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Abstract

The morphology, epitaxy, band-alignment and
optical response of silver nanoparticles on
ZnO(1010) has been analysed by microscopy,
photoemission, electron diffraction and differ-
ential reflectivity. At 700 K, clusters tend to nu-
cleate and grow exclusively along [010]-oriented
polar steps and corners, and not on flat ter-
races or non-polar [001] steps. This prefer-
ence leads to a specific epitaxy Ag(111)[110] ||
Zn0[010](1010) with a large lattice mismatch
along the dense row of the metal. The exper-
iments have been rationalized through ab ini-
tio simulations. A much lower adsorption en-
ergy is obtained for the O-terminated steps with
a charge transfer from silver to oxygen, that
corroborates the variation of ionization energy
observed in photoemission and the presence of
cationic silver. This anisotropy of growth rever-
berates in the plasmonic response of the metal-
lic particles. The growth and epitaxy of metals
on the polar (0001) and non-polar (1010) ori-
entations of ZnO is discussed in terms of sur-
face/step polarity compensation in the light of
the present findings.

Introduction

Encapsulated in complex stack of films, sil-
ver layers are widely used by the glass indus-
try as the active element for infrared reflection
in low-emissive or anti-solar coatings.!? Their
mechanical resistance and ability to withstand
dewetting upon annealing during windows tem-
pering or shaping rely on the metal adhesion
at the interfaces. Among the potential oxide
substrates, ZnO wurtzite turned out to be one
of the best candidates in terms of silver wet-
ting. Beyond the argument of a reduced band-
gap compared to bulk-insulating oxides® and of
a good cristallization during sputtering depo-
sition, several fundamental reasons have been
put forward to explain the enhanced adhesion
on ZnO.*

The first argument relies on the polarity of
the (0001) orientation in the wurtzite struc-
ture® since the polycristalline ZnO layers on
which silver is deposited display a strong c-axis
fibre texture. Among different mechanisms
such as creation of vacancies or hydroxyla-
tion, charge transfer to the deposited metal
should allow to circumvent the polar catas-
trophe i.e. the electrostatic divergence of the
surface potential due to the alternate stack-



ing of Zn cation and O anion planes along the
[001] direction.®” The adhesion energy between
Ag and the ideal, bulk-like ZnO(0001)-Zn and
(0001)-O terminations was computed to be
rather high.® However, several mechanisms are
at work to make the existing surfaces already
polar-compensated before metal growth, which
actually deeply modifies their atomic and elec-
tronic structures and lower the adhesion with
the Ag overlayer. The actual mechanisms are
still debated and they depend on the specific
surface termination (either Zn or O) and chemi-
cal environment; for instance, surface hydrogen
load and departure from the ideal stoichiome-
try are quite entangled.®1?

A good metal adhesion on an oxide substrate
is often due to epitaxy and lattice matching
between the two systems. In this respect,
the case of Ag/Zn0O(0001) is quite puzzling.
Previous grazing incidence X-ray diffraction
measurements?®?! on vapour-deposited Ag on
Zn0O single crystals showed that the metal
adopts on both faces, Zn and O-terminated,
a so-called hexagon/hexagon Ag[110](111) ||
ZnO[100](0001) orientation with a lattice mis-
match of -11 % despite an expected lower value
(-3.8 %) for the 30°-rotated orientation. This
finding was assigned to a perfect coincidence of
(9% 9) unit cells of Ag every (8 x 8) surface unit
cells of ZnO. Nevertheless, growing nanoparti-
cles (NPs) that require a size of at least 2.6 nm
to feel this coincidence were found stress-free at
their bulk lattice parameter for coverage above
half a monolayer. In parallel, small-angle X-ray
scattering evidenced a quasi-2D growth and
a good apparent wetting; flat-top and high-
aspect ratio (diameter/height) (111)-oriented
NPs cover rapidly the whole surface. Similar
findings in terms of epitaxial orientation and
bidimensional growth morphology were also ob-
tained for other face centred cubic metals such
as Cu,2225 Pd? or Pt.2"% ZnO precipitates
in Ag matrix share also the hexagon/hexagon
orientation.? But according to simulations, the
hexagon /hexagon orientation is slightly more
stable than the rotated one.®

The morphology, epitaxy and stress state

of Ag NPs on the polar faces of ZnO
run counter classical expectations about
metal /oxide growth. As previously shown for
Ag/A1,03(0001)3° or Ag/MgO(001),3" beyond
an undoubtful non-wetting 3D growth of low
aspect ratio particles, the NPs lattice param-
eter is driven by the interplay between sur-
face and interface stresses.? Below a critical
size of about 3 nm, a contraction or expan-
sion is observed depending on the sign of the
metal /oxide misfit, while above this size the
strain state obeys the "Laplace pressure" law.
Such an unusual behaviour of Ag/ZnO(0001)
NPs could be due to the large density of defects,
in particular step edges, that exist on the po-
lar faces of ZnO. Indeed, for vacuum annealed
ZnO(0001)-Zn, a dense array of triangular pits
and holes is observed by scanning tunneling
microscopy, %33 which, according to atomistic
simulations, %! are non-stoichiometric and
provide the required charge to heal the surface
polarity. Noteworthy, the ZnO nanostructures
exhibit [100]-oriented edges that are terminated
by rows of O or Zn ions and are themselves
polar. The morphology of the ZnO(0001)-O-
termination is less clear-cut and the actual
mechanism of the surface polarity compensa-
tion is still debated, although the saturation of
half the O surface anions with protons is likely
in the experimental conditions.!” As far as a
metal growth is concerned, a likely explanation
is a step-induced nucleation and quick lateral
growth of the NPs with the alignment of the
dense rows along the step edge.?* The copper
NPs growth clearly goes with a charge transfer
as determined by the evolution of band-bending
and work function.?># Silver is cationic (an-
ionic) on ZnO(0001)-O (ZnO(0001)-Zn) at low
coverage, before adsorbing as a neutral species
when the particle size increases and eventually
form a Schottky barrier.3® Whether the charge
transfer originates from healing the step or
the surface polarity, and how it reinforces the
metal-oxide chemical bonding remains anyway
unclear.

In order to understand the role of the step
edges on metal adsorption, the non-polar
Zn0O(1010) orientation is a better playground



than ZnO(0001)-Zn and ZnO(0001)-O owing to
the complexity of polarity compensation on the
latter terminations. The ZnO(1010) surface is
characterized by the presence of rectangular
holes and pits with perpendicular steps of dif-
ferent terminations®® 3% (Figure 1). While [001]
steps expose compensated facets made of equal
numbers of cations and anions, [010] steps are
polar, either O or Zn terminated.®” The spe-
cific role of steps was already underlined in the
case of Cu/Zn0O(1010)"* or Cu/Zn0O(0001)-

71y, 25:34,40,41

(a) Atomic ball model of the
Zn0(1010) surface with oxygen anions in red

Figure 1:

and zinc cations in grey. Steps running
along the [010] direction are either O- or Zn-
terminated while perpendicular ones along the
[001] direction are composed equally of both
ions. Main directions are indicated by arrows.
(b) LEED pattern of a ZnO(1010) clean sur-
face (Ep = 120 eV) with its rectangular unit
cell ((5.207 x 3.25) A?).

Nucleation, epitaxy and band-alignment have
been probed during Ag growth on ZnO(1010)
by a combination of Scanning Tunneling Mi-
croscopy (STM), Low-Energy Electron Diffrac-
tion (LEED) and Ultra-violet Photoemission
Spectroscopy (UPS). The impact of the sur-
face anisotropy and of the charge transfer on
the plasmon resonances in the NPs was also ex-
plored at macroscopic scale by UV-visible po-
larized Surface Differential Reflectivity Spec-
troscopy (SDRS). Beyond shape and density
anisotropies,?*? charging upon contact with
the support and size reduction* may influence
plasmon resonances and de-excitation mecha-
nisms,*> 4" with influences on the charge dy-

namics,*® like in the case of the material cat-
alytic response.*® Experiments haves been sup-
plemented herein by ab initio simulations in
the framework of the Density Functional The-
ory (DFT) to analyse the formation energies of
the various step terminations as well as the pre-
ferred Ag adsorption site and its charge state.

Methods

Experiments

Experiments were conducted into two separated
vacuum vessels (Modena/Paris) with base pres-
sures in the low 107!Y mbar and both equipped
with X-ray photoemission spectroscopy (XPS)
and LEED facilities. ZnO(1010) single crys-
tal surface (provided by SurfaceNet) was pre-
pared by cycles of sputtering and annealing
at 1100 K until reaching a satisfactory LEED
pattern (Figure 1-b) and the lack of contam-
inants at the sensitivity of XPS. Silver was
deposited from a temperature regulated ther-
mal evaporation cell at a base pressure in the
high 107!° mbar and keeping the substrate ei-
ther at 300 or 700 K. The evaporation rate
around 1 A/ min was previously calibrated in
situ with a quartz microbalance.

A hemispherical analyzer (EA125 Omicron)
working at normal emission and at constant
pass energy was used (i) for XPS measurements
under Al-Ka non-monochromatic X-ray exci-
tation and (i) for UPS under He I excitation
(at an overall resolution of 0.1 eV). Binding
energy scale was set on the Fermi level of a
clean Ag reference crystal. The work function
of metal deposit on ZnO was measured from
the secondary electron cutoff by polarizing the
sample at -20 V to reaccelerate the low energy
electrons. Samples were conductive enough to
prevent any noticeable charge effects with all
the above cited techniques. STM images were
collected on an Omicron RT UHV AFM/STM
with a chemically etched W tip. Images were
analyzed by means of WSxM5® and SPIP soft-
wares.



The growth process of silver was followed
in real-time by SDRS at an incident angle of
55°. The experimental setup (previously de-
scribed in Ref. 51) allowed recording simul-
taneously the s- and p-polarization states of
light. The incident plane was aligned parallel
or perpendicular to the [001] surface direction
of ZnO(1010) to within a few degrees through
electron diffraction. The back face of the sub-
strate was tarnished to avoid back reflection.
Shortly, SDRS consists in recording the rela-
tive variation of the sample reflectivity in the
UV-visible range (1.5-4.5 V) by using the bare
substrate signal as a reference. The incoming
light excites localized surface plasmon absorp-
tion modes® 3 in the growing NPs, which po-
sition and intensities are highly sensitive to the
morphology and to the electromagnetic interac-
tion with the substrate and among the collec-
tions of NPs.?1%2 Associated to dielectric mod-
ellings, "% this optical technique already al-
lowed to describe growth nucleation, growth
and coalescence processes of supported NPs and
their shape evolution.393%60 In s-polarization,
the electric field being parallel to the surface
can only excite modes parallel to the surface.
Since the electric field is in the plane of inci-
dence in p-polarization, both parallel and per-
pendicular active modes can be excited. Silver
being a test bed for plasmonics, submonolyer
sensitivity could be easily achieved owing to
the contrast of dielectric function with the sub-
strate and of the excitation of very intense plas-
mon resonances.

Ab initio simulations

DFT calculations have been carried out by
means of the Quantum Espresso suite,6!
within the Generalized Gradient Approxima-
tion (GGA),% in conjunction with the use of
ultra-soft pseudo-potentials. Systematic tests
showed that the convergence of the total en-
ergy, atomic forces and crystal parameters can
be attained at 50 Ryd cutoff energy on the
plane-wave basis set. The computed values of
the lattice constants a = 3.283 A (3.25 A),
¢ =5.296 A (5.207 A) slightly overestimate the
experimental ones (in brackets) ) as usual in

GGA; the parameter defining the relative po-
sition of O with respect to Zn along the [001]
axis is u = 0.379.

The ZnO(1010) surfaces were simulated
through slabs of variable thicknesses, consisting
of M (1010) double layers, with 4 < M < 12,
and a void space that is as thick as 12 planes.
The surface Brillouin zone was sampled by a
(5 x 3) grid, centred at I' point. The slab total
energy E(M) can be written as the sum of the
surface contribution and the bulk one as:

E(M) = 24400 + M Eyy, (1)

where Ag and o are the ZnO(1010) surface area
and energy, respectively, and FEj,;; the energy
of the crystalline bulk.% From the previous for-
mula, by means of a linear regression, both bulk
and surface energies are obtained. After exten-
sive checks, the computational set-up ensures
the convergence of the surface energy within
0.03 J/m? ~ 2 meV /A2,

Vicinal surfaces with (1010) terraces and
steps oriented along either [010] (polar) or [001]
(non-polar) were simulated through shifted pe-
riodic boundary conditions.%* The energy for
the formation of step per unit of length Ay can
be written as the difference between the surface
energies of the vicinal and the flat surfaces as:

alg = Agog — A0007 (2)

where 0 is the angle between the vicinal sur-
face ny and flat surface ng normal directions,
Ay and oy the vicinal surface area and energy,
respectively, and a the lattice parameter along
the step direction. In all slab calculations, the
atoms in the two innermost layers were kept
fixed in their ideal bulk positions, whereas all
the others were free to relax, until the atomic
forces reduced to less than 2 meV/A. By sim-
ulating several terrace widths (i.e. various ),
the step energy was found via a linear regres-
sion.

Different kinds of step were simulated: (i) the
non-polar step, parallel to [001], and (ii) two
polar steps, either type-A or type-B (Figure 5).
The resulting step energies vary between 0.10
eV/A (for non-polar [001] steps) to 1.06 eV /A
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Figure 2: Ball model of a slab model of ZnO vic-
inal surface with O (red) and Zn (gray). The
slab consists here of 6 double ZnO(1010) lay-
ers and the steps run along the [010] direction,
with step length equal to a. The step height
h = a corresponds to a ZnO double layer and
the terrace width to L = 2.5¢, where a and c are
the computed ZnO lattice parameters. ng and
ng are the normal directions to the vicinal sur-
face and the (1010) terraces, respectively, and
0 the angle of the vicinal surface as adopted in
Equation 2. Shifted periodic boundary condi-
tions are made apparent by the representation
of two supercells along the shifted direction.

(for type-A polar [010] steps) and 0.42 eV/A
(for type-B polar [010] steps). This hierarchy
of energies matches with the trends observed
by STM of step elongation along the non-polar
[001] direction upon annealing at high temper-
atures.® As the actual termination of the
steps on ZnO(1010) are unknown from the
experiments, we systematically simulated
distinct edges and studied the first stages
of Ag adsorption, on different sites, in or-
der to determine the most relevant sta-
ble adsorption configurations in thermo-
dynamic equilibrium conditions.

Results and discussion

Nucleation and epitaxy

When Ag is deposited on ZnO(1010) surface at
room temperature, no clear-cut extra spots are
observed in the LEED pattern. After anneal-
ing at 900 K, extra features help assigning the
Ag[110](111) || ZnO[010](1010) epitaxial orien-
tation (Figure 3). The 2.89 A hexagonal unit
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Figure 3: (a) LEED pattern (Ep = 140 V) of a
20 A deposit of Ag/ZnO(1010) after annealing
at 900 K and (b) scheme of the reciprocal space
of bulk Ag(111) and ZnO(1010). Red (respec-
tively blue) disks correspond to ZnO (respec-
tively Ag) bulk Bragg diffraction while open cir-
cles stand for bulk extinction in Ag that may
be active in LEED. Dotted line stand for the
LEED field of view.

cell of Ag(111) surface has -3.8 % and -10.9 %
lattice mismatches along the [001] and [010]
directions of ZnO(1010), respectively. This



last figure runs counter classical expectation of
minimal mismatch in epitaxial relationship. In-
terestingly, the alignment of the dense rows of
Ag along the [010] direction of ZnO was already
observed in the case of the Ag(111) epitaxy on
Zn0(0001)-Zn and ZnO(0001)-O polar orien-
tations. 2?1 As [010]-oriented steps are present
on all these surfaces,!® the specific alignment
of dense rows of Ag along the common [010]
direction despite a high mismatch could be ex-
plained by a [010] polar step-driven nucleation
and growth.

In order to confirm the role of steps at the on-
set of Ag growth, a local analysis by STM was
performed. According to images (Figure 4), the
Zn0O(1010) surface is characterized by flat ter-
races limited by atomic [010] polar and [001]
non-polar steps. A zoom at high resolution on

(d) 0.03 A 700 KI (e) 0.1 A700 K

Figure 4: (100 x 100 nm?) STM images of (a)
bare ZnO(1010) surface with (b) 0.1 A and,
(¢) 0.2 A Ag deposited at 300 K, (d) 0.03 A,
(e) 0.1 A, (f) 1 A Ag deposited at 700 K
(U =25V, I=0.04nA). Inset of (a) shows a
high resolution (8 x 6.6) nm? zoom of the ZnO
terraces; the zoom (e) on a Ag NP (10x 10) nm?
shows its hexagonal shape.

a terrace (inset Figure 4-a) confirms the align-
ment of step edges with atomic rows separated
by ~ 5 A, as previously reported for this sur-
face.3” The apparent step height is found close
to a multiple of h ~ 3.3 A, which corresponds
to the bulk periodicity of ZnO bilayers perpen-
dicular to the (1010) plane, with a preference

for a single bilayer.

When Ag is deposited on this surface,
it spontaneously nucleates in the form of
NPs. Apparent lateral size, height and
density of the NPs obtained from STM
grain analysis are reported in Tab. 1.
Like for Cu/Zn0O(1010),*® the growth
is clearly 3D since, at the early begin-
ning, NPs have an height of 3-4 atomic
planes. The hexagonal prismatic shape
shown in the inset of Figure 4-e, with
its tips aligned along the [010] direction
of ZnO agrees with the epitaxy rela-
tionship found in LEED. But no clear
shape anisotropy induced by nucleation
and growth along the step edges was
observed. The morphology strongly de-
pends on the deposition temperature as
confirmed by SDRS lineshapes (see be-
low). When NPs are formed at 300 K,
their apparent lateral size is between 2.5
and 4 nm and reaches an apparent com-
plete coverage of the surface well below
1 A if tip convolution is not accounted
for. At 300 K, preferential nucleation
occurs at step edges but some NPs ap-
pear randomly distributed all over the
terraces as well. But when the growth
temperature is raised up to 700 K, the
NPs increase in size and their density
is reduced as expected from thermally
enhanced diffusion. Astonishingly, they
nucleate exclusively on corners or on po-
lar [010] borders; excluding coner sites,
a slight preference for one termination
(0.65 : 0.35, Figure 4-d) is observed assum-
ing an alternance of Zn and O step termi-
nation from one terrace to the other. But
neither apparent step height nor width
statistics allow a clear assignment of the
favored termination.

The experimental difficulty in determining
the specific step termination (either O or Zn)
and the precise Ag adsorption sites motivated
us to run several first-principle simulations,
with distinct substrate configurations: (i) the
flat surface, (ii) the non-polar [001] step, (iii)
the polar [010] step, either O- or Zn-terminated.



Table 1: Ag nanoparticle morphology as obtained from STM image analysis. Thick-
ness is estimated from quartz microbalance assuming a sticking coefficient of one.
Quantities are not corrected from tip convolution.

Nominal Particle Apparent Apparent Apparent Aspect

Temperature thickness density coverage diameter height ratio
(K) ()  (x10™cm™?) (%0) (nm) (nm) (d/h)

300 0.1 2.4 12 2.5 1 2.5

300 0.2 5.6 90 4.0 1.5 2.7

700 0.1 2.0 12 2.85 1 2.8

700 0.2 2.4 20 3.0 0.8 3.7

700 0.5 1.6 30 3.7 1.5 2.5

700 1 3.6 50 3.2 1.6 2.0

For each substrate configuration, several likely
non-equivalent adsorption sites for Ag atoms
have been considered, in the limit of almost
isolated adatoms or full Ag rows. The Ag ad-
sorption enthalpy was computed through the
difference of the computed total energies be-
tween the surface with adatom(s), on the one
side, and the clean surface plus the Ag dimer,
on the other side: AH,q = FE(Ag:Zn0O) —
E(ZnO) — E(Agy)/2. The dimer has been cho-
sen as the reference system for silver, mainly
for two reasons: Ags is an "intermediate" sys-
tem between the isolated atom and the bulk,
very likely present in the experimental deposi-
tion by evaporation; moreover, the adsorption
enthalpy can be directly compared to the case
of hydrogen, where the molecule H, is the ref-
erence system.

Firstly, let’s focus on the adsorption of an
isolated Ag atom. To that aim, a Ag atom
per (3 x 3) surface supercell is considered, with
Ag-Ag shortest distance between periodic im-
ages equal to 3a ~ 9.85 A. The adsorption
enthalpy AH,q for selected configurations did
not vary significantly when considering larger
2D supercells. On the flat ZnO(1010) terraces,
there are two preferential adsorption sites, the
bridge (BR) and hollow (HL) ones (see Fig-
ure 5). The BR site is more stable than the HL,
with AH,q = —0.28 eV /atom. In the BR con-
figuration, the Ag binds to O (da,_o = 2.20 A)
and Zn (dpg_zn = 2.74 A). On non-polar [001]
steps, the preferred adsorption site is the hol-
low site at the step edge (see Figure 5-b), where

(a) Terrace (b) Step [001]

[210]
toon [210]

[010]
[001] [oio]

AH, = —028¢eV | AH,q
(c) Step [010]-Zn | (d) Step [010]-O

[210]
[001)

[o1o] I
10011

AH,q = —0.95 eV

AHad = —1.87eV

Figure 5: Synoptic of the preferred adsorp-
tion sites for a Ag adatom on ZnO(1010) (flat
surface and with steps). In the sketch of the
adsorption configurations, white, red and grey
balls stand for Ag, O and Zn atoms, respec-
tively; the darker, the deeper into the bulk from
the topmost layer. For each configuration, the
corresponding adsorption enthalpy AH.q per
Ag adatom is reported.



Ag binds to two O (da, o = 2.35 A and
dprg_om = 2.40 A) and two Zn (dag-zn® =
2.95 A and dy, g0 = 2.80 A) L. For com-
parison, the bond lengths that are obtained
by summing the ionic radii R;,, and the co-
valent radii Repy are: Ripn(0?7) + Rign(Agh) =
2.55 A and Reoy(Ag) 4+ Reoy(Zn) = 2.84 A. The
corresponding adsorption enthalpy is AH,q =
—0.48 eV /atom, thus about double compared
to the flat terrace. The adsorption strength
is enhanced on [010] polar steps. On the Zn-
terminated step, the HL site is favoured, with
AH,y = —0.95 eV/atom; Ag binds to 4 Zn,
two on the step edge and two on the terrace
(dAg—Zn<S> = 2.74 A, dAg_Zn(t) = 2.76 A) Over-
all, the preferred adsorption site for an isolated
Ag is the HL site at the O-terminated [010] po-
lar step, with AH,q = —1.87 €V, thus slightly
more stable than the BR site (AH,q = —1.69
eV) at the same step. In the HL site, Ag binds
to four O, two on the edge and two on the ter-
race, forming also two loose bonds with Zn. It
is worth noting that the adsorption enthalpy
of Ag at the O-terminated [010] polar step, for
both HL and BR sites, is more negative that its
counterpart for hydrogen (AH,q = —1.4 eV/H
atom); in contrast with the polar ZnO(0001)-O
surface, silver adsorption is favoured over pro-
tonation. This has important consequences, as
the onset of Ag adsorption at [010]-O steps on
the ZnO(1010) surface could be practically un-
affected by the presence of residual hydrogen in
the deposition chamber.

If the deposition is done at thermodynamic
equilibrium, the isolated Ag atoms are prefer-
entially adsorbed at the O-terminated [010] po-
lar step, on the hollow sites. This is no longer
the case of the Ag, dimer, which still adsorbs
parallel to the O-terminated [010] polar step,
but on the two bridge sites. The adsorption
of a full, epitaxial Ag row along the step
edge was simulated by using a (3 x 1) sur-
face cell, with a periodically repeated Ag
atom at distinct sites close to the step
edge. Noteworthy, the dimer adsorption con-
figuration is very similar to the most stable one

'For the sake of clarity, X*) and X® denote atoms
of type X at terraces and step edge, respectively

for an entire Ag row along the O-terminated
[010] step, apart from a smaller Ag-Ag distance
(2.92 A in Ag, instead of 3.28 A in the case of
epitaxial Ag row). Numerical calculations show
two trends when considering the the number of
Ag adatoms on the stepped ZnO(1010) surface.
First, two isolated Ag adatoms are more stable
than the Agy dimer at the [010] steps (see Fig-
ure 6). AH,q increases with the number of Ag
up to the completion of a Ag row along the [010]
step (where |AH,q| is lower by roughly 20-30%
than for the isolated Ag adatom) for the most
stable configurations. The relative weakening of
the adsorption strength with step coverage can
be ascribed to the charged state of the adatoms
close to the step, which results into the mu-
tual electrostatic repulsion between themselves.
Secondly, according to our simulations, the ad-
sorption of Ag on the O-terminated [010] step
is preferred to that on the Zn-terminated edge,
whatever the step coverage. This is agreement
with the experimental STM images (Figure 4),
which show that the nucleation at polar step
edges is not uniform, although the step termi-
nation could not be determined experimentally.

From the comparison of the computed AH.q
for the isolated Ag, the dimer and the entire
row, one can conclude that the nucleation on
hollow and bridge sites on O-terminated [010]
steps are preferred if Ag is deposited mainly
from gas-phase atoms. However, another ques-
tion could arise: given a Ag adsorbed at O-
terminated step edges, where does a second Ag
atom go? By comparing the adsorption ener-
gies of a Ag, dimer at the step and of two Ag
adatoms, the first at the O-terminated [010]
step and the second in another site, it appears
that at the very first stage of Ag deposition,
the nucleation on distinct sites is favoured over
the growth of a Ag row at the step edges.
This could explain the observed lack of
anisotropy of particle shape, such as elon-
gation along the step edge. As the density
of Ag adatoms at O-terminated [010] steps in-
creases, there could be a competition between
the adsorption of a second Ag atom along the
O-terminated [010] step forming a dimer and
the adsorption at Zn-terminated [010] steps.
Clearly, this picture depends on the deposition
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Figure 6: Computed adsorption enthalpies for
Ag atoms at polar [010] steps on the ZnO(1010)
surface. For the Agy dimer, three local minima
are shown: (i) the most stable BR-BR configu-
ration, parallel to [010]-O; (ii) the HL-HL con-
figuration, normal to [010]-O; (iii) the HL-HL
configuration, parallel to [010]-Zn. Red, green
and light gray balls stand for O, Zn and Ag
atoms.

conditions and kinetics. However, the simula-
tions indicate that the nucleation on multiple
sites appears to be favoured onto the sudden
growth of Ag rows on few nucleation sites. This
picture is consistent with the STM observations
(Figure 4).

Charge transfer

The preferential nucleation on step edges can
induce noticeable modifications in the elec-
tronic properties and the dielectric response of
the NPs. They were scrutinized by UPS and
SDRS respectively. Up to 1 A, valence band
(VB) spectra (Figure 7-a) are characterized by
a Zn 3d derived state feature at around 10 eV
and a O 2p/Zn 4s one between 2 and 6 eV.
Above this film thickness value, the modifica-
tions observed above 4 eV can be assigned to
the appearance of Ag 4d derived states. In
parallel, the density of states rises up close
the Fermi level due to the developement of the
Ag 5s metallic character of the clusters. The
clear Fermi energy step in the NPs at a thick-
ness of 10 A validates a posteriori the cali-
bration of binding energy scale. The lack of
the Ag 5s derived states below 1 A is not re-
lated to a non-metallic/metallic transition of
the NPs but more likely due to final state effects
in small clusters in which the poor screening
of the hole shifts upward the binding energy.?®
The interpretation is supported by the presence
of plasmon resonances, i.e. collective oscilla-
tions of the electronic cloud coupled to the in-
cident field, in SDRS (Figure 10). since the
early stages of the growth. Oscillations on the
10 A curve of Figure 7 remind the photoemis-
sions observation made in the case of Ag growth
on polar faces of ZnO?> or on ZnO(0110)% and
are assigned similarly to confined Ag 3d states
in the NPs.

The position of the VB edge was obtained as
the crossing point between the linear fit of the
flank of the valence band and the background
level. From this value, the shift of the VB edge,
namely the variation of band bending in the ox-
ide AVy, was determined (Figure 7-b,c). The
corresponding positive variation points at a
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Figure 7: (a) UPS valence band spectra; the
inset shows a zoom at the Fermi level. (b,c)
Variations of band bending, work function and
ionization energy as a function of Ag film thick-
ness for depositions at (b) 300 K and (c) 700 K.

downward band bending that impacts also the
core level positions (not shown). The maximum
AV, occurs at about 0.5 A and goes to zero at
2 A for NPs grown at 300 K; at 700 K, those
onsets are shifted to 1 A and 4 A respectively,
pointing at a coverage effect. To understand
the origin of this evolution, the work function
variation A® was also determined from the
low-energy cut-off of secondary electron dis-
tribution. As a result, the ionization energy
variation was calculated as Al = A® + AVj,.
All quantities are reported in Figure 7. AI is
negative in the range 0-2 A for 300 K depo-
sition, 0-4 A for 700 K, when the downward
band bending is observed. This indicates the
presence of a positive surface dipole at the sur-
face, due to a charge transfer between the Ag
NPs to the oxide, with a positive end on the
metal side. Above in thickness, silver adsorbs
as a neutral species. The different ranges at
which charge occurs at the two temperatures
are related to the different nucleation densities
and coverages as observed in STM. Most likely,
Al and therefore the charge transfer drop to
zero when the NPs saturate the steps. Since
the dominant charging is positive and the NPs
tend to decorate preferentially one type of the
two polar borders, a preference to O-terminated
borders is more likely as suggested by atomistic

10

simulations.

To pinpoint the amplitude and direc-
tion of the charge transfer, electronic
density for Ag adatoms adsorbed at step
edge has been scrutinized in the simual-
tions. Since [010] steps are composed by rows
of either O or Zn ions, a polarization normal
to the step direction should develop. The in-
ternal electric field bends the electron bands,
until the levels of the non-bonding states on
the O and Zn edges overlap. The O states
are partially emptied and the Zn ones partially
filled, providing the necessary charge compen-
sation.%” The surface is therefore open-shell.
Upon Ag adsorption, one can note an electron
transfer from the Ag adatom to the O at the
step edge (see Figure 8, right panel). In par-
ticular, the extended s-like Ag orbital is de-
pleted, mainly towards p-like orbitals on the
neighbouring O ions. This allows for the O
at the step edge to recover their typical ionic
configuration, while Ag is partially ionized and
polarity compensated. As a matter of fact, the
adsorption of the Ags dimer in the bridge con-
figuration restores the insulating character of
the overall system. When Ag is adsorbed at
the Zn-terminated [010] step, there is an elec-
tron population increase in the step region be-
tween the adatom and the neighboring Zn, at
the expense of a d-like Ag orbital (see Fig-
ure 8, left panel). This situation corresponds
to a metallic-like binding between Ag and Zn.
Experimentally, the order of magnitude of the
transferred charge can be deduced from a plane-
capacitor modelling of the change of ionization
energy: Al = eNp,/ep.5" N and p, are the
surface density of dipoles and their normal com-
ponent while e, €y have their usual meaning. For
a p, dipole length given by the step height (see
Figure 8-right), a value of ~ 0.05 e/Ag is found.

Anisotropy of the plasmonic re-
sponse
The anisotropy of Ag nucleation impacts also

the optical response of the NPs layer. To high-
light this effect, the growth has been followed by
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in red (blue). The crystal directions are labelled
and the step profile sketched by a dashed line.

differential reflectivity with an incident beam
aligned along, either the [010] or the [001] di-
rection. For the sake of clarity, Fig 9 reminds
the relative orientations of the electric fields
in p- and s-polarization and of the crystallo-
graphic directions of Ag/ZnO. Briefly, when
the beam is aligned along polar [010] steps,
the in-plane electric field component is par-
allel to the [010] steps in p-polarization and
perpendicular to it in s-polarization. This is
the reverse when the beam is oriented at 90°
along [001] non-polar steps. Figure 10 gathers
the evolution of SDRS signal at 700 K for the
two beam directions and the two polarization
states in the sub-monolayer regime (Figures 10-
a,b) and above (Figures 10-c,d). The spectra
are characterized by intense plasmon absorp-
tions in the growing Ag NPs; these are excited
by the component of the electric field paral-
lel to the surface (both s- and p-polarizations)
for the low energy peak (below 3 eV) and by
the normal component (p-polarization only)
for the high energy feature (above 3.7 eV).
Strikingly, a difference in position of the low-
energy resonance between the two polarization
states occurs in the sub-monolayer regime (Fig-
ures 10-a,c) but vanishes above (Figures 10-
b,d). The peak is systematically red-shifted
in p-polarization compared to s-polarization
for a beam oriented along the [010] polar step

0.01
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Figure 9: Relative orientation of the electric
fields in s- or p-polarizations and of the crys-
tallographic axis for the two considered beam
directions. The dotted grey rectangle stands
for the incident plane of light.

edges and vice-versa for the [001] direction. To
highlight this effect, the positions of all peaks
have been extracted from a parabolic fit of
the extremum (Figure 11). The cross-over in
position observed between 2-3 A for the low
energy peak between the two polarizations is
less clear at room temperature than at 700 K,
a finding which is confirmed by a direct inspec-
tion of the raw data of Figure 12 As already
shown for Ag NPs on oxides,3!:51:52:56,68,69 t}he
low energy resonance position is an extremely
sensitive reporter of morphology; the more red-
shifted the flatter or the denser the particles.
A less important blue shift is usually found
for the high energy resonance with nanoparti-
cle aspect ratio (diameter/height) and particle
density. This rule of thumb is fulfilled when
comparing peak positions at different growth
temperatures (Figure 11) as expected from
temperature-induced dewetting. As seen
by STM (Fig. 4), no clear anisotropy of
shape can put forward to explain the op-
tical anisotropy at the earliest stages of
the growth. Moreover, the role of the
anisotropy of ZnO bulk dielectric con-
stants can be safely ruled out to explain
the present findings on the low-energy



2.0 25 3.0 35 4.0 4.5 2.0 25 3.0

35
Photon energy (eV)

Thickness (A)
—_—2

Figure 10: Evolution
of SDRS spectra during
Ag/Zn0O(1010) growth at

700 K: beam along (a)(b)
[010)]; c)d) [001] (see Fig-
ure 9). Dotted lines/right

4.0 45

“““ Pl o i e o
2.0 25 3.0 35 4.0 4.5 2.0 25 3.0
Photon energy (eV)

)

) ¢ e

kA

a1

< .
% 26k 0% N
< ° O
= oo 2 -,
S Y & aof 5
G 24f b
g \ g
(=%
X |
© 221 5 %
2 o]
o
15 c
] <] L
£ 20 5 polarizatio g I —
a O @ 300K/[001] a
o 700K / [001] L
18l L O e 700K/[010] a L
L | |
i T e +
N 0 ) O R LI
Thickness (A) Thickness (A)

Figure 11: Evolution of (a) low energy and (b)
high energy plasmon peak positions. In Figure-
(a), s and p signals are compared for various
beam orientations and temperatures while only
p-polarization is able to probe normal excita-
tion.

35
Photon energy (eV)

12

Thickness (A)
—_—2

12 scale  (respectively,  con-
tinuous  lines/left  scale)
correspond to p (respec-
tively, s)  polarization.
Equivalent film thickness is
given in figure.

plasmon peak. The detailed ellipsometry
measurements of Ref. 70 showed that, for
a photon energy in the band gap of ZnO
where lies the peak of interest, the ordi-
nary and extraordinary directions behave
in a similar way. Optical anisotropy of
ZnO appears mainly around the exciton
absorption close to the band gap edge. At
the opposite, the found shift between po-
larizations for the low energy resonance
is compatible with the STM results of
denser particles along the polar [010] step
edge. Indeed, the dipole-dipole coupling
between NPs?1:52:5471 creates a depolar-
ization field that acts again the paral-
lel plasmon oscillation and therefore red
shifts the resonant frequency proportion-
ally to the ratio of the oscillator strength
to the spacing between NPs. It is worth
noticing that the optical anisotropy dis-
appears at large thickness when, as seen
by STM, the surface is covered more ran-
domly by the NPs.

The experimental spectra also show a fea-
ture slightly above the 3.2 eV band gap of ZnO
(Figures 10,12). Its line shape and position
in p-polarization is at odd with an effect of
substrate thermoreflectance™ that could be
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due to a slight increase of substrate tempera-
ture when opening evaporation cell. To see if it
matches with the excitation of modes of absorp-
tion in Ag NPs,™®3 SDRS spectra have been
inverted using an already discussed Kramers-
Kronig algorithm®%™ to obtain the interface
susceptibilities® (IS). These complex dielectric
lengths characterize the dielectric behaviour
of the film/substrate interface in the direction
parallel (7-IS) and perpendicular (5-1IS) to the
surface. Shortly, through such a treatment, the
dielectric responses of the film alone, parallel
and perpendicular to the substrate, are desen-
tangled from the known optical response of the
bulk substrate™ and from the mixture of elec-
tric field directions in p-polarization spectra.
As seen in the example of Figure 13-a,b, the
imaginary part of parallel 7-IS is dominated
(i) by an increasing and shifting parallel plas-
mon resonance®! below 3 eV and (ii) by the
bulk Ag interband transitions above 3.8 eV.
Both absorption occurs in the Ag NPs. In fact,
as already shown,®' the experimental plasmon
peak encompasses the excitation of dipole-like
polarization modes A and B in flat particles
(see simulation Figure 13-d). But an absorp-
tion feature rises between 3.1 and 3.5 €V in
the submonolayer regime before saturating at
higher thickness at the opposite to the plasmon
resonance (see Figure 13-c). Absent from simu-
lations®™®® with truncated spheroidal particles
with bulk dielectric constants,’®™ it paral-
lels the imaginary part of the bulk dielectric
function of ZnO. It is assigned to the modi-
fication of absorption across the band gap of
the substrate due to the charge transfer to the
bulk. A likely hypothesis is a modulation of

13

Photon energy (eV)

the electric field in the ZnO space charge layer
that parallels the band bending observed by
UPS at the beginning of the growth. The im-
pacted depth as given by the continuous film
behaviour of IS°Y** Im(v)/Im(ez,0) amounts
to a few nanometers, an order of magnitude
that matches with the Debye length previously
determined by photoemission in ZnO crystals
prepared by sputter-annealing.?® The differ-
ence of visibility of such a feature in the
raw data at 300 and 700 K might be re-
lated to a coverage effect of step edge.

Conclusion

The growth of silver on the non-polar
Zn0O(1010) surface have been scrutinized by
a combination of surface science techniques
(LEED, STM, UPS and SDRS) and ab ini-
tio calculations. If not so clear cut at room-
temperature, at 700 K, tridimensional metallic
clusters nucleate and growth exclusively at cor-
ners and polar [010]-oriented step edges with a
preference towards one type of termination. In
parallel, the metal aligns its dense row along
the same direction despite a large lattice mis-
match. According to atomistic simulations,
metal adsorption is strongly thermodynami-
cally favoured at step edges compared to flat
terrace sites with a strong preference for O-
terminated ones. As seen in UPS at the early
stages of growth and confirmed by calcula-
tions, a charge transfer occurs between the
metal and terminal oxygen atoms giving rise
to slightly cationic silver and partial healing
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Figure 13: (a)(b) Imaginary
part of the interface suscep-
tibility Im(y) obtained from
the inversion of the data of
Figure 12. Similar results
are obtained at 700 K (not
shown).  (¢) Evolution of
Im(vy) integrated over fre-
quency and normalized to
the film thickness. Integra-
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A dielectric simulation of
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Ag on ZnO (blue line) com-
pared to the 5 A spectrum
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inary part of the bulk di-
electric function of ZnO (red
line). Note the presence in
the simulations of two peaks
at 2.35 eV and 2.85 eV cor-
responding to mode A and
By respectively.



of step polarity. At the opposite, the binding
to Zn-terminated step is more metallic. This
anisotropy of nucleation and growth gives rise
to an in-plane anisotropic plasmonic response
of the clusters. Beyond these resonances, the
metal adsorption give rise to a band gap re-
lated optical feature that parallels the observed
band-bending. This work puts forward the
question of polar step healing as a potential
source of apparent good metal spreading and
of the astonishing epitaxial relationship of met-
als at the surfaces of ZnO. Further work is
required to tackle the question of the ac-
tual impact of the epitaxy on the stress
state of the NPs.
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