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Highlights
Optical properties of annealed nearly percolated Au thin films

e The optical response of annealed Au films around the percolation thresh-
old is studied

e Dewetting mechanisms investigated by combining ellipsometry, AFM
and SEM

e Film compactness increases before depercolation temperature is reached

e Metal-dielectric transition enables broad optical response tuning for
photonics
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Abstract

The optical properties evolution of thermally annealed gold (Au) discontinu-
ous films is investigated and correlated with morphological changes. Nearly
percolated Au films with different mass thicknesses are deposited by electron
beam evaporation and annealed at temperatures ranging from 200 °C to
525 °C at normal atmosphere. Optical characterization is carried out using
transmittance and spectroscopic ellipsometry measurements and film mor-
phology is analyzed with scanning electron microscopy (SEM) and atomic
force microscopy (AFM). Film depercolation takes place at temperatures
between 250 °C and 300 °C depending on the deposited mass thickness. An-
nealing at lower temperatures improves film connectivity and quenches the
localized plasmon resonance of isolated nanostructures. High-temperature
annealing results in well-separated particles with significantly different size
distributions depending on the deposited mass thickness, indicating that an-
nealing induces dewetting with different pathways depending on the initial
film morphology. The optical properties reflect the interplay among these
morphological modifications displaying a large variation for films annealed
around the temperature where depercolation takes place. These results evi-
dence that the optical response of nearly-percolated Au films can be broadly
tuned in a simple manner, making these samples attractive candidates for
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lithography-free photonic applications.

Keywords: Au thin films, percolation, dewetting, spectroscopic
ellipsometry, dielectric function

1. Introduction

Discontinuous metal films have gained renewed attention due to their
unusually rich optical response that includes localized surface plasmon reso-
nance of isolated clusters, formation of electromagnetic hot-spots at the gap
between closely located metal surfaces, and reduced plasma frequency |1, 2.
These films have been proposed as promising candidates for the practical
implementation of novel photonics applications because they are suitable for
large-scale manufacturing using well-established thin film technology. Thus,
discontinuous metal films have been used to devise lithography-free meta-
surfaces [3, 4|, structural colors [5, 6, 7, 8|, selective absorbers [9, 10| and
different types of sensors [11, 12, 13]|. Plasmonic-based enhancement in solar
energy conversion [14, 15] is another key application of metal islands films
for they can be easily incorporated in the fabrication process of most planar
photovoltaic devices [16] and also act as semi-transparent front contacts [17].
In this framework, Au plays a central role as the preferred material of choice
due to its high chemical stability compared to other plasmonic materials [18].

Special interests deserve metal films with nearly-percolated morphology.
At the percolation threshold, discontinuous films undergo a dielectric to metal
transition that translates into a large variety of the optical response in the
long-wavelength range [19, 20, 21|. For instance, the real part of the dielec-
tric function can reach very high positive values just below the percolation
threshold, which has been used to produce ultra-thin anti-reflective coatings
[22]. The percolation transition has been usually investigated by varying the
amount of deposited metal |20, 23, 24, 25] or by solid-state dewetting of per-
colated or compact films |26, 27, 28, 29, 30]. Thermally-induced dewetting
of continuous films starts with the appearance of pinholes, their broadening
and expansion and, finally, in the formation of isolated particles [31, 32].
The process appears to strongly depend on the initial film morphology [33].
Thus, it has been observed that films just above the percolation threshold
experience different dewetting pathways depending on the deposited mass
thickness [34]. As a consequence, high-temperature annealing can result in
diverse particle size and shape distributions that make the films suitable for



either absorption or scattering-based sensing [35].

In this work we analyze the evolution of optical properties of nearly per-
colated Au thin films produced by e-beam evaporation and subjected to
annealing at different temperatures. In particular, the focus is placed at
the temperature range in which films become depercolated, i.e., when the
conductive to insulating transition takes place. We show that the use of
spectroscopic ellipsometry, a highly sensitive technique for thin film charac-
terization, enables deeper insights than in the case of standard photometric
measurements. Thus, parameters such as plasma frequency, free electron
damping and film effective thickness are precisely determined. Thus, we
confirm and track the different dewetting mechanisms that can occur de-
pending on the deposited mass thickness. Furthermore, an increase in film
connectivity is observed before depercolation takes place. High-temperature
annealing results in the formation of isolated particle distributions. These
observations are confirmed by different morphological and structural char-
acterization techniques, namely SEM and AFM. The obtained insights help
understanding the connection between morphology and films structure with
the optical response and thus provide guidelines for optimizing the fabrica-
tion conditions for specific purposes. Overall, this study illustrates the rich
variation of optical properties that can be achieved in films around the perco-
lation threshold by simple thermal treatments, as a prior step towards their
practical implementation in photonics applications.

2. Experimental

Glass microscope slides (Menzel) were cut into pieces of 2 cm x 1 cm
that were used as substrates for film deposition. The substrates were cleaned
with ethanol, wiped with cotton, and puffed with nitrogen. Thin films were
fabricated by electron beam evaporation using a modified Leybold chamber.
First, a 70 nm SiO, film was deposited on the glass substrates to provide
the same growth conditions for Au islands regardless of the substrate batch.
After that, Au films with mass thickness of 7, 9, or 12 nm were deposited. The
amount of deposited material was determined from mass thickness increment
by a quartz-crystal thickness monitor. Deposition rates were 10 A /s for SiO,
and 1 A /s for Au and base pressure was 3.5+ 107> mbar. No pre-heating was
applied to the substrates.

Thermal annealing of the samples was done for 1 hour at normal atmo-
sphere at temperatures of 200 °C, 250 °C, 275 °C, 300 °C and 525 °C in



a Lindberg/Blue M furnace. This temperature range was selected in order
to provide enough thermal energy to induce modifications on the film mor-
phology that could be detected by optical measurements and at the same
time avoid glass surface modifications, i.e., the maximum temperature was
set below the glass transition temperature-theglass—transitiontemperature.
Samples were left to cool for 1 hour before removing from the furnace.

Normal incidence transmittance and spectroscopic ellipsometry measure-
ments at incidence angles of 45°, 55° and 65° in the spectral range between
0.57 and 5 eV were taken with a V-VASE ellipsometer (J.A. Woollam, Lin-
coln, NE, USA). Au films were modelled as homogeneous medium as depicted
in 1 with effective dielectric function e.ss (or, alternatively, effective complex
refractive index Neyp = |/€crr), represented with a multiple oscillator model
as presented elsewhere [25]:

Eeff (E) = €0 — ﬁ + Z [GGR,k (E) + Z'EGI,k (E)] (1>
with e T
conn () = e [oxp (7 —exp (55| e

2 [e.9]

€GRk (E) = ;P ; %kéi)df (3)
where FE is the photon energy. The first term on the right-hand side of Eq. 3,
€+, accounts for the polarization mechanisms that occur at photon energies
above the measured spectral range. The second term is the Drude model
that describes the metal-like response of percolated films defined through
the plasma frequency (w,) and the damping term (7). Finally, the last term
is a sum of Gaussian oscillators that is used to model localized surface plas-
mon resonance and interband transitions. Each Gaussian oscillator is de-
fined through its amplitude (Ay), central energy (FEj) and broadening (By).

. e essences the model includes different 3-parameter Gaussian oscillators

fective optical constants, transmittance and ellipsometric measurements were
analyzed with the WVASE32 software (J.A. Woollam, Lincoln, NE, USA).



The combination of transmittance and ellipsometric measurements has been
previously shown to provide reliable results in the characterization of very
thin absorbing films [36].
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Figure 1: Optical model used for fitting of ellipsometric data. The discontinuous island
films is represented by an homogeneous film with effective optical constants and effective
thickness.

Morphological changes of the samples were tracked by SEM and AFM.
Tescan Vega3 LMU (Brno, Cech Republic) with tungsten filament at working
distances between 2 and 5 mm, 5-30 kV acceleration voltages was used for
SEM measurements. AFM images were acquired using NeaSpec (Munich,
Germany) IR-neaSCOPE+fs AFM in AC mode. Each sample was imaged
with both SEM and AFM on at least three different location with a maximum
field of view of around 6 pm to check sample homogeneity and get adequate
statistics. On each region higher magnification images were also taken to get
better resolution of smaller details. We present here SEM images with the
field of view of 1.6 um, and AFM images with 1 um field of view as on that
magnification the drastic change in the sample topography is visualized the
best. AFM probes were obtained from Nano World (ARROW-NCR with a
radius of curvature of less than 10 nm, nominal spring constant of 42 N/m,
and a nominal resonant frequency of 285 kHz). Conductive AFM (cAFM)
measurements were acquired using JPK (Berlin, Germany) NanoWizard 4
Ultra AFM in contact mode with 15.2 nN setpoint. The Au layer was con-
tacted directly from the top side using metal clamp integrated in the sample
holder through which the bias voltage was applied. Conductive Pt/Ir coated
AFM probes were obtained from Nano World (ARROW-EFM with curva-
ture less than 25 nm, nominal spring constant of 2.8 N/m, and a nominal
resonant frequency of 75 kHz). Images were subsequently processed using
the Gwyddion software [37]. To extract grain size distributions we first used
watershed feature to determine the grain positions and then use Grain dis-
tribution feature to extract histograms of the following: root mean square
values of grain heights, grain surface area and calculated radius assuming



spherical shape [38, 39].

3. Results and discussion

Figure 1 shows the transmittance spectra of the as-deposited and an-
nealed samples. The transmittance decrease above 3.5 eV is related to the
glass band gap. All samples show a wide shoulder around 3 eV connected
with Au interband transitions [40]. As deposited samples show a minimum
between 1.5 and 2 eV that broadens and red-shifts with the increasing de-
posited mass thickness, suggesting resonances of isolated nanostructures in
the film. In the 12 nm sample, this dip appears as a shoulder. The low energy
region is characterized by a decrease of transmittance as the photon energy
is reduced. This behavior is typical of connected metal films and hence it
could be interpreted as a signature of percolation [19].

Annealing at moderate temperatures quenches the transmittance dip.
However, the dip reappears at larger photon energies when annealing is con-
ducted at higher temperature. Additionally, transmittance at low photon
energies monotonically increases with annealing temperature, except for the
samples annealed at 250 °C. This increase of transparency in the infrared
range could be interpreted on the basis of a reduction of film connectivity
[41]. The described features are qualitatively common to all samples and
therefore evolution of the transmittance spectra suggests similar morpholog-
ical changes regardless of the mass thickness.

Fitting of ellipsometric data allows determining the real (e1) and imagi-
nary (e2) parts of the film effective dielectric function (Figure 2). It will be
shown that several important features are not fully consistent with the sug-
gested interpretation of transmittance spectra discussed above. The metal-
to-dielectric transition is characterized by a change on the sign of the real
part of the dielectric function at low energies, from negative to very high pos-
itive values [20]. In addition, in a percolated metal network the real part of
the dielectric function progressively becomes more negative when the photon
energy is reduced. Thus, the 7 nm as-deposited sample appears to be very
closely located to the percolation threshold because its infrared response can
not be clearly ascribed either to the metallic or dielectric regime. On the
other hand, some of the moderately annealed samples show more negative
values than the as-deposited ones, indicating an increase of sample connec-
tivity. This is most clearly seen by the evolution of the parameters of the
Drude model (Table 1), that was included in the model of the effective di-
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(AD) and annealed samples for 7 (left), 9 (middle) and 12 (right) nm mass thickness
at the indicated temperatures. Symbols and solid lines represent experimental data and
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electric function only if it was able to improve the fit quality. In case of the
7 nm mass thickness samples, only the one annealed at 250 °C shows a clear
Drude signature while for the as-deposited sample and the sample annealed
at 200 °C the infrared response turns out to be better described by a Gaus-
sian oscillator located at low energies (below 0.5 €V). In the case of samples
with 9 and 12 nm mass thickness the most percolated sample is the one an-
nealed at 250 °C, showing the largest plasma frequency as well as the most
reduced damping in the Drude term. Therefore, the film connectivity turns
out to improve for moderate temperature annealing before dewetting takes
place, what can be connected with partial islands coalescence [29] and clos-
ing of voids in weakly percolated films [41]. In the case of the sample with
12 nm mass thickness, the increase of sample connectivity upon moderate
annealing is further supported by a decrease of effective thickness (Table 1).
It should be noted that, in general, an increase of the effective film thickness
and lower metallic contribution in the effective optical constants should be
expected upon annealing if islands become larger and less connected. Thus,
the decrease of effective thickness in this sample points out to that the film



becomes more compact at the lower annealing temperatures. It should be
noted that the progressive increase of film connectivity before depercolation
occurs can not be detected by the analysis of transmittance data only. Thus,
the increase of transmittance at low energy regions for moderate annealing
should be associated to a reduction of losses (lower imaginary part of the
effective dielectric function) due to the increase of film compactness.

Above 275 °C the real part of the dielectric function is positive in the in-
frared range and the strength of the resonance in the visible increases with an-
nealing temperature, indicating that the films are in the insulating phase and
progressively transform into a morphology of well-separated nano-structures.
The decrease of film compactness is further supported by the large increase
of the film effective thickness and less intense interband transitions in the
high energy range, what can not be deduced by the information provided
by transmittance measurements. The peak in the imaginary part for the
12 nm sample annealed at 525 °C is much broader than in case of samples
with smaller thickness annealed at the same temperature. This observation
points out the presence of significantly larger particles and/or particles with
a very large aspect ratio. Such observation if further supported by the worse
fitting quality of ellipsometric data as quantified by the mean-squared error
(Table 1) that can be explained by significant scattering losses that can not
be accounted by the homogeneous film model.

In order to confirm the observations suggested by the analysis of the ellip-
sometric modelling presented above, SEM micrographs are shown in Figure
3. None of the as-deposited films appears to be fully compact and the degree
of percolation/film connectivity appears to increase with the mass thickness
as it corresponds to the Volmer-Weber growth mechanism [42]. A similar
trend is observed for samples annealed at 250 °, yet displaying a qualita-
tively different morphological arrangement. Annealing at this temperature
causes the voids between metal regions to expand and partially become con-
nected, leaving place to a more clearly connected network in comparison to
the as-deposited films. This observation is in good correspondence with the
plasma frequency increase deduced from ellipsometry. Additionally, the in-
crease of film connectivity is accompanied by a reduced presence of isolated
structures, explaining the quenching of localized resonances detected in the
analysis of optical measurements.

In case of samples annealed at 250 °C, the morphology of the 12 nm mass
thickness sample is qualitatively different than the one observed for samples
with mass thickness of 7 and 9 nm. In case of smaller mass thickness voids



7 nm Au film

T [°C| | deys [nm] | w’[eV?] vleV] R, s [nm] | MSE
RT 9.9+£0.1 - - 0.84 2.13
200 11.6 £ 0.2 - - - 3.55
250 12+£0.2 17+6 1.1+04 - 2.90
275 13.5+£0.2 - - 6.21 2.81
300 149+ 0.3 - - 2.84 2.81
525 20.3+£0.5 - - 10.31 3.00

9 nm Au film

T [°C] | desy Inm] | wi]eV?] v[eV] R,,.s [nm| | MSE
RT 11.4+0.1 23+ 8 0.17 4+ 0.08 1.43 1.73
200 11.9£0.1 | 189+0.2 | 0.167 £ 0.006 - 2.65
250 12.3£0.1 | 22.7+0.2 | 0.117 £ 0.004 - 2.56
275 16.9 £ 0.2 - - 9.53 3.32
300 18.2+£0.2 - - - 3.95
525 30.8 £ 0.8 = - 13.77 4.17

12 nm Au film

T [°C| | deys [nm] | w’[eV?] v]eV] R,s [nm] | MSE
RT |14.3+£0.12 | 47.0+£ 0.5 | 0.088 & 0.006 1.45 1.90
200 13.6 £0.1 | 46.8 £ 0.3 | 0.052 £ 0.003 - 1.88
250 13.9+0.1 | 51.24+0.3 | 0.049 £ 0.002 - 1.47
275 171£0.14 | 13.94+0.2 | 0.44+£0.01 11.6 2.14
300 18.8 £0.26 - - - 2.44
525 3244+14 - - 24.5 7.24

Table 1: Summary of results extracted from ellipsometric (effective thickness, d.f¢, plasma
frequency w,, Drude damping term +) and AFM (film roughness, R;.,s) analysis of the
investigated samples. The ellipsometric data fitting quality (mean-squared error, MSE) is
displayed in the last column.
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Figure 3: Real (1, top) and imaginary (2, bottom) part of effective dielectric function of
7 (left), 9 (middle) and 12 (right) nm gold thin film before and after annealing at different
temperatures.

widen and form a broad distribution of irregular particles. On the other
hand, a distribution of holes within the percolated film is formed in case of
large mass thickness, in line with observations reported in [41]|. This different
morphology can be connected to the reduced damping term (Table 1) that
in the case of 12 nm samples reaches values close to bulk Au, regardless the
plasma frequency film, i.e., film compactness, is clearly below bulk values
[40]: although the film is not compact, its hollowness does not contribute
to additional damping when free electrons are drifted by an external electric
field. This different dewetting mechanism has a strong effect on the film
morphology of samples annealed at large temperatures: smaller islands are
observed in the case of small initial mass thickness while large particles are
obtained for the sample with 12 nm mass thickness in agreement with the
results of optical characterization and supporting previous observations [34].

Complementary morphological characterization was obtained by AFM
(Figure 4). The structure of as-deposited films is not well resolved, probably
due to tip-convolution effects that do not allow to map the voids between
metal regions. However, in the case of annealing at large temperatures,
i.e. with islands-like morphology, AFM provides relevant information on
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Figure 4: SEM image of sample surfaces for samples with different mass thickness (rows)
and annealed at different temperatures (columns) for 1 hour (500 nm scale, SEM HV: 10.0
kV with magnitude around 80 kx).
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particle height and shape. Thus, film roughness (last column in Table 1)
increases when dewetting takes place and is particularly high in the case
of samples with 12 nm thickness annealed at 525 °C, as a consequence of
the large particles observed in this case. Furthermore, AFM shows that
these islands have flat tops, indicating that the dewetting mechanism for
this kind of films is accompanied by crystallization, in the line of previous
observations [34]. The AFM size distribution (effective radius in the plane
parallel to the substrate surface) is shown in Figure 5. The films with 7
and 9 nm mass thickness display small and medium-sized particles that are
result of islands formation from the highly irregular structures observed at
moderate annealing temperatures [33]. On the other hand, the 12 nm film
has a broader size distribution with significantly larger particles, explaining
the wider and red-shifted localized surface plasmon resonance observed in
the optical spectra. The presented analysis on Figure 5 can indicate bimodal
distribution that might result from a process involving different thermal-
induced dewetting mechanisms.

Finally, film connectivity was analyzed by conductive AFM measurements
for the sample with 12 nm mass thickness (Figure 6). In the case of the
sample annealed at 275 °C is possible to see that topography does not have
a full correspondence with the islands electrical conductivity map. In fact,
it is observed that a fraction of islands are electrically isolated from the
metal network. This observation can not be assessed from SEM micrographs
or standard AFM topographic measurements, but it explains the reduced
plasma frequency and increased damping term revealed by ellipsometry for
this sample (Table 1). On the other side, the sample annealed at 250 °C shows
a larger density of conductive islands, i.e. lower density of non-connected
regions, in agreement with the higher plasma frequency as determined by
ellipsometry.

12
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Figure 5: AFM images of the 7 nm, 9 nm and 12 nm gold films (rows) as-deposited and
annealed at different temperatures (columns). All images are presented at the same scale.
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Figure 6: Particle effective radius distributions from AFM data for the samples annealed
at 525 °C with 7 (top), 9 (middle) and 12 (bottom) nm mass thickness.
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Figure 7: AFM topography (left) and conductivity (right) measurements for the sample
with 12 nm mass thickness annealed at 275 °C (top) and 250 °C (bottom) using a potential
of -0.5V.

4. Conclusions

Optical response of annealed nearly percolated gold films widely varies
with the annealing temperature and it has been showed that at moderate
temperatures the film compactness improves resulting in increased percola-
tion and a more clear Drude-like response of the films, together with quenched
plasmon resonances of isolated particles. Depercolation takes place at inter-
mediate annealing temperatures (250 °C to 300 °C). Higher annealing tem-
peratures produce films of well-separated particles characterized by a single
localized surface plasmon resonance. Depending on the deposited mass thick-
ness, the dewetting mechanism leads to qualitative different morphology for

15



films annealed at moderate and high temperatures. The present results con-
firm the suitability of spectroscopic ellipsometry as a non-destructive tech-
nique able to provide detailed insights on the evolution of film morphology,
as corroborated by the results of SEM and AFM investigations. The wide
variation of the optical properties in films around the percolation thresh-
old is especially important in the infrared range. In summary, this paper
showed that thermal treatment of nearly-percolated films are an interesting
approach to tailor optical properties in view of potential photonic appli-
cations and that tuning of optical response in the conductive-to-insulator
transition can be explored by simple annealing in a relatively wide tempera-

ture range. It has beewr shown that the optical response of annealed nearly
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