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Anisotropic optical properties of silver nanoparticle arrays on rippled dielectric surfaces
produced by low-energy ion erosion
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Nanoripple patterns with long-range order have been fabricated on amorphous dielectric films by Xe* ion
etching. They are used as templates to elaborate organized arrays of aligned Ag nanoparticles by grazing
incidence ion-beam sputtering. The particles present an ellipsoidal shape with a major axis parallel to the
ripples. Optical calculations show that both the spatial organization and shape anisotropies contribute to a
strong dependence of the surface-plasmon resonance of the nanocomposite films on the orientation of the

electric field.
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I. INTRODUCTION

Metal nanoparticles show peculiar properties different
from those of bulk materials that make them attractive for
many applications ranging from nanophotonics' to
biochemistry.*> Indeed, the optical response of noble-metal
nanoparticles is dominated by the surface-plasmon resonance
(SPR) phenomenon, which induces both a wavelength-
selective photon absorption in the visible range and a strong
enhancement of the local electromagnetic field inside and
near the particles that make them interesting for surface-
enhanced Raman-scattering measurements and its applica-
tions for molecular detection.® The spectral position of the
SPR not only depends on the intrinsic properties of the metal
and of the dielectric matrix surrounding the particles, on the
chemical nature of the metal/dielectric interface, but is also
affected by the morphology (shape and size) and spatial or-
ganization of the metallic particles within the matrix.”:8

In previous works,’”!> we have investigated in detail the
morphology of Ag nanoparticles capped by various dielectric
matrices (BN, SizNy, Al,O3, and Y,05). We have shown that
when the growth is performed on atomically flat substrates,
the nanoparticles are randomly distributed on the surface and
present an out-of-plane aspect ratio (H/D) strongly depen-
dent on the matrix. Moreover, a quantitative structural analy-
sis by high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) has revealed a linear
increase in the height of the individual nanoparticles with
their in-plane diameter, independently of the deposited metal
amount.'"'? This behavior is believed to originate from a
delicate interplay between thermodynamics and Kinetics.
Therefore, by adjusting the nature of the matrix, it is possible
to change the optical properties of the nanocomposite films
by the modification of the dielectric environment of the
nanoparticles and the induced change in nanoparticle shape.

A new route to control not only the morphology but also
the in-plane organization of the nanoparticles, and therefore
their physical properties, is to use nanostructured surfaces as
templates.'3>22 In a recent study,”' we have shown that fac-
eted alumina substrates prepared by thermal treatment of
vicinal surfaces can be used to obtain organized arrays of
nanoparticles by self-shadowing effects under grazing inci-
dence during the metal deposition. According to the orienta-
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tion of the atomic beam compared to the facets and the inci-
dence angle, it is possible to select the type of facet on which
the growth takes place and consequently to elaborate orga-
nized systems constituted of stripes or linear chains of par-
ticles. The structural anisotropy of these systems results in a
dependence of their optical response on the orientation of the
electric field. However, while promising, the preparation
technique requires extreme temperature (>1000 °C) for the
template production and the choice of substrate is limited to
crystalline materials. To take advantage of tuning the spectral
position of the SPR by the control of the optical properties of
the matrix, it is necessary to widen the type of nanostruc-
tured templates on which the nanoparticles are deposited.
Moreover, the synthesis of organized arrays in a “one-step
process” over a large scale in time-saving conditions at mild
temperature is very attractive for nanotechnology applica-
tions. It is known that surface etching by ion sputtering at
oblique incidence of amorphous bulk materials such as
Si0,,2>2* as well as crystalline semiconductors'®!1%2527 or
metals?® can produce regular repetitive and periodic surface
structures in the form of ripples. The phenomenon is related
to the interplay between ion erosion and the diffusion of
adatoms, which induces surface reorganization. This tech-
nique can be applied to a large variety of fabrication process
allowing the in situ production of surfaces with well-defined
lateral periodicity, vertical amplitude, and controlled
orientation.>>3° This paper reports on the broader applicabil-
ity of such method to amorphous dielectric thin films (BN,
Si3N,, and Al,O53) and on the realization of metallic nano-
particle arrays. Depending on the nature of the material, the
energy of the incident ion beam and the etching duration, we
show that nanopatterning of the dielectric films with different
periods and amplitudes is possible. Furthermore, metallic
nanoparticle arrays can be obtained by silver sputtering at
grazing incidence on such templates. Finally, we demonstrate
that the Al,Os-capped silver nanoparticles exhibit aniso-
tropic optical properties which are interpreted as the conse-
quence of two contributions: in-plane organization and shape
anisotropy.

II. EXPERIMENT

All the experiments were performed at room temperature
in a Dual Ton Beam Sputtering Nordiko™ chamber (base
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FIG. 1. (Color online) Schematic of the nanostructure elabora-
tion process: (a) amorphous dielectric buffer-layer deposition at
normal incidence, (b) etching of the buffer layer with Xe* ions at
55° with respect to the surface normal, (c) deposition of silver at
grazing incidence (5° with respect to the surface), and (d) deposi-
tion of the amorphous dielectric capping layer at normal incidence.

pressure 4 X 1078 Torr) consisting of two rf-plasma ion
guns. The elaboration process started with the deposition at
normal incidence of an amorphous dielectric buffer layer by
sputtering of a BN, Si3N,, or Al target with a primary Ar*
ion gun operated at 1.2 kV with a current of 80 mA. To
obtain the correct stoichiometry, the deposition of the buffer
layer was assisted by a secondary-ion beam (Ar"/N* or
Ar*/O* with an energy of 50 eV and a current of 40 mA)
oriented at 45° with respect to the surface normal [Fig. 1(a)].
The secondary-ion gun was then used to etch the surface of
the dielectric buffer layer at 55° with respect to the normal in
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order to develop ripples with long-range order [Fig. 1(b)].
The intensity of the secondary-ion gun was fixed at 40 mA
(flux in the range of 2X 10'* ions cm™ s~!) while the volt-
age applied to the grids was varied from 0.5 to 1.5 kV. The
thicknesses of the buffer layers were measured before and
after Xe* etching by spectroscopic ellipsometry. As reported
in Table I, the etching rates were in the range from 0.2 to
0.7 nm/s depending on the material and ion energy.

The elaboration of nanoparticle arrays on nanopatterned
dielectric surfaces is sketched in Figs. 1(c) and 1(d): an ef-
fective Ag thickness of 2 nm was deposited at a grazing
incidence of 5° with respect to the surface on a 80-nm-thick
Al,Oj thin film etched by 1 keV-Xe* ions during 180 s, with
a Ag beam direction antiparallel to the direction of the Xe*
beam [Fig. 1(c)]. Furthermore, after a delay time of 30 min,
which enables the nanoparticle shape to reach an equilibrium
state,'” an additional 20-nm-thick amorphous Al,O5 capping
layer was deposited at normal incidence to preserve silver
from the external environment [Fig. 1(d)].

Structural characterization of the nanostructured surfaces
and of the buried nanoparticles was performed by ex sifu
atomic force microscopy (AFM) in the tapping mode, 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, and by grazing incidence
small-angle x-ray scattering (GISAXS). The GISAXS data
were collected at the European Synchrotron Radiation Facil-
ity (Grenoble, France) with the small-angle scattering setup
of the D2AM beamline. The energy of the incident x-ray
beam was fixed at 11.7 keV and the angle of incidence,
a;=0.20°, was close to the critical angle for total external
reflection of Al,O3. The optical response of the nanoparticles
was investigated by transmittance measurements under nor-
mal incidence between 350 and 800 nm with a 5 nm mono-
chromator step. Substrates were commercially available epi-
polished Si(001) wafers covered with a native SiO, layer for
ellipsometry and x-ray measurements, fused silica for optical
measurements, and freshly cleaved NaCl for TEM character-
izations. The films deposited on NaCl were floated in puri-
fied water and the resulting freestanding thin films were col-
lected on microscope grids.

TABLE 1. Parameters retrieved from ellipsometric and GISAXS measurements of dielectric thin films etched with Xe* ions at 55° with
respect to the surface normal: buffer thickness before etching, etched thickness, ripple period A and standard deviation o, ripple amplitude
h, positive slope B, and negative slope « resulting from the profile asymmetry of the ripples [see Fig. 1(b)] for different dielectric materials,

different Xe* energies, and different etching durations.

Xe* energy Etching duration Buffer thickness

Etched thickness Etching rate A o\ h a B

Dielectric material (keV) (s) (nm) (nm) (nm/s) (nm) (nm) (nm) (°) (°)
Al,O3 1.0 90 45 32 0.35 20.6 5.1 0.8 6.1 3.7
Al,O3 1.0 180 80 67 0.37 214 43 3.8 223 17.6
Al,O3 1.0 360 170 123 0.34 228 42 39 266 21.5
Al,O3 0.5 120 45 25.5 0.21 144 30 27 209 200
Al,O3 1.3 100 113 46 0.46 224 46 38 204 17.6
Al,O3 1.5 90 113 46 0.51 243 54 36 167 160
BN 1.0 100 83 31 0.31 144 32 41 399 232
SizNy 1.0 100 85 67 0.67 186 49 30 20.1 16.0
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FIG. 2. (Color online) AFM topographic image of a 170-nm-
thick Al,Oj thin film etched during 180 s with 1 keV-Xe* ions at
55° with respect to the surface normal, i.e., after the removal of 67
nm of material. The projection of the Xe* beam direction onto the
surface is indicated by the arrow.

III. RESULTS AND DISCUSSION

A. Nanoripple patterns on dielectric surfaces

As a typical example, Fig. 2 displays the surface topogra-
phy obtained by AFM of a 170-nm-thick Al,O5 thin film
etched during 180 s with 1 keV-Xe* ions, i.e., after 67 nm of
the material is sputtered. According to Ref. 29, the ripples
are perpendicular to the ion-beam projection, with a period
A=23+1 nm (obtained from the autocorrelation function of
the image) and a mean amplitude #=2.2*+0.8 nm. Let us
note that this amplitude may be underestimated because of
tip artifact since the radius of curvature of the tip, around
10 nm, is not negligible compared to the ripple period.
GISAXS experiments can also give statistical information on
the surface topography with a probed area of about
0.5 mmX 15 mm. Figure 3(a) shows the two-dimensional
(2D) GISAXS pattern of a 80-nm-thick Al,O5 thin film
etched by 1 keV-Xe" ions during 180 s, with the incident
x-ray beam oriented parallel to the ripples. The formation of
ripples with long-range order is revealed by the presence of
two intense and sharp streaks located at g,= +0.24 nm~! on
both sides of the vertical beam stop. The ripple period is
inversely proportional to the separation of the streaks in the
q, direction and the amplitude of the ripples is inversely
proportional to the extend of the streak intensity in the g,
direction. In addition, it is worth noting that the intensity of
the streak on the positive g, side is slightly higher than the
one on the negative g, side. This diffuse intensity asymmetry
was also observed by Umbach et al.?* and Zhou et al’' in
the case of Ar*-eroded SiO, and sapphire substrates, respec-
tively, and ascribed to an asymmetric profile of the rippled
surface. The quantitative analysis of the 2D GISAXS pattern
was performed in the framework of the distorted wave-Born
approximation®” with a homemade package’® developed
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FIG. 3. (Color online) (a) 2D GISAXS pattern of a 80-nm-thick
Al,O; thin film etched during 180 s with 1 keV-Xe™ ions at 55°
with respect to the surface normal. (b) 2D GISAXS pattern of a
83-nm-thick BN thin film etched with 1 keV-Xe* ions during 100 s
at 55° with respect to the surface normal. The direction of the x-ray
beam is parallel to the ripples and the direction of the Xe* flux is
indicated by arrows.

within the IGOR PRO Analysis software (WaveMetrics, Inc.).
An asymmetric sawtooth profile with a positive slope 8 and
a negative slope a [sketched in Fig. 1(b)] was used as a
simplified approximation to the ripple shape. The interfer-
ence function (i.e., the Fourier transform of the ripple posi-
tion autocorrelation function) was calculated in the frame-
work of the paracrystal model** assuming a Gaussian
probability of the ripple spacing specified by an average
spacing A and a standard deviation o,. In the case of the
80-nm-thick Al,O5 thin film etched by 1 keV-Xe* ions dur-
ing 180 s [Fig. 3(a)], the best-fit parameters given in Table I
are A=21.4 nm, op,=4.3 nm, @=22.3°, and B=17.6°, thus
yielding a mean ripple amplitude h:A%ﬁ:B.S nm.
The period A and amplitude & retrieved from GISAXS mea-
surements are therefore consistent with the ones obtained
with AFM. Aspect ratios % of 0.18 or less (see Table I) are
observed from GISAXS measurements, which also show a
strong sensitivity to the slight asymmetry of the ripples pro-
file. AFM images can provide information on the ripple
asymmetry but since the probed area in GISAXS measure-
ments is less local than the one probed with AFM, slopes and
ripples amplitudes retrieved from the quantitative GISAXS
analysis are relevant to the mean topography of the sample.

It has been shown that the period and the amplitude of the
ripples depend on the nature of the etched material and can
be varied by adjusting the nature and energy of the ions, the
etching duration, the surface temperature, and the incidence
angle.?’2°-3! To illustrate this point, we show in Fig. 3(b) the
2D GISAXS pattern of a 83-nm-thick BN thin film etched
with 1 keV-Xe* ions during 100 s at 55° with respect to the
surface normal. In comparison with the 80-nm-thick Al,O4
thin film etched at the same energy [Fig. 3(a)], a visual in-
spection of the 2D GISAXS patterns reveals that the period
of the ripples is smaller for the BN film and the asymmetry is
more pronounced. We also present in Table I the morphologi-
cal parameters of the ripples obtained from GISAXS mea-
surements as a function of the ion energy, the etching dura-
tion and the dielectric material. For 1 keV-Xe* ions, the
increase in the etching duration of the Al,O; thin films from
90 to 180 s causes a rapid increase in the ripple amplitude A
associated to a decrease in the period standard deviation o,
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FIG. 4. (Color online) Plane-view HAADF-STEM images of a
80-nm-thick Al,O5 thin film etched during 180 s with 1 keV-Xe*
ions at 55° with respect to the surface normal (a) before and (b)
after deposition at grazing incidence of Al,Os-capped Ag nanopar-
ticles. The projection of the Xe* beam direction onto the surface is
indicated by the arrow. Inset: corresponding autocorrelation func-
tion (same scale as the HAADF-STEM image).

(which means that the ordering of the ripples is improved)
but the period A remains relatively constant. For longer sput-
tering time (360 s), the growth of the pattern tends to satu-
rate. The reduction in the Xe* energy from 1.5 to 0.5 keV
allows one to reduce the period of the ripples from 24.3 to
14.4 nm. This behavior is consistent with results reported in
the literature showing that the ripple period often scales with
energy.’ Furthermore, the results confirm that the period of
the ripples is smaller and the asymmetry is higher for BN
than the ones obtained with Al,O3 for a same quantity of
removed material. As concerned the Si;N, buffer, the etching
rate is higher than the one obtained with BN and Al,O; and
the ripples present a period and an amplitude slightly lower
than the ones found for Al,O;. During the sputtering, the
surface is far from equilibrium and the formation of the
ripple structure is the expression of a dynamic balance
among surface kinetic processes such as erosion, ion-induced
defect creation, and diffusion. Some of these surface pro-
cesses induce roughening (e.g., sputtering of atoms off the
surface) and others induce smoothing (e.g., diffusion of
defects).?>3" Therefore the dynamic competition among
these different processes strongly depends on the material
under sputtering and it is not surprising that the different thin
films presented in this study show different topographies (pe-
riod, amplitude, and profile asymmetry). From these different
results, it appears that it is possible to achieve a tailor-made
nanopatterning of amorphous dielectric matrices with peri-
ods and amplitudes ranging from 15 to 25 nm and from 1 to
4 nm, respectively. Moreover, the ripple period is also known
to depend on temperature’®° and we can anticipate an in-
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crease in the period when performing etching at higher tem-
peratures.

B. Nanoparticle linear array
1. Structural analysis

Figure 4(a) displays the morphology of a rippled Al,O;
buffer layer (etched with 1 keV-Xe* ions) before silver
deposition as imaged by HAADF-STEM. By collecting
high-angle scattered electrons, almost only incoherent Ruth-
erford scattering contributes to the image® and thereby, the
collected intensity is approximately proportional to the
square of the atomic number Z (Z-contrast imaging) and to
the atomic column occupancy, i.e., the thickness of the film.
The contrast of intensity obtained in the image presented in
Fig. 4(a) is thus due to the presence of the ripples. After
deposition of the Ag: Al,O5 nanocomposite film (with a sil-
ver effective thickness of 2 nm) on such a one-dimensional
rippled surface [Fig. 4(b)], the shadowing effect allows pro-
ducing highly aligned Ag nanoparticles along the ripples, as
recently obtained in the case of facetted NaCl and Al,O4
surfaces'*?%2! or with Ar* ion-etched Si and glass
substrates.'®1%22 It should be pointed out in Fig. 4(b) that the
size distribution is bimodal with small particles (diameter
<4 nm) intercalated among lines of larger particles. Never-
theless, the surface coverage of the small particles is weak
(2%) compared to the surface coverage of the large ones
(20%) and consequently, their equivalent volume is negli-
gible compared to the equivalent volume of the larger par-
ticles. These latter present an elongated shape in the direction
parallel to the ripples. The mean center-to-center distance
between the particles along the directions parallel (L;) and
perpendicular (L ) to the ripples have been found from the
quantitative analysis of the autocorrelation function of the
image given in the inset of Fig. 4(b). The areal density d and
the size of the individual particles were retrieved from the
analysis of the HAADF-STEM plane-view image by using
the quantitative method described in a previous paper.!! The
nanoparticles were assumed to be semiellipsoidal with in-
plane mean axes (D) and (D ) and a mean height (H). All
the values are given in Table II. As obtained in previous
studies,’'?> the particles are flattened and present an
D-dependent in-plane aspect ratio H/D (not shown). Finally,
let us note that the nanoparticles show not only an aniso-
tropic in-plane organization (with (L;)/{L )=0.64) but also
an anisotropic shape (with (D;)/{D )=1.23).

Figure 5(a) displays the GISAXS pattern of the nanocom-
posite film obtained with the x-ray beam parallel to the

TABLE II. Particle density d, mean interparticle distance along the ripples (L) and perpendicular to the ripples (L | ), mean height of the
particles (H) and standard deviation oy, mean axis along the ripples (D)) and perpendicular to the ripples (D ) and associated standard

deviations Ip, and op s and weighted height H, diameter along the ripples [A)” and perpendicular to the ripples D | used to simulate the

optical transmittance spectra.

d (L) (L) (H) oy (D) ap, (D) ap, H D D,
(gm™)  (m)  (m)  (m)  (m)  (m)  (m)  (m)  (m)  (m)  (m) ()
4800 12.0 18.8 5.0 0.8 7.8 2.2 6.9 2.0 5.3 9.5 7.7
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FIG. 5.
Al,O3-capped Ag nanoparticles deposited at grazing incidence on a

(Color online) 2D GISAXS patterns of the
80-nm-thick Al,O; buffer layer etched during 180 s with
1 keV-Xe* ions with the direction of the x-ray beam (a) parallel
and (b) perpendicular to the ripples. The directions of the Xe* and
Ag flux are indicated by arrows. (c) Horizontal cross sections drawn
at ¢.=0.45 nm™! before (dashed line) and after (solid line) Ag

deposition and Al,O5 capping.

ripples. As for the case of the Al,O5 buffer layer [Fig. 3(a)],
two intense and sharp streaks are exhibited on both sides of
the vertical beam stop at g,= *0.27 nm~!. These results
show that the Ag nanoparticles replicate the long-range order
between ripples in the lateral direction,’> otherwise the
GISAXS signal from Ag nanoparticles would be located at a
different g, position. In contrast, the 2D GISAXS pattern
obtained with the x-ray beam perpendicular to the ripples
[Fig. 5(b)] shows two broad Ilobes located at
q,=*0.47 nm~! typical of a 2D distribution of nanopar-
ticles with only short-range order in a direction parallel to
the ripples. Moreover, modulations of intensity are generated
in the g, direction in both Figs. 5(a) and 5(b) with a well-
defined period, Ag,, inversely proportional to the thickness
of the Al,O3 capping layer, 71,0, (Aq,=2m/11,0,). These
modulations are coming from correlated roughness effects,
meaning that the topography of the Ag nanoparticles is par-
tially replicated to the surface of the Al,O5 capping layer in
the vertical direction®®37 [Fig. 1(d)]. Furthermore, as shown
in Fig. 5(c) the asymmetry of the GISAXS signal is reversed
after Ag deposition (i.e., the intensity of the streak on the
positive g, side becomes smaller than the one on the negative
qy side), thus indicating that the Ag nanoparticles nucleates
preferentially on the facets of the rippled surface that are
illuminated during the Ag deposition [Fig. 1(c)].'3??> These
results suggest also that the small particles seen in HAADF-
STEM image [Fig. 4(b)], which contribute weakly to the
GISAXS signal, are located on the shadowed facets.

2. Optical properties: Results and discussion

The optical properties of the Al,03/Ag/Al,O5; nanocom-
posite film deposited on a SiO, substrate have been studied
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FIG. 6. (Color online) (a) Transmission measurements at normal
incidence of the Al,O5-capped Ag nanoparticles deposited at graz-
ing incidence on a 80-nm-thick Al,O5 buffer layer etched during
180 s with 1 keV-Xe* ions, with different orientations ¢ of the
electric field with respect to the ripples direction. (b) Transmission
calculations assuming a rectangular array of spheroidal Ag nanopar-
ticles whose parameters ((L;), (L), and H) are given in Table II
and D=8.2 nm. Different orientations ¢ of the electric field with
respect to the ripples direction are considered.

by transmission measurements at normal incidence, with dif-
ferent orientations ¢ of the electric field with respect to the
ripples direction. The experimental curves presented in Fig.
6(a) are normalized to the transmission of the Al,O buffer
layer deposited on a SiO, substrate. A large splitting of the
curves is clearly visible: for an in-plane orientation of the
electric field ¢$=90° (i.e., perpendicular to the particles lines)
down to ¢=36°, the sample exhibits a SPR located at
N, =485 nm while the SPR band is broadened and red-
shifted to A;=595 nm for an electric field parallel to the
ripples (¢=0°). In addition, the shape of the SPR becomes
asymmetric when ¢ decreases and is clearly a mix of both
contributions when the field is oriented at ¢=18°. Such red-
shift and splitting of the SPR when the electric field is per-
pendicular or parallel to particles lines have already been
observed!”!82021 and are commonly attributed especially to
the anisotropic spatial organization of the nanoparticles with
a preferential electromagnetic coupling of the nanoparticles
between the lines. Therefore, the optical transmittance spec-
tra have been simulated by using the quantitative topo-
graphic and morphologic data retrieved from the HAADF-
STEM analysis as input parameters. The calculations have
been done by considering a three-layer structure
(Al,05/Ag: Al,03/Al,03) on a SiO, substrate. The dielec-
tric functions of the substrate and of the Al,O5 films have
been obtained from the bulk SiO, dielectric function and
from spectroscopic ellipsometry measurements, respectively.
A model based on the Yamaguchi theory®® (see Appendix)
has been used to determine the dielectric function of the
Ag: Al,O5 nanocomposite layer: the particles are considered
as identical electrostatic dipoles regularly located on a rect-
angular array (with lattice parameters (L;) and (L)) and the
particle shape as well as the interactions between particles
are taken into account (no mirror image in this case since the
nature of the buffer and capping layers surrounding the par-
ticles are the same).

The effective dielectric function €. of the nanocomposite
layer is given by
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€., — €,
m cap 1 (1)

€eff = €cap| 9 >
€cap T+ F( €m— ecap)

where €, is the dielectric function of the Al,O3 capping
film, €, is the dielectric function of the metal determined
from the bulk Ag dielectric function with a correction
term,”° which includes both size and interface effects: the
corrected frequency collision is F=F0+A%, with F0=U—f the
frequency collision in bulk metal, v ¢ the Fermi velocity, [ the
mean-free path in bulk metal, R the radius of the particles,
and A a fitting parameter (called in this paper damping fac-
tor), which reflects the intensity of the size effects and de-
pends on the nature of the particle/matrix interface. ¢ is the
volume filling factor of the metallic nanoparticles inside the
film, and F is an effective depolarization factor, which takes
into account the shape of particles, the interparticle dipolar
interactions, and the nature of the substrate.

The optical dichroism is often attributed to the in-plane
organization of the nanoparticles.'”?° Moreover, the optical
response being dominated by the larger particles, the simu-
lations were first performed assuming a set of regularly dis-
tributed nanoparticles with an identical spheroidal shape
(i.e., by neglecting the in-plane shape anisotropy) with in-

plane diameter D and height H given by

N N
=25V, 2)

n=1 n=1

with V,, the volume of the nth particle (i.e., £=D or £=H is
the x*-weighted average diameter or height). This weighting
allows one to take into account the size and shape distribu-

tions of the particles assembly. An in-plane diameter D equal
to 8.2 nm was determined from the HAADF-STEM image
by assuming a circular in-plane projected shape and the fit-
ting parameter A in the dielectric function of Ag was set
equal to 1. As seen in Fig. 6(b), a redshift of the SPR from
N, =505 nm ($=90°) to \;=550 nm (¢$=0°) is obtained
with intermediate positions for different orientations ¢ of the
electric field with respect to the particle lines. The model
matches qualitatively the redshift of the band when decreas-
ing ¢ from 90° to 0° (i.e., when decreasing the interparticle
separation from 18.8 to 12.0 nm) (Refs. 40 and 41) because
of near-field coupling (the far-field diffractive coupling ef-
fects are not taken into account since the periods (L;) and
(L) are much smaller than the wavelength*?). However, a
discrepancy between the calculated spectral positions and the
experimental ones remains with a shift amplitude between
A, and A being twice smaller. Moreover, let us note a con-
tinuous shift in the simulations when ¢ decreases from 90°
to 0° [Fig. 6(b)] while the experimental spectra exhibit a
steady position down to 36° together with a modification of
the width, of the asymmetry, and of the amplitude of the SPR
[Fig. 6(a)]. This behavior is ascribed to the noncircular in-
plane shape that can also produce an optical dichroism of the
films.” Then the simulations have been performed assuming
a set of ellipsoidal nanoparticles with weighted in-plane axis

DAH and D 1, and weighted height H regularly distributed on a
rectangular array of lattice parameters (L) and (L ) given in
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FIG. 7. Transmission calculations assuming a rectangular array
of ellipsoidal Ag nanoparticles whose parameters ((L;), (L), dy,
a,,and H) are given in Table II. Different weakening factors A are
considered in the direction parallel (A)) to the ripples (see text).

Table II. Only two directions of the electric field are pre-
sented in Fig. 7: parallel (¢=0°, dotted curve) and perpen-
dicular to the lines of particles (¢$=90°, solid curve). Accord-
ingly, the amplitude of the splitting between the two SPR
bands is more satisfactory when considering an assembly of
aligned particles with an ellipsoidal shape, indicating that
both the anisotropy of the spatial organization and the shape
anisotropy of the particles are responsible for the optical di-
chroism.

A fairly good agreement in the amplitude, width, and po-
sition (A | =480 nm) of the SPR band between experimental
and calculated optical transmittance spectra is then obtained
for the electric field perpendicular to the lines (¢=90°). For
¢=0°, the calculated SPR band is slightly redshifted com-
pared to the experimental one, nevertheless discrepancies are
evidenced concerning the amplitude and width. Size and
shape polydispersities can lead to a broadening and damping

(o
of the resonance. As can be seen from Table II, the ratios ﬁ

and % are of the same order (0.28 and 0.29, respectively),
indicating that this effect is not at the origin of the amplitude
and width discrepancies between the SPR bands. Actually,
the broadening and damping of the experimental transmis-
sion curve can be artificially reproduced in the model by
varying the damping factor A in the dielectric function of
silver,” which usually reflects the intensity of the size effects
and depends on the nature of the particle/matrix interface.
Therefore, in the simulations presented in Fig. 7, the dielec-
tric function of Ag was modified by using a direction-
dependent parameter A which was fixed to A, =1 for
¢=90° while A; was adjusted up to 3.5 for ¢=0° in order
to simulate the experimental broadening and damping of the
SPR band, attesting a strong influence of the electromagnetic
environment of the particles in this direction. It should
be noted that the model used for the simulations does
not take into account multipolar interactions between the
particles. Now, the interaction intensity is linked to the
amplitude of the electric field generated by the particles
considered as point multipoles.” The amplitude f,, of the
electric field generated by the multipole of order m
(m=1: dipole, m=2: quadrupole,...) is known to vary as
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fn=(D/2L)*"*! L being the distance between the particles
and D their diameter, i.e., their characteristic size. One ob-
tains here f};=0.062 and f,;=0.0097 for ¢=0° (i.e., by using

D=D;=9.5 nm and L=(L)=12 nm), and f; , =0.0086 and

f2.=0.00036 for $=90° (i.e., by using D:DAL:7.7 nm and
L=(L,)=18.8 nm). It suggests that the interactions between
nanoparticles result mainly from dipole-dipole contributions
in the direction perpendicular to the lines (f;,/f,, =23.9)
whereas the quadrupole contribution in the parallel direction
is not negligible (f},/f»,=6.4) and has the same magnitude as
the dipole contribution in the perpendicular direction
(fyy=f1.)- This is consistent with the edge-to-edge separa-

tion distances s;=(L,)—D, between the particles within the

lines equal to 2.5 nm, which corresponds to a s,/ DAH ratio of
0.26 whereas in the perpendicular direction s ; =11.1 nm and

s,/ D 1 =1.44. This confirms that the electromagnetic envi-
ronment of the particles along the particles lines differs from
the one perpendicular to the lines. Therefore, the asymmetric
shape of the resonance when the field is parallel to the
ripples (¢$=0°) most probably originates from the proximity
of the particles. In this direction, the optical behavior of the
nanocomposite is similar to that of a 2D assembly of par-
ticles near the percolation threshold.*? At last, the modifica-
tions of the width, of the asymmetry, and of the amplitude of
the experimental SPR band when varying the orientation ¢
of the polarization of the light [Fig. 6(a)] can be explained as
follows: due to the anisotropic shape of the particles, two
SPR bands are expected as soon as the field is not parallel or
perpendicular to the ripples. Nevertheless, due to the strong
weakening of the SPR for a polarization parallel to the
ripples, its contribution is weak for angles ¢»>36°. Thus, the
spectral position of the SPR tends to remain at the position
N\ | =485 nm but with a decreasing amplitude and an increas-
ing asymmetrical shape. For ¢p=18°, the weight of the par-
allel contribution is no more negligible and a mix of the two
SPR is visible.

3. Optical properties: Simulations

Our experimental results show that it is possible to control
the electromagnetic environment of the nanoparticles by
varying the etching conditions (ion energy, etching duration,
and nature of the dielectric material) as shown in Table I but
also suggest that the elaboration conditions of the nanocom-
posite film (shadowing angle, nature and quantity of metal)
can also modify the shape and spatial organization of the
nanoparticles. In Fig. 8 we present calculated data that evi-
dence the effects of some parameters, which can be modified
in order to control the spectral position of the SPR bands and
the optical dichroism of the silver nanoparticle arrays. First
of all, one would consider changing the dielectric host as we
suggested in the first part of the paper: as already mentioned
in the literature,’ the increase in the refractive index of the
dielectric host will produce a redshift of the SPR bands. This
effect is illustrated in Fig. 8(a) where we have considered
silver nanoparticles with a morphology and a spatial organi-
zation identical to those given in Table II. Nevertheless, we
have shown in previous papers'®!! that the shape of silver
nanoparticles deposited on flat surfaces strongly depends on
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FIG. 8. (a) Calculated spectral position of the SPR bands (par-
allel and perpendicular to the ripples) as a function of the refractive
index of the dielectric host (buffer and capping). The morphology
and organization of the Ag particles are those given in Table II. (b)
Calculated spectral position of the SPR bands (parallel and perpen-
dicular to the ripples) as a function of the distance L, of the nano-
particles perpendicular to the ripples and with ;=12 nm. The mor-
phology of the Ag particles are those given in Table IL. (c)
Calculated spectral position of the SPR bands (parallel and perpen-
dicular to the ripples) as a function of the %‘“ ratio of the nanopar-
ticles: (full symbols) the Ag particles are assumed to be spherical
(i.e., Dy=D | =H) and (open symbols) the Ag particles are assumed
to be ellipsoidal (i.e., Dj=2D, and D =H). The distances between
particles L and L, are those given in Table II.

the dielectric capping layer. As a consequence, the calculated
redshift obtained when changing the capping layer from BN
to Al,O5 and then to Si3N, would be influenced by the flat-
tening of the particles. As we have shown in Sec. IIT A, it is
possible to adjust the ripples period by changing the etching
conditions. In Fig. 8(b), we present the variation in the spec-
tral position of the SPR bands with the distance L, of the
nanoparticles perpendicular to the ripples. The morphology
of the Al,O5-capped particles is the one given in Table II and
the interparticle distance parallel to the ripples is kept con-
stant Ly=12 nm (i.e., within the assumption that the same
amount of silver will give the same particle morphology
when the metal is deposited on a nanopatterned buffer layer
with a different ripple period). In this case, as expected, start-
ing from a square array of ellipsoidal silver nanoparticles, the
spectral position of the SPR band A remains the same while
N | is blueshifted owing to a decrease in the particle interac-
tions in this direction. From previous studies,'®!! when vary-
ing the amount of deposited silver, one should expect a
modification of the size and shape of the nanoparticles (i.e.,
small nanoparticles on a flat surface are more spherical than

larger ones) inducing a modification on the interparticle dis-
. . D .
tance L;. In Fig. 8(c) we show the influence of the E‘“ ratio on

the optical dichroism for spherical (full symbols) and ellip-
soidal (open symbols) particles, the distances between par-
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ticles being those given in Table II: L;=12 nm and
L,=18.8 nm. While N, remains quasiconstant, \; is
strongly influenced by the % ratio, the splitting between the

. . oy . .
SPR bands increasing with L—““ (i.e., when the particles size

increases) and being emphasized when the particle shape is
nonspherical as obtained in the experimental section.

IV. CONCLUSION

In conclusion, we have completed a study of Ag nanopar-
ticles deposited at grazing angle on a rippled dielectric sur-
face. We have shown first that nanopatterns on several di-
electric amorphous thin films (Al,03, BN, and Si;N,) can be
obtained by Xe* ion etching at 55° with respect to the sur-
face normal. The characteristics of the ripples (period, am-
plitude, and profile asymmetry) depend on the etching en-
ergy and duration and on the etched material, showing the
large range of etching conditions that can be used to obtain
nanopatterned surface on which arrays of metallic nanopar-
ticles can be elaborated. Then, by shadowing effect of the
ripples, we have demonstrated that the nucleation of silver
atoms during the deposition takes place along the ripples
leading to a self-organization of nanoparticles. We have ex-
perimentally evidenced that for a silver effective thickness of
2 nm, the so-obtained particles are ellipsoidal with a major
axis parallel to the ripples. Both this anisotropy of shape and
in-plane organization govern the anisotropic optical proper-
ties of the nanocomposite film. Then, experimental results
and calculations have shown that is possible to control the
amplitude of the splitting between the SPR bands (parallel
and perpendicular to the ripples) by varying the nature of the
dielectric material, the ion energy during the nanopatterning
of the buffer layer (and therefore the distance perpendicular
to the ripples), the quantity of metal (and therefore the size
and shape of the particles and the distance between the par-
ticles inside a line).
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APPENDIX

A model based on the Yamaguchi theory? is used to de-
termine the dielectric function of the nanocomposite layer.
We consider a set of identical nanoparticles distributed on a
substrate. The effective dielectric function €. of the nano-
composite layer connects the macroscopic polarization P and
the macroscopic electric field lz)x,,

>

P= 60(€eff_ ecap)E_e;7 (A1)

where €, is the void permittivity and €., is the dielectric

function of the capping film.

ap

In other respects, the macroscopic polarization P is the

-

sum of the microscopic polarizations p of the particles:
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f’:Nﬁ, where N is the number of particles per volume unit.
P can be expressed as

P =Neye,VaE,,, (A2)

ap

where aV is the polarizability of the particle of volume V

and with azm (where ¢ is the geometrical depo-
larization factor’ of the ellipsoidal nanoparticle and €, is the
dielectric function of the metal) and E_,O)C is the local field
seen by one central particle. This field results in three con-
tributions: the macroscopic applied electric field @, the
field created by the image dipole IZZ of the particle, and the
field created by neighboring particles and their images ﬁ

Let us recall that the field Ed_,)p created by a dipole p set in
O at a distance r from a point M in a medium of dielectric
function e,,, is given by

—_— 1

y 3(17-147;7,—17’

= A3
dip 41ey€E, r (A3)

where i1, is a unit vector defined as OM =rit,.

Therefore, the different contributions to the local field E_,;
seen by a central particle can be obtained, when considering
dipolar interactions, with: the field created by the dipole im-
age given by

i 1

€sub — €cap -
E p

Ds (A4)

im= 3
Amey€qy

€up t e-cap

This field is nil if the substrate is identical to the capping
material, i.e., €,=€yy The contribution Ej,=E,.,en
+E;, neigny Of the neighboring particles (E,,;,y,) and their
images (Ej; neigns) is given by

> 1 3(pj . ur]-)ur/-_pj
Eneighb = 4 3 (AS)
Wfofcap j rj
and
TN T 7
> 1 3(p] : ur,* ur/' p/
Eim neighb = 4 13 ’ (A6)
Wfoecap j I

where ];7 is the dipolar moment of the image dipoles of the
neighboring particles. These dipoles are located at a distance
r‘]’» from the central particle.

With the assumption that all the nanoparticles have the
same dipolar moment j5=p; (i.e., the same polarizability), the
local field can be written as

—_—

Eex

Ep=——at
1+ e

(A7)

where
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\% % -1 €sub — €cap E 3 cos’ aj -1
= _3 3
4’7T € Ecap H €sub + ecap J rj
3cos’ 0, -1
€sub — cap L
X E 13 (A8)
€Eup T ecap J rf

and 6, (respectively, ) is the angle between i; (respectively,
u; u) and p; (respectlvely, p])

3 cos? 0,21 3 cos? 0]
The terms C= E L and C’ E L account for

the contribution to the Ilocal field of the nelghbormg nano-
particles and their images. For nanoparticles regularly lo-
cated on a rectangular array, C and C’ depend on the par-
ticles height H and lattice parameters (L;) and (L ).

Therefore the dielectric function of the effective medium
can be obtained from Egs. (A1) and (A2)

Eo(eeff - Ecap)Eexl =N GOEcapvaEloc

Nepen V—0 5w =
= € E(, oc
Orew ap + €(Em - Ecap) !
(A9)

Using Eq. (A7), one obtains

PHYSICAL REVIEW B 80, 155434 (2009)

Ecap(eeff - 6Cap) 1
Ecap + e(ém - ecap) L+ € capa,B
(A10)

€0l Ecfr = €cap) =NV

The effective dielectric function of the nanocomposite layer
is then given by

€m — écap
€cap T F(ém - ecap)

€eff = €cap| 9 +1], (A11)

where g=NV and F——"L afB+L€(1+ €€, ap) is the effec-
tive depolarization factor which takes into account the shape
of particles, the interparticle dipolar interactions, and the in-
teractions with the substrate.
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