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ABSTRACT: Plasmonics of Ag, Au, and Zn nanoparticles supported on
Al,04(0001), TiO,(110), and ZnO(0001) substrates has been probed by
surface differential reflectivity spectroscopy (SDRS) during vapor
deposition growth. Parallel and perpendicular interfacial susceptibilities
(ISs), or “optical thicknesses”, which characterize only the dielectric
response of the film, are derived from experimental spectra in p- and s-
polarization using an inversion procedure based on Kramers—Kronig
transform. The consistency of the approach is checked against sum rules.
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Plasmonic contributions are unraveled by decomposing ISs into damped

oscillators and identified with the help of dielectric simulations of

truncated supported spheres or spheroids. Beyond the common Drude behavior of Ag, Au, and Zn, the comparison between the
three metals demonstrates the paramount role of interband transitions in the ISs profiles. While gold and silver show free
electron plasmon modes, zinc exhibits polarization modes of bound electrons. However, despite those differences, the resonant
modes that are identified herein are universal for supported particles. Particle shape, equilibrium aspect ratio, image field,
polydispersity, and interface-induced damping are discussed by analyzing changes in frequencies, oscillator strengths, and
broadenings. Deposit-induced band gap absorption for semiconductor substrate and switches from growth to coalescence
regimes are evidenced. Static and dynamic coalescence are characterized by power law exponents as a function of particle size.
Therefore, the unique framework that is proposed opens strong prospects in the optical characterization of growth, metal/

semiconductor interfaces, and gas adsorption.

B INTRODUCTION

Light is a nondestructive probe that can be operated at any
temperature, either in vacuum or in gaseous and liquid
environments. More specifically, the capability of UV—vis
light to characterize via plasmon excitations metallic nano-
objects' ~* whose size is much smaller than the wavelength has
boosted the development of nanoplasmonics. Plasmon polar-
itons of free-standing spheres or spheroids, which feature the
most common cases, can be determined in the framework of
the Mie theory with the extraordinary achievement that exact
solutions exist even for the scattering of a plane wave in the
nonretarded limit.">®> However, for manipulation, use, and
device integration, particles are often deposited or grown on a
substrate which dramatically affects the plasmonic response by
break in symmetry of the particle environment®™® and shape
due to wetting.m_13 Even for a supported nanosphere, a rich
set of plasmon resonances can be promoted by approaching the
object from the substrate due to an increasing role of image
field.%”'* Neglecting retardation effects, a fair hypothesis for
nanosized objects, the dipole excited by the incident light
induces an image dipole which perturbs the local field seen by
the particle which in turns excites a quadrupole mirrored in the
substrate and so on. The phenomenon can be viewed as a
cascade of multipole excitations or an hybridization phenom-
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enon between the eigenmodes of polarization of the particle
and of its mirror image.””'® Resonance line shapes and
frequencies are quite sensitive to (i) the particle—substrate
distance and image strength,“’m*20 with a strong field
enhancement within the gap”'®*' for nanospheres, (ii)
substrate dielectric properties”>> which drive not only the
image field but also the interfacial damping of the excitation,”
(iii) the substrate/particle wetting and interface trunca-
tion,'®”">** and (iv) the coupling between objects.”®
Modelings have been performed using various frameworks>®>’
with spherical shapes®””'**! or more realistic profiles>'"'>"*
showing the richness of the polarization modes.

However, the experimental analysis of optical responses of
supported particles with integral methods, ie., through
measurements of Fresnel coefficients, is often hampered by
substrate contributions. Mixing of parallel and perpendicular
responses,”> in particular in p-polarization, and substrate
absorption blur dramatically the direct reading of the optical
parameters. A similar issue is encountered while probing
optically organic layer growth.”®*” In an attempt to escape
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model-dependent approach of the optical spectra, we have
recently proposed a theoretical methodology of recovering of
layer dielectric properties.’® It is based on Kramers—Kronig
transforms in which the finite experimental range is completed
by means of a spheroidal dipole modeling. The interaction of
the light with the supported film is modeled on the basis of the
excess field concepts, in terms of parallel y(w) and
perpendicular f(w) frequency-dependent interfacial suscepti-
bilities (ISs).> 7> These complex quantities have the meaning
of “dielectric thicknesses” and characterize the optical
absorption of the supported nanoparticles and the way the
film polarizes® under the incident electric field. The ISs are
given by the product of (i) the particle density p and the two
components of the average polarizability tensor for supported
nanoparticles or (i) of the film thickness by its dielectric and
loss functions for thin continuous films. Interfacial susceptibil-
ities can be directly extracted from a combination of Fresnel
coefficient measurements without the contribution of the
substrate leading to a model-free description of the dielectric
behavior of particles. The method was tested by means of
synthetic surface differential reflectivity spectroscopy (SDRS)
data in p- and s-polarization.

In the present work, experimental SDRS spectra are
inverted® in order to decipher, along the two main directions
of space, between the various ISs contributions, namely
plasmon modes and bulk interband absorption. To do so,
obtained ISs are decomposed as discrete sums of damped
oscillators of frequencies w; integrated strengths F, and
damping T, in a form known as a Kramers—Heisenberg

representation:
[ 2 2
E L 4o, — L,
2
. .

— o — il

1)

2 2
By Uy 4@, — L,
2

2.
- - 1a)l"ﬂ’j

(@) = p(w) + )
j

B(w) = p (o) + )
i (1)
Besides, background terms [Im(y,) and Im(f,)] are further
introduced to account for bulk interband contributions (see
Supporting Information). A similar decomposition was used to
analyze the interplay between interband and plasmon peak
contribution and their size dependence,*~* but the possibility
of excitation of several modes has never been really accounted
for in the description of band profile. In the same spirit as for
adsorbed atoms® and in line to optical response of
composites,* the representation of ISs eq 1 is based on the
spectral decomposition of particle polarizabilities into eigenm-
odes of vibration of the electric charge of the object which is
valid only in the undamped regime.*' The obtained modes have
a purely geometric nature and appear at given values of the
particle dielectric function. For supported particles, the
decomposition has been derived theoretically for supported
full spheroids® but has never been generalized to any supported
shape as it has been done for 3D case of composites.
Therefore, the application of eq 1 to actual data sets aside
modes mixing due to nearly degenerated resonances and
overlapping contributions between bulk absorption and
plasmon resonances. Moreover, all parameters must be
interpreted as average values since eq 1 assumes that
polydispersity and spatial heterogeneity keep the intrinsic
nature of the monodisperse and isolated object. ®; is
determined by (i) particle aspect ratio (diameter/height, D/
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H) and (ii) density of objects via local field effects due to
particle—particle coupling;*' F; is mainly governed by particle
shape, and I is sensitive to both material absorptions and
inhomogeneous broadening due to polydispersity.**}

In the plasmonic response of metals, a central issue is the
mixing of free and bound electrons in resonant modes.
Therefore, it has been chosen to analyze three metals, silver
Ag(4d'ss"), gold Au(5d'°6s'), and zinc Zn(3d'°4s?), which
have filled d-shells and similar s-electron Drude behaviors but
differ from the position of the interband absorption threshold
which is red-shifted progressively from 4 eV to below 1.5 eV
(see Supporting Information). They are representative of
different conformations of screening of free electrons by bound
electrons. Their dielectric functions (Ag,44_46 A, and
Zn;*” Figure 1 of Supporting Information) have been
systematically decomposed into Drude and interband compo-
nents:
a)f2
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Notably, a cut at a given value of Real(¢) shows that (i) for
silver plasmonic resonances are in an energy range that is well
below that of interband transitions, (ii) for gold resonances
should be much closer to interband transition, and (iii) for zinc
resonances are expected within the higher energy tail of the
interband transition; moreover, in this last case, the same real
value can be found at two different energies. Finally, the three
different substrates used herein, alumina Al,O;, zincite ZnO,
and titania TiO,, display different dielectric behaviors**** (see
Figure 2 of ref 30). Alumina is an archetype of wide band gap
oxide with a nearly constant dielectric function and a lack of
absorption in the UV—vis range. In contrast, wurtzite and rutile
are wide band gap (E, = 3.4 and 3 eV) semiconductors.

The principle of the experiment is to record SDRS spectra of
growing metal/oxide systems. Eq3uations giving the reflection
coefficients are then inverted®® to obtain parallel and
perpendicular ISs based on the Kramers—Kronig transform
between real and imaginary parts. Since most of the resonant
behavior is grasped by the Kramers—Kronig transform, the
validity and accuracy of the inversion process do not depend
heavily on the morphology of the deposit.*® ISs are then
decomposed into oscillators (eq 1) whose positions in energy,
strengths, and widths are determined. The nature and
characteristics of modes are discussed by comparison with
simulations performed using the GranFilm code**° on
particles modeled by representative truncated spheres or
spheroids. Each metal is analyzed to highlight the effects of
interband transitions and demonstrate the composite nature of
the observed bands. Information regarding the growth process
of the films and the electronic structure of the interface are also
deduced from shifts in frequency and deposit-induced band gap
absorption. Finally, the consistency of the approach is checked
a posteriori through sum rules applied to ISs.”"

B EXPERIMENTAL SECTION

Experiments have been carried out in a vacuum vessel (base
pressure of 5 X 107° Pa) which consists in a preparation
chamber where films are deposited and an analysis chamber
equipped with an X-ray photoemission spectrometer (XPS)
and a low-energy electron diffraction device (LEED).
Epipolished alumina Al,05(0001) substrates were prepared in

dx.doi.org/10.1021/jp500675h | J. Phys. Chem. C 2014, 118, 7032—7048
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Figure 1. Schematics of the surface differential reflectivity spectroscopy setup. Optical fibers are represented by bold red lines and free path of light
by dotted red lines. All optical elements are made of fused silica to enhance UV transmission. The reflected light is split into its s- and p-polarization
components by a Wollaston prism and corrected from source drift (see text).

situ by annealing at high temperature (T > 1200 K) under
oxygen partial pressure (p = 5 X 107* Pa). Clean TiO,(110)
and ZnO(0001)-Zn surfaces were obtained by cycles of Ar*-ion
sputtering (kinetic energy 800 eV) followed by vacuum
annealing (T =~ 1100 K). Such a preparation led to bulk
reduced conducting titania substrate as seen from its dark blue
color. The final surface contamination was below the detection
limit of XPS analysis. All substrates displayed a sharp (1 X 1)
LEED pattern after thermal treatment. SDRS spectra have been
acquired during metal (Ag, Au, and Zn) vapor deposition from
a heated crucible with a deposition rate in the range 0.04—0.08
nm/min as calibrated by a quartz microbalance. All depositions
were performed in a pressure range in the high 107 Pa on a
substrate held, either at room temperature for Ag and Au or at
100 K for Zn to obtain a sizable condensation coefficient.* The
growth of Ag, Au, Zn/Al,O;, Ag/Zn0O, and Au/TiO, has been
optically studied up equivalent thicknesses of around 2 nm.
SDRS consists in recording the relative variation of the
sample reflectivity AR/R during metal vapor condensation.
The optical setup (Figure 1) is specially designed to record
simultaneously the two polarization states s and p of light, i.e.,
with the electric field normal and parallel to the incident plane.
It involves a three-channel spectrometer (from Avantes) made
of three fixed identical dispersing grating benches and CCD Si-
array detectors. The accessible spectral range from about 200 to
1000 nm is limited by the detector response and optical bench
transmission. The resolution given by the spectrometer
entrance slit and the grating groove density is around 5 nm.
Wavelength-pixel calibration was performed at factory and
checked with both Hg-lamp and deuterium sharp emission
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lines. Because of the wide wavelength bandwidth used, high-
order diffraction peaks on a given pixel are suppressed by a
wedge coating on the detector. The optical benches of
symmetric Czerny—Turner type are designed to enhance UV
signal through grating blazing, internal lens condenser, and
special UV coatings. Most of the beam path during measure-
ment is guided into solarized silica optical fibers to keep the UV
transmittance. The light emitted by a dual deuterium/halogen
source is focused on the entrance of a single-core Y-shaped
optical fiber. The beam in the first branch of the Y-fiber, after
having been diaphragmed to avoid detector saturation, is used
to correct the two other channels from lamp drift. The light in
the other branch is focused on the sample through a silica
viewport at an incident angle 6, = 45° or 55° fixed by the
chamber flanges. A manipulator which can be cooled down at
~100 K by circulating liquid nitrogen allows positioning the
sample on the beam path. The reflected light is collected by a
convergent silica condenser and sent onto an @-BBO (barium
borate) Wollaston prism with a symmetric splitting angle of 25°
at A = 600 nm. This results in the separation of the two states of
polarization s and p into two beams. Barium borate is preferred
over calcite because of its better transmittance below 4 = 350
nm. The splitting angle of the two beams is nearly constant
over the spectral range down to 4 ~ 300 nm, below which it
increased up to 45° leading to loss of UV intensity. The
polarization efficiency is higher than 99%. The two beams are
collected by lenses into an optical fibers plugged onto the
entrance slits of two other channels of the grating analyzer.
Despite the low reflectivity of the oxide substrates, the typical
integration time is in the range of 10 ms thanks to the high
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Figure 2. Silver on alumina: experimental SDRS spectra recorded during growth in (a) s- and (b) p-polarization. Corresponding inverted imaginary
parts of the interface susceptibilities: (c) parallel IS Im(y) and (d) perpendicular IS Im(f3). Film thickness is given in the legend.

sensitivity of the CCD silicon detector. When the evaporation
rate is slow, as in the present work, hundreds of spectra can be
averaged to reach a frequency of acquisition of around 10 actual
spectra per minute. A smoothing over a moving windows of a
few pixels among the 1700 active pixels can further enhanced
the statistics without loosing the intrinsic resolution. An overall
signal stability of AR/R ~ 2 X 107> can be achieved in the
wavelength range of 4 = 300—900 nm. Bare spectra are
corrected from dark signal, source drift and normalized by an
average of 1 decade of acquisitions before evaporation in order
to get the actual differential data.

B SILVER ON ALUMINA AND ZINCITE

A 2.5 nm thick Ag/alumina film and a 1.8 nm thick Ag/zincite
films have been grown in similar conditions. The experimental
SDRS spectra recorded during growth are displayed in the
upper panels of Figures 2 and 3 for s- and p-polarizations of the
incident light. As shown in the lower panels of Figures 2 and 3,
the inversion process® is stable in the two cases and provides
positive imaginary parts of the ISs, except close to the band gap
edge of ZnO for the thickest films. Because of the Volmer—
Weber growth of Ag, the optical reflection is dominated by the
sharp plasmon resonances which characterize 3D nanoparticles.
In the case of ZnO, they are clearly disentangled from the band
gap features seen in the raw SDRS spectra. The absorption
above ~4 eV is the signature of the silver interband transitions.
For thickest deposits, ISs scale up to several tens of
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nanometers, a value much higher than the film thickness,
which explains the failure of the long wavelength approximation
in describing the dielectric response of supported nano-
particles.*® Distinct behaviors are clearly observed in the two
directions of space. Along the direction parallel to the substrate
(Im(y), Figures 2c and 3c), an intense red-shifting band (from
3.2 to 2.8 €V and from 2.6 to 1.3 eV for alumina and zincite,
respectively) with a shoulder on the higher energy side is
observed. Two less intense peaks appear along the
perpendicular direction (Im(f3), Figures 2d and 3d): one at
nearly constant energy (3.8 eV for both substrates) and the
other that is red-shifted (3—2.8 eV for alumina, 3—1.5 eV for
zincite). Most importantly, the inversion unambiguously
distinguishes the parallel and perpendicular components of
the optical response of supported silver and reveals
components hidden in bare spectra.

Mode Assignment, Particle Shape, and Substrate
Effects. To identify the different contributions to the
plasmonic response of Ag/ALO; and Ag/ZnO, Im(y) and
Im(f3) are fitted on the basis of the spectral representation (eq
1) for two selected thicknesses for alumina (2.3 nm) (Figure 4)
and zincite (0.85 nm) (Figure S). Background terms Im(y)
and Im(f,;) nicely reproduce bulk interbands (see Supporting
Information). A minimum of two oscillators is needed to
account satisfactorily for Im(y) and Im(f) line shapes in the
case of Ag/alumina. Regarding Ag/zincite, fits are achieved with
only one parallel component.

dx.doi.org/10.1021/jp500675h | J. Phys. Chem. C 2014, 118, 7032—7048
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Figure 3. Silver on zincite: same legend as for Figure 2. Notice the differences with the alumina substrate, in particular the positions of the plasmon
features and the signature of the band gap in the reflectivity data which is partly removed by the inversion process (see text).
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Figure 4. Silver on alumina: damped oscillator decomposition of IS imaginary parts of the 2.3 nm thick Ag/alumina spectrum (Figure 2).
Experimental points (black circles) are overlaid with the fit (black continuous line), the various plasmon components (red and blue lines), and a
background defined from the interband absorption in silver (dot-dashed green line) (see text). Calculated maps of potential of the associated
eigenmodes of charge vibrations are shown in the inset (see text) for the expected equilibrium particle shape. The upper-right inset in the figure a
shows the Frolich mode of the isolated full sphere. The increase of signal below 1.5 eV comes from spurious light.

Dielectric simulations of supported truncated interpret this phenomenological decomposition and assign the
spheres'**"?¥*33 o1 spheroids'' provide a relevant tool to observed features. The truncated sphere does correspond to the
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expected equilibrium shape of a liquid or a metal with low
surface energy anisotropy ™ while the truncated spheroid offers
enough flexibility to describe coalescence-induced flattening.>*
In the quasi-static approximation, a fair hypothesis for
nanosized objects, eigenmodes of polarization'**' are found
using a multipolar spherical or spheroidal expansion of the
potential in the limit of undamped media. The procedure
accounts for the influence of the substrate and for the particle—
particle coupling.">*' Since aspect ratios (diameter/height, D/
H) drive to a large extent the plasmonic behavior,” particles are
modeled by equilibrium shapes previously determined (see
inset of Figure 6). Ag/AlLOy; particles and 2D flat-top Ag/ZnO
particles®>~>” are mimicked by truncated spheres whose contact
angle is 125° (refs 42, 43, and 58) and by truncated oblate
hemispheroids (D/H = 8), respectively. Simulations of the
positions and integrated intensities of the various modes are
performed with the GranFilm code*”* using tabulated bulk
dielectric functions for metals,**** alumina,** and ZnO*
without any finite-size corrections. The characteristics of the
modes displayed in Figure 6, which show a sizable effect of the
particle shape and substrate, are in good agreement with the
components obtained by fitting the inverted spectra with
oscillators (Figures 4 and S). The assignment of the main
experimental modes stems from their positions in energy and
relative strengths. Corresponding polarization charges are
mapped out in insets of Figures 4 and 5 through potential
lines at the resonance.

The plasmonic response of Ag/alumina is dominated by two
modes parallel to the substrate (A and Bj) and two modes
perpendicular to the substrate (A, and B,).'"”*' The inversion®
clearly reveals A, a component otherwise hidden in the raw
SDRS spectra. Only three modes (A}, A, B,) are reasonably
active for the flat Ag/ZnO particles since By is hardly
discernible in the tail of Im(y) (Figure Sa). Oscillator strengths
of other components are much lower (Figure 6, truncated
sphere case, and next section on Au). Similarities of the
equipotential patterns in truncated spheres (Ag/ALO;) and
spheroids (Ag/ZnO) lead to their common mode labeling. In
the 3D representation of the polarization charges, A; and B
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Figure 6. Absorption eigenmodes for a truncated sphere (Ag/ALO;)
and a flat spheroidal shape (Ag/ZnO) (shown in inset). The ticks
represent the integrated oscillator strengths normalized by the particle
volume. The two most intense modes for each direction are labeled by
Ay, By, A, and B,, and their patterns of charge vibration are shown in
Figures 4 and 5. The left scale is logarithmic.

(Figures 4a and Sa), which are activated by both p- and s-
polarized light, have a symmetry plane normal to the parallel
component of the electric field. In contrast, A, and B, (Figures
4b and Sb), which are actived only in p-polarization by the
normal component of the electric field, have a rotational
symmetry along the surface normal. The two main modes (4,
A,) exhibit a strong dipolar character; B and B, show instead
some quadrupolar character in their polarization charge pattern
with some charge pinning at the top of the particle and the
interface.
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the calculated fwhm of the full embedded sphere resonance (see text). Vertical dotted lines in (b, c) highlight the transition from growth to

coalescence.

Oscillators Strengths and Frequency Shifts To Derive
Shape and Growth Modes. Fitted oscillator parameters of
the main plasmonic modes of Ag/alumina (Figure 7a—c) and
Ag/zincite (Figure 7d—f,) involve frequencies w; (Figure 7a,d),
integrated oscillator strengths F,/t (normalized by the film
thickness t) (Figure 7b,e), and full width at half-maximum
(fwhm) related mainly to I'; (Figure 7c,f). The intensity range
in which a given parameter is represented is always the same
throughout the present work, for comparison.

Although showing similar trends, the two systems exhibit
drastic differences that are now explored. Since the normalized
oscillator strength F,/t is driven only by the particle shape, the
main A mode is a fair reference. For Ag/alumina, it faintly
evolves up to t ~ 0.6 nm and is constant above (Figure 7b),
which indicates a growth at constant density followed by
coalescence at a constant shape likely close to equilibrium, in
agreement with previous fits of optical spectra with truncated
sphere modeling.*>**3*%® Added to the poorly evolving
broadening that reflects D/H polydispersity*>** (Figure 7c),
the observation confirms a self-similar behavior of the
coalescence process.*”*” The lower energy at which appears
the A| mode of Ag/zincite (Figure 7b,e) and its higher intensity
(Figure 7a,d) points to higher values of D/H relative to Ag/
alumina. Moreover, the increase in Fj/t up to t ~ 1 nm (Figure
7e) characterizes a continuous increase in D/H. Consistently,
the higher splitting in F;/t of the A; and A, modes”
demonstrates the formation of flatter clusters on ZnO than
on alumina.
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In a pure dipole picture, in the limit of small damping and in
a mean field approximation,lz’33’41 particle interactions shift the
mode position @,(p) according to

wp) = op =0) = SYpE, 3)
where p is the particle density, wj(p = 0) is the mode frequency
of the isolated object which is a function of the particle shape
and therefore of F;/t, and S > 0 is a constant prefactor. §
depends on the dielectric functions of the materials which are
nearly constant in the spectral range under concern. The trend
given by eq 3 is obeyed in Figure 7: the higher F), the stronger
the slope of the shift. Parallel modes are red-shifted (— sign in
eq 3) and perpendicular modes are blue-shifted (+ sign in eq 3)
except A, maybe because of the presence of the nearby strong
Aj mode. When coalescence occurs at constant Fj/t or particle
shape, w;(p = 0) is constant; therefore, the power law behavior
w,(p) o F} leads to p o F** o 7% and then, by assuming a
sticking coefficient of silver close to one,* to the particle size D
o (t/p)"? & 73 The value of k = 0.5 derived by applying
the formula to the main A; mode of Ag/alumina results in a
power law D o t*°*%! in agreement with D « t**° found by
directly fitting optical spectra®’ and ascribed to a dynamic
process of coalescence involving mobile clusters.”>*° For Ag/
zincite, k = 0 and D  #'**!, In contrast with Ag/alumina, this
linear behavior #' points to static coalescence in agreement with
numerical simulation, scaling arguments, and analytic models of

the phenomenon.®"** Indeed, silver wets rather well ZnO polar

dx.doi.org/10.1021/jp500675h | J. Phys. Chem. C 2014, 118, 7032—7048
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Figure 8. Gold on alumina: same legend as Figure 2. Notice the difference of intensities between the two ISs.

faces which is partly due to long-range coincidence lattices as
observed by X-ray diffraction.’*>’

The higher aspect ratio and the better wetting of Ag/ZnO
with respect to Ag/alumina, as well as the static vs dynamic
coalescence, that are demonstrated herein are consistent with
previous studies and fits of optical spectra. However, the
oscillator decomposition used in the present work is a direct
method which is “free” of any modeling,

Mode Broadening. The broadening of A; and B, with
respect to A, and By (Figure 7c,f) is partly extrinsic because,
with higher oscillator strengths, these modes are more sensitive
to the inherent polydispersity of shape and particle—particle
electrostatic coupling.** The phenomenon has also an
intrinsic basis since the polarization charges of A and B, are
localized at the interface which make them more prone to
chemical interface damping.”*** For instance, silver nano-
particles on/in SiO, show a noticeable size-dependent increase
of the plasmon peak width compared to free clusters."*** Based
on the Frolich plasmon mode of the spherical particle (Figure
4a), this was assigned to a decoherence induced among the
collective motion of electrons by adsorbate or interface states.**
Chemical interface damping was also demonstrated with the
technique of persistent hole burning.® But the role of charge
polarization pattern has never been highlighted experimentally
in the context of supported objects.

The decrease in peak width with deposited thickness stems
from the variation of electron mean free path as a function of
the particle size D due to surface scattering;>*>**~"° it is usually
accounted for by a D-dependent damping in the Drude part of
the dielectric constant:
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e(w, D) = g(@) + ——— -
o” +ioly 0" +iel}
with FD = Ff + ZAVF/D (4)

where €,(@) is the bulk dielectric function, I'; the bulk Drude
damping, vp the Fermi velocity, and A ~ 1 a constant which
may vary with the environment.**”® However, for metals, the
contribution of bound electrons modifies the bandwidth of the
resonance. In the case of the Frolich mode of an embedded
sphere, the fwhm can be determined by calculating the sphere
polarizability as a function of D:”"

Im[e(w, D)]
(Re[e(w, D)] + 2¢)* + Im[e(w, D) (5)

a(w, D) «

For €, = 2.12, average between alumina and vacuum, an
absorption close to 3 eV is found. For embedded spheres larger
than 20 nm in size, its fmwh tends to 0.3 eV*®* (A ~ 1), a value
identical to the high thickness limit 0.25 eV of the A, and B
modes (Figure 7¢,f). Indeed, these modes are poorly sensitive
to inhomogeneous broadening,'>** and their charge patterns
resemble that of a sphere (inset of Figure 4a). In contrast, the
bandwidths of A and B, do contain a sizable contribution of
polydispersity, in particular of shapes,* since their patterns of
polarization are influenced by truncation and substrate. In
previous work,** using Gaussian convolution description of
broadening, extra inhomogeneous contribution was estimated
in the range of 0.3 eV for the A mode, which confirms the
present finding. Undoubtedly, intrinsic size-limited broadening
should be field direction- and mode-dependent.’® But
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developing a quantum approach®® of surface plasmon broad-
ening for arbitrary shape objects is far from being simple. It is
restricted to simple objects such as sphere for which the band
structure of free electrons can be calculated. For other shapes,
only classical geometrical approaches are available.”® Finally, it
is worth noticing in passing that the bandwidth of the isolated
sphere resonance fwhm o D™*7 (inset of Figure 4) does not
follow the size dependence of the free electron trend fwhm =
2y o« D' because of the strong interplay with bound
electrons in silver.® This ascertainment pinpoints the pitfall of
the determination of A parameter (eq 4) from peak width
measurements.

B THE ROLE OF INTERBAND TRANSITIONS IN GOLD

Experimental SDRS spectra were recorded during the growth of
Au/alumina (Figure 8, upper panels) and Au/rutile (Figure 9,
upper panels). Gold differs from silver by strong interband
transitions at 2.64 and 3.75 eV.**”? Mixtures of free and bound
electrons excitations are expected.

Gold on Alumina. The inversion of SDRS spectra allows
the extraction of the perpendicular Im(f3) contribution (Figure
8d) which is hidden in the raw SDRS spectra because of an
unfavorable ratio of intensity between parallel and perpendic-
ular directions. The inversion starts being unstable above a
thickness of ~1.5 nm® because of the energy closeness of the
features, but this does not entail the following discussion. ISs
are characterized by (i) a broad Im(y) feature that is red-
shifting between 2.4 and 1.8 eV, (ii) a Im(f) peak ca. 2.6 €V,
and (iii) a broad bump/kink between 3 and 4 eV. As in the case
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of silver, dielectric simulations***° provide a guideline for the

determination of the nature of the observed modes (Figure
10a,b). Particles are represented by truncated spheres whose
aspect ratio is similar to that of Ag particles (owing to the poor
Au/alumina wetting”>’*) with bulk dielectric parameters. By
accounting only for the real part of the dielectric function of
gold, i.e., by suppressing the damping due to the imaginary part,
the four A, B|, A, and B, modes previously introduced show
up plus two extra features C; and C, located between 2.3 and
2.7 eV (inset of Figure 10b). (These were marginal in the case
of silver and were not shown.) The decomposition between
Drude and interband components of the gold dielectric
function based on refs 45 and 72 (Figure 1b of Supporting
Information) allows assigning those features to free electron
modes; indeed, they do not appear when accounting only for
the contribution of bound electrons (dotted line in Figure 10).
However, when using the full dielectric function of gold, modes
are considerably broadened due to their positioning close to the
tail of interband transitions at 2.64 eV.*”* The intensity ratio
A,/B, is reversed, and the mode B appears as a shoulder.
Despite that broadening, the comparison with experimental
findings (Figure 8) allows assigning (i) the main peak in Im(y)
to a dominant A; component combined with B and C
contributions, (i) the Im(f) feature close to 2.6 €V to a
mixture of A, and B, modes and interband absorption, and (jii)
the bump between 3 and 4 €V to bulk interband transitions’>
(see Im(e) and Im(1/¢) in Figure 1 of Supporting
Information).

dx.doi.org/10.1021/jp500675h | J. Phys. Chem. C 2014, 118, 7032—7048
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The spectral decomposition undertaken in the same spirit as
in the case of silver (Figures 4 and S) by parametrizing
interband transitions’> (see Supporting Information) leads to a
poor matching with experiments (not shown) which might
arise from either (i) mode mixing and breakdown of the
spectral decomposition eq 1 based on decoupling between
bound and free electrons or (ii) size-dependent electronic
structure of bound electrons.”>”® Good fits could be obtained
but at the expense of meaningless variations of the parameters
of the critical point transitions’>”” (see Supporting Informa-
tion). Therefore, a pragmatic approach was followed by fitting
Im(y) up to ~3.3 €V with a parabolic background (inset of
Figure 11b) that mimics the tail of the d-electrons contribution
(Figure 10 dotted line) and a unique oscillator (A;) whose
parameters are gathered in Figure 11. Regarding its limit of
fwhm in the range where size-limited broadening is negligible
(eq 4), the extra broadening of 0.6 eV found with respect to the
Frélich resonance of an embedded gold sphere (Figure 11c full
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line) is explained, as for silver, by interface damping,”®”® shape

distribution, and mode mixing between A} and By. The analysis
of the t-power law behavior of w; in a range where the oscillator
strength Fj/t is nearly constant (¢t > 1.3 nm) leads to D o
D*7*%1 This size scaling, consistent with previous stud-
ies,"**%° matches the dynamic coalescence of silver on
alumina (D oc DO65*01),

Gold on Titania: Image Field Effect and Band
Bending. The inverted Im(y) term of Au/titania (Figure 9c)
shares similarities with that of Au/alumina. However, the
inversion fails to recover the Im(3) term because of a series of
difficulties involving (i) the ISs intertwining, (i) the dielectric
function of the substrate, in particular above the band gap
absorption threshold (see Figure 2 of ref 30), and (iii) the huge
relative intensity of the parallel and perpendicular ISs below 3
eV.* Simulations (Figure 10c,d) were performed by modeling
particles by truncated spheres and by using shape identical to
that of Ag and Au/alumina on the basis of earlier near-field or

dx.doi.org/10.1021/jp500675h | J. Phys. Chem. C 2014, 118, 7032—7048



The Journal of Physical Chemistry C

Size / A (nm)
5 10 15 20
2.8 100
E _ . : B e
a) 3 b) %‘ I sF g C) 25% ; o AU/ALO,
266 2 Eef 8 C 0 AUTIO,
< E ¢ o) < : & | __20F s —— sphere
> | ¢ 's g B o3 | S - FWHM
C 24f i . B a: : 8|2 o *
§ “'E by = £ § °F v 9 =s Tom *
= E . r ‘ ‘ I F
> E o . £ i A T P T F
E ° =) 0 i = L
S L,k o . g 2 ot anory (o1, #ﬁ- o [
~ E @ oton energy (€ v ~x 1.0+
& E m% ."\ @ o oo e F
- 5 $ - o f
20F %% 5 o ; 05F
E = rowth g i ! F
E ) 1 +
: % g T p : 1 —
E L L v | L ! 1 PRI B | L L. L L R L
1.8 2 3 4 567391 2 3 10 2 3 4 567891 2 3 0.0 2 3 4 567891 2 3
Thickness (nm) Thickness (nm) Thickness (nm)

Figure 11. Evolution during growth for the Au/alumina (circle) and Au/titania (square) of (a) the position wj, (b) the integrated oscillator F,
normalized by the film thickness, and (c) the peak fwhm of the main component of Im(y). The decomposition with only one oscillator (continuous
red line) and a parabolic background (green dash dotted line) is shown in inset of part b for the 1 nm Au/alumina thick deposit of Figure 8. The
peak fwhm is compared to the expected size dependence fwhm of the unsupported Au full sphere (top scale). Vertical dotted lines in part b highlight

the transition from growth to coalescence.

electron microscopies®®®' and X-ray diffuse s.cattering59
findings. Regarding Im(y), the model predicts an overwhelming
A mode around 1.9 eV and less intense By and C; modes
around 2.5 and 2.3 €V, respectively (Figure 10c). The energy
splitting due to image field is higher than on alumina due to the
dielectric constant difference between the two substrates (a
factor 2) in that spectral range** (see Figure 2 of ref 30). This
takes away A resonance frequency from interband transition
and enhances its intensity compared to the alumina substrate.
At variance, the gold interband transition washes out modes
other than A although being still located in the band gap of
titania. The main component of the simulated Im(f) IS is A,
(Figure 10) even when the whole absorption is taken into
account in the gold dielectric function.

Unlike Au/alumina, the experimental peak shifting between
2.5 and 1.8 eV can be safely assigned to the isolated plasmon
absorption A. However, dielectric simulations (Figure 10c,d)
fail to reproduce the Im(y) feature around 4.2 eV whose
intensity increases with coverage (Figure 9c). Similarities with
the dielectric function of titania (Figure 9d, bold line) and the
absence of this feature in the case of the wide band gap alumina
suggest to assign it to modifications of the absorption across the
band gap of titania by gold. Defective and vacuum-reduced
titania shows band bending82 due to the gradient of defects
between surface and bulk.®**™®® Extra electrons due to surface
defects such as oxygen vacancies act as donors toward the bulk
of the crystal.**®” The induced surface dipole directed outward
bends bands downward by few tenths of an electronvolt
depending on the reduction state® (Figure 11), creates an
accumulation layer since the Fermi level is closer to the
conduction band,*’ and lowers the work function of TiO,.5>%’
As seen in photoemission, the deposition of gold on titania
induces a charge transfer between the metal and the surface
defects 885889091 1¢g sign varies with the reduction
state®¥®¥8399%1 because work functions of gold (W, ~ 5.4
eV) and TiO, (Wpo, ~ 4.6—54 eV) are close from each
other.*>®” Anyway, gold affects the band bending by a fraction
of electronvolt,*~***” which induces on the optical properties
a similar effect as that observed in electroreflectance experi-
ments.”” Indeed, the derivative of the dielectric function of
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titania —dIm(eqio,)/dAw shows features similar to the
experimental spectra® (Figure 9d). An estimate of the
thickness affected by the phenomenon is given by the space

charge model in the Schottky limit:*>*
2€,€0Vpp
Lgg = T
eiNy (6)

where €, >~ 7 is the static dielectric function of TiO,, Vyp =~
0.2—0.3 eV the band bending due to surface defects, and N,
their density. Resistivity measurements’* and thermodynamic
calculations™ give N; ~ 3 X 10" cm™ at annealing
temperature used herein, T ~ 1100 K. The obtained value
Lgp =~ 2—3 nm matches the thickness optically affected; indeed
in the continuous thin-film picture of ISs,>* this amounts to tyg
~ Im(y)/(Im(épo, — 1) =~ 1-2 nm at the gold maximum
coverage. However, owing to the 3D growth process and the
fractional coverage of the surface by gold, the semi-infinite
Schottky limit is only valid in first approximation. Finally, the
dominant character of the phenomenon along parallel direction
furthers favors a quantum-well absorption. A similar band
bending may explain the observed kink around 3.2 eV in the
optical response of Ag/ZnO (Figure 3c).

In contrast with alumina whose modes A, and B are
intertwined, the simulation fully justifies the representation of
the low energy part of Im(y) of Au/titania by a unique (A
mode) oscillator with a parabolic background term. Oscillator
parameters, ie. position, strength, and fwhm, are compared
with those of Au/alumina (Figure 11). A more pronounced
shift in energy is found, as expected from a basic argument of
stronger image dipole field.*'* The change in behavior of the
oscillator strength around t = 0.7 nm parallels the transition
from growth to coalescence which is accompanied by a slight
particle dewetting as observed with grazing incidence diffuse X-
ray scattering.”® Power law analysis (t > 0.7 nm) of peak

position leads to D o D*7*%!, a value close to previous findings
(D ~ DO.SSiO.l)

dx.doi.org/10.1021/jp500675h | J. Phys. Chem. C 2014, 118, 7032—7048
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B PLASMONICS OF INTERBAND TRANSITIONS IN
ZINC

The optical response of growing Zn/alumina in both s- and p-
polarizations (Figure 13a,b) is dominated by a band around 3.2
eV which lies within the high-energy tail of zinc interband
transitions (Figure 1lc of Supporting Information). The
inversion process is stable for all thicknesses. The lower
broadening of p-polarization band stems from the cancellation
of Im(y) and Im(f3) terms between 3.7 and 4.5 eV (see eq S of
ref 30). In the absence of reference about the shape of Zn/
alumina particles, a study of the morphology was performed via
a quantitative analysis of the optical data to provide a basis to
analyze ISs. First, by comparison with the dielectric simulation
of a continuous film (Figure 13ab, thick line), the profile of
spectra demonstrates a Volmer—Weber growth even at 100 K.
By fitting the SDRS spectrum in p-polarization of the 2.1 nm
thick film with a truncated oblate spheroidal shape'' and
accounting for polydisperdity,*>** values of size, aspect ratio,
and particle density were determined (Figure 13b). The surface
coverage was found close to 50%, the in-plane size close to 20
nm, and the fwhm of the fitted inhomogeneous broadening
GH(fwhm) = 12 eV and o,(fwhm) = 0.2 eV.** The particle
shape is shown in Figure 14c,d, and the fit results in Figure 13.
Starting from this morphology, simulations of ISs (Figure
14ab) have been performed with either the full dielectric
function of zinc (full line) or the interband contributions only
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(dotted line), or by taking only a fraction of the bulk dielectric
function (dash-dotted line), or by setting the imaginary part of
the metal dielectric function close to zero (bars). Five main
modes should be excited in the undamped metal: two along the
parallel direction at 1.7 and 3.4 eV but of the same nature and
three along the normal direction at 1.59, 1.62, and 3.9 eV (ticks
in Figure 14ab). Potential maps (Figure l4c,d) justify the
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choice of labels A}, A,, and B,, by comparison with silver and
gold films. In contrast with gold and silver, the excitation of two
A and two B, modes in zinc lies in the nonbijective relation
between Re(ey,) and the photon energy (see Supporting
Information, Figure 1c). On the contrary, the twin mode of the
low-energy A, does not exist. However, the strong damping due
to zinc interband transition entails the extinction of most

dx.doi.org/10.1021/jp500675h | J. Phys. Chem. C 2014, 118, 7032—7048
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modes, in particular around 1.6 eV near the maximum of
absorption. The mode A at 3.4 eV is still observed since it lies
in a spectral range where Im(€,) is low enough, although the
continuous decrease of Im(e,,) between 1.5 and 4 eV induces
an asymmetry and a shift of the Im(y) band. Moreover the
similarity between Im(y) calculated with the full dielectric
function and that obtained with only the interband transition
(Figure 14a) is indicative of a marginal contribution of free
electrons or, in other words, a A resonant “plasmon” mode
dominated by bound electrons. In the perpendicular direction,
the weak Im(f) feature centered around 4.5 eV is clearly
nonresonant. Its similarity with the calculated loss function
(Figure 1 of Supporting Information, thin line in Figure 14)
shows its bulk character. Therefore, although polarization
modes linked to the particle geometry are similar in nature, the
case of zinc is drastically different from that of silver and gold
for which resonant modes are excited on the free-electron
component of the dielectric function (dotted lines in Figure 10
for gold).

The qualitative comparison between experimental ISs of
Figure 13c,d and the dielectric simulations (Figure 14ab)
allows assigning the broad feature of Im(y) to Aj and the 4 eV
Im(f3) to bulk absorption. Fitting Im(y) with only one oscillator
with a parabolic background (not shown) leads to a two-step
behavior in the evolution of the parameters w; F, and I
(Figure 1S5). Below ~1 nm, the mode slightly red shifts at
nearly constant strength F]/ t and constant width; above, it is
blue-shifted with sizable increase in Fj/ t and broadening. Since
the higher F,/f the flatter the particle, this observation can be
ascribed to an initial growth at nearly constant shape followed
by coalescence with an kinetic hindrance of particle reshaping
due to the low temperature, as previously observed for Ag/
Al O, grown either at low temperature* or in fast deposition
conditions.>* Although the power law analysis developed with
the other metals is hampered by data scattering, information
can be drawn from the analysis of the oscillator parameters.
The initial red-shift is predicted by eq 3 for a parallel mode
(minus sign). Above 1 nm, the expected red-shift due to the
increase of F; is clearly balanced out by a reduction of particle
density to lead to an apparent slight blue-shift (eq 3), which
confirms the transition toward coalescence. Regarding peak
width, the extra broadening of ~1.5 eV during growth (below 1
nm; Figure 15c) relative to the Frolich mode of a full sphere in
a high-size limit (~0.42 eV) points to the major role of shape
polydispersity over the finite-size effect because of the
sensitivity of the A, mode to flattening. However, in contrast
to silver and gold (Figures 7c and 1lc), peak broadening
increases during the coalescence which is consistent with the
hypothesized hindrance of particle reshaping upon coalescence
(out equilibrium coalescence), which favors shape polydisper-

sity.

B INTERFACIAL SUSCEPTIBILITIES AND SUM RULES

Beyond any Kramers—Heisenberg decomposition (eq 1), ISs
which describe intrinsically the dielectric behavior of the
interface should fulfill sum rules derived from the Kramers—
Kronig link>' between real and imaginary parts. At frequencies
higher than any characteristic light absorption threshold,
interface susceptibilities are dominated by the inertial effects
and not anymore by restoring or dissipative force. Their
asymptotic limits should be given by
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where @,(y) and @, (/) have the meaning of plasma frequenc1es
related to the number of effective electrons involved®" and t is
the interface or film physical thickness. Within the reasonable
assumption that Im(y) and Im(f) fall off faster than w™>
(which is the case for damped oscillator as in eq 1), the high-
frequency limit of the Kramers—Kronig relations
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lead to the so-called f-sum rules for ISs:
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The experimental plasma frequencies @, (y) obtained from eq 9
for the four studied interfaces (Ag, Au, Zn/Al,0; Ag/ZnO,
Au/TiO,) and applied to the available spectral range are shown
in Figure 16 and compared to values expected from tabulated
bulk dielectric constants, i.e., @4 (y) = (2/7) /3@ Im[ e(a))
dw, which correspond to the contlnuous thin film limit of 1Ss.*®
Because of inversion pitfalls,’® such a sum rule analysis is less
reliable for the perpendicular IS and loss function, in particular
for gold. A nearly constant value wp(}/) is found in the limit of
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Figure 16. Plasma frequency w,(y) obtained from sum rule applied to
parallel IS of all the studies 1nterfaces Ag/AlL,O; (open blue squares),
Ag/ZnO (open blue circles), Au/ALO; (filled orange squares), Au/
TiO, (filled orange circles), Zn/ALO; (filled green triangles).
Expected values from bulk dielectric constants are shown for Ag
(dotted blue line), Au (orange continuous line), and Zn (green dash-
dotted line).
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the thickest films since the UV—vis spectral range encompasses
most of the plasmon resonances of the nanoparticles. Since the
sum rule analysis also includes interband absorptions and
substrate contributions, the agreement with the bulk behavior
validates a posteriori the inversion process®® which should fulfill
electron conservation.

B CONCLUSIONS AND OUTLOOK

Surface differential reflectivity spectroscopy was used to
monitor the plasmonic response of growing Ag, Au, Zn/
alumina, Ag/zincite, and Au/titania nanoparticles. The parallel
and perpendicular components of the interfacial susceptibilities
which characterize the dielectric behavior of the film are
deconvoluted from the substrate contribution by using a
previously proposed algorithm of inversion of the reflection
coeflicients which clarifies the reading of the film parameters. A
combination of Kramers—Heisenberg decomposition of ISs in
terms of damped oscillators and of dielectric simulations based
on truncated spheres or spheroids demonstrates the universality
of the observed plasmon modes for supported nanoparticles. A
close comparison between the three metals, which have similar
Drude dielectric behaviors, highlights the paramount role of the
metal interband absorption in the visibility of the various
features. While with silver and gold the localized plasmon
excitation involve free electrons, zinc develops polarization
modes on the tail of the interband absorption. The comparison
between the studied interfaces allowed discussing shape, image
field, polydispersity, interband absorption, and interface
damping effects in the evolution of frequencies, oscillator
strengths, and broadenings of the modes. In particular, power
law behavior of the size evolution could be deduced from the
frequency shift in the coalescence regime. For semiconducting
substrates, the observed metal induced gap absorption was
assigned to charge transfer and evolution of band bending at
the metal/oxide interface. Monitoring of growth processes and
gas adsorption are obvious perspectives for the application for
such an approach of the plasmon modes in supported
nanoparticles.
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