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A method for making aerogel doped with gold nanoparticles (GNPs) produces a composite material with a 
well-defined localized surface plasmon resonance peak at 520 nm. The width of the extinction feature indicates 
the GNPs are well dispersed in the aerogel, making it suited to optical study. A simple effective medium approx
imation cannot explain the peak extinction wavelengths. The plasmonic field extends on a scale where aerogel 
cannot be considered isotropic, so a new model is required: a 5 nm glass coating on the GNPs models the extinction 
spectrum of the composite material, with air (aerogel), methanol (alcogel), or toluene filling the pores. © 2011 
Optical Society of America 
OCIS codes: 160.4670, 250.5403. 

Silica aerogel is a highly porous form of glass, with a thin 
(∼5 nm) skeleton encompassing air-filled pores ∼50 nm 
across [1]. It is transparent, but the structure causes 
Rayleigh-like scattering [2]. The extinction spectrum 
and photograph, marked (a) in Fig. 1, are typical of 
regular aerogel. 
We developed a method to dope the aerogel with gold 

nanoparticles (GNPs) during their fabrication, avoiding 
undesirable aggregation [3,4]. The GNPs cause a reddish 
color when they are well dispersed in a medium because 
of a localized dipolar surface plasmon resonance (SPR) 
[5]. (In contrast aggregated GNPs cause a purple color 
because they interact with each other, broadening the re
sonance.) The peak wavelength of the SPR extinction 
(λSPR) depends on the size and shape of the GNPs and the 
refractive properties of the surrounding environment [5]. 
The extinction spectrum, marked (b) in Fig. 1, shows 
λSPR ¼ 520 nm for the red plasmonic aerogel in photo
graph (b). Using transmission electron microscopy 
(TEM) images, we measured the diameter of the predo
minantly spherical GNPs to be 51 � 3 nm, although a 
small number of rods and triangles were observed. 
The uniform color and TEM images (not shown) of iso
lated nanoparticles in aerogel indicate that the GNPs are 
well-distributed randomly throughout the aerogel. 
The aerogel was fabricated from base-catalysed 2-step 

sol-gel chemistry [4]. Tetramethyl orthosilicate, metha
nol, ammonia, and the aqueous 51 nm GNPs (λSPR ¼ 
535 nm) were mixed in two steps to form a sol [4], which 
became a rigid alcogel (a wet-gel with methanol in the 
pores) 10 min after the second step. We measured λSPR ¼ 
540 nm in this wet-gel. The aerogel was made by carefully 
removing the liquid that fills the open network of pores 
using supercritical drying in CO2 [4]. Alternatively, the 
refractive index of the wet-gel can be raised by gradually 
diffusing toluene into the pores; such a toluene-filled wet-
gel had a measured λSPR ¼ 547 nm. The concentration of 
GNPs in the wet-gels was ≈1012 GNPs per cm3, and none 
appeared to be lost during supercritical drying. 
We used finite element method (FEM) calculations to 

help understand the structure of plasmonic aerogel. To 
check our method, we first modeled a GNP in aqueous 

solution as a spherical 51 nm gold region, surrounded 
by a region of water (uniform effective index nw ¼ 
1:33) extending to a cubic boundary where the extinction 
cross section σext was calculated. The FEM software 
(Comsol Multiphysics 3.5) has built-in functions for par
titioning the simulation space into tetrahedral elements 
<10 nm. The dielectric constant for the gold region in 
the simulation used the measured properties reported 
by Johnson and Christy [6]. The modeled extinction cross 
section σext (m) and experimental extinction (e) spectra 
in Fig. 2 show good agreement in λSPR, and the slight 
broadening in the experimental spectrum is probably 
caused by the size dispersion of the GNPs. A good agree
ment was found between the far-field cross sections cal
culated by FEM and those calculated from Mie theory [7]. 

To similarly fit our simulations to the 520 and 540 nm 
peak wavelengths measured for aerogel and alcogel, re
spectively, we followed the approach of Smith et al. [8] 
who represent the two-component medium around the 
GNP by a uniform medium with a single effective refrac
tive index. The modeling (solid black curves) matched 
experiment (red dashed curves) for effective indices of 
∼1:2 for the aerogel and ∼1:4 for the alcogel, as can 

Fig. 1. (Color online) Extinction spectra and (inset) photo
graphs of (a) undoped aerogel and (b) plasmonic aerogel doped 
with 50 nm GNPs. 
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Fig. 2. (Color online) Normalized measured extinction (red 
dashed curve) and modeled σext (solid black curve) of 51 nm 
GNPs in water. 

be seen in Fig. 3(a) curves (1) and (2), respectively. How
ever, this value of 1.2 is very different from the measured 
aerogel refractive index of 1.05. An effective index of 1.05 
gives a peak ∼10 nm blueshifted from the one observed, 
as can be seen when comparing curves (1) and (1a) in 
Fig. 3(a). We have not measured the index of our alcogel, 
but it must be close to the 1.33 index of methanol be
cause the alcogels are nearly invisible under methanol. 
The effective medium value from the fit is therefore dif
ferent for alcogel as well. 
Clearly, a simple effective index model representing 

the medium around the GNP by any single index does 
not accurately represent the behavior of GNPs in alcogel 
or aerogel. This model assumes that the inhomogeneity 
of the material is much smaller than the wavelength of 
the light. In aerogel this is generally true, but the wave
length may not be the appropriate length scale once the 
aerogel is doped with GNPs, due to the confined nature 
of the electromagnetic field around a metal nanoparticle 
[9]. This is illustrated by the calculated field around a 
51 nm GNP in water, plotted in Fig. 3(b). The field ex
tends only ∼50 nm into the host medium, so the SPR is 
affected only by the material immediately around the 
GNP rather than the host medium as a whole. Therefore, 
effective index theories should be used with extreme 
care where the scale of the medium’s internal structure 
is of the order of the decay length of the SPR. 
A model in which the immediate environment of the 

particle differs from the bulk of the gel seems more ap
propriate. We considered a 51 nm spherical gold particle 
with a 5 nm silica coat and embedded in a spatially 
extensive medium with the refractive index of the appro
priate pore fluid (i.e., not an effective medium). This 
“silica-coated” model fits the reported properties of aero
gel well in two respects: the solid components of aerogel 
are silica strands ∼5 nm thick [1], and the pores are 
∼50 nm across [1]. 
We find good agreement between the σext calculated 

for a silica-coated GNP embedded in a refractive index 
of 1.00 and the measured extinction spectrum of aerogel, 
Fig. 4(a) (1). To further test the model, we simulated 
silica-coated GNPs in refractive index environments of 
1.33 and 1.497 for alcogel and toluene wet-gel respec
tively, Fig. 4(a) curves (2m) and (3m). The corresponding 

Fig. 3. (Color online) (a) Normalized measured extinction 
(red curves) and modeled σext (black curves) of 51 nm GNPs 
in aerogel [(1), modeled neff ¼ 1:2] and alcogel [(2), neff ¼ 1:4]. 
(1a) is the modeled σext for neff ¼ 1:05, the measured effective 
index of the aerogel. (b) Modeled near-field electric field 
around the GNP, normalized to the incident electric field. 
The position of the GNP is marked by the shaded area. 

experimental curves, Fig. 4(a) curves (2e) and (3e), have 
λSPR within 1 nm of the simulation in both cases. We 
therefore conclude that the silica-coated model accu
rately reflects the structure of the gel—most likely that 
the GNPs are wedged in place in the pores and so are 
effectively surrounded by ~5-nm-thick silica—regardless 
of the state of the gel. 

GNPs have proposed applications in sensing and fluor
escence imaging [5,10]. We therefore compared the 
spatial extent of the electric field for silica-coated and un
coated GNPs and modeled the sensitivity of the SPR 
wavelength relative to the pore refractive index. Although 
the 5 nm silica coat might be expected to shield the SPR 
from its surroundings, we see only a small decrease in the 
SPR wavelength sensitivity, from ∼60 to ∼52 nm per unit 
change of pore refractive index without and with the coat, 
respectively. This is not unexpected; seeFig. 4(b): the coat 
does not have a large effect on the SPR decay length in 
either air or methanol. This indicates that GNP doped 
aerogel could have sensing applications once optimized 
using nonspherical and core/shell particles, which have 
a larger wavelength shift per unit index change [11,12]. 

The presence of a glass layer around the GNPs would 
separate them from direct contact with the probe mate
rial. This reduces the catalytic potential of the material 
but is of benefit in surface-enhanced Raman spectro
scopy (SERS) [13] as well as enhancing the emission 
[10,14] from dye and emitter-doped aerogels, which have 
been proposed for sensor and laser applications [15–17]. 
It will also help in exploiting nanoparticles of more reac
tive materials. 



360 OPTICS LETTERS / Vol. 36, No. 3 / February 1, 2011 

Fig. 4. (Color online) (a) Normalized measured extinction 
(red lines, marked e) and modeled σext (black lines, marked 
m) of 51 nm GNPs in aerogel (1), alcogel (2), and toluene-filled 
wet-gel (3). The modeling uses our silica-coated GNP model, 
with pores filled with the refractive index of air, methanol, and 
toluene, respectively. The modeled λSPR is within 1 nm of the 
experimental data in all cases. (b) Modeled normalized electric 
field around the silica-coated GNP (dashed curves) compared 
with an uncoated GNP (solid curves) in air (red curves) and in 
methanol (black curves). The positions of the GNP and silica 
coat are marked by the schematic circles. 

In conclusion, we have made a plasmonic aerogel by 
doping with 50 nm GNPs. The pitfalls of simple effective 
medium approximations for subwavelength structures 
are highlighted and related to the spatial extent of the 
SPR field. The location of the GNPs in the aerogel struc
ture has been understood by more accurate modeling of 
the structure. The particles appear to be completely 
wedged within the aerogel pores. These plasmonic aero
gels are a natural candidate for exploring active plasmo
nic systems. They offer access to well-separated single 
GNPs in a thin coat of silica, dispersed in an airlike ma
trix. The refractive index sensing potential of the material 
is not greatly diminished as the plasmonic field extends 
into the aerogel pores. The plasmonic aerogel should 
have applications in SERS or nonlinear optics [18], 

and it may be particularly interesting to co-dope the 
aerogel to investigate plasmonic gain or lasing. 
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