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The dielectric function e(w) determines the optical behavior of thin and ultrathin metal films, crucial for many
research areas and devices. Surprisingly, even for the paradigmatic case of evaporated Ag films, a large scattering
of e(w) exists, mainly because the film is modelled by neglecting grain structure and surface roughness. Here, we
quantitatively describe the optical - morphological relationships for Ag films in the 5.4 to 63 nm range thermally
evaporated on fused silica. The experimental reflectance and transmission spectra are reproduced by a multilayer
model employing an effective medium approximation for each layer. For the 9 nm thick film we describe how the
film grain size and shape, porosity and surface roughness determine the reflectance and transmission spectra, and
the total film e(w). Moreover, we provide the thickness dependent trend of the morphology-optical response
correlation thus obtaining a complete quantitative description of the Ag films behavior up to the transition to the
bulk regime. These results make this work a milestone in the morphology-optical understanding for ultrathin
metal films and open new perspectives in the interpretation of thin film properties and in the design of the optical
response of a tailored system.

1. Introduction

Thin and ultrathin films represent a potential and a challenge for
many applications, such as plasmonic devices [1], photovoltaic cells
[52], transparent conductive multilayers [3], electronics [5], sensor,
[6,27] optical [1] and antimicrobial coatings [7-9]. In these systems, the
interplay between the optical response and the morphological structure,
e.g grain size and shape, porosity and surface roughness, is greatly
enhanced. Localized surface plasmon resonances (LSPR) are determined
by the grain extension and crystallinity [1], which confines free electron
motion, and by defects and film thickness [1,11-13,34]. The surface
roughness of film acts in a similar way as a scattering interface for
electron propagation, also influencing the electromagnetic and chemical
enhancement of Raman scattering [14]. Moreover, the Stransky-
Krastanov or Volmer-Weber growth mode of such systems results in
the presence of voids or pores inside the film and a surface roughness
comparable to the film height. Hence the distribution and shape of the
voids gives rise to a non-trivial behavior of light/film interaction,
making the determination of the optical constants — film morphology
relationship complicated [10]. A recent review [1] indeed underlines
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the large differences in the dielectric function ¢(w) determined from
experimental data obtained on nominally similar Ag thin and ultrathin
films deposited by thermal evaporation. The calculated ¢(w) of such
paradigmatic systems, obtained on oxide or glass substrates, turns out to
be strongly affected by deposition conditions [15,16] and by in-growth
or subsequent substrate annealing treatments [17-19]. One of the basic
and yet unresolved issues determining such reported data scattering
[1,20] is due to the assumption of modelling the system with a single
homogeneous and uniform bulk layer. In this framework the ¢(w) , ob-
tained by the numerical inversion of reflectance (R) and transmission (T)
data, or of y and A coefficients in spectroscopic ellipsometry [21],
completely neglects the grain structure and the surface roughness in-
fluence on the optical response [22,23]. Moreover, normal incidence R
and T data are not sufficient to determine unambiguously the dielectric
function [24], since different solutions are compatible with experi-
mental data. Hence, further R or T data at other incidence angles [25]
have to be included in the numerical inversion [13]. In other cases, an
analytical expression for the film dielectric function is built up ad hoc by
adding oscillators to match the calculated R and T [26] or y and A
[12,27,28] with the measured ones.
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A further issue stems from the presence of pores or voids in the film
structure, which strongly influence the physical properties [29,30]. In
such case, a mean field Bruggeman’s effective medium approximation
(BEMA) [31,32] is adopted to calculate the dielectric function. If the
characteristic film grain size, void size and surface roughness are limited
to 1/10 of the impinging light wavelength [33], the BEMA model is able
to account for the shape of the inclusions through the depolarization
factor q [36,45]. Since g describes the charge redistribution occurring in
the volume and surface of the voids or grains subjected to the propa-
gating electric field, this model is notably able to account for localized
surface plasmon resonances (LSPR) without forcibly introducing
external oscillator terms in the dielectric function of the material.
However, for nanostructured materials a single BEMA layer may not be
enough to properly describe the surface roughness and the gradients
along the film depth, either in porosity or in grain size and shape. These
effects can be accounted for only by modelling the sample as a multi-
layer stack in which each layer is described by a proper EMA with
suitable depolarization and void factor, as applied in similar the cases of
AgTiO; thin films [35,36] or nanoporous gold [37].

The third issue raises when morphology data of the film are present
but no quantitative relation with the optical spectra is established. For
instance, the LSPR shape and position are qualitatively ascribed to the
presence of Ag domains [16,38] with different densities and sizes
[39-41]. For spheroidal inclusions each spectral resonance has been
associated to a spheroid axis, while the redshift has been attributed to a
grain deformation [38]. In [16] the LSPR frequency redshift is empiri-
cally related to the grain size increase measured by AFM.

Finally, if the extracted dielectric function is compared to the one
calculated from an effective medium approximation (EMA) model
[12,27] and the film grain shape and film porosity is estimated [42-44],
surface roughness, morphology gradient, dependence of porosity and
domain shape along the film depth are not considered. A two layer
model is employed in [11], with a top roughness layer and a core Ag
region. However, in this configuration the roughness thickness is
determined, while no morphological insight is provided for the inner
region, being not described by an EMA. Only one recent work included
the surface roughness in the BEMA model to describe a Ag ultrathin film
deposited on an aluminum oxide crystal, the film being however ob-
tained by direct deposition of Ag grains, thus giving rise to a very
different system with respect to a thermally evaporated Ag film [35].

To summarize, a complete and quantitative characterization of ul-
trathin thin Ag films to establish a precise relationship between
morphological parameters and optical properties including porosity,
grain shape, percolation and roughness, is still missing. In this work, we
present the results for the paradigmatic case of ultrathin Ag films ob-
tained by thermal evaporation on fused silica. The experimentally
measured morphology and optical characteristics are quantitatively
described by modelling reflectance and transmission spectra with a
multi-layer BEMA configuration. The model, implemented through a
new home-made code for ellipsometry, reflectance and transmission
spectra computation and fitting (Determination of Effective Multilayer
Optical constants for Nanotechnology — DEMON), provides fundamental
physical insights on the morphology-optical correlation. In particular,
the thickness and morphology dependence of the optical features is
described in detail, highlighting the role of the film roughness and the
presence of voids in the determination of the dielectric function of the
films.

2. Materials and methods, calculation

The Ag films have been deposited on 1 mm thick silica (SiO,) sub-
strates (MaTeck GmbH Germany) at room temperature in medium
vacuum (base pressure = 1x10° mbar), employing 99.999% purity Ag in
a home-made thermal evaporator placed at 20 cm from the substrate,
with typical deposition rate of 3 nm/min. Films heights range from 5 nm
to 63 nm, as measured from the film/substrate edge by atomic force
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microscopy (AFM) (Park NX10) in both non-contact and tapping mode
using a PPP-NCHR tip (resonance frequency in the 250-280 kHz range,
nominal tip radius 10 nm) by nanosensor. The rooot mean square (RMS)
roughness has been obtained using the Gwyddion software from AFM
data on different 1x1 pm? images acquired with a 512x512 square pixels
size. Transmission (T) and reflectance (R) spectra in the 250 nm — 1500
nm range have been measured in air at normal and 7° incidence angle,
respectively, by a Perkin-Elmer Lambda950 spectrophotometer equip-
ped with an integrating sphere.

The new home-made fitting and computation software DEMON has
been written in Python and implemented to analyze optical spectra. A
detailed description of the code can be found in the supplementary in-
formation (S.1). Any experimental film is modelled by a stack of an
arbitrary number of layers, assuming the light incident from the top at
an incidence angle which can be chosen arbitrarily, as depicted in
Fig. 1a, and assuming a wavelength 10 times larger than the inclusion

size [33].
Each layer is described by its own dielectric function
er(w) = e1.(w) +ieg (w) or, equivalently, by a refractive index

Ni(w) = n (o) +ik,(0) = \/eL(w) . If a layer is not homogeneous in
composition or morphology, € becomes an effective dielectric function
deriving from an appropriate EMA. In the present case we have adopted
a BEMA model. If the material composing the layer consists of n ele-
ments, the effective dielectric function e can be identified as the solution
of the Bruggeman’s equation:

. Ei) — €L
=20 (€)]
,Z,:f( >€L +q(en —€r)

where ¢ are the dielectric functions of each of the composites, q is
the depolarization factor describing the shape of the inclusions and f;;
are the volume fractions of each composite. Clearly > fs =1 . q ,
varying in the range 0 < g < 1, depends on the shape and the orienta-
tion of the inclusions with respect to the incident electric field [45]. For
q = 0 the inclusions assume the shape of a plane parallel to the incident
electric fields (Fig. 2a); for ¢ = 1/3 the inclusions are modelled as
spheres (Fig. 2b); for ¢ = 1 the inclusions are pillar-like structures with
the longer side normal to the electric field (Fig. 2c).

To reproduce the porosity of a layer it is sufficient to attribute one of
the inclusions in eq. (1) to the pore’s vacuum (¢(; = £4)= 1) , hence we
refer to fi; = f(,) as the porosity. In this framework, the f and ¢ EMA
parameters describe the layer morphology, while the possibility of
stacking multiple layers accounts for a morphology gradient, allowing to
select for each layer the same bulk € but different g and f values in each
Bruggeman’s EMA (eq. (1)). In particular, the film roughness is
modelled by a top layer with a fixed 50% void factor in the EMA, i.e.
fw) = 0.5 . The DEMON software allows to fit the experimental R and T
intensities (or as an option the y and A ellipsometry data), by means of
the transfer matrix method, within any multi-layer and EMA configu-
rations assumed for the model. An in-depth validation of the routine on
previously published results obtained on gold films has been described
in detailed in the supplementary information (S.2). In this work we have
analyzed the R and T optical spectra acquired at normal incidence. The
fitting routine minimizes the quantity:

2 2

(Regy = Reate)” + (Tep — Teatt) @

where, “exp” indicates measured quantities and “calc” the compu-
tation outputs. The fit has been considered to converge if the deviation
of both calculated R and T from the experimental values do not exceed
2% in the entire spectrum, while the uncertainty on the fitting param-
eters corresponds to a 4% standard deviation. In the case of thermally
evaporated Ag films the multi-layer configuration is schematically re-
ported in Fig. 1(b): starting from the bottom, a 1 mm thick fused silica
substrate is followed by one or two core Ag layers, ending the stack with
a roughness layer. The pure Ag dielectric function is expressed as a
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Fig. 1. (a) General configuration of a stacked
multilayer model that can be used in the home made
DEMON code. Each layer has its own dielectric
function that can be modeled by a BEMA. Further-
more, the top layer may represent the film surface
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roughness if the void filling fraction is set to 50%.

Core
layers

N layers —

(b) The configuration adopted in this work to

Layer 2 reproduce the Ag ultrathin films: on the 1 mm thick

Layer 1 silica substrate, either one or two core layers are
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considered and each layer is modelled with its own
BEMA. In the top layer film the porosity is fixed to
50% to reproduce the film roughness.
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Fig. 2. Geometry dependence of the Inclusion shapes associated to different depolarization factors q for the case of normal incidence light. (a) For q = 0 the in-
clusions have a sheet shape and the plane is parallel to the incident electric field. (b) For q = 1/3 the inclusions assume a spherical shape. (c) For q = 1, the inclusions

become pillar-like with the longer side normal to the incident electric field.

function of the photon angular frequency o :

o

eAg(a)) = € +EIB(CU) —m (3)
Here, ¢, is the constant dielectric background, which accounts for all
the contribution from oscillators centered at energy scales far out of the
investigation range. The second term ¢j is the interband contribution,
while the third term is the Drude oscillator, with a plasma frequency wy
and a scattering rate I' . In the present work, the only fit parameter in the
eq. (3) has been I' , while all the other ones have been kept fixed and
equal to the pure bulk Ag ones, reported in the supplementary infor-
mation (S.3). The deviation of ' from the bulk reference value may be

Thickness (nm)
5.4

9.0

included by considering the electron scattering with the inclusion
boundaries, hence quantifying the size of metal inclusions through:

A
I'=Tuu + JvE C)

where vy is the Fermi velocity and r is the inclusion radius
[35,37,46,47]. A is a factor of the order of unity which depends on the
inclusion shape [48]. Eq. (4), which directly relates one of the film
morphological characteristics with the optical response, has been dis-
cussed through several models, leading to values for A around unity,
with a dispersion of the order of 20% for the same given inclusion shape
[49-51]. In the following A = 1 will be assumed. The silver dielectric
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Fig. 3. (0.25 x 1 pm?) AFM data on selected films. Scale bar 200 nm.
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function of eq. (3) has then be combined with the ¢ = 1 vacuum
dielectric function within the BEMA described by eq. (1) with n = 2, to
obtain the effective dielectric function of each layer.

3. Results and discussion

The data have been acquired and analyzed for nine different Ag
films, with thicknesses from 5 nm to 63 nm. However, for the sake of
clarity we present here the AFM images and the optical spectra for five
films only to outline the trend of the physical and morphological fea-
tures as a function of the film thickness. Fig. 3 shows the morphology of
the selected films obtained by AFM. For 5 and 9 nm thickness, the films
are constituted by well separated grains. From 17.7 to 24.3 nm thick-
ness, one observes the formation of much larger wormlike structures,
still clearly separated, while at higher coverage a more compact distri-
bution of the surface structures is observed. The AFM data, quantified in
Fig. 9 (f) by the measured roughness, clearly indicate that the
morphology of such systems is far from being bulk-like and should be
taken into account for a correct evaluation of the optical properties.

The insights on the optical-morphological properties relationships
are obtained through the application of the multilayer model previously
described (see Fig. 1b) to fit the R and T data. The number of layers
describing the different films, including the top roughness layer, is two
up to 9.0 nm and three for all other films (see Table 1). This choice al-
lows to keep the number of layers as small as possible, supposing that the
bottom layer in contact with the silica substrate is not affected by the

Table 1

Summary of the fit results for five selected Ag films, corresponding to the curves
reported in Fig. 8. t is the layer thickness, f,) the porosity and q the depolari-
zation factor. For each film thickness data are organized in four columns,
following the configuration sketched in Fig. 1b. The first column identifies the
parameter, the second column provides the values for the core layer in contact
with the substrate, the third column contains the parameters of the second core
layer while the fourth presents the results for the top roughness layer. For the
thickest film, the core layer 1 is beyond the light penetration hence its param-
eters are assumed in analogy to the other samples and labelled with an *. N.R.:
not relevant with respect to the fitting results. The complete results are reported
in table (S.4) of the supplementary information.

Film thickness Parameter  Core layer Core layer Roughness
(nm) 1 2 layer
5.4 t (nm) 1.7 +£0.4 - 3+2
fvy (%) 12.7 £ 0.7 - 50
q 0.996 + - 0.8+0.1
0.003
Al (eV) 0.4 +0.1 - N.R.
9.0 t (nm) 3.9+05 - 4+2
fo) (%) 102+£05 - 50
q 0.996 + - 0.70 + 0.05
0.003
Al (eV) 0.4+0.1 - N.R.
17.7 t (nm) 6+1 8+1 4+2
fv) (%) 2.6 0.4 0.9 +0.6 50
q 0.992 + 0.95+0.02 0.6+0.1
0.003
nr (eVv) 0.4+0.2 0.2+0.1 N.R.
24.3 t (nm) 5+1 15+1 3+2
fvy (%) 3+1 0.3+0.2 50
q 0.990 + 0.983 + 0.6 £ 0.2
0.008 0.005
Al (eV) 0.4+ 0.2 0.2+ 0.1 N.R.
63.2 t (nm) 4 55+5 4+2
fvy (%) < 5* 0 50
q 0.995* - 0.82 £ 0.04
Al (eV) 0.4* 0.02 N.R.
(<0.08)
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growth of the Ag films on top of it. The free fitting parameters for each of
the layer are: 1) the scattering rate I'" ; 2) the individual layer thickness t ;
3) the porosity f(,) ; and the depolarization factor q . The general crite-
rion is to maintain the fitting parameters values as constant as possible
to fit the data when moving from one film to the next.

3.1. Optical - morphology features correlation

To outline the important features of R and T data and the role of each
fitting parameter with respect to the physical response of the film, we
discuss first the results obtained on the 9 nm and 63.4 nm thick systems.
Fig. 4 reports the experimental R and T spectra (open dots) for the 9 nm
film together with the best fitting curves obtained from the model.
Below 330 nm, one can note a sharp minimum followed by a steep in-
crease in the R spectrum and a sharp maximum in the T spectrum. Above
330 nm, the R data present a small shoulder in the 350-400 nm interval,
followed by a broad peak centered at 500 nm and by a smooth intensity
decrease in the infrared region. Conversely, the transmission data are
characterized by a shoulder at 400 nm and a deep minimum at 500 nm,
reaching a 90 % transmission above 800 nm.

The optical model employed for this particular film height consists of
two Ag layers (a core layer in contact with the substrate and a roughness
layer, see the scheme reported in Fig. 1(b)) on top of the 1 mm thick
fused silica substrate. For the BEMA of each layer a dielectric function as
described in eq. (3) has been used as input, where ¢, , £;p and w,; are the
bulk values derived from the experimentally measured Ag metal
refractive index in [23] (more details in the supplementary information
S.3). The results from the R and T data fitting shown as blue lines in
Fig. 4 provides for the core layer a 4.5 nm height with porosity f,) =
10.2% and depolarization g = 0.996, and for the top roughness layer a 4
nm height with f;,) = 50% and q = 0.7. In the core layer the scattering
rate is Al = 0.4 eV providing a grain size of 2.4 nm through eq. (4), while
in the roughness layer the optical response is not significantly affected
(<2% variation in the R and T data) by #I" for values in the range 0eV <
Al' < 1.5eV . The two features below 330 nm are completely reproduced
in the fitting model by the presence of € , which stems from the
interband transitions of bulk Ag. The other spectra characteristics are
reproduced thanks to the film porosity, the depolarization factor and the
scattering time included in the EMA model (see eq. (4)). q and I' are
related to the shape and size of grains inside the film, determining the
morphology-dependent behavior of the LSPR resonance peaks. In our
model, each resonance originates from an EMA as described in eq. (1))
and therefore one expects that the peak shape and position will depend
onfy) ,qandT .

We indeed now discuss the influence of the fitting parameters on the
spectral characteristics of the optical data for the representative case of
the 9 nm thick film to clarify the physical feature of the model. Fig. 5
presents the dependence of the calculated R and T spectra as a function
of these three important parameter of the BEMA model, together with
the experimental data. The influence of the layer porosity f(,) on the
calculated optical response is shown in Fig. 5(a) and 5 (b). The main
peak centered at 500 nm for both R and T is significantly blue-shifted by
increasing f,) from 10.2 % to 13% (blue curve), while it is red-shifted
when f{,) is lowered to 7%, i.e. the overall trend is a blue shift of the
LSPR peak related to an increasing layer void factor. The depolarization
factor g has also a major impact on the LSPR peak since it affects the
amplitude, the width and the wavelength position (see Fig. 5(c) and 5
(d)). By increasing q from 0.996 to 1, i.e. to a pillar like film morphology
(see the scheme in Fig. 2(c)), the calculated R and T curves change from
the black to the blue ones. The 510 nm peak shape becomes sharper, the
amplitude increases and the wavelength is blue-shifted. On the other
hand a decrease of q results in a R and T curves modification from the
black to the red ones, in which we observe a larger peak width, an
amplitude decrease and a red shift. Hence a small layer morphology
modification from a complete pillar like arrangement determines a red
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(b) Wavelength (nm)

Fig. 4. Experimental data (open circles) of reflectance (a) and transmission (b), respectively, taken on a 9 nm thick Ag film deposited on a silica substrate. The blue

lines represent the best fit obtained with the model described in the text.
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Fig. 5. Influence of the porosity (panels (a) and (b)), depolarization factor (panels (c) and (d)) and scattering rate (panels (e) and (f)) on the R and T spectral features

for the case of 9 nm thick film. The black lines represent the best fit.

shift and a width increase of the LSPR.
Finally, the scattering rate I of the Drude oscillator affects mainly the
peak amplitude as shown in Fig. 5 (e) and 5 (f), while the impact on the

peak width is limited. A 60% increase of I (from the black to the blue
curve) corresponds to a 20% decrease of the peak intensity, as well as a
decrease by 60% (from the black to the red curve) brings a 25% increase
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of the peak intensity. Since the scattering rate is inversely proportional
to the inclusion radius as shown in eq. (4)), the presented behavior in-
dicates that LSPR amplitude is increasing when the grain size is
decreasing.

The BEMA employed in top roughness layer is also very important
since it allows to reproduce the shoulder located around 360 nm. For the
9 nm film the effect is barely evident, being overwhelmed by the main
peak, but its effect becomes clear for thicker films as shown in Fig. 6 for
the 63.4 nm case. For wavelengths higher than 500 nm the R and T
spectra are almost flat, while a shoulder in the 350 to 450 nm range is
visible in the R spectrum. The black curve results from the data fitting for
a film modelled by a three-layers stacking, as described in detailed
below, in which the central core layer is bulk-like and homogeneous and
the top layer describes the film roughness, with f,) = 50% and g = 0.82.
The fit is well reproducing the experimental data throughout the entire
wavelength range for both R and T. In Fig. 6 we also report the fitting
results for a model configuration without the top roughness layer (blue
curve). It clear that such case cannot reproduce the experimental data, in
particular the reflectance in the 280-450 nm range, while it does not
significantly differ for the transmission. The discrepancy can be
accounted for only when the roughness layer is included. This clearly
indicate that even for a 63 nm thick Ag film a roughness layer of 4 nm
must be considered to justify the experimental data up to 500 nm
wavelength, also clearly indicating that the bulk layer determines the
optical behavior above 500 nm.

To underline the importance of appropriately considering the system
morphology by modelling the film with a multilayer stack, we report in
Fig. 7 the real (¢1) and imaginary (e;) parts of the effective dielectric
functions of the top roughness layer (red line) and the core layer (blue
line) for the 9 nm film case. The imaginary part €, tends to zero for
wavelengths above 1000 nm in both layers, indicating a vanishing
infrared absorption. In the same region of the spectrum, the real part &
shows small variations, resulting in a limited excursion in R and T
spectra. In the 350-800 nm range, the core layer is characterized by a
marked peak in £, at 500 nm accompanied by a zero of ¢; , implying an
absorption structure and giving rise to the LSPR peaks found in the R and
T spectra. We remark how the resonance centered at 500 nm wavelength
is produced directly from the core layer BEMA without introducing
other oscillators in the dielectric functions. The roughness layer is
characterized by a much lower and broader ¢, peak and a more limited
€1 excursion with respect to the core layer. The fact that the is positive is
related to the combination of the metal Ag dielectric function with the
vacuum dielectric function inside the Bruggeman equation. The effec-
tive dielectric functions obtained for the two layers can also be com-
bined to give the overall film ¢ (Fig. 6, black lines). For this purpose,
each individual layer ¢ is summed by using a BEMA with g = 0 (this
value corresponds to the parallel layers configuration as in Fig. 2a) to
reproduce the stacking of the two layers. In this case the total dielectric

—— no roughness

0 4+
300 400 500 600 700 800 900
(a)

Wavelength (nm)
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function results as an average of the two layer’s dielectric functions
weighted by their thicknesses. As showed in Fig. 7, the total ¢ shape is
mainly determined by the core layer contribution, while the roughness
layer act as a damper of the feature intensities. It is clear that the pos-
sibility to describe the overall film behavior through a multilayer model
provides the physical insights on the optical-morphology correlation.
Furthermore, this approach is also very flexible and could be easily
adapted to other types of ultrathin films in which the composition and
morphology may be more complicated.

To summarize, the presented results establish a direct quantitative
connection between experimental R and T data and important
morphological information such as porosity, inclusion size and shape,
and film roughness. For each layer the f,) , ¢ and I' BEMA parameters
can be determined by the shape and position of the resonances occurring
in spectra.

3.2. Thickness dependence of the morphology-optical properties
correlations

We now discuss the relationships among the model parameters and
the physical quantities as a function of the film thickness. Fig. 8 (a) and
(b) show the reflectance and transmission experimental data (open cir-
cles) and the fit results (lines) for selected film heights, as well as the
absorption (A) in Fig. 8 (c), obtained as A = 100%-R-T. The reflectance
behavior (Fig. 8a) is characterized by a small peak centered around 460
nm for the 5.4 nm film, increasing in intensity and shifting to 500 nm for
the 9.0 nm thick film. The R intensity is then increasing for thicker films,
in particular in the infrared region, to reach an almost flat plateau above
500 nm for the 63.2 nm film. The transmission is characterized by a
marked dip centered at 470 nm for the thinnest film, shifting to 500 nm
and broadening for the 9.0 nm thick film. The spectrum shape is then
strongly modified above 550 nm for the 17.7 nm, becoming sharply
peaked at 320 nm for the 63.2 nm film. The resulting absorption curves
present a distinct peak centered at 460 nm, accompanied by a shoulder
around 360 nm for the 5.4 nm film. By increasing the film thickness to
9.0 nm the absorption peak shifts to 500 nm increasing its intensity. A
major spectrum modification is observed at 17.7 nm thick film, char-
acterized by an intense absorption (up to 40%) above 500 nm. Such
behavior is further modified for the 24.3 nm film, since the overall ab-
sorption intensity above 500 nm starts to decrease. Reaching a constant
2 % value for the 63.4 nm film, characterized by the absorption structure
below 470 nm.

The fitting of the thickness-dependent R and T data through the
application of the multilayer model (see Fig. 1b) provides the insights on
the optical-morphological properties relationships. The number of
layers describing the different films, including the top roughness layer,
has been limited to two up to 9.0 nm and to three for all other films (see
Table 1), while the free fitting parameters for each of the layer are: 1) the

— fit
- —— no roughness

T (%)

500
Wavelength (nm)

600 700

(b)

Fig. 6. R and T experimental spectra (dots) and fit curves (black lines) of the 63.4 nm film in the 250 nm - 700 nm range. The blue lines are the simulation for a

model of the same thickness but without a roughness top layer.
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Fig. 8. R (panel a) and T (panel b) of five thermally evaporated silver films: dots are the measured values, while solid lines are the fitting outputs. Panel ¢ shows
absorption spectra obtained as A = 1-R-T. In panel c is also shown a simulated absorption (broken line) of a 9 nm bulk silver film.

scattering rate I ; 2) the individual layer thickness t ; 3) the porosity fy) ;
and the depolarization factor g . The general criterion is to maintain the
fitting parameters values as constant as possible to fit the data when
moving from one film to the next. The initial parameter values have been
selected taking into account the film roughness and height measured by
AFM.

The calculated R and T curves are shown for the selected films in
Fig. 8 as straight lines, while the corresponding values of the fitting
parameters are reported in Table 1. The R and T data and the fitting
results for all the investigated films are presented in the supplementary
information (Figure S.7 and table S.4). The transmission, reflectance and
absorption curves obtained from the fitting model are in very good
agreement with the data.

The thickness dependent trends of the relevant physical parameters
are summarized in Fig. 9 and reported in detail in Table 1 and Table S4
of the supplementary information. The porosity f(,); of the bottom layer

(Fig. 9(a)), in contact with the substrate, is decreasing from 13% to 3 %
at 24.7 nm, while the porosity f{,), of the core layer (appearing only from
a film height of 13.5 nm) rapidly decrease from 5% to reach an almost
bulk-like value at 24.3 nm. The depolarization factor (Fig. 9(b)) q; is
varying only by 1% in the entire thickness range, indicating a pillar-like
structure of the film/substrate interface layer, while the depolarization
factor g2 shows a dip at the intermediate coverages. Note that for the
film/substrate interface layer, both #I'; (giving a grain size of 2.4 nm)
and the thickness t; (Fig. 9(d) and 9 (e), respectively) are basically un-
modified for all the thicknesses, suggesting that this is little affected by
the film growth. On the other hand, #I'; of the core layer (and the layer
height t;) is decreasing (increasing) as a function of the increasing film
thickness. This corresponds to an increase of the grain size up to 5.2 nm
(Fig. 9(d)). The roughness layer height shown in Fig. 9 f) is in rather
good agreement with the experimentally measured RMS roughness.
The presented results establish a clear morphology — optical prop-
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Fig. 9. The panels (a) to (d) present the thickness dependence of the porosity (a), depolarization factor (b), scattering time (c) and radius (d), respectively, of the first
bottom (red dots) and second (blue triangles) layers employed in the model. Panel (e) reports the height of the layers employed for the different film thicknesses and
panel (f) compares the film roughness (black dots) with the top roughness layer height employed in the model.

erties relation as a function of the film thickness and explain the origin of
the optical features observed in the spectra. Below 330 nm wavelength
the R and T spectra are dominated by the Ag interband transitions,
whose intensity variation is explained simply by the increased film
thickness. In the 330 — 900 nm region, the features are strongly thickness
dependent. In the present model, describing each film up to 9 nm height
by a single core layer plus a roughness layer, the main LSPR (the broad
peak around 500 nm) emerges from the BEMA adopted in the core layer,
that directly connects the peak shape and wavelength position to the
layer porosity f(,) and to the Ag inclusions structure. The core layer is
organized in pillar-like structures (g; close to 1, Fig. 9 (b)) with a grain
size of 2.4 nm (Fig. 9 (d)). The LSPR redshift is accounted for by the
porosity decrease (f(); in Fig. 9 (a)), the unchanged peak shape indicates
a constant Ag inclusions structure, and the peak intensity variation is
completely reproduced by an increase of the core layer thickness (t;
from 1.8 nm to 4.5 nm, Fig. 9 (e)). The further although less evident
LSPR around 360 is reproduced by the BEMA of the top roughness layer
(with porosity set to f,) = 50%). Above 900 nm wavelength plasmonic
oscillations do not affect the spectra behavior, typical of the underlying

substrate. These results are in good agreement with the formation of
grains in the growing film following the Volmer-Weber growth mode.
Above 9 nm, the much broader and asymmetric resonance extending
in all the visible-infrared region (Fig. 7) requires the introduction of a
second core layer, as detailed in the supplementary information (S.6).
The elbow around 650 nm is deriving from the first core layer keeping
constant thickness, q; and I'; and a decreasing porosity justifying the
redshift. The featureless part of the spectra above 650 nm is then
accounted for by a resonance appearing in the BEMA of the second core
layer. The lower depolarization factor g, determines the large resonance
width and the lower porosity f,), with respect to the underlying first
core layer explaining the position in the infrared region. In terms of film
growth, the second core layer is schematized by grains growing on top of
the first core layer, with a lower porosity, a grain size increasing up to
4.6 nm radius and shape converging to that of the first layer. At 24.3 nm
film thickness, f{,)» approaches the bulk value (0%) and I'> decreases,
suggesting a formation of connected Ag domains larger with respect to
the first core layer. For the 63.4 nm film the presence of a core layer 1 is
no more effective since the light penetration length is lower than t, .
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Furthermore, the core layer 2 optical response is compatible with that of
a bulk Ag metal. The only deviation from a perfectly homogeneous thin
film is determined by the shoulder at 360 nm accounted for by the top
roughness layer as discussed in paragraph 2.1. To summarize, the results
provide fundamental insights on the influence of roughness, porosity
and grain characteristics on R and T for thin Ag films.

The results presented may find a direct application in fields
employing thin Ag films, e.g. plasmonic devices [28] or transparent
conductive multilayers [3]. The correlation of the Ag ultrathin dielectric
function with the grain size and roughness would allow to explain the
data reported by e.g. ref. [28] and describe the plasmonic behavior in
relation to the film morphology without arbitrary oscillators. The
application of the present results to the data obtained for the Ag films
presented in ref. [3] could explain the transmission and reflection
response as a function of the aluminum zinc oxide (AZO) roughness, the
possible presence of voids in the Ag film and the effect of the top coating
AZO0 layers on the Ag film morphology. Such work would also allow to
guide a further improvement of the transmission of the conductive layer
by simulating the response of the sandwiched structure and determining
the optimal roughness, grains size and thickness parameters required for
the actual system growth. Finally, it is worth noting that the results
presented in this work are easily transferable to any type of optical
system that can be modelled with a stacked multilayer configuration.
For example, multicomponent systems where two or more materials are
present can be described through appropriate EMA, while gradients on
the composition can be accounted for by employing multiple layers.
Moreover, the DEMON code can be employed to physically explain data
obtained from spectroscopic ellipsometry (as shown in section S5 of the
supplementary information) in addition to UV-VIS spectrophotometry.
The code may also be used to predict the R and T response and the
dielectric function of a custom-devised system, thus providing a
powerful tool for devising an optical system with the desired features,
avoiding a trial and error approach.

4. Conclusions

In this work we presented a quantitative optical and morphological
characterization of ultrathin thin Ag films in the 5.4-63 nm range
deposited by thermal evaporation on fused silica. By exploiting a new
home-made code (DEMON), we reproduce the reflectance and trans-
mission data by modelling each film with a stacked multilayer geometry.
The code calculates the dielectric function of each layer through the
BEMA and the model describes the overall film morphology. We showed
the influence of roughness, porosity, grain radius and shape on the R and
T spectra in the 250-1500 nm wavelength range, obtaining the effective
dielectric function of a 9 nm thick film. Moreover, we show the thickness
dependence of the relevant physical quantities providing a complete
description of Ag films behavior up to the transition to the bulk regime.
These results establish a milestone in the understanding of the Ag ul-
trathin films and open new perspectives in the interpretation of thin film
properties and in the design of the optical response of a tailored system.
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