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Abstract

The use of gaseous species has been pro-
posed in the literature to counteract the three-
dimensional growth tendency of noble metals on
dielectric substrates and favour an earlier per-
colation without compromising electrical prop-
erties. This "surfactant" e�ect is rationalized
herein in the case of O2 presence during mag-
netron sputtering deposition of Ag �lms on
SiO2. In situ and real-time techniques (X-ray
photoemission, �lm resistivity, UV-visible opti-
cal spectroscopy) and ex situ characterizations
(x-ray di�raction and transmission electron mi-
croscopy) were combined to scrutinize the im-
pact of O2 addition in the gas �ow (%O2), re-
vealing three regimes of evolution of �lm re-
sistivity, morphology, structure and chemical
composition. At low oxygen �ow conditions
(%O2 < 4), the observed drastic decrease of
the percolation threshold is assigned to a com-
bination of (i) a change in nanoparticle den-
sity, wetting and crystallographic texture and
(ii) of a delayed coalescence e�ect. The driv-
ing force is ascribed to the presence of speci�c
adsorbed oxygen moieties, the nature of which
starts evolving at intermediate oxygen �ow con-
ditions (10 ≤ %O2 < 20). At high oxygen

�ow (20 ≤ %O2 < 40), the found detrimen-
tal impact on �lm resistivity is assigned to an
actual oxidation in the form of an Ag2O-like
poorly crystallized compound. For all %O2, a
composition gradient is observed across the �lm
thickness, with a more metallic Ag at the sub-
strate interface. A correlation between percola-
tion and the nature of the detected O moities
is observed. In parallel to an oxygen spillover
mechanism, this gradient can be explained by
the competition between di�erent surface pro-
cesses occurring before percolation, namely ag-
gregation, metal oxidation, and substrate reac-
tivity. Such �ndings pave the way to a rational
use of O2 as a modi�er for Ag growth.
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1 Introduction

Noble metal (Ag, Au, Cu) thin �lms grown
by physical vapour deposition on dielectrics
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are involved in countless optical applications,
which take advantage of their speci�c plasmonic
and electrical properties. Common examples1,2

include Ag-based low-emissive glazing devel-
oped by the glass industry for thermal insu-
lation of buildings, or the use of metal �lms
as transparent conducting electrodes (TCE) in
photovoltaic devices. In all such applications,
the objective of achieving metal layer conti-
nuity and smoothness at the smallest possible
thickness results from a trade-o� between high
optical transmission in the visible range, and
low electrical resistivity for infra-red light re-
�ection or for electrical transport properties.
With respect to �lm elaboration, the main bot-
tleneck is the thermodynamic trend towards
three-dimensional (3D) growth of noble metals
on poorly-interacting dielectric substrates (such
as SiO2), driven by a poor metal/substrate ad-
hesion and a large metal surface energy, both
favouring islanding. This so-called Volmer-
Weber growth follows a common sequence: (i)
nucleation of clusters, most of the time on de-
fects; (ii) growth at constant island density by
adatom di�usion from the condensed gas or by
direct impact; (iii) coalescence of neighbouring
particles upon impingement, giving rise to more
or less elongated objects depending on surface
di�usion; (iv) �lm percolation, which leads to a
conductive, though not yet continuous, metallic
network; (v) �lling of holes and formation of a
continuous �lm.
Di�erent strategies for reducing clustering and
controlling this growth mechanism have been
proposed, with the aim to produce thinner
conductive �lms without compromising their
optical/electrical properties. An appropriate
choice of the seed layer, for instance, can alter
interface energy to a certain extent by modify-
ing interface bonding and/or favouring epitax-
ial growth. Since �lm growth is ultimately an
out-of-equilibrium process, kinetics is also of-
ten used to counteract thermodynamics and to
achieve more rapidly a continuous and smooth
�lm geometry via a delayed coalescence be-
tween growing particles. By acting on di�usion
lengths and nucleation density, a number of pa-
rameters such as substrate temperature or the
�ux and kinetic energy of impinging species can

trigger earlier percolation. However, this strat-
egy faces intrinsic limits, in terms of technical
feasibility and �nal grain boundary density
which drives to a large extend the �lm resistiv-
ity and its stress state. Engineering solutions
based on the use of so-called bu�er layers (see
Ref. 3 and all references therein) or "surfac-
tants" have been devised to obtain thinner but
continuous �lms. These bu�er layers, most
of the time made of transition metals or the
corresponding metal parent oxides,4 improve
the metal island wettability on the substrate
by replacing relatively weak substrate/noble
metal bonds with stronger metal/metal and
metal/substrate bonds, increasing the sticking
coe�cient and changing the growth dynamics.3

A limitation in bu�er thickness is nonetheless
often encountered for the �nal properties, in
particular optical transmittance. Surfactants,
on the other hand, should ideally favour a two-
dimensional (2D) growth without incorporat-
ing into the �lm, but rather by "�oating" on its
surface and thus changing the surface energy
of the metal. Although the term "surfactant"
derived from the �eld of soft-matter does not
necessarily describe the mechanism in an accu-
rate way, it is often employed, as done herein,
in the context of thin �lm growth. Based on
previous surfactant studies of metal and semi-
conductor epitaxial growth,5 the possibilities
o�ered by gaseous species have been explored
intensively during the recent years in the case
of sputter deposition on dielectric substrates,
after an earlier proof of concept for the e�ect
of O2 on Ag growth on amorphous silica.6 In
particular, the addition of O2

1,6�9 and N2
10,11

to the plasmagenic gas was shown to e�ciently
speed-up the percolation of Cu and Ag �lms on
oxide, and even on �exible polymer substrates.
Using this approach, unprecedented electrical
and optical characteristics could be achieved
for very thin (2.5 nm) Cu �lms used as TCE.1

To avoid compromising the properties of inter-
est through their incorporation at the growth
front, low concentrations7�9 or speci�c strate-
gies for gas deployment at the initial stages of
growth9,10,12 are required. Still, a fundamental
understanding of their mode of action is neces-
sary to go beyond an empirical use.1,7,8
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In the case of the e�ect of O2 on Ag growth,
which is the topic of the present work, several
hypotheses have been put forward to explain
an earlier �lm percolation. While no com-
pound formation was detected for N2 addition
during Cu or Ag10,11 sputter deposition, all
studies based on photoemission and di�rac-
tion agree with a complex oxidation chemistry
which depends on O2 concentration in the sput-
tering gas and goes from the formation of Ag
suboxides to a more or less crystallized and
stoichiometric Ag2O-like �lm.6�9,13�16 This ox-
idation process requires the formation of acti-
vated oxygen species in the plasma, most likely
atomic oxygen resulting from O2 dissociation15

as shown by the increase of plasma reactivity
upon radio-frequency irradiation. By adsorbing
at the surface of growing islands, oxygen could
modify the surface/interface energetic balance
and favor wetting in the thermodynamic sense7

as demonstrated by the decrease of contact
angle with oxygen activity in melted sessile
drop measurements.17 A similar scenario, but
involving an unstable adsorbed species, was
proposed for N2.11 But, for both gases, no di-
rect proof has been given up to now. One of
the �rst works put forward a role of O2 on
nucleation via a reduction of Ag di�usion at
the substrate surface.7 Other reports based on
ex situ imaging ruled out any impact on the
island density but concluded that a change in
coalescence dynamics is induced by adsorbed
oxygen1,4,9,18 or nitrogen.10 In fact, the transi-
tion from isolated islands to a percolated �lm is
controlled by the balance between the growth
rate of individual particles from the incoming
atomic �ux, and the rate of island coalescence
i.e. the recovery of the equilibrium shape af-
ter impingement between two islands.19 Thus
by changing di�usion barriers, in particular at
step edges (the so-called Ehrlich-Schwöbel bar-
rier), and/or by impacting the ratio of facet
orientations, oxygen can induce partial coales-
cence and elongated object shapes that lead to
a faster apparition of an interconnected net-
work. A similar role of oxygen produced by
migration from oxygen-rich Ag12 or ZnO20,21

seed layers towards the growing �lm was also

proposed. First-principle calculations assigned
the "surfactant" e�ect to a reduction of surface
energy by oxygen adsorption and to a segrega-
tion trend of O from the bulk to the surface,
the so-called spillover e�ect.18,21�23

Despite previous studies pinpointing impor-
tant e�ects such as earlier percolation and �lm
oxidation,1,6�9 the precise role of O2 addition
at the various stages of growth and the ac-
tual chemical state of oxidized species remain
blurry. In fact, the well-know instability and
reactivity of oxidized Ag compounds with the
atmosphere24�26 cast some doubts on the ex
situ characterizations that are often used to
study growth dynamics. For instance, beyond
the impact of the usual protective �lm capping
(if any) on species adsorbed at the �lm sur-
face, �ne chemical state analysis and quanti�-
cation by depth pro�ling photoemission faces
the question of di�erential sputtering and mix-
ing artefacts. This blur overlaps with the in-
tricate landscape of Ag 3d and O 1s core level
binding energies in oxidized Ag.24,25,27�36 This
study aims at combining real-time diagnos-
tics, namely resistivity measurements and UV-
visible Surface Di�erential Relectivity Spec-
troscopy (SDRS), with in situ chemical analysis
by X-ray Photoemission Spectroscopy (XPS)
(Section 2) to unravel the role of O2 at all
Ag growth stages during magnetron sputter-
ing deposition on SiO2 surfaces. The question
at hand, never tackled up to now, is the ef-
fect of gas composition during �lm growth on
the interplay between chemical and morphologi-
cal/structural evolutions of the �lm (Section 3).
Besides the existence of a composition gradient
in the �lm, di�erent regimes of O2 �ow in the
plasmagenic gas are clearly identi�ed and dis-
cussed in the context of the O2 "surfactant"
e�ect and of the actual oxidation mechanism
(Section 4).
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2 Experimental

2.1 Film deposition

Ag �lms were deposited in the "MISSTIC"
(Multilayer and Interfaces Sputtering deposi-
tion on STructured substrates and In situ Char-
acterization) vacuum chamber at "Surface du
Verre et Interfaces" laboratory (CNRS/Saint-
Gobain Research Paris). This set-up consists of
a magnetron sputtering deposition vessel (base
pressure < 2 × 10−8 mbar) connected directly
under vacuum via a load-lock to an analysis
chamber (base pressure ∼ 10−9 mbar) hosting
a XPS spectrometer. Ag depositions were car-
ried out in direct current mode under Ar/O2

mixtures, using research grade gases with a pu-
rity of 99.995 %. The constant total gas �ow
(50 sccm) and chamber pressure (2 µ bar) were
controlled through mass �ow regulators and
a throttle valve in front of the turbomolecu-
lar pump. The content of O2 in the gas �ow
(denoted x%O2 hereafter) was varied between
0%O2 and 40%O2. One Ag deposition experi-
ment was performed under pure O2 (100%O2),
to provide a photoemission reference of "Ag ox-
ide" (see below). From 0% to 40%O2, discharge
characteristics varied as follows: power 50 W;
cathode voltage 396-490 V, discharge current
140-120 mA. No hysteresis was observed when
increasing O2 content. Prior to any deposition,
the 2-inch Ag target (purity 99.995 %) placed
at 15 cm from the substrate surface was sys-
tematically cleaned by a pre-sputtering step of
10 min. Deposition onset was controlled by a
pneumatic shutter placed in front of the target.
The sample was left electrically �oating during
growth.
Deposition rate R that ranged between R =

0.56 nm.s−1 (0%O2) and R = 0.48 nm.s−1

(40%O2) was systematically calibrated for each
Ar/O2 mixture by growing a ∼ 50 nm thick �lm
on a Si wafer previously marked by an ink line.
The Ag �lm on top was etched ex situ in an
ultrasonic ethanol bath to reveal a trench, the
height of which could be measured by atomic
force microscopy. By assuming a constant de-
position rate over time, the nominal thickness t
was de�ned by the product of R and the depo-

sition time. Films up to t = 20 nm in thickness
were systematically compared for all %O2.
Si substrates (n-doped, (100)-oriented wafers

purchased from Neyco, thickness 280 µm) were
used as provided without speci�c treatment;
their native SiO2 covering layer (∼ 2 nm) makes
them a suitable model for silica glass while
avoiding charge e�ects in photoemission spec-
troscopy. To assess the impact of an oxygen-
rich plasma on the wafer surface itself during
the initial deposition stages, a substrate was
analysed by photoemission after an exposure
during 3 s to a plasma generated on a nearby
alumina target using a radio-frequency excita-
tion (power 50 W). Due to the intrinsic very
low deposition rate, the o�set target position
and the short exposure time, alumina signal was
beyond the detection limit of XPS. At last, Ag
growth under pure Ar was also monitored by
SDRS on wafer treated with O2 plasma.

2.2 Film characterization tech-

niques

Resistivity and UV-visible spectroscopy mea-
surements were performed simultaneously in
real-time during �lm deposition to get some in-
sights on the thickness thresholds for di�erent
stages of �lm growth: island growth, particle
coalescence, percolation and continuous �lm
formation. The chemistry and composition
of the deposited �lms were characterized at a
given thickness by in situ photoemission. In
situ conditions are ideal for such a surface-
sensitive method, since they avoid exposure to
the atmosphere and oxide ageing, thus elim-
inating the need for protective capping layers
and changes in chemical states induced by sput-
tering during ex situ XPS depth pro�ling. For
instance, alongside an evolution of �lm stoi-
chiometry, the formation of Ag2CO3 compound
combined with hydroxylation has previously
been reported upon interaction of Ag oxide
with atmospheric CO2 and H2O.6,24�26,32,37,38

Films were also characterized ex situ by Trans-
mission Electron Microscopy (TEM) and X-Ray
Di�raction (XRD).

In situ XPS was performed with a Phoi-
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bos 100 hemispherical analyser (from SPECS)
equipped with 5 channeltron detectors under
non-monochromatic Al Kα excitation (XR50
from SPECS). Binding energy (BE) scale was
calibrated on the Ag 3d 5/2 core level of a thick
metallic Ag �lm (EB = 368.1 eV). Spectra were
recorded at a pass energy of 15 eV and for
an emission angle of 24.5 deg. The acquired
Ag 3d, O 1s, C 1s, Si 2p core level regions were
analysed with the I4P Igor Pro package.39 Be-
sides an active background (Shirley type for
O 1s and Tougaard type for Ag 3d) and the
account of source satellites, all peaks were de-
composed using (i) a Voigt pro�le or (ii) a
Doniach-Sunjic asymmetric line shape (asym-
metry parameter of 0.05) convoluted with a
Gaussian in the case of metallic Ag (see 39
and references therein). The Lorentzian full-
width at half maximum (FWHM) of peaks
was �xed at the Al-Kα1 source emission line
(0.58 eV)while the Gaussian FWHM counter-
part of the pro�le was assigned to instrumental
broadening and distribution of chemical shifts.
The branching ratio and the spin-orbit split-
ting of Ag 3d doublet was kept �xed at the
theoretical (2/3) and the tabulated (6 eV40)
values, respectively. For spectra involving a
large fraction of metallic Ag, a bulk plasmon
loss shifted by about 3.85 eV had to be taken
into account in Ag 3d pro�le as well as similar
feature but shifted by 12 eV for oxidized sil-
ver. Quanti�cation of species39 was performed
after correcting the corresponding core level
peak areas from photo-ionization cross sec-
tion and analyzer transmission function41 us-
ing TPP2M inelastic mean free path in metallic
silver (λAgAg3d = 1.6 nm. λAgO1s = 1.43 nm). Be-
yond model bias, the error bars are of ±0.1 eV
for BE and of ∼ 10 % for area quanti�cation.
Despite the in situ transfer, a slight carbon
contamination of a fraction of Ag(111) mono-
layer (∼ 0.3) was present at the surface of
all samples. Its presence does not entail the
following discussion as its BE corresponds to
hydrocarbons (EB = 284.5 eV) and not C-O
bonds (EB = 286 − 288 eV40) or even Ag car-
bonates (EB = 287.6 − 288 eV24,25,28,32,42). No
other contaminants, particularly implanted Ar,
were detected.

Real-time �lm resistivity measurements were
carried out with a set-up with two electrodes.43

200 nm-thick linear electrodes (size 31×2 mm2;
see inset of Figure 1) separated by 25 mm
were used to inject the current and measure
the voltage drop; the corresponding measured
sheet-resistance values Rm

� were recorded at a
rate of 10 Hz with a custom-made set-up (Al-
ciom company). The Rm

� value was further cor-
rected using a previous calibration against an ex
situ 4-point measurement43 (RT-3000/RG-80N
system from Napson) to obtain the corrected
sheet-resistance value (R�). Film resistivity
ρ(t) was obtained by multiplying R� by the
nominal �lm thickness ρ(t) = R�(t)× t.43 The
maximum of the product ρ(t)× t = R�(t)× t2
versus t44 was then used to locate the per-
colation threshold tp that corresponds to the
appearance of a continuous electrical path be-
tween electrodes.

Growth was also followed by UV-visible
SDRS. The set-up is described in depth in
Refs. 19,45,46. In brief, a UV-visible beam
(wavelength 275-820 nm or photon energy 1.5-
4.5 eV) emitted by a deuterium-halogen lamp
was focused on the sample through transparent
fused silica viewports at an incidence angle of
45◦. The re�ected beam was then split by a
BaBO3 Wollaston prism in its s (perpendicular
to the incident plane) and p (parallel, respec-
tively) polarization states. The two beams
were then collected and analysed separately by
two grating broadband UV-Vis spectrometers
(from Avantes) to record the relative variation
of the sample re�ectivity ∆R

R
with respect to the

signal recorded on the bare substrate prior to
deposition. Spectra were corrected from source
drift through an ancillary spectrometer. Most
of the beam paths were inside solarized �bers.
The acquisition rate was about 15 spectra.s−1

consisting of an average of 25 measures with an
integration time of 2.5 ms. As was previously
shown,45,47 this SDRS signal is mainly driven
by the excitations of plasmon resonances in
the growing nanoparticles. To obtain infor-
mation on their morphology from their optical
response, in particular on their aspect ratio
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(diameter/height) and oxidation state, exper-
iments were supplemented by dielectric simu-
lations with regular arrays of truncated sphere
shapes using the GranFilm software.48 Re�ec-
tion coe�cients are calculated in the framework
of the excess �elds and surface susceptibilities
of Bedeaux and Vlieger.49 These quantities
depend mainly on the tensor of polarizabil-
ity of the nanoparticles, which is calculated
in the quasi-static approximation by solving
the Laplace equation. Particles arranged on
a square lattice are electrostatically coupled
at quadrupolar order. Oxidation is described
by a core-shell geometry.50 To account for ex-
perimental widths due to �nite-size e�ects and
size/shape distributions, an ad hoc broaden-
ing50 was included to simulate experimental
widths via a convolution with a Gaussian func-
tion (with a FWHM of 0.4 eV and 0.1 eV for
the parallel and perpendicular directions, re-
spectively). Bulk dielectric functions of Ag,
SiO2, Ag2O51,52 were used for the simulations.
A detailed description of the underlying optical
models can be found in Refs. 45,47,49,50,53�55.
Besides trends obtained by comparing exper-
iments and simulations, the integrated nor-
malized intensity of s-polarized spectra is also
informative:

As(t) ∝
1

t

∫
∆Rs

Rs

(ω, t)
dω

ω
. (1)

This quantity is, in fact, proportional to the
oscillator strength of the parallel plasmon exci-
tation, and thereby can also be used as a direct
reporter of the evolution of particle aspect ra-
tio.47

In order to determine the impact of %O2 on
deposited particle density and size, samples at
an equivalent nominal thickness of 0.6 nm were
analysed by TEM plane view. The Scanning
Transmission Electron Microscope High Angle
Annular Dark Field (STEM-HAADF) acquisi-
tions in plane-view mode were performed on
the Titan THEMIS (ThermoFischer, Equipex
TEMPOS) of the PANAM platform (C2N,
Palaiseau, France). It features a 200 keV high-
brilliance XFEG gun with a Cs corrector on the

condenser system allowing 80 pm of lateral res-
olution. The selected thickness ensures that all
�lms, regardless of their deposition conditions,
are well below tp and consist of disconnected
nanoparticles. Films were deposited on 15 nm
thick silicon nitride membranes (with nine sepa-
rated windows of 100×100 µm2, Pelco from Ted
Pella inc.), whose oxidized surface mimics the
SiO2 native oxide layer of the Si wafer. Right af-
ter Ag �lm deposition, all samples were capped
with a 5 nm thick aluminium-doped ZnO pro-
tective layer deposited from a ceramic target
under pure Ar. Samples were synthesized just
before TEM analysis and stored under vacuum
or controlled atmosphere to minimize ageing.
TEM images were analysed with a Python im-
age analysis script coupling a "blob" algorithm
to distinguish Ag nanoparticles from membrane
surface capped by AZO, and a watershed pro-
cedure for �nding their edge and thus their
in-plane shape.

20 nm thick �lms deposited at di�erent %O2

conditions were analysed by XRD (i) in the
θ − 2θ Bragg-Brentano geometry (Bruker D8
Advance apparatus) and (ii) at grazing inci-
dence (Rigaku SmartLab; incidence 0.5 deg)
with a copper Kα source combined with a
monochromator. Samples were deposited on
bulk amorphous SiO2 wafers (from Neyco,
thickness 1 mm) to avoid the overlap between
the peaks of interest and the multiple di�rac-
tion Si(100) signal in the 2θ = 30−35◦ range.56

The same capping and manipulation caution as
for the TEM samples was employed. Di�rac-
tograms were compared to expectations from
bulk atomic structures: (i) face centred cubic
Ag, Fm3m, aB = 4.09 Å, (ii) cuprite Ag2O,
Pn3m, aB = 4.72 Å, and (iii) wurtzite ZnO,
P63mc, aB = 3.25 Å, cB = 5.21 Å.

3 Results

3.1 Resisitivity measurements

As previous reports have pointed out,4,6�8,14,20

the addition of O2 has a drastic impact on
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the evolution of �lm resistance with nominal
thickness as seen in Figure 1-a. The large ini-

Figure 1: (a) Real-time �lm resistance during
Ag �lm deposition on SiO2/Si wafer as a func-
tion of %O2 in the gas �ow. Data are normal-
ized to the value prior to shutter opening. The
inset shows a picture of the electrodes at the
surface of the substrate. (b) Example of ρ(t)×t
evolution for a deposition under 4%O2. The
sharp decrease in resistance in Figure a and the
maximum in Figure b correspond to the forma-
tion of a percolated �lm.

tial resistance corresponds to electrical trans-
port through the silicon wafer in the growth
stage of disconnected islands. A sharp decrease
is observed at tp when an electrical path is
established by the �lm between the two elec-
trodes. Better determined as the maximum in
the ρ(t)× t curve (Figure 1-b), this onset (Fig-
ure 2) shifts downwards in thickness with %O2,
much more rapidly from 0% to 4% than later
on. In parallel, resistivity values at t = 20 nm
(Figure 2) show an over tenfold increase be-
tween 0%O2 and 40%O2. Both characteristics
point to a an important change of the �lm mi-
crostructure and chemistry induced by the in-
troduction of O2 in the plasmagenic gas.

Figure 2: Percolation thickness threshold tp for
�lms deposited under di�erent %O2 and �lm
resistivity at the �nal thickness of t = 20 nm.
In both cases, values and error bars result from
an average over di�erent experiments.

3.2 In situ XPS measurements

The impact on Ag �lm chemistry, namely its
oxidation state, was �rst explored by record-
ing O 1s and Ag 3d core levels (Figure 3) at
a thickness of t = 20 nm, which is enough for
the substrate signal to be completely damped
by the overlayer (3λ ∼ 5 nm in Ag). In par-
allel to the increase of a new O 1s feature at
EB ∼ 529.2 eV, the BE value for the Ag 3d 5/2
peak shifts continuously from EB = 368.1 eV
down to EB = 367.7 eV when going from pure
Ar (0%O2) to pure O2 (100%O2). This nega-
tive chemical shift observed upon Ag oxidation,
although counter-intuitive in the sense of the
initial state electrostatic picture, results from
the lack of on-site sensitivity to oxidation in
Ag and complex �nal state e�ect.27,57 Both ex-
treme BE are in close agreement with reported
values for Ag0 and Ag+ oxidation states in
metallic Ag [EB(Ag 3d) = 368.1± 0.15 eV] and
Ag2O [EB(Ag 3d) = 367.7±0.3 eV; EB(O 1s) =
529.2 ± 0.35 eV]24,25,27�35 1. Although de-
bated,35 the spectroscopic �ngerprints of AgO
found at EB(Ag 3d) = 367.5 ± 0.4 eV and
EB(O 1s) = 528.5 ± 0.4 do not match with
the present �ndings under pure O2. In fact,

1The reported values and standard deviations of

binding energies result from an average over the quoted

literature on oxidized Ag.
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Figure 3: Evolution of core level regions of a
20 nm thick Ag �lms deposited under increas-
ing %O2: (a) O 1s and (b) Ag 3d. Spectra are
normalized to background in Figure a and to
same scale in Figure b. The inset in Figure b
shows a zoom of the Ag 3d 5/2 component. The
evolution of O 1s feature and the shift of Ag 3d
BE prove the progressive oxidation of Ag. Ver-
tical dotted lines correspond to tabulated values
(see text).

AgO and Ag2O compounds di�er in terms of
atomic structures.35 The cubic cuprite Ag2O,
which is the most stable Ag oxide polymorph,
involves O anions in a four-fold Ag+ tetrahe-
dral coordination. The monoclinic AgO is a
mixed valence compound with an average ox-
idation state of +2 but involving a dismuta-
tion on the two Ag sites, with Ag+ in a lin-
ear coordination and Ag3+ in square-planar
con�guration. The +3 unstable higher oxi-
dation state has been reported only in exotic
compounds such as Ag2O3, but their synthe-
ses require harsh oxidizing environment such
as anodic treatment or ozone exposure.24,25,33,58

The hierarchy of thermodynamic stability Ag >
Ag2O >AgO > Ag2O3 even predicts, in prin-
ciple, the instability of all Ag oxides in vac-
uum at room temperature.26,35,58 The spectro-
scopic landscape in photoemission for bulk com-
pounds (Ag2O and AgO) is blurred by the for-
mation of carbonates at their surface upon ex-
posure to air and their poor thermal stabil-
ity24,25,27�29,32,37 that prevent any faithful in-
vacuum preparation procedure. Spectroscopic
distinction between Ag+ and Ag3+ in AgO is
not even clear-cut in the literature, with many
reports describing a broad Ag 3d peak that ac-
counts for the two crystallographic sites. Re-
garding direct photoemission from in situ oxi-
dized Ag that escapes the inherent problem of
contamination,30,34�36 the spectroscopist faces
the presence of suboxides, whose atomic struc-
tures are almost never determined. Besides de-
�ned bulk compounds, several oxygen moieties
with distinct stability in temperature have been
reported during oxidation of metallic Ag single
crystal surfaces with molecular O2 at high tem-
perature.30,36,37,59�64 Upon heating, physisorbed
O2 partly dissociates leaving an atomic species
(labeled Oα1) that desorbs above 580 K. This
species observed at low chemical potential in
many surface science experiments is associ-
ated to orientation-dependent surface recon-
structions. Increasing the O2 exposure and/or
temperature leads to the migration of oxygen
into the bulk (labelled Oβ) and the creation of
a partial equilibrium with the surface species.
This Oβ subsurface species polarizes the sur-
face Ag-O bond, creating di�erent moieties
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from a spectroscopic point of view i.e. Oα3.
Their presence seems to be correlated to the
density of defects.36 At an even higher chem-
ical potential, in particular near-atmospheric
pressure and high-temperature, the Ag sur-
face strongly restructures leading to a strongly
bound and thermally stable subsurface Oγ oxy-
gen species in conjunction with a Oα2 moiety
at its surface. This Ag oxidation pathway re-
quiring high-pressure dosing due to the very
low-sticking coe�cient of O2

15,59 can be sped-
up by exposing the Ag surface to atomic oxy-
gen produced by a dedicated source31,33,63 or in
the course of reactive sputtering deposition15

as done herein. To sum up, upon increasing
oxygen chemical potential, the formation of O
moieties follows the schematic pathway:

Oα1(s) → Oβ(b) + Oα3(s)→ Oγ(b) + Oα2(s)

→ OAg2O(b)→ OAgO(b) (2)

where the labels (s), (b) stand for "surface"
and "bulk or subsurface", respectively. Be-
sides the use of their di�erent desorption tem-
peratures, these O species are often identi�ed
via their O 1s photoemission �ngerprints. Of-
ten overlapped, they are reported at30,36,37,59�64

(see dotted lines in Figure 3-a): EB(Oα1 1s) =
528.1−528.4 eV, EB(Oβ 1s) = 530.8−531.0 eV,
EB(Oα3 1s) = 530.1 − 530.4 eV, EB(Oγ 1s) =
529.5−529.7 eV, EB(Oα2 1s) = 529.1−529.2 eV.

A close inspection of the O 1s core level spec-
tra shown in Figure 3-a reveals the presence
of several evolving components. As shown in
the examples of Figure S1-a,b of supporting
information for 20 nm thick �lms grown under
di�erent %O2 conditions, a consistent �t could
be systematically achieved for all O 1s spec-
tra using a sum of Voigt peaks corresponding
to all the species reported in the literature.
But, owing to the poor resolution of the non-
monochromated source and the large number of
�t parameters, their binding energies were kept
�xed at values discussed above while a common
Gaussian FWHM was used. Figure 4-a shows
the evolution of the relative area of all compo-
nents used in the �t of the O 1s core level a
function of %O2 at t = 20 nm. On the other

hand, the reported chemical shift of Ag 3d upon
oxidation,64 than spans from −0.35 to −0.6 eV,
is less sensitive to the formed species or bulk
compounds (Figure 3-b, inset). Therefore, the
�t of Ag 3d core level was performed only with
two components, as exempli�ed in Figure S1-c,
with one component for metallic Ag at �xed
EB(Ag0) = 368.1 eV, and a second generic
component for oxidized silver, that was found
shifted by −0.5 ± 0.1 eV. Assuming a global
Ag0

1−yAg
δ+
y composition, the fraction y of ox-

idized silver could be then obtained from the
ratio of peak areas in the Ag 3d decomposition.
In addition, from the area ratio O 1s/Ag 3d,
a global average stoichiometry AgOx could be
deduced assuming a uniform �lm and using in-
elastic mean free paths in metallic silver. Both
results could then be combined to deduce the
average charge δ transferred per Ag atom using
the balance 2x = δ.y. All quantities are dis-
played in Figure 4-b for 20 nm-thick �lms.

Below 10%O2 (Figure 4-a), oxidation pro-
ceeds via a mixture of Oα1 , Oβ and Oα3 moi-
eties, in which the main species Oβ and Oα3

evolve in parallel as expected (see Equation 2).
These O 1s contributions cannot be entailed
by a Ag2CO3-like carbonate species which is
close in BE (EB = 530.5 ± 0.324,25,28,29) since
the observed C 1s BE (EB = 284.5 eV; Fig-
ure S2) does not correspond to carbonates
(EB = 287.6 − 288 eV24,25,28,32,42). Any con-
tribution from hydroxyl groups or adsorbed
water can also be safely ruled out, as they peak
at EB > 531.5 eV32,42 and are not observed in
the present data. At last, the lowest O 1s BE
component at EB = 528.1 − 528.4 eV (Oα1)
cannot be ascribed to AgO, since its forma-
tion before that of Ag2O is thermodynamically
unlikely, and the corresponding Ag 3d chemi-
cal shift is not observed (inset of Figure 3-b).
The interpretation is further reinforced by the
quanti�cation of the total (Oα1+Oα3) O 1s
signal. Considering it as coming from only sur-
face species, the total coverage is always found
well below the Ag(111) monolayer (< 0.8);
on the other hand including O 1s signal at
EB = 529.1 − 529.2 eV (i.e. interpreting the
signal as Oα2 instead of Ag2O) leads to unphys-
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Figure 4: Photoemission analysis of 20 nm-thick �lms as a function of %O2: (a) evolution of
the relative area of all O 1s components (see text for explanations) and (b) changes in (i) global
stoichiometry AgOx from O 1s/Ag 3d relative peak areas (red symbols), (ii) fraction Ag0

1−yAg
δ+
y of

oxidized Ag component from the Ag 3d core level spectra �ts (black symbols) and (iii) the charge
transferred δ per Ag atom (blue symbols). The error bars are of the order of 10 %. An uniform
�lm hypothesis is used for the analysis.

ical coverage well above the monolayer. At last,
to obtain some insight on the oxidation process,
a �lm of a 15 nm-thick Ag �lm deposited under
pure Ar was exposed to 10%O2 but without
plasma (Figure S3). Since only Oβ and Oα3

species are observed in its O 1s spectrum, it
seems that below 10 %O2, the oxidation of Ag
is driven by the interaction with molecular oxy-
gen leading to the absence of signi�cant Ag 3d
chemical shift as already reported for Oα3-Oβ.36

The increase from 10% to 20%O2 leads to the
replacement of Oβ and Oα3 moieties by Oα1

and to a more sizeable fraction of oxidized Ag
associated to a higher value of δ (Figure 4).
Such a higher oxidic nature of Oα1 has al-
ready been pointed out in Ref. 36 which re-
ports a Agδ+/O value as more than 20 times
higher than for Oα3-Oβ. The sharp transi-
tion observed at 20%O2 (Figure 4) corresponds
to the appearance of an O 1s component at
EB = 529.2 eV and a noticeable change in sto-
ichiometry and fraction of oxidized Ag. The
new O 1s peak is assigned to the formation
of an Ag2O-like compound, and not to the
Oα2 moiety, since its companion Oγ peak is
never observed (see Equation 2). Interestingly,
not present at lower %O2, a not clearly as-

signed spin-orbit split "plasmon-like" feature
at EB = 379.6 eV, shifted by +12.3 eV from
metallic Ag 3d, goes with the appearance of this
Ag2O-like compound. In contrast, the plasmon
loss in metallic Ag, shifted by +3.85 eV, has to
be accounted for only below ∼ 20 %O2.

Even for deposition under pure O2, the global
stoichiometry AgOx, including all O species, re-
mains surprisingly well below the x = 0.5 value
expected for Ag2O, while the charge transferred
per Ag atom does not reach the expected value
of 1 (about 0.6) (Figure 4). The riddle about
the formation of suboxides is solved when look-
ing at the uniformity of composition along the
�lm thickness at three representative oxygen
�ow conditions: 4%O2, 10%O2 and 40%O2

(Figure S4-Figure 5). Thickness values were
chosen in order to span the di�erent stages of
Ag �lm growth: (i) disconnected Ag islands
growth on the surface, (ii) near the percolation
threshold thickness, and (iii) a �nal thickness
above percolation (see Figure 2). The evolution
of chemical states with increasing �lm thickness
was analysed by �tting core levels similarly to
the 20 nm-thick �lms. Nevertheless, for thick-
ness values below about 3λ ∼ 5 nm, an extra
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O 1s component at EB = 532 eV corresponding
to SiO2 from the substrate surface had to be
accounted for due to its partial damping and/or
to the metal �lm discontinuity (Figure S4 and
S5). Results for the evolution of di�erent O 1s
components with increasing thickness are gath-
ered in Figure 6 and those for the fraction x−y
of oxidized Ag, stemming from Ag 3d spectra
analysis in Figure 5 for the three aforemen-
tioned %O2.

At 4%O2, no lineshape evolution of the Ag 3d
spectrum with thickness is observed. Con-
versely, as seen the change of stoichiometry
with thickness at 10% and 40%O2 (Figure 5),
as soon as Ag2O-like �ngerprints are detected in
photoemission, a gradient in Ag oxidation state
sets up during deposition starting with a more
metallic �lm at the interface with the substrate
before reaching a steady state at larger thick-
ness. Noteworthy, modulo the XPS probing
depth, the transition starts at the �lm percola-
tion (see Figures 5-6) and the plateau is reached
when a continuous �lm is formed. Previous
works reported on the concomitant formation
of Ag suboxides and of metal.7�9,13�16,18,26 Only
recently,23,65 a depth-dependent pro�le of ox-
idation was evidenced indicating a higher O
concentration near the �lm surface. It was as-
signed via �rst-principle calculations to an out-
di�usion of O to the surface during growth, the
so-called oxygen spillover.18,21�23 As seen in the
present measurements Figures 5-6, the compo-
sition gradient and the nature of O species ap-
pear to be correlated to the morphology and the
�lm percolation. In parallel to the previously
proposed mechanism of O-spillover, a likely
explanation involves a competition between
favourable Ag clustering at the SiO2 surface
due to fast ad-atom di�usion, and Ag oxidation
by direct impinging of activated O species from
the plasma15 via an "Eley-Rideal" mechanism.
Indeed, a "Langmuir-Hinshelwood" scenario
involving oxygen surface di�usion is impeded
by the competition with the substrate oxida-
tion. This latter is evidenced by photoemission
analysis of the Si wafer before and after Ar-O2

plasma exposure in front of an alumina tar-
get (see Section 2). For the explored exposure

(3 s corresponding to ∼ 1.5 nm during depo-
sition), the plasma treatment is accompanied
by (i) a nearly complete reaction of activated
O species with carbonaceous contamination
surface species as compared to pure Ar (Fig-
ure 7-a), and (ii) a SiO2 thickening of about
0.2 nm (ratio Si4+/Si0 2p), alongside a sizeable
Si upward band bending of 0.4 eV (Figure 7-
b). Thus, due to this competing mechanism,
as soon as the formation of bulk suboxides
(%O2 ≥ 10), the oxidation rate of Ag should
increase with surface coverage, and reach a sta-
tionary value above �lm percolation.
At last, the exposure to molecular O2 of a
metallic Ag island deposit (1.5 nm) gives rise
only to a modest uptake of Oβ and Oα3 species
and no band bending in the wafer (Figure 8).
At the opposite, when activated species are
present in the plasma even at low %O2, sub-
strate and Ag particles actually oxidize as
demonstrated by the increase of the Ag2O pho-
toemission �ngerprints (Figure S6) and the
more sizeable shift of the Si 2p core level than
after exposure to a pure Ar plasma (Figure 8).
After an exposure of 90 s to the plasma, the rise-
up of stoichiometry to a value closer to Ag2O
(x = 0.1 at 4%O2 and x = 0.42 at 20%O2)
and much larger than during growth (Figure 5)
even under 100%O2 (x = 0.28) demonstrates
that the Ag oxidation phenomenon promoted
by activated O species in the plasma is not
really impeded. This point is con�rmed by
SDRS (Figure S7); while metallic nanoparticles
seem insensitive to exposure to an Ar plasma,
their plasmonic response clearly fades away
with oxidation under the plasma. Thus even
if thermodynamic trend of segregation of O
to the surface is predicted by ab initio simu-
lations,18,21�23 kinetics is also involved in the
presence of metal during growth.

3.3 Ex situ x-ray di�raction

Photoemission results have been supplemented
by ex situ out-of-plane Bragg-Brentano and
in-plane grazing incidence XRD (Figure 9).
Compared to bulk atomic structure expecta-
tions, all di�ractograms exhibit only Ag and
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Figure 5: Same as Figure 4-b but increasing thickness for (a) 4%O2, (b) 10%O2 and (b) 40%O2

during deposition.

Figure 6: Evolution of the relative area of all O 1s components (see text for explanations) as a
function of �lm thickness, for depositions at (a) 4%O2, (b) 10%O2, and (c) 40%O2. The vertical
dotted line corresponds to percolation threshold. The error bars are of the order of 10 % of the
value.
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Figure 7: Evolution of core levels after a plasma
treatment of the Si wafer surface in a pure Ar
plasma (0%O2) and a 40%O2 mixture: (a) C 1s
and (b) Si 2p. The time scale of plasma treat-
ment (3 s) is equivalent to a deposited thickness
of t ∼ 1.5 nm.

Figure 8: Evolution of O 1s core level of a
1.5 nm thick Ag �lm deposited under pure Ar
(red line) induced by an 90 s exposure (i) to
molecular O2 (green line) and (ii) to a plasma
generated on a nearby alumina target with
4%O2 (violet line) and 20%O2 (blue line). The
dotted vertical lines correspond to the BE val-
ues of the di�erent expected O species.

ZnO peaks with a broad feature associated
to amorphous SiO2. The most intense (111)
re�ection of Ag2O, expected at 2θ ' 33◦, is
absent in all di�raction geometries and for all
%O2. The fortuitous overlap between (111)Ag
and (200)Ag2O re�ections cannot hide textured
Ag2O grains, since the expected (220)Ag2O peak
along the perpendicular di�raction direction is
not observed. Thus, the formed silver oxide
does not appear to be crystalline, in agree-
ment with similar studies of sputtering deposi-
tion14,20 although other studies have observed
crystallized sputtered Ag2O �lms.6�8,13,16 Dif-
ferent �lm thicknesses, deposition kinetics and
substrates may explain the discrepancy. Peak
positions, FWHMs and areas extracted from
a global �t with Voigt line shapes have been
translated into strain ε, coherent domain size
Dcoh and volume ratio (Figure S8 and inset of
Figure 9). The [001]-textured ZnO layer has
a perpendicular Dcoh close to its �lm thick-
ness and shows an anisotropic distortion due
to an in-plane compression stress. In compari-
son, the [111]-oriented Ag grains appear to be
poorly strained, unlike the [100]-oriented grains
which are in a tensile strain along both direc-
tions (Figure S8-a). Dcoh obtained from all Ag
peaks decreases with %O2, the most impacted
peak being the out-of-plane (111)Ag, demon-
strating a clear loss of crystallinity of metallic
Ag (Figure S8-b). Surprisingly, a switch of out-
of-plane texture from [111] to [100]14 (inset of
Figure 9) parallels the change in oxidation be-
haviour observed by XPS at 10%O2 (Figure 4).

3.4 Real-time surface di�erential

re�ectivity spectroscopy

To understand the impact of the �lm chemi-
cal evolution on morphology, Ag growth was
probed in real-time by SDRS in parallel to re-
sistivity measurements. Figure 10 shows the
comparison between p-polarized spectra for dif-
ferent %O2, at given thicknesses of 0.6 nm and
3 nm, corresponding to isolated nanoparticles
far from and just before percolation, respec-
tively (Figure 2). Signal line shape stems from
the characteristic excitations of the parallel and
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Figure 9: Bragg-Brentano XRD measurements
of 20 nm-thick �lms deposited on SiO2 sub-
strates under di�erent %O2 conditions. Verti-
cal bars correspond to expected di�raction peak
positions and relative intensities for bulk com-
pounds: Ag (blue), Ag2O (red), ZnO (green)
and SiO2 (orange). The inset shows the cor-
responding analysis of texture as a volume
ratio given by the fraction of (111)Ag and
(200)Ag out-of-plane peak areas corrected from
expected bulk powder intensities.

perpendicular plasmon resonances in the grow-
ing Ag nanoparticles; they manifest in the form
of a broad positive peak at low energy (2-2.5 eV)
for the former, and a sharper negative feature
at higher energy (∼ 3.8 eV), for the latter.
Without going up to a quantitative �t of

SDRS spectra,19,55 dielectric simulations (Fig-
ure 11) with the GranFilm package were
performed in p-polarization for Ag truncated
spheres on a semi-in�nite SiO2 substrate, in or-
der to pinpoint the main e�ects on the opti-
cal response of (i) Ag nanoparticle aspect ra-
tio Ar (diameter/height) (Figure 11-a), (ii) Ag
nanoparticle density ρs (Figure 11-b) and (iii)
the formation of an "Ag2O" shell of thickness
ts (Figure 11-c). In the �rst two cases, sphere
truncation and lattice spacing were sequentially
varied, while in the last case relative shell thick-
ness was continuously increased to mimic an
oxidation process. While the calculated elec-
trostatic interaction was taken with SiO2, all
di�erential re�ectivity spectra have been nor-
malized to the re�ectivity of Si, to compare
simulated and experimental ∆R

R
values. Sim-

ulations were performed at constant deposited
thickness, to highlight variations related to os-

Figure 10: Evolution of the p-polarized SDRS
spectra for di�erent %O2 during deposition at
a nominal deposited �lm thickness of (a) 0.6
nm and (b) 3 nm. (c) Integrated value As(t)
(Equation 1) of the s-polarized SDRS spectra
for 0%O2 [without (red line) and with 40%O2

wafer plasma pre-treatment (orange line)] and
4%O2 on a native wafer. Trends similar to
4 %O2 are found at higher oxygen �ow (not
shown for clarity). The vertical dotted line
points to the early coalescence tc.
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cillator strength.45,47 Indeed, one should keep in
mind that the total SDRS signal scales linearly
with �lm thickness.47

In brief, as can be seen in Figure 11-a, and as
previously described,45,47,53�55,66 particle �at-
tening (Figure 11-a) induces sizeable red shift
and intensity increase of the low-energy parallel
plasmon resonance. The e�ects on the the high-
energy perpendicular plasmon resonance are
quite the opposite but much less pronounced.
Similar trends are observed with the increase of
particle density (Figure 11-b), but with a more
moderate e�ect on the low-energy resonance.66

Lastly, thickening the oxide shell red-shifts the
position of both resonances and decreases their
intensities50 (Figure 11-c); this latter e�ect is
basically related to a lower fraction of polariz-
able metallic Ag in the nanoparticles. Overall,
the low energy resonance peak is a better in-
dicator of morphology change than the high
energy one, due to the presence of interband
transitions in the dielectric function of Ag. A
combination of these three e�ects, changes in
aspect ratio, density and oxide shell formation,
contributes in measurements of Figure 10 and
will be discussed in the next sections.

To assess the above described impact of sub-
strate interaction with reactive oxygen species,
the Ag growth under pure Ar on a native oxide-
covered substrate was compared to that on
a wafer pre-treated by exposure to a 40%O2

plasma for 3 s (Figure S9). While no di�erence
on percolation threshold tp was observed (not
shown), optics does not evidence a signi�cant
change in aspect ratio although a variation of
density remains possible.

As a support, to highlight the evolution of
Ar,47 SDRS signal in s-polarization was also in-
tegrated according to Equation 1 (Figure 10-c)
up to late coalescence where As(t) saturates be-
cause of the limited spectral integration range
of the plasmon peak (> 1.5 eV). Deposition
under pure Ar (0%O2) on as-introduced and
plasma-treated wafers is compared to 4%O2.
Even if the initial U-shape evolution of As(t)
observed systematically for vapour deposition
of metals on dielectrics47 is blurred by the

Figure 11: Simulated SDRS spectra for Ag
truncated spheres arranged in a square lattice
on SiO2/Si. E�ect of a change in (a) aspect ra-
tio (diameter/height), (b) particle density, (c)
oxide shell thickness. In the last two cases,
a hemispherical shape was used. An ad hoc
broadening was included to match with experi-
mental widths (see Section 2. Simulations have
been performed at constant mass except in Fig-
ure c and without particle-particle coupling ex-
cept in Figure b).
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signal/noise ratio, a clear transition between
growth and early coalescence regimes is ob-
served. Coalescence is characterized by a linear
evolution of Ar with thickness, the slope of
which depends on growth conditions. At all
stages of growth, the larger As(t) ∝ Ar signal
clearly evidences a better nanoparticle wetting
when O2 is added to the gas �ow but also a
lack of drastic impact of substrate cleaning by
the plasma.

3.5 Ag nanoparticle TEM imag-

ing

Finally, in order to clarify the main impact
of O2 on Ag wetting during the nanoparticle
growth stage, �lms deposited on membranes
were imaged by TEM plane views at the same
0.6 nm thickness but at di�erent %O2 condi-
tions (Figure 12). Such a thickness ensures a
deposit in the growth stage at the saturation
density su�ciently far from generalized coales-
cence (see Figure 10-c). Image analysis led
to a non-linear increase of particle density ρs
(Figure 12) with a nearly constant lateral size
around 2 nm. Unfortunately, at the opposite to
nanoparticle density, uncertainties in deposited
thickness and modi�cation of particle shape by
encapsulation do not allow to comment reliably
the evolution of aspect ratio from mass conser-
vation.

4 Discussion

Based on all the results described in the pre-
vious section, the e�ect of O2 addition can be
separated schematically into three regimes, in
terms of O2 �ow during deposition: (i) a low
regime (for %O2 between 0 and 4%), (ii) an
intermediate regime (for %O2 between 10 and
20%), and (iii) a high regime (for %O2 higher
than 20%).

Figure 12: Particle density as obtained from
TEM image analysis of 0.6 nm-thick �lms
grown under di�erent %O2. The inset shows
an example of an image (90× 90 nm2) of a �lm
deposited under pure Ar gas after image analy-
sis with the corresponding segmented particles.

4.1 The low %O2 regime: 0 ≤
%O2 ≤ 4

In this regime, a sizable 20 % decrease of the
percolation threshold tp (Figure 2) is observed
(from 5.5 nm at 0%O2 to 4.3 nm at 4%O2),
without a signi�cant impact on the �nal resis-
tivity at t = 20 nm (Figure 2) despite a slight
�lm crystallinity worsening (Figure 9 and Fig-
ure S8). Regarding �lm composition, no clear
trace of oxidation in the Ag 3d core level peak
is present whatever the thickness within the
sensitivity of photoemission spectroscopy (Fig-
ure 5), in agreement with previous reports.10,15

The same conclusion is reached with the low
intensity O 1s peak leading to a AgOx stoi-
chiometry of only x = 0.02. If for a 20 nm
thick percolated �lm the major species are the
Oβ moiety (i.e. subsurface oxygen) and its
companion surface Oα3 moiety (Figure 4-a),
the Oα1 goes through a maximum at ∼ 12 nm
in thickness (Figure 6-a). This behaviour, ob-
served even at higher %O2 (Figure 6-b,c) seems
to be related, within the probing depth of pho-
toemission, to the percolation of the �lm and
the fraction of �lm surface available for Oα1 ad-
sorption or for oxidation (Ag2O). Most likely,
Oα3-Oβ moities are related to the enhanced
reactivity of undercoordinated sites present in
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nanoparticles with molecular oxygen;36 indeed,
their respective O 1s peaks also appear after
exposure of an Ag �lm grown under pure Ar
(Figure S3 and Figure 8) to O2 gas without
plasma.

Based on the present data, di�erent explana-
tions can be put forward for the decrease in
percolation threshold in the low %O2 regime.
The �rst one is an increase in nucleation den-
sity.7,18 Due to the 3D morphology, denser but
smaller islands could in principle form a per-
colated network at a lower deposited thickness
than less numerous but larger islands. Assum-
ing that tp scales with the coalescence thresh-
old tc, at which impingement between islands
occurs, one �nds: tp ∝ tc ∝ D3

cρs/Ar, where ρs
is the saturation particle density during growth
stage, Ar the equilibrium aspect ratio of parti-
cles (diameter/height) and Dc the in-plane size
of particles at coalescence start. Since particles
are in contact with each other at coalescence,
Dc ∝ ρ

1/2
s so that tp ∝ 1/(ρ

1/2
s Ar). Thus, any

variation of Ar or ρs translates into a variation
of tp as:

∆tp
tp

= −∆Ar
Ar
− 1

2

∆ρs
ρs

. (3)

However, TEM experiments (Figure 12) only
show a moderate increase of ∼ 10 % of
the particle density (from 4.4 1012 cm−2 to
4.9 1012 cm−2) when introducing 4%O2, which
should give rise to a modest decrease of ∼ 5 %
for tp. This value is far from the observed de-
crease in tp (−20 %; Figure 2). In addition
to this, a larger density of particles should in-
duce an increased grain boundary density in
the percolated �lm and a larger �lm resistiv-
ity, a fact which is not observed experimentally
(Figure 2). Thus, a change in nucleation den-
sity fails to fully explain the observed drastic
decrease in tp.

The second explanation is an improved wet-
ting of Ag islands in the initial stage of �lm
growth, before coalescence. Flattened particles
covering a larger fraction of the substrate sur-
face should impinge on each other at a lower

deposited thickness. As shown in Figure 10-
c, despite noise in the measurement, the ini-
tial value of As and therefore the initial Ar in
the growth regime before coalescence, is larger
when O2 is added. This particle �attening ef-
fect is also clearly evidenced in the SDRS spec-
tra (Figure 10-a) by the red-shift and increase
in intensity of the parallel plasmon peak47 be-
tween 0%O2 and 4%O2 at t = 0.6 nm. Accord-
ing to As(t) evolution (Figure 10-c), at such an
equivalent thickness, the �lm is indeed in the
growth regime of isolated islands. The trend
is consistent with the qualitative simulations
shown in Figure 11-a, while the change in par-
ticle density through particle-particle electro-
static coupling (Figure 11-b) fails to account
for the order of magnitude of the experimental
red-shift of the parallel plasmon peak. More-
over, as it will be shown below for the high
%O2 regime, a similar change in particle den-
sity is not always correlated with an earlier
percolation threshold. Particle �attening may
be approached using thermodynamics through
surface/interface energy considerations. For a
truncated sphere equilibrium shape (i.e. ignor-
ing crystalline anisotropy), the contact angle θc
is driven by the balance between the particle
surface energy γm, the substrate surface energy
γs and the interface energy between the two ma-
terials γi via the Young-Dupré equation:

Wa = γm(1 + cos θc)

Wa = γs + γm − γi, (4)

where Wa stands for the adhesion energy. The
variation ∆Ar of aspect ratio:

Ar =
2

1− cos θc
(5)

induced by a change in contact angle ∆θc reads:

∆Ar
Ar

= − sin θc∆θc
1− cos θc

. (6)

Thus, starting from a contact angle of θc '
130◦, corresponding to the energetics of
Ag/SiO2,47,67 a change in ∆tp

tp
' −20 % due

to 4%O2 addition (Figure 2) would require a
moderate change in ∆θc ' −24◦ according to
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Equation 3 and ignoring the e�ect of density.
Although not directly comparable in terms of
temperature, this order of magnitude matches
the variation of ∆θc ' −20◦ observed in the low
regime of oxygen activity on melted Ag sessile
drop measurements.17 On a energetic point of
view, this would require a variation of:

∆Wa

Wa

− ∆γm
γm

= − sin θc∆θc
1 + cos θc

' 90% (7)

which can be achieved by a decrease of γm
and/or an increase of Wa. This change in in-
terface energetics Wa could be related to the
impact of activated O species on the substrate
itself, as seen in Figure 7 with the decrease of
the C 1s �ngerprint of carbonaceous contamina-
tion. Even if a slight increase of Ar is observed
in the initial value of As(t) after plasma treat-
ment, neither tp (5.3 nm for a 0%O2 growth on
a plasma-treated wafer instead of 5.4 nm for an
as-introduced one), nor the slope of evolution of
As(t) in the coalescence regime (Figure 10-c),
nor the parallel plasmon peak (Figure S9) at
t = 1 nm are impacted by surface plasma treat-
ment before deposition. All these �ndings rule
out a major impact on Ag wetting of a plasma
treatment of the substrate. This contradicts
previous �ndings on ZnO21,22 but the chemistry
of the present substrate is completely di�erent.
On the other hand, as previously found by �rst-
principles calculations,4,18,68,69 the decrease of
surface energy due to surface oxygen species
is a likely explanation of an enhanced wetting
for nanoparticles. Nevertheless, the thermody-
namic stability diagrams of O-adsorption at the
surface/subsurface of Ag(111)68 and Ag(100)69

obtained by ab initio calculations show that a
variation of surface energy ∆γm

γm
of at best -40%

can be achieved at the highest oxygen chemical
potential, before the formation of bulk Ag2O.
This value is less than half of what is required
by Equation 7. At last, due to the overwhelm-
ing O 1s signal from the substrate, it is hard
to detect in photoemission any speci�c signa-
ture of O segregated at the interface with the
substrate. Nevertheless, such interfacial species
could lead to a sizeable change in adhesion en-
ergy as already pointed out for �lms deposited

in similar oxidative conditions4,18,21 or upon O2

adsorption on macroscopic sessile drops.17

Lastly, a delay in coalescence dynamics in-
duced by oxygen adsorption could also explain
the formation of elongated and irregular-shaped
clusters instead of round-shaped islands and
therefore an earlier percolation (Figure 2). Pre-
viously reported in the literature only via ex
situ scanning electron microscopy imaging,18,20

the phenomenon of partial coalescence appears
clearly herein, when comparing 0%O2 and
4%O2, in the change in slope in the evolution
of As(t) (Figure 10-c) and the match between
the experimental (t = 3 nm; Figure 10-b) and
simulated (Figure 11-a) SDRS line shapes. A
likely explanation lies in the observed switch of
�lm texture from 70 % [111]-oriented to 65%
[100]-oriented grains when O2 is introduced in
the plasma, as shown in the inset of Figure 9.
Besides adsorbed O, the vertical interplanar
distance mismatch between [111] (2.35 Å) and
[100] (2.045 Å) oriented grains hinders the co-
alescence process. At 4%O2, this structural
impediment reaches a maximum with a 50-50%
balance between the two types of grains, not
speaking about their random relative in-plane
orientations. As predicted by �rst-principle cal-
culations, such a reversal of �lm texture could
�nd its origin (i) in a more favourable isolated
oxygen adsorption energy at a (100) rather
than a (111) surface, associated to a much
larger O surface di�usion barrier70 ; and (ii)
in a lower O-covered surface energy of (100)69

than (111)68 surface at all O chemical poten-
tials, which nearly compensates the di�erence
in compacity between the two orientations.

To conclude, the earlier percolation induced
by the 4%O2 addition results from a combi-
nation of e�ects: (i) change in particle den-
sity, (ii) a better wetting before coalescence and
(iii) a delayed coalescence due to oxygen ad-
sorption. The last two mechanisms (and not
really the substrate cleaning by the plasma)
appear to be the most e�ective. The present
measurements do not allow discussing further
neither the spillover mechanism or the O inter-
facial segregation, which were suggested by ab
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initio calculations.18,21�23 Nevertheless, the lack
of clear-cut oxidation and the presence of only
surface/subsurface O moities argue in favour of
a "surfactant" mechanism.

4.2 The intermediate %O2 regime:

10 ≤ %O2 < 20

While still being well below the measured value
under pure Ar, the thickness at the percolation
threshold only slightly decreases from 4 %O2

to 10-20%O2 (Figure 2). Concurrently, the re-
sistivity at t = 20 nm starts rising (Figure 2).
Particle �attening and delayed coalescence are
still at work just like in the low %O2 regime
(Figure 10), alongside the e�ect of particle den-
sity increase, although more moderate than in
the low O2 regime (Figure 12).

Chemical analyses in the intermediate regime
show a transition towards a component domi-
nated by Oα1 species in 20 nm-thick �lm (Fig-
ure 4). In parallel, the fractions x and y of
oxidized Ag slowly increase in this regime,
even though the major fraction of the �lm
still remains metallic (Figure 4). Following
this uptake in Oα1 that denotes a more "ox-
idative" plasma,36 a gradient of composition
develops across the �lm thickness before reach-
ing a plateau value of ' 8 − 10% at 10 nm
(Figure 5-b). In parallel, at intermediate thick-
nesses (∼ 6 nm; Figure 6-b), a Ag2O (or Oα2)
species is detected before completely vanish-
ing in thicker �lms. These observations can be
linked to a change in the oxidation behaviour of
the exposed Ag surface that follows the growth
mode of the �lm i.e. the transition from 3D
particles to a continuous and uniform �lm. The
case being clearer in high %O2 regime, it will
be commented in the next section.

Optical spectra at t = 0.6 nm (Figure 10-
a) for 10%O2 start di�ering from those corre-
sponding to 4 %O2. The trend becomes clearer
(Figure 10-b) at t = 3 nm, with an overall de-
crease in intensity and a red-shift of both res-
onances. According to dielectric simulations
(Figure 11-c), these observations can be ex-
plained by the formation of a core-shell struc-

ture due to adsorbed oxygen. A similar trend is
observed later in the high %O2 regime at 40%O2

(see below). Thus, the initial stage of deposi-
tion is mainly governed by the growth of metal-
lic nanoparticles with absorbed O at their sur-
face in a core-shell like-con�guration that is the
starting point for the gradual oxidation of the
�lm with increasing thickness.

4.3 The high %O2 regime: %O2 ≥
20

The high %O2 regime is characterized by an
abrupt increase of the oxide fraction AgOx in
the �lm stoichiometry at t = 20 nm (Figure 4-
b), which stabilizes at x = 0.26 for 40%O2, a
value only slightly lower than for a deposition
under pure O2 (x = 0.28). From the Ag 3d core
level, all Ag atoms appear to be in an oxidized
state (Figure 4-a) at t = 20 nm. This goes
with a drastic change in �lm chemistry; above
20%O2 at t = 20 nm, the O 1s core level is
characteristic of an Ag2O-like compound (Fig-
ure 4-a). Therefore, in agreement with previ-
ous reports,15 thick �lms deposited in the high
O2 regime appear to be mainly composed of
a highly sub-stoichiometric oxide that is not
crystallized (see Figure 9).

Both the percolation threshold and the �lm
resistivity at t = 20 nm (Figure 2) follow a
linear evolution from the intermediate regime.
The increase in resistivity is consistent with
the enhanced �lm oxidation, but also with the
increase in nanoparticle density (Figure 12)
that scales with the �nal grain boundary den-
sity in the percolated �lm. However, com-
pared to resistivity expected for a pure oxide
(59.3 Ω.cm for AgO and 3.3 103 − 7 108 Ω.cm
for Ag2O),13,16,38 the seven order of magnitude
lower value measured at 40%O2 (57 µΩ.cm)
suggests that the t = 20 nm thick �lm is not ho-
mogeneous. This composition gradient across
the layer appears in the photoemission analysis
(Figure 5-b,c).

Besides resistivity, SDRS and XRD measure-
ments also raise the question of composition
gradient in the �lm. Metal particles are re-
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quired to observe a plasmon resonance at low
thickness (Figure 10-a). At the start of deposi-
tion in the nanoparticle growth regime, the �lm
is mostly metallic according to photoemission
(Figure 5-c), thus explaining the presence of
Ag metal peaks in t = 20 nm XRD patterns
(Figure 9). These nanoparticles form through
competitive mechanisms of metal-metal cluster-
ing by fast Ag surface di�usion on silica and of
oxidation, probably mainly by direct impact as
the substrate itself reacts with activated-oxygen
species (Figure 7). As the surface coverage in-
creases, they further oxidize. Thus, the optical
signature for the formation of an oxide shell on
a metallic core (red shift for the parallel plas-
mon peak alongside a decrease in intensity) is
even more apparent in SDRS spectra at higher
thickness values (Figure 11-b at t = 3 nm versus
Figure 11-a at t = 0.6 nm). After percolation,
and moreso after the formation of a continuous
�lm, the oxide fraction reaches about half of its
�nal value (Figure 5-b; 40%O2; t > 6 nm). In
this thickness regime, �lm growth takes place
on a Ag-suboxide where Ag ad-atom di�usion
is slowed down, and metallic Ag clustering is
unlikely compared to SiO2, given its higher
adsorption energy. Moreover, the sticking co-
e�cient of activated O species,15 and probably
their di�usion lengths at the surface, increase.
Thus, a change from an oxidation mechanism
of "Eley-Rideal" to a "Langmuir-Hinshelwood"
type due to the evolution of the �lm mor-
phology leads to an oxidation gradient with
(mostly) metallic Ag being deposited in the
initial stages. This explains (i) the existence
of an initial plasmonic signal (Figure 10-a), (ii)
a re�ectivity characteristic of a percolated �lm
at t = 3 nm with a continuous increase in the
near infrared, (iii) a low resistivity of the �-
nal �lm compared to a bulk oxide and (iv) the
presence of Ag metallic XRD re�ections albeit
less crystalline for higher %O2 conditions. The
transition and the actual oxidation state of the
�lm is governed by the balance between (i) the
fraction of covered substrate (and thus the �lm
morphology), (ii) the relative arrival rates of
Ag and activated O species and (iii) their rel-
ative sticking coe�cients and di�usion lengths
on SiO2 and Ag-suboxide. This existence of

the initial competition between metal cluster-
ing and oxidation is con�rmed by the strong
reactivity observed during post-growth expo-
sure to a O-rich plasma (20%O2 in Figure 8);
in principle, complete Ag oxidation is not re-
ally impeded. On the other hand, the growth
under pure O2 plasma is not even able to reach
a stoichiometry close to Ag2O (x = 0.28). An-
ticipated in the previous section, such a general
scenario seems to be also at work also in the
intermediate regime of %O2, but to a lesser ex-
tent, as the content of activated species in the
plasma is lower (Figure 5). The transition from
metallic to more oxidized Ag (Figure 5) and the
switch from Oα3-Oβ [probably related to molec-
ular O2 adsorption (Figure S3 and Figure 8)]
to Ag2O moities (Figure 6) correlate with the
percolation threshold of the �lm.

All these observations rationalise the method-
ology of gas deployment in the early stage of
growth proposed in previous studies9,10,12 to
bene�t from earlier �lm percolation while avoid
the deleterious impact of oxidation on �lm re-
sistivity. But such trick is not the panacea; it
requires an apparatus-dependent optimisation
as it relies on a subtle kinetic balance between
growth and oxidation rates.

5 Conclusion

The e�ect of O2 addition during sputter depo-
sition of Ag �lms was investigated using a com-
bination of in situ and real-time techniques.
Photoemission, resistivity and plasmonics evi-
denced three distinct regimes. Firstly, at low
O2 �ow (0 ≤ %O2 ≤ 4), a combined e�ect of (i)
nanoparticle �attening and density increase in
the initial stages of �lm growth, (ii) a delayed
coalescence and (iii) a change in �lm texture
from [111] to [100] can explain the strong re-
duction in the percolation threshold thickness.
Neither clear-cut Ag oxidation nor �lm resistiv-
ity increase are observed. The observed change
in surface/interface energy due to the formation
of adsorbed Oα1/Oα3 and subsurface Oβ moities
on the growing nanoparticles was put forward
to explain these �ndings. In the intermediate
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regime (10 ≤ %O2 < 20), in addition to the
particle �attening, to the onset of increase in
resistivity and to a weaker decrease in percola-
tion threshold thickness, Oα1 moieties become
the main species of adsorbed oxygen. Finally,
in the high regime (%O2 ≥ 20), actual oxida-
tion takes places in the form of an Ag2O-like
amorphous/not-crystallized compound and has
a strong impact on resistivity. In all regimes, a
composition gradient is observed with mostly
metallic silver at the interface with the sub-
strate and an enrichment in O close to the �lm
surface. In parallel to the thermodynamically-
favoured O segregation to the surface, a kinetic
explanation was proposed based on a change in
the oxidation mechanism depending on the na-
ture of the surface (SiO2 then AgOx) on which
Ag atoms are landing and the oxidative char-
acter of the plasma. This transition results
from a complex balance between substrate re-
activity, arrival rates of Ag and of activated
O species, metal-metal aggregation, O di�usion
and �lm morphology. In this respect, the use
of in situ and real-time techniques turned out
to be quite relevant in clarifying the interplay
between chemistry, morphology and structure
in the growth modi�er e�ect of O2. In addi-
tion, they can provide an opportunity to follow
ageing e�ect related to �lm chemical23 or mor-
phological instabilities.

Supporting Information Avail-

able

Set of XPS, SDRS and XRD complementary
�gures cited in the text.
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