
Chapter 3

Plasmonics of Au and Ag

nanoparticles in a variable-T

thermodynamic bath

In this chapter, we will present and discuss the temperature-induced variations ob-

served in the optical spectra of gold and silver nanoparticle arrays. After presenting

the fabrication process of the samples, we will report an in situ SE investigation

of the dewetting of gold nanowires into nanoparticles; this allowed us to identify

the threshold between irreversible and reversible temperature-induced variations

in the optical properties of our sample. Then, we will present and discuss the SE

measurements acquired in situ and at different temperatures on arrays of gold and

silver nanoparticles; we will interpret the SE spectra by means of a dedicated effec-

tive optical modelling, gaining insights into the physical mechanisms underlying

the observed temperature-induced variations.

3.1 Samples fabrication and characterization

The samples were prepared according to a well-established procedure, that exploits

the self-organization of atoms in a LiF crystal to obtain a substrate which is reg-

ularly patterned at the nanoscale [208]; subsequent metal deposition and thermal

annealing yield ordered 2D arrays of metal nanoparticles. Here we will report an

overview of the process; the interested reader can find a more detailed treatment

in Refs. [128] and [110].
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Figure 3.1: (a): position of atoms in a LiF {110} surface. (b): AFM image
of LiF {110} surface. (c): ideal position of atoms after LiF depo-
sition. Ripples are formed as a consequence of the {110} surface
instability. (d): AFM image of LiF substrate after LiF deposition.
The white scalebars in the AFM images are 500-nm long.

3.1.1 Fabrication process

The arrays of gold and silver nanoparticles are supported by 1×1 cm2 LiF sub-

strates (CrysTec GmbH). The top surface of the substrates is obtained by cutting

the LiF crystal along the {110} direction; in this surface, the atoms are arranged

as represented in Fig. 3.1(a). A representative AFM image of the LiF substrate

as-received is reported in Fig. 3.1(b); the image allows to appreciate the flat-

ness of the surface (rms roughness is below 0.5 nm). In the as-received state, the

substrates exhibit negligible in-plane birefringence [110]. Therefore, the dielectric

function of the substrate can be easily obtained by fitting a Cauchy model to SE

spectra. LiF is a strong insulator, which behaves like a non-adsorbing, transparent

material in the spectral region of interest; therefore the imaginary part of dielec-

tric function is set to 0. The calculated dielectric function of LiF is reported in

Fig. 3.2; we observe the weak dispersion of the curve over the considered spectral

range, which is in good agreement with literature data [58].

After the optical characterization, the substrates are inserted into the deposi-

tion chamber and annealed in high vacuum. As the {110} surface is less stable

than the {100} one, a LiF homoepitaxial deposition induces a spontaneous sur-

face re-arrangement in which {100} facets appear, tilted 45◦ with respect to the
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Figure 3.2: Dielectric function of the LiF substrate, as-received. The curve is
obtained by fitting a Cauchy model to SE data (not shown here);
the imaginary part ε2 is set to 0.

original surface [208], as represented schematically in Fig. 3.1(c). Homoepitaxial

deposition is performed via MBE in the deposition chamber, keeping the sample

at ∼300 ◦C and at pressure below 1·10−8 mbar. Approximately 250 nm of LiF are

deposited, at the rate of 1 nm/min. After the LiF deposition, samples were usu-

ally removed from the deposition chamber for AFM investigation; a representative

AFM image is reported in Fig. 3.1(d). As clearly shown in the image, the LiF

deposition creates regularly-spaced, elongated structures (ripples) that are aligned

along the same direction. The ripple peridicity can be tuned from 25 to 55 nm

by varying the temperature of the substrate during the LiF deposition [110]; for

the image reported in Fig 3.1(d), statistical analysis yielded a mean periodicity of

∼35 nm. Therefore, after the LiF deposition, a nanopatterned surface is obtained

(see Fig 3.3); this constitutes a suitable template for subsequent self-organization

of metal nanoparticles.

The fabrication of 2D arrays of metallic nanoparticles on the rippled LiF sub-

strates requires two steps. First, a thin layer of metal (gold or silver) is deposited

on the substrate, causing the formation of disconnected nanowires; then, NPs are

obtained from them via thermal annealing.

The deposition of the metal is performed via MBE in the deposition chamber,

at an angle of incidence of 60◦ in order to exploit the shadowing effect of the

ripples ridges: in this way, an array of disconnected “nanowires” is created, as

schematically represented in Fig. 3.3. As in the case of LiF, the deposition is

performed at pressure in the order of 10−8 mbar to limit as much as possible

contaminations from ambient; in order to avoid the diffusion of metallic adatoms,

which would spoil the formation of disconnected nanowires, the temperature of

the sample is kept around 100 ◦C during the deposition and lowered to room
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Figure 3.3: The fabrication process is composed of three steps. First, LiF
is deposited via MBE on a flat LiF substrate, to obtain a rippled
surface; then the metal (in this case, Au) is deposited via MBE on
the substrate, creating disconnected nanowires; finally, the sample
is heated to induce the dewetting of nanowires into nanoparticles.
All the steps are performed in high vacuum.

temperature as soon as deposition is terminated. Typically, the equivalent of a 4-

nm-thick metal film is deposited on the rippled LiF to create metal nanowires. We

usually don’t perform an AFM characterization right after the metal deposition.

We refrain from doing so for two reasons: first, AFM requires the sample to be

exposed to ambient for long periods of time, thus increasing the risk of ambient

contamination; second, we already know from previous analysis how the nanowires

look like, and we know that they follow the structure of the underlying substrate

[110]. More specifically, previous AFM investigations showed that the nanowires

are composed of very closely-packed grains, clearly aligned along the direction

of the LiF ripples [110]. By performing a thermal annealing on the sample, we

induce the solid-state dewetting of the metal [209, 210]; this results in the complete

separation of the grains into chains of nanoparticles aligned along the direction of

the LiF ripples (see Fig. 3.3). The characteristics of our arrays of nanoparticles

will be presented and discussed in the next sections.

3.1.2 AFM characterization

The fabrication of our samples entirely relies on self-organization processes. This

means that the sizes of nanoparticles and the interparticle distances are not known

a priori ; rather, we obtain them from ex post analysis of AFM images, such as

the one reported in Fig. 3.4 (a). AFM provides a clear picture of the samples

morphology, allowing to resolve single nanoparticles and neatly representing their

arrangement in parallel rows. The nanoparticles exhibit a certain dispersion in size

and shape, therefore a particle analysis is necessary to obtain the average sizes of

nanoparticles and interparticle distances.

In order to perform a particle analysis, we first need to transform the AFM

image into a binary mask, where the black pixels represent the nanoparticles (see

Fig. 3.4 (b)). Then, the average volume of the nanoparticles is easily calculated

by dividing the volume of deposited metal by the number of nanoparticles on the
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Figure 3.4: Panel (a): Representative AFM image of a gold nanoparticle array.
Black scalebar: 500 nm. Inset: Pair Correlation Function. White
scalebar: 50 nm. Panel (b): binary mask extracted from the AFM
image in panel (a).

mask:

V NP
avg =

AAFM · l
NNP

(3.1)

where AAFM is the area covered by the AFM image and l is the equivalent thick-

ness of deposited metal. To proceed further in the analysis, we adopt the same

simplifications used in the optical model discussed in Appendix IV, that is, each

nanoparticle has ellipsoidal shape with principal semiaxes ax, ay, az either parallel

or normal to the surface plane, and ax = az. By using this simplification, the size

of each nanoparticle is described by two semiaxes ax and ay, while the shape is

determined by the aspect ratio AR = ay/ax; then, the volume of each nanoparticle

is expressed as:

V NP
avg =

4

3
π · AR · a3

x (3.2)

The average AR is obtained from analysis of the binary mask; therefore, from Eqs.

3.1 and 3.2, we can calculate the average values of the semiaxes.

A complete characterization of our samples’ morphology requires not only the

average size and shape of nanoparticles, but also the average lattice parameters.

We introduce the approximation of rectangular lattice in Appendix IV; the lattice

is described by the periodicity of nanoparticles along and perpendicular to the

ripples. In order to obtain these two values dx and dy, we first calculate the

pair correlation function (PCR) of the AFM image (see Fig. 3.4 (a), inset). The

distance between the center and a maximum in the PCR corresponds to the most

likely distance between nanoparticles; therefore, we can obtain dx and dy by simply

measuring the distance between the center and the first maximum along the x and

y axes.

The AFM image presented in Fig. 3.4 clearly shows that the nanoparticles

are very closely packed; in fact, the typical areal density of nanoparticles in our

arrays is high (in the order of 1000 NPs/µm2). As a result, the nanoparticles are
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strongly EM coupled (see Section 1.2.1), and the LSPR of the array is determined

not only by the LSPR of the single NPs, but also from their NP-NP interactions.

The optical model presented in Appendix IV explicitly takes into account these

interactions, and allows to calculate the collective LSPR of the nanoparticle arrays.

3.2 Reversible and irreversible T-dependent

effects on plasmonic NP arrays

When studying the effect of varying T on plasmonic arrays, one can be faced with

both reversible and irreversible effects. In this section, we give a prototypical

example of such a difference. For one specific sample we chose to observe in situ

and in real time the transition from nanowires to nanoparticles [211], using our

in situ SE setup described in Section 2.2.2. During this process, we observe that

both reversible and irreversible processes are at play. In this section we will focus

on the latter, while the former will be the subject of subsequent analysis.

We slowly heated the sample (5 ◦C/min) inside the SE high vacuum chamber

from room temperature to 350 ◦C, acquiring SE spectra every 12.5 ◦C. The exper-

imental SE spectra at different temperatures are reported in Fig. 3.5 A and B. At

room temperature (violet curves), Ψ(λ) varies approximately between 8◦ and 16◦

and is characterized by several dips and shoulders, while ∆(λ) shows a few broad

features in the UV and grows monotonically towards the IR.

A quantitative interpretation of the SE spectra of as-deposited nanowires is be-

yond our scope; here we are interested in extracting information from the trends

that arise in the SE spectra as a consequence of the thermal annealing. In fact,

both Ψ and ∆ spectra show macroscopic variations as the temperature rises. As

discussed before, the main change occuring to the sample during the annealing is

the dewetting of the nanowires into nanoparticles. This induces a major variation

in the optical response of the sample, because the plasmonic fingerprint of elon-

gated nanostructures is significantly different from the one of nanoparticles having

aspect ratio near unity [12]. Let us therefore consider the thermal evolution of the

Ψ,∆ spectra of Fig. 3.5. At room temperature, the most relevant feature in the Ψ

spectrum is the broad dip centered around 1000 nm, which is linked to the LSPR

of the system [110]; for increasing temperatures, this dip steadily shifts towards

shorter wavelengths and becomes deeper and narrower. However, from 300 to 350
◦C, this trend is reversed as the dip becomes shallower and slightly broader (see

Figure 3.5A, inset).

As far as ∆ is concerned, at room temperature we observe a progressive rise in the

∆ values when going from the visible to the IR; this climb becomes much steeper as
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Figure 3.5: Panels A and B: Ψ and ∆ spectra acquired in situ and in real
time during the dewetting of Au nanowires into nanoparticles.
The color indicates the temperature, as shown in the color bar
between the panels. Panel C: Left axis: intensity of the Ψ dip.
Right axis: Spectral position of the Ψ dip.

temperature increases, until a phase inversion (i.e., ∆ going to negative values) is

observed. The sharp transition to higher values and the phase inversion constitute

the fingerprint of the LSPR in the ∆ spectra and, in principle, could be analyzed

to obtain information concerning the evolution of the LSPR for increasing temper-

atures; however, in the absence of a model, the dip in the Ψ spectra offers a much

more intuitive and practical way of obtaining the same information. Therefore, in

the following discussion we are going to focus mainly on the Ψ spectra.

In Figure 3.5C we plot the spectral position and intensity of the Ψ dip at different

temperatures. This plot indicates the progressive blueshift of the LSPR, going

from 960 nm at room temperature to 550 nm at 350 ◦C. Such a large spectral

shift (410 nm) and all the other changes visible in Ψ and ∆ spectra testify the

major morphological change sustained by the system when Au nanowires dewet

into densely-packed nanoparticles. We note that the blueshift is continuous as
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the temperature rises, and the largest variations occur between 125 and 275 ◦C,

pointing to this temperature range as the one where most morphological changes

occur. However, the intensity of the Ψ dip does not follow a unique trend. From

300 to 350 ◦C, the trend is indeed reversed as the minimum rises again. At the

temperature where the dip in Ψ reaches its absolute minimum, ∆ shows a sharp

transition to negative values, assuming a wiggled shape.

A blueshift of the LSPR is observed in the longitudinal mode when plasmonic

nanostructures reduce their aspect ratio. In our case, the reduction in the aspect

ratio occurs as a result of the solid-state dewetting of nanowires (high aspect ratio)

into nanoparticles (low aspect ratio). So we identify solid-state dewetting (SSD)

as the main cause of the large blueshift in the LSPR. However, the broadening

and reduction of the Ψ dip (that is, a damping of the LSPR) observed at the

highest temperatures calls for a different explanation. Interestingly, subsequent

heating cycles on the same sample showed that, whereas the SSD clearly does

not occur anymore, the broadening and reduction of the Ψ dip at high T are

fully reversible. We will address this in detail, and with more evidences, in Sec.

3.3. Here we just remark that the observation of in situ SE spectra revealed two

opposite trends: one is at lower temperatures and is caused by SSD; the other

one, at higher temperatures, il likely due to reversible thermodynamics effect on

the NPs.

3.3 Plasmonic gold nanoparticle arrays:

temperature effects

3.3.1 Sample morphology

The sample with Au nanoparticles was fabricated according to the procedure de-

scribed in Section 3.1.1. The amount of deposited Au was equivalent to a 4-

nm-thick layer. The sample was removed from the deposition chamber after the

Au deposition, and the dewetting of Au nanowires into nanoparticles was observed

with in situ SE, as described in Section 3.2. A representative AFM image of the Au

NPs array is reported in Fig. 3.6 (a). Statistical analysis was performed according

to the procedure described in Section 3.1.2; the resulting average morphological

values are reported in Fig. 3.6 (d).

3.3.2 Optical properties of gold nanoparticle arrays

The optical properties of our gold nanoparticle arrays were investigated with SE

from room temperature to 350 ◦C, backed by transmittance measurements at room
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Figure 3.6: Panel (a): Representative AFM image of a gold nanoparticle ar-
ray. Black scale bar: 500 nm. Inset of panel (a): Pair Correlation
Function (white scale bar: 50 nm). Panel (b): Dispersion of semi-
axes lengths along the x and y directions, obtained from analysis
of the AFM image on the left. Panel (d): Average morphologi-
cal values obtained from analysis of AFM images acquired on the
silver nanoparticle array.

temperature which were performed with the aim of providing a quick visualization

of the LSPR spectral position and width. During SE and transmittance mea-

surements, the sample was kept in high vacuum using the experimental setups

described in paragraphs 2.2.2 and 2.4.1, respectively.

In Fig. 3.7 we report the transmittance spectra of linearly polarized light sent

on the sample at normal incidence. Two different orientations of the nanoparticle

chains are considered: parallel (top) and perpendicular (bottom) to the direction

of polarization of light. In the parallel configuration, the collective LSPR of our

arrays is around 600 nm, while in the perpendicular configuration the resonance

is centered around 550 nm and also narrower.

The experimental Ψ, ∆ spectra measured on the gold nanoparticle array as a

function of temperature are reported in Fig. 3.8. The traces correspond to the

sample temperature according to the color scale on the right of the image. Data at

room temperature are represented by the violet trace, whereas high-temperature

data are reported as the red curves. The Ψ spectra (left) are essentially dominated

at all temperatures by a well-defined dip around λ ≈ 550 nm, that gradually

smoothens and gets shallower for increasing T (see inset). The ∆ spectra (right)
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Figure 3.7: Transmittance spectra of Au nanoparticle arrays, acquired in high
vacuum at room temperature. The direction of the light beam is
perpendicular to the sample surface; light is linearly polarized
along (top) and across (bottom) the chains of nanoparticles.

exhibit two different regimes: at low T, ∆ shows a sharp transition from low to high

values around λ ≈ 550 nm. For T > 50 ◦C, ∆ shows instead a wiggled shape, that

gets smoother and smoother for increasing T. The dip in Ψ and the corresponding

wiggle in ∆ are the ellipsometric fingerprints of the system’s LSPR, as measured

at θ = 66◦. We notice that these spectral features are significantly sharper than

the corresponding spectral width of the LSPR as seen in reflectivity measurements

[110]; indeed, SE is particularly well-suited to detect the small changes occurring

for growing T. The data show us that detectable changes occur as a function of

T. We will now attempt to turn the raw SE data into a physical picture of the

T-dependent behavior of our system.

In order to gain access to the wealth of information contained in the Ψ,∆ spec-

tra reported in Fig. 3.8, an optical model is required, as discussed in Chapter 1.

We modelled the system as a 3-layer dielectric stack with Fresnel boundary con-

ditions, where we find (bottom to top) the semi-infinite LiF substrate, an EMA

layer representing the Au NP array, and the ambient. The EMA layer was built

according to the procedure described in Appendix IV. Here, we simply recall that

the procedure for building the EMA layer keeps into account NP-coupling effects

and image-dipole (i.e. substrate) effects. The model requires three sets of data
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Figure 3.8: Ψ (left) and ∆ (right) spectra measured on the gold nanoparticle
array from room temperature to 350 ◦C. Inset: zoom over the
500-600 nm region of the Ψ spectra. Reproduced from Ref. [212]
with permission from the Royal Society of Chemistry.

as input: the morphological parameters of the array, the optical properties of the

substrate, and the optical properties of bulk gold. In order to reproduce the T-

dependence, all these quantities must be evaluated as a function of temperature.

The first two inputs were presented in Section 3.1.1 and 3.3.1, respectively. The

optical properties of bulk gold are presented and discussed in the following section.

3.3.3 T-dependence of the dielectric function of bulk gold

As discussed in Section 1.1, bulk gold exhibits sizable temperature-induced vari-

ations both in ε1 and ε2. Therefore, any optical model that aims to describe the

optical properties of gold-based systems should explicitly take into account such

variations; in other words, if we want to reproduce the optical response of our

gold nanoparticle array in a certain temperature range, we should feed into the

model the optical properties of bulk gold measured in the same temperature range.

Ideally, for each temperature where we acquired SE data on the NPs array (see

Fig. 3.8), a corresponding set of optical properties of bulk gold is required. This

requisite makes it difficult to use literature data for our purposes; therefore, we

obtained our own data from a dedicated experiment.

The sample used as a reference for bulk gold is composed of an optically-thick Au

film deposited on a commercial Si wafer. The film was created inside the deposition

chamber, by evaporating Au on the Si substrate (see Section 2.4). Immediately

after the fabrication, the sample was transferred inside the chamber for in situ SE

measurements; there, it was subjected to the same thermal treatment described in

Section 3.3.2. SE spectra were acquired during the process, at temperatures that

match the ones reported in Fig. 3.8.
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Figure 3.9: Ψ (left) and ∆ (right) spectra measured on an optically-thick gold
film, from room temperature to 350 ◦C. Reproduced from Ref.
[212] with permission from the Royal Society of Chemistry.

In situ SE measurements on the optically-thick Au film are reported in Fig.

3.9. We observe limited variations both in Ψ(λ) and ∆(λ) as temperature rises;

the mere observation of those spectra, however, does not provide insight into

the variations induced by temperature on the optical properties of bulk gold. Our

optically-thick Au film can be considered as a uniform, isotropic semi-infinite layer

with abrupt and smooth air/gold interface; therefore, we can extract the pseudo-

dielectric function from the SE spectra reported in Fig. 3.10 by using Eq. 2.6. The

calculated pseudo-dielectric function at different temperatures is reported in Fig.

3.10. The real part < ε1 > remains almost unchanged for increasing temperature,

apart from a very slight decrease observable at the highest wavelengths, originating

from a blueshift of the Au plasma frequency ωp [29]. The imaginary part < ε2 >

exhibits a gradual smoothening of the interband transitions accompanied by a

regular increase of the Drude tail with increasing T, ascribed to a shorter electron

mean free path due to the increased phonon population.

The pseudo-dielectric function reported in Fig. 3.10 constitute our reference for

the optical properties of bulk gold at different temperatures, and is fed into the

optical model describing the Au NPs array.

3.3.4 Discussion

Once we have collected all the inputs necessary to the model, we run the algorithm

described in Appendix IV to generate the Ψ and ∆ spectra. In Fig. 3.11 (a)

and (c) we report the theoretical Ψ,∆ spectra at RT (dashed black lines) along

with the corresponding experimental data (violet markers). The theoretical curves

correctly reproduce the plasmon-related experimental features like the sharp dip in

Ψ at λ =550 nm and the corresponding sharp transition in ∆. Some discrepancies

appear in the UV region, likely due to finite-size effects on the interband transitions
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Figure 3.10: Pseudo-dielectric function obtained from the SE spectra in Fig.
3.9. Reproduced from Ref. [212] with permission from the Royal
Society of Chemistry.

whose treatment is beyond the scope of the present thesis. We merely notice that

the experimental data at low λ do not show the fingerprint of individual interband

transitions, which appears instead in the calculated data that make use of bulk

optical constants.

In Fig. 3.11 (b) and (d) we report instead the theoretical HT (350 ◦C) Ψ,∆

spectra (dashed black line) along with the experimental data (red markers). We

notice that, whereas the experimental features are still generally well reproduced

(e.g. the switch of the ∆ spectrum to a wiggled shape), the calculated spectra ex-

hibit larger discrepancies with respect to the experimental data. The calculations

systematically yield sharper features in the Ψ dip (inset of Fig. 3.11 (b)) and in

the wiggled transition in ∆. The deviation between experimental data and the

calculated spectra begins to be noticeable at 125 ◦C, and from then onwards, it

regularly rises with increasing temperature.

Making the reasonable assumption that smoother spectral features arise from

larger dissipation, then the growing discrepancy between experiment and model

with increasing T implies that the system exhibits an unaccounted temperature-

dependent source of damping. We therefore proceed to introduce such an extra

damping in our model, finding that a temperature-dependent increase of electron

scattering rate, indicated as Γ*(T), effectively restored a much better agreement

with experimental data. For reasons that will be discussed later, we rename Γ*(T)

to Γmelt(T). The total scattering rate in the Drude model thus reads Γ(T) =

Γ∞AuT + Γsurf + Γmelt(T).

The theoretical Ψ,∆ spectra at 350 ◦C, calculated with corrected Γ(T), are

reported as the solid black lines in Fig. 3.11 (b) and (d): the improvement in

the fit is significant. The magnitude of the temperature-dependent scattering-rate
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Figure 3.11: Panels (a) and (c): Experimental (violet markers) and theoret-
ical (dashed black lines) SE spectra of Au NPs array at room
temperature. Panels (b) and (d): Experimental (violet markers)
and theoretical (dashed black lines) SE spectra of Au NPs array
at 350 ◦C. Inset of (b): zoom over the region of the Au NPs
LSPR. Reproduced from Ref. [212] with permission from the
Royal Society of Chemistry.

correction required to achieve the best fit is reported as the orange markers in Fig.

3.12: Γmelt starts to rise at T= 125 ◦C and monotonously grows with T.

The improved agreement between experiments and simulations upon the intro-

duction of an extra, T-dependent electron scattering mechanism suggests that the

NPs may undergo a temperature-dependent alteration not accountable, from the

optical point of view, by the variation of the dielectric constants of their con-

stituent material. A fitting explanation for this observation is the occurrence of

surface premelting in the NPs. It is known that the melting of solids begins at their

surface [167, 213] at temperatures below the respective bulk melting temperature,

and that the actual melting is preceded by a gradual softening (or pre-melting) at

surfaces. In NPs, surface premelting [146, 162, 214] is a function of particle size

and has been observed at temperatures much lower than the bulk counterpart: for

example, Inasawa et al. [164] showed that Au particles could already exhibit a
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Figure 3.12: Effective correction Γmelt required to match the theoretical Ψ,∆
spectra to the experimental ones. Reproduced from Ref. [212]
with permission from the Royal Society of Chemistry.

molten layer at temperatures as low as 400 ◦C, whereas Plech et al. [162] exper-

imentally showed that even just ∼100 ◦C may be enough for this purpose. The

latter report is potentially compatible with our observation, since we saw that a

surface-scattering adjustment is required already at T= 125 ◦C. This suggests

that surface premelting is at play in our system; indeed, this is the reason why the

extra contribution to the electron scattering rate was named Γmelt(T).

In principle, other temperature-dependent mechanisms may also be invoked to

explain a variation of the optical properties of nanoparticles. We considered

for example: the desorption of water or contaminants from the NPs surface;

temperature-induced variations of the substrate dielectric function; the thermal

expansions in the system; adjustments in the system morphology as a result of in-

creased temperature. However, several heating cycles on our system demonstrated

that the observed variations are reversible. This piece of information was pivotal,

because none of the mechanisms just mentioned can induce reversible changes and,

at the same time, reproduce the trend observed in our data. Surface premelting is

therefore the only mechanism which can credibly explain our data; in addition to

that, it is matched by direct observations in the literature.

We point out that Γmelt is an effective parameter, therefore it does not provide

a microscopic description of the nanoparticles, such as the extent of the surface

premelting. Even so, our analysis allows us to identify the onset of the surface

premelting. Moreover, the trend in Fig. 3.12 suggests that the degree of surface

premelting increases as the temperature rises, in accordance with simulations [161].

We also observe that values of Γmelt reported in Fig. 3.12 are in the same magni-

tude range compared to Γ∞Au(T ) and Γsurf (which read 33·1012 Hz and 137·1012 Hz
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Figure 3.13: Theoretical dielectric funtion of the Au NPs array, parallel (εp)
and perpendicular (εs) to the plane of incidence. Reproduced
from Ref. [212] with permission from the Royal Society of Chem-
istry.

at RT, respectively). It may be argued that more information could be obtained

with a more sophisticated model, such as a core-shell structure, with solid core and

pre-molten shell. We did not implement this approach because surface premelting

is not expected to be homogeneous (see Section 1.2.3) and because a core-shell

model requires independent knowledge of the thickness and optical properties of

the shell, none of which are readily available, neither from experiment nor from

theory [215, 216].

We can evaluate the impact of Γmelt(T) on the overall optical properties of the

Au NPs arrays by looking at the complex, anisotropic dielectric function of the

effective medium employed to model the arrays reported in Fig. 3.13. In the

image we report the components of the dielectric function tensor along the s and

p direction at room temperature and at 350 ◦C, both with and without Γmelt. The

curves have been obtained from the x, y, z components of the effective dielectric

function by using Eqs. IV.54 and IV.55. By raising the temperature from RT

to 350 ◦C, the peak of Im{εp} at 542 nm reduces from 4.0 to 3.4; the correction

further reduces this value to 3.0. Concerning Im{εs}, the peak at 526 nm reduces

from 2.6 to 2.3, while the correction brings it to 2.1. Therefore, we conclude that

raising the temperature dampens the intensity of the LSPR, and the correction

magnifies this effect.
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We believe that the value of this investigation goes beyond the mere detection of

surface premelting. In fact, we presented a mean of calibration which relates the

temperature of nanosystems to their measured optical response; this can be useful

whenever a direct measurement of the temperature is not feasible. Concerning

our arrays of Au NPs, we presented experimental data and developed a model to

demonstrate the optical properties of Au nanoparticles deviate from expectations

when temperature rises; we noticed that an effective correction restores agreement

between our model and the experimental data; and finally, we indicated surface

premelting as the most likely cause of the deviation between the uncorrected model

and experimental data.

3.4 Plasmonic silver nanoparticle arrays:

temperature effects

Figure 3.14: Panel (a): Representative AFM image of a silver nanoparticle
array. Black scale bar: 500 nm. Inset of panel (a): Pair Corre-
lation Function (white scale bar: 50 nm). Panel (b): Dispersion
of semiaxes lengths along the x and y directions, obtained from
analysis of the AFM image on the left. Panel (d): Average mor-
phological values obtained from analysis of AFM images acquired
on the silver nanoparticle array
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Figure 3.15: Transmittance spectra of Ag nanoparticle arrays, acquired in
high vacuum at room temperature. The direction of the light
beam is perpendicular to the sample surface; light is linearly po-
larized along (top) and across (bottom) the chains of nanoparti-
cles.

3.4.1 Sample morphology

The sample with Ag nanoparticles was fabricated according to the procedure de-

scribed in Section 3.1.1; The amount of deposited Ag was equivalent to a 4-nm-

thick layer. A representative AFM image of the Au NPs array is reported in Fig.

3.14 (a). Statistical analysis was performed according to the procedure described

in Section 3.1.2; the resulting average morphological values are reported in Table

3.14 (d).

3.4.2 Optical properties of silver nanoparticle arrays

The optical properties of our silver nanoparticle arrays were investigated with

SE from room temperature to 350 ◦C, backed by transmittance measurements at

room temperature. Both these datasets were acquired in high vacumm, as for the

gold nanoparticle arrays. The transmittance spectra reported in Fig. 3.15 show

sharp LSPR for both sample orientations, that is, with NPs chains parallel and

perpendicular to the direction of light polarization. In the first case the LSPR

is around 410 nm, while in the second case is around 397 nm. The small slope

change around 360 nm in Fig. 3.15 (top) can be ascribed to a 4-pole effect.
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Figure 3.16: Ψ (left) and ∆ (right) spectra measured on the silver nanoparticle
array from room temperature to 363 ◦C.

The experimental Ψ, ∆ spectra measured on the silver nanoparticle arrays are

reported in Fig. 3.16 as a function of temperature. The traces correspond to the

sample temperature according to the color scale on the right of the image. Data at

room temperature are represented by the violet trace, whereas high-temperature

data are reported as the red curves. At room temperature, the Ψ spectra (left) is

characterized by a sharp peak and a dip at ∼ 340 nm and ∼500 nm, respectively;

going towards the IR, the curve progressively grows until a constant value of ∼19◦

is reached. As the temperature is raised, the general shape of Ψ remains largely

unaltered; the largest temperature-induced variations occur close to the sharp

peaks in the UV. Also the ∆ spectra in Fig. 3.16 (right) show little variations

with temperature. In fact, the ∆ spectra at all temperatures have largely the

same general shape, that is a sharp rise starting from 0◦ at ∼320 nm, up to a

constant value around 355◦ in the IR. The only sizable variations occur below

375 nm and around ∼600 nm, where the shoulder slightly blueshifts for raising

temperatures.

The optical model used to analyze the SE spectra in Fig. 3.16 is the same

already described for the case of gold. As inputs to the model, we used the

optical properties of the substrate reported in Section 3.1.1 and the morphological

parameters obtained in Section 3.4.1. The T-dependent optical properties of bulk

silver, also necessary as input to the model, are presented and discussed in the

following section.

3.4.3 T-dependence of the dielectric function of bulk

silver

The sample used as a reference for bulk silver is composed of an optically-thick

silver film deposited on a commercial Si wafer. The film was created inside the
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Figure 3.17: Ψ (left) and ∆ (right) spectra measured on an optically-thick
silver film, from room temperature to 350 ◦C.

Figure 3.18: Panels (a) and (b): real and imaginary parts of the dielectric
function of silver, obtained from the SE spectra in Fig. 3.17.
Panels (c) and (d): zooms of images (a) and (b) over the UV
region.
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deposition chamber, by evaporating Ag on the Si substrate (see Section 2.4). Im-

mediately after the fabrication, the sample was transferred inside the chamber

for in situ SE measurements; there, it was subjected to the same thermal treat-

ment described in Section 3.3.2. SE spectra were acquired during the process, at

temperatures that match the ones reported in Fig. 3.8.

In situ SE measurements on the optically-thick silver film are reported in Fig.

3.17. The temperature-induced variations in both Ψ(λ) and ∆(λ) are largest in

the spectral region between 300 and 350 nm. As for the case of gold, the mere

observation of the SE spectra is of little use to evaluate quantitatively the tem-

perature dependence of optical properties of silver. To this end, we extracted the

pseudo-dielectric function from the SE spectra reported in Fig. 3.17 by using Eq.

2.6. The calculated pseudo-dielectric function at different temperatures is reported

in Fig. 3.18. For raising temperatures, the real part < ε1 > is characterized by

a progressive lowering of the positive peak around 310 nm (see Fig. 3.18 (c))

and a general decrease in the IR. Also < ε2 > shows variations both in the UV

and IR: as temperature rises, the interband peak around 310 nm is lowered and

blueshifted, while a shoulder appears arouns 330 nm (see Fig. 3.18 (d)); going

towards longer wavelength, we observe a progressive rise of the < ε2 >. This last

feature, as in the case of gold, is caused by a shorter electron mean free path due

to the increased phonon population. We note that the trends observed in < ε2 >

are fully compatible with the most detailed reports in the literature (see Chapter

1). The pseudo-dielectric function reported in Fig. 3.18 constitutes our reference

for the optical properties of bulk silver at different temperatures, and is fed into

the optical model describing the silver NPs array.

3.4.4 Discussion

Once we have collected all the inputs necessary to the model, we run the algo-

rithm described in Appendix IV to generate the Ψ and ∆ spectra. In Fig. 3.19

(a) and (c) we report the theoretical Ψ,∆ spectra at RT (dashed black lines)

along with the corresponding experimental data (blue markers). In both Ψ and

∆ spectra, the theoretical curves reproduce all the major features observed in the

experimental curves. The spectral position of such features is largely matched,

altough actual numerical value is underestimated in a few cases. In Ψ, we find

that the complicated shape around 400 nm, which is the indirect fingerprint of the

LSPR, is generally reproduced by the theoretical curves; however, the theoretical

values are lower than the experimental ones approximately between 375 nm and

425 nm. Going towards longer wavelengths, the theoretical curve follows the same

trend of the experimental one, but yields slightly lower values. Concerning ∆,

the matching is generally good along the whole spectrum; exceptions are in the
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Figure 3.19: Panels (a) and (c): Experimental (blue markers) and theoretical
(dashed black lines) SE spectra of Ag NPs array at room tem-
perature. Panels (b) and (d): Experimental (blue markers) and
theoretical (dashed black lines) SE spectra of Ag NPs array at
350 ◦C.

narrow UV region below ∼350 nm, where the theoretical values are higher than

the experimental ones, and around ∼650 nm, where the model yields a somewhat

smoother shoulder with respect to the one observed in the experimental data.

As we observed in Fig. 3.16, raising the temperature does not induce very large

variations in the SE spectra. For the purpose of evaluating the accuracy of the

model at high temperatures, we report in Fig. 3.19 (b) and (d) the experimental

(red symbols) and theoretical curves (black dashed lines) at 350 ◦C. By comparing

the experimental Ψ spectra in Fig. 3.19 (a) and (b), we observe that the temper-

ature induces a general lowering of all the relevant features, excluding the tail in

the IR; the model reproduces this trend, with the exception of the dip around 500

nm, whose intensity remains independent from the temperature. In ∆, the model

accuracy at 350 ◦C is generally similar to the one at room temperature; despite

using the temperature-dependent optical properties of silver, however, the small

blueshift of the shoulder arouns ∼550 nm is not well reproduced by the model.

As we discussed earlier, the main benefit of developing an optical model is the

possibility to calculate the effective dielectric tensor of the nanoparticle arrays. In
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Figure 3.20: Theoretical dielectric funtion of the Ag NPs array, parallel (εp)
and perpendicular (εs) to the plane of incidence.

Fig. 3.20 we report the s and p components of the dielectric tensor calculated for

the silver NP arrays at RT and 350 ◦C. We observe the same kind of Lorentzian

shapes of the dielectric function obtained for gold, that is, a wiggled shape in

the real part and a peak in the imaginary part around ∼ 400 nm; these features

correspond to LSPR of the nanoparticle arrays. The overall effects of temperature

appear to be quite small: the largest variations occur in the 300-350 nm region,

while the LSPR hardly changes when the system is heated from RT to 350 ◦C.

In a sense, smaller variations of the effective ε with T are expected, given the

smaller T-dependence of the optical response of Ag metal. In particular, the

variation of the interband transitions with T does not reach out to the LSPR

spectral range, and the IR part of εAg shows only moderate T dependence, if

compared to Au.

In detail, from the comparison of data and model, for the Ag NPs system we

cannot derive a clear-cut conclusion about the possible occurrence of finite-size

thermodynamic effects on the system. Doing this would require the achievement

of a better agreement between model and experiment, something that was not

so far possible. In this respect, it must be noted that Ag is a more challenging

system to model with respect to Au. In fact, the higher LSPR frequency implies

that small 4-pole effects start to appear, which we cannot model, and the very low

dissipation of Ag makes out-of-plane resonances of the NPs visible. This is indeed

one of the reasons for the complex shape of Ψ close to the UV region. In addition,
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Figure 3.21: Ψ (left) and ∆ (right) spectra of the supported silver NP arrays
calculated for three different angles of incidence. Depending on
the angle, the fingerprint of the LSPR in the SE spectra varies
considerably.

there is a purely geometrical effect at play. In gold, the LSPR in the SE spectra

is manifested as a clear dip in Ψ and a sharp change in ∆; in silver, on the other

hand, the LSPR is represented as a complex shape in Ψ and a smooth slope change

in ∆. The reason of this difference can be found by looking at Fig. 3.21, where

we report the calculated SE spectra of the silver NP arrays at room temperature

for three different angles: 62◦, 66◦ and 70◦. We clearly see that, depending on the

angle of incidence, the Ψ in the 400-450 nm region changes with increasing θ from

a peak-like structure (62◦) to a spectrum that has the same general shape observed

in the gold system (although the absolute values and the spectral position of the

features vary, of course). At 66◦, which is the fixed angle of our SE measurements,

the Ψ spectrum has a “transition” structure that is particularly sensitive to the

system structure, and therefore harder to model.
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3.5 Summary and perspectives

In this chapter we have presented and discussed the temperature-dependent op-

tical properties of gold and silver nanoparticle arrays. By using ellipsometry

backed by AFM and transmittance measurements, we were were able to detect

the temperature-induced variations in the SE spectra of our samples, and to relate

them to the underlying physical mechanisms. In Section 3.1 and 3.2 we described

the fabrication process of our samples and qualitatively analyzed the SE spectra

obtained in situ during the last stage of fabrication; this allowed us to identify

the threshold temperature between the solid-state dewetting and the surface pre-

melting of the gold nanoparticles. In Section 3.3 we investigated the temperature-

dependent optical properties of gold nanoparticle arrays; by using a proper optical

model, we were able to reproduce the experimental SE spectra and, as a conse-

quence, to calculate the effective dielectric function of the nanoparticle arrays.

The accuracy of our model was sufficient to detect a temperature-dependent de-

viation from the experimental data, which was attributed to the onset of surface

premelting. Finally, in Section 3.4, we investigated the temperature-dependent

optical properties of silver nanoparticle arrays, by using the same strategy imple-

mented for the gold ones. Due to more complex SE spectra, the accuracy of the

model describing the optical properties of silver nanoparticle arrays did not allow

us to identify the surface premelting; however, it was still possible to calculate the

effective dielectric function of the arrays, where the spectral position of the LSPR

was in accordance with the transmittance measurements.

We remark a few notable outcomes of this investigation. First, all the measure-

ments were acquired in highly controlled conditions, namely in high vacuum and at

controlled temperatures. The former condition guarantees that the measurements

are as free from effects of contaminants as possible (drawing from the discussion

in Chapter 1, this condition is particularly important for the Ag NPs, that are

very exposed to ambient contaminations); the latter condition allows to precisely

relate the optical properties of the nanoparticle arrays to their temperature, in

conditions of thermodynamic equilibrium. Therefore, our measurements can be

used as a reference in those cases where a direct measurement of the temperature

of NPs is not conceivable; moreover, the availability of experimental data in condi-

tions of thermodynamic equilibrium at temperature T between electron gas, lattice

and ambient, can be precious for comparing with the results of ultrafast-heated

nanosystems, where out-of-equilibrium conditions are typically created. The de-

velopment of an optical model led to the calculation of the temperature-dependent

effective dielectric function of the nanoparticle arrays; this is a significant outcome,
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as the dielectric function constitutes the most general and complete way to de-

scribe the optical properties of our arrays. The optical model is a versatile tool

which, in principle, can be applied to any bidimensional arrays of spherical or

spheroidal nanoparticles; for example, in Chapter 5 we will apply the model to

study a nanoparticle array with thermoresponsive characteristics. Finally, the di-

electric function calculated from SE measurements on the gold and silver films are

consistent with the theoretical predictions found in the literature, and therefore

they constitute a useful reference for any further investigation in this field.

One of the most sought-after characteristics of the LSPR is the tunability over

a wide spectral range. In this chapter, we have seen that our gold and silver

nanoparticle arrays have the LSPR approximately around 550 and 400 nm, re-

spectively. A possible next step of our research is constituted by the study of

the temperature-dependent optical properties of nanoparticle arrays constituted

of Au-Ag alloys in variable proportions; in fact, by varying the Au-to-Ag ratio,

it is possible to tune the LSPR of the array over a large portion of the visible

spectrum [144, 217].


