. The dashed
black line is the calculated value for the dielectric function of a gold
cluster with radius R=4 nm.

sities roughly within the 0.2-0.3 range are extracted via the
optical modeling. The BEMA2 layer can be accordingly
viewed as an effective surface roughness layer for the porous
films,*? in strict analogy with the optical modeling of surface
roughness adopted in bulk samples.’* According to our
model, the BEMA?2 thickness scales linearly with respect to
the BEMAL thickness, in substantial agreement with previ-
ous experimental observations and with independent calcula-
tions carried out for cluster-assembled films.*>*? Overall, the
good matching between the outcome of the optical model
and the independent information available from the literature
confirms the quantitative reliability of the information de-
rived from our analysis, and supports us in discussing the
nanoporous Au effective dielectric constants, reported in the
right panels of Fig. 6. There, the best-fit wavelength depen-
dences of g,, for samples B, C, and D are reported as the
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blue, orange, and red lines, respectively. According to Eq.
(2), the marked increase in €,, at long wavelength with re-
spect to g, is a clear fingerprint of the corresponding re-
duction of the electron mean-free path in our samples. From
the e,, curves, the mean effective radius R of the Au grains
within the porous film can be deduced applying Eq. (2), pro-
vided a reliable value of the parameter A is available. In the
literature, values of A with some spread between roughly 1
and 2 have been reported.”**> Assuming a value of A=4/3,
as employed in Ref. 7 for colloidal suspensions, we obtain a
mean diameter of the grains d=9 nm while employing A
=1, as suggested by Aspnes* for morphologically continu-
ous Au films, yields a slightly lower mean diameter d
~6.75 nm. We can safely assume that the correct value lies
in between these extrema with a propension for the
“continuous-film” value of A=1. The imaginary part of the
dielectric function that matches best the results of the fits,
calculated under these assumptions is reported as the dashed
black line in the panels on the right side of Fig. 6.

The mean cluster size deduced by ellipsometry can be
now meaningfully compared with the one deduced on the
basis of the AFM characterization of submonolayer samples,
allowing to deduce the degree of mutual cluster coalescence
when assembled in the three-dimensional porous film struc-
ture. However, a bit of care is required in doing this, since it
can be expected that each precursor cluster will contribute to
the overall optical response of the material not according to
its relative abundance, but rather to the relative volume it
occupies within the film. Hence, the relevant cluster-size dis-
tribution to be compared with the results of the optical analy-
sis is not the basic cluster-size distribution, but rather the
volume fraction distribution, reported in Fig. 2 as the orange
solid bars, that effectively “weighs” each cluster’s contribu-
tion according to its volume. This distribution, that peaks at
d=(6.5%2) nm, provides a value of the “effective” mean
cluster size which is compatible with the one deduced via the
optical modeling.

While pointing out the remarkable fact of achieving such
a similarity between two measurements obtained by two very
different methods, we suggest that this finding is a strong
indication that the clusters mostly retain their crystallo-
graphic individuality when assembled in the film. Thus, de-
spite giving rise in the BEMALI case to a typically metallic
behavior, the clusters apparently do not achieve epitaxial
alignment upon getting in contact with one another. This
result closely agrees with existing simulations predicting the
tendency of randomly deposited metal clusters with deposi-
tion energy comparable to ours to maintain their own crys-
tallographic alignment upon assembly in “thick” films, with
the consequent formation of various crystal defects at cluster
boundaries.**~*6 From the point of view of the optical re-
sponse, the contact of the clusters upon their stacking gives
rise to long-range electrical conduction paths in the film that
apparently suppress any spectral feature derived from local-
ized plasmon resonances. However, the absence of mutual
coherent epitaxial alignment between the clusters still causes
an increase in the electron-scattering rate at the cluster con-
tact points, thereby provoking the extra Drude-type absorp-
tion, that is, clearly visible in the low-energy side of the

best-fit dielectric functions g,, even in absence of spatial
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confinement. Interestingly, our model also suggests a sub-
stantial independence of the effective mean grain size upon
the film thickness. This indicates that the energy deposited in
the film by the impinging clusters during deposition does not
induce major film annealing or a rearrangement of the clus-
ters sufficient to substantially reduce the amount of crystal-
lographic defects relevant for the free-carrier scattering as
the film thickness is increased. What we cannot instead ex-
clude from our data is the fact that the smallest clusters (di-
ameter =<2-3 nm), that are relatively abundant in the size
distribution, might achieve some degree of epitaxial align-
ment upon landing onto larger particles, as the theory indeed
suggests.*? In this case, the net effect would be a depletion of
the low-size tail of the precursor cluster distribution of Fig. 2
in favor of larger clusters that would effectively push the
mean cluster size in the films to a value higher than the
original distribution. Under this assumption, the agreement
between the ellipsometric and the AFM analysis would be
even stronger.

V. CONCLUSION

In conclusion, we have investigated the morphological
properties of thin nanoporous Au films deposited by soft
cluster assembly, i.e., in the absence of surfactants, onto a
silicon surface. We have developed a simple model to char-
acterize the nanoporous films based on the analysis of their
optical response, explicitly including both finite-size effects
due to the granular nature of the material, and the material
porosity. The analysis of the optical measurements per-
formed according to such model allowed to extract the mor-
phological parameters defining the film properties, such as its
thickness, roughness, degree of porosity, and mean effective
size of the constituents clusters. These data were compared
with the results of theoretical simulations on analogous sys-
tems available in the literature, and with a microscopic char-
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acterization of the precursor clusters performed by AFM,
yielding a remarkably good agreement in all these aspects. In
particular, the effective size of the clusters deduced by spec-
troellipsometry nicely matched the data extracted by AFM
analysis, thereby suggesting the occurrence of limited cluster
coalescence in the film during the deposition. Within this
framework, the analysis of the optical response of the
cluster-assembled films appears as a fast probe of sample
properties, such as the degree of epitaxial alignment of the
clusters within the film interior that, although extremely pre-
cious for understanding the system’s behavior, are typically
complex to obtain from experiments.

Characterizing material porosity by ellipsometric
techniques,‘”’48 is nowadays a well-established method, that
typically relies on the observation and modeling of
adsorption-desorption vapor isotherms from the system un-
der scrutiny. In this respect, our work employs a different
physical mechanism for determining the pore characteristics,
in which no interaction with the environment is required.
Thanks to this, both closed and open pores in the material are
observable, and typical pore dimensions reaching the nano-
metric domain can be accounted for, with no need of mod-
eling the vapor properties inside the pores. We accordingly
believe that our work gives a further strong contribution in
promoting spectroscopic ellipsometry as a powerful and non-
invasive characterization tool for nanoporous structures with
possibly relevant fallouts in highlighting molecule-surface
interactions in confined geometries.
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