View metadata, citation and similar papers at core.ac.uk

Rev.Adv.Mater.Sci. 15(2007) 150-157

SELF-ORGANIZATION AND OPTICAL RESPONSE OF
SILVER NANOPARTICLES DISPERSED IN A DIELECTRIC
MATRIX

D. Lantiat, J. Toudert, D. Babonneau, S. Camelio, C. Tromas and L. Simonot

Laboratoire de Métallurgie Physique, UMR 6630 CNRS, Université de Poitiers, SP2MI, Téléport 2, Bvd M. & P.
Curie, BP 30179, 86962 Futuroscope Chasseneuil Cedex, France

Received: January 22, 2007

Abstract. Double ion-beam sputtering has been used to fabricate nanocermet multilayers consist-
ing of silver nanoparticles sandwiched between Si.N, dielectric layers. The organization of the
nanoparticles has been studied in detail by quantitative analysis of transmission electronic micros-
copy and atomic force microscopy images. Our results show that the nanoparticles deposited on a
plane surface present an isotropic macroscopic in-plane organization while their vertical arrange-
ment displays a topology-induced self-organization. The use of faceted alumina substrates with
periodic hill-and-valley structures results in the formation of linear chains of silver particles along
the valleys. In that case, transmission optical measurements reveal in-plane anisotropy.

1. INTRODUCTION

Because of their reduced size, metallic
nanoparticles have specific properties, different
from those of the bulk materials, which have been
shown to depend not only on the morphology of
the nanoparticles (shape, size) but also on their
spatial organization [1,2]. For example, the optical
response of nanocermets thin films, consisting of
nanoparticles embedded in a transparent dielec-
tric matrix, is characterized by a surface plasmon
resonance (SPR) which results in an absorption
band [2] located in the visible spectral region for
noble metals. In previous papers [3-5], we have
shown that the shape and the size of silver par-
ticles embedded in a Si,N, matrix produced by ion-
beam sputtering can be tailored by adjusting the
parameters of the fabrication process. As a con-
sequence, the position of the SPR wavelength can
be controlled from 400 nm to 700 nm. Recently, it

has also been reported that faceted substrates can
be used to produce ordered arrays of metallic
nanoparticles chains with anisotropic optical or
magnetic properties [6-10]. In this paper, we focus
on the structural study of silver nanoparticles sand-
wiched between Si,N, dielectric layers deposited
onto plane and nanostructured surfaces. We show
that quantitative analysis of transmission electron
microscopy (TEM) and atomic force microscopy
(AFM) images can be performed to investigate in
detail the spatial organization of the nanoparticles.
Finally, the effects of self-organization on the opti-
cal properties of the nanocermets are discussed.

2. EXPERIMENTAL DETAILS

[SiyN,(t, e )/AG(t, )]/ SiN, (L)) multilayers (with
touter tagr Leap @Nd N being the buffer thickness, the
silver-layer thickness, the cap thickness and the

number of silver layers, respectively) were grown
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Fig. 1. Optical transmittance spectra at normal in-

cidence of a Si,N,/Ag/Si,N, trilayer (t, . =15 nm,
tAg=1 nm, tcap=15 nm) and a (Si,N,/Ag), multilayer
(tyre=12 NM, t, =1 nm, t_ =12 nm) deposited on
fused silica.

at 200 °C by double ion-beam sputtering in a
Nordiko 3000 chamber. Argon ions (energy 1200
eV, current 80 mA) were used to sputter alterna-
tively a Si,N, target and a silver target mounted on
a rotative holder. A secondary nitrogen-ion beam
(energy 50 eV, current 40 mA) was used to bom-
bard the films during the deposition of the dielec-
tric material in order to obtain the Si:N stoichiom-
etry. The deposition sequence always started and
finished with a Si,N, layer so that Ag nanoparticles
nucleate always on the same type of surface and
are protected against atmospheric contamination.
The sputtered species were deposited onto differ-
ent substrates: surface oxidized Si(001), carbon-
coated copper grids, fused silica, plane and fac-
eted AL,O,(0001) with nominal inclined angle of 3°.

Morphology and organization of the
nanoparticles were investigated from in-plane and
cross-section views by TEM performed with a JEOL
200CX microscope operated at 200 kV. Direct ob-

servations of the surface of the multilayers were
carried out by AFM with a Nanoscope Digital in-
strument. The optical properties were investigated
by transmittance measurement at normal incidence
between 210 and 900 nm with a 5 nm monochro-
mator step. As typical example, Fig. 1 shows the
transmittance spectra of a Si,N,/Ag/Si,N, trilayer
(t =15 NM, tAg=1 nm, tcap=15 nm) and a (Si,N,/
Ag), multilayer (t, . =12 nm, tAg=1 nm, tcap=12 nm)
deposited on fused silica. Each sample displays a
SPR at 570 nm and 540 nm, respectively, consis-
tent with the presence of metallic nanoparticles.
This difference can be interpreted in term of inter-
action due to organization effects [4], which are
investigated in details in this paper.

3. RESULTS AND DISCUSSION

3.1. In-plane organization in a
Si,N,/Ag/Si N, trilayer

Fig. 2a exhibits a plane-view TEM micrograph of
the Si,N,/Ag/Si N, trilayer (t . =15 nm, tAg=1 nm,
tcap=15 nm) after numerical treatment. This treat-
ment consists in applying a median filter to reduce
noise in the image and a Wallis filter that adjusts
brightness values in local areas by a locally-adap-
tive contrast enhancement [11]. This filtered plane-
view TEM image gives an illustration of the trilayer
structure, where a polydisperse assembly of dark
nanometric particles is observed within a bright-
contrast matrix. Fig. 2b shows the binarized image
obtained from the filtered one, which enables to
determine the particle density d=6168 pm, the
coverage rate 1= 22%, the mean particle diameter
<D>=6.8 nm and the full-width at half-maximum of
the D distribution w=4.2 nm [5]. It is worth noting
here that a perfect thresholding is not realizable
because if a threshold value is determined in order
to respect the size of the biggest particles, the
smallest ones will appear with a size lower than
reality, and the smallest of them will disappear.
However, we can estimate that the error on d and
<D> due to this process does not exceed +10%
[12].

In order to realize a quantitative study of the
spatial organization of the particles, the binary im-
age in Fig. 2b has been divided into nine 100x100
nm? cells and the autocorrelation function (ACF)
of each cell has been calculated in Fig. 2c. The
presence of intensity maxima in these local ACFs
suggests that an in-plane short-range order exists
between the Ag nanoparticles [13]. However, the
averaged ACF presented in Fig. 2d is radially sym-
metric (annular form) showing that the macroscopic
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Fig. 2. (a) Filtered plane-view TEM image of a Si,N,/Ag/Si,N, trilayer (t

in-plane organization is isotropic without long-range
order. In addition, from the radial profile of the av-
eraged ACEF, it is possible to determine the mean
interparticle distance A =14.8 nm corresponding to
the radius of the ring.

3.2. Vertical organization in a Si,N,/Ag
multilayer

Under the same conditions as the trilayer, a (Si,N,/
Ag), (t, =12 Nm, tAg=1 nm, t_ =12 nm) multilayer
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=15 nm)
deposited on carbon-coated copper grid. (b) Binarized image divided into nine 100x100 nm? cells. (c)
Local autocorrelation functions. (d) Averaged autocorrelation function.

outfer— 10 M, tAg=1 nm, t

? “cap

has been elaborated by fixing the number of Si,N,/
Ag bilayers in order to obtain a total thickness
around 100 nm. As for the detailed analysis of the
plane-view TEM micrograph trilayer in part 3.1, the
cross-section TEM micrograph (not shown) of the
multilayer has been filtered, binarized, and divided
into 100x100 nm? cells. Figs. 3a and 3b show a
representative 100x100 nm? cell after filtering and
thresholding treatment, respectively. The local ACF
has been then calculated in Fig. 3c and the ACF
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Table 1. Parameters used for the simulation of the averaged ACF of the (Si,N,/Ag), multilayer: in-plane
diameter D, height H, in-plane interparticle distance A , bilayer thickness A, and corresponding standard
deviations 8D, dH, d/\ , and dA..

D+3D (nm) H+3H (nm) A EON (nm) A E3N, (nm)

7.741.2 4.4+0.4 12.6+2.6 13.5+0.1
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Fig. 3. (@) 100x100 nm?* filtered cross-section TEM view cell of a (Si,N,/Ag), multilayer (t
nm, tcap=12 nm) deposited on silicon. (b) Binarized image of the 100x100 nm? cell. (c) Autocorrelation
function of the cell. (d) Averaged autocorrelation function over eight 100x100 nm? cells.

buffer=12 nm, tAg=1
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Fig. 4. (a) Simulated array of the Si,N,/Ag multilayer using the parameters gathered in Table 1. (b) Auto-

correlation function of the simulated array.

averaged over eight cells, which returns account
of the organization of the particles not only within
each layer but also from layer to layer, is shown in
Fig. 3d. Contrary to the trilayer case in Fig. 2d, sec-
ondary intensity maxima appear both in the local
and in the averaged ACFs of the multilayer sug-
gesting that the particles are organized vertically
by adopting a hexagonal symmetry, as already
observed in a Co/AlL O, system [14]. From the po-
sition of the first secondary maxima, it is possible
to estimate the mean in-plane interparticle distance
within the Ag layer, A =12.5 nm, and the mean
layer-to-layer distance, A =13.6 nm. It can be seen
that the mean in-plane interparticle distance is
slightly smaller than that of the trilayer containing
similar amount of silver, which is most likely due to
projection effects inherent to TEM observations.
Furthermore, although the silver layers are discon-
tinuous, the mean layer-to-layer distance is close
to the expected value of 13 nm, i.e. to the nominal
period of the multilayer. The projection effects do
not allow reliable image analysis and it has been
therefore necessary to perform numerical simula-
tions of the averaged ACF to quantify the ordering
of the particles within the multilayer. The proce-
dure consists in comparing the ACF of a simulated
particle array to that of the multilayer. To create the

simulated particle array, we first consider particles
with diameter D and height H arranged in a perfect
centered-rectangular lattice with parameters A _and
A,. Then we introduce for each particle a deviation
from the initial size and position by assuming stan-
dard deviations 8D, &H, dA, and dA. Finally, we
calculate the ACF of the simulated array and the
corresponding signal error defined as x =
[ACFexp(x,y)-ACFsim(x,y)]ZlACFsim(x,y). Fig. 4(a)
shows the particle array simulated by using the
parameters gathered in Table 1, which enables to
minimize ¥. It can be seen that the corresponding
simulated ACF [Fig. 4b] reproduces satisfactorily
the experimental ACF [Fig. 3d]. As expected, the
O/, value is found to be very weak (3A\ /A =0.7%)
owing to the deposition method, which consists in
depositing alternatively and periodically the Si,N,
and Ag layers. In addition it is worth noting that,
although higher than the 8/, value, the 8/ value is
also rather weak (dA /A =20.6%). From our simu-
lations, we are able to determine the mean height
H and the mean diameter D of the silver
nanoparticles. It should be however noted that
whereas the H value of 4.4 nm is significant since
the Ag layers are well separated, the D value of
7.7 nm is probably over-estimated due to projec-
tion effects. Accordingly, the dA /A value of 20.6%
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Fig. 5. Filtered AFM image of a Si,N,/Ag/Si,N,
trilayer (t, =1 nm, t, =2 nm, t_ =12 nm) depos-
ited on 3° inclined faceted alumina substrate and
the corresponding autocorrelation function (inset).
(b) Schematic of the nanoparticles arrangement
after silver deposition.

is also over-estimated attesting to the self-orga-
nized growth of the Ag nanoparticles.

Actually, the origin of the self-organization may
be related to the topology of the Si,N, capping lay-
ers, which are corrugated and present a hill-and-
valley structure on a mesoscopic scale as previ-
ously observed in Si,N,/Ag/Si,N, trilayers [5,15].
This result suggests that there is a preferential
nucleation of the particles of the n" Ag layer in the
valleys of the Si,N, layer covering the (n-1)" Ag
layer. Thus, each new Ag layer is organized with a
“memory effect” of the organization of the subja-
cent layers. Accordingly, in-plane self-organization
would be expected in Si,N,/Ag/Si,N, trilayers de-
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Fig. 6. Optical transmittance spectra at normal in-
cidence of Si;N,/Ag/Si,N, trilayers (t, . =1 nm,t, =2
nm, tcap=12 nm) deposited on Al,O,(0001) sub-
strates with nominal inclined angles of 0° and 3°
for light polarizations parallel and perpendicular to

the facets.

posited onto surfaces with periodic hill-and-valley
structures.

3.3. In-plane self-organization with
nanostructured surfaces

Faceted AlL,O,(0001) substrate with nominal in-
clined angle of 3° has been used as nanoscale tem-
plate in order to produce an in-plane self-organi-
zation of silver nanoparticles. Such a substrate pre-
sents a “hill-and-valley” profile with average ter-
races width of 80 nm and step height of 5 nm, re-
spectively. Fig. 5a exhibits the filtered AFM image
and its ACF (inset) of a 3° inclined alumina sub-
strate covered by a Si,N,/Ag/Si,N, trilayer (t_ .. =1
nm, t, ;=2 nm, t_ =12 nm). A schematic of the
nanoparticles arrangement after silver deposition
is also shown in Fig. 5b. The buffer thickness has
been reduced to 1 nm to prevent smoothing of the
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substrate topography. A simple inspection of the
image suggests that the surface topography is in-
deed preserved after the deposition of the trilayer
and that the macroscopic in-plane organization of
the nanoparticles is anisotropic.

More precisely, the detailed analysis of the ACF
reveals (i) a slightly elliptic central ring (long axis a
=25.3 nm and short axis b = 23.9 nm respectively
perpendicular and parallel to the steps) correspond-
ing to the quasi-isotropic nucleation of Ag particles
and (ii) lines oriented parallel to the steps corre-
sponding to the formation of self-organized chains
of nanoparticles with a mean interchain distance
A,=80 nm in excellent agreement with the aver-
age terrace width. On such faceted templates, the
nucleation is possible on terraces [16] or along the
steps [6]. The self-organization of nanoparticles on
terraces has been already observed by Okamoto
et al. in the case of FePt nanoparticles grown on
MgO(110) with groove structure [16]. The authors
proposed that the self-organization is due to a geo-
metrical limitation of the particle growth along the
cross-groove direction as the particle size ap-
proaches the groove width. In our case, the size of
the Ag particles is much smaller than the width of
the terraces so that the growth mechanism pro-
posed by Okamoto et al. is unlikely. Consequently,
and according to the results presented in part 3.2,
the self-organized particle chains must be situated
along the steps, which are preferential nucleation
sites because of their increased coordination num-
ber with respect to that of the terrace width [6].

Fig. 6 shows the transmittance spectra at nor-
mal incidence of the same Si,N,/Ag/Si,N, trilayer
deposited onto plane and 3° inclined alumina sub-
strates obtained for two perpendicular directions
of the incident electric field. For the trilayer depos-
ited onto the plane alumina substrate, the SPR is
centered around 620 nm whatever the direction of
the field in the plane. This result confirms that the
macroscopic in-plane organization of the
nanoparticles deposited on a plane surface is iso-
tropic. In contrast, the SPRs for the trilayer depos-
ited onto the 3° inclined alumina substrate are cen-
tered at 640 nm and 620 nm for polarizations par-
allel and perpendicular to the steps respectively. It
is worth noting in Fig. 5 that a certain fraction of
silver particles stick together to form linear chains
of finite size in the direction parallel to the surface
steps. Consequently a dipole-dipole coupling
among neighbouring particles is probably respon-
sible for the splitting of the SPR [6]. Indeed these
interactions can be taken into account by a set of

effective depolarization factors which are fictitious
quantities (not related to any ellipsoidal shape) but
that acts formally as a shape effect [1]. However,
the fraction of silver particles onto terraces is high
compared to those of particles chains, as
schematized in Fig. 5b. These terrace particles
behave as independent particles with an isotropic
optical contribution, which could explain the low
value of this shift.

4. CONCLUSION

We have investigated by TEM and AFM the spa-
tial organization of silver nanoparticles sandwiched
between Si,N, layers. From the detailed analysis
of local and averaged ACFs, we show that the
nanoparticles deposited on a plane surface are
organized in an isotropic way and present an order
at short distance. In contrast, the nanoparticles
deposited on corrugated or faceted surfaces nucle-
ate preferentially in the hollows formed by the Si,N,
capping layers. This leads to the vertical self-orga-
nization of the nanoparticles in Si,N,/Ag multilayers
and to the formation of chains of nanoparticles in
Si,N,/Ag/Si,N, trilayers deposited onto faceted alu-
mina. In this case, transmission optical measure-
ments reveal in-plane anisotropy with a splitting of
the longitudinal and transverse SPRs attributed to
a dipole-dipole coupling (or even higher multipole
effect) among particles chains.
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