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Abstract

Metal nanostructures supported on a dielectric substrate possess unique plasmonic properties that are highly
dependent on their morphologies. We show that such nanostructures can be modified upon exposure to an
ultra-low-energy ion-beam bombardment (< 100 eV) near the sputtering threshold of the metal. This
plasma treatment can be easily implemented in a vacuum deposition chamber and allows the achievement
of morphologies, and therefore optical properties, that are difficult to achieve otherwise by physical vapor
deposition. We present the effects obtained (i) on self-organized Ag nanoparticles with unidirectional orien-
tation and bimodal distribution, and (ii) on Ag layers in the form of percolated, quasi-continuous or island
thin films. Our results show that the plasmonic dichroism of self-organized assemblies can be tuned thanks
to the preferential sputtering of the smaller particles associated with gradual erosion of the larger ones. Ion-
induced modifications of percolated or quasi-continuous films lead to the formation of isolated tiny particles
with areal densities smaller than 500 µm−2. In both cases, the duration of the ion bombardment makes it
possible to finely control the desired structural and plasmonic modifications.
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1. Introduction

Metal nanostructures embedded in or supported
on an insulating matrix feature remarkable op-
tical responses through interaction with an ex-
ternal electromagnetic field, owing to the phe-5

nomenon of so-called “localized surface plasmon
resonance” (LSPR). Depending on their morphol-
ogy (size and shape), spatial organization, and lo-
cal environment, LSPR excitation of nanoparticles
or nanowires of noble metals indeed gives rise to10

strong absorption bands in the ultraviolet, visible,
or near infrared spectral ranges that are not present
in the bulk metal. Envisioning original technolo-
gies and applications in chemistry, physics, biol-
ogy, and medicine with plasmonic nanostructures15
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therefore requires the ability to suitably control the
wavelength and intensity of the LSPR, i.e. to de-
sign the nanostructures on a custom basis by high-
throughput self-assembly methods.

A common deposition technique for obtaining20

nanoparticles or discontinuous thin films with tun-
able plasmonic properties consists in sputtering,
evaporating or vaporizing metallic targets under
high vacuum conditions. By this process, the
growth of the metal on a dielectric surface generally25

proceeds through the nucleation of islands, which
gradually expand and coalesce [1]. During the coa-
lescence stage, the number of particles per unit area
progressively decreases and their average volume
(in-plane size and height) increases. Furthermore,30

since the lateral growth of the particles is faster
than the vertical growth, they become flatter and
flatter as the deposition progresses. Coalescence
continues by causing the particles to elongate in the
plane, and to get closer to each other, until percola-35

tion is reached. The remaining pores are then filled
to eventually form a continuous metal film with
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rough surface. Although the resulting plasmonic
properties are extremely sensitive to this evolution
of the metal nanostructure, the growth process that40

is mediated by kinetically driven mechanisms lim-
its the range of possibilities. This makes it diffi-
cult to independently control the size, shape and
areal density of nanoparticles. In particular, assem-
blies of “densely-packed” nanoparticles that present45

a short-range order and a bimodal distribution of
morphologies are often obtained. To overcome this
difficulty, it is usually worthwhile to carry out treat-
ments during or after deposition. While thermal
annealing is probably the most common approach,50

plasma and ion-beam treatments represent promis-
ing alternatives worthy of exploration [2–8]. Ion-
beam effects on nanostructured thin films are highly
dependent on ion energy. For energy greater than
hundreds of keV, irradiation and implantation can55

occur that enables buried nanoparticles to be de-
formed by ion-beam-shaping process [9–11]. At
these energies, ion irradiation can also modify ar-
rays of supported nanoparticles [12, 13], or induce
the formation of nanoparticles by dewetting of con-60

tinuous thin films [14, 15]. At hundreds of eV, ion
bombardment results in the removal of atoms from
the surface and can be used as an effective method
for surface etching or cleaning [16, 17], but also
for creating periodic patterns of dots or ripples on65

metallic surfaces [18–20], or for modifying island
thin films [21, 22]. An advantage of such plasma
and ion-beam treatments is their easy incorporation
into high vacuum systems [17] and their high fabri-
cation throughput over cm2 scale areas. Indeed, ion70

bombardment with a broad beam can be fairly eas-
ily implemented in the same setup as the one used
for thin film deposition by directing the ion flow to-
wards the substrate. However, at energies greater
than 200 eV, many adverse effects are commonly75

observed such as ion-beam mixing or amorphiza-
tion [12, 16, 22, 23]. To limit the deleterious impact
of these radiation damages, we focus on ion energy
below 100 eV, i.e. near or just above the sputtering
threshold of the metal, and we investigate the influ-80

ence of the initial morphology of the nanostructured
metal film. First, we present the effect of ultra-low-
energy Ar+-ion bombardment on self-organized Ag
nanoparticles with bimodal distribution grown by
glancing-angle ion-beam sputtering deposition on85

nanorippled alumina surfaces. We then report on
the evolution of percolated, quasi-continuous and
island Ag layers fabricated by magnetron sputter-
ing deposition on Si3N4 buffer-layers.

2. Experimental details90

2.1. Sample preparation

Self-organized nanoparticle chains. Self-organized
Ag nanoparticles with bimodal distribution were
obtained using a NordikoTM dual ion-beam cham-
ber following a four-step sequence under high vac-95

uum (∼ 4 × 10−8 mbar base pressure), which is
explained in detail in Refs. [24] and [25]. In short,
amorphous layers of alumina were first deposited at
room temperature on two-side polished fused silica
and on NaCl single crystals, followed by 1 keV Xe+-100

ion etching at a sputtering angle of ϑ = 55◦ with
respect to the surface normal and a total fluence
of about 5.4 × 1017 ions cm−2, leading to the for-
mation of periodic patterns consisting of unidirec-
tional ripples oriented in the direction perpendicu-105

lar to the projection of the ion beam (see Fig. S1).
Self-aligned chains of Ag nanoparticles were then
obtained by depositing a small amount of metal
(effective thickness of 2.4 nm) under a grazing in-
cidence of 2◦ from the mean surface, thus ensuring110

replication of the ripple pattern by shadowing ef-
fects. Low-energy Ar+-ion bombardment at 80 eV
was finally applied directly to the Ag nanostruc-
tures at normal incidence (ϑ = 0◦) with a flux of
about 3× 1015 ions cm−2 s−1, before deposition of115

an alumina capping-layer totaling 12 nm in thick-
ness to provide optimal protection for the nanopar-
ticles against ageing before post mortem structural
and optical characterizations.

Quasi-continuous, percolated, and island layers. In120

order to investigate the ion-induced structural and
optical changes of quasi-continuous, percolated,
and island Ag layers, 10-nm thick amorphous layers
of Si3N4 were first deposited at room temperature
by reactive magnetron sputtering on one-side pol-125

ished glass substrates and on NaCl single crystals.
Deposition of Ag (effective thickness of 12.8 nm,
8.0 nm, and 3.2 nm) was then accomplished onto
these unrippled Si3N4 buffer-layers at a glancing
angle of ϑ = 25◦ with respect to the surface nor-130

mal, before a delay time of 600 s followed by ex-
posure to 80 eV Ar+-ion bombardment at normal
incidence. The resulting Ag nanostructures were fi-
nally capped with a protective 12-nm thick layer of
Si3N4.135

2.2. Characterization methods

The nanostructured Ag thin films were analyzed
by transmission electron microscopy (TEM) with a
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JEOL 2200FS microscope fitted with an in-column
Ω-filter and a Schottky field emission gun operated140

at 200 kV. Prior to the observation, free-standing
films deposited on NaCl single crystals were trans-
ferred onto copper grids after dissolving the sub-
strate in purified water. Direct imaging was carried
out from plane views by high-angle annular dark-145

field scanning TEM (HAADF-STEM) with a probe
size of 0.7 nm. Diffraction patterns were also ac-
quired by employing energy filtered selected area
electron diffraction (EF-SAED).

The macroscopic optical response of the sam-150

ples with self-organized nanoparticles was investi-
gated by means of spectroscopic transmission us-
ing a Cary 5000 spectrophotometer from Agilent
Technologies equipped with a rotating polarizer.
Post mortem transmittance measurements were155

performed at normal incidence (beam diameter ∼
3 mm) in the spectral range between 250 nm and
2000 nm using longitudinal (//) or transverse (⊥)
polarization with respect to the ripple direction.
In addition to experimental measurements, numer-160

ical simulations were performed by finite-difference
time-domain (FDTD) calculations using the FDTD
Solutions software purchased from Lumerical [26].
Regarding the quasi-continuous, percolated, and is-
land layers grown by magnetron sputtering depo-165

sition, in situ monitoring of the optical response
was carried out in real time during both deposi-
tion and plasma treatment by surface differential
reflectance spectroscopy (SDRS), using the setup
described in Ref. [27]. The sample was illuminated170

using s-polarized white light at an angle of 70◦ to
the surface normal. The reflected intensity was col-
lected in the specular direction by a spectropho-
tometer at a rate of one spectrum per second within
the spectral range 350–950 nm. The reflectance R0175

just before Ag deposition is taken as a reference.

3. Results and discussion

3.1. Self-organized Ag nanoparticle chains

Figure 1(a) shows plane-view images taken by
HAADF-STEM for self-organized Ag nanoparti-180

cles grown on rippled alumina thin films. The
top row displays the results obtained for a sam-
ple that was not subjected to ion bombardment
before capping-layer deposition. HAADF-STEM
clearly reveals a bimodal distribution of individual185

nanoparticles with two groups exhibiting different
sizes and morphologies. Careful analysis has been

Table 1: Morphological parameters retrieved from the anal-
ysis of HAADF-STEM images acquired on self-organized Ag
nanoparticles grown on rippled alumina thin films and sub-
jected to 80 eV Ar+-ion bombardment at normal incidence
before alumina capping-layer deposition: duration of the ion-
bombardment treatment (tsput), areal density of nanoparti-
cles (d), coverage rate (τ), average in-plane diameters in the
longitudinal (D//) and transverse (D⊥) directions with the
corresponding standard deviations (σ// and σ⊥), and aver-
age interparticle gaps in the longitudinal direction (g) with
the corresponding standard deviations (σg).√

D//D⊥ tsput (s) 0 60 120

> 1.5 nm
d (µm−2) 4230 1770 1880
τ (%) 33.9 30.6 22.7

> 9.0 nm

d (µm−2) 1090 960 1340
τ (%) 30.1 29.1 21.7
D// (nm) 28.1 27.8 18.1
σ// (nm) 18.2 17.7 8.9
D⊥ (nm) 13.0 14.3 11.6
σ⊥ (nm) 2.5 2.2 1.5
g (nm) 5.4 6.9 8.4
σg (nm) 4.6 5.3 4.2

accomplished by digital image processing assum-
ing ellipsoidal nanoparticles with in-plane diame-
ters D// and D⊥ in the longitudinal and transverse190

directions, respectively (Table 1). It is worth not-
ing that, as a result of shadowing effects and in-
homogeneous anisotropic coalescence in the zones
illuminated by the metal flux during Ag deposi-
tion [24, 25], the larger nanoparticles (effective di-195

ameter
√
D//D⊥ > 9.0 nm) are predominantly elon-

gated and aligned along the underlying ripples, thus
forming linear chains spaced about 28 nm apart in
the transverse direction, i.e., approaching the pe-
riodicity of the pre-patterned alumina surface. By200

comparison, the smaller particles located between
the chains are more circular on average. The bi-
modal nature is very marked on the D// and D⊥
histograms [Fig. 1(b)] which, in addition, high-
light a much broader size distribution of the large205

particles in the longitudinal direction. As shown
in Fig. 1(c), there is also a certain distribution
of gaps between adjacent particles with an aver-
age value of g = 5.4 nm (standard deviation of
σg = 4.6 nm) and a high density of narrow gaps210

smaller than 5 nm, which is a key determining fac-
tor to promote spectral red-shift of the LSPR to-
gether with strong increase of the near-field inten-
sity at the LSPR wavelength. Hence, absorbance
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Figure 1: Self-organized Ag nanoparticles grown on rippled alumina thin films without (top) and with (bottom) 80 eV Ar+-ion
bombardment at normal incidence for 120 s before alumina capping-layer deposition. (a) Plane-view HAADF-STEM images
with zoomed areas indicated by the white rectangles, (b) in-plane size distributions in the transverse (D⊥) and longitudinal
(D//) directions, (c) distributions of interparticle gaps (g), and (d) corresponding absorbance spectra collected with transverse
and longitudinal polarizations of the incident light.

spectra derived from transmittance measurements215

at normal incidence (− log T ), display a strong de-
pendence on the polarization of the incident light
with respect to the nanoparticle chains [Fig. 1(d)].
As demonstrated from previous analytical calcula-
tions and numerical simulations [24, 25], the opti-220

cal response of such systems can be related to their
nanostructural properties. For a transverse polar-
ization, the LSPR is located around 510 nm and
is mainly due to the plasmonic response of individ-
ual particles sufficiently distant from each other to225

consider electromagnetic interactions between par-
ticles to be negligible. In contrast, for a longitudinal
polarization, the LSPR is red-shifted to the near-
infrared region and spreads over a wider spectral
range. This behavior can obviously be explained230

by the effects of electromagnetic coupling between
particles with large aspect ratios (D///D⊥ ≈ 2.17),
but also by the broad size and gap distributions in
the longitudinal direction (see FDTD calculations
provided in the supplementary material for further235

details on the influence of the interparticle gap and
of the in-plane diameter in the longitudinal direc-
tion, Fig. S2). For completeness, it should be noted
that a second resonance of low amplitude is present
around 520 nm, mainly due to the smaller isolated240

and more spherical particles.

On the bottom row of Fig. 1 are presented the re-
sults obtained for a sample that has undergone Ar+-

Figure 2: Absorption spectra calculated by FDTD method
using the morphological parameters gathered in Table 1 for
tsput = 0 s (H = 5.0 nm) and tsput = 120 s (H = 6.2 nm).

ion bombardment for 120 s (see also Table 1). In
comparison with the untreated sample, the number245

of small nanoparticles (
√
D//D⊥ < 9.0 nm) predom-

inantly located between the chains decreased sig-
nificantly, a result which can be ascribed to a size-
dependent sputtering yield [12, 22]. Concomitantly,
the larger particles with anisotropic shape and uni-250

directional orientation have been eroded. As a con-
sequence, the resonant particles are slightly smaller
(≈ −22% in effective diameter) and less elongated
overall (D///D⊥ ≈ 1.56). Also, for a transverse po-
larization of the incident light, a blue-shifted reso-255

4



nance around 480 nm is induced with a smaller am-
plitude because the total amount of Ag decreased.
The effect is much more pronounced for a longitudi-
nal polarization, with the LSPR now being at about
610 nm and much narrower than without ion bom-260

bardment. Furthermore, the low-amplitude reso-
nance around 520 nm is no longer visible. These
observations are consistent with the reduced variety
of particle morphologies, but also with the 55% in-
crease of the average gap between adjacent particles265

(g = 8.4 nm with σg = 4.2 nm), thus causing less
electromagnetic coupling. As shown in Fig. 2, such
an evolution of the optical response can be qual-
itatively predicted by numerical simulations per-
formed by FDTD calculations, with the height of270

the Ag nanoparticles, H, being adjusted in order
to fit the experimental LSPR position for a trans-
verse excitation. Numerical simulations in turn sug-
gest that ion-induced reshaping also causes an in-
crease of the out-of-plane aspect ratio, H/D⊥, from275

∼ 0.38 to 0.53. In the end, the plasmonic dichroism
of the assembly is still present but is significantly
diminished. Details on an intermediate situation
corresponding to an ion-bombardment duration of
tsput = 60 s are provided in the supplementary ma-280

terial (Fig. S3) and in Table 1, proving that low-
energy ion bombardment makes it possible to finely
tune the plasmonic dichroism of anisotropic metal
nanostructures.

3.2. Quasi-continuous, percolated, and island Ag285

layers

Figure 3: (a) Map of the SDRS signal ∆R(λ, tsput)/R0

collected during 80 eV Ar+-ion bombardment at normal in-
cidence on an initially percolated Ag layer grown on a flat
Si3N4 surface. (b) Corresponding SDRS spectra for differ-
ent sputtering durations tsput. R(λ) is the film reflectance
at time tsput and R0(λ) is that of the 10-nm thick Si3N4

buffer-layer deposited on glass substrate being used as a ref-
erence.

Figure 3 shows the SDRS spectra collected under

s-polarized light during Ar+-ion bombardment of a
percolated Ag layer (initial effective Ag thickness
of 8.0 nm) grown by magnetron sputtering depo-290

sition on a flat Si3N4 buffer-layer. The optical re-
sponse of the initial percolated Ag layer (tsput = 0 s)
shows an asymptotic behavior above 500 nm consis-
tent with a random distribution of plasmonic eigen-
modes over a broad spectral range due to the semi-295

continuous metal structure [28]. Upon exposure to
ion bombardment, the signal gradually decreases
leading to the emergence of a weak LSPR in the
range of 470-500 nm after about 300 s. However,
this resonance coexists with the quasi-metallic be-300

havior of the layer at long wavelengths almost up
to the very end of the bombardment. Finally, af-
ter about 40 minutes, the ion-bombarded Ag:Si3N4

bilayer becomes transparent at long wavelengths
(∆R/R0 −→ 0) and the SDRS signal displays only305

the weak LSPR at about 500 nm. For compari-
son, SDRS spectra were also recorded during ion
bombardment of a bare Si3N4 layer under identi-
cal conditions (Fig. S4). No significant change of
the signal was observed for 3500 s, proving that310

Si3N4 sputtering is negligible. Such an evolution
of optical properties can thus be closely related
to ion-induced morphological changes of the per-
colated Ag layer [1, 11, 27], as evidenced through
HAADF-STEM observations of Si3N4:Ag:Si3N4 tri-315

layers presented in Fig. 4. During the first stages
of low-energy Ar+-ion bombardment [Figs. 4(a)–
4(c)], it can be seen that the coverage rate progres-
sively decreases and percolating paths become slim-
mer, while the number of isolated particles increases320

and their average size decreases. After 20 minutes
of exposure [Fig. 4(d)], relatively circular particles
coexist with very elongated particles, residues of
previous percolated structures. Nevertheless, af-
ter further ion bombardment [Fig. 4(e)], it is par-325

ticularly noteworthy that all disconnected nanos-
tructures are eventually transformed into quasi-
circular nanoparticles, which appear to be very dis-
tant from each other. Moreover, both the average
nanoparticle size and the corresponding size disper-330

sion have significantly decreased [Fig. 4(f)], thereby
enabling the development of plasmonic nanoparti-
cles with average size of 8.2 nm (standard devia-
tion of 3.0 nm) and interparticle distance as high
as 44 nm on average. According to EF-SAED pat-335

terns (Fig. 5), randomly oriented Ag particles re-
main crystalline until the end of the treatment.
Although slight interfacial mixing cannot be com-
pletely ruled out, these findings indicate that total
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mixing or amorphization of Ag does not occur un-340

der ultra-low-energy ion bombardment.

Figure 4: Plane-view HAADF-STEM images of
Si3N4:Ag:Si3N4 trilayers corresponding to different sputter-
ing durations tsput of an initially percolated Ag layer sub-
jected to 80 eV Ar+-ion bombardment at normal incidence.
(a) tsput = 0 s, (b) tsput = 300 s, (c) tsput = 600 s, (d)
tsput = 1200 s, (e) tsput = 2400 s, and (f) nanoparticle size
distributions after 1200 s and 2400 s of ion bombardment.

With the aim of comparing the evolution of
different initial Ag nanostructures under ultra-
low-energy Ar+-ion bombardment, similar plasma
treatments were conducted with Ag layers corre-345

sponding to various growth stages: in addition to
the percolating network previously described, we
also considered a quasi-continuous film (12.8 nm
effective thickness) and an assembly of coalescing
nanoparticles with short-range order (3.2 nm ef-350

fective thickness). Results presented in the sup-
plementary material (Figs. S5–S8) show that the
initially quasi-continuous Ag layer behaves like the
percolated one, although with a different kinet-
ics, which leads to the formation of well-separated355

individual nanoparticles with areal density of ∼
460 µm−2 after 1500 s of ion bombardment. In
contrast, for initially densely-packed coalescing
nanoparticles, Ag sputtering associated with en-
hanced surface mobility of Ag adatoms results in360

a gradual increase of the areal density of nanopar-
ticles from ∼ 3730 µm−2 (tsput = 0 s) to ∼

Figure 5: Plane-view energy filtered TEM images and EF-
SAED patterns for Si3N4:Ag:Si3N4 trilayers corresponding
to different sputtering durations tsput of an initially perco-
lated Ag layer (8.0 nm effective thickness) subjected to 80 eV
Ar+-ion bombardment at normal incidence. (a) tsput = 0 s,
(b) tsput = 600 s, and (c) tsput = 2400 s. (d) Corresponding
electron diffraction averaged profiles together with the posi-
tion of the main lines for Ag with face-centered cubic Fm3m
structure.

5510 µm−2 after 600 s of ion bombardment. The
evolution of the Ag coverage rate τ as a func-
tion of the sputtering duration tsput is presented365

in Fig. 6. Data were retrieved from the analy-
sis of binarized plane-view HAADF-STEM images
by measuring the surface fraction covered by Ag,
and the total Ag sputtering duration correspond-
ing to τ(tsput) = 0 was obtained from SDRS data,370

i.e. ∆R(tsput)/R0 = 0. Each experimental curve
was fitted with an exponential function of the form
τ(tsput) = τ0(1 − ρ)tsput , where τ0 = τ(0) and ρ
is a parameter that relates to the sputtering yield
of the Ag nanostructures. As expected, irrespec-375

tive of the initial Ag nanostructure, the sputtering
rate reduces progressively because the probability
of Ar+-ion interaction with Ag atoms decreases as
τ is diminished. However, while ρ ≈ 1.3× 10−3 for
initially percolated or quasi-continuous Ag layers,380

it rises to ρ ≈ 2.1 × 10−3 in the case of densely-
packed coalescing nanoparticles. These findings
suggest that the sputtering of Ag nanoparticles is
significantly enhanced compared to percolated Ag
films because of the higher specific surface area385
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Figure 6: Evolution of the Ag coverage rate as a func-
tion of the sputtering duration for different initial Ag nanos-
tructures subjected to 80 eV Ar+-ion bombardment at nor-
mal incidence. Dotted lines are fits to an exponential func-
tion of the form τ(tsput) = τ0(1 − ρ)tsput specified by
τ0 = 93.7% and ρ = 1.34 × 10−3 (red curve), τ0 = 65.1%
and ρ = 1.21 × 10−3 (blue curve), and τ0 = 36.4% and
ρ = 2.11 × 10−3 (black curve), respectively. Plane-view
HAADF-STEM images of untreated Si3N4:Ag:Si3N4 trilay-
ers are also shown to provide a vision of the initial Ag nanos-
tructures with effective Ag thickness of 12.8 nm (top), 8.0 nm
(middle), and 3.2 nm (bottom), respectively.

and lower volume to dissipate the primary ion en-
ergy [29–31]. In addition to these sputtering pro-
cesses, it can be noted that universal mechanisms
such as thermally-induced diffusion, viscous flow,
and dewetting may also contribute to the evolu-390

tion of the metallic nanostructures under ultra-low-
energy ion bombardment [8].

4. Conclusions

In conclusion, we have shown that ultra-low-
energy ion-beam bombardment of nanostructured395

Ag layers grown by physical vapor deposition signif-
icantly modifies the initial film. This plasma treat-
ment near the sputtering threshold makes it possi-
ble to obtain various original nanostructures that
are difficult or impossible to synthesize otherwise,400

and therefore opens the way for obtaining assem-
blies with unique properties. The observed effects
depend on both the initial nanostructure and the
ion-bombardment duration, while the ion energy
should impact the kinetics of the observed phenom-405

ena [5]. The use of ultra-low-energy (< 100 eV)
and chemically non-reactive ions preserves the di-
electric substrate and the crystallinity of the Ag
nanostructures. It also allows the fine tuning of
the sputtering yield of Ag. As a consequence, de-410

pending on the initial nanostructure, the final areal

density of the assembly can be fully controlled so
that the study of non-interacting or single parti-
cles can be considered [32–34]. Furthermore, such
an approach could be an efficient means of plas-415

monic structural coloring [35]. This soft treatment
can easily be integrated as an additional step in
nanostructured film synthesis by physical vapor de-
position in order to optimize the optical properties
of the manufactured samples, also when using flexi-420

ble substrates that degrade under high temperature
conditions. Moreover, ion bombardment at oblique
angles should provide an additional degree of free-
dom to selectively modify the shape of nanostruc-
tures.425
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See the supplementary material for atomic force430

microscopy of a nanorippled alumina surface ob-
tained after 1 keV Xe+-ion exposure at oblique
incidence (Fig. S1), numerical simulations per-
formed by finite-difference time-domain calcula-
tions (Fig. S2), as well as HAADF-STEM im-435

ages and absorbance spectra for self-organized Ag
nanoparticles grown on a rippled alumina thin film
after 80 eV Ar+-ion bombardment at normal in-
cidence for 60 s (Fig. S3). Further SDRS spectra
and/or HAADF-STEM images of a bare Si3N4 film440

(Fig. S4), quasi-continuous Ag layers (Figs. S5–S6),
and coalescing Ag nanoparticles with short-range
order (Figs. S7–S8) under ultra-low-energy Ar+-ion
bombardment are also presented.
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