
Chapter 4

Plasmonics of Au nanoparticles

under ultrafast laser heating

In this chapter, we will investigate the interaction of intense pulsed-laser radiation

with the gold nanoparticle arrays presented in Chapter 3. Under these condi-

tions, non-equilibrium conditions occur within the NPs, and strong heating of the

nanosystem can occur. In particular, we will focus on the comparison of the effects

of laser pulses at interband (λ = 400 nm) and at the LSPR wavelengths (λ = 600

nm). On the arrays, indeed, it is known that different near-field patterns develop

in the two cases. It is therefore interesting to observe the effect on the array evo-

lution.

Looking at the sample morphology following the irradiation, we observed an in-

teresting phenomenon which seems to be counter-intuitive, namely that interband

excitation, despite having lower σabs, is more efficient than plasmonic irradiation

in inducing nanoparticle melting, reshaping and ultimately sublimation from the

substrate; we will explain the experimental observations by considering the local-

ization of the EM-induced heat sources inside the nanoparticles.

4.1 Sample characterization

The system under investigation is constituted by supported arrays of gold nanopar-

ticles, fabricated according to the procedure described in Section 3.1.1. A repre-

sentative AFM image of the Au NPs array is reported in Fig. 4.1 (a). Statistical

analysis was performed according to the procedure described in Section 3.1.2; the

resulting average morphological values are reported in Fig. 4.1 (d). From these

values, we notice that this sample is slightly different from the one studied in

Section 3.3; in particular, the NPs are smaller on average, and the lattice param-

eters are different. Therefore, we performed transmittance measurements also on
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Figure 4.1: Panel (a): Representative AFM image of gold nanoparticle arrays.
Black scale bar: 500 nm. Inset of panel (a): Pair Correlation Func-
tion (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 morphological
values obtained from analysis of AFM images acquired on the sil-
ver nanoparticle array.

this sample, following the same procedure described in the previous chapter. The

transmittance spectrum for light polarized parallel to the NPs chains is reported

in Fig. 4.2; the transmittance minimum, corresponding the collective LSPR, is

located at 592 nm. The transmittance at that wavelength reads 0.53, whereas at

λ = 400 nm it is 0.74.

4.2 Ultrafast laser-induced heating on the gold

nanoparticle arrays

4.2.1 Experimental setup

The laser beams used for the melting and probe of the 2D arrays were produced

by a single Ti:Sapphire based femtosecond laser system. This system consists of a

Ti:Sapphire oscillator producing 20 fs pulses with a frequency of 80 MHz, a part

of whose output is used to seed a chirped pulse amplifier which in turn generates

4 mJ, 35 fs pulses centered at 800 nm with a repetition rate of 1 kHz. An optical

parametric amplifier (OPA) is then used to convert part of the amplifier output
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Figure 4.2: Transmission spectrum of the pristine gold NP arrays. The spec-
trum was measured with light polarized parallel to the NP chains,
at normal incidence, as represented in the scheme on the right.
The red dots represent the wavelength values at which laser irra-
diation was performed in different experiments.

into tunable radiation. The melting laser pulses were either the second harmonic

of the amplifier or the output of the OPA.

The laser-irradiation was performed as follows: laser pulses with 50 fs duration,

500 Hz repetition rate and 100±40µm and 250±50µm spot diameters (respectively

for λirr = 400 and 600 nm) were shone for 3 s (1500 pulses), on different pristine

areas of the sample. The pulse fluences were varied from area to area, in order to

systematically explore the effect of this variable on the array. We chose values of

pulse fluence Fpulse which ranged from a minimum of 13 J/m2 to a maximum of

100 J/m2 (save for the lowest fluence, fluences have been rounded to the nearest

5 J/m2). The laser wavelength was set to λirr = 400, 600 nm (red markers in Fig.

4.2). Thus, 400-nm (600-nm) excitation corresponds to the interband (LSPR)

spectral range.

The sample morphology resulting from the high-energy irradiation was then

assessed by means of AFM, and the data were compared with the corresponding

pristine data. Transmission spectra were performed on the irradiated areas by

means of a home-built micro-spectrometer with 10 µm-diameter areal acceptance.

4.2.2 Effects of ultrafast laser-induced heating

In Fig. 4.3 we report a set of AFM images measured on irradiated areas. The left

column reports images recorded following irradiation with λirr = 400 nm. Top to

bottom, the pulse fluence increased from 13 J/m2 to 75 J/m2. In the right column,

images corresponding to λirr = 600 nm irradiation are reported. Top to bottom,

the pulse fluence increased from 50 J/m2 to 100 J/m2. Images recorded for the
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Figure 4.3: Left column: AFM images (2 × 2 µm2) of the NP arrays after
irradiation with λirr = 400 nm radiation. Top to bottom, the
mean pulse energy was 13 J/m2, 25 J/m2, 50 J/m2 and 75 J/m2.
Top right: AFM image of the pristine system. Right column:
AFM images of the NP arrays after irradiation with λirr = 600
nm radiation. Top to bottom, the mean pulse energy was 50 J/m2,
75 J/m2 and 100 J/m2. Inset of AFM images: 2D pair correlation
function of the respective NP array (lateral dimensions: 240×240
nm2). From Ref. [218].
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same pulse energy are arranged side-by-side, in order to ease their comparison.

In the top right corner, an image of the pristine system is reported, again for

comparison. Irradiation at λirr = 600 with 13 J/m2 and 25 J/m2 fluence led to

undetectable variations of both morphology and optical response.

Let us consider the images corresponding to interband irradiation (λirr = 400

nm). For Fpulse = 13 J/m2, we observe the appearance of a few large aggregates,

randomly located on the sample. Quantitative analysis shows that the mean in-

plane AR has decreased to 1.2, while the arrays show a diminished degree of order,

testified by the presence of weaker structures in the 2D-PCF with respect to the

pristine case (inset). Indeed, the NP density reads now ≈ 500 NP/µm2.

For Fpulse = 25 J/m2, significant modifications begin to appear. The nanoparti-

cles have clearly become much larger in size, and their aspect ratio is now around

unity. Their areal density has strongly decreased to around 300 NP/µm2, and the

2D-PCF shows a weak, isotropic correlation ring, that indicates that the NPs have

lost their pristine arrangement.

Increasing further the pulse energy to 50 J/m2 the NPs become slightly larger in

size, their areal density further decreases to roughly 215 NP/µm2 and they com-

pletely lose their positional correlation; large portions of uncovered substrate start

to appear. Finally, for Fpulse = 75 J/m2, the AFM data mostly show the bare

substrate, meaning that Au has been ablated from the surface. The substrate was

not significantly damaged since the nanogrooves of the LiF surface are still clearly

observable.

For λirr = 600 nm, the system evolution is remarkably different. For Fpulse = 13

J/m2 and 25 J/m2 no detectable variations were observed. At Fpulse = 50 J/m2,

a few large agglomerates appear, whereas the majority of the array is only weakly

affected by the laser. The AR of the particles has decreased to 1.2, the areal

density is roughly 1000 NP/µm2, and the positional correlation has been largely

preserved. Increasing the pulse fluence to 75 J/m2 a further slight decrease of the

mean aspect ratio to 1.1 is observed, accompanied by a drop of NP density to

roughly 750 NP/µm2. Several aggregates have now appeared, though the arrays

have preserved a fair degree of positional order. For Fpulse = 100 J/m2, the aspect

ratio has reached unity, and the NPs clearly show widespread signs of aggregation.

Their areal density has dropped to roughly 500 NP/µm2 and the systems shows

just a weak residual degree of spatial correlation.

In Fig. 4.4, we report transmission spectra selectively recorded in the irradiated

areas (normal incidence, polarization direction along the NP chains). In the top

(bottom) panel, we report the data recorded following interband (plasmonic) ir-

radiation. In both graphs, the pristine transmission spectrum is reported as the
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Figure 4.4: Top panel: transmission spectra of the Au NP after irradiation
with pulse of energy 25J/m2, 50J/m2 and 75J/m2 at λ = 400 nm
(blue, green and orange symbols, respectively). The black line is
the unpertubed spectrum. Bottom panel: transmission spectra
of the Au NP after irradiation with pulse of energy 75J/m2 and
100J/m2 at λ = 600 nm (orange and red symbols, respectively).
The black line is the unpertubed spectrum. From Ref. [218].

continuous black line. For interband irradiation, we report the spectra measured

for Fpulse = 25 J/m2, 50 J/m2 and 75 J/m2 (blue, green and orange markers,

respectively). The gradual weakening, narrowing and blueshift of the plasmonic

dip with increasing Fpulse is apparent, in agreement with AFM results. Indeed,

the gradual Au ablation leads to a weakening absorption, whereas the loss of po-

sitional order leads to the narrowing and blueshift of the plasmon peak, due to

the weakening of the strong EM interparticle coupling [219]. For Fpulse = 75J/m2,

the transmission spectrum resembles the spectrally-flat response expected from a

dielectric slab, confirming the almost total ablation of Au.

For λirr = 600 nm, at Fpulse = 75 J/m2 we observe a slight redshift and narrowing
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of the plasmonic peak, whereas for fluence of 100 J/m2 also a gradual drop of ab-

sorption is observed. The results are clearly due to the decrease of the AR of the

NPs, the gradual loss of positional order, and some evaporation of metallic ma-

terial. We notice that decreasing the in-plane AR of the NPs means, on average,

to increase the dimension of the interparticle nanogaps. The transmission data

essentially agree with the picture drawn by AFM, in particular they underline the

very different efficiency of interband and plasmonic heating in inducing irreversible

system alterations.

4.2.3 Modelling and discussion

The irreversible changes that we observe are clearly due to the sudden heating by

the laser pulse of the NPs array and their subsequent evolution (melting, coales-

cence, ablation). In order to understand which processes are at play, it is however

paramount to estimate the maximum temperature achieved. Indeed, whereas it

can be safely inferred that NP melting must have occurred in order for NPs to

coalesce and assume a spherical shape [164], there are a number of processes oc-

curring in NPs at sub-melting temperature that can affect their morphology (e.g.

surface melting or non-thermal melting [220, 221]).

Since the duration of the laser pulse is much shorter than the typical time scales for

the dissipation of thermal energy to the environment, the maximum NP temper-

ature, under the hypothesis of homogeneous heating, can be estimated, according

to Ref. [222], as:

∆Tmax =
σabsF

V ρAucAu
(4.1)

where V is the NP volume, ρAu and cAu are gold density and specific heat, F is

the experimental laser fluence and σabs is the absorption cross section of a single

Au NP in the array.

The absorption cross-section σabs was obtained by means of Rigorous Cou-

pled Wave Analysis (RCWA), and was performed by Remo Proietti Zaccaria and

Alessandro Alabastri. In Fig.4.5A we report the simulated σabs as a function

of wavelength. The theoretical curve reproduces with high accuracy the main

features of the experimental data, yielding σabs(400nm) = 2.03 · 10−16 m2 and

σabs(600nm) = 3.45 · 10−16 m2. Substituting these σabs values into Eq. 4.1, we

obtain the theoretical maximum temperature increases reported in table 4.1.

For λ = 600 nm irradiation, the calculated temperature increase was 1700 K,

2500 K and 3400 K for Fpulse = 50 J/m2, 75 J/m2 and 100 J/m2, respectively,

whereas for interband irradiation the maximum temperature increase is roughly
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Figure 4.5: Panel A: experimental absorbance of the NP arrays (symbols).
Calculated absoprtion cross section σabs for a single NP. Panel
B: left (right) side, top to bottom: calculated 3D maps of the
local electric field intensity and cross section along the NP long
axis for interband (plasmonic) irradiation. Panel C: left (right)
side: calculated 3D maps of the local electric field intensity on the
NP surface for interband (plasmonic) illumination in the case of
isolated NPsFrom Ref. [218].
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13 J/m2 25 J/m2 50 J/m2 75 J/m2 100 J/m2

∆T(K) ∆T(K) ∆T(K) ∆T (K) ∆T(K)
λ = 400 nm 250 500 1050 1550
λ = 600 nm 1700 2550 3400

Table 4.1: Calculated maximum temperature increase ∆Tmax for irradiation
at λ = 400 nm and λ = 600 nm for different values of laser-pulse
fluence. Fluences (apart from the lowest fluence) are rounded to
the nearest 5 J/m2 and temperatures are rounded to the nearest
50 K. From Ref. [218].

1550 K for 75 J/m2, scaling linearly with Fpulse (we notice that these values are

calculated for the pristine morphology; strictly speaking, they are rigorously valid

only for the first pulse of the 1500 impinging on the system. However, the main

findings of our work are not significantly affected). It clearly appears that, accord-

ing to the results of Eq. 4.1 for homogeneous heating, larger temperature increases

should be obtained for plasmonic irradiation rather than interband irradiation.

Thus, the fact that an interband excitation with Fpulse = 75 J/m2 (∆T ≈ 1550 K)

is sufficient to almost completely ablate the Au NPs whereas analogous or even

larger fluences left the system almost unscathed upon excitation at λLSPR points

to a more complex picture. It should be noted that this conclusion remains valid

even after the propagation of the errors due to the uncertainties in the spot sizes.

A possible explanation of this observation can be found looking at the local

field distribution of
−→
E within, the NP arrays, reported in Fig.4.5B. The near field

images were determined through the Finite Element Method (FEM) approach

which, through the employment of a tetrahedral mesh, could guarantee a proper

electric field distribution even over curved structures. On the left (right) side

of Fig.4.5B we report the simulations performed for incident radiation with λ =

400 nm (λ = 600 nm). The panels of Fig. 4.5B represent the 3D near-field

distribution at the NP surface with periodic boundary conditions, whereas the

bottom panels are cross section along the NP long axis. In Fig.4.5C we report

analogous calculations performed for the isolated-NP case. The color scale is the

same for the interband and the plasmonic case.

The striking difference between the two interband and plasmonic cases is the

different intensity of the maximum field at the NP surface, at least twofold larger

for plasmonic excitation, and the different degree of uniformity of the field over the

entire NP volume. Indeed, whereas the electric-field magnitude is relatively homo-

geneous for interband excitation, its magnitude becomes strongly inhomogeneous

for plasmonic irradiation, where it peaks within the small NP volume directly fac-

ing the interparticle gaps. Since the heat sources are related to
−→
E (−→r ) through

the relation q(−→r ) = ω
2
Im(ε(ω))ε0|

−→
E (−→r )|2, there is a corresponding difference in
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their spatial distribution within the NP.

In the time regime when no heat dissipation from the NP to the environment

has taken place, the interband irradiation heats the NP with a good homogeneity.

Under these conditions it is reasonable to assume that the theoretically estimated

∆T is evenly achieved throughout the NP, thereby justifying the experimental

observations (aggregation, melting and ablation), and that the heating process

proceeds through the conventional pathway of hot-electron generation, homoge-

nization of the electron gas over the NP, electronic thermalization and subsequent

lattice heating.

For the plasmonic case, where the total amount of energy deposited in the NP is

larger than the interband case due to the larger absorption cross section, the key

factor in determining the system evolution must be the electric-field spatial distri-

bution, hence q(−→r ). For the heating-source distribution to have an impact on the

morphological evolution, no temperature equilibration within the NP must take

place. This suggests that the concentrated plasmonic heating leads to an ultrafast

non-thermal melting process occurring within the volume where stronger electron

excitation has occurred. In this case, the energy deposited could be efficiently

dissipated by local Au ablation from the NP surfaces, that leaves their shape only

weakly altered [223] or by the formation of a plasma in the hot-spot volume due

to photoionization, impact ionization and/or strong-field photoemission [224]. In-

deed, the fluences used here are consistent with the threshold proposed by Boulais

for the transition from an absorption to the near-field regime in Au nanorods (30

J/m2). Such local ablation of material, over the whole laser-shot sequence, leads

to slight blueshift of the plasmonic resonance and ultimately to its weakening (see

Fig. 4.4). Under the present experimental conditions, we cannot assess whether

such changes occur upon a single/few pulses or after the accumulation of all the

pulse sequence: in the former case, a self-limiting effect might be at play, since

σLSPRabs can be modified following the first few pulses. We notice that these effects

related to the high concentration of heating sources should disappear when strong

EM coupling between the NPs ceases to be present, i.e. in the isolated-NP case

(see calculations in Fig. 4.5C).

Further experimental support for asymmetric plasmonic heating of noble metal

nanostructures can be found in works describing the threading of chains of gold

nanospheres [225, 226] or nanorods [101, 173] by locally melting the gold into

the regions between very closely spaces nanoparticles. These works are further

evidence that morphological changes occur in the hot spots before the heat can be

evenly propagated throughout the nanoparticle.
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Figure 4.6: False-colour map of the transient absorbance spectra obtained for
our Au NP arrays, following photoexcitation at 405 nm light pulse
with 18 µJ/cm2. Clearly visible are the regions of photoinduced
absorption (positive) and photoinduced bleaching (negative).

Summarizing, we have reported an experimental investigation of the laser-induced

heating and reshaping of Au NPs within strongly coupled 2D arrays. The 2D ar-

rays were irradiated with sequences of 50-fs laser pulses at interband (λ = 400

nm) or LSPR (λ = 600 nm) wavelength, with pulse fluence in the 13 J/m2 to

100 J/m2 range. Although calculations show that the absorption cross-section of

the NP σLSPRabs is 70% larger for plasmonic irradiation rather than for interband

irradiation, we observed that interband heating was significantly more efficient in

inducing the NP melting all over the array, and ultimately even the sublimation

of Au from the substrate. We interpreted this result as the effect of the different

localization of the heat sources q(−→r ) in the NP during the laser irradiation. Upon

interband excitation, finite-element calculations shows that there is a more homo-

geneous distribution of heat sources within the NPs, that supposedly leads to a

homogeneous NP heating that can exceed the bulk melting temperature and lead

to NP melting, re-aggregation, and even sublimation. In the plasmonic-irradiation

case, the strong EM coupling of neighbouring Au NPs leads to a very strong lo-

calization of the electric field in the small NP volumes facing the interparticle

gaps. This possibly promotes non-thermal effects that locally melt/reshape the

NPs without leading to their full melting, reaggregation etc.

The difference between plasmonic and interband irradiation is particularly pro-

nounced due to the dense packing of NPs in the array, that effectively promotes

a significant difference in the heat-source localization within the particles. This

shows the possibility to fine-tune the heating/reshaping efficiency of nanoscale
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metal objects by means of laser pulses based not only on their wavelength but also

on the engineering of the local environment of the nano-objects. Beyond this, ac-

curate design of nanostructure architectures can be intrumental for creating exotic

states of matter (e.g. non-thermal molten solids) within metallic nanostrutures

and their near environment.

We conclude this chapter by noting that interesting effects can be triggered in

NP arrays also by using laser fluences that do not induce irreversible damage.

In particular, femtosecond transient absorbance (TA) spectra of NP systems in-

vestigated with an ultrafast pump-probe setup allow to evaluate the efficiency of

a nanostructure to produce hot electrons, and to estimate their lifetime. As an

example, Fig. 4.6 reports a false-colour map of the TA spectra obtained for our

Au NP arrays.



Chapter 5

Arrays of gold nanoparticles with

thermoresponsive shell

In this chapter we will investigate the temperature-dependent optical properties of

thermoresponsive core-shell nanoparticles arranged in a hexagonal lattice. Core-

shell nanoparticles have been thoroughly investigated in the last decades, because

they offer a way to combine the properties of two materials at the nanoscale, or

even to create new functionalities [227]. Among the many combinations available,

here we will consider the case of composite nanoparticles having a gold core and

a PNIPAM shell. PNIPAM is a widely studied temperature-responsive polymer

[228] which, in acqueous environment, undergoes a coil-to-globule phase transi-

tion at its lower volume phase transition temperature (VPTT) [229]. Above and

below the VPTT, PNIPAM is in a collapsed and swollen state, respectively (see

Fig. 5.1); the phase transition determines a variation in the polymer volume and

refractive index. By capping metallic nanoparticles with the thermoresponsive

polymer PNIPAM it has been possible to create nanodevices for advanced op-

tical sensing [230–232], or temperature- and light-sensitive nano-actuators with

response time in the order of microseconds [233, 234]. Arranging Au/PNIPAM

core-shell nanoparticles into regular lattices through self-organization methods has

further increased their potential for applications [235, 236], as demonstrated by

several recent works [237–241]; indeed, such an approach allows to create plasmonic

metasurfaces, where tailored functionalities can be designed at the nanoscale and

reproduced over large areas in a cost-effective way [242]. However, while much ef-

fort have been devoted to the fabrication of Au/PNIPAM core-shell nanoparticle

lattices, an in-depth characterization of their optical properties is still missing.

In this chapter we will study ordered arrays of gold-PNIPAM NPs with in situ

SE at temperatures around the volume phase transition temperature (VPTT) of

PNIPAM; an effective optical modelling, derived from the one used in Chapter 3,

87
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Figure 5.1: Schematic representation of PNIPAM in the swollen (left) and
collapsed (right) state. Reprinted from Ref. [229] with permission
from Elsevier.

will allow us to determine how the volume phase transition of PNIPAM influences

the LSPR of the lattice. In this investigation, we acquire SE measurements while

keeping the samples in water, as an acqueous environment allows the volume phase

transition of the PNIPAM.

5.1 Samples fabrication and characterization

All chemicals were purchased from Sigma-Aldrich and used as received unless

noted differently: hexadecyltrimethylammonium bromide (CTAB, ≥ 99%, Merck)

N -isopropyl-acrylamide (NIPAM, ≥ 99.%), N,N’ -methylenebis(acrylamide) (BIS,

≥ 99.5%), 2,2’-Azobis(2-amidino- propane) dihydrochloride (AAPH, 97%), sodium

dodecyl sulfonate (SDS, ≥ 99.5%, Fluka). Water was purified with a Milli-Q

system (Millipore) yielding a resistivity of 18.2 MΩcm.

Spherical gold nanoparticles were synthesized as described previously [243, 244].

The particles had a diameter of 78 ± 4 nm (TEM, >100 particles). 10 mL of

CTAB solution (30 mM) containing 1 mg Au spheres were stirred in a 25 mL glass

vial at 70 ◦C and 10 µL 3-butenoid acid were added. The mixture was stirred for

1 h and then left for cooling at room temperature. The product was centrifuged

(30 min at 400 rcf) and dispersed 3 times in 1 mL CTAB solution (1.1 mM). 500

µL of the functionalized particle dispersion, 566 µL NIPAM solution (88.3 mM),

308 µL BIS solution (32.5 mM) and 1626 µL water were degassed with Argon

for 15 minutes and heated to 70 ◦C. The polymerization was initiated by adding

30 µL AAPH solution (0.1 M) under vigorous stirring. After 1 h reaction time

the mixture was left for cooling at room temperature and centrifuged (30 min at

400 rcf) and dispersed in 2 mL water 4 times. After the final centrifugation step

particles were dispersed in 200 µL of a water/ethanol mixture (1:1 by volume).

The hydrodynamic diameter of the core-shell Au/PNIPAM nanoparticles was

measured with Dynamic Light Scattering (DLS). Measurements were performed

by varying the temperature from 20 to 50 ◦C; due to the VPT of PNIPAM, the
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Figure 5.2: A: Hydrodynamic diameter of core/shell Au/PNIPAM particles,
measured with DLS at different temperatures. B: SEM image of
the NP lattice on silicon substrate (black scalebar: 400 nm); C:
AFM image of the same sample (white scalebar: 5 µm); D: pair
correlation function of image C (white scalebar: 1 µm).

hydrodynamic diameter of NPs changed from 312±5 nm at 20 ◦C to 162±3 nm

at 50 ◦C (see Fig. 5.2A).

Silicon wafers were cut into pieces of 1.5 cm x 1.5 cm. Cleaning of the substrates

was performed by subsequent sonication in isopropanol, ethanol and water for 15

min each and rinsing with water between each step. Au-PNIPAM particles were

assembled at an air/water interface and collected with the cleaned substrates as

described elsewhere [239]. Briefly, a crystallizing dish was filled with 0.05 mM

SDS solution and particles were applied to a glass slide, slowly flowing to the three

phase contact line and forming self-assembled hexagonal arrays at the air/water

interface. The assemblies were lifted with the substrates and carefully dried with

a heat gun.

The NP lattice was characterized both with Scanning Electron Microscopy (SEM)

and Atomic Force Microscopy (AFM). Representative SEM and AFM images are

reported in Fig. 5.2B and C, respectively. Fig. 5.2D represents the Pair Correla-

tion Function (PCF) of the AFM image; the hexagonal arrangement of the NPs
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Figure 5.3: Transmittance spectra measured on Au/PNIPAM NP lattice de-
posited on glass and immersed in water. The data have been
normalized to the spectra acquired on the bare glass substrate.

is clearly visualized. The maxima of the PCF allow to calculate the mean NP dis-

tance in the lattice, which is 500±10 nm; the mean NP areal density is therefore

4.0±0.2 NPs/µm2. The large value of the interparticle distance means that no

near-field coupling exists among NPs [239]; also, far-field coupling leading to the

so-called Surface Lattice Resonance is not expected in our sample, as the lattice

under investigation is composed of different domains with random orientation (see

Fig. 5.2C) [245].

In addition to the system just described, another NP lattice with nominally

identical morphological characteristics was created on a glass substrate (Thermo

Scientific Menzel Gläser). The preparation of the two types of samples was iden-

tical, except for a thermal treatment (100 ◦C on a hotplate for 1 minute) that was

necessary in order to attach the NPs on the glass substrate [241].

The lattice supported on glass was used for transmittance measurements (Agilent

Cary 5000 spectrophotometer), which were performed keeping the sample in a

cuvette filled with purified water, and varying the temperature from 27 ◦C to 55
◦C. The temperature-induced variations in the transmittance, normalized to the

transmittance of the bare glass substrate, are reported in Fig 5.3; when going from

27 ◦C to 55 ◦C the minimum of the transmittance changes from 552 nm to 565 nm

and decreases from 0.935 to 0.922, meaning that the LSPR redshifts and becomes

more intense.

5.2 SE data and analysis

The SE spectra measured in situ on the Au/PNIPAM NP lattice are reported

in Fig. 5.4. Data were acquired from 23 to 44 ◦C at 1 ◦C interval; the spectral

range was set between 300 to 1000 nm. We observe that both Ψ and ∆ spectra
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Figure 5.4: Experimental Ψ (left) and ∆ (right) spectra measured insitu from
23 to 44 ◦C. The temperature is indicated by the color scale re-
ported on the right side of each graph.

are characterized by a noticeable feature approximately around 550 nm, which is

the fingerprint of the particles LSPR; a second, smaller structure located around

360 nm is determined by the optical properties of the silicon substrate. As the

temperature rises, the features related to the LSPR redshift and become broader;

on the other hand, the features of the substrate maintain their initial shape and

spectral position, as it is expected.

A quantitative interpretation of the SE spectra can only be reached by building

an optical model of the sample. We chose to build our model as a 3-layer dielectric

stack with Fresnel boundary conditions, where the first and last layer represents

the substrate and ambient, respectively; the optical properties of the Au/PNIPAM

NP lattice are described through an Effective Medium Approximation (EMA) layer

of the same kind of the one reported in Appendix IV. In this case, the effective

dielectric tensor εeff of each NP takes into account its core-shell structure [99] and

the image dipole induced in the substrate [111]. The image dipole plays a major

role in determining the optical properties of the NPs, and depends on the spacing

between the Au core and the substrate; this, in turn, varies with the temperature

as PNIPAM undergoes its VPT.

The set of parameters required as input to the model includes the optical prop-

erties of all the constituent materials (substrate, Au, PNIPAM, water), plus the

NP areal density the morphological parameters of the NPs. We obtained the op-

tical properties of the substrate and Au through dedicated SE measurements; for

PNIPAM we employed a Cauchy model, as it is customary in the literature (see

Fig. 5.5) [229, 246, 247], while for water we used the temperature-dependent li-

brary data from J.A. Woollam. The radius of the Au cores was determined by

TEM measurements; the NPs areal density was calculated by analysis of AFM

images, as reported in the Experimental Section. The size of the PNIPAM shell,
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Figure 5.5: Refractive index used to model the PNIPAM shells at 23 ◦C and
44 ◦C.

Figure 5.6: Top: experimental (open markers) and calculated (continuous
lines) Ψ and ∆ spectra at 23 ◦C. Bottom: experimental (open
markers) and calculated (continuous lines) Ψ and ∆ spectra at 44
◦C.
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23 ◦C 44 ◦C
NPs distance from substrate [nm] 33 18
Effective layer thickness [nm] 180 100
PNIPAM shell thickness [nm] 50 5

Table 5.1: Main parameters used to calculate the Ψ, ∆ spectra reported in
Fig. 5.6.

the distance of the Au core from the substrate and the thickness of the EMA

layer are difficult to determine a priori ; for this reason, their values are set as free

parameters in the model.

The best match between the calculated and experimental SE data is reported

in Fig. 5.6. The calculated curves reproduce very well all the features of the

experimental data, both at 23 and 44 ◦C; in particular, the intensity of the LSPR

fingerprint is matched both in Ψ and ∆, thus confirming that the model is capable

of describing correctly the plasmonic properties of the lattice. We observe that

the calculated LSPR features are slightly redshifted (∼7 nm) with respect to the

experimental data, both at 23 and at 44 ◦C.

The free parameters determining the best match with the experimental SE spectra

in Fig. 5.6 are reported in Table 5.1. The distance between the NPs center and the

substrate reduces from 33 nm at 23 ◦C to 18 nm at 44 ◦C: this is readily attributed

to the temperature-induced shrinking of the PNIPAM shell, which reduces the

spacing between the NPs and the substrate. Due to the same mechanism, the

thickness of the EMA layer reduces from 180 nm to 100 nm. Lastly, the model

suggests that the thickness of the PNIPAM shell shrinks from 50 nm at 23 ◦C to

just 5 nm at 44 ◦C.

All the reported values indicate that the heigth of the NPs deposited on the

substrate is smaller than the hydrodynamic radius measured by DLS on free NPs

(see Fig. 5.2A); this is expected, as the PNIPAM shells of supported NPs has a

“fried egg” shape, in contrast to the almost spherical shape typical of free NPs

[237]. However our model, which is based on an Effective Medium Approximation,

necessarily describes the shells as spherical; therefore, the shell thickness reported

in Table 5.1 has to be considered as an effective (average) value. We remark

that despite this simplification, the model correctly reproduces the experimental

data, and provides a reasonable estimate of parameters - such as the distance

between the Au core and the substrate - which cannot be obtained through a

direct measurement.

From the optical point of view, the most significant outcome of the model is con-

stituted by the effective dielectric tensor εeff of the NPs lattice, which is reported

in Fig. 5.7. We chose to represent εeff through its p and s components, meaning
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Figure 5.7: Real (left) and imaginary (right) parts of the effective dielectric
tensor of the NPs lattice, calculated at 23 ◦C and 44 ◦C. The
tensor is expressed through its s and p components.

that the former is a function of the angle of incidence, while the second is not. In

Fig. 5.7, we easily recognize the LSPR as a wiggled shape in ε1 and a peak in ε2

[241]; after balancing the 7-nm temperature-independent spectral offset reported

previously, we observe that the LSPR spectral position of the s component varies

from 554 nm at 23 ◦C to 584 nm at 44 ◦C; therefore, we conclude that the swelling

of the PNIPAM shells induces a 30-nm shift in the LSPR.

For the sake of consistency, we note that this shift is larger than the one determined

with the transmittance spectra reported in Fig. 5.3; however, one should keep in

mind that the two results cannot be quantitatively compared, as they are obtained

on different systems. In fact, for the transmittance measurements we used a glass

substrate, while for SE measurements we used silicon; and more importantly, the

thermal treatment needed to attach the NPs on glass may have altered the swelling

properties of PNIPAM, thus preventing any meaningful comparison between the

two systems.

We remark that our SE approach allows to retrieve the real and imaginary part

of the dielectric tensor, thus providing a more complete description of the optical

properties of the NPs lattice with respect to the one offered by transmittance

measurements. Moreover, our model of SE data relates the (macroscopic) optical

properties of the lattice to the microscopic structure of the sample, a feature

which is not attainable from transmittance measurements. Finally, we point out

that the range of application of our model can be easily extended to lattices where

the interparticle distance is close enough to give rise to NP-NP electromagnetic

interaction [212].
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Summarizing, we studied with in situ Spectroscopic Ellipsometry the temperature-

dependent optical properties of Au/PNIPAM core-shell nanoparticles, self-arranged

onto a hexagonal lattice. By effectively modelling our SE data, we calculated the

complex dielectric tensor of the lattice, thus providing a complete characterization

of its optical properties; moreover, we estimated the distance between the NPs

cores and the substrate, an important temperature-dependent parameter which

cannot be easily determined by direct measurements. The computationally light

method presented in this work can be easily adapted to different plasmonic lat-

tices, therefore it constitutes an useful tool to study and simulate their complex

optical properties.





Conclusions

In this thesis, we have studied the temperature-dependent optical properties of

self-organized, bi-dimensional arrays of plasmonic nanoparticles (NPs). This re-

search was motivated by a growing scientific and technological interest towards

the possibilities offered by thermoplasmonics, that is, heating the matter at the

nanoscale using light.

Three systems were investigated: gold NPs supported on LiF; silver NPs sup-

ported on LiF; and core-shell gold-PNIPAM NPs supported on silicon. Whereas

these systems had their plasmonic behavior in common, large differences were

present in terms of sample environment (vacuum, air, liquid), materials (gold,

silver), temperature ranges, and mechanisms of heating and modification of the

plasmonic response. In the first two cases, the arrays were obtained by the self-

organization of NPs onto nano-rippled substrates, which determined regularly-

spaced parallel chains of NPs. This approach has several desirable qualities, in-

cluding scalability, reproducibility, and the possibility to tune the distance of the

NPs chains by varying well-defined experimental parameters. However, its main

advantage is the fabrication of NPs arrays where the interparticle distance is very

small (few nm). This characteristic allows the EM coupling among NPs, and as

a result, the plasmonic properties of the arrays are determined not only by the

properties of the single NPs, but also by their collective interaction. Therefore,

this feature provides an extra degree of flexibility to tune the optical properties of

this kind of arrays.

The other kind of NP arrays considered in this thesis is composed of core-shell

gold-PNIPAM NPs arranged into a hexagonal lattice and deposited on silicon.

PNIPAM is a thermoresponsive polymer endowed with a phase transition at tem-

peratures around 34 ◦C in water, which affects both its volume and refractive

index; gold-PNIPAM NPs, therefore, combine the plasmonic properties of gold

with the temperature-dependent behavior of PNIPAM. Also for this kind of sam-

ples, the NP arrays were fabricated via self-assembly procedures. Here, however,

the interparticle distance was sufficiently high (∼500 nm) to prevent EM coupling

among NPs. The hexagonal arrays of core-shell nanoparticles constitute a very

interesting playground to investigate the plasmonic properties of NP arrays, where
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the main advantages are represented by the high degree of spatial order and the

tunability of their interparticle distance.

The temperature-dependent optical properties of the NP arrays were investi-

gated mainly with in situ Spectroscopic Ellipsometry (SE). Many efforts have

been devoted to create experimental setups where the samples could be studied

in highly-controlled environments, exploiting the multi-ambient versatility of SE;

in this way, ambient contaminations were minimized and the optical response of

the samples could be precisely related to their temperature, without spurious con-

tamination effects. Indeed, the multi-ambient experimental setups and methods

developed for this thesis constitute a versatile tool for characterization of nano-

materials, whose range of applicability extends well beyond the systems studied

in thesis.

A simple yet powerful effective medium model was exploited to extract informa-

tion from the SE spectra, giving insights into the physical mechanisms underlying

the temperature-dependent optical properties of the various systems under inves-

tigation. This model can be adapted to describe a wide range of supported arrays

of metallic NPs, either homogeneous or core-shell; in fact, it can be used both to

analyze SE data and to simulate the optical response of NP arrays.

The optical response of gold NP arrays was studied with SE in a thermodynamic

bath having temperature from 25 ◦C to 350 ◦C. In this experiment we observed

the optical fingerprint of surface premelting at temperatures far below the melting

temperature of bulk gold, and we modelled it by using an effective correction to

the Drude scattering rate of gold. This finding suggests that a dielectric correc-

tion, such as the one found in this thesis, should be considered when modelling

the optical properties of hot plasmonic nanosystems.

The optical response of silver NP arrays was studied in the same manner described

for gold. In this case, due to the more complex SE spectra, the accuracy of the

model describing the optical properties of silver nanoparticles 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 measurement.

The approach of studying the temperature-dependent optical properties of NP ar-

rays at known T has a double value: on the one hand, it provides a a thermomet-

ric calibration that can be used as a reference for thermoplasmonic configurations

where the temperature of NPs under illumination cannot be directly assessed; on

the other hand, it represents a term of comparison for NPs under ultrafast irra-

diation, where typically a non-equilibrium state occurs between the electron gas,

the ion lattice and the environment.
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Gold NP arrays were also subjected to intense ultrafast laser pulses, to evalu-

ate the irreversible morphological effects occurring as a consequence of the light-

induced heat generation. The arrays were irradiated with sequences of 50-fs laser

pulses at interband (λ=400 nm) or LSPR wavelength (λ=600 nm), with pulse

fluence between 13 and 100 J/m2. Under these conditions, the nanoparticles can

reach extremely high temperatures (> 1500 ◦C). We observed that interband heat-

ing was significantly more efficient in inducing the NPs melting all over the array,

and ultimately even the sublimation of gold from the substrate. This may seem

counterintuitive, since the absorption cross-section of NPs is higher at the LSPR

wavelength. We explained this finding by considering the different distribution of

heat sources inside the NPs at different wavelengths: strongly localized for the

LSPR, more homogeneous for the interband excitation. The difference between

plasmonic and interband irradiation is particularly pronounced due to the dense

packing of NPs in the array, that effectively promotes a significant difference in

the heat-source localization within the particles.

The different effects triggered on NP arrays under illumination at different wave-

lengths suggest the possibility to create systems where the thermoplasmonic prop-

erties depend on the near-field EM coupling of NPs; in this way, the distribution of

heat sources inside the NPs may be tuned according to the interparticle distance.

Finally, gold-PNIPAM NP arrays were studied with in situ SE to investigate

the variations in their optical response, occurring as a result of the temperature-

dependent phase transition of the polymer between 23 ◦C and 44 ◦C in water.

We found that our optical model accurately describes the experimental data both

above and below the VPTT of PNIPAM, allowing us to determine the complex

dielectric tensor of the NP arrays.

The reported analysis on composite gold-PNIPAM NP arrays, and the related op-

tical modelling, constitute an useful reference for nanothermometric applications.

Indeed, the composite gold-PNIPAM core-shell nanoparticle constitutes a nanoth-

ermometer, where temperature can be deduced by measuring and analyzing its

optical and plasmonic response. On the other hand, given the plasmonic prop-

erties of the gold core, it is also possible to use the composite NPs as heaters,

and induce the collapse of PNIPAM by irradiating the NPs with light, either in

continuous-wave or ultrafast configuration; as a result, applications with specific

functionalities can be devised, such as advanced drug delivery systems or light-

responsive modulation materials.
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[173] G. González-Rubio, A. Guerrero-Mart́ınez, and L. M. Liz-Marzán. Reshap-
ing, fragmentation, and assembly of gold nanoparticles assisted by pulse
lasers. Acc. Chem. Res., 49(4):678, 2016.

[174] N. G. Semaltianos. Nanoparticles by laser ablation. Crit. Rev. in Sol. State
Mater. Sci., 35(2):105, 2010.

[175] M. Losurdo and K. Hingerl (editors). Ellipsometry at the nanoscale.
Springer-Verlag Berlin Heidelberg, 2013.

[176] H. Fujiwara. Spectroscopic Ellipsometry. John Wiley & Sons, Chichester,
2007.

[177] R. M. A. Azzam e N. M. Bashara. Ellipsometry and Polarized Light. North-
Holland Publishing Company, Amsterdam-New York-Oxford, 1977.

[178] H. G. Tompkins and E.A. Irene (editors). Handbook of ellipsometry. William
Andrew Publishing and Springer-Verlag GmbH & Co., 2005.

[179] K. Vedam. Spectroscopic ellipsometry: a historical overview. Thin Sol.
Films, 313-314:1, 1998.

[180] D. E. Aspnes. Spectroscopic ellipsometry - past, present, and future. Thin
Sol. Films, 571:334, 2014.

[181] A. Rothen. The ellipsometer - an apparatus to measure thicknesses of thin
surface films. Rev. Sci. Instr., 16:26, 1945.

[182] M. Canepa. A surface scientist’s view on spectroscopic ellipsometry. In
G. Bracco and B. Holst, editors, Surface Science Techniques. Springer-
Verlag, Berlin Heidelberg, 2013.

[183] R. M. A. Azzam. A perspective on ellipsometry. Surf. Sci., 56:6, 1976.



114

[184] E. A. Irene. Applications of spectroscopic ellipsometry to microelectronics.
Thin Sol. Films, 233:96, 1993.

[185] Hamamatsu. Xenon-lamp catalogue. URL https://www.hamamatsu.com/

resources/pdf/etd/Xe-HgXe_TLS1016E.pdf.

[186] B. Johs and D.W. Thompson. US Patent 5872630. Regression calibrated
spectroscopic rotating compensator ellipsometer system with photo array
detector, 1999.

[187] M. Prato. Spectroscopic Ellipsometry as a tool for characterizing nano-sized
biological materials. PhD thesis, University of Genova, 2010.

[188] M. Magnozzi, F. Bisio, and M. Canepa. Solid-state dewetting of thin Au
films studied with real-time, in situ spectroscopic ellipsometry. Appl. Surf.
Sci., 421:651, 2017.

[189] B. Johs. US Patent 06034777. Methods for uncorrelated evaluation of param-
eters in parametrized mathematical model equations for window retardance,
in ellipsometer and polarimeter systems, 2000.

[190] Guide to using WVASE Spectroscopic Ellipsometer Data Acquisition and
Analysis Software. J.A. Woollam Co., Inc., 2012.

[191] B. P. Abbott et al. Observation of Gravitational Waves from a Binary Black
Hole Merger. Phys. Rev. Lett., 116, 2016.

[192] B. P. Abbott et al. GW170104: Observation of a 50-Solar-Mass Binary Black
Hole Coalescence at Redshift 0.2. Phys. Rev. Lett., 2017.

[193] H.-W. Pan, S.-J. Wang, L.-C. Kuo, S. Chao, M. Principe, I.M. Pinto, and
R. DeSalvo. Thickness-dependent crystallization on thermal anneal for ti-
tania/silica nm-layer composites deposited by ion beam sputter method.
Optics Express, 22:29847, 2014.

[194] S. Chao, L.-C. Kuo, S.-J. Wang, H. Pan, S.-J. Song, Y.-H. Juang, I. Pinto,
and R. Desalvo. Thickness-dependent crystallization on thermal anneal for
the titania/silica nano-layers deposited by ion-beam-sputter method. In
LIGO-Virgo Collaboration Meeting, Hanover, Germany, Sep.23-27, 2013,
LIGO documentation number: LIGO-G1300921.

[195] M. Principe. Reflective coating optimization for interferometric detectors of
gravitational waves. Optics Express, 23:10938, 2015.

[196] M. Magnozzi, S. Terreni, L. Anghinolfi, S. Uttiya, M.M. Carnasciali,
G. Gemme, M. Neri, M. Principe, I. Pinto, L.-C. Kuo, S. Chao, and
M. Canepa. Optical properties of amorphous SiO2-TiO2 multi-nanolayered
coatings for 1064-nm mirror technology. Optical Materials, 75:94, 2018.

[197] L. A. Falkovsky. Optical properties of graphene. Journal of Physics: Con-
ference Series, 129:012004, 2008.



115

[198] R. Binder (editor). Optical Properties of Graphene. World Scientific, 2017.

[199] V. Miseikis, D. Convertino, N. Mishra, M. Gemmi, T. Mashoff, S. Heun,
N. Haghighian, F. Bisio, M. Canepa, V. Piazza, and C. Coletti. Rapid CVD
growth of millimetre-sized single crystal graphene using a cold-wall reactor.
2D Materials, 2:014006, 2015.

[200] P. Blake, E. W. Hill, A. H. Castro Neto, K. S. Novoselov, D. Jiang, R. Yang,
T. J. Booth, and A. K. Geim. Making graphene visible. Appl. Phys. Lett.,
91:063124, 2007.

[201] M. Magnozzi, N. Haghighian, V. Miseikis, O. Cavalleri, C. Coletti, F. Bi-
sio, and M. Canepa. Fast detection of water nanopockets underneath wet-
transferred graphene. Carbon, 118:208, 2017.

[202] J. W. Weber, V. E. Calado, and M. C. M. van de Sanden. Optical constants
of graphene measured by spectroscopic ellipsometry. Appl. Phys. Lett., 97:
091904, 2010.

[203] F. J. Nelson, V. K. Kamineni, T. Zhang, E. S. Comfort, J. U. Lee, and A. C.
Diebold. Optical properties of large-area polycrystalline chemical vapor de-
posited graphene by spectroscopic ellipsometry. Appl. Phys. Lett., 97(25),
2010.

[204] V. G. Kravets, A. N. Grigorenko, R. R. Nair, P. Blake, S. Anissimova, K. S.
Novoselov, and A. K. Geim. Spectroscopic ellipsometry of graphene and an
exciton-shifted van Hove peak in absorption. Phys. Rev. B, 81:155413, 2010.

[205] L. Yang, J. Deslippe, C.-H. Park, M. L. Cohen, and S. G. Louie. Excitonic
effects on the optical response of graphene and bilayer graphene. Phys. Rev.
Lett., 103:186802, 2009.

[206] B. A. Joyce. Molecular beam epitaxy. Rep. Prog. Phys., 48(12):1637, 1985.

[207] G. Biasiol and L. Sorba. Molecular beam epitaxy: principles and appli-
cations. In R. Fornari and L. Sorba, editors, Crystal growth of materials
for energy production and energy-saving applications, pages 66–83. Edizioni
ETS, Pisa, 2001.

[208] A. Sugawara e K. Mae. Surface morphology of epitaxial LiF(110) and
CaF2(110) layers. J. Vac. Sci. Tech., 23:443, 2005.

[209] G. Seguini, J. Llamoja Curi, S. Spiga, G. Tallarida, C. Wiemer, and
M. Perego. Solid-state dewetting of ultra-thin Au films on SiO2 and HfO2.
Nanotechnol., 25, 2014.

[210] C. V. Thompson. Solid-state dewetting of thin films. Annu. Rev. Mater.
Res., 42:399, 2012.

[211] M. Magnozzi, M. Ferrera, M. Canepa, and F. Bisio. Monitoring the solid-
state dewetting of densely packed arrays of Au nanoparticles. J. Phys: Con-
ference Series, XXX(XXX):XXX, 2019.



116

[212] M. Magnozzi, M. Ferrera, L. Mattera, M. Canepa, and F. Bisio. Plasmonics
of Au nanoparticles in a hot thermodynamic bath. Nanoscale, 11:1140, 2019.

[213] A. Zangwill. Physics at Surfaces. Cambridge University press, 1988.

[214] T. Liang, D. Zhou, Z. Wu, and P. Shi. Size-dependent melting modes and
behaviors of Ag nanoparticles: a molecular dynamics study. Nanotechnol.,
28(48):485704, 2017.

[215] M. Otter. Temperaturabhängigkeit der optischen konstanten massiver met-
alle. Z. Phys., 161(5):539, Oct 1961.

[216] J. C. Miller. Optical properties of liquid metals at high temperatures. Philos.
Mag., 20(168):1115, 1969.

[217] R. Proietti Zaccaria, F. Bisio, G. Das, G. Maidecchi, M. Caminale, C. D.
Vu, F. De Angelis, E. Di Fabrizio, A. Toma, and M. Canepa. Plasmonic
color-graded nanosystems with achromatic subwavelength architectures for
light filtering and advanced sers detection. ACS Appl. Mater. Interf., 8(12):
8024, 2016.

[218] M. Magnozzi, R. Proietti Zaccaria, D. Catone, P. O’Keeffe, A. Paladini,
F. Toschi, A. Alabastri, M. Canepa, and F. Bisio. Ultrafast laser-induced
heating of strongly-coupled gold nanoparticles. to be published.

[219] P. K. Jain, W. Huang, and M. A. El-Sayed. On the universal scaling behavior
of the distance decay of plasmon coupling in metal nanoparticle pairs: A
plasmon ruler equation. Nano Lett., 7:2080, 2007.

[220] A. Hu, P. Peng, H. Alarifi, X. Y. Zhang, J. Y. Guo, Y. Zhou, and W. W.
Duley. Femtosecond laser welded nanostructures and plasmonic devices. J.
Laser Appl., 24(4), 2012.

[221] A. B. Taylor, A. M. Siddiquee, and J. W. M. Chon. Below melting point
photothermal reshaping of single gold nanorods driven by surface diffusion.
ACS Nano, 8(12):12071, 2014.

[222] G. Baffou and H. Rigneault. Femtosecond-pulsed optical heating of gold
nanoparticles. Phys. Rev. B, 84:035415, 2011.

[223] A. Plech, V. Kotaidis, M. Lorenc, and J. Boneberg. Femtosecond laser near-
field ablation from gold nanoparticles. Nature Phys., 2:44, 2005.
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Appendix I. Refractive index and
dielectric function

Light can be conveniently described as waves following the laws of electromag-
netism, that is, electromagnetic (EM) waves. EM waves consist of electric E and
magnetic B fields propagating in space and time. E and B oscillate in phase, per-
pendicular to each other and to the direction of propagation. This means that in
the traveling direction E=B=0; for this reason, EM waves are transverse waves.
EM waves in free space must be solutions of Maxwell equations. The simplest
class of solutions are the monochromatic plane waves, in which E and B are eas-
ily described by using sinusoidal waves. In the case of a monochromatic wave
propagating along the x axis, the functional form of E and B can be written by
using the complex notation as:

E = E0 exp[i(ωt− kx+ δ)] (I.1a)

B = B0 exp[i(ωt− kx+ δ)] (I.1b)

where i is the imaginary unit, ω = 2π/T is the angular frequency, k = 2π/λ is the
wave number and δ is the phase; T and λ are the temporal period and wavelength
of the waves, respectively. Monochromatic means that the wave is characterized
by a single value of λ. The speed of light in vacuum or air does not depend on
the wavelength of light and shows the constant value of c = 2.9979× 108 m/s. A
monochromatic plane wave is represented schematically in Fig. A.1, as an electric
(blue) and magnetic field (red) oscillating in phase and perpendicularly to the
direction of propagation. In this thesis we investigate materials where magnetic
effects are negligible, therefore in the following discussion about EM waves we are
going to consider only the electric field E.

In Fig. A.1 we see that the electric field oscillates along a specific direction
(the one defined by the y axis). In this case, the light wave is said to be linearly
polarized. This is equivalent to say that the polarization state of the light wave
is linear. In addition to the wavelength and wave number, the polarization state
is a widely-used parameter to describe the properties of light. For the purposes
of this thesis the polarization is of great importance, since the analysis of light
polarization constitutes the foundation of spectroscopic ellipsometry (see Chapter
2). The most general form to describe the polarization of EM waves travelling
along the x axis is obtained by superimposing two electric field oscillating along
the y and z axis:

E(x, t) = Ey(x, t) + Ez(x, t) (I.2)

121



122

Figure A.1: Schematic representation of a linearly-polarized EM monochro-
matic plane wave propagating along the x axis. The electric field
(blue sinusoid) and the magnetic field (red sinusoid) oscillate in
phase, perpendicular to each other and to the direction of prop-
agation.

By using Eq. (I.1a) we write:

Ey(x, t) = {E0y exp[i(ωt− kx+ δy)]}x̂ (I.3a)

Ez(x, t) = {E0z exp[i(ωt− kx+ δz)]}ŷ (I.3b)

where x̂ and ŷ are the unit vectors along the y and z axes, respectively. The
type of polarization is determined by the value of the phase difference δy − δx.
When δy− δx = 0, the two components of the electric field oscillate with the same
phase; the resulting EM wave is linearly polarized, as represented in Fig. A.2(a).
In that case, the propagating EM wave is polarized along a direction which is
tilted 45◦ in the y-z plane (see the red arrow in Fig. A.2 (a)). We can obtain a
linearly polarized EM wave also when δy − δx = π; in that case, the tilt of the
polarization direction in the y-z plane is -45◦. When δy − δx is different from 0
or π, the sum of the two y and z components yields a vector which rotates as the
light propagates (see Fig. A.2(b)); in this case, the propagating light is said to be
circularly polarized if δy − δx = π/2 or δy − δx = 3π/2, and elliptically polarized
in all other cases. Indeed, we can consider the elliptical polarization as the most
general type of polarization, with the linear and circular ones as special cases [248].

When light encounters a medium, its characteristics are modified as a result of
the interaction between light and matter. Let’s first consider this from a macro-
scopic point of view. Light entering a medium travels at the speed s = c/n, where
n is the refractive index of that material. Moreover, light propagating through a
medium has a wavelength given by λ/n, where λ is the wavelength of the light
propagating in the free space. Therefore, in transparent media, n is sufficient to
determine the propagation of light. Indeed, we can easily obtain the electric field
of the light travelling inside the medium by rewriting Eq. (I.1a) as:

E = Et0 exp[i(ωt−Kx+ δ)] (I.4)
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Figure A.2: The polarization state of EM waves can be described by the su-
perposition of two orthogonal, oscillating electric fields. Here, the
sum of Ey(x,t) and Ez(x,t) describes an EM wave travelling along
the x axis and polarized along the direction indicated by the red
arrow. Image (a): when δy − δx = 0, light is linearly polarized.
Image (b): for different values of δy − δx, light can be circularly
or elliptically polarized.

where Et0 is the maximum value of the propagating wave inside the transparent
medium, and K is given by:

K =
ωn

c
=

2πn

λ
(I.5)

Just like in the case of a free-propagating wave, Eq. (I.4) represents an oscillating
field with no damping. Clearly, such a representantion is not adequate to describe
the light travelling through adsorbing media. We can incorporate this case into
Eq. (I.4) just by using a complex refractive index ñ defined as:

ñ := n− ik (I.6)



124

where k is called extinction coefficient. Now Eq. (I.4) reads:

E = Et0 exp

[
i

(
ωt− 2πñ

λ
x+ δ

)]
(I.7a)

= Et0 exp

[
i

(
ωt− 2πn

λ
x+ δ

)]
exp

(
−2πk

λ
x

)
(I.7b)

The advantage of using the complex notation in Eq. I.6 is made clear by the
functional form of Eq. (I.7b): the absorption of the medium is described by a
real exponential which is multiplied by the free-propagating field term. Therefore,
we can conclude that the refractive index n describes the propagation of EM
waves inside a medium, while the absorption coefficient k is responsible for the
exponential decay of the electric field travelling inside an absorbing material.

Empirically, the light intensity in absorbing media is given by the Beer-Lambert
law:

I = I0 exp(−αl) (I.8)

where α is the absorption coefficient and l is the distance from the surface to the
point of interest. The light intensity is related to the electric field by:

I = |E|2 = EE∗ (I.9)

therefore, by substituting in Eq. (I.7b), we obtain:

I =

∣∣∣∣Et0 exp

(
−2πk

λ
x

)∣∣∣∣2 = |Et0|2 exp

(
−4πk

λ
x

)
(I.10)

By comparing Eqs. (I.8) and (I.10), the absorption coefficient writes as [249]:

α =
4πk

λ
(I.11)

Therefore, the propagation of light inside an absorbing medium is conveniently
described using either α or k, depending on whether we consider the light intensity
or electric field, respectively.

The refractive index allows to describe macroscopically the propagation of light
at interfaces, that is reflection and refraction. Let us consider the ideal case of two
isotropic materials separated by a flat interface. When the light, travelling through
one of the medium, hits the interface at oblique incidence, as represented in Fig.
A.3, two cases arise: the light travels inside the second medium, determining a
refracted beam, and is reflected by the interface generating a reflected beam. In
both cases, the direction of propagation of the incident beam is altered. The
reflected and refracted beams are generated by the constructive interference of
radiation re-emitted from the atoms across the interface [248].

From geometrical considerations on light speed at the interface, it is possible to
demonstrate that the angle of incidence is equal to the angle of reflection (law of
reflection):

θi = θt (I.12)
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Figure A.3: Schematic representation of reflection and refraction of light
across an ideal interface between two materials having different
refractive indeces ni and nt.

and that the angle of refraction depends not only on the angle of incidence, but
also on the refractive indeces of both materials (Snell’s law) [176]:

ni sin θi = nt sin θi (I.13)

Snell’s law is valid also for materials with complex refractive index; in that case,
the angles become complex numbers, too.

The boundary conditions of the EM fields at the interface, derived from Maxwell’s
equation, provide a complete description of the reflected and transmitted beams
[250]; here we will only report the results related to the amplitude of the EM
fields. The incident, reflected and refracted beams lie on a plane which is called
plane of incidence. It is common to describe the EM fields of the light beams in
terms of components which are parallel and perpendicular to the plane of incidence;
for historical reasons, these two components are labelled p an d s, respectively. In
Fig. A.3 the p and s components of the reflected beam are illustrated as an
example.

By describing the incident, reflected and refracted beams in terms of their p−
and s−polarized components, we can write the amplitude reflection coefficients
as:

rp :=
Erp
Eip

=
nt cos θi − ni cos θt
nt cos θi + ni cos θt

(I.14a)

rs :=
Ers
Eis

=
ni cos θi − nt cos θt
ni cos θi + nt cos θt

(I.14b)
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and the amplitude transmission coefficients as:

tp :=
Etp
Etp

=
2ni cos θi

nt cos θi + ni cos θt
(I.15a)

ts :=
Ets
Eis

=
2ni cos θi

ni cos θi + nt cos θt
(I.15b)

The previous definitions of rp, rs, tp, ts are known as Fresnel coefficients, and are
valid also when the n is a complex number. In that case, the four coefficients are
complex numbers as well, and can be expressed with the following notation:

rp = |rp| exp(iδrp) rs = |rs| exp(iδrs) (I.16a)

tp = |tp| exp(iδtp) ts = |ts| exp(iδts) (I.16b)

which will be used in the next chapter. Eqs. I.16a and I.16b describe the light
reflection and transmission in terms of variations in the amplitude and phase.

Using the Fresnel coefficients it is possible to calculate the reflectance and trans-
mittance, which are defined as a ratio of intensities:

Rp :=
Irp
Iip

=

∣∣∣∣ErpEip

∣∣∣∣2 = |rp|2 Rs :=
Irs
Iis

=

∣∣∣∣ErsEis

∣∣∣∣2 = |rs|2 (I.17a)

Tp :=
Itp cos θt
Iip cos θi

=

(
nt cost
ni cos θi

)∣∣∣∣EtpEip

∣∣∣∣2 =

(
nt cost
ni cos θi

)
|tp|2 (I.17b)

Ts :=
Its cos θt
Iis cos θi

=

(
nt cost
ni cos θi

)∣∣∣∣EtsEis

∣∣∣∣2 =

(
nt cost
ni cos θi

)
|ts|2 (I.17c)

For non-adsorbing materials (k = 0), we have Rp + Tp = 1 and Rs + Ts = 1; when
k > 0, these sums are less than 1.

We can now turn our discussion to the microscopic view of the light-matter
interaction. Matter is constituted of atoms which possess both positive and nega-
tive electric charges. The electric field of incoming light exerts opposite forces on
positive and negative charges: in metals, this determines the flow of a current; in
dielectrics, the charges redistribute themselves, causing a dielectric polarization.
Depending on the material and the frequency of the incoming light, several types
of dielectric polarization can be induced [176].

The induced electric dipole p and exciting electric field E are proportional,
according to the relation:

p = ε0α⊗ E (I.18)

where α is the polarizability tensor. In general, p is not parallel to E, and
the dielectric behavior of the material is fully described by the nine quantities
(αxx, αxy, αxz, ...) forming the polarizability tensor [251]; for isotropic materials,
p is parallel to E and α reduces to a constant. The electric displacement field D
is defined as:

D := ε0E + P (I.19)
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where P is the polarization density. D is proportional to E according to the
following relation:

D = ε0ε⊗ E (I.20)

where ε is the complex dielectric function or relative permettivity of the material.
Just like α, also ε is in general a second-rank tensor which becomes a single
constant when the material is isotropic. For the sake of simplicity, we limit the
discussion to the latter case; then, by combining Eqs. (I.19) and (I.20) we can
simply write:

ε = 1 +
P

ε0E
(I.21)

where
ε := ε1 − iε2 (I.22)

From Maxwell’s equation it can be demonstrated that [176]:

N2 = ε (I.23)

and therefore we can write:

ε1 = n2 − k2 (I.24a)

ε2 = 2nk (I.24b)

and:

n =
{[
ε1 + (ε2

1 + ε2
2)1/2

]
/2
}1/2

(I.25a)

k =
{[
−ε1 + (ε2

1 + ε2
2)1/2

]
/2
}1/2

(I.25b)

From Eqns. (I.18) through (I.25a and I.25b) we have seen how the microscopic
properties (polarizability) are related to the macroscopic properties of matter (re-
fractive index). The link between the two is provided by the dielectric function ε,
which strongly depends on the angular frequency ω of the incoming light. There-
fore we can rewrite Eq. (I.22) as: ε(ω) = ε1(ω)− iε2(ω).

It is important to remark that these real and imaginary part of the dielectric
function are related to each other as a consequence of the principle of causality
[252]. This allows to write the so-called Kramers Kronig (KK) relations as:

ε1(ω) = 1 +
1

π
P

∫ ∞
−∞

ε2(ω′)

ω′ − ω
dω′ (I.26a)

ε2(ω) = − 1

π
P

∫ ∞
−∞

ε1(ω′)− 1

ω′ − ω
dω′ (I.26b)

where P indicates the principal value of the integral.





Appendix II. Simple models for
the dielectric function

Light waves can induce many kinds of polarization inside materials, therefore the
dielectric function can have quite complex shapes. The analysis of such shapes
usually provides precious insights into the microscopic properties of matter, such
as in the case of ellipsometry data analysis discussed in Chapter 2. This analysis
typically involves the representation of main features of ε as a superposition of
curves, where each individual curve is calculated by using a model. Over the
years, a large number of model have been created to describe the ε of many kinds
of materials; here, we briefly review a few classical models.

Lorentz model

The Lorenz model (1878) is based on the classical theory of interaction between
light and matter. The Lorentz model is usually applied to describe the behaviour
of transparent or weakly absorbent materials; however, it can also be used in
combination with other types of oscillators to describe the optical properties of
metals. In the Lorenz description, the atomic polarization induced by incident
light is represented as a displacement of electrons from their equilibrium position;
electrons are bound to the positively-charged nucleus by a spring (see Fig. A.4),
and are immersed in a viscous fluid. In this picture, an atom irradiated by light
behaves like a damped harmonic oscillator. Therefore, we can describe the Lorentz

Figure A.4: Physical representation of the Lorenz oscillator. In this picture,
the electron (−) is bound the nucleus (+) by a spring. The electric
field associated to incident light exerts a force FE on the electron,
which is opposed by the restoring force FΓ and the viscous force
Fk. The mass of the nucleus is much larger than the one of the
electron; therefore, the position of the nucleus is considered as
fixed.
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Figure A.5: Real and imaginary part of the dielectric function according to
the Lorentz model. The parameters used to calculate the curves
(ω0 = 12 eV, Γ = 0.1, A = 161.28 eV2) are suited to describe the
optical properties of SiO2.

model by using Newton’s second law:

me
d2x

dt2
= −meΓ

dx

dt
−meω

2
0x− eE0 exp(iωt) (II.27)

where me and e represent the mass and charge of the electron, respectively. The
terms on the right show the three forces acting on the electron: viscous, restoring,
and electrostatic. The first term is proportional to damping coefficient Γ; the
second contains ω0, which is the resonant frequency of the oscillator; and the third
is modulated by exp(iωt), where ω is the frequency of the incident light.

By solving Eq. II.27 we obtain the displacement x(t); from there we can calculate
the polarization P , because P = −e · x(t). If we consider not a single atom, but a
volume of material with Ne electrons per unit volume, polarization simply becomes
P = −eNe · x(t). Finally, by applying Eq. I.21, we obtain the complex dielectric
function according to the Lorenz model:

ε(ω) = 1 +
e2Ne

ε0me

1

(ω2
0 − ω2) + iΓω

(II.28)

By using the customary definition A := e2Ne/ε0me, we can write the real and
imaginary part of Eq. II.28 as:

ε1(ω) = 1 + A
(ω2

0 − ω2)

(ω2
0 − ω2)2 + Γ2ω2

(II.29a)

ε2(ω) = A
Γω

(ω2
0 − ω2)2 + Γ2ω2

(II.29b)

The dispersion of ε1(ω) and ε2(ω) is reported in Fig. A.5. The real part shows
different trends depending on the spectral region: constant value at low energies,
sharp rise followed by sharp fall around ω = ω0, and constant value at high energy.
The imaginary part is peaked around ω = ω0 and falls to 0 on both ends of the
spectrum. The curves in Fig. A.5 have been calculated with ω0 = 12 eV, Γ = 0.1
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and A = 161.28 eV2; those parameters are suited to describe the optical properties
of SiO2 [253]. With those parameters, the low- and high-energy asymptotes of ε1

are 2.12 and 1, respectively.
Several considerations can be drawn by observing the shape of ε1(ω) and ε2(ω).

First of all, it is obvious that both functions show large variations around ω = ω0;
since the model is represented by an oscillator, the features around this spectral
position are called resonances. The peak and dip in ε1(ω) are located at ω0−Γ/2
and ω0+Γ/2, respectively, while the full width at half maximum (FWHM) of ε2(ω)
is given by Γ; therefore Γ determines the spectral broadening of the resonance. We
also note that the spectral position of the peak in ε1(ω) and ε2(ω) is not exactly
matched in n and k. This is because close to the resonance, we cannot assume
k << n, and therefore the correspondences n =

√
ε1 and k = ε2 deriving from Eq.

I.24 are only approximated.
In general, a material can have several absorption peaks at different energies. In

this case, the dielectric function is described by summing the contributions of all
the j individual oscillators:

ε(ω) = 1 +
∑
j

Aj
(ω2

0j − ω2) + iΓjω
(II.30)

As a final remark on the Lorentz oscillator, we note that the two asymptotes in
Fig. A.5 are different, with εDC > ε∞; this means that the resonance affects ε1

over the whole spectrum, no matter how far we are from ω0. In the presence of
several Lorentz oscillators, the high-energy asymptote of ε1 is 1, but when we move
across the spectrum towards lower energies, this value progressively increases after
each resonance. On the other hand, each resonance affects ε2 only locally, as that
curve falls rapidly to zero close in a small portion of the spectrum around each ω0j.

Drude-Lorentz model

The oscillator model can also be applied to describe the optical properties of
metals. According to the Drude model, the valence electrons of the metals are free
with respect to the nuclei, and when accelerated by an electric field, they collide
with each other with a characteristic scattering time τ [249]. The combination of
this concept with the oscillator model discussed before results in a free oscillator,
which is described by the so-called Drude-Lorentz model. This is obtained by
simply removing the “spring” (and, consequently, the restoring force acting on the
electron) in the scheme of Fig. A.4. Based on this description, we can re-write
Eq. II.27 by putting ω0 = 0:

me
d2x

dt2
= −meΓ

dx

dt
− eE0 exp(iωt) (II.31)

where me and Γ = 1/τ now indicate the effective electron mass and the electron
scattering rate, respectively. The scattering rate is actually determined by the
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Figure A.6: Real and imaginary part of the dielectric function according to
the Drude-Lorentz model. The parameters used to calculate the
curves (ωp = 6.34× 1014 rad/s, Γ = 2.927× 1014 Hz) are typical
of a transparent conductive oxide.

sum of several independent contributions, which can be written as [51]:

1

τ
=

1

τep
+

1

τee
+

1

τi
+

1

τs
(II.32)

where the four terms on the right represent the electron-phonon, electron-electron,
electron-imperfection, and electron-surface scattering rates, respectively. If the
metal is reasonably pure and homogeneous, the contribution due to imperfections
is usually negligible [254]. The three remaining terms in Eq. II.32 are discussed
in Chapter 3; they depend on the temperature and size of the samples under
investigation, and therefore constitute critical parameters in the modelling of the
optical properties of our nanoparticle arrays.

The process to obtain the dielectric function from Eq. II.31 is the same described
for the Lorenz model. In this case, we obtain:

ε(ω) = 1 +
e2Ne

ε0me

1

iΓω − ω2
(II.33)

Within the Drude-Lorentz model, the dielectric function is conventionally rewrit-
ten in a slightly different form:

ε(ω) = 1−
ω2
p

ω2 − iΓω
(II.34)

where we have introduced the plasma frequency ωp:

ω2
p =

Nee
2

meε0

(II.35)

The shape of the real and imaginary part of the dielectric function is reported in
Fig. A.6; the parameters used to calculate the curves are reported in the image
label, and are typical of a transparent conductive oxide [176].
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The plasma frequency corresponds to the natural oscillations of the free electron
density in conducting media. The material has different behaviors depending on
the spectral position considered. For ω < ωp, ε1 is negative, meaning that the ma-
terial reflects the incoming radiation. As we pass through the plasma frequency,
ε1 changes from negative to positive: as a consequence, for ω > ωp the material
becomes transparent to the radiation and its refractive index is almost exclusively
real (ε2 ∼ 0). This is true not only for insulators, but also for metals; indeed, if
we go far enough in the ultraviolet, all metals eventually become transparent [249].

Sellmeier and Cauchy models

The optical properties of transparent materials are often described using the
Sellmeier or Cauchy formulas. These are derived from the Lorentz model by
assuming Γ = 0 for ω << ω0, and therefore are valid in a region where ε2 ∼ 0. The
Sellmeier model is then obtained by rewriting Eq. II.28 in terms of the wavelength
λ, by using the relation ω/c = 2πλ. As a result,

ε(λ) = ε1(λ) = 1 +
e2Ne

ε0me(2πc)2

λ2
0λ

2

λ2 − λ2
0

(II.36)

For the purposes of data analysis, the Sellmeier formula is typically rewritten as:

ε1(λ) = n2 = A+
∑
j

Bjλ
2

λ2 − λ2
0j

(II.37)

where A and B represent numerical parameters, typically adjusted by the fitting
algorithm to match the experimental data.

A further simplification is constituted by the widely-used Cauchy formula, which
is obtained from the series expansion of Eq. II.36. In this case, we write:

n(λ) = A+
B

λ2
+
C

λ4
+ ... k = 0 (II.38)

where A,B,C... are numerical coefficients. The n of many transparent materials
is described with reasonable accuracy by using just A and B. We note that both
the Sellmeier and Cauchy models obtain ε1 by assuming ε2 = 0; this does not
satisfy the Kramers-Kronig relations reported in the previous paragrah, and for
this reason, the Sellmeier and Cauchy formulas are not physically correct. How-
ever, in spectral regions very far from any absorption peak, they constitute simple
and widely-used approximations to reproduce the refractive index of transparent
materials.





Appendix III. Effective Medium
Approximations

Nanostructured materials, such as the ones studied in this thesis, present inho-
mogeneities on the scale of tens of nanometers. Their optical properties in the
near-field show large variations, that typically are modelled through a numerical
analysis. On the other hand, their far-field response - such as the one detected by
SE - is determined by a smooth macroscopic average ; therefore, it is possible to re-
place the real, inhomogeneous material with an effective one [255]. This approach
is known as Effective Medium Approximation (EMA), and allows to describe the
optical properties of a wide range of inhomogeneities at the nanoscale, including
surface roughness, voids, inclusions and nanoparticles.

A good starting point to introduce the EMA is constituted by the Clausius-
Mossotti (CM) relation, which considers the simplest case of inhomogeneous ma-
terial: a mixture of polarizable points and empty space [256]. The CM relation
can be derived by considering that the macroscopic polarization is composed of
the superposition of the external electric field and dipolar fields generated at each
lattice point. Details concerning the process to obtain the CM relation can be
found for example in Ref. [257]; here we only report the result, which can be
written as:

ε− 1

ε+ 2
=
nα

3
(III.39)

where n is the volume density of the points, and ε is the dielectric function of the
material. Now, if we consider a mixture of polarizable points a and b (that is, an
heterogeneous medium), we can re-write the CM relation as:

ε− 1

ε+ 2
=
naαa

3
+
nbαb

3
(III.40)

where ε now indicates the effective dielectric function of the medium. The use of
Eq. III.40 is difficult because it involves microsctructural parameters that are not
measured directly; however, if the dielectric functions of the a and b pure materials
are known, then it is possible to write the following relation:

ε− 1

ε+ 2
= fa

εa − 1

εa + 2
+ fb

εb − 1

εb + 2
(III.41)

where fa,b = na,b/(na + nb) are the volume fractions of the two phases. Eq. III.41
is known as the Lorentz-Lorenz effective medium approximation.
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As we pointed out in the beginning, the mixture of materials in nanostructured
optical media typically occurs at the nanometer scale, which is much larger than
the atomic one. When the polarizable entities are no longer individual atoms, but
larger structures like grains or nanoparticles, it is still possible to use the Effective
Medium approach; in this case, however, the structures cannot be considered as
immersed in an empty space (ε = 1), but rather in a host material with dielectric
function εh. Therefore, Eq. III.41 becomes:

ε− εh
ε+ 2εh

= fa
εa − εh
εa + 2εh

+ fb
εb − εh
εb + 2εh

(III.42)

Depending on the structure of the sample, two notable cases may arise. Let’s
consider first the case of separate grains or nanoparticles of material a, embedded
into a host composed by a continuous material b. In this configuration, the amount
of material a is typically much smaller than the amount of material b, meaning
that fa << fb. Then, the effective dielectric funtion of this composite material is
given by:

ε− εa
ε+ 2εa

= fb
εb − εa
εb + 2εa

(III.43)

Eq. III.43 constitutes the Maxwell-Garnett effective medium approximation, which
is well suited to describe the optical properties of ensembles of nanoparticles; in
fact, as discussed in Appendix IV, it constitutes the basis of the optical model for
our arrays of noble metal nanoparticles. A second notable case is constituted by
a mixture of two materials having comparable volume fractions. In this system, it
is not clear which material should be considered as the host; by making the self-
consistent choice εh = ε, the effective dielectric function of the composite material
is given by:

fa
εa − ε
εa + 2ε

+ fb
εb − ε
εb + 2ε

= 0 (III.44)

Eq. III.44 constitutes the Bruggeman effective medium approximation; in the
context of SE, it is commonly used to represent the surface roughness as a mixture
of material and void [190].



Appendix IV. Optical model of
the nanoparticle arrays

Here we report the essential concepts and equations concerning the optical model
used to analyze the experimental data presented in Chapter 3 and 5. The reader
interested in the details can find a more complete description in Ref. [110], with
the exception of the part describing the polarizability of core-shell nanoparticles,
which is reported from Ref. [108].

Obtaining the effective dielectric tensor

The morphology of gold and silver nanoparticle arrays, described in Chapter
4, is quite complex, involving a nanostructured template, and nanoparticles with
truncated shapes and size/shape distributions. We chose to model the optical
properties of this system by using an Effective Medium Approximation (see Ap-
pendix III). In order to do that, we necessarily introduced a few simplifications
of the actual samples morphology. Those simplifications are best understood by
looking at Fig. A.7. Firstly, we assume a regularly-rippled substrate, with con-
stant periodicity Λ; moreover, we assume that the nanoparticles are arranged on
a rectangular lattice, as represented in Fig. A.7 a.. Secondly, we simplify the
geometry of the nanoparticles by assuming that they have ellipsoidal shape, with
principal axes either parallel or perpendicular to the surface plane; we also assume
that the nanoparticles are immersed in a homogeneous and isotropic host, with
effective thickness deff and dielectric function εh, as represented in Fig. A.7 b..
Finally, we describe the nanoparticle-host layer with an effective medium approxi-
mation (see Fig. A.7 c.), which allows to calculate the effective dielectric function
εeff of the whole layer. In the following, we report the process to calculate εeff .

We start by considering the polarizability of our ellipsoidal nanoparticles within
the MLWA approximation (see Eq. 1.10) . Given the size and shape distribution
of our nanoparticles, the there is a distribution of depolarization factors Lγ, and
therefore the polarizability can be written as [258]:

αγ =

∫ 1

0

P (Lγ)α
MLWA
γ dLγ (IV.45)
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Figure A.7: Schematic representation of the simplifications used to model the
optical properties of the metallic nanoparticle arrays. Each sim-
plification is explained in the text. Reproduced from Ref. [110]
with permission of Springer Berlin Heidelberg in the format The-
sis/Dissertation via Copyright Clearance Center.

where P (Lγ) can be any arbitrary distribution and Lγ is given by:

Lγ =
axayaz

2

∫ ∞
0

dq

(q + a2
γ)
√∏

η=x,y,z(q + a2
η)

(IV.46)

The polarizability is a tensor, which relates the local electric field Eloc,i inside the
i-th nanoparticle to the corresponding dipolar moment pi according to:

pi = ε0α⊗ Eloc,i (IV.47)

where the local electric field Eloc,i is the sum of three contributions, namely the
exciting field propagating through the host (Eh,i), the field generated at the posi-
tion ri by all the other nanoparticles (Eothers,i), and the the field generated at the
position ri by the nanoparticles and reflected from the substrates (Esub,i).

Then, by assuming that the nanoparticles are disposed on a rectangular lat-
tice and have principal axes either parallel or perpendicular to the surface plane,
and by neglecting boundary effects, it is possible to describe the polarizability of
the nanoparticles (including their reciprocal dipolar interaction) with the effective
polarizability tensor A. This allows to write the induced dipole as:

p = ε0εhA⊗ Eex (IV.48)

At this stage, we apply a modified Maxwell-Garnett effective medium approxi-
mation, according to the procedure porposed by Barrera and coworkers [259–261].
In this framework, the sample is represented as a three-layer stack composed of
substrate, EMA-layer (homogeneous and anisotropic, containing aligned metallic
inclusions) and air. Then, the total polarization density P can be written as:

P = np = ε0εhnA⊗ Eex (IV.49)

where n = 1/dxdydeff represents the number of inclusions per unit volume, and
deff is the thickness of the host. We can obtain the effective dielectric tensor for
the EMA-layer from the definition of the electric displacement field D:

D = ε0εeff ⊗ Eex + P = ε0εhEex + ε0εhnA⊗ Eex (IV.50)



139

In Eq. IV.50 we see that εeff , just like A, is diagonal; therefore, by solving
separately for the three diagonal components, we obtain:

εξξeff = εh(1 + nAξξ) ξ = x, y, z (IV.51)

In this way, we can represent the optical properties of arrays of metal nanoparticles
through an effective dielectric tensor, which retains all the information concerning
the NPs size, shape, arrangement and interactions.

The algorithm based on the model just described operates in a Igor Pro 7 en-
vironment; the time required to obtain a set of calculated Ψ, ∆ spectra is just a
few seconds.

The procedure described so far remains valid for the case of core-shell NPs, such
as the ones discussed in Chapter 5. In that case, however, we must substitute the
NP polarizability in Eq. IV.45 with the core-shell polarizability αc−s. We denote
ε1, a1, b1 and c1 the permettivity of the core ellipsoid and its semiaxes, respectively;
ε2, a2, b2 and c2 the corresponding quantities of the shell; and εm is the permittivity
of the surrounding medium; then we can write the core-shell polarizability as [108]:

αc−s =
v{(ε2 − εm)[ε2 + (ε1 − ε2)(L

(1)
3 − fL

(2)
3 )] + fε2(ε1 − ε2)}

{[ε2 + (ε1 − ε2)(L
(1)
3 − fL

(2)
3 )][εm + (ε2 − εm)L

(2)
3 ] + fL

(2)
3 ε2(ε1 − ε2)}

,

(IV.52)
where v = 4πa2b2c2/3 is the volume of the particle, f = a1b1c1/a2b2c2 is the

fraction of the total particle volume occupied by the inner ellipsoid, and L
(1)
3 and

L
(2)
3 are the geometrical factors for the core and shell [108]:

L
(k)
3 =

akbkck
2

∫ ∞
0

dq

(c2
k + q)fk(q)

(k = 1, 2) (IV.53)

Effective dielectric tensor in s, p coordinates

Figure A.8: Schematic representation of the x, y, z and s, p coordinate system.

εseff = εyyeff (IV.54)

εpeff = εpeff (θ) = εxxeff +
(1− εxxeff )
εzzeff

sin2 θ (IV.55)


