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In this Brief Report, we show that when interconnected networks of gold particles are deposited onto a clean
planar surface, they strongly modify the photonic local density of states (LDOS) in the immediate proximity of
the self-assembled nanoparticles. They represent unique architectures for the subwavelength patterning of
initially flat photonic LDOS. Moreover, we show that their local spectral signatures are well suited for the
generation of sites able to enhance molecular fluorescence intensity.
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Recently, the fundamental limitations of light confinement
due to diffraction have been significantly reduced with the
advent of high refractive-index materials'? or the tailoring of
surface plasmon modes.>™ This light confinement clearly ap-
pears when imaging the optical local density of states
(LDOS) in the vicinity of the nanostructures in the direct
space (XYZ).'9!2 Scanning near-field optical microscopes
(SNOM) deliver optical signals proportional to the LDOS at
the successive positions of the tip.'* Furthermore, in the case
of optical corrals, LDOS maps reveal standing optical states
confined inside closed patterns such as circles, stadiums,
rings, or ellipses microfabricated at the surface of dielectric
materials.'*!3 In experiments involving micron-sized litho-
graphically designed structures, the LDOS intensity can be
tuned and enhanced at the corrals center.'*!> The image is
then dominated by pseudoperiodic ripples (ringlike modes)
that reveal the nonevanescent states lying around and inside
the corrals.

Although electromagnetic field enhancement and confine-
ment have been extensively studied with lithographically de-
signed nanostructures, the actual spatial distribution of the
LDOS and the role of surface-plasmon modes in much
smaller colloidal nanoparticles assemblies remain broadly
unexplored. Some indications were recently gathered by
Imura et al.'>'® who performed near-field optical imaging of
plasmon modes in single gold nanorods. An apertured
SNOM setup was used to excite two-photon-induced photo-
luminescence on single nanorods. Photoluminescence spec-
tra show several optical resonances that are attributed to dif-
ferent surface-plasmon modes, and according to numerical
analysis, their intensities are related to the optical LDOS.

In this context, the simple fabrication of complex and
extended networks of interconnected chains of nanoparticles
by a spontaneous self-assembly process!’!° has been re-
ported (cf. Fig. 1). The optical properties of these superstruc-
tures, that we called plasmonic nanoparticles networks
(PNN) can be probed experimentally and modeled by the
discrete dipole approximation (DDA) numerical scheme.!” In
particular, the longitudinal mode can be seen as resulting
from the efficient coupling of nanoparticle surface plasmons
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by dipolar interactions between neighboring but nontouching
nanoparticles. The transfer of colloidal particles from a sus-
pension onto a solid substrate has been a major challenge in
recent years for its importance in photonics, for example, in
the fabrication of photonic band-gap devices by depositing a
few layers of colloidal photonic crystal?® or in using depos-
ited colloids as masks for shadow evaporation (nanosphere
lithography) of plasmonic metal nanopatterns.”! However,
the controlled deposition, spreading and addressing of the
self-assembled colloidal superstructures still remain chal-
lenging. Very recently, by systematically controlling the sur-
face chemistry of the substrate, the deposition method and
the drying regime of the liquid colloidal solution, we have
shown that it is possible to deposit intact and well-spread
networks.?? Near a planar dielectric surface, the optical prop-
erties of such objects lead to subwavelength patterning of
initially flat optical near fields.??

In this Brief Report, we develop an efficient scheme able
to compute the photon LDOS generated by complex PNNs
or many other colloidal self-assemblies. In a second step, we
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FIG. 1. Transmission electron microscopy (TEM) image show-
ing a self-assembled Au nanoparticle chain network deposited on a
glass substrate (see Ref. 22).
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explore the LDOS maps and spectra generated by metallic
particle chains and PNNs by applying a self-consistent DDA
approach.?>?3 Since the role of the LDOS in the decay rate
process of fluorescent molecules is well identified in optics,?*
we will exploit it to show that the sub-50-nm-scale pattern-
ing of the LDOS by PNN can be used to spatially engineer
the molecular fluorescence intensity with unprecedented res-
olution.

In a perfectly homogeneous medium which sustains only
radiative modes, the three usual Cartesian directions are
equivalent so that this quantity p(r,w) appears as a sum of
three equivalent quantities p,(r,w) (with a=x, y, or z) that
represent the three polarized LDOS (also called partial
LDOS). This property is no longer satisfied in the presence
of a corrugated surface or a surface supporting small par-
ticles. For instance, in the vicinity of dielectric particles ad-
sorbed on a surface, the three polarized LDOS p,(r, w) (with
a=x, y, or z) are dramatically modified by the presence of
the evanescent modes sustained by the particles.”> Addition-
ally, in this case where no significant energy dissipation is
expected inside the material, each polarized LDOS p,(r, w)
is strictly proportional to the imaginary part of the Green’s-
function component S, ,(r,r’, ),

pulr,) = ﬁlm[sa,a(r,r,wﬂ. (1)

The detailed demonstration of this relation (1) is provided in
reference.'” We should point out that Eq. (1) does not repre-
sent stricto sensu the local density of states of plasmonic
structures which generally exhibit significant dissipative
properties because nonradiative decay channels introduce ad-
ditional contributions. Nevertheless, this relation remains
valid to study the fluorescence properties of molecules lo-
cated near plasmonic components because it provides the
total decay rate or to analyze the electron-energy loss spec-
troscopy signals generated by fast electrons impinging a
metal particle.??” To apply this relation to a PNN structure
containing N gold nanoparticles located at the positions r;,
we express the Green dyadic function S(r,r’,w) in term of
the individual polarizabilities a;(w) (j=1-N) associated
with each nanoparticle that composes the network,

N
S(r.r',0) =S(r,r' ,w) + > aj(w)S(")(r,rj,w) -S(rj,r',w),
j=1

()

where S(")(r,r’,w) represents the Green dyadic function of
the bare sample surface (i.e., in the absence of any PNN).
Analytical expressions of this field susceptibility can be
found in the literature [see, for example, Egs. (35) and (37)
of Ref. 28]. For large number N of plasmonic particles, this
self-consistent equation must be solved numerically (for ex-
ample, by applying the Dyson sequence algorithm or by ap-
plying a simple matrix inversion method). However analyti-
cal expressions can be obtained when considering single or
isolated particles adsorbed on plane surfaces. According to
Eq. (2), a single spherical nanoparticle, located at R
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=(0,0,R), modifies the field susceptibility S(r,r’,w) of the
bare surface, which now reads,

S(r,r’, ) =S(r,r', ) + a«(0)S(r,R,0) - SR,r’, w).
(3)

To solve this equation, we first determine the tensor
S(R,r’,w) by putting r=R in Eq. (3),

SR,r',0) =A (o,R) - SOR,1',w), (4)

where A(w,R) is a simple diagonal 3 X 3 matrix built from
the dipolar polarizability, the identity matrix I, and the diag-
onal tensor S“(R,R, w),

A(o,R) =[I- a(0)S(R,R,w)]. (5)
This procedure leads to the analytical result,
S(r,r’,w) =S (r,r',0) + (w)S”(r,R,0) - A™(0,R)
-SYR, I, w). (6)

Finally, substitution of Eq. (6) into relation (1) yields the
three polarized LDOS’s p}(r, w) generated by a single nano-
particle. The total LDOS then reads,

psingle(r’ w) = plz,w) + zﬂllwlm{a(w)

XTi[S®(r,R,w) - A (w,R) - SO(R,r, )]},
(7)

where the quantity p(z,w), invariant in all (XOY) planes,
defines the total LDOS in front of the bare glass surface. In
addition, the symbol Tr means that the trace of the tensorial
quantity between brackets must be taken. From relation (7),
we have modeled LDOS maps in the vicinity of noninteract-
ing gold nanoparticles deposited on a glass surface (Fig. 2).
In the three maps, a distance Zy,=60 nm separates the par-
ticle centers from the observation plane. In the Fig. 2(B), the
normalized total LDOS p*"8*(r,w)/p(z,w) displays sym-
metrical protrusions localized around each particle. The sec-

single _ _single
=p

ond map gives a picture of the surface LDOS p; »
+pi"&" revealing the photonic surface states (Fig. 2(C)).
Above each particle, this quantity gives rise to a truncated
conical protrusion with a small depression on the apex. Simi-
lar LDOS signatures have been experimentally observed
when imaging gold pads with the circularly polarized tip of a
near-field optical microscope.'® The last map (Fig. 2(D))
shows up the partial z-LDOS variation. It represents the dif-
ference between maps (B) and (C). The spatial confinement
observed on these images is related to evanescent states gen-
erated by each individual particles. These particular states
exist only in the near-field zone where they are tailored by
the nanostructures themselves.

For more complex systems, for example, for PNN similar
to those shown in Figs. 1 and 3, it is necessary to numeri-
cally solve Dyson’s Eq. (2) for a system of N particles placed
in interaction with a surface, and then to substitute the nu-
merical data obtained for S(r,r’, ) into Eq. (1). Different
information can be extracted from the numerical LDOS
P’ (r, ) associated with a PNN adsorbed on a surface: (i)
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FIG. 2. (Color online) LDOS maps computed near gold nano-
particles (30 nm in diameter) randomly deposited on a glass sur-
face. The operating wavelength is 530 nm and all the data are nor-
malized with respect to the LDOS computed in the absence of any
particle. (A) Side view of a single gold sphere supported by a planar
sample (the dashed line is used to define the observation plane
height); (B) total LDOS map p(x,y,Z,w) computed in the plane
Zy=60 nm; (C) surface LDOS map p,(x,y,Zy,®)+py(x,y,Zy,w)
calculated for Zy,=60 nm (Inset: perspective view computed near a
single particle); (D) same as (C) but for the partial LDOS along the
OZ direction p,(x,y,Z, ).

local LDOS spectra computed in predefined locations and
(i) LDOS maps that provide, for a given energy (wave-
length), the topography of localized states around the PNN.
In Fig. 3 we consider a typical planar PNN formed with
monoparticle chains of gold beads in the vicinity of which
three particular sites have been defined. In the (A) site, we
have computed the total LDOS spectrum at the fixed dis-

400 500 600 700 800
A (nm)

FIG. 3. (Color online) (I) TEM image of a planar PNN com-
posed of monoparticle chains of 13 nm diameter gold beads depos-
ited on a glass surface. Three different sites, labeled (A), (B), and
(C), have been selected for the LDOS computation. (II) Spectra of

the normalized total LDOS computed at these three sites (A), (B),
and (C).
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FIG. 4. (Color online) Spatial variation in the LDOS map com-
puted over the network of Fig. 1. The maps have been computed in
three consecutive planes (Z=constant) parallel to the sample: (A)
Z=110 nm, (B) Z=70 nm, (C) Z=32 nm, and (D) geometry of the
sample. The wavelength is 530 nm and the data are normalized with
respect to the local density of states computed in the absence of any
metal chain.

tances D4=25 nm from the nearest PNN bead, and Z,
=6.5 nm from the glass surface (see green curve in Fig. 3).
We observe that significant LDOS enhancement occurs in a
wavelength range (500<\ <700 nm). The dipolar reso-
nance from the single (nearest) particle (A=530 nm) but
also the longitudinal (A =650 nm) plasmon modes of the
coupled particle chains are clearly visible. Similar spectro-
scopic features can be observed in (B) site (see red curve in
Fig. 3) where well-aligned chain segments tend to reinforce
the effect of the longitudinal plasmon mode. The (C) site,
located just above the PNN node, gives rise to a drastic
change in the signature because it does not allow an efficient
longitudinal mode excitation to be achieved. In this particu-
lar location, the LDOS spectrum mainly reveals the indi-
vidual response of the self-assembled beads (occurring
around 530 nm). To summarize, this analysis clearly evi-
dences that the LDOS is significantly enhanced near the
chain extremities but remains largely reinforced over all the
network. This second aspect is well illustrated in Fig. 4
where three LDOS maps have been computed at the wave-
length A=530 nm in three planes parallel to the sample de-
picted in Fig. 1. The color scales in this Fig. 4 indicate the
variation range of the dimensionless normalized function
P’ (r, )/ p(z,w). The first image (4A) begins in the meso-
scopic range with a map computed at 110 nm from the par-
ticle centers. In such a distance range, the LDOS variation is
weak and the PNN is surrounded by pseudoperiodic ripples
(similar to Friedel oscillations at the surface of metal) that
reveal the first nonevanescent states lying around the PNN.
The transition between mesoscopic and nanoscopic regime is
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visualized in the maps of Figs. 4(B) and 4(C) in which the
same data are computed when decreasing the observation
distance at 70 nm and 32 nm above the metal particles cen-
ters, respectively. In Fig. 4(C), we observe ripples decreasing
together with a significant enhancement of the normalized
LDOS in the immediate vicinity of the metal particles (see
figure scale bars) that faithfully follows the different PNN
branches. In this case, entering the subwavelength range dra-
matically increases the access to the high density of the eva-
nescent optical modes that tend to be localized around the
individual spherical particles of the PNN. At still shorter dis-
tance, for example, at 25 nm, we have obtained a LDOS
enhancement factor of 15 near PNN’s adsorbed on dielectric
surface. Let us note that this reinforcement of the LDOS still
occurs outside the molecular quenching zone.?

To summarize, we have described a versatile formalism
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well suited for the analytical description and the accurate
computation of the local density of photonic states in the
vicinity of complex plasmonic self-assembled systems.
When applied to plasmonic nanoparticle networks, this new
framework shows that such systems represent unique objects
for the subwavelength patterning of initially flat photonic
LDOS, then revealing interesting energy transport and new
photonic properties for nanoscale optics developments. In
particular, the exploitation of the enhanced spectral signa-
tures near chain extremities could lead to efficient single
molecule emitters. Finally, this numerical tool can also be
used to support current experimental work developed in the
field of molecular plasmonics. In particular, it could be ap-
plied to other complex geometrical configurations associated
with bottom-up plasmonic system deposited near surface or
embedded in multilayer surroundings.
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