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Abstract. Low-energy ion beam sputtering of alumina thin films followed by growth of
metallic nanoparticles by glancing angle deposition is optimized in order to produce arrays of
silver nanoparticle chains with a strong plasmonic dichroism. A systematic study is undertaken
in order to establish the influence of the angle of silver deposition and the ordering of the pre-
patterned rippled surface on the morphology and organization of the nanoparticles, and on their
associated optical properties. High ion fluence for ripple formation and low glancing angle for
metal deposition favor the formation of aligned and elongated particles with sub-nanometer
gaps. Numerical simulations show that these nanoparticle arrays generate high electric field
enhancements for an excitation parallel to the particle chains, and therefore can be used for

surface enhanced spectroscopies.

PACS: 81.16.Rf, 81.16.-c, 78.67.Bf

1. Introduction

In recent years, many groups have been working on the preparation of arrays of metallic nanoparticles
that have the peculiarity to present localized surface plasmon resonances (LSPR), i.e. collective
oscillations of the conduction electrons, associated with electric field amplification in the immediate
vicinity of the nanoparticles [1-3]. The spectral position and magnitude of the LSPR not only depend
on the intrinsic properties of the metal and dielectric environment of the particles, but also on their
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morphology (shape and size) and their spatial organization [1-4]. These arrays can find applications as
light absorbers, sensors, and more especially as active surfaces for surface enhanced Raman scattering
(SERS) or metal enhanced fluorescence experiments [5-7]. Indeed, the extraordinary intense local
field enhancement present in the gaps between closely spaced nanoparticles, known as hot-spots,
induces an intense amplification of the Raman signal so as to reach the detection of very low
concentrations of analytes. Nevertheless, improving ease fabrication of active surfaces with high
density of narrow gaps (with dimensions less than 5 nm) remains a challenge for industrial
applications, i.e. for producing large areas at low cost and at wafer scale. Among the most widely used
SERS active substrates are metal colloids generated by chemical methods, which have the advantage
of producing nanoparticles with narrow dispersion sizes. However, particle aggregation and hence an
imprecise control of nanoparticle distances turn the reproducibility more challenging. A way to
overcome this problem is to immobilize the particles on the surface, but adhesion to the surface is
usually poor. A physical solution is to use top-down approaches such as traditional nanolithography
techniques (electron beam lithography, focused ion beam lithography) that enable to create
reproducible arrays of particles with fine control of their size, shape and interparticle gap. The best
resolution obtained so far with these techniques is about 20 nm, while sub-10 nm resolution is
expected with nanoimprit lithography [6, 8]. Nevertheless, their low throughput and high production
cost make them prohibited for large scale production. Previous papers [9-12] have shown how to
engineer the surface of a solid by ion-beam sputtering (IBS) at low energy in order to produce, in a
one-step process, regular nanoscale patterns such as self-organized unidirectional nanoripples, with
period varying from a few nm to several pm and with nanopatterned surface areas up to several cm?,
Subsequent physical vapor deposition of metal at glancing angles onto such nanoripple patterns [13-
18] can lead to the formation of elongated nanoparticles with dimensions and gaps below the
resolution of lithographic techniques, and therefore high density of hot spots responsible for a stronger
SERS signal compared to non-ordered nanoparticles on a flat substrate [19]. Also, the SERS intensity
for light polarized along the nanoparticle chains is much higher than the intensity for light polarized in
the transverse direction. However, since the interparticle gap is a key factor to favor a strong electric
field enhancement, the spatial organization of the particles just as their shape and size have to be
optimized. In this paper, a systematic study is undertaken to establish the influence of the angle of
silver deposition and ripple ordering on the growth of silver nanoparticles on rippled alumina surfaces.
Moreover, numerical simulations evidence the strong influence of gap value and number of
nanoparticles within a chain on the electric field enhancement. Hence, the structural parameters of the
particles, correlated to their optical properties (position and width of their LSPR) enable us to optimize
the elaboration conditions in order to obtain high density (> 10 cm?) of sub-nanometer gaps for

strong plasmonic coupling.



2. Experimental

Our samples consist of Ag nanoparticles sandwiched between two amorphous Al,Os films. Their
preparation was carried out by alternate ion beam sputtering in a Nordiko™ 3000 vacuum chamber
and has been depicted in detail elsewhere [16]. Rippled surfaces were produced on amorphous Al,Os
films by IBS with Xe" ions at a sputtering angle of 55° with respect to the surface normal, at room
temperature (RT), and at a constant ion flux in the range of 10 ions cm2 s, It is well known that the
generation of ripple patterns by IBS, and more especially the ripple period as well as the pattern
quality, strongly depend on the sputtering conditions (ion energy and mass, total fluence, angle of
incidence, temperature, etc.) [9-12]. In this paper, the period and ordering of the ripples were adjusted

by varying the sputtering time (i.e. ion fluence) and the ion energy (table 1) as presented in section 3.1.

The pre-patterned Al;O; surfaces were used as templates for the subsequent growth of Ag
nanoparticles by glancing angle deposition at RT. The effects of deposition angle (section 3.2) were
studied from samples with Ag being deposited at different glancing angles (90°, 20°, 8° and 2° with
respect to the mean surface) in the direction perpendicular to ripples formed by 1 keV-Xe* IBS of
Al,Os surfaces during 300 s. The Ag deposition time (zag) was calibrated to ensure an almost constant
Ag equivalent thickness (tag) Whatever the deposition angle; whereas Rutherford Backscattering
Spectrometry (RBS) measurements were performed to estimate the corresponding tag variations (table
2). To study the influence of the ripple ordering (section 3.3), Ag depositions at a glancing angle of 2°
were performed (tag = 1.4 nm) on pre-patterned Al.Os surfaces prepared by 1 keVV-Xe* IBS during
100 s and 600 eV-Xe* IBS with different sputtering times (100 s, 200 s, 500 s and 1000 s). In all cases,
a thin Al,Os capping-layer was finally deposited at RT on the Ag nanoparticles to prevent ageing

effects and/or contamination.

All the samples were made onto silicon substrates for Atomic Force Microscopy (AFM) and grazing
incidence small-angle x-ray scattering (GISAXS) characterizations, fused silica substrates for optical
measurements, and NaCl single crystals for high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) observations. The samples prepared onto NaCl single crystals
were floated in purified water and the resulting freestanding thin films were collected on microscope
copper grids. The morphology and ordering of the pre-patterned surfaces was characterized by AFM
using a Nanoscope Digital instrument in the tapping mode. The morphology and spatial organization
of the nanoparticles were analyzed from in-plane views by HAADF-STEM with a JEOL 2200FS
microscope using an acceleration voltage of 200 kV, a probe size of 0.7 nm, and an inner collection
angle of 50 mrad. Selected samples were also studied in the reciprocal space by GISAXS. This
“nonlocal” technique is an ideal complementary tool to observe surface modifications induced by IBS

and growth of particles on such surfaces since it probes large areas, up to several mmz2, and therefore
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gives statistical information [20]. The GISAXS data were collected at the European Synchrotron
Radiation Facility (Grenoble, France) with the small-angle scattering setup of the D2AM beamline.
The incident X-ray beam (photon energy of 9.8 keV) was parallel to the ripple direction, the incidence
angle was close to the critical angle for total external reflection of Al,O3 (o = 0.214°), and the
sample-to-detector distance was 1975 mm. The optical properties were investigated (section 3.4) by
means of spectroscopic transmission of polarized light at normal incidence in the spectral range (250
nm - 1200 nm) by using a Cary5000 spectrophotometer from Agilent Technologies equipped with a

rotating polarizer. All optical spectra are macroscopic measurements (beam diameter ~ 3 mm).

3. Results
3.1. Morphology of the pre-patterned surfaces

Typical surface morphologies of pre-patterned Al;O;z thin films with sputtering parameters “ion
energy-sputtering time” (600 eV-1000 s), (600 eV-100 s), and (1 keV-100 s), respectively, are shown
in figures 1(a)-1(c). As reported in previous papers [16, 17, 18, 20], periodic ripples oriented in the
direction perpendicular to the projection of the Xe™ beam are formed onto the Al.Os surface. At first
glance, both the ripple period and the pattern quality are influenced by the sputtering time and ion
energy. This is quantitatively confirmed with the 1D Power Spectral Density (PSD) functions of the
images presented in figures 1(d)-1(f). From the position and width of the first-order PSD peak, the
ripple period A and the pattern correlation length & can be retrieved [21]. § corresponds to the
inverse of the full width at half maximum of the first-order PSD peak and gives the length scale up to
which positional correlation is present on the surface, i.e. § is a measure for the lateral ordering of the
ripples The thinner is the peak, the more ordered are the ripples. In table 1, we can notice that the
period is increased and the pattern quality is improved with long sputtering times. Furthermore, higher
ion energy leads to an increase of the ripple period, while it seems to have little influence on the ripple
ordering. These observations are comparable to previous results reported in the literature for insulating
surfaces subjected to IBS at RT [22-24]. 2D GISAXS maps obtained for Al;Os thin films sputtered at
(600 eV-1000 s) and at (1 keV-100 s) are displayed in figure 2 for comparison. It is worth noting that
1D PSD functions and 2D GISAXS maps exhibit similar features, thus indicating that the ‘local’
information obtained by AFM on small areas of the order of 1 um? is relevant to the mean surface
morphology. Indeed, first and second-order satellite streaks are readily observed by GISAXS, which
demonstrates that the formation of unidirectional periodic ripples takes place on the whole surface.
Moreover, as a consequence of the loss of ordering as the sputtering time is decreased from 1000 s
(figure 2(a)) to 100 s (figure 2(b)), one can notice that the first-order streaks broaden whereas the

second-order streaks are strongly attenuated, which qualitatively endorses the conclusions drawn from
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the AFM images and corresponding PSD functions. Finally, a ripple height of about 5 nm was
estimated from the vertical extension of the scattering streaks [20], thus yielding a mean ripple slope

in the range from 20° to 25°.

Table 1: Morphological parameters obtained from AFM measurements on pre-patterned Al,Os thin
films with different sputtering parameters (energy of Xe ions and sputtering time): ripple period A and

normalized correlation length & /A.

Sputtering energy Sputtering time A £ /A
(eV) (s) (nm)

100 18.7 2.7

200 20.1 3.6

600 500 21.6 5.7

1000 23.5 6.2

100 23.3 2.3

1000 300 25.0 4.8
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Figure 1: AFM images of the surface morphology obtained for pre-patterned Al,Os thin films with
sputtering parameters (a) 600 eV-1000 s, (b) 600 eV-100 s, and (¢) 1 keV-100 s. The direction of the
Xe* beam projection is shown by the arrow. Corresponding 1D PSD functions obtained by Fourier
transformation of the AFM images with sputtering parameters (d) 600 eV-1000 s, (e) 600 eV-100 s,
and (f) 1 keV-100 s.
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Figure 2: Experimental 2D GISAXS maps obtained for pre-patterned Al>O3 thin films with sputtering
parameters (a) 600 eVV-1000 s and (b) 1 keV-100 s.

3.2. Influence of the Ag deposition angle on the particle morphology and in-plane organization

Figures 3(a)-3(d) show the in-plane organization and the morphology of Ag nanoparticles
characterized by HAADF-STEM for samples prepared using different glancing angles of Ag
deposition (90°, 20°, 8°, and 2°, respectively) on surfaces patterned with 1 keV ions during 300 s. The
particles appear in bright contrast over a dark background corresponding to the signal of the Al,O3
matriX. It should be noted that the nucleation of metal nanoparticles obtained by normal incidence
deposition onto flat amorphous dielectric surfaces is mainly affected by the density of point defects on
the surface whereas their growth is isotropic in average [25, 26]. As a matter of fact, such
nanoparticles can be considered as ellipsoids randomly oriented and distributed on the surface.
Similarly, despite local variations of the incident metal flux, the seed formation of nanoparticles
obtained by glancing angle deposition onto nanorippled amorphous Al>,O3 takes place on the whole
surface because the diffusion length of metal atoms is much larger than the ripple period [17].
Nevertheless, figures 3(a)-3(d) clearly show that the particle growth is more or less anisotropic and is

strongly influenced by the angle of deposition.



The HAADF-STEM images presented in figures 3(a)-3(d) were analyzed by digital image processing
assuming ellipsoidal nanoparticles (with in-plane long axis a and short axis b) oriented with an angle
6 compared to the ripple direction, as shown in figure 4. The resulting in-plane size D (defined as D =
+ab) distributions are given in figure 5 whereas the in-plane aspect ratios a/b as a function of D and &
are plotted in figure 6. It should be noted that only the particles with D > 1.5 nm (i.e. larger than twice
the probe size) were taken into account. To obtain quantitative information, the size histograms were
fitted using a bimodal lognormal distribution defined by two peak positions and full widths at half
maximum (fwhm). The derived positions (D1 and D,) and fwhm (o1 and o) are given in table 2
together with the mean center-to-center distances between the particles in the directions parallel (L)
and perpendicular (L.) to the ripples and the normalized correlation length &, /L. and &; /Ly, which
were obtained from the analysis of the autocorrelation functions displayed in figures 3(e)-3(h) and

from the PSD functions (not shown), respectively.

As shown in figure 5(a), normal incidence deposition of Ag on the nanorippled surface results in a
monomodal D distribution centered at D, = 5.3 nm. Most of the particles have an ellipsoidal shape
with an in-plane size D smaller than 12 nm and an in-plane aspect ratio a/b in the range from 1 to 4
(figure 6(a)). However, a random orientation of the particles with respect to the ripples is observed
(figure 6(b)). In this case, the autocorrelation function of the HAADF-STEM image (figure 3(e))
exhibits both an almost circular ring with a radius ~10 nm (typical of an almost isotropic in-plane
organization) and weak horizontal fringes with a period ~23.3 nm similar to the ripple period of the
pre-patterned Al,Oz surface. These results show that, even at normal incidence, local Ag flux
variations on the surface (due to the presence of ripples) have an influence on the particle growth,
which induces a slight anisotropy in the spatial organization of the particles [18, 27] with &, /L. being
a little higher than &, /Ly . Nevertheless, it is clear that the periodic ripple pattern is not fully replicated
by the Ag nanoparticles, which grow on the whole surface. Moreover, it is worth noting that the mean
gap between adjacent particles in the direction parallel to the ripples can be estimated as (Ly - D2)
= 4.7 nm, i.e. (Ly - D2)/D2 = 0.9. When the glancing angle of Ag deposition is reduced to 20° (i.e. close
to the mean ripple slope), the local variations of Ag flux on the rippled surface are amplified, which
results in a broadening of both the D (figure 5(b)) and a/b (figure 6(c)) distributions. Furthermore, a
broad peak centered at &= 0° appears in the a/b vs 8 plot (figure 6(d)), whereas the horizontal fringes
in the autocorrelation function displayed in figure 3(f) get more pronounced than those observed for
normal incidence deposition. The ordering is improved in the perpendicular direction as shown by the
increase of &, /L. Thus, deposition at a glancing angle of 20° tends to promote the particle growth in
the direction parallel to the ripples, which causes a decrease of the mean gap between adjacent
particles with (Ly - D2) ~0.8 D,. At smaller glancing angles of Ag deposition (8° and 2°), the size

distribution gradually splits into a bimodal distribution (figures 5(c) and 5(d)), with a narrow
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distribution of small nanoparticles centered at D1 =2.5nm and a broader distribution of larger
particles whose mean size D, increases as the deposition angle decreases (table 2). Overall, the
nanoparticles smaller than 12 nm present an in-plane aspect ratio a/b < 3, with no obvious correlation
between a/b and D (figures 6(e) and 6(g)). Furthermore, they are randomly oriented and distributed on
the surface (figures 6(f) and 6(h)), as obtained with normal incidence deposition. In contrast, for sizes
larger than 12 nm, we observe that a/b increases linearly with D and that such elongated nanoparticles
are preferentially aligned along the nanoripples (6= 0°). Moreover, as shown in figures 3(g) and 3(h),
the periodic fringes observed in the corresponding autocorrelation functions get sharper as the
deposition angle decreases (with &, /L. approaching the value obtained on the pre-patterned surface),
suggesting that a replication of the lateral order between ripples is achieved. In these grazing-incidence
deposition conditions, the mean distance L, is thus imposed by the ripple period, while the transverse
extension of the elongated particles is relatively constant, between 7 and 9 nm. Hence, the particle
growth in the transverse direction is limited by the dimension of the ripple sides exposed to the Ag
flux whereas the growth of the particles nucleated on the opposite sides is wiped out by shadowing
effects. Accordingly, as the glancing angle of deposition is decreased, the particles are more and more
elongated in the longitudinal direction due to particle coalescence, which produces an increase of the
mean center-to-center distance L (table 2) together with a decrease of the (L, - D,)/D; ratio from 0.59
for Ag deposition at 8° to 0.49 at 2°. Moreover, the particle ordering (i.e. & /Ly) is still low in this
direction. Actually, as a result of the broad size and distance distributions in the longitudinal direction,
there exists a broad distribution of gaps between adjacent particles within a chain, with a high density
of narrow gaps smaller than 5 nm, as shown in the inset of figure 3(d). Therefore, at very low glancing
angles of deposition, shadowing effects associated with low Ag deposition rates cause a preferential
growth on the ripple sides exposed to the Ag flux and along the longitudinal direction, which results in
the production of nanoparticle arrays consisting of aligned chains of closely spaced elongated
nanoparticles, oriented in the ripple direction, with a chain periodicity imposed by the underlying

patterned Al,Os surface.




Figure 3: HAADF-STEM plan view images of Al.Os-capped Ag nanoparticles grown on rippled

Al;Os thin films with different glancing angles for Ag deposition: (a) 90°, (b) 20°, (c) 8° and (d) 2°.
Scale bars in the zoomed portions shown in the insets correspond to 10 nm. (e,f,g,h) Corresponding
autocorrelation functions of images (a,b,c,d). The direction of the Xe* and Ag beam projections are

shown by the arrow.

Table 2: Ag deposition time zag , Ag equivalent thickness taq obtained from RBS measurements, and
structural parameters retrieved from the quantitative analysis of HAADF-STEM images and
corresponding autocorrelation functions of Al,Os-capped Ag nanoparticles grown on rippled Al,O3
thin films with different glancing angles of Ag deposition: mean center-to-center distance between the
particles perpendicular to the ripples L, and along the ripples Ly, normalized correlation lengths &, /L.
and & /Ly, peak position (D; and D) and fwhm (o1 and o) of the bimodal lognormal distributions

given in figure 5.

Deposition  zag  tag L. Ly D1 o1 D2 02
angle(®) (s) (nm) (nm) S/l (nm) &/l (hm)  (hm)  (hm)  (nm (Li- D2)/D:
90 6 121 9.6 1.6 10.0 1.3 - - 53 4.4 0.89
20 11 142 228 3.2 11.9 1.0 2.8 3.7 6.7 6.4 0.78
8 17 127 239 4.2 12.4 1.3 2.4 3.2 7.8 4.0 0.59
2 28 140 251 3.9 14.0 1.1 2.4 3.2 9.4 4.9 0.49
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Figure 4: Sketch of the orientation & of an individual ellipsoidal nanoparticle (with long axis a and
short axis b) with respect to the ripple direction (bottom). The scale bar corresponds to 10 nm in the

HAADF-STEM image (top).
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Figure 5: In-plane size D distributions for Al,Os-capped Ag nanoparticles grown on rippled Al,O3
thin films with different glancing angles of Ag deposition: (a) 90°, (b) 20°, (c) 8°, and (d) 2°.
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Figure 6: In-plane aspect ratio a/b as a function of the size D (a,c,e,g) and orientation & (b,d,f,h) for
Al>Os-capped Ag nanoparticles grown on rippled Al,Osz thin films with different glancing angles of Ag
deposition: 90° (a,b), 20° (c,d), 8° (e,f), and 2° (g,h).
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3.3. Influence of the pre-patterned surface ordering on the particle growth

Figures 7(a)-7(c) show the in-plane view HAADF STEM images of Al.Osz-capped Ag nanoparticles
grown at a glancing incidence of 2° on pre-patterned Al,Oz surfaces with sputtering parameters (600
eV-100 s), (600 eV-1000 s), and (1 keV-100 s), respectively. The corresponding autocorrelation
functions given in figures 7(d)-7(f) evidence an improved in-plane organization of the particles when
the sputtering time is 1000 s since the periodic fringes become sharper. This is confirmed by GISAXS
measurements, as presented in figures 8(a)-8(b), which have to be compared to the GISAXS maps of
pre-patterned surfaces shown in figure 2. After Ag deposition and Al.Os capping, the GISAXS maps
display asymmetric streaks modulated by fringes along the vertical direction. These fringes arise from
interferences between the upward and downward propagating waves into the stratified film and are the
signature of the replication of topography of the buried Ag nanoparticles by the surface roughness of
the Al,O3 capping layer [20, 28]. Furthermore, the asymmetry in the intensity distribution with respect
to the gy axis can be ascribed to the scattering of nanoparticles tilted from the normal to the mean
surface, which is consistent with a preferential particle growth on the ripple sides exposed to the Ag
flux during the deposition. It is also worth noting that the position and lateral width of the first-order
streaks as well as the relative intensity of the second-order streaks exhibit the same features as
obtained on the corresponding pre-patterned surfaces. Hence, these statistically averaged data confirm
the HAADF-STEM observations suggesting that both the period and ordering of the ripple pattern is
replicated by the Ag nanoparticle arrays, which results in a better spatial organization of the particles
for long sputtering times during pre-patterning of the Al,Os surface.

As described in the previous section, we carried out a quantitative analysis of the HAADF-STEM
images of all the samples prepared using a glancing angle of Ag deposition of 2° and different
sputtering parameters (table 3). Again, we consistently found a bimodal distribution of the in-plane
size D with a first peak centered at D; ~ 2.3 nm, while the position of the second one D- increases for
Ag depositions performed on surfaces prepared with increasing sputtering times. As shown in figure 9
and table 3, this coarsening is associated with an increase of the in-plane aspect ratio a/b of the largest
nanoparticles, whose preferential orientation is obviously along the ripples (figure 7(b)), and with an
increase of the mean distance Ly in the longitudinal direction as well as a decrease of the mean (L -
D,)/D; ratio from 0.78 to 0.62. Accordingly, although the mean interparticle distance L, in the
transverse direction remains dictated by the ripple period (with & /L. being similar to the value
obtained on the pre-patterned surface), the longitudinal growth and ordering of the particles are
strongly influenced by the pattern quality. For Ag depositions performed on surfaces prepared with
short sputtering times, the high density of local defects such as ripple bifurcations and interstitials [29]

results in the formation of poorly organized and slightly elongated nanoparticles. In contrast, Ag
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depositions performed on surfaces prepared using longer sputtering times lead to more elongated and

more closely spaced nanoparticles by replication of the ripple pattern quality.

Table 3: Structural parameters retrieved from the quantitative analysis of HAADF-STEM images and
corresponding autocorrelation functions of Al,Os-capped Ag nanoparticles grown at a glancing
incidence of 2° on pre-patterned Al,O3 thin films prepared using different sputtering parameters “ion
energy-sputtering time”: mean center-to-center distance between the particles perpendicular to the
ripples L, and along the ripples Ly, normalized correlation length &, /L, and &y /Ly, peak position (D

and D) and fwhm (o1 and o) of the corresponding bimodal lognormal distributions.

Sputtering  Sputtering

: L. Ly D: o1 D, [oz)
e?:\r/g;y tl(rse om S omy Y am) om)  (m) (hm (Ly-D2)/D:
100 16.9 2.9 10.4 1.2 2.3 2.1 5.8 4.1 0.79
600 200 18.4 3.8 11.8 1.2 2.5 2.8 6.9 45 0.71
500 19.8 5.2 13.6 0.9 2.3 2.6 7.8 4.7 0.74
1000 22.2 4.9 13.8 1.2 2.1 2.4 8.5 4.8 0.62
1000 100 21.1 3.3 11.4 1.1 2.1 2.0 6.2 5.1 0.84

10nm U | 10nm

Figure 7: HAADF-STEM plan view images of Al,Os-capped Ag nanoparticles grown at a glancing
incidence of 2° on pre-patterned Al,Os thin films prepared using different sputtering parameters (a)
600 eV-100 s, (b) 600 eV-1000 s, and (c) 1 keV-100 s. Scale bars in the zoomed portions shown in the
insets correspond to 10 nm. (d,e,f) Corresponding autocorrelation functions of images (a,b,c). The
direction of the Xe* and Ag beam projections are shown by the arrow.
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Figure 8: Experimental 2D GISAXS maps obtained for Al.Os-capped Ag nanoparticles grown at a
glancing incidence of 2° on pre-patterned Al;Os thin films prepared using different sputtering
parameters (a) 600 eV-1000 s and (b) 1 keV-100 s.
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Figure 9: In-plane size D distributions for Al,Os-capped Ag nanoparticles grown at a glancing

incidence of 2° on pre-patterned Al>O3 thin films prepared using different sputtering parameters (a)
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600 eV-100 s, (b) 600 eV-1000 s, and (c) 1keV-100 s. In-plane aspect ratio a/b as a function of the
size D: (d) 600 eV-100 s, (e) 600 eV-1000 s, and (f) 1 keV-100 s.

3.4. Optical properties of the nanoparticle arrays

The optical properties of the Al,O3/Ag/Al,O; hanocomposite films deposited on SiO; substrates were
studied by transmission measurements at normal incidence with two polarizations of the incident light,
oriented in the longitudinal (/) and transverse (L) directions compared to the ripple direction. In all
cases, the structural anisotropy results in an optical dichroism, Ay - 1. # 0, where A, and A, are the
spectral positions of the minimum of transmittance for longitudinal and transverse polarizations,
respectively. Furthermore, this dichroism intensifies as the glancing angle of Ag deposition decreases
and the sputtering time increases (table 4). Nevertheless, as shown in figures 10 and 11, the position of
the transverse resonance A, is relatively constant, in the range from 500 to 520 nm, while the
longitudinal resonance Ay is more or less shifted to higher wavelengths. Meanwhile, a damping and an
inhomogeneous broadening of the longitudinal resonance can be noticed, even though the amplitude
and width of the transverse resonance remain stable. Moreover, for a longitudinal excitation, a second
resonance centered at a lower wavelength (around 500 nm) is clearly observed when Ag deposition is
performed at glancing angles of 2° and 8° onto Al;Os surfaces pre-patterned with long sputtering
times. Qualitatively, these results confirm that the dichroic properties of such arrays of elongated
nanoparticles are strongly affected by the spatial organization of the particles and, therefore, both by
the quality of the underlying ripple pattern and by the glancing angle of Ag deposition. Nevertheless, it
can be noticed that the nanoparticle arrays grown on pre-patterned surfaces prepared at 600 eV with

sputtering times of 1000 s and 500 s present similar optical properties (figure 11(a)).

Table 4: Spectral position of the minimum of transmittance for transverse (A. ) and longitudinal ()

excitations.

Sputtering  Sputtering Deposition
P g =P g P A AL Ap-AL

energy time angle

° nm nm nm
(eV) (s) ©) (nm) (nm)  (nm)
90 528 517 11

20 550 522 37

1000 300 8 603 502 106
2 688 498 190

100 2 626 510 116

100 579 516 63

200 607 520 87

600 500 2 679 516 163
1000 680 514 166
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Figure 10 : Transmission measurements at normal incidence with two polarizations of the incident
light, oriented in the longitudinal (a) and transverse (b) directions compared to the ripple direction, for
Al>Os-capped Ag nanoparticles grown on rippled Al>Os thin films with different glancing angles of Ag
deposition: 90°, 20°, 8° and 2°.
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Figure 11: Transmission measurements at normal incidence with two polarizations of the incident
light, oriented in the longitudinal (solid lines) and transverse (dotted lines) directions compared to the
ripple direction, for Al,Os-capped Ag nanoparticles grown at a glancing incidence of 2° on pre-
patterned Al,Os thin films prepared using different sputtering parameters: (a) 600 eV-100 s, 600 eV-
200 s, 600 eV-500 s, and 600 eV-1000 s; (b) 600 eV-100 s and 1keV-100 s.
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4, Discussion

For an individual metallic nanoparticle, the spectral position of the LSPR is determined by its size and
shape, and by the properties of the metal and external dielectric environment around it (i.e. the
dielectric host). The particle can exhibit dipolar excitations with triple degeneracies for an ellipsoidal
shape, and therefore three resonances whose spectral positions depend on the ellipsoid aspect ratio.
For example, an ellipsoidal Ag nanoparticle embedded in an Al,Oz matrix ( n = 1.65 at 633 nm) with
in-plane axes a = 10 nm, b = 8 nm, and out-of-plane axis ¢ = 5 nm presents three LSPR located at
Aa =565 nm, Ap = 490 nm, and A = 390 nm, respectively, while a spherical particle witha=b =c =
10 nm presents a unique LSPR at 455 nm and a spheroidal particle with a=b =10nmand ¢ =5 nm
exhibits two LSPR at A, = Ap = 545 nm and A. = 380 nm. For a system of two or more nanoparticles
close enough to each other (e.g. a linear chain), a new phenomenon arises as a result of plasmon
coupling, which produces a significant change of the optical response of the nanocomposite. Indeed,
when identical nanoparticles are close to each other within a linear chain, they interact via their
radiative electric field and the interaction between neighbors can produce mixing and splitting of the
dipolar modes of each particle [30-33]. According to the polarization of the incident electric field with
respect to the direction of the nanoparticle chain, a small blue-shift (for a transverse polarization) or a
red-shift (for a longitudinal polarization) is produced when compared with an isolated nanoparticle.
The magnitude of the red-shift becomes more significant as the gap between the particles decreases,
while the one of the blue-shift is almost undetectable. Furthermore, some authors have shown that
multipolar terms become relevant in the effective response of closely spaced nanoparticles, adding
resonances at wavelengths lower than the dipolar mode [34-38]. Accordingly, as mentioned in the
introduction, a key parameter which controls the optical behavior of a regular array is the gap between

particles compared to their size.

Compared to nanolithography techniques, the main drawback of IBS for any practical application is
the difficulty in obtaining monodisperse arrays of nanoparticles with regular morphology and
interparticle distance. Nevertheless, as shown in figures 3 and 7, by combining a long sputtering time
for ripple formation and a low glancing angle for Ag deposition, the interparticle gaps inside the
periodic chains (i.e. along the longitudinal direction) can decrease down to 1 nm or even less, and may
vary up to a few nm. In order to study the influence of such small and polydisperse gaps, we
performed Finite Difference Time Domain (FDTD) calculations with Lumerical software [39], as
presented in figures 12, 13 and 14. Within the frame of a classical electromagnetic model, we
simulated the optical response of two pairs of Ag nanoparticles embedded in an Al,Os matrix, the
nanocomposite layer being supported on a SiO; substrate (figure 12(a)). To simplify the problem, we
considered identical ellipsoidal nanoparticles with in-plane axes a = 10 nm and b = 8 nm

corresponding to average experimental values. Furthermore, since the experimental out-of-plane
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aspect ratio c/D is expected to be smaller than one [26], we fixed the out-of-plane axis ¢ to 5 nm. The
complex refractive indices of Ag and Al,O; were obtained by spectroscopic ellipsometry
measurements, in the visible range (400 nm-800 nm), of thick films deposited on a silicon substrate by
IBS. The distance between the two pairs in the transverse direction was set to 23 nm (i.e. equivalent to
the ripple period), while the gap g between two adjacent particles was varied from 10 nm to 0.5 nm in
the longitudinal direction. We considered periodic boundary conditions of the FDTD simulation
domain in the (x,y) plane and Perfectly Matched Layer (PML) boundary conditions in the z-direction,
with a graded mesh region. A mesh override region, with a cubic mesh size of 0.1 nmx0.1 nmx0.1 nm,
was considered for simulation domain close to the nanoparticles. The incident source, located in the
substrate region, was considered as a plane wave source with amplitude Eo equal to 1 VV/m and with a
polarization direction either parallel or perpendicular to the pair axis (x-direction). When the
polarization of the incident light is transverse to the pair axis, the spectral position of the LSPR, A, is
weakly dependent on the particle gap in the longitudinal direction and is similar to the one obtained
for an isolated ellipsoidal nanoparticle: A, = 505 nm for g =a =10 nmand A, =500 nm for g = a/10 =
1 nm (not shown). It is worth noting that these calculated A, values are consistent with our
experimental results. Moreover, as also observed experimentally, reducing the distance L, between the
two-particle pairs from 23 nm to 15 nm does not affect the spectral shape and position of the
transverse resonance because the particles present an edge-to-edge distance (L. — b) larger than their
dimension b in this direction. On the contrary, when the incident electric field is polarized along the
pair axis, the longitudinal resonance is strongly dependent on the particle gap g as shown in figures
12(b) and 13(a). For g = a = 10 nm, the interactions between the particles are weak and therefore the
transmission spectrum is similar to the one obtained with a single particle (dipole mode). As g
decreases, the longitudinal resonance gradually shifts to the red due to an enhancement of the particle
coupling, the LSPR position being shifted to A, = 665 nm for near touching particles (g = 0.5 nm).
Furthermore, as indicated by an arrow in figure 12(b), when g = 1 nm = a/10, a new band of
absorption with much lower amplitude becomes apparent at lower wavelength (~ 500 nm) that also
red-shifts as the particles get closer. This new mode is the signature of bonding hybridized
guadrupolar resonance. Nevertheless, let us note that for gaps smaller than 0.5 nm and larger than
0.1 nm, quantum mechanical effects may play an important role and therefore the classical description
breaks down [40, 41]. In these conditions, the electron tunneling probability increases as the gap
decreases and hence a less pronounced red-shift with a reduction of the field enhancement is expected.
For gaps smaller than 0.1 nm, a conductive overlap is established between the nanoparticles
(conductive regime) and a new plasmon mode is enabled, the charge transfert plasmon [38] that
involves conduction electrons flowing back and forth between the particles. As shown in figure 13(a),
calculations made with two pairs of spheroidal nanoparticles (with a = b = 10 nm and ¢ = 5 nm) and

spherical nanoparticles (with a = b = ¢ = 10 nm) not only confirm the blue-shift of the longitudinal
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resonance compared to ellipsoidal particles, but also the red-shift as g decreases. They also show the
appearance of a small absorption band at lower wavelength for near touching nanoparticles (e.g., for ¢
= 1 nm, a shoulder in the transmission spectra appears at 525 nm and at 460 nm for spheroidal and
spherical particles, respectively). In figure 13(b), the maximum of the field enhancement |E/Eo|max
obtained at the LSPR for a longitudinal excitation is plotted versus the particle gap g. For g = 10 nm,
|E/Eo|max is close to the value obtained for a single particle (referenced by the dotted line for an
ellipsoidal nanoparticle), while |E/Eo|max Strongly increases as g decreases, owing to an increase of the
particle interactions. In this case, the electromagnetic field is highly confined within the interstice
between the particles, as shown in the insets of figure 13(b) where field enhancement |E/Eq| maps are
given for g = 10 nm and 1 nm. Furthermore, the maximum of the field enhancement |E/Eo|max at the
LSPR is always slightly higher for ellipsoidal particles than for spheroidal and spherical particles,
whatever the gap g [42]. At last, it is worth noting that the spectral position of the minimum of
transmittance (that is measured in far field) in the longitudinal direction strongly depends on the
number of particles inside a linear chain (figure 14) [43]. Overall, the longitudinal resonance shifts to
the red when increasing the number of particles. This effect is particularly pronounced for 3 or 4
particles compared to a pair of particles and also more important for gaps smaller than 1 nm, implying
that the interactions between the nanoparticles extend beyond the first nearest neighbor, the extension
being larger for small gaps [44]. Therefore, the gap distribution inside the chains of particles is
expected to have a crucial impact on the macroscopic optical response of the nanoparticle array.
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Figure 12: (a) Sketch of the configuration used to perform FDTD calculations for two pairs of
identical ellipsoidal Ag nanoparticles surrounded by an Al,Oz matrix deposited on a SiO; substrate. (b)

Calculated transmission at normal incidence for a longitudinal excitation (i.e. for a polarization of the
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electric field along the x-direction). The gap g between the two ellipsoidal particles is reduced from 10

nm to 0.5 nm. The red arrow indicates the emergence of a second absorption band for g =1 nm.
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Figure 13: (a) Variations of the spectral position of the dipolar longitudinal resonance as a function of
the interparticle gap g for ellipsoidal, spheroidal and spherical nanoparticles (see text). (b) Variations
of the maximum of the field enhancement |E/Eo|, obtained at the LSPR for a longitudinal excitation, as
a function of the interparticle gap g for ellipsoidal, spheroidal and spherical nanoparticles (see text).
The dashed line corresponds to the |E/Eq| value obtained for a single ellipsoidal particle. Insets: field

enhancement |E/Eo| maps calculated for g = 10 nm at ;=580 nm and for g = 1 nm at 1, = 630 nm.
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Figure 14: (a) Sketch of the configuration used to perform FDTD calculations for a linear chain of
identical ellipsoidal Ag nanoparticles surrounded by an Al,O; matrix deposited on a SiO; substrate. (b)
Variations of the spectral position of the minimum of transmittance, calculated at normal incidence for
a longitudinal excitation, as a function of the number of particles inside the chain for interparticle gaps
g=5,2,1and 0.5 nm.

Compared to our experimental observations, this numerical study confirms that for normal incidence
deposition, the slight dichroism (4, 90— A1 90c = 11 nm) originates from the dipolar modes (longitudinal
and transverse) of slightly ellipsoidal particles, far to each other. Combining long sputtering times for
ripple formation (> 300 s) and low glancing angles for Ag deposition (< 8°), only one narrow band
associated to a dipole transverse plasmon resonance is observed experimentally when the incident
polarization is perpendicular to the nanoparticle chains because the mean interparticle distance L, is
imposed by the ripple period and is much larger than the particle dimension in this direction. In
contrast, two absorption bands are observed when the polarization is parallel to the nanoparticle chains
(figure 10(a)). The more intense of these two longitudinal LSPR exhibits a prominent red-shift as the
deposition angle decreases. According to our simulations (figures 12-14), this behavior may be related
to the chaplet-like organization of elongated particles together with the reduction of the mean gap
between particles. Moreover, the experimental broadening and damping of this “red resonance” may
arise from the development of a broad distribution of small gaps (g < 2 nm) within the nanoparticle
chains since weak gap variations induce large red-shifts of the resonance (even if shape distribution
may also contribute to the broadening of the resonance). The less intense of the two longitudinal LSPR
appears at a lower and nearly constant wavelength around 500 nm (“blue resonance”), while its
amplitude decreases as the deposition angle decreases. Although the contribution of quadrupolar
resonances cannot be ruled out, the “blue resonance” is most likely to arise from the presence of a
significant number of particles randomly oriented and distributed on the surface. Accordingly, owing
to the formation of less elongated and more spaced particles in the ripple direction, Ag depositions
performed either at high glancing angles or on pre-patterned surfaces prepared with short sputtering
times generate a single longitudinal LSPR that is indeed caused by the contribution of two
populations: i) particles randomly oriented and “optically” isolated (“blue resonance” always peaking
at ~ 500 nm) and ii) particles oriented in the direction parallel to the ripples and “optically” coupled
(“red resonance” whose spectral position shifts to lower wavelengths as the deposition angle increases
or the sputtering time decreases). Obviously, the formation of aligned and elongated particles with
sub-nanometer gaps promotes coupling between particles, and hence leads to strong electric field
enhancements (figure 13). Furthermore, our experimental results and numerical simulations suggest

that the spectral position of the “red resonance” observed for a longitudinal excitation is a signature of
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this coupling, i.e. strongly coupled elongated particles are expected to generate a longitudinal LSPR at

higher wavelengths than isolated spherical particles.

5. Conclusion

In this paper, we have demonstrated that low-energy ion beam sputtering of a dielectric surface
followed by Volmer-Weber growth of metallic nanoparticles by physical vapor deposition at glancing
angles is a versatile method that can be optimized in order to produce nanoparticle arrays with
dimensions and gaps below the resolution of lithographic techniques. It is reliable, easy to apply at low
cost and at wafer scale. Since the nanoparticles can be protected from atmospheric exposure by a
capping layer of controlled thickness, all the surfaces possess high stability and can be easily cleaned
without modifications of their properties. The quality of the ripples and the angle of metal deposition
are key factors in the nanoparticle growth mechanisms. We have shown that a long sputtering time for
ripple formation (i.e. a high ion fluence) and a low glancing angle for metal deposition favor the
formation of aligned and elongated nanoparticles with sub-nanometer interparticle gaps. These
nanoparticle arrays generate high electric field enhancements for a longitudinal excitation and
therefore could be employed as reusable substrates for surface enhanced spectroscopies in routine
analysis. In addition, since IBS has proved its applicability to a wide range of materials, the spectral
position of the longitudinal resonance could be adjusted via the dielectric functions of the pre-
patterned buffer layer and capping layer. Thus, the optical properties of the nanoparticle arrays could

be optimized for various SERS excitation wavelength/molecule combinations.
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