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’ INTRODUCTION

Plasmonic behavior of metallic nanoparticles (NPs) is cur-
rently the subject of intense research because of the potential
applications of such materials in many fields, including nonlinear
optics, catalysis, chemical and biological sensing, and surface-
enhanced Raman scattering (SERS).1�6 Among plasmonic na-
nostructures, metallic nanoshells,7 consisting of a dielectric core
surrounded by a thin metal shell, have received wide attention
because of their high stability; ease of preparation;8 and superior
performance in biological applications such as cancer treatment,9,10

medical diagnostics,11 and immunoassay.12,13 Commonly, metal
nanoshells are synthesized over silica particles of uniform sizes
grown by the St€ober method.14 Using successive chemical steps,
the monodisperse silica cores are decorated with metal nano-
particles. The metal NPs are then allowed to grow until they
intersect with each other, coalesce, and form a continuous
metallic shell over the dielectric core.8,15,16

Although considerable effort has been devoted to fabricating
such dielectric-core@metallic-shell nanostructures, it is still un-
clear how a complete nanoshell and its optical properties evolve
from the primary metallic NPs to form a complete core�shell
structure. This transition is often monitored through the linear
optical response of the composite nanostructures, and the
obtained optical responses are associated with the geometrical
features of a continuous metallic nanoshell. However, it is very
unlikely that a perfect and continuous shell layer can be formed
through the coalescence of metal NPs, and some researchers
argue that the obtained optical response in certain cases is
produced not by a continuous layer but, rather, by clusters of
metallic nanoparticles.17�19 Arguments aside, there remains a
reasonable question: Is it valid to use Mie theory to simulate the
optical response of these nanostructures? It is striking that,
despite these concerns, Mie theory is widely used to simulate

the optical properties of metallic nanoshells, and the results are
quite satisfactory.

In this work, we have simulated the optical response of
metallic nanoshells at different stages of formation to elucidate
how these systems evolve from the formation of discrete and
isolatedmetal NPs over a dielectric core through the formation of
a complete core�shell structure. In other words, we have investi-
gated how the morphology of a metallic shell affects its optical
properties. Bulk values of Au dielectric functions reported by
Johnson and Christy20 were used to calculate the optical res-
ponses, after application of the usual size correction.21

’PROCEDURE

The studied system, depicted in Figure 1, consists of a silica
core with a radius of 27.0 nm, over which spherical gold NPs of
5.0-nm radius were gradually added, until a complete shell
formed. Initially, the particles were added with the criterion of
maintaining maximum separation between them to avoid over-
lapping. With the selected radii of the silica and metal NPs, one
can add up to 130 nonoverlapping Au spheres ( f≈ 0.52), and in
principle, all of the resulting configurations can be simulated
by means of the T-matrix method.22,23 However, we used this
method to add only up to 100 spheres ( f ≈ 0.4), as recent
experimental evidence24 suggests that, for a ratio of center-to-
center separation to effective diameter, (RA + RB + d)/(RA + RB)
(where RA and RB are the radii of two contiguous metallic NPs
and d is the gap between them), below 1.05 the plasmon coupling
does not continue to intensify with decreasing interparticle sepa-
ration. From this point onward, the simulations were performed
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using the code DDSCAT 7.0, which implements the discrete
dipole approximation (DDA).25 In the latter configurations, new
particles were added randomly and allowed to overlap, until a
continuous shell formed. The only exception was the geometry
with f≈ 0.52, for which we used 130 nonoverlapping spheres for
the DDA calculations. Finally, simulations of the complete
nanoshell were performed using Mie theory,26,27 for comparison
purposes. The optimal dipole grid for DDA calculations was
chosen by verifying that the calculated spectra for 100 nonover-
lapping/intersecting spheres and a complete nanoshell were in
good agreement with those obtained using the T-matrix (TM)
and Mie theory, respectively. Good convergence was obtained
for a dipole grid of 0.5 nm, confirming that the calculation of the
efficiency factors has lower computational requirements than
other problems.28,29 Irrespective of the calculation method, all
spectra were obtained by averaging over different orientations, to
ensure that the considered system closely resembled the real
systems. DDSCAT 7.0 was also used to calculate the electric field

near the vicinity of some incomplete gold nanoshells at localized
surface plasmon resonance wavelengths.

Throughout this work, we use the term filling fraction, f (i.e.,
the ratio between the volume occupied by the incomplete
nanoshell and that of the full nanoshell), to characterize the
nanoshells. For the initial stages, when the Au spheres do not
overlap, this quantity can be calculated as

f ¼ NVsph

Vsh
¼ NR1

3

ðR0 þ 2R1Þ3 � R0
3

ð1Þ

where N is the number of gold spheres; Vsph and Vsh are the
volumes of a single Au sphere and the complete nanoshell,
respectively; and R0 and R1 are the radii of the silica and gold
spheres, respectively. For the configurations with overlapping
spheres, the filling fractions were simply calculated as

f ¼ N is
d

Ncs
d

ð2Þ

where Nd
is and Nd

cs are the numbers of dipoles used to calculate
the optical response of the incomplete and complete nanoshells,
respectively.

’RESULTS AND DISCUSSION

Figure 2 shows some selected optical extinction spectra,
obtained during the evolution of the system from isolated par-
ticles over the silica core to a complete nanoshell. The variation
of the peak position of the surface plasmon resonance (SPR) as a
function of filling fraction is demonstrated in Figure 3. The
spectra shown as solid lines in Figure 2a were calculated bymeans
of the T-matrix; those presented as dash-dotted lines were
obtained through the discrete dipole approximation (Figure 2a,b),
and the spectrum shown in Figure 2b as a dashed line was
calculated usingMie theory. The optical response in the first case
(with a few gold spheres attached to the silica core) is virtually
identical to that of isolated particles. Then, from around 65 gold
spheres (f ≈ 0.26) onward, a slight red shift of the SPR peak
position occurs, showing that the gold particles begin to interact
with their neighbors. This shift is relatively small until the metal
particles start touching each other (and overlapping). Beyond
that point, the SPR peak becomes wider and suffers larger red
shifts. The trend continues until the filling fraction reaches 0.8,
after which the trend reverses. The shifts observed for filling
fractions above 0.6 are even greater than that obtained for
a smooth and complete nanoshell. It should be noted that, in

Figure 1. Schematic representation of the studied incomplete metallic
nanoshells. E and B are the electric and magnetic fields, respectively, and
k is the wavevector.

Figure 2. Simulated extinction efficiency for some selected intermedi-
ate configurations during the evolution of the system from isolated
particles to the complete nanoshell, separated into (a) the initial low-
variation region and (b) the regions where small changes of the filling
factor produce dramatic spectral changes. The spectra were calculated
using the T-matrix (solid lines), the discrete dipole approximation
(dash-dotted lines), and Mie theory (dashed line).

Figure 3. Calculated positions of the SPR peak as a function of the
filling fraction, for incompletemetallic nanoshells. The horizontal dotted
line represents the position of the SPR peak of the complete nanoshell.
The red line is only a guide to the eyes.
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principle, random ensembles of gold nanoparticles could pro-
duce spectra similar to those obtained in this work; however, we
did not consider this possibility in our calculations because most
current methods for the synthesis of nanoshells are mature
enough to ensure that such agglomerates of particles are not
produced.

As shown in Figure 4, the local electric field around a partially
formed or incomplete shell is very irregular. In fact, for f = 0.4
(Figure 4b), the system basically behaves as a group of isolated
particles. However, for filling fractions of 0.6 and 0.8 (particularly
for the latter case), collective modes dominate the optical response.
Interestingly, several “hot spots” can be seen over the incomplete
nanoshells (more prominently for f = 0.8) that are very similar in
nature to those observed in the gaps of metallic dimers.30 We
believe that these intense localized fields are responsible for the
observed shifts in the SPR peak position. The phenomenon can
be better understood by considering the SPR as a homogeneous
electron gas oscillating over a fixed positive background, with the
induced surface charges providing the restoring force. The pre-
sence of the hot spots produces a high charge density at those
points. These high-charge-density points produce a greater elec-
tron screening and thus lead to a weaker restoring force of the
electron gas, lowering its resonance frequency.

Both the SPR red shift and the appearance of hot spots around
the metal NPs could have important implications for the
application of metallic nanoshells. Whereas the red shift of
the SPR peak is very important for the application of metal
nanoshells in thermal treatment of tumors,9,10 the appearance of

hot spots in these nanostructures could prove interesting for
surface-enhanced Raman scattering (SERS)3,4 or some other
applications that require intense local fields. However, a more
detailed study, which is beyond the scope of the present work, is
required to confirm or reject the feasibility of using rough metallic
nanoshells in the aforementioned applications. On the other hand,
it is very interesting that the “noisy” aspect of the near electric field
is reflected in the far field only through the widening and shift of
the SPR (i.e., the shape of the SPR remains approximately
Lorentzian) (Figure 4a). This effect can be explained by the
random nature of the irregularities in the local electric field, which
are compensated when the contributions of various particles of
different morphologies and orientations are averaged.

Finally, Figure 5 presents the optical extinction spectra of four
incomplete gold nanoshells (f = 0.7, 0.8, 0.9, and 1.0), calculated
using the DDA, and the corresponding fits obtained using Mie
theory.31 As can be seen, the obtained fits are excellent, particu-
larly for the higher filling fractions (f > 0.8). However, the
resulting geometrical parameters are completely wrong; that is,
the thicknesses obtained for the silica core and the gold shells are
not even close to those of the actual structure.32 In other words,
great care should be taken when interpreting the optical absorp-
tion spectra of nanoshells using Mie theory, as the obtained
results could be completely misleading for incomplete metallic
shells and shells with significant surface roughness. Therefore, it
is important that experimentalists verify the quality of the
obtained nanoshells through some alternative experimental
technique before assuming that they are perfect multilayered
spheres, as the consideration of light scattering alone is not
enough to obtain the geometrical parameters in a reliable way.

In the literature, one can find previous works exposing some
aspects analyzed in this work, such as the effect of surface
roughness on the optical properties of nanoshells33,34 or the
evolution of their SPR during its formation.35�37 For example,
Wang et al.33 used chemical etching to modify the surface of
already formed nanoshells, finding a red shift of the SPR on
increasing surface roughness similar to the one that we observed
for filling fractions above 0.6. They interpreted the SPR shift as a
reduction of the metal shell thickness. However, as explained
earlier, our results indicate that the creation of local field
irregularities also plays an important role in the observed red
shifts. Lin and Sun,34 on the other hand, performed a simulation
similar to ours for Ag NPs and, somewhat surprisingly,
concluded that “only the collective plasmon resonance mode
in the continuous layer of metal shell is effective; the effect of
surface morphology or roughness is minor”.34 The discrepancy

Figure 4. Near-field contour plots in the section plane for some
incomplete gold nanoshells. The structures showed have filling fractions
of (b) 0.4, (c) 0.6, (d) 0.8, and (e) 1.0. (a) The field profiles through the
middle of themetallic shell (marked with solid lines in the contour plots)
are also shown, for clarity.

Figure 5. Optical extinction spectra of some incomplete gold nano-
shells (f = 0.7, 0.8, 0.9, and 1.0), calculated using the DDA, and the
corresponding fits, calculated using Mie theory.
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between their results and our calculations (which agree well with
the experimental evidence33) probably has to do with the fact
that they added the metal nanoparticles to the silica core in an
ordered way, resulting in the formation of organized NP clusters,
whereas we did it randomly. Moreover, some other groups35�37

have reported the optical properties of semicontinuous gold and
silver nanoshells, but none of them reported the evolution of the
optical properties of the nanoshells for all possible filling fractions or
established a close relationship between the hot spots and the red
shift andwidening of the SPR.Considering all of the factors involved,
we believe that our results reflect amore realistic picture of the optical
evolution of metallic nanoshells during the growth process.

’CONCLUSIONS

We have presented the evolution of the optical response of
metallic nanoshells during their formation and growth. It was
found that the position of the SPR is barely affected until the
metallic nanoparticles attached to the silica core begin to interact
with each other (f≈ 0.4). For filling fractions higher than 0.6, the
SPR position suffers dramatic red shifts, even exceeding the shift
obtained for a perfect nanoshell. Whereas the obtained results
serve as a warning on the indiscriminate use of Mie theory to
interpret the results of optical absorption in multilayer plasmonic
systems, they also open up the possibility of creating nanoshells
tailored to the requirements of specific applications such as
thermal ablation of tumors and surface-enhanced Raman scatter-
ing, to name only two.
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