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Abstract

The morphology and adhesion energy of nano-
sized metal particles supported on dielectrics
is a puzzling issue since, due to the increas-
ing contribution of surfaces and interfaces in
their energetics, their equilibrium shape es-
capes the rules established for large objects.
The evolution of wetting during Volmer-Weber
growth of nanoparticles is herein studied by in
situ ultra-violet /visible surface differential re-
flectivity spectroscopy (SDRS). The integrated
s-polarized SDR signal is shown to be propor-
tional to the oscillator strength of the optically
excited plasmon resonances parallel to the sur-
face. Dielectric modelings show that this quan-
tity, which is marginally affected by the size
and density of the objects, depends mainly on
the aspect ratio of the particles from which
adhesion energy can be derived. Applied to
noble (Ag, Au) or transition metals (Cr, Ni)
and Zn on weakly interacting dielectric (AlyOs3,
SiOq, KBr) and semiconducting (TiO2, ZnO)
substrates, this plasmonic approach evidences
a robust U-shaped variation of the aspect ratio
with film thickness and therefore size. In line
with the thorough study of the Ag/Al,03(0001)
growth and linear elasticity predictions of the

equilibrium shape of strained particles in epi-
taxy, the first branch of the "U" is assigned
to a size-dependent equilibrium shape of the
particles related to surface/ interface stress ef-
fects. A significant decrease in adhesion energy
parallels a rounding of the particles. The sec-
ond branch partly stems from flattening due to
incomplete coalescence. The common behavior
of poorly wetting supported metal nanoparti-
cles that is revealed herein, with strong changes
in shape and adhesion as a function of parti-
cle size, had not been evidenced so far. Both
the proposed optical methodology and the fi-
nal findings about adhesion at the nanoscale
are of interest in the wide field of application
of supported metal nanoparticles that involves
heterogeneous catalysis and thin film growth.
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1 Introduction

Wetting at metal/dielectric interfaces® is a
common concern in many different interface
configurations, such as dispersed particles of
controlled sizes in heterogeneous catalysis,??
buried interfaces in welding/bonding®® and
continuous films in coatings.® Its understand-
ing, and thereby its control, is crucial for the
development of structures with defined prop-
erties and of stable morphologies, capable to
resist aging under their conditions of use.®7
The investigation of energetics of interfaces has
motivated a considerable research effort ded-
icated to both the thermodynamic and the
kinetic aspects of the growth of supported
metal films. 26811 The poor wetting of dielec-
tric substrates by metals leads to the forma-
tion of three-dimensional particles on the sur-
face that follows the so-called Volmer-Weber
growth mode.'? The geometry at equilibrium
reveals the energetics of the system through the
Young-Dupré equation of wetting or its Wulff-
Kaischew-Winterbottom (WKW) counterpart
for anisotropic surface energies. %1315 Well de-
fined for melted metals and macroscopic-sized
supported crystallites, ''314 the profile of parti-
cles is increasingly affected by the surface and
interface stresses when the size decreases to en-
ter the nanometric domain.?!%!516 Tndeed, on
crystalline substrates, the linear elasticity the-
ory of equilibrium shape®!® and atomistic simu-
lations '™ ¥ showed that epitaxial strain always
acts against wetting.

The effects become dramatic for dimensions
less than around ten nanometers, where strong
changes in shape and adhesion occur,'®?! while
in parallel the particle energetics, that escapes
the models that rule the macroscopic scale of
extended surfaces,” is not settled yet. The
case is of paramount importance in domains,
such as catalysis, for which nanoparticles are
the active form of the matter.2® On the one
hand, in the absence of direct probe at the
nanoscale, the relative contributions of surface
and interface energies and stresses, that are
possibly size-dependent, are still debated (Ref.
19 and refs. therein). On the other hand,
particle shapes are obviously also altered by

kinetics. The insufficient surface diffusion can
promote the so-called elongation transition,
the formation of worm-like objects and finally
the film percolation.%?22® Thus, continuous
metal /dielectric films commonly form through
an out-of-equilibrium process so that they are
prone to dewetting.!'52627 To define the be-
havior of adhesion and wetting of supported
nanoparticles, the challenge is to directly de-
termine the morphology of nanoparticles during
their growth.

Of invaluable help to determine the shape of
particles, the microscopies are not always well-
suited to study nanometer-scale growing aggre-
gates. They must be performed in situ or han-
dled under special conditions to avoid oxida-
tion, change of shape and sintering upon air ex-
posure. Time consuming electron microscopy >
requires, beyond specific sample preparation,
in-plane and transverse views while near-field
techniques suffer from tip convolution. Con-
versely, light-based tools provide direct meth-
ods to probe growth processes on surfaces in
real time. Grazing incidence small-angle x-ray
scattering (GISAXS)?%?? allows for a detailed
description of phenomena in reciprocal space,
but requires the use of a synchrotron source
with all related drawbacks. Yet, the growth of
metals on dielectrics can be conveniently mon-
itored by laboratory ultra-violet(UV)/visible
spectroscopy through the well-established sen-
sitivity of plasmon resonances to particle size
and shape.3°33 In this context, surface differ-
ential reflectivity spectroscopy (SDRS) has al-
ready shown its capability for the quantitative
study of the growth mode and adhesion of met-
als on oxides as for Ag,'92034 A] 34 Tj 34 Zn3

on Al,O3(0001) and Ag on MgO(100)* that
fairly compares to GISAXS analysis. Being
quite flexible, the SDRS was also applied to the
wn situ growth analysis during deposition via
plasma sputtering.?*®” In fact, plasmonic ab-
sorptions are driven to a great extend by the as-
pect ratio of the particle, defined as the ratio of
the in-plane diameter divided by the emerging
height. However, the direct reading of that pa-
rameter is blurred by the excitations of several
shape-related polarization modes, by polydis-



persity or finite-size broadenings and by strong
dielectric damping in transition metals.3%3
Therefore, a specific modeling is required to
derive the nanoparticle morphology from the
spectral line shape. It must describe nanopar-
ticles of realistic shapes (truncated spheres*2
or spheroids*?) in interaction with substrates
(image effects) and other particles** in polydis-
perse assemblies, and account for finite-size and
temperature effects on the dielectric constant of
the particle material.*> Such an approach must
clearly be adapted to each particular system
under study.

We propose herein to follow a different strat-
egy to develop a qualitative but widely applica-
ble method for monitoring the evolution of wet-
ting during the growth of supported nanopar-
ticles by vapor deposition (Figure 1). It does
not rely on the complete analysis of line shapes
but on integrated signal in s-polarization, that,
once normalized to average film thickness, is
shown to be proportional to the aspect ratio
of the nanoparticles and at the same time inde-
pendent of their density and size. The method-
ology, that relies on real time in situ measure-
ments is applied to various metal /dielectric sys-
tems during their growth. It enables us to de-
rive trends in the variation of adhesion energy
and allows to estimate this energy through the
Young-Dupré equation.

2 Experimental

The film growths have been performed in ultra-
high vacuum vessels (base pressure in the high
10~ mbar) by thermal evaporation from care-
fully out-gassed crucibles (Ag, Au, Zn, Ni) or
by electron bombardment of a metallic rod (Cr)
(Omicron EFM3 evaporator). The growth was
monitored in situ by surface differential reflec-
tivity spectroscopy (SDRS) in the UV-visible
range (~ 1.5 — 5 eV) with a setup described
elsewhere.?” The incident angle was fixed to
Oy = 45° or to 55° by the chamber flanges
equipped with transparent silica viewports.

Prior to deposition, the evaporation rate of
the order of 0.1 nm/min was systematically
calibrated by a quartz balance set at the sam-
ple position. If not stated, sample was held at
room temperature during growth. The surfaces
of single crystal substrates were prepared either
by (i) annealing under a partial pressure oxygen
provided by a gas doser set in front of the sur-
face (~ 1200 K; stationary pressure 10~¢ mbar)
for Al;03(0001) and amorphous SiOy or (ii)
by cycles of sputtering/annealing (Ar™; 1 keV;
~ 1100 K) for ZnO(0001)-Zn and TiO(110)
or (iii) by cleavage in air followed by slight de-
gassing in vacuum for KBr(100). The surface
preparation allowed to reduce the amount of
surface contaminants below the sensitivity of
x-ray photoemission spectroscopy, and led to
sharp and decent (1 x 1) low-energy electron
diffraction patterns for single crystals.

Briefly, in SDRS, the growth of a metallic
layer is monitored through the relative varia-
tion of the sample reflectivity simultaneously in
its s- and p-polarized components. It might be
worth reminding, that under p-polarized illumi-
nation, the electric field lies within the plane of
incidence and can be decomposed into two com-
ponents, one parallel and another perpendicu-
lar to the substrate surface. But only the elec-
tric field component parallel to the substrate
is present under s-polarized illumination. The
measured SDRS s- or p-polarized signal is given
by:

AR

~ R(w,t) - R(w,0)
1) =

Rwo W

where w/27 is the photon frequency, R(w, 0) the
reflection coefficient of the bare substrate and
R(w, t) that covered by a deposit of thickness t.
The normalization to R(w,t = 0) is necessary
to cancel out experimentally, for each value of
w, the unknown response of the optical bench
i.e. the lamp emission, the transmission of the
optics, the monochromator transfer function
and the detector response. However, it is of
paramount importance to have a stable optical
bench throughout the measurements to assume
these quantities as constants.?®
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Figure 1: Scheme of the methodology used to determine the aspect ratio of growing metallic
nanoparticles supported on dielectric substrates through a dielectric modeling of the plasmonic

response probed by UV-visible reflectivity.

3 Results and discussion

3.1 Differential reflectivity spec-

study.
Noble metals commonly used in plasmonics,
such as Ag and Au, are herein compared to Zn

tra from growing metal/dielectricand to transition metals Cr and Ni, in which the

films

SDR spectra were collected in situ during the
growth of Ag Au,Cr,Zn/Al,O3(0001),19:35:39,46
Ag/KBr(001), Ag/ZnO(0001)-Zn,

Au,? Ni/Ti05(110) and Ag/SiO, (Figures 2).
As indicated by the provided citations, some of
these interfaces have already been studied by
the authors, but never in the present context.
The optical response of a metal deposit on a di-
electric substrate is quite sensitive to the varia-
tion of the amount of metal, generally described
through the mean film thickness. A submono-
layer sensitivity is easily achieved due to the
high contrast between the dielectric constants
of the two media and to the low absolute re-
flection coefficient especially in p-polarization
near the Brewster angle of the substrate. For
silver, whose surface plasmon resonance is the
sharpest in the UV-visible, SDR spectra can be
recorded for mean film thicknesses smaller than
a tenth of a monolayer, 7.e. 0.015 nm.?® The
smallest thickness analyzed here is 0.05 nm,
which is the limit of signal-to-noise ratio for
signal integration for some of the films under

band-to-band transitions play a non-negligible
role.3%47 Plasmonic properties of metals de-
grade when free and bound electrons (or in
other words, intraband and interband contribu-
tions) get mixed in the resonant modes. In this
regard, Ag(4d'5s!), Au(5d'%6s!), Zn(3d1%4st),
Cr(3d°4s') and Ni(3d%4s') and have similar s-
shell filled with one electron but different d-shell
filling. Despite similar Drude parameters,3’
they differ drastically on their interband tran-
sitions that progressively shift from 4 to 1 eV
from Ag, Au, Zn, to Cr and Ni (Figure S1 of
supporting information). These five metals are
quite representative of various dielectric config-
urations of screening of s electrons by transi-
tions involving d electrons. In silver, plasmon
resonances occur in the energy range well be-
low that of the interband transitions. In gold,
they are closer to interband transitions while
in Zn, Cr and Ni, they are expected to happen
on the tail of the interband transitions leading
to a more complex line shape of plasmon reso-
nances. 3’

As for the analyzed substrates, they are weakly
interacting with the metal deposit. Al;O3, SiOs



and KBr are archetypes of wide band gap non-
absorbing substrates, either crystalline with dif-
ferent symmetries or amorphous, with a nearly
constant dielectric function in the UV-visible
range. On the other hand, ZnO and TiO, are
semiconductors with a band gap in the middle
of the probed range (Figure S2).

3.2 Fresnel reflection coefficients
in the long-wavelength ap-
proximation

The macroscopic optical response of a film of
supported nanoparticles can be handled as that
of a transition interface between two homoge-
neous media,** 52 provided that nanoparti-
cle sizes and inter-particle distances are much
smaller than the optical wavelength A. This
generalization of the thin plate model® relies
on the concept of excess electromagnetic fields,
that are the difference between the actual fields
and those of the homogeneous media extrapo-
lated to the surface.** The boundary conditions
at such a fictitious interface are obtained by in-
tegrating the excess electromagnetic fields per-
pendicularly to the surface. These unknown in-
tegrals are linked to the bulk fields extrapolated
to the surface through interface susceptibilities
7(w) and B(w). Those are frequency-dependent
dielectric lengths that describe the interface po-
larization along the directions parallel () and
perpendicular (3) to it. 4852 The linear Fres-
nel coefficients in amplitude***®52 can be de-
rived for such an interface from the Maxwell
equations. Greatly simplified expressions of the
differential reflectivity signals are obtained in
the framework of the long-wavelength approxi-
mation, #4548 j e 27|y| < X and 27|8] < A,
in which interface susceptibilities are small with
respect to the light wavelength. In addition
to the above mentioned smallness of the par-
ticle size with respect to light wavelength, this
requires a moderate resonant behavior for the
interface susceptibilities.*” In this regime, the
differential reflectivity signals in s and p polar-

izations read:*”

AR,  8mn,costy

R, by €5 — €4
AR, 8r Ng oS By (3)
R, ) (s — €,)(e5c082 0y — €, 5107 6))

X [(es — €,8in% ) Im(7) — €2, sin? Qolm(ﬁ)] )

Im [7] (2)

S

for a non-absorbing substrate under illumina-
tion at the incident angle 6,. €, and ¢, are
the incoming medium (vacuum herein) and
substrate dielectric functions, respectively, and
N = \/€q is the index of refraction. Frequency
dependence of quantities is implicit in the pre-
vious equations, and if not stated, in what
follows.

For supported nanoparticles: **

Yw) = play@)) and Bw) = plas (@) /e

(4)
where p is the particle density and (o (w)) and
(ar) (w)) are the parallel and perpendicular com-
ponents, respectively, of the average tensor of
polarizability of the particles which links the
induced damped dipole in each particle to the
excitation electric field of the incident light.**
The polarizabilities o and ) can be calcu-
lated by solving Laplace equation for specific
shapes in the so-called quasi-static approxima-
tion, 7.e. by neglecting retardation effects since
particles are small with respect to the light
wavelength. 49445 Note that, since the polar-
izabilities scale with particle volume V', the in-
terface susceptibilities are proportional to the
average film thickness:

t=p{V). (5)

In the systems under study, films are a few
monolayers thick and well-below the perco-
lation threshold; the size of metal/dielectric
particles happens to be small enough to ful-
fill the long-wavelength assumption despite the
plasmonic resonant behavior (see Ref. 47). For
instance, at the maximum thickness of 1.5 nm
used herein (Figures 2), SDRS and GISAXS
show that oxide-supported silver particles are
around 5 nm in size,?%3%%% which corresponds
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Figure 2: Surface differential reflectivity spectra acquired with s-(left) and p-polarized (right) light
during the growth of metal nanoparticles on a substrate as indicated in each sub-figure. For each
curve, the average film thickness in nm, as calibrated by a quartz balance, is indicated in the legend.
The evaporation rate was of the order of 0.1 nm/min for all systems. All growths are performed
at room temperature, except for Zn/Aly,O3(0001) which requires cooling around 100 K to achieve
a sizable sticking coefficient. 3>



to a few percent of the wavelengths used to
record the present spectra.

The above Eq 2 and Eq 3 account for some
of the main features of the experimental line
shapes of Figures 2. The s-polarized spectra
only depend on the polarization in the direc-
tion parallel to the surface (y term in Eq 2).
In contrast, the p-polarized signal involves a
complex subtraction of terms proportional to
Im[y(w)] and Im[B(w)] (Eq 3). Although not
obviously featured in spectra related to metal
involving band-to-band transitions such as Au,
Zn, Cr, Ni (Figures 2), the two contributions
directly appear in the p-polarized spectra of
Ag on Al,03(0001), KBr(001), ZnO(0001)-Zn
and SiOy (Figures 2). The sharp dips seen ca.
3.5—4 eV stem from the absorption modes per-
pendicular to the substrate. Conversely, broad
bands peaking below 3.5 ¢V due to modes par-
allel to the substrate dominate s-polarized spec-
tra.?%39 The quantitative analysis of Ag growth
and adhesion has been successfully achieved on
various surfaces thanks to this combination of
modes. 19:20:24:3436 T contrast, in the qualitative
approach developed herein for all metals, the
s-polarized reflectivity spectra are shown below
to be the most relevant for a direct determi-
nation of the aspect ratio of growing metal
particles.

3.3 Oescillator strengths of plas-
mon resonances

The plasmonics of nanoparticles is dictated by
their polarizabilities that behave mostly as os-
cillators. This section evidences the links of the
corresponding frequencies and strengths to the
particle aspect ratio, via the development of
appropriate particle models starting from free-
standing objects and gradually approaching
to interacting supported particles of realistic
shapes.

A tractable and illustrative starting point
to represent particles is the text-book free-
standing full spheroid, oblate or prolate32:33:4
(Figure 3-top) embedded in a homogeneous

medium. Its polarizability tensor is dominated

by dipolar modes along the directions parallel

or perpendicular to its rotation axis:32:3344

cal€ —€)V
€o + Ly (€ =€) ’

(6)

a1 (w) =

where € (a function of w, even if omitted here-
after) is the dielectric function of the particle
material and ¢, that of the ambient medium.
For plasmonic media with low absorption, a res-
onance is found when ¢, + L (e — ¢) = 0,
or in other words for a particle dielectric func-
tion e = €,(1 — 7). The depolarization fac-
tors L = L (Section SII.2) depend on the
aspect ratio A, of the particle,**** defined as
the ratio of dimensions parallel and perpendic-
ular to the rotation axis A, = D;/D, (Fig-
ure 3-top). For a Drude metal with dielectric
function €(w) = ep —w? /(w? +iwlp), a plasma
frequency wp and a damping I'p, polarizabili-
ties can be expressed in the form of a damped
oscillator (Section SII.1):

2 wRFR

Twsh —w? —iwlp’

a(w) = (7)
when w is close to its resonant frequency wg
and when I'p < wrp < wp. Both the oscillator
strength Fz and the resonant frequency wg are
functions of L = Lj ;. Their values normalized
w 2F
to the Drude frequency o and Wa are
given in Section SII.1.

Now, placed in front of a substrate such
spheroid induces an image polarization. In the
simple dipole picture, Eq 7 remains valid, but
with depolarization factors that depend on the
image strength &7t 44455 (¢, and ¢, stand for
the vacuum and substrate dielectric functions,
respectively) and on the distance d between the
surface and the center of spheroid. Appropri-
ate expressions of L) ; can be obtained in the
framework of the Spheroid Dipole Approxima-
tion (SDA)5% by restricting to dipolar order
the multipolar solution of the Laplace equa-
tion #4554 (Section SI1.2). For a Drude metal,
the normalized oscillator frequencies (Eq S4)
and strengths (Eq S5) are shown in Figure 3
as a function of the aspect ratio. To represent



a variety of cases, modeling uses (i) either a
variable residual term ep at fixed substrate di-
electric function e, = 3 (Figure 3a.b) or (ii)
a variable €,, ¢.e. variable image strength, at
fixed ep = 1 (Figure 3c,d). The well-known red
(blue) shift of the resonance parallel (perpen-
dicular) to the surface upon particle flattening
is reproduced. Most importantly, the evolution
of the oscillator strength as a function of the as-
pect ratio A,, which is complex in the direction
perpendicular to the substrate, is nearly linear
along the parallel direction (Figure 3b,d). This
linear increase of Fp(A,) is at the heart of
the analysis proposed below and will be shown
to be robust for different system configurations.

The next step is to consider supported parti-
cle assemblies, i.e. the modification by neigh-
bors of the local field felt by each particle 45455
(Section SIIT). The particle-particle electro-
static coupling at dipolar order was proven to
be satisfactory with respect to quadrupolar or-
der for surface coverage lower than 0.5.°6°7 This
dipolar coupling leads to a renormalization of
the polarizabilities and to new expressions for
the depolarization factors (see Section SIII).
Moreover, at such surface coverage, no signif-
icant difference was observed between optical
properties of random, square or hexagonal lat-
tice geometries.?® For the sake of simplicity, a
square lattice of parameter P whose surface
coverage is defined as © = 7Dj/4P? is used
hereafter. As expected, particle-particle cou-
pling increases the splitting of frequencies be-
tween resonances parallel (red-shifted) and per-
pendicular (blue-shifted) to the surface (Fig-
ure 4). In the realistic case of oblate spheroids,
the linear increase of Fp) with A, highlighted
for isolated particles (Figure 3) is again ob-
served (Figure 4b,d). In the coverage range
O < 0.5, the upper limit of the relative vari-
ation of Fr with © is 12 % for a full sphere
(A, = 1) and even lower for higher A, values
(Figure 4d). Most importantly, the variations
of Fp | and wg | are mainly driven by the aspect
ratio A, for oblate particles, while the coverage
appears as a second order parameter (Figures 3-
4). Therefore, in the following, the realistic
approach to the shape and truncation of sup-
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Figure 3: Oscillator behavior of supported full
spheroids determined in the framework of the
SDA approximation. Top: schematic represen-
tation of the prolate and oblate spheroids that
features dielectric functions and particle aspect
ratio (see text). Bottom: the particle dielec-
tric function is described by a Drude term with
either (a),(b) a variable (indicated in figure)
or (¢),(d) a constant residual term ep = 1.
The dielectric constant of the substrate is ei-
ther (a),(b) constant ¢, = 3 or (c),(d) vari-
able as indicated in the legend. Oscillator char-
acteristics: (a),(c) normalized resonance fre-
quency wgr/wp and (b),(d) normalized oscilla-
tor strength 2Fz/mVwp,/€, of a prolate/oblate
spheroid (see Section SIL.1 for definitions). The
dotted line corresponds to the spherical shape
(A, =1).



ported objects will be developed only around
isolated particles.
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versa. Spheroids made of Drude metal with
ep = 1 are organized in a square lattice of pe-
riod P (see text); their volume is kept constant
while increasing coverage.

To describe partial wetting, the optical re-
sponse of supported nanoparticles is better ad-
dressed by modeling these by truncated spheres
or spheroids (Refs. 40-44,58). Even if the ac-
tual particle shape may be faceted at equilib-
rium or more complex due to kinetics, the pro-
posed shapes allow to cover a wide range of as-
pect ratio A,, the key parameter in wetting.
Moreover, the truncated sphere describes accu-
rately the exact equilibrium shape of a liquid
droplet or of a material with a poor surface en-
ergy anisotropy such as silver.?! A, defined as
the ratio of the apparent parallel diameter to
the emerging part of the object (Figure 5-top),

is not unique to define truncated spheroids since
an infinity of such objects correspond to a single
value of A,. This has led us to define a trunca-
tion parameter ¢, as ratio of the distance from
the center of the spheroid to the substrate, to
the radius of the spheroid in the perpendicular
direction ¢, = h/R, (Figure 5-top). Because of
the excitation of a wealth of shape-dependent
polarization modes due to truncation and im-
age effect, 383959761 it was previously shown that
polarizabilities of such system can still be rep-
resented in terms of damped oscillators by an
expression that generalizes Eq 7 (Section SIV):

B 2 Friwr;
aw) = amlw) + —~ Twh,; —w? —iwlp;

(8)

Fri,wri, I'r; are the oscillator strength, the
resonance frequency and the damping of a given
polarization mode i, respectively. The non-
resonant term oy (w), that accounts in particu-
lar for bulk absorption, is often negligible com-
pared to plasmon oscillations. 3’

Now, to examine whether the linearity of
Fg(A,) previously found for full spheroids
in SDA at dipolar order (Figure 3) still
holds for truncated particles, the exact
values of Ima)(w)] calculated at multi-
polar order® 1438 for supported truncated
spheres/spheroids have been integrated over
the full w-scale for a Drude metal to obtain the
normalized-to-volume total oscillator strengths
Y. Fr/V for both parallel and perpendicular
directions (Eq 8). The integration has been
performed for spheroids and spheres of several
truncations t, on simulations at multipole or-
der M = 16 (Figure 5) using the GranFilm
software. 5263 This value turned out to be sat-
isfactory in describing the boundary conditions
for the electrostatic potential and for the dis-
placement field at the surface of the object.?
Despite the degeneracy of A, with ¢, and the
existence of several modes of polarization,3%%°
the comparison with SDA of Figure 5 demon-
strates a robust linear dependence of X Fp ) /V
with respect to A,. Moreover, calculations
made for realistic values of truncation parame-
ter (0.5 or 0) only slightly differ, which means
that the variations of the oscillator strength



are mainly driven by change in aspect ratio
(Figure 5). In contrast, in line with the case
of full spheroids, ¥ Fg  /V shows a non-linear
behavior as a function of A, (Figure 5).

Up to now, the analysis was performed
for particle and substrate materials described
through a textbook Drude dielectric function
and a constant value, respectively. Mind that
the Drude screening ep already impacts sig-
nificantly the oscillator characteristics (Fig-
ure 3a,b). To be closer to real world and to
compare with experimental data, XFgr/V has
been determined via direct integration of cal-
culated Imfoy  (w)] for metal (Ag, Au, Zn,
Cr, Ni)/substrate (Al,O3, SiOy, KBr, ZnO,
TiOs) interfaces, by using tabulated dielectric
functions® % (Figures S1-S2). Only realistic
particle shapes in terms of wetting, i.e. with
A, > 1, have been considered in the form of (i)
truncated sphere of which shape is varied from
the full sphere (¢, = 1; A, = 1) to hemisphere
(tr = 0;A, = 2), and of (ii) hemispheroid
(t, = 0; A, > 2). For numerical issues of con-
vergence,? particles with A, > 2 are better de-
scribed by truncated spheroids than truncated
sphere with ¢, < 0. The rather modest impact
of the truncation ratio with respect to aspect ra-
tio on the oscillator strengths (Figure 5) allows
to calculate X Fr/V only for a given truncation
value (¢, = 0 in Figure 5). The integration was
restricted to the experimental UV-visible range
(1.5 — 5 eV). Most importantly, the trend ob-
served in previous sections holds true for actual
materials (Figure 6). ¥ Fp ) /V increases nearly
linearly as a function of A, for A, = 1.5 despite
drastically different dielectric functions. In
fact, this linearity roots into the dominant role
of a parallel "dipole"-like resonant absorption
mode in truncated particles,3%%° as highlighted
in Figure S2 for some selected shapes. More-
over, for realistic aspect ratios 1 < A, < 6,
the parallel depolarization factor L ranges be-
tween 0.08 and 0.3 (Figures S5-S6) and the
corresponding dielectric function at resonance
er) (er = €l — 7); Eq 6) between —11.5
and —2.3 which, for the metals under study
(Figure S1), falls precisely within the probed
UV-visible range. This is a crucial point since
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Figure 5: Top: schematic representation of
truncated spheroids (t, = h/R,) from hemi-
particle (¢, = 0) to full-particle (¢, = 1). Bot-
tom: variation with the particle aspect ratio of
the normalized total oscillator strength of trun-
cated spherical (full disks), oblate (full squares
and triangles) or prolate (open squares and tri-
angles) spheroidal particles. Blue (red) color
corresponds to oscillators oriented in the direc-
tion perpendicular (parallel) to the substrate.
Calculations are performed at multipolar order
(M = 16) for ¢, = 1, €, = 3 and a Drude metal
(ep = 1), and for all truncations shown on the
top. Results are compared to SDA model (full
lines).



the proof that the main "dipolar" resonance is
well centered in the probed domain guarantees
the reliability of the integration of experimental
data involving enlargements induced by poly-
dispersity and finite size. Two particular cases
deserve comment. Firstly, although the paral-
lel resonance is expected at two frequencies in
Cr and Zn (Figure S1), the one at low-energy
should vanish because of the large imaginary
part of the metal dielectric function.?® Sec-
ondly, in the case of gold, in contrast with the
other metals, the resonances fall onto a positive
slope of Im(e) with w (low-energy side of the
interband transition). This blurs the dominant
character of the parallel mode, which is recov-
ered only upon redshift for larger aspect ratios
(Au/ALOj3 in Figure 6) or in the case of sub-
strates with high dielectric function (Au/TiO,
in Figure 6).

The linear relation between the integrated
parallel oscillator strength and aspect ratio
holds in all the models of supported particles
that have been explored herein, involving either
full or truncated objects, isolated or in assem-
bly, while dielectric properties are represented
by means of either Drude model or tabulated
functions. As these models are representative of
all the approaches commonly used to describe
the optical response of supported nanoparticles,
the above conclusions are therefore very gen-
eral. In the present context, Figure 6 is used as
a chart to estimate aspect ratios from the values
of the integrated oscillator strengths that are
obtained directly from SDRS measurements, as
it is shown in the next section.

3.4 The U-shaped  oscillator
strength curves during growth

Combining the s-polarized differential reflectiv-
ity formula in the long-wavelength approxima-
tion (Eq 2) in the case of a non-absorbing sub-
strate, the expression of interface susceptibili-
ties (Eq 4) and the spectral representation of
the polarizability (Eq 8), it appears that the
integrated signal in s-polarization A4(t) defined
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Figure 6: Oscillator strengths normalized to
particle volume for isolated metal particles on
dielectric substrates: (a) XFg/V and (b)
Y Fp 1 /V. Values are obtained by integration
of the calculated Im[a(w)] (M = 16) over 1.5 —
5 eV. Tabulated dielectric functions have been
used for the indicated systems (Section SI).
Only particles with A, > 1 have been consid-
ered (see top drawings) in the form of (i) trun-
cated sphere ranging from full sphere (¢, = 1;
A, =1) to hemisphere (¢, = 0; A, = 2), and of
(ii) hemispheroid (¢, = 0; A, > 2).



as follows:

As(t)

c /°° 1
dng cosbpt Jo  €s(w) — €, Ry

is proportional to the sum of the integral
of damped oscillators 7.e. to their oscillator
strengths. t = p(t) (V(t)) stands here for the
average film thickness (Eq 5). As shown above,
particle-particle interactions result mainly in
shifts of resonance frequencies with rather
small impact on the oscillator strengths (Fig-
ure 4). Thereby, from previous conclusions
(Figures 5,6), A(t) is assumed to scale directly
with the average aspect ratio (A,), which gives
insights on the changes in wetting indepen-
dently of the evolution of the particle size or
density.

Eq 9 assumes a non-absorbing substrate al-
though, in the general case,*® Eq 3 involves the
real and imaginary parts of the substrate sur-
face loss function i.e.

Im
€5 — €4

R,
T

€s — €q

€s — €q

Bk
negligible within the band gap of the substrate
(Figure S3) and on the other hand, the real
part of the oscillator-like behavior of v will to a
great extend cancel out the contribution of the
second term upon integration. Simulations for
Ag/Zn0O, Au/TiOy and Ni/TiOy showed that
for 1.5 < A, the error is well below 10 % in the
case of integration within the 1.5-5 eV range
(see Figure ST7).

Nevertheless, on the one hand, Im

Therefore, a qualitative hint on the geometry
of growing particles can be obtained without
simulations directly from integration of the
SDRS signal in s-polarization (Eq 9). This ap-
proach was applied to the growth of metal thin
films studied herein (Figures 2). The integra-
tion was performed on a 1.5 — 5 eV window

1 o (Ea)
n ;mw (Fy(0) = Z Ty ©)

(10)

| ety
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similar to that used in simulations shown in
Figure 6. Despite drastically different dielec-

100 —»

—— Ag/KBr

—o— Ag/Al,Of
Ag/ZnO

- AU/ALO,

AU/TIO,
—A- Zn/AL,O,
—— Cr/Al,O4
& NIfTIO,
Ag/SiO,

Total oscillator strength: XiFg/V (eV)

Film thickness (nm)

Figure 7: Evolution of the normalized total
oscillator strength of modes parallel to the
substrate, obtained from the integration of s-
polarization SDRS signal during the growth of
various metals on dielectric substrates. Inte-
gration is performed over 1.5-5 eV. The anal-
ysis is restricted to a thickness range in which
the SDRS signal affords a reliable integration.
Growths are performed at room temperature,
except for Zn/Al,O5 (100 K).

tric functions (Figures S1-S2) and resonance
frequencies (Figures 2), all the integrated sig-
nals A(t) exhibit a strikingly similar U-shaped
profile with mean film thickness (Figures 7).
According to the above analysis, this trend
mainly stems from changes in aspect ratios and
therefore in wetting.

The decrease of A,(t) upon increasing thick-
ness at the beginning of the growth deserves
attention. It is at odds with changes expected
from an increase in density or coverage (Fig-
ure 4). Although happening in the submono-
layer range, it occurs at too high a coverage
to relate to the transition from nucleation to
growth regime. In addition, the possibility of
a lower sticking coefficient in the early stages
of metal/dielectric growth should even induce
a further increase in the oscillator strength



since SDRS integration is normalized to thick-
ness. A likely explanation of the first branch
of the U-shaped profile is a change of equi-
librium shape due to epitaxial and/or surface
stresses. Indeed, as previously predicted by the
generalized WKW theorem including epitax-
ial stress effects through elasticity theory®!?
and seen in atomistic simulations, !%1%67 strain
always acts against wetting. In epitaxial sys-
tems where a favorable adsorption site for the
metal exists, the strain energy accumulates
until the introduction of the first interfacial
dislocation at which the aspect ratio reaches a
minimum. 171967 Stress develops again up to
the appearance of the next dislocation and so
on, until the formation of larger and flatter clus-
ters that tend to equilibrium with profiles ruled
by the stress-free WKW theorem. !5 However,
the initial flattening of particles not only stems
from epitaxy but also from surface stress since
the same behavior is encountered in the case
of amorphous substrate (Figure 7; Ag/SiO,).
Such a stress-related interpretation perfectly
matches the quantitative thorough studies of
the Ag/Al,03(0001) growth.'??% The adhesion
energy in this system follows a similar U-shaped
profile as a function of cluster size and there-
fore film thickness.!??® The initial decrease in
Ag/Al;03(0001) adhesion energy that occurs
within the thickness range below ¢ = 0.5 nm,
below D 3 — 5 nm in size,'*?° cor-
responds to the growth at fixed density?® of
objects whose energetics is strongly affected by
epitaxial stress.!® The first misfit dislocation
at Ag/Al,03(0001)' occurs at a film thick-
ness of about 0.5 nm, which coincides
with the minimum of its U-shaped adhesion
energy curve. In the final stage that features
the second branch of the "U", the increase of
adhesion energy up to a value corresponding
to the WKW profile is observed at mean film
thickness ¢t > 2 — 3 nm?" corresponding to clus-
ters larger than 10 nm in size?® for which the
proportion of surface atoms is negligible. Un-
ambiguous proofs of the thermodynamic origin
of the phenomenon are provided by both the
similar behavior of Ag films grown at vari-
ous temperatures between 300 to 675 K?° and
atomistic equilibrium simulations. **

1.€.
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Nevertheless, depending on atomic mobil-
ity, the observed late increase of A (t) with
mean film thickness, i.e. the second branch of
the U-shaped curves can be also assigned to
incomplete coalescence i.e. the so-called elon-
gation transition.®2?272% This role of kinetics is
confirmed by the faster increase of A,(t) for
Zn/Al,O3, Cr/Al,O3 and Ni/TiO, compared
to all other systems, in line with their cor-
responding lower homologous temperature T,
(see Table 1). In the context of structure zone
model during continuous film formation,%8:5
T}, defined as the ratio of growth temperature
to melting point usually helps to pinpoint low
diffuse metals, the growth of which is prone to
kinetic limitations. Some explanation should
be provided in the case of Au/TiO,(110), for
which a somewhat different evolution of aspect
ratio with film thickness was found in a previ-
ous x-ray study.™ The aspect ratio was seen
to decrease upon increasing coverage, to reach
a plateau value up to t 0.6 nm in agree-
ment with Figure 7, but to finally decrease™
at odds with the present data. However, the
quoted x-ray experiment was performed on a
rutile crystal heavily oxidized to remove bulk
and surface defects, which may explain the ob-
served behavior. !

To refine the explanation of the A,(t) evo-
lution, Figure 8 compares the results obtained
for Ag/Al,03(0001) and Ag/ZnO(0001)-Zn at
different growth temperatures. The growth of
Ag/Al,O3(0001) at temperatures higher than
the ambient does not induce notable change in
the magnitude of the minimum of A(t) since
the the particles are already close to the equi-
librium shape at 300 K.1%2%45 At the same time
the growth of larger objects at higher temper-
ature results in a shift in thickness of the min-
imum of A(t). In contrast, in Ag/ZnO sys-
tem, a flattening (or increase of ¥ Fx/V) is
observed upon cooling down, because tempera-
ture limited diffusion hinders the recovery of the
equilibrium shape either during growth of iso-
lated islands or upon particle-particle impinge-
ment leading to an overall shift of the curve. 244>
Therefore, despite a similar U-shaped curves for
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Figure 8 Same as Figure 7 but for
Ag/Al,03(0001) and Ag/ZnO(0001)-Zn at dif-
ferent growth temperatures.

all studied systems (Figure 7), the view of size-
dependent equilibrium shapes and adhesion en-
ergy 1920 gained for Ag/Al,03(0001) can not be
generalized directly to all systems of supported
nanoparticles analyzed herein since it would re-
quire a systematic analysis as function of flux
and temperature to assess the relevance of ther-
modynamic equilibrium hypothesis. Neverthe-
less, the initial decrease of aspect ratio is likely
to be driven by stress effects since it happens
in a submonolayer coverage range where coales-
cence is limited.

3.5 Quantitative trends in metal-
dielectric adhesion energy

The chart of Figure 6 allows for the quantitative
analysis of adhesion energy by assigning a value
of aspect ratio A,. to the minimum in A(¢).
This value offers the best compromise between
stress-dependent equilibrium shape and poten-
tial kinetic effect of coalescence. Then within
the reservation that thermodynamic equilib-
rium is reached at this specific thickness, the
corresponding adhesion energy FE,q, can be es-
timated through the Young-Dupré equation for
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a truncated sphere:

Eaan = WM(l_tT% (11)
2—A..) .
tr = % if Ar,e<2
—A?2, +4
PR R B T )
a2, 14 e

Surface energies 7y, of the most dense metal
orientations are extracted from the compila-
tion of Ref. 72 for face-centered cubic (111)
|Ag,Au,Ni|, body-centered cubic (110) |Cr| and
from Ref. 35 for hexagonal compact (0001)
|Zn]. Adhesion energies for the systems under
study are given in Table 1.

The
our

in line with

Ag/AIQO;g, 19,20

values
previous

are
for

of Eadh
analysis

Ag/ZnO(0001), Au/TiO,(110), Zn/Al,O5(0001)%

within the inherent uncertainties of film thick-
ness calibration with a quartz microbalance. In
particular, the absolute values of E,4, seem to
be overestimated for Au/Al,O3 and Ag/SiO,
compared to those known from the literature.
However, the very high sensitivity of the adhe-
sion energy to the aspect ratio (as derived from
the oscillator strength by means of the chart
of Figure 6) for A, < 2 is likely to exacerbate
the discrepancies. For example, in the case of
Au/TiO5(110), a 13 % increase in the aspect
ratio in Table 1 doubles the adhesion energy.
Furthermore, the analysis relies on the hypoth-
esis of equilibrium shape that maybe questioned
in the case of low mobility metals such as Cr
and Ni. Nevertheless, E, 4, follows the general
expected trends.™™®3 In line with the larger
formation energy of the corresponding oxide i.e.
the propensity to form metal-oxide bond, E,4,
is larger for transition metals (Cr, Ni) and Zn
as compared to noble metals (Ag, Au) for which
long-range interactions, i.e. image and Van der
Waals mostly contribute to adhesion. In par-
allel, insulating substrates give rise to poorer
adhesion compared to low band gap materials.
The interaction between the metal d orbitals
and the nonbonding oxygen p orbitals results in
a combination of metal d-oxygen spd bonding
and antibonding molecular orbitals. In paral-
lel with the creation of favorable metal-metal



Table 1: Adhesion energy E,q, and aspect ratio A, . obtained from the minimum of the U-shaped
curve of the total oscillator strength X Fp/V (Figure 7) and from the chart of Figure 6 for the
metal /dielectric interfaces under study. Error bars represent the fluctuations of experimental points.
E,an are compared to values E', of the indicated literature references. Ty, is the homologous
temperature (growth/melting temperatures). SD, SDRS and GISAXS stand for sessile molten
drop, optical reflectivity and X-ray scattering measurements of E't, .

Interface T, XFg/V Ae M Eoan Elit, Technique  Reference
(eV) (J.m—2) (J.m~2) (J.m—2)

Ag/ALO; 024 165+04 1551003 125 090+007 030209 SD;SDRS 73,74 19,20
Ag/SiOQ 0.24 13.74+£0.6 1.54+0.07 1.25 0.90 £0.15 0.17 SD 75
Ag/7ZnO  0.24 57+ 3 72+04 1.25 2.30 £0.04 1.58 GISAXS 76
Ag/KBI‘ 024 82403 1.00£0.03 1.25 0.0+£0.2 - - -

AU/A1203 0.22 1344+£03 1.54+0.03 1.50 1.05 £+ 0.08 0.26 SD s
Au/TiOQ 0.22 10.84+0.3 1.12+£0.03 1.5 0.30 £0.15 0.35-0.8 GISAXS 70
Zn/A1203 0.15 22+1 3.4+0.2 0.54 0.80 £ 0.04 0.75 SDRS 35
Cr/Al,O3 0.14 15+2 1.7+£0.2 2.3 1.9+0.8 2.05 SD 8
Ni/TiOQ 0.17 38+ 3 3.2+0.2 2.45 3.5+£0.3 - - -

bonds, their respective filling and splitting as
the d-band occupancy increases leads to a de-
crease of adhesion from early transition metals
to noble metals.

4 Conclusions

Changes in wetting during the growth of metal
nanoparticles on dielectric substrates were
probed in situ by surface differential reflec-
tivity spectroscopy (SDRS). The search for a
versatile approach for the qualitative analysis
of adhesion at metal/substrate interface led
us to focus on the integrated s-polarized SDR
spectra A4(t). Upon a suitable normalization
to the film thickness and to the substrate di-
electric function, this quantity A,(¢) is nothing
else but the total oscillator strength of the
plasmonic resonances parallel to the substrate
surface. Numerical simulations based on robust
physical model for the optical properties of sup-
ported particles prove that A(¢) is unambigu-
ously linked to the aspect ratio of the growing
particles, and only marginally depends on par-
ticle density and particle-particle electrostatic
coupling. The reason lies in the overwhelming
role of a dipole-like oscillator absorption in sup-
ported truncated object.
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The analysis applied to noble (Ag, Au), tran-
sition metals (Cr, Ni) and Zn growing on
wide-band gap (Al,O3, SiO,, KBr) and some
semiconductor (TiO, ZnO) substrates shows
a generic U-shaped evolution of the total os-
cillator strength with the mean film thickness.
The latter is assigned to variations of aspect
ratio of nanoparticules during the growth and
therefore, through the Young-Dupré equation,
to changes in adhesion energy. At the onset of
the film formation, a dewetting with increasing
thickness (the first branch of the "U") was as-
cribed to a size-dependent combination of inter-
face and surface stresses. At higher thickness,
the second branch of the "U" is dominated ei-
ther by diffusion-limited coalescence or by the
formation of large clusters ruled by stress-free
WKW law, depending on whether temperature-
induced wetting changes are observed or not in
the conditions of film growth. Finally, the adhe-
sion energies deduced from the aspect ratios as
determined from the minimum of the "U" com-
pare well with expected trends between materi-
als and with literature values. Consequently, it
is possible to safely conclude that, in Volmer-
Weber growth regime, particles undergo signif-
icant changes in adhesion as a function of size
during growth. Both the proposed optical ap-
proach to derive aspect ratio of growing par-



ticles and the universal behavior of their ener-
getics that has not been evidenced so far are of
interest in various fundamental and applicative
fields such heterogeneous catalysis and thin film
growth.
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