
Growth and Optical Properties of Gold
Nanoshells Prior to the Formation of a
Continuous Metallic Layer
Thomas C. Preston and Ruth Signorell*

Department of Chemistry, University of British Columbia, 2036 Main Mall, Vancouver, BC V6T 1Z1, Canada

G
old nanoshells, particles that con-
sist of a spherical dielectric core
coated with a concentric layer of

gold, have become ubiquitous in applica-

tions such as thermal therapy,1�6 biologi-

cal imaging,3,7�9 controlled drug

release,5,10�12 and surface-enhanced

spectroscopy.13�16 The strong dependence

of their plasmon modes on the gold shell

thickness allows for great control over how

these particles absorb and scatter electro-

magnetic radiation.17�19 Specifically, large

extinction cross sections at wavelengths in

the near-infrared (NIR), important for bio-

logical applications, are easily

demonstrated.

One of the most popular approaches to

construct gold nanoshells involves attach-

ing small gold particles to the surfaces of

silica cores and, subsequently, using these

sites as nuclei to seed shell growth when a

gold salt is reduced in their presence.18,20 In

this type of a synthesis, it should be pos-

sible to control the shell thickness by adjust-

ing the amount of reducible salt present in

solution and, as this thickness influences

the plasmon modes of the particle,18 engi-

neer the particle’s electromagnetic re-
sponse. Ideally, this approach should be
guided by a theoretical understanding of
the behavior of the spectra for such a par-
ticle. By using the analytical solution to the
diffraction of electromagnetic radiation by a
coated sphere, this is indeed possible.21

These results have been discussed in detail
elsewhere.17�19 The general trend can be
summarized as follows: when a shell’s thick-
ness is less than the radius of the sphere
that it coatsOand all other factors are held
constantOa blue shift in the particle’s plas-
mon band position will occur as the shell’s
thickness is increased.

Of course, this is only true if a uni-
form gold layer is present on the surface
of the dielectric core.22 Given the manner
in which shell growth takes place, one
would suspect that this is not always the
case. Certainly, there must exist situations
where shell formation is incomplete and
only islands of gold are present on the
surface of the core (e.g., when insufficient
reducible salt is added during the growth
process). The illustration in Figure 1 com-
pares an incomplete with a complete
nanoshell. In the former case (Figure 1a),
the electromagnetic response of a par-
ticle cannot be described by the model
of a sphere coated with a layer of con-
stant thickness.

In this report, we examine how the vis-
ible and NIR spectra of gold nanoshells
behave as a function of the concentra-
tion of gold salt added during shell
growth. Specifically, we focus our atten-
tion on the region where shell formation
is incomplete and model how the spectra
depend on the morphology of gold
present on the surface of the silica
sphere. Transmission electron micros-
copy (TEM) is used to examine the vari-
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ABSTRACT The growth and optical properties of incomplete gold layers on silica particles (229 nm) are

studied using visible/near-infrared spectroscopy and transmission electron microscopy. The gold particles that

eventually coalesce to form a continuous gold layer are found to have droplet-like shapes. The optical properties

of these systems are different from those of complete gold nanoshells. Using the discrete dipole approximation, it

is found that the plasmon modes of such systems should exhibit two bands: one from 500�600 nm (“high

energy”) and the other from 600�800 nm (“low energy”). The calculations show that, for increasing coating

density of the droplet-like particles, the lower energy band (i) becomes stronger relative to the higher energy

band and (ii) is red-shifted. Both of these trends are found in the spectra of the prepared particles. Furthermore,

the observed plasmon bands fall within the limits established by the model.

KEYWORDS: gold nanoparticles · gold nanoshells · plasmonics · discrete dipole
approximation
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ous particle surfaces and determine the parameters
which are used in the model. From these images, we
also discuss the processes through which shell
growth occurs in this regime of incomplete shell
formation.

RESULTS AND DISCUSSION
Modeling of Optical Properties. Our study focuses on par-

ticles composed of silica cores onto which incomplete
gold layers have been grown. As these layers originate
from small, roughly spherical seed particles, early stages
of growth most likely result in enlarged versions of
these precursors (as shown in Figure 1a). When model-
ing the optical properties of these gold structures, the
shape of the individual particles is described as spheres,
hemispheres, or droplet-like particlesOan intermedi-
ate between the spherical and hemispherical shape.
The study of the droplet-like shape is motivated by the
particles observed in TEM images (see the Characteriza-
tion of Particles by TEM section). While the optical prop-
erties of spherical particles have been extensively
studied,23�26 those of hemispherical particles have
only been examined in a few cases.27 As the number
of individual gold particles on any given silica sphere
is quite large, a numerical approach to describe the op-
tical properties would be computationally unfeasible.
Therefore, we examine either small clusters of spheri-
cal or hemispherical particles. This may appear to be a
limitation, but it is actually possible to determine most
of the key properties and spectral trends of these larger
systems using only a small number of particles.

The electromagnetic responses of gold structures con-
sidered here are modeled using the discrete dipole ap-
proximation (DDA).28,29 The density of dipoles used was
either 27 dipoles/nm3 (when the radii of the structures
were 10 nm) or 8 dipoles/nm3 (when the radii of the struc-
tures were 20 nm). The dielectric function of gold is taken
from a table.30 The refractive index of the medium that
surrounds the hemispheres is taken to be nondispersive
and set to 1.33 (water). The silica surface is ignored in
these calculations. This simplification slightly shifts calcu-
lated resonances to shorter wavelengths.31,32 Given the
large range of wavelengths over which the experimental
resonances are found and the small difference in refrac-
tive index between the silica core (nsilica � 1.44)33 and wa-
ter, this approximation is satisfactory.

The clusters of spheres and hemispheres we con-
sider can be classified according to their point groups.

Their dimensions are typically much smaller than the

wavelength of light impinging on them. Therefore,

the electric dipole active modes dominate the spectra.

The irreducible representations of these modes are

used to label the peaks in the extinction spectra. This

approach to label plasmon modes has been taken pre-

viously by Mayergoyz et al.34 and was used when deal-

ing with so-called plasmonic molecules.35,36

Single Sphere or Hemisphere. The optical properties of indi-

vidual gold spheres are well-known23 and are only in-

cluded here for comparison with those of a hemisphere.

Figure 2a shows the location of the maximum of the di-

pole mode, p, as a function of sphere radius. Figure 2c

shows a sample spectrum for a constant radius of a �

10 nm. The maximum of the dipole mode shifts to

longer wavelengths as the radius increases.
On the basis of the point group of a hemisphere

(C�v), of the three electric dipole modes, one is nonde-

generate (��) and two are degenerate (�). Figure 2b

shows the location of the extinction maximum of these

modes as a function of the hemisphere radius, a. An ex-

ample of the spectra associated with these two modes

for a constant radius a � 10 nm is given in Figure 2d. It

turns out that, at their respective maxima, the extinc-

tion cross section of the � modes is about seven times

larger than that of the �� mode. This, combined with

the fact that for a randomly oriented hemisphere both

� modes will be active, means that the spectra of the

gold hemispheres will essentially be dominated by this

lower energy mode.
A Pair of Spheres or Hemispheres. A pair of spheres belongs

to the D�h point group. Figure 3a shows the variables s

and a, which describe the system and the orientation

of the polarization that excites the nondenergate mode

(�u
�) and the doubly degenerate modes (�u). Figure

3b,c shows the maxima of the dipole modes as a func-

tion of the shortest distance between the surfaces of

two spheres, s, for two different radii a � 10 and 20 nm,

respectively. Examples of the extinction spectra for s �

1 nm are shown in Figure 3d,e, respectively.

With decreasing separation, s, the �u modes show

little change in their extinction maxima (small blue

shift) while the �u
� modes strongly red shift. For identi-

cal s, the �u
� mode of the larger spheres (a � 20 nm, Fig-

ure 3c) is shifted to longer wavelengths than that of

the small spheres (a � 10 nm, Figure 3b). We also note

that the �u
� modes have much larger extinction cross

sections than the �u modes. However, in an orienta-

Figure 1. Parameter a is used to either represent (a) the gold particle radius or (b) the shell thickness.
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tionally averaged sample, both �u modes are active

and their relative contribution thus increases.

For a pair of hemispheres, we assume that the hemi-

spheres lie on a flat surface. Figure 4a shows the orien-

tation and parameters of the two hemispheres used in

these calculations. This configuration belongs to the C2v

point group, and all three electric dipole modes will be

nondegenerate. Figure 4a shows the orientation of the

polarization that excites these modes together with

their labels. Figure 4b,c shows the maxima of the di-

pole modes as a function of separation, s, for radii of a

� 10 and 20 nm, respectively. When the spacing, s, is

decreased, we observe a large red shift in the B2 modes

and much smaller blue shifts in the B1 and A1 modes.

Similar to the case of the paired spheres, the red shift

is more pronounced for larger particle radii. Figure 4d,e

shows the spectra of these modes for a fixed separa-

tion s � 1 nm and radii of a � 10 and 20 nm, respec-

tively. Similar to the case of a single hemisphere (Fig-

ure 2d), the lowest energy modeOhere it is B2O
possesses the largest extinction cross section and

should be readily observable. However, this mode will

not be as dominant in an orientationally averaged spec-

trum as the � mode of the isolated hemisphere.

In relation to each other, the spectra of the paired

sphere (Figure 3) and hemisphere (Figure 4) are very

similar, although when spacing and radii are equal, the

low energy B2 mode of the hemisphere system is found

at longer wavelengths than the low energy �u
� mode

of the spherical system. Note that a smaller peak asso-

ciated with an electric quadrupole moment is visible at

shorter wavelengths in the traces that contain the �u
�

mode and B2 mode in Figure 3 and Figure 4,

respectively.

A Series of Spheres or Hemispheres. For either spheres or

hemispheres, the difference in spectra between the

isolated (Figure 2) and paired cases (Figures 3 and 4)

is quite significant. Therefore, it is worthwhile to in-

vestigate the effects of placing additional spheres or

hemispheres in the series. This gives an impression

of how quickly the spectra converge. For either set of

objects, the most convenient way to proceed is by

placing all of them along the same axis and main-

taining an equal spacing, s, between neighboring

members of the series (and for hemispheres main-

taining identical orientation). When this is done, the

D�h and C2v symmetries of the paired cases are re-

tained for the spheres and hemispheres, respec-

tively. For the spheres, physical intuition tells us that

this will represent a limit on the longest observable

wavelength for such a cluster (i.e., when compared

to other systems with the same number of spheres

Figure 2. (a) Location of the plasmon extinction maximum as a function of sphere radius, a. (b) Location of the plasmon ex-
tinction maximum as a function of hemisphere radius, a (polarization of incident electric field is indicated with double-sided ar-
rows). (c) Sphere spectrum for a � 10 nm, and (d) hemisphere spectra for two polarizations for a � 10 nm.
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and where the shortest spacing between any two
spheres is not less than s).

We shall only examine the �u
� mode in the case of

spheres and the B2 mode in the case of hemispheres
as these were found to be the strongest in the paired
case and the only modes whose maxima changed sig-
nificantly (red-shifted) when coupled. Figure 5a,b shows
the location of these modes as the number of objects
in the series increases. With each new object that is
added to the series, a red shift occurs. However, the
magnitude of this shift also decreases as more objects
are added. Although neither of the series completely
converges, in both cases after N � 4, the red shift is
quite minor. The red shift in the hemisphere case is
more pronounced than that of the case of the sphere.
Finally, the maxima of the modes not shown here
(B1, A1, and �u) do not change significantly when addi-
tional objects are added to the series.

Cluster of Four Spheres or Hemispheres. In a situation where
spheres or hemispheres are randomly distributed
on a surface, such as those that are considered in

the Characterization of Particles by TEM section, a
cluster of individual particles might be a better rep-
resentation than a series of particles. To gain some
appreciation of this, we examine two such cases:
those of four spheres (Figure 6) and four hemi-
spheres (Figure 7). The point groups of these ar-
rangements are D4h and C4v, respectively. As s de-
creases, both the spherical and hemispherical
configurations have a strong red shift in their low-
est energy mode (Eu and E, respectively). However,
the absolute shift is not as large as in the linear case
for N � 4 (Figure 5). More importantly, the overall
appearance of the spectra in Figures 6 and 7 is very
similar to the spectra of the respective pairs in Fig-
ures 3 and 4. Note again that, similar to the paired
sphere and hemisphere cases, a smaller peak associ-
ated with an electric quadrupole moment is visible
at shorter wavelengths in the traces that contain the
Eu mode and E mode in Figures 6 and 7, respectively.

Droplet-like Structure. Figure 8 shows the extinction
maxima of the two modes of droplet-like gold par-

Figure 3. Location of the plasmon extinction maximum for a pair of spheres (shown in (a)) as a function of sphere separation, s,
for (b) a � 10 nm and (c) a � 20 nm. Traces (d) and (e) show spectra of these modes at a separation, s, of 1 nm and a radius, a, of
10 and 20 nm, respectively. The definition of the modes is shown in (a).
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ticles (see inset for details) with a radius a � 10 nm

and a varying base height, b. An axis showing the con-

tact angle for the a-to-b ratios is also plotted. The maxi-

mum wavelength of the dominant � mode increases

monotonically between the spherical (b � 10 nm) and

hemispherical limits (b � 0 nm). Therefore, the hemi-

spherical and spherical clusters which we have consid-

ered earlier represent, as an approximation, upper and

lower bounds on the maximum wavelength for equiva-

lent clusters made up of these droplet-like structures.

Summary of Optical Properties. The systematic calculations

performed here tell us where to expect resonances and

what their relative strengths are. For a closely spaced

system of particles (s � 4 nm), extinction maxima are

much more sensitive to changes in spacing than

changes in particle radii (i.e., within this region, chang-

ing the separation will have a greater effect on the

maxima location than an identical change to the radii).

Independently of the arrangement of the individual

particles, there are generally two types of modes: “high

energy” modes from 500 to 600 nm and “low energy”

modes from 600 to 800 nm. Therefore, for a system of

particles randomly distributed across a surface, two

plasmon bands should be observable in the extinction

spectrumOone comprising the higher energy modes

and the other the lower energy modes. Within the con-

text of the plasmon hybridization model,37 this is sim-

ply the splitting of the uncoupled plasmon resonance

into higher and lower energy modes.

The comparison of the results for two spheres or

hemispheres (Figures 3 and 4) with those of four

spheres or hemispheres (Figures 6 and 7) illustrates

that the number of high energy modes goes from two

to one and the number of low energy modes goes from

one to two (taking into account the degeneracy of

some of the modes present). These two cases are ex-

amples of a more general phenomenon: as the pack-

ing density of randomly placed gold objects on a sur-

face increases, the lower energy band will increase in

strength at the expense of the higher energy band. The

other effect of the increasing density is that the low en-

ergy band red shifts.

Figure 4. Location of the plasmon extinction maximum for a pair of hemispheres (shown in (a)) as a function of hemisphere
separation, s, for (b) a � 10 nm and (c) a � 20 nm. Traces (d) and (e) show spectra of these modes at a separation, s, of 1 nm
and a radius, a, of 10 and 20 nm, respectively. The definition of the modes is shown in (a).
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Characterization of Particles by TEM. Figure 9 shows TEM

images for nanoshell precursors where increasing

amounts of the gold salt solution have been reduced

in their presence. We first describe the differences be-

tween the images qualitatively. For low concentrations

of reducible gold salt solution, isolated gold particles

are found on the silica surface (Figure 9a�e). As the

concentration of reducible salt is increased, these par-

ticles grow in diameter, coalesce, and eventually form a

surface better described as being continuous (Figure

9f�i). This suggests a lower limit on the thickness of a

completed nanoshell in the range of 11 to 16 nm (the

thickness of the gold shells for the particles in Figure

9f,i, respectively).

During the growth process of the individual gold par-

ticles, the most pronounced change appears to occur

from Figure 9a to b. Here, not only does the size of the

gold particles on the surface increase, as one would ex-

pect, but, as is evident by inspection, the number of gold

particles greatly decreases. Furthermore, there are large

areas of the silica surface that would have contained small

gold particles in Figure 9a but are bare in Figure 9b. These

observations suggest that the larger particles in Figure

9b do not originate from single seed particles but
rather encompass several of these seed particles.

Two-dimensional TEM images can be a limitation
in elucidating the three-dimensional structure of
particles. However, the spherical silica surface onto
which the particles are bound allows one to view all
orientations of the gold particles. In Figure 9b,c,
the gold particles on the outer edge of the silica
spheres, for example, show that the individual par-
ticles have droplet-like shapes. This morphology lies
somewhere between the spherical and hemispheri-
cal shapes discussed in the Modeling of Optical
Properties section. The contact angle of these par-
ticles could be measured from the TEM
images, and values of 125 � 8° (Figure 9b) and 130
� 9° (Figure 9c) were obtained. If we assume that
only dispersion forces between gold and silica de-
termine this contact angle, we can calculate this
value from Young’s equation.38 For that purpose,
we used the surface energies of gold 	Au � 1130
mJ m�2,39 silica 	Si � 31 mJ m�2,40 and the inter-
face energy 	Au, Si � 	Au � 	Si � 2
(	Au 	Si) �

787 mJ m�2. This leads to a calculated contact angle
of 132°, which is in reasonable agreement with the
experimental values.

Droplet-like growth has been discussed previ-
ously for gold growing on a flat, doped polypyr-
role surface.41 While the sample preparation in
that work was quite different from ours (e.g., gold
films were grown by vapor deposition), the sur-
face energies of that system were very similar,
suggesting that general dispersion forces play an
important role in determining gold particle mor-
phology here, as well. The contact angle in that

case (128°) was similar to our measurements. In con-
trast to our study, however, the contact angle could
not be measured directly but was extrapolated to fit
X-ray photoelectron spectroscopy (XPS)
measurements.

Table 1 quantifies the average radius, a, of the gold
particles found on the silica surfaces and the percent-
age of the silica core surface they cover. These data
were obtained from TEM images. For cases where the
edges of two particles were touching, this was mea-
sured and counted as two separate particles. Alterna-
tively, when the coverage of the silica surface by gold
was high, the gold hemisphere radius was obtained
from the difference between the total nanoshell diam-
eter and the silica core diameter (see Figure 1b). Where
both of these results could be applied (Figure 9d,e), re-
sults determined in either manner were in agreement.
For the situation depicted in Figure 9f�i, only the sec-
ond method was applicable and the radius a is better
interpreted as being the nanoshell thickness. When de-
termining the percentage of surface coverage, only
the portion of the surface near the center of a silica
sphere on a TEM image was used so that the gold par-

Figure 5. Location of the plasmon extinction maximum for (a)
the �u

� mode as the number of spheres in a series is increased
(or the p mode when the number of spheres is equal to 1) and
(b) the B2 mode as the number of hemispheres in a series is in-
creased (or the � mode when the number of hemispheres is
equal to 1). The spacings between the spheres or hemispheres
in the series and radii were held constant at 1 and 10 nm,
respectively.
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ticles did not obscure uncoated area and cause an over-

estimation of the surface coating. The nearest neigh-

bor distance between two particles, s, was not

measured directly but instead calculated using the

measured coverage of silica by gold. This was done by

preparing a plot of area covered versus nearest neigh-

bor distance using values of area and nearest neighbor

distance calculated by randomly placing circles with ra-

dii of 80 units on a 8000 � 8000 unit grid. In order to

avoid artifacts introduced by not using an infinite grid,

circles within 1600 units of the grid edge were not in-

cluded in these calculations.

Characterization of Particles by UV�Vis�NIR Spectroscopy.

The UV�vis�NIR spectra of the prepared particles are

shown in Figure 10, and the positions of the high en-

ergy (Phigh) and low energy (Plow) plasmon bands, ob-

served as maxima or shoulders, are indicated, as well.

These values are also listed in Table 1. In Figure 10a, the

absence of any observable plasmon peak is most likely

due to the small dimensions of the gold particles (Fig-

ure 9a), the plasmon oscillations of which will be heavily

damped. In Figure 10f�i, the fraction of silica covered

by gold is larger than that of the densest possible pack-

ing of circles on a flat surface (hexagonal packing,

�0.91). Therefore, overlap between gold particles is sig-

nificant, and the spectra are essentially those of com-

pleted nanoshells. In Figure 10b�e, we observe a

double band structure consisting of Plow and Phigh. In ad-

dition, the low energy band, Plow, strongly red shifts

from trace b to e. The high energy band, Phigh, exhibits

only a minor shift. These spectra correspond to particles

where complete shells have yet to form. To explain the

Figure 6. Location of the plasmon extinction maximum for four spheres (shown in (a)) as a function of sphere separation, s, for
(b) a � 10 nm and (c) a � 20 nm. Traces (d) and (e) show spectra of these modes at a separation, s, of 1 nm and a radius, a, of 10
and 20 nm, respectively. The definition of the modes is shown in (a).
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origin of this red shift, along with the observed double

structure, we use the data extracted from the TEM im-

ages (Table 1) together with the results from the Mod-

eling of Optical Properties section.

The radii of the discrete gold particles observed in

Figure 9b�e are listed in Table 1. Within the uncertain-

ties, these values are all �10 nm. Despite this similarity

in size, we observe a strong red shift of Plow. In contrast

to this nearly constant radius, the fraction of the silica

surface covered by gold increases from 0.31 to 0.79

(Table 1). This obviously affects the spacing between

gold particles and corresponds to a decrease in the

nearest neighbor distance between particles, s, from

about 3.49 nm to essentially 0. This indicates that inter-

particle plasmon coupling between the gold structures

is strong and causes the observed red shift.

Figure 7. Location of the plasmon extinction maximum for four hemispheres (shown in (a)) as a function of hemisphere separation,
s, for (b) a � 10 nm and (c) a � 20 nm. Traces (d) and (e) show spectra of these modes at a separation, s, of 1 nm and a radius, a, of 10
and 20 nm, respectively. The definition of the modes is shown in (a).

Figure 8. Location of plasmon extinction maxima as a function
of base height, b, for a droplet-like structure of radius a � 10
nm.
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The high and low energy band descrip-
tion developed in the summary portion
of the Modeling of Optical Properties sec-
tion provides an adequate explanation as
to the observed double structure. As pre-
dicted for spherical and hemispherical ob-
jects placed on a surface, two distinct
bands appear. With increasing coating
density, the lower energy band (i) red
shifts and (ii) increases in strength rela-
tive to the higher energy band. Note again
that the same holds for the droplet-like
particles as they represent an intermedi-
ate between spherical and hemispherical
objects. In Figure 10b�e, these two bands
are always observed as a maximum or a
shoulder. Initially, the high energy band,
Phigh, appears as the main peak, while the
low energy band, Plow, is a shoulder (Fig-
ure 10b,c). As the coating density of gold
on silica increases, Phigh becomes a shoul-
der and Plow develops to become the main
peak (Figure 10d,e). Not only are the two
predicted bands observedOwithin the
correct range of wavelengths predicted
from the calculationsObut the proper
trend is also found: Plow strongly red shifts
from 607 nm in Figure 10b to 684 nm in
Figure 10e and becomes stronger than
Phigh, which only shifts by a minor amount.

For systems containing large numbers of closely
spaced, randomly distributed plasmonic particles,
predicting the precise location of extinction maxima
with DDA is difficult due to computational limita-
tions. However, the fact that the bands in Figure
10b�e fall within the limits established in the Mod-
eling of Optical Properties section for gold particles
characterized by the TEM images provides clear evi-
dence that coupling between the latter is respon-
sible for the observed double structure and inten-
sity distribution.

SUMMARY
The initial growth of gold nanoshells occurs

through a combination of gold being plated
onto the adsorbed seed particles and a process
where these seed particles evolve into a smaller
number of larger particles on the silica surface. These
particles have a droplet-like shape. Prior to the for-
mation of a continuous gold layer on the silica core,
such incomplete nanoshells exhibit high (500�600
nm) and low (600�800 nm) energy bands. Modeling

shows that this is the result of interparticle plas-
mon coupling that occurs mainly between nearest

neighbor gold particles adsorbed to the silica sur-

faces. Model clusters of hemispheres and spheres es-

tablish upper and lower bounds for the wavelengths

Figure 9. TEM images for prepared nanoshells. Volume of stock HAuCl4/K2CO3 added during
coating procedure: (a) 0 mL, (b) 0.25 mL, (c) 0.50 mL, (d) 0.75 mL, (e) 1.00 mL, (f) 1.25 mL, (g) 1.50
mL, (h) 1.75 mL, and (i) 2.00 mL. Corresponding UV�vis�NIR extinction spectra are shown in
Figure 10.

Figure 10. UV�vis�NIR extinction spectra for nanoshell solutions.
Volume of stock HAuCl4/K2CO3 added during coating procedure: (a)
0 mL, (b) 0.25 mL, (c) 0.50 mL, (d) 0.75 mL, (e) 1.00 mL, (f) 1.25 mL, (g)
1.50 mL, (h) 1.75 mL, and (i) 2.00 mL. The locations of the high energy
(Phigh) and low energy (Plow) plasmon bands are indicated using ar-
rows. Corresponding TEM images are shown in Figure 9.
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of these bands. The experimental results for incom-
plete nanoshells with discrete gold particles fall
within the predicted limits.

The present results allow for a simple identifica-

tion of the incomplete growth of nanoshells by

UV�vis�NIR spectroscopy. Incomplete growth is an

issue in systems where the creation of very thin
gold layers is desired. Furthermore, our study pro-

vides an explanation as to the origin of the observed

optical properties of these systems.

EXPERIMENTAL SECTION
Synthesis. The detailed preparation of the gold nanoshells is

described in the Supporting Information. Briefly, 229 � 11 nm di-
ameter silica cores were prepared using the Stöber method.42

Their surface was functionalized with 3-aminopropyltrime-
thoxysilane.43 Gold particles (2.4 � 0.5 nm diameter)44,45 were
adsorbed on the surface of these aminated silica particles. Two
hundred microliters of this colloid was mixed with various vol-
umes of a gold salt solution (1.5 mM HAuCl4 with 1 mg/mL K2CO3;
see Table 1 for volumes) and made up to 4 mL with H2O. Gold
was reduced by adding 10 L of formaldehyde.20

Characterization. Transmission electron microscope (TEM) im-
ages were collected using a Hitachi H7600 TEM. Samples were
prepared by placing 10 L of the solution of interest onto the
surface of a Formvar/carbon 200 mesh, copper grid (Ted Pella,
Inc.). The solvent was then left to evaporate. Ultraviolet�
visible�near-infrared (UV�vis�NIR) spectroscopy was per-
formed using a Varian Cary 50 UV�vis spectrophotometer. All
samples were dispersed in water and held in quartz cells during
analysis.
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