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Gold nanoparticles �NPs� are directly deposited on a Si�111� substrate by Ar sputtering to provide a
semiconductor-based plasmonic platform. The Au NPs are characterized by interband transitions at energies
above 2.5 eV, whose tails extend into the surface-plasmon resonance �SPR� region, hence affecting the SPR
energy, amplitude, and broadening. Herein, we report the experimental evidence of the size dependence of the
interband transitions for Au NPs supported on silicon and sapphire substrates by exploiting plasmonic ellip-
sometry. Providing the size dependence of the dielectric function of Au NPs in the extended spectral range of
190–1700 nm, and discussing the interconnection between the SPR and the interband transitions, this study as
a whole represents a step ahead in the perspective of a better understanding of nanosize effect on optical
properties and standardization of nanoparticles dielectric functions to rely on more accurate modeling of NPs
behavior.
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I. INTRODUCTION

Recently, the interest in the preparation, characterization,
and exploitation of the surface-plasmon resonance �SPR� of
metal nanoparticles, and specifically of gold �Au� nanopar-
ticles �NPs�, has grown exponentially.1,2 This interest has
been driven both by technological applications spanning
from biomedicine,3,2 sensing and biosensing3 to catalysis and
to nanophotonics4,5 and by the basic physics involved in the
size-dependent structural, optical and electronic properties,
which can be tailored to be suitable for device applications
by the artificially designed geometries that enable the needed
functionality for the nanostructures.6–9 Therefore, optical
properties of Au NPs are still widely investigated.10–12 Typi-
cally, optical investigations focus mainly on the SPR of Au
NPs, and its dependence on extrinsic effects such as NPs size
and shape factor,13 the dielectric properties of the surround-
ing medium,14 and the internanoparticles coupling
interactions.15–17

Indeed, the dielectric function, ����, of metals, and of Au
as well, is characterized by the Drude free-electron compo-
nent, �Drude���, and by the interband transitions component,
�inter���, involving transitions from d levels to an empty state
above the Fermi level �d→EF�, i.e.,

���� = �Drude��� + �inter��� .

Although the impact of lattice defects within the nanopar-
ticles as well as nonhomogeneous distribution of size and
shape of nanoparticles have to be also considered, the pre-
dominant size effects on the SPR mainly due to the Drude
free electrons, �Drude���, are extensively investigated. In-
deed, the bound electrons contribution to the dielectric func-
tion also plays an important role in determining plasmon
resonance wavelength and broadening.

Nevertheless, there are two aspects that are still critical
and interesting from both fundamental and technological
points of views worthy of being duly investigated, which are
the intrinsic size dependence of the dielectric function of the
metal nanoparticles itself and the interconnection of the SPR
to the Au NPs interband transition contribution, �inter���; the
latter accounts for the response of 5d electrons to a 6sp
conduction band, which is also size dependent. A rigorous
extension of the Drude formula for optical response of met-
als was developed by Bassani and Parravicini18 where con-
tributions from both Drude and interband transitions develop
size dependencies for sufficiently small nanoparticles.

As concern gold specifically, the extinction coefficient
spectrum of bulk gold, which reflects its energy band struc-
ture �see Fig. 1�, is characterized by two main structures that
correspond to interband transitions: the edge at 496 nm �2.5
eV� and the first peak at �400 nm �around 3 eV� are due to
transitions from the uppermost 5d-valence electron bands
�band 5� to states in the s, p bands �band 6� just above the
Fermi level,19 indicated also as L3→L2 transition.20 The
peak at �300 nm �around 4 eV� is a composite structure
involving transitions from lower-lying d bands �3 and 4� to
band 6 and transitions from s, p states in band 6 across the
L6

−→L6
+ gap to s-, p-like states in band 7, indicated also as

L2�→L1.19–21

Modifications to the lattice structure due to size effects
and surface atoms, the high surface-to-volume ratio of nano-
particles, and any quantum confinement of charged carriers
change the electronic structure and, hence, the dielectric
function of Au nanoparticles also in the interband transition
region.22 In particular, the relatively flat upper d bands are
distorted by size effects,23–25 therefore rendering the �inter���
of Au NPs also size dependent.

The interband transitions, through dynamical screening
effects and via nonradiative decay into electron-hole excita-
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tions, also influence the wavelength, amplitude, and broad-
ening of the plasmon resonance.26–28 This is especially true
for nanosized Au clusters, which have a tail of the interband
threshold extending to 1.8 eV,29 thus affecting the
wavelength/energy region where the Au NPs plasmon reso-
nance occurs and causing asymmetric SPR peaks. Kreibig30

first detected the size dependence of bound electrons for gold
particles and found that, as the particle size becomes smaller
than 40 Å, the onset of interband transition shifts slightly to
the lower energy region. However, his study was limited by
the spectral range that was below 4 eV, missing information
and details on the interband transitions. A size effect on the
slope of the onset of interband absorption as a shift to lower
energy has been reported by Yamaguchi for Au �Ref. 23� and
Ag �Ref. 31� nanoparticles as well, thus affecting SPR. In-
deed, Pinchuk26,27 showed that intrinsic size effect on the Au
NPs dielectric function cannot absolutely be neglected for
Au nanoparticles sizes below 30 nm. Indeed, in addition to
quantum confinement effects, it should also be considered
that surface atoms have a reduced coordination number than
atoms in the bulk; therefore, in nanoparticles, which are
characterized by a high surface-to-volume ratio, the reduced
coordination number of surface atoms assumed noticeable
importance. This is because the reduced coordination number
of surface atoms, which depends on nanoparticles size, af-
fects the density of states and, consequently, the interband
transitions and related absorption. Furthermore, recently it
has also been reported that effects of tensile and compressive
strain induce modifications to both the bound �interband� and
free �intraband� electron dielectric functions, and that those
effects and modifications of dielectric function are important
also for particle as large as 100 nm.32

Despite these arguments, the size effect on the interband
transitions has not yet duly experimentally been evaluated
and considered for Au nanoparticles. This is also important
for some applications since photothermal efficiency due to

the interband excitation can also change depending on nano-
particles size and this knowledge is important for managing
electron heat capacity during nanoparticles photoexcitation
depending on the excitation laser energy.33

Therefore, it is important to establish the dependence of
the dielectric function also in the interband transition region
of Au, as well as, other plasmonic metals, in a broad range,
for an appropriate modeling and rationalization of plasmonic
properties of metal NPs, rather than using the dielectric func-
tion of the corresponding bulk metal. Contrariwise, in most
of the studies, the contribution of free electrons to the dielec-
tric function is modified according to particle size, while the
contribution of bound electrons is assumed to be independent
of size.

Furthermore, most of the previous theoretical and experi-
mental investigations referred to nanoparticles of various
sizes and shapes embedded in an isotropic medium �e.g.,
dielectric SiO2 or in a solution�. With respect to this, it is also
important to have a surface-free nanoparticle without surfac-
tants, stabilizing ligands and dispersing matrix, which, not
only affect the SPR peak, but might also suppress the inter-
band absorption or the size-induced changes in the interband
absorption.34–36

Very few studies reported about nanoparticles supported
on semiconductor substrates. In this case the presence of a
substrate introduces anisotropy in the refractive index of the
media surrounding the nanoparticles, as well as in the nano-
particles geometry, which are no longer spherical, but they
become prolate or oblate spheroids. For supported nanopar-
ticles, the contact area between the substrate and the metal
nanoparticles is an additional parameter also affecting the
plasmon resonance together with the substrate
polarizability.37–39 A very recent paper from Vernon et al.40

has demonstrated the influence of the particle-substrate inter-
action on the SPR. Furthermore, the details of the
nanoparticles/substrate interface are relevant and crucial be-
yond the influence of the media dielectric function.

Herein, we experimentally demonstrate the impact of Au
nanoparticles size on the high-energy interband transitions,
which in turn affect the surface-plasmon resonance. The
spectral dependence of the dielectric function of Au nanopar-
ticles with a diameter in the range 14–60 nm supported on
Si�111� and c-axis �0001�-oriented sapphire ��-Al2O3
�0001�� substrates is determined in the broad spectral range
0.75–6.5 eV �180–1700 nm�. To demonstrate the validity of
the present results, the approach is twofold: �1� a careful
investigation of the Au NPs/Si interface has been carried out
since it is considerably challenging extracting from the ellip-
sometric analysis the positions of interband contributions to
the dielectric function of Au NPs. The challenging analysis
stems from the presence of an interface layer between the Au
NPs and the Si substrate and from the prominence of the Si
interband critical points41 at �3.4 and 4.3 eV overlapping
with the positions of the Au bands at �3.0 and �4.0 eV.
Defining the interface properties by corroborating techniques
allows reducing the number of fit parameters in the ellipso-
metric analysis. �2� An inert substrate that does not have any
features �i.e., k=0 in all the investigated spectral range� in-
terfering with the Au interband transitions, such as sapphire,
has also been used. Therefore, this work extends and consid-

FIG. 1. �Color online� Spectra of the extinction coefficient, k,
for an experimental sputtered 100-nm-thick gold film � dots� and
from literature �line� �Ref. 44�, with indicated the main intraband
and interband electron transitions. The inset shows the gold band
diagram sketch from Ref. 21. The thin and bold lines refer to the
scalar-relativistic �SR� and the fully relativistic �scalar and spin-
orbit effects� ground-state calculations, respectively.
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ers the effect of nanosize to the interband transitions of
semiconductor-supported Au nanoparticles.

II. EXPERIMENTAL

Au nanoparticles were deposited directly on Si �111� and
�-Al2O3 �0001� substrates by using a radio-frequency �rf�,
13.5 MHz Ar plasma to sputter a high-purity Au target.42 The
rf power, pressure, Ar flow rate were fixed at 14 W, 0.3 Torr,
and 10 SCCM, respectively. The sputtering time, i.e., the Au
monolayer �ML� and the substrate temperature �60 and
400 °C� were varied to obtain Au nanoparticles of different
size.

Two resonances can be excited in supported gold sphe-
roids nanoparticles: a high-wavelength �low-energy� longitu-
dinal mode that corresponds to collective oscillations along
the major axis parallel and a low-wavelength �transverse�
mode in the direction perpendicular to the surface �minor
axis of the spheroid�. For the present NPs size and shape, the
low-wavelength Au NPs transverse SPR mode is damped
due to the nonradiative decay into electron-hole excitations
of the nearby interband transitions and, therefore, cannot be
seen in the optical spectra.

Optical characterization was performed exploiting spec-
troscopic ellipsometry.43 Spectroscopic ellipsometry mea-
surements of the pseudoextinction coefficient, �k�, were per-
formed in the range 190–1700 nm �0.75–6.5 eV� with a
phase-modulated spectroscopic ellipsometer �UVISEL-Jobin
Yvon� at an incidence angle of 70°. The spectral dependence
of the extinction coefficient, k, of Au NPs was derived from
the measured ellipsometric spectra by their analysis with a
two-layer model �substrate/interface/Au NPs/air� built on the
basis of complimentary information obtained by high-
resolution cross-sectional transmission electron microscopy
�HR-TEM� and atomic force microscopy �AFM�.

The compositional and structural variations in the samples
were studied using a combination of HR electron microscopy
�HREM� and energy-filtered TEM �EFTEM� using a JEOL
3000F field-emission gun TEM equipped with a Gatan image
filter and digital camera. The specimen for TEM analysis
was prepared with an FEI Nova Nanolab 200 Dualbeam fo-
cused ion beam. To prevent the top surface from ion-beam
damage, a two-step in situ Pt deposition was carried out on
the region of interest. At first, a Pt strip of 20�2
�0.1 �m3 was slowly deposited with the electron beam op-
erating at 30 kV and 0.15 nA. Then a thick reinforce strip of
Pt deposition of 20�2�1 �m3 was toped up by faster ion-
beam deposition operating at 30 kV and 0.3 nA. This process
would not only protect the beam sensitive specimen from the
damage of ion beam during all the milling/imaging steps but
also prevent any possible damage which might be induced
during the direct ion-beam Pt-deposition process. The chemi-
cal information was visualized by generating EFTEM images
of constituent elements. To observe the elemental distribu-
tion within a Au/interface/Si stack, EFTEM images were ac-
quired for the silicon L2,3 edge, oxygen K edge, and gold
O2,3 edge using the standard three window method and the
optimum elemental mapping parameters calculated by use of
a reference spectrum. The thickness of the oxide layers was

estimated from a line profile across the layers using the full
width at half maximum of the profile peak and was corre-
lated with the HREM measurements.

The surface-plasmon resonance and the interband transi-
tions of the Au-nanoparticle ensemble were parametrized by
a combination of three-Lorentzian oscillators

N2 = �n + ik�2 = � = �1 + i�2 = �� + �
j

Aj� j
2

� j
2 − �2 − i� j�

,

where �	 is the high-frequency dielectric constant, � j, � j,
and Aj are the frequency, width and strength of the j oscilla-
tor. The first oscillator describes the SPR, whose wavelength,
amplitude, and broadening, �SPR, can be determined. Inter-
estingly, from the plasmon peak broadening, the plasmon
dephasing time T2=2
 /�SPR can be calculated as a function
of Au NPs size. The second and the third higher energy os-
cillators describe the L3→L2 and L2�→L1 interband transi-
tions.

The chemical species analysis was also run by x-ray pho-
toelectron spectroscopy �XPS� using a Kratos Analytical axis
spectrometer equipped with a monochromatic Al K� x-ray

FIG. 2. �Color online� �a� HR-TEM image of Au NPs sputtered
on Si at room temperature showing the Au-Si interface layer. �b�
XPS spectrum of the Si 2p photoelectron core level showing the
presence of SiO2 and gold silicide AuSi at the interface. The inset in
�a� shows the model used for fitting ellipsometric spectra and built
on the basis of the TEM and XPS input data.
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source. Spectral calibration was determined by setting the
main C 1s component at 284.5 eV and the Au 4f7/2 line at
84.0 eV. The main core photoelectron levels investigated
were Si 2p, C 1s, O 1s and Au 4f . Photoelectron core-levels
spectra were acquired with pass energy of 20 eV

The nanoparticles were imaged by AFM performed in the
intermittent-contact mode using an AutoProbe CP Thermo-
microscope. A high aspect ratio probe-supersharp tip with a
radius of curvature of 2 nm �ESP Series Probes-VEECO�
was used.

III. RESULTS AND DISCUSSION

Figure 2�a� shows the HR-TEM image of Au NPs sput-
tered on Si at 60 °C, which put in evidence the formation of
an extended, amorphous, and rough alloyed interface layer
between the Au NPs and the Si substrate. The interface layer
is a mixture of AuSi and SiO2, as confirmed by EFTEM �see
also Fig. 3� and by XPS spectrum of the Si 2p photoelectron
peak shown in Fig. 2�b�. The thickness of the interface layer
was obtained by HR-TEM �see Figs. 3 and 4� and the ratio of
the SiO2 /AuSi was determined from XPS and both were
used as input and fixed in the ellipsometric analysis. In par-
ticular, the Si 2p core level in Fig. 2�b� shows main peak
component at a binding energy �BE� of 99.7 eV due to the Si
substrate and at BE of 103.8 eV due to the interface SiO2,
together with additional peaks at BE of 98.2 and 101.5 eV,
which are indicative of interface intermixing, i.e., gold sili-
cide AuSi and its oxide. Standard dielectric functions of

c-Si�111�,41 SiO2,44 and the AuSi alloy45 were applied in the
modeling of the interface using the Bruggemann effective-
medium approximation �BEMA� �see inset of Fig. 2�a��.46 As
for the Si�111� substrate dielectric function, it was checked
that there is no disparity between the position of the inter-
band CPs of Si from Ref. 41 and those for the present sub-

FIG. 3. �Color online� Elastic TEM image, chemical elements
maps �O—red, Si—blue�, and Si �17 eV� �yellow� SiO2 �23 eV�
plasmon color mixing for gold nanoparticles of average diameter of
�a� 14 nm, �b� 20 nm, and �c� 60 nm.

FIG. 4. �Color online� �a� The interface thickness, dI, derived by
the HR-TEM analysis as a function of Au deposited monolayers
�left axis�; the SiO2 volume fraction �in addition to AuSi� of the
interface layer �right axis�. �b� Correlation between the height of the
Au NPs layers as determined by TEM cross-section analysis and the
peak-to-valley height, Rp-v, from AFM measurements.

FIG. 5. �Color online� Spectral dependence of the composite
�BEMA SiO2+AuSi� refractive index, n, and extinction coefficient,
k, from 71% SiO2+29% AuSi till 87% SiO2+13% AuSi, with an
increment of 2% SiO2. The inset shows the imaginary part, �2, of
the dielectric function of the AuSi and Au6.7Si silicides from
Ref. 45.
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strate, therefore no errors due to uncertainty in the substrate
peak position manifests in the Lorentzian band positions of
Au NPs.

For the interface layer, it has to be considered that, al-
though the SiO2 layer initially is minimized by the native
oxide removal by the fluoridric acid wet etching of the Si
substrate before loading it into the reactor, it may stem from
the air-exposure and postdeposition oxidation of the gold-
silicide interface, since gold silicides quickly oxidize.47 The
HR-TEM analysis was run on all samples in this work, in
order to reduce all possible indetermination due to interface
in the ellipsometric analysis, where the only fit parameters
where the oscillators parameters describing the gold nano-
particles layer.

Figure 3 shows the elastic image, the chemical element
color map O—red and Si—blue, and the plasmon imaging
colormix �Si-plasmon 17 eV—yellow and SiO2 plasmon 23
eV imaging� of three representative samples ��a�, �c�, and �g�,
along the diagonal in Fig. 6� obtained under different depo-
sition conditions to attest the effect of sputtering time and
temperature on the interface layer and on the nanoparticles
geometry as well. The chemical element maps mainly shows
that the oxygen is localized at the interface between the sub-
strate and the gold NPs, whereas the Si and SiO2 plasmon
colormix map indicates the homogeneous interfacial inter-
mixing of Si and SiO2, providing a visual evidence that the
interface is mainly SiO2; furthermore, the sharp color con-

trast is indicative of a very low interface roughness espe-
cially for samples deposited at the low temperature of 60 °C.

The interface thickness, dI, is reported in Fig. 4�a� as a
function of the average lateral size �diameter� of the nano-
particles estimated by the TEM cross sections and by the
AFM plain views �the latter run statistically on various
points of the samples� and those values have been fixed in
the ellipsometry modeling. It is found that the interface
thickness increases with sputtering time and with surface
temperature, and its thickness cannot be neglected when
compared to the average particle height as estimated by TEM
cross sections �see Figs. 4�a� and 4�b��. Furthermore, from
the compositional point of view, Fig. 4�a� also shows that the
interface enriches in SiO2 with the increase in sputtering
time and temperature, i.e., with the increase in NPs’ size. A
deeper insight into the dielectric properties assigned to the
interface depending on its composition as from Fig. 4�a�, is

TABLE I. Energy position of the SPR and interband transitions assuming two extreme silicide stoichiometries in the BEMA interface
layer �see Fig. 4�, for three representative nanoparticles sizes.

14 nm 20 nm 60 nm

SPR L3→L2 L2�→L1 SPR L3→L2 L2�→L1 SPR L3→L2 L2�→L1

AuSi 2.159�0.016 3.630�0.035 4.315�0.036 1.945�0.019 3.320�0.008 4.134�0.013 1.868�0.005 3.085�0.019 4.010�0.013

Au6.7Si 2.162�0.019 3.641�0.055 4.313�0.038 2.041�0.027 3.322�0.007 4.138�0.014 1.885�0.007 3.083�0.021 4.014�0.015

FIG. 6. �Color online� 500 nm�500 nm AFM images of Au
NPs with different average diameter sputtered at ��a�–�d�� 60 °C
and at ��e�–�g�� 400 °C.

FIG. 7. �Color online� �a� Ellipsometric spectra of the extinction
coefficient, k, of bulk c-Si �from Ref. 43� and Au �from Ref. 44�. �b�
Pseudoextinction coefficient, �k�, of the NPs ensembles of various
diameters as determined by AFM deposited at 60 °C ��a�–�d�; con-
tinuous lines� and 400 °C ��e�–�g�; symbols�. The average diam-
eters are from TEM cross sections and AFM line profiles scanned in
various points of each image�. The main interband transitions for
both c-Si and Au are indicated.
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provided in Fig. 5 that shows the spectral dependence of the
composite �BEMA SiO2+AuSi� refractive index, n, and ex-
tinction coefficient, k. It is worth noting that with the change
in the relative fraction of SiO2 and AuSi there is a monotone
trend in the properties of the interface without characteristic
features in the region �3 eV which might interfere with the
position of the interband gold transition. Furthermore, the
inset shows the dielectric properties of the two extreme AuSi
and Au6.7Si silicides stoichiometry reported so far in
literature.45 It can also be noted that although there is an
inflection point depending on the Au fraction, almost flat
profiles characterize the region of interest for the gold inter-
band critical points; hence, a possible not enough accurate
determination of the silicide interface stoichiometry does not
affect the position of Au interband critical points, as will be
demonstrated in the below �see Table I�.

Figure 6 shows the AFM images of Au NPs with increas-
ing size. By the analysis of AFM images in terms of line
profiles and histograms, average values for Au NPs diam-
eters and the peak-valley parameter, Rp-v, �the highest data
point minus the lowest point in the scan area, Rp-v=zmax
−zmin� were determined. By a comparison of the TEM and
AFM data, it was found that the Rp-v by AFM correlates to
the thickness of the Au NPs ensemble layer determined by
TEM as shown in Fig. 4�b�. Therefore, the Au NPs layer
thickness in the ellipsometric analysis has been fixed to the
average height of NPs as determined by TEM cross sections.
This further contributes to improve accuracy of ellipsometry
fitting results.

The corresponding ellipsometric spectra of the pseudoex-
tinction coefficient, �k�, of the NPs ensembles supported on
Si are shown in Fig. 7. For comparison the bulk dielectric
functions of c-Si �Ref. 51� and Au �Ref. 48� are also shown.
The �k� spectra are characterized by the presence of the SPR
characteristic of the Au NPs with the amplitude increasing
and the position redshifting with the increase in Au MLs and
NPs size. For photon energies above 3 eV, the characteristic
critical points E1 and E2 of c-Si �Ref. 41� predominate in the
spectra of Fig. 7 for Au NPs on Si, whose amplitude de-
creases with the increase in the deposited Au MLs. This
spectral region is also sensitive to the interband absorption of
Au, as shown in Fig. 7�a�. The continuous lines in Fig. 7�b�
correspond to the ellipsometric fit using the two-layer model
�sketched in the inset of Fig. 2� that includes an interface
layer49 with thickness di, which consists of a mixture of AuSi
alloy and SiO2 �detected by XPS� and a top layer represent-
ing the Au NPs ensemble. The oscillator parameters describ-
ing the optical function of the Au NPs ensemble were the fit
parameters. The spectra derived in the broad range from 0.75
to 6.5 eV �190–1700 nm� of the extinction coefficient, k, of
the ensembles of Au NPs with different sizes are reported in
Fig. 8. The spectra of the extinction coefficient of Au NPs
are characterized by the presence of three main peaks, i.e.,
the SPR peak, whose details are shown in Fig. 8�a� and the
interband transitions, whose spectral region is detailed in
Fig. 8�b�.

FIG. 8. �Color online� Spectra of �a� the SPR peak and �b� of the
interband transitions spectral regions of the ensembles of Au NPs
with different sizes. Lines refer to NPs deposited at 60 °C; symbols
refer to NPs deposited at 400 °C.

FIG. 9. �Color online� Contributions of the SPR peak �red line�
and of the interband transitions �blue line� for two NPs samples
with a NPs average size of �a� 16 nm �deposited at 60 °C� and �b�
60 nm �deposited at 400 °C�. The overlapping region between the
SPR and interband contributions, which is size dependent, is also
shown as yellow area. In the inset the corresponding 500 nm
�500 nm AFM images are also shown.
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The main result from Fig. 8 is that not only the SPR but
also the interband transitions are size dependent, clearly sug-
gesting that size effects on interband transitions are impor-
tant and may persist to surprisingly size �50 nm. Further-
more, some representative data in Table I indicate that the
shift observed for the interband transition is not due to any
indetermination in the stoichiometry interface, which rather,
indeed, may affect more the SPR energy. The interconnection
between the SPR and the interband region, which is respon-
sible of the nonradiative decay of the plasmon, is shown in
Fig. 9 also depending on NPs’ size.

In order to demonstrate that the size dependence of the Au
interband critical points is not an artifact of the model analy-
sis and/or of the interference with the E1 and E2 Si CPs, Au
NPs have also been deposited on transparent �k=0� sapphire
substrate. The experimental measured spectra �no fit model
analysis applied� are shown in Fig. 10 with the correspond-
ing AFM images. Clearly a redshift with the size increase in
NPs is observed especially for the L2�→L1 Au interband tran-
sition.

The SPR wavelength dependence on NPs size is shown in
Fig. 11. The present experimental results �red spheres� for
NPs supported on Si�111� are compared with data reported in
literature for colloidal spherical Au NPs,50,51 for Au NPs sus-
pended in aqueous solution,52 and for Au NPs supported on
glass.53–55 Interestingly, the SPR of Au NPs supported on
substrates redshift more than spherical NPs of the same size
dispersed in solutions, and the slope of the variation is
higher. This can be understood in the frame of the theory
recently proposed by Vernon,40 i.e., the electric fields from
the surface charges in NPs polarize the substrate and induce
additional surface charges at the interface between the sub-
strate and the surrounding medium. As a result, the interac-
tion of NP with the substrate is also NP size and shape de-
pendent. Specifically, the interaction with the substrate
decreases with the nanoparticles elongation parallel to the
substrate40 �as a consequence of the localization of the
charge only at the ends of the ellipsoidal. Therefore, the
lower the interaction with the substrate the lower the redshift
tending to the trend for isolated nanoparticles.

Similarly, Fig. 12 shows the dependence of the wave-
length of the interband Au transitions on NPs average diam-
eter. The interband transitions also redshift with the increase
in particle size, approaching the values characteristic of bulk
gold.

Since the dephasing time T2, i.e., the time during which
the oscillating electrons lose their phase coherence, is related
to the homogeneous plasmon absorption bandwidth, the el-
lipsometric determination of the broadening of the Lorentz-

FIG. 10. �Color online� �a� Ellipsometric spectra of the pseu-
doextinction coefficient, �k�, for Au NPs with an average diameter
of 50 nm deposited on �-Al2O3�0001� �which has k=0 in all the
investigated experimental range; hence the spectral features are due
to the Au NPs�. The inset shows the corresponding 500 nm
�500 nm AFM image. �b� Pseudoextinction coefficient, �k�, spec-
tra enlarged in the interband transitions spectral region and corre-
sponding 500 nm�500 nm AFM images for gold nanoparticles of
different size deposited on �-Al2O3�0001�.

FIG. 11. �Color online� Dependence of the SPR wavelength on
NPs size. The red—full spheres refer to data from the present work
with two sets of data for the 60 and 400 °C deposited NPs. For
comparison, data from Refs. 51–53 are also shown �black empty
symbols�.
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ian oscillator representing the SPR resulted in the plasmon
dephasing for the various samples, which is reported in Fig.
13. As shown in the figure, the plasmon dephasing time de-
pends on the size, decreasing with increasing the redshift.56

For Au NPs in the range 14–60 nm, a dephasing time in the
range 1.3–3.7 fs, which is consistent with previously re-
ported values,57 has been determined. The reduced dephasing
time and, hence, plasmon decay into interband excitation for
the smaller NPs deposited at lower temperature can be ex-
plained by the lower overlapping of interband states �see Fig.
11� and blueshifted interband absorption �see Fig. 8�b��.

IV. CONCLUSIONS

In conclusion, we have experimentally determined the
size dependence of the dielectric function of Au nanopar-
ticles supported on Si and sapphire substrates. It is also
shown the interconnection between plasmon absorption and

interband transitions for substrate-supported Au NPs.
All the factors including the interface reactivity of Au

nanoparticles and silicon substrates are considered in the
analysis, which includes a critical discussion of the impor-
tance of the interface in building a reliable optical model to
derive properties of Au nanoparticles. Finally, we have dem-
onstrated intrinsic size effects in the dielectric function of Au
NPs also in the interband region persisting to surprisingly
large size. Therefore, caution is advisable along the analysis
of plasmon polaritons effects when choosing the material
dielectric function to describe the nanoparticles.
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