
Research Article Vol. 12, No. 11 / 1 Nov 2022 / Optical Materials Express 4456

Experimental analysis and simulation of the
optical properties of gold nano-particles on
sodium alginate

CATERINA SUMMONTE,1 ALBERTO MAURIZI,1 RITA RIZZOLI,1

FABRIZIO TAMARRI,1 MONICA BERTOLDO,2,3 GABRIELE
BOLOGNINI,1,* AND PIERA MACCAGNANI1

1Consiglio Nazionale delle Ricerche, Istituto per la Microelettronica e i Microsistemi, Bologna 40129, Italy
2Università degli Studi di Ferrara, Dipartimento di Scienze Chimiche, Farmaceutiche ed Agrarie, Ferrara
44121, Italy
3Consiglio Nazionale delle Ricerche, Istituto per la Sintesi Organica e la Fotoreattività, Bologna 40129,
Italy
*bolognini@bo.imm.cnr.it

Abstract: The reflectance and transmittance spectra of a set of thin gold films on sodium
alginate are measured and simulated in the framework of the generalized transfer matrix method.
In the simulation, the dielectric function for the nano-particles (NP) was modified from that
of gold bulk by using a variable damping energy. A Lorentz oscillator was used to describe
the localized surface plasmon resonance. The results elucidate the structural arrangement of
the deposited material on the specific substrate. The collision frequency obtained from the
simulation indicates that the aggregation of the NPs at the nanoscopic level correlates with the
electrical properties. The intense surface plasmon resonance remains visible for film thicknesses
up to 10 nm, in spite of the increasing loss of particle separation. In addition to the attained
results, the developed methodology can be usefully applied on other case studies for a thorough
characterization of the formation of the growing NP films on the specific substrate.
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1. Introduction

In opto-electronic applications, when both optically transparent and electrically conductive
materials are required, indium tin oxide (ITO) is normally used [1]. This occurs in a wide range
of applications that span from light-emitting diodes to photovoltaic cells, touch-sensitive screens
or flat panel displays, and many others. Unfortunately, being indium a critical raw material, ITO
is becoming increasingly expensive, and the identification for a replacement material would be
highly desirable. Moreover, ITO is not suitable for flexible devices, due to its brittle nature. In this
framework, the fabrication of thin transparent and conductive films on polymers is becoming an
interesting research field for next generation devices for applications such as wearable electronics
or soft robotics, where both high flexibility and lightweight are important requisites. Among
the different polymers, sodium alginate (SA) is a very interesting material, because it is a cheap,
bio-compatible and biodegradable material, derived from brown marine algae, which can be
easily used to produce flexible and optically transparent substrates. SA is an insulating polymer,
which can be converted to conductive by simply sputtering gold on top, so that a thin surface
conductive film with high adhesion is formed [2,3].

When gold is deposited on a substrate by sputtering or evaporation, at the initial stages of
deposition the material forms an inhomogeneous layer, which does not retain the properties of
the bulk material [4–9]. Isolated regions, or nanoparticles, NP, are formed, with peculiarities
that impact on the optical and electrical properties of the growing film. The formation of NPs is
likely influenced by surface characteristics of the substrate [10].
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It would then be desirable to acquire the knowledge of the details of the deposition process
on unconventional substrates, such as SA. Simple, yet sensible techniques such as optical
characterization might give rapid insight on the details of the arrangement of the nanometric
growing material, and, to this aim, it would be desirable that the optical spectra were supported
by suitable simulation, able to derive structural information from the optical peculiarities of
the grown material. The interest in gold NP properties dates long ago, as they cover numerous
applications in optics, plasmonics, electronics, nanophotonics, sensing, biology, light harvesting,
waveguiding, microscopy, biomedicine, and many others (see Refs. [7–8,11–18] for reviews). A
wide literature exists, both on the theory of the interaction of nanoparticles with light, which is
strongly correlated with dispersion of the nanoparticle shape and size and the overall morphology
(see Refs. [7,13,15,17–27] for a not exhaustive review), and on the experimentally determined
optical spectra. Most of the attention is devoted to the optical properties of regular and well
separated NPs, with narrow size distribution [10,26–33]

On the contrary, little attention has been devoted to the case of more random, irregular and
intricate situations, like the early stages of the deposition of thin gold films, before the evolution
towards homogeneous thin films, which retain the bulk material properties [5–7]. Only few
studies are reported on reflectance and transmittance spectroscopy followed by simulation, in spite
of the ability of the technique of supplying non-destructive, routine technological information on
the growing material [34].

In most papers, simulations are performed on well separated NPs, with defined shape and size.
This is the case of an optical system that can be described with sufficient accuracy using the exact
approach based on the Mie theory, and successive modifications that have been developed to
account for geometrical peculiarities [4,10,13,18,19,22,24,31,33,35]. If the optical system is
accurately described and the correct dielectric functions (DF) for its components are used, the
NP-related optical features, such as scattering and extinction, or plasmon signals, are correctly
predicted [31]. For this kind of optical systems, the simulation is typically focused on the shape
and spectral positions of the plasmon signal that are reproduced by acting on the geometrical
parameters of the optical system [35,36]. Consequently, the spectral position of the plasmon
signal can be taken as an information itself, which can be used to draw conclusions about the
material under investigation, such as NP size and arrangement [8,26,31,32,37].

In all cases, the DF of the NPs is needed for the simulation. Some authors assume the
unmodified DF of bulk gold [10,36,38]. Alternatively, a specific DF for NPs is typically obtained
using the Drude-Lorentz formulation somewhat derived from that of bulk gold, where a size
dependent damping energy [31,33,39] or plasma energy [4,5] or both [18,27] are inserted in
the Drude term. However, a bottom-up approach is no longer suitable to treat the case of very
thin films, where the irregular arrangement and the dispersion in size, shape, and separation,
cannot be longer followed by simulation. In this case, a phenomenological description can still
reveal information on the growing material. A treatment based on Fresnel formulas at planar
interfaces, or a more comprehensive description such as the scattering matrix method can then
be used, [25,40,41], which however can also be applied to the case of ellipsometric spectra of
well separated, mono-dispersed NPs [30]. Using this method, a source for the plasmon signal
must be introduced in the optical model. A dedicated Lorentz oscillator is a typical choice: a
specific layer described by a Lorentz oscillator has been proposed [41]; or a Lorentz oscillator
has been introduced in the analytical description of the DF of the NPs [25]. A Lorentz oscillator
has been also used to describe the optical system by means of the spectral distribution function
[40]. If we stick our review to the simulations of R&T spectra of irregular thin gold films, very
little is found in the literature.

The authors in [5], using the simulation of UV vis spectra of thin sputtered films, obtain the
plasma frequency and Tauc bandgap of the gold thin film; however, only the fitting parameters
are reported in the paper. Reference [42] makes use of Mie theory-based simulation for the R&T
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spectra to check the technological process for a solar cell device. In most cases, the reported
R&T spectra of low coverage films are directly discussed, yet, only qualitative conclusions are
drawn [7,9]. In some cases, the spectra are simply inverted to obtain the extinction coefficient of
the film [6]. On the other hand, examples of simulation can be found for spectral ellipsometry
taken on thin films [30,40,41].

In summary, we note that the most of the attention so far has been devoted to the comprehension
and description of the interaction of light with gold NPs and their arrangement, providing a
considerable theoretical and computational apparatus, which however has mostly been applied to
studies on material science rather than to the characterization of practical devices.

In this paper, a more phenomenological approach is used. Rather than focusing on modeling
aspects, our goal in this work is to apply the optical characterization to gold NP thin films
viewed as technological building block layers, which for their nature are characterized by a
random, irregular and intricate arrangement, finally enabling the use of spectro-photometric
techniques as a routine tool in NP technological processing. Specifically, we intend to investigate
the technological details related to the deposition of thin gold films on SA substrate, in view of
its many applications, such as in green biocompatible opto-electronic devices. We performed
the analysis of random aggregations of dispersed NPs, with different size and shape, using a
top-down approach. The film/substrate optical system is described within the framework of the
generalized transfer matrix method [43]. The DF of the NPs is analytically described using a
Drude-Lorentz approach, where the Drude term contains information of the increased collision
frequency. The observed intense Localized Surface Plasmon (LSP) resonance signal is taken into
account by means of a specific oscillator. In this approach, the details of individual NPs in term
of morphology, size and arrangement are neglected, yet, the features at the nanoscale are revealed
from their contribution to the macroscopic properties of the material, through the quantitative
simulation of the experimental R&T spectra taken in the range 250-1000 nm, on a set of gold
NPs thin films deposited on SA. The collision frequency obtained from the simulation is put in
relation to the aggregation of the NPs at the nanoscopic level, and to the electrical properties.
The result of the analysis is represented by the DF, and specifically the collision frequency and
the LSP parameters, for a set of 14 different samples. To our knowledge, no results of this kind
for similar sets of experimental data for gold NPs have been reported before.

2. Experimentals

Flexible, free-standing SA membranes, with thickness of several tens of microns, were prepared
by solution casting from 4% wt Alginic Acid Sodium Salt (Sigma-Aldrich) solution in water. The
membranes were used as substrates for the deposition of Gold NPs, obtained by RF sputtering
at room temperature. The RF plasma power was either 20 or 30 W. Different thicknesses were
obtained by varying the deposition time in the range 45-160 s. Optical spectra were obtained
by a fiber optics UV-visible Avantes spectro-photometer in the range 300-1100 nm, equipped
with an integrating sphere. Great care was taken in measuring reflectance (R) and transmittance
(T) spectra at the same sample location. The obtained transmittance spectra were also corrected
for the light back-reflected into the sphere. The use of the integrating sphere is dictated by
the inherently rough SA substrate, rather than to scattering due to the thin gold film. This
was confirmed also by separate measurements taken on bare SA substrates. In principle, the
integrating sphere also collects the NP scattered radiation, which is therefore incorrectly ascribed
either to reflectance or to transmittance, depending on the scattering angle. However, this aspect
is ignored in the calculations because, since gold NP diameter is comparable to the film thickness,
practically undetectable scattering is expected [15].

A light beam impinging on the sample at normal incidence was used. For non-spherical
particles, only longitudinal plasmon modes (parallel to the sample surface) are excited with this
technique. [21,44]. Therefore, our results are focused on this case.
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3. Optical simulations

To simulate the reflectance and transmittance (R&T) spectra we made use of the Generalized
Transfer Matrix (GTM) method [43], applied to the film-on-substrate structure. The model also
includes the separately determined dielectric function (DF) of the SA material [45]. Briefly, the
material shows some absorption at wavelengths up to 400 nm, whereas for longer wavelengths it
is transparent with a refractive index of about 1.5. To obtain the DF of gold NPs, we started from
the DF of bulk gold described by the implementation of the Drude-Lorentz model, to which the
Drude term is modified to account for NP peculiarities, as it is described below.

The Drude-Lorentz analytical form for the imaginary part ε2 of the various dielectric functions
DFs (bulk gold and gold NPs) can be written as:

ε2(E) =
∑︂

i

E2
0i · ΓBi · E · (Ai − 1)

(E2
0i − E2)

2
+ (ΓBi · E)2

+
E2

P · ET

(E2
T − E2) · E

(1)

In the second term on the right hand side (the Drude term), EP represents the plasma energy
and ET the damping energy, given by ET = hνc, where h is the Planck constant and νc is the
collision frequency. In the first term of the right-hand side of Eq. (1), the oscillators appearing in
the sum are modified from the simple Lorentz form [46] as they feature an energy dependent
broadening parameters ΓBi, defined as:

ΓBi = Γi · exp

[︄
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Γi

)︃2
]︄

(2)

where αi is the lineshape parameter. The energy dependent broadening parameter ΓBi, originally
introduced in [47], and later applied to the Lorentz oscillator model [46,48], has been introduced
to weaken the contribution of the oscillator for energy values sufficiently different from the
oscillator energy [49]. The usual form of the Lorentz oscillator is retained if αi is set to zero. The
other symbols are the oscillator amplitude Ai, and the energy E0i. Once ε2 is defined, then ε1 is
obtained from ε2 by means of Kramers-Kronig (KK) transformation. This is needed to guarantee
the KK consistency between the real and imaginary part of the dielectric constant, which gets
lost if the energy-dependent broadening parameter is used. All calculations are performed using
the in-house developed free-ware GTB code [50].

DF of bulk gold
To obtain the DF of bulk gold, Eq. (1) has been fitted to the experimental spectra of Ref. [51].

In the simulation, the region of inter-band transitions [31] is described by a sum of three modified
Lorentz oscillators, whereas the Drude term accounts for free carrier absorption (FCA). All
resulting fitting parameters are reported in Table 1.

Table 1. Parameters of Lorentz oscillators for bulk golda

Oscillator A E (eV) Γ (eV) α

1 2.79± 0.04 6.25± 0.01 3.81± 0.05 2.00a

2 3.18 3.97 1.80 1.48± 0.05

3 2.21 2.84 0.88 0.78

aParameters were obtained using Eq. (1), (2) fitted over the experimental data of [51]: Amplitude,
energy, broadening, and lineshape parameter. The obtained plasma energy and damping energy
were EPB = 8.78± 0.02 eV and ETB = 0.073± 0.005 eV respectively, where B stands for ‘bulk gold’.
The analytical form is valid in the range 0.62-6.2 eV.
akept fixed in the simulation

For the plasma energy, a value equal to EP = 8.78± 0.02 eV has been obtained, in agreement
with similar data reported in the literature [25,27,31,52–54]. For the damping energy, the value
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ET = 0.073± 0.005 eV has been obtained, a value also confirmed by several literature results
[27,28,31,55]. The analytical form is valid in the range 0.62 to 6.2 eV. We note that the damping
energy corresponding to the static collision frequency obtained by electrical measurements [56],
namely, 0.138 meV, is not suitable to fit the DF of gold at optical frequencies. This occurs
because of the inherent frequency dependence of damping energy [57]. The obtained DF of bulk
gold is reported in the Supplement 1, Fig. S1, along with the original data. The result compares
well with literature results that use a similar approach, see [54]. A comparison with literature
results for the Drude parameters of bulk gold can be found in the SI (Table S1).

DF of gold NP
To describe the DF of gold NPs, the plasma energy in Eq.(1) was fixed to the value of bulk

gold, whereas the damping energy ET is set as a free parameter, to account for the limited
mean free path and increased collision frequency, νc, of the nanostructures with respect to bulk
gold [4,18,20,21,26,28,31,33]. The increase of the Drude damping energy ET for gold NPs
is related to the inverse of particle dimensions, possibly through a factor which depends on
environment and geometry [17,18,28,33]. Other factors are the scattering of electrons at the NP
surface, the interaction of oscillating electrons with other electrons and fixed positive charge,
and the energy dissipation within the metallic lattice [18]. The modified oscillators 1 to 3 of
Eq. (1), which describe the UV-blue region of the absorption spectrum, dominated by inter-band
transitions, have the same parameter values used for bulk gold. Moreover, a fourth oscillator was
introduced to account for the strong absorption signal detected in the range 500-1100 nm for
film thicknesses below ∼7 nm. This signal is due to the LSP that sets up in presence of isolated
gold NPs [15,17,21,22]. Its modeling by means of a Lorentz oscillator was already proposed
[25,41]. To conclude this section, the simulation of the DF for gold NP is performed using 5
parameters: the four parameters related to the modified LSP oscillator (ELSP, ΓLSP, ALSP, αLSP,
which represent the energy, amplitude, broadening, and line-shape parameter respectively) and
the damping energy ET, for which a lower limit was set equal to the value obtained for bulk
gold, ETB. Film and substrate thicknesses were also left as free parameters in the simulation.
The possibility of using an effective medium with a void fraction for the gold thin film was not
considered in the model used, for reasons that are described in Section 4.

4. Results

The irregular and disordered character of the Au/polymer films, that would be difficult to describe
using a bottom-up approach, emerges from SEM images (Fig. 1). The observed roughness is to
be ascribed to the organic substrate rather than to the thin gold film [3].

The metallic films appear as an aggregate of NPs, increasingly interconnected for growing
thicknesses. For the thinnest sample (2.0 nm from the simulation, see below), a clearly
discontinuous layer is observed (Fig. 1(a)). This would suggest that the material could be properly
simulated using an effective medium approximation, with the introduction of a void fraction.
However, this was not applied because, for thicknesses much lower than the onset of interference
as in this case, thickness and void fraction are correlated parameters that cannot be simultaneously
determined. The thickness extracted from the simulation is therefore the lower limit of the
actual thickness, and, in presence of a low-density material, is to be regarded as an “equivalent”
thickness, i.e., the thickness of a dense film containing the same amount of material.

From the optical simulation, film thicknessess in the range 2.0 to 26.5 nm are obtained. The
experimental R&T spectra, as well as the spectra resulting from simulations, are reported in
Fig. 2. The arrows indicate the direction of increasing film thickness. The sample with highest R
and lowest T refers to a 26.5 ± 1.5 nm thick Au sample. For this sample, the best fit converged
to the optical constants of bulk gold, i.e., ALSP vanished, whereas ET saturated at its minimum
allowed value, namely, the value of bulk gold.

https://doi.org/10.6084/m9.figshare.20502723


Research Article Vol. 12, No. 11 / 1 Nov 2022 / Optical Materials Express 4461

(a)                                          (b)  (c)

Fig. 1. SEM images of selected gold/SA films, with deposition conditions and simulated
thickness, from left to right: (a) 20 W, 45 s, 2.0 ± 0.5 nm; (b) 30 W, 75 s, 3.4 ± 1.0 nm; (c)
20W, 90 s, 3.5 ± 1.0 nm. The observed roughness is to be ascribed to the organic substrate
rather than to the thin gold film.

Fig. 2. (a) Experimental (black) and calculated (color) reflectance for all samples. The
arrows indicate the direction of increasing overall deposited material. (b) Experimental
(black) and calculated (color) transmittance for all samples. The arrows indicate the direction
of increasing overall deposited material.
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An overall good agreement for all samples between experimental and simulated spectra is
shown in Fig. 2, confirming the validity of the developed optical model. In Fig. 2(b), most
spectra exhibit a broad minimum in T, located at around 650 nm for the 2 nm sample, and at
longer wavelengths for thicker samples. Such a minimum, which cannot be simulated using the
DF of bulk gold in the framework of the GTM method, indicates the presence of the intense
extinction signal associated to the onset of LSP resonance. Because of the lower sensitivity of R
on absorption, the same feature is less evident in R spectra.

We now focus on the parameters obtained from simulations. The equivalent thickness of gold
films is reported in Fig. 3. The figure shows a constant (equivalent) deposition rate, higher for
higher plasma power in RF sputtering deposition. The obvious result supports the choice for
the optical model. Figure 4(a), 4(b) report the energy and broadening of the LSP oscillator as
a function of equivalent film thickness. The LSP energies (Fig. 4(a)) are located in the range
between 1.2 and 1.8 eV; we can observe a decrease in ELPS for increasing film thicknesses up to
∼ 5 nm, while for thicker films the red shift behaviour is not maintained. The contribution of the
LSP to the imaginary part of the DF, ε2,LSP, is calculated from Eq. (1) by ignoring the Drude
term, and inserting only the LSP term in the sum. Figure 4(c) shows that the ε2,LSP peak intensity
(i.e. ε2,LSP at E=ELSP) increases as the film thickness increases from 2 nm to ∼ 4 nm, then it
decreases, vanishing at ∼ 10 nm.

Fig. 3. Equivalent thickness obtained from the simulation of experimental R&T spectra.
The legend indicates the plasma power used for the sputtering deposition process (triangles:
20W power, diamonds: 30 W power). The lines indicate a linear fitting.

The spectral ε2,LSP for all samples are reported in the SI, Fig. S3. The overall behaviour
(initial increase with thickness associated with some red shift, then a decrease of intensity with
no further shift in energy), is also evident. All LSP parameters are reported in Table S1 of SI.

In Fig. 2(a), and 2(b), we note that the simulation quantitatively covers the experimental
spectrum from the region of interband transitions (wavelengths between 300 to about 500 nm) to
the near infrared region (≈ 1000 nm wavelength), not only on the LSP resonance region. It is
for this reason that the collision frequency could be obtained as an independent parameter and
encompassed within its mathematical description, rather than its effect being confused with the
details of the LSP.

Hence, an insight on NP aggregation can be obtained from the collision frequency obtained
from the damping energy ET as νc =ET / h. ET for all samples is reported in Table S1 of the
SI. The collision frequency is reported in Fig. 5 as a function of film thickness. In the figure,
the experimental points are arranged along a narrow line with minimum scattering, which again
supports the validity of optical model employed in the simulations and the physical significance
of the fitting parameters. The figure shows that the collision frequency is sensibly higher than the
‘bulk’ value, νc,BULK =ETB/h, also reported in the figure.
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Fig. 4. LSP parameters as a function of equivalent thickness: energy of the LSP oscillator,
ELSP (a); broadening of the oscillator, ΓLSP (b); peak value of the associated contribution
to the imaginary part of the dielectric constant, ε2,LSP (c). The lines are a guide to the eye.
(triangles: 20W power, diamonds: 30 W power)

Fig. 5. Collision frequency versus equivalent thickness of samples (triangles. The value
for bulk gold is also indicated. The continuous lines represent the condition of thickness-
dependent mean free path Eq. (3), for some of the different values of the fitting factor F that
can be found in the literature. The dashed line is a guide for the eye. (triangles: 20W plasma
power, diamonds: 30 W plasma power)
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For our reference, we can compute the collision frequency of isolated NPs of diameter d, which
is given by Eq. (3):

νc = νc, BULK +
2VF

d
· F (3)

where vF = 1.4·1015 nm/s is the Fermi velocity for gold and F is an empirical fitting parameter
[15,17,18,20,26,28,31].

If we set d equal to the film thickness, Eq. (3) also represents the expected collision frequency
for electrons scattered at the surface of gold NPs having a diameter equal to the film thickness.

Equation (3) is plotted in Fig. 5 for different values of F, which is often assumed equal to
1, although values from 0.1 to 2 have been reported [17]. With reference to such curves, we
observe that at the very initial stages of the deposition, and under our experimental conditions,
the obtained νc is consistent with isolated NPs with diameter comparable to the film thickness.
For higher thicknesses, νc rapidly decreases, becoming equal to νc,BULK when the thickness
reaches 20 nm, hence indicating that in-plane aggregation and interconnection of the deposited
material has occurred, so that the contribution of the interaction of optically excited carriers with
NP surfaces becomes negligible.

A comparison between the results of Figs. 4 and 5 indicates a strict correlation between the
LSP details and the collision frequency. It is observed that the LSP amplitude decreases for
increasing film thickness, and vanishes when, based on the optically extracted collision frequency,
the deposited material approaches the bulk limit.

The optical analysis also motivates the results of the electrical characterization that we
performed for our manufactured devices, that have been partially reported in a previous paper [3].
The sheet resistance (vs sample thickness) measurements are reported in Fig. 6.

Fig. 6. Sheet resistance measured on manufactured samples, vs. equivalent thickness
(triangles: 20W plasma power in sputtering deposition, diamonds: 30 W plasma power in
sputtering deposition).
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Both optical and electrical measurements confirm the evolution towards an isolated NP model
for decreasing thickness of deposited material. Specifically, an increase in sheet resistance of
several orders of magnitudes is observed for both values of RF plasma power when film thickness
decreases below ∼4 nm (see Fig. 6). With reference to Fig. 5, as noted above, for such a low
thickness the collision frequency is compatible with the case of isolated NPs, although a precise
threshold value for the occurrence of continuous domains is uncertain due to the controversial
values of the empirical factor F reported in the literature. In other words, as soon as an electrical
percolation network starts forming in the growing gold layers, an effect is optically detected in
the decrease of the collision frequency. Yet, the presence of a LSP still persists (Fig. 4. and Table
S1), indicating some presence of isolated gold NPs, which progressively decrease in abundance
(Fig. 4(c)), and eventually become non-significant for the thickest samples. The results of optical
simulations are also in quantitative agreement with noise spectroscopy experiments taken on
similar samples, which have been reported in [58].

In fact, it is reported that below a certain gold layer thickness, identified by the authors in
[54] in 4.5 nm, the ultrathin films feature a network of discontinuous metallic regions, whose
morphology results in specific non-metallic features. For larger thicknesses, the conducting
regions are more uniformly distributed and interconnected [58]. Our results show the existence
of a smooth transition between the cases studied in the reported reference.

Finally, Figs. 4 to 6. also show that, under the investigated conditions, no evidence is observed
of an impact of the different plasma power values in the deposition process. At least for the short
deposition times used, the higher deposition rate observed for 30 W plasma power (Fig. 1) does
not seem to be sufficient to sensibly affect NP separation, as predicted in Ref. [8].

5. Discussion

In section 4 we have reported the simulation of R&T spectra for a set of very thin, sputter-deposited
gold films on SA substrate. The free parameters in the simulations are the film and SA thickness,
the four parameters of the LSP Lorentz oscillator, and the damping energy in the Drude term,
whereas the plasma energy is kept at the value of bulk gold.

With reference to the energy position of the LSP band and the related red shift for increasing Au
thickness (Fig. 4(a)), similar conclusions can be deduced from a visual inspection of transmittance
or absorption spectra reported in the literature for evaporated or sputtered thin gold films [5–7,9].
The energy values we observe are lower than the value of about 2 eV predicted for mono-dispersed,
isolated gold NPs with diameters up to at least 100 nm, with only a slight red shift for increasing
diameter [26,28], and with the exact value also depending on shape, separation, and dielectric
environment [21,23,25,27,28].

Note that a large broadening (ΓLSP) has been observed in our study, (Fig. 4(b)). Large
broadenings have been related in literature to the shape of NPs [18] or to phase retardation [59].
In our case, however, since we are dealing with a random aggregation of NPs, the spectral LSP
width is likely dominated by the distribution of NP size, shape, as well as isolation, rather than by
the peculiarities of the LSP related to a single NP [8].

For non-spherical NPs, a red shift of LSP resonance has been also correlated to increased
NP ellipticity [8,60]. Hence, the low oscillator energy and the large broadening obtained
(Fig. 4(a),(b)) are rather indicative of an irregular set of elongated structures, that exhibit a
longitudinal mode oscillating along the longer direction, located at a red-shifted wavelength
according to the aspect ratio [8,22,39,60]. However, a numerical calculation was not attempted
for our data because the argued dispersion in shape and sizes would make the determination of
an aspect ratio from the numerical fit of the data reported in Fig.4a too speculative.

The amplitude of the LSP shows an initial increase with thickness (Fig.4c), as expected for
isolated NPs [13], followed by a decrease, and complete vanishing for thicknesses above 10 nm
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(Fig.4c), which in turn is no longer compatible with isolated NPs, since the LSP signal in that
case is expected to persist to much bigger diameters [17].

We attribute the observed reduction to the increasing formation of electrical percolation paths
between previously separated domains, that results in LSP coupling and consequent quenching
[7,61]. For the largest Au thicknesses, a continuous film is formed. This scenario is also supported
by the decrease of the collision frequency with thickness (Fig. 5), which follows a decreasing rate
which is more rapid than expected for isolated NPs having diameter similar to the film thickness,
regardless of the value of the fitting parameter F one would consider correct in our case.

The interruption of the red shift of the LSP energy (Fig.4a), associated with the decrease of
intensity (Fig.4c) and of broadening (Fig.4b), is compatible with the scenario where the observed
LSP resonance is due to the convolution of a family of signals [8,10], originated from sub-regions
where the NPs have similar shape and size dispersion, and which become less populated as
thickness increases. As the quantity of deposited material increases, an increasing number of
NPs loses its character of sufficient isolation, with the elimination of the related contribution to
the LSP signal.

Finally, we note that since the LSP oscillator is inserted within the DF of gold NPs, the related
absorption is treated in the simulations as a volume rather than a surface property, which would
be more correct for localised plasmon resonance. Thus, given that for increasing NP diameter the
volume increases more rapidly than surface, the apparent decrease of ε2,LSP (Fig. 4(c)) is probably
overestimated. Nonetheless, it is confirmed that the decreasing trend proceeds continuously up
to the complete disappearance of the absorption band, which, as mentioned above, is no longer
detected for the largest thickness, for which the fitting fully eliminates the LSP contribution.

To summarize this section, the optical analysis permits to follow the evolution toward
aggregation of an initially inhomogeneous ensemble of irregular, separated nanoparticles,
indicating the thickness range in which this occurs for the experimental conditions under
investigation.

We stress the peculiarity of the proposed procedure, that allows us to separately obtain
information on the arrangement of NPs, (and in particular the smooth transition from separated to
interconnected, as indicated both by the collision frequency and the amplitude of the LSP), and on
carrier concentration. The latter is found to be consistent with the value for bulk gold, as indicated
by the plasma energy of the Drude term, which is successfully fixed at the value of bulk gold, a
choice that resulted in a very good fitting for the entire set of samples. Therefore, the limitation
to electrical conduction at low film thickness (Fig. 6) is to be related to NP separation rather than
to low carrier concentration, in contrast to what observed in Ref. [5], where a decreased plasma
energy, and hence carrier concentration, is observed for very low Au thicknesses. It should be
noted that the opposite trend, i.e. an increase of plasma energy for decreasing thickness (up to
9.576 eV for thickness decreasing down to 3.6 nm), was obtained by fitting the experimental LSP
frequency in the framework of Mie theory [27].

The reported results are related to the specific SA substrate. Given the organic and soft nature
of the polymeric substrate, partial Au NP embedding occurs during the deposition process [62].
This embedding in an insulating matrix is likely to have a role in determining the initial level of
NP separation, that in turn may be controlled by means of deposition parameters. Indeed, it has
been reported in Ref. [63] that for similar deposition conditions, the different substrate roughness
(PTE and PTFE in that case) impacts on the conductivity of the final thin gold film, and it is
proposed that a higher roughness hinders the creation of a continuous film. The procedure can
also be used to conduct a quantitative check over the impact of the specific deposition technique.
In fact, it has been shown that, using sputtering, the LSP band is visually broader and at lower
energies with respect to the case of thermal evaporation. [6].

For gold NPs on SA substrate, we observed that the convolution of individual LSP signals
associated to a certain size, shape, and spacing dispersion of NPs can be described by a modified
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Lorentz oscillator. This is not necessarily the case when analysing other substrates. In fact,
different substrates might induce different arrangement of the NPs, resulting in a different overall
LSP signal shape, so that a different analytical function may result to be more appropriate than
the Lorentz oscillator used in our model. The details of such a function for different substrates,
such as glass compared to organic (or the same material but different roughness), might provide
information that can be used to associate the substrate specific physicochemical properties (nature
of the exposed atoms and their structure arrangement, nano-porosity, surface energy, surface
viscoelasticity, etc.) to the very initial stages of the growth, in a quantifiable way.

Finally, note that the case study reported here refers to R&T measurements at normal incidence,
that are not able to detect features like anisotropy in the DF, or in the NP arrangement, originating
for instance from angular deposition of metal NP [64].

However, if a more powerful experimental set up is used, such as for instance Mueller Matrix
Ellipsometry [65], or polarized reflectometry [66] associated to a suitable theoretical description
framework, the DF model of the material under investigation can still be described as proposed
in this paper when fitting the experimental results. Authors in Ref. [64] also reported a similar
outcome for their case of anisotropic DF in highly oriented silver NPs, which was described by
means of the sum of four oscillators.

The results reported in this paper elucidate details at the nanoscale on the formation of
gold-on-sodium alginate material, which has been proposed as transparent, environmentally
friendly substrate for flexible electronics [45]. Organic optoelectronic devices require precise
control of the optical properties of the substrate, together with its electrical behavior. The
developed methodology permitted a comprehension of material aggregation on the polymeric
substrate, enabling the fine tailoring of device performance and limiting the thickness of the
deposited metal layer at the minimum level for conduction, which has been shown to be as low
as 6 nm, yet not associated to the structural peculiarities of bulk gold. This will guarantee low
fabrication costs, light weight, and good mechanical flexibility.

6. Summary and conclusion

In summary, we have reported the optical analysis of a set of ultrathin gold films on SA membranes,
showing that the measured R&T spectra can be properly simulated by the Drude-Lorentz model,
modified from that of bulk gold by leaving the damping energy in the Drude term vary as
a free parameter, and introducing the LSP oscillator. This simple picture shows to be very
suitable to quantitatively fit a set of as many as 14 experimental spectra, which, to the best
of our knowledge, has not been reported to date, and is therefore very powerful to elucidate
details such as the thicknesses at which the aggregation of gold NPs takes place on this specific
substrate. Specifically, at the early stages of the deposition process, we observe the formation of
non-continuous material aggregates. However, an articulated reorganization and interconnection
of the deposited material proceeds rapidly. In fact, already at 10 nm thickness does the LSP
almost disappear, and beyond 20 nm the peculiarities of a continuous gold film are detected.
These results obtained from optical simulations give a reason for the observed electrical behavior
of the material, thus supplying a simple tool to evaluate the impact of experimental parameters on
the final electrical behavior. In the event that the chemical details of the surface have an impact
on the observation, we have indicated an analytical tool to investigate the growth process at the
nanoscale. The procedure is suitable to investigate the morphology and the electrical properties
of nanometric metallic layers deposited on transparent polymeric substrates, and to explore how
the aggregation phenomena of metal NPs at the metal-polymeric interface are affected by the
deposition conditions and by different morphologies and nature of the polymeric substrate.
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