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ABSTRACT

Nanoscale particles of metals such as gold can interact with light by means of a plasmon resonance, even though they are
much smaller than the wavelengths of visible light. The proportions of light that are absorbed and scattered vary with
wavelength. Any light that is absorbed will cause heating of the particles, and this effect may potentially be exploited for
solar glazing coatings, nanoscale lithography or medical treatments. The position of maximum absorption of an isolated
spherical nanoparticle is 518 nrn, but this may be significantly red-shifted by means of decreasing the symmetry to an
prolate spheroid or 'nanorod', or by producing a metal 'nanoshell' on a dielectric core, or by aggregating insulated
spherical particles. Absorption peaks in the vicinity of 655 nm for aggregated particles and 780 nm for prolate spheroids
are demonstrated here. Absorbed energy is released as heat into the environment of the particles, and will cause a
temperature rise within the particle the magnitude of which depends upon the value of the effective heat transfer
coefficient between particle and environment. The latter is not known, but we show how highly localized temperature
rises of some tens of Celsius might be conceivable in systems illuminated by sunlight.

1. INTRODUCTION

It has been known for a century that gold nanoparticles, which- are much smaller than the wavelength of light, can
nevertheless exhibit a dipole particle plasmon resonance with it. The effect has even been empirically exploited as a
coloring agent in glass for over two thousand years'. Factors that effect the wavelength at which the maximum
absorption occurs have been much studied'. Recently, use has been made of the phenomenon for diverse biomedical
assays':" The geometric cross-sectional area of a gold particle of 15 nm diameter is _1.8xlO·16m2 but the effective cross-
section for optical extinction (Cext) of it is a function of the wavelength of incident light. When suspended in water in
dilute concentration Cext for a 15 nm diameter particle peaks at about 1.8x10-16 m2 at a wavelength of 525 nm. It declines
o very low values for 11.>600nm. An extinction efficiency, Qext (apparent cross section/geometric cross section) is
defined, which naturally also peaks near the position of the plasmon resonance. Both absorption and scattering contribute
to this extinction, with Cext=Cabs+Csca, and, Qext=Qabs+Qsca, where the new subscripts refer to the cross-sections and
extinction coefficients for absorption and scattering respectively. Light absorbed is released in the particle as heat, which
will be subsequently shed into the immediate environment of the particle by conduction and radiation. Scattered light
might not necessarily be reabsorbed, and in the present work we have considered only heating from light that is directly
absorbed, that is, from Cabs.

As the diameter of a gold particle increases towards 100 nm, the value of Qext also increases, but a large part of the
increase is due to scattering rather than absorption. The trends of Qsca and Qabs with particle diameter are shown 'in Figs. I
and 2. calculated using the program MiePlof. It can be seen that absorption efficiency is a maximum for a gold particle
of about 60 nm diameter, and decreases thereafter. Scattering efficiencies however continue to increase up to a diameter
of about 120 nm. The ratio of light absorbed to light scattered is shown as a function of incident wavelength and particle
diameter in Fig. 3, from which it can be seen that there is a steep decrease in this parameter as particle size increases.
Note however, that at incident wavelengths >600 nm the particle is virtually transparent, irrespective of wavelength.
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Figure 2. Calculated scattering efficiencies of gold nanoparticles suspended in water at 20°C, as a function of wavelength of incident
light and for varying diameters of particle.

Figure 3. Ratio of Qabs to Qsca. as a function of wavelength of incident light and diameter of gold nanoparticle.

One obvious way to exploit this effect is to deposit films of sub-60 nm gold nanoparticles onto glass windows, and to use
them to block some proportion of the incident solar spectrum. The solar spectrum peaks at about 550 nrn, but an ideal
solar glazing system should block incident infra-red radiation, from 750 nm upwards, and transmit most or all of the
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Figure I. Calculated absorption efficiencies of gold nanoparticles suspended in water at 20°C, as a function of wavelength of incident
light and for varying diameters of particle. Calculated using the freeware program MiePlot v3.1.02 by P. Laven.



visible, from 400 to 750 run. The plasmon absorption of gold nanoparticles offers, at first sight, a very poor match for
this. However, we will show here how the wavelength at which the plasmon absorption occurs may be red-shifted to the
top of the visible spectrum by various strategies. This factor, in combination with the excellent infra-red reflectivity of
gold, offers the prospect of a commercially viable process to produce gold-based solar glazing coatings by a wet
chemical process.

2. RED·SllIITING THE PLASMON RESONANCE

The basic plasmon resonance of a small, isolated and spherical gold particle is at a wavelength of about 518 nm,
corresponding to green light. Small changes may be made by increasing the diameter of the gold particles (as in Fig. 2)
or by increasing the refractive index of the surrounding medium. However, these changes are limited to a few tens of
nanometers and are insignificant compared to what can be achieved by changing the shape or state of aggregation of the
particles.

The resonances of non-spherical gold particles are more complicated than those of a sphere, and all contain a component
that is red-shifted with 'respect to the 518 nm peak. Two shapes are especially attractive in this regard: a thin coating of
gold on a spherical dielectric core, often referred to as a 'naco-shell", or a cylinder or prolate spheroid of gold, usually
described as a 'nanorod". The plasmon resonance of the gold shell may be readily tuned into the near infra-red by
varying the magnitudes of its inner and outer diameters, Fig. 4, while that of the rod may be similarly shifted by varying
the latter's aspect ratio, Fii' 5. Generally however, almost any decrease in particle symmetry appears suitable to achieve
some kind of red-shifting/ ..

Figure 4. General trend of the symmetrically coupled dipole plasmon resonance of gold nanoshells, plotted as a function of the ratio,
r)/r2' of inner and outer radii of the shell, and the order of the resonance (a=dipole, b=quadrupole, c=octupole). Symbols are for
diverse experimental and calculated data from Oldenburg et al.9• Prod an and Nordlander'", and Sotelo",

There is also a third, long known but somewhat neglected, means of red-shifting the plasmon resonance. This is achieved
by bringing the particles sufficiently close together that dipole-dipole interactions can occur between themI2.16

. This
effect is negligible if dz-Sr, where d is the centre-to-centre distance and r the radius of the particles, but is increasingly
important at less than that". In practice it can be most readily achieved by agglomerating spherical gold particles that are
coated with an insulating dielectric since the effect will vanish if electrical contact between the particles is established.
Unfortunately the phenomenon is not as readily amenable to mathematical analysis as the dipole resonance of an isolated
nanoparticle, but can either be addressed by explicit numerical calculation of the absorption characteristics of a exactly
defined cluster geometry18.20 or by invoking the concept of an average volume fraction of gold and a consequent
'effective dielectric constant' such as that defined by Maxwell-Garnett'<". The peak of maximum extinction of spherical
gold particles can be varied from 520 nm (effectively isolated particles), through to -750 nm (particles that are separated
by only 0.5 nm) by this strategy I, Fig 6. Superimposed on Fig. 6 is a simple model for the effect' 5. The separating
dielectric can be a ceramic such as Si02, or an attached organic molecule such as citrate or mercaptoacetic acid.
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However, in practise, an increase in volume fraction cannot be used to shift the wavelength of maximum absorption to
more than about 700 nrn, due t9 the rapid decrease in the transparency of such dense coatings".

Fi~ure.5. Position of ~axi~um re:nance of gold nan~~ods,fO:asfct ratios varying from 1:1to 13:1. Redrawn from data of Yu et

al. , WIthfitted regression Ime A - Asphere(co +C\ (b)+ C2 (; Y ).

Figure 6. Increase in wavelength of plasmon resonance that can be obtained by aggregating gold nanoparticles. Data are from Ung et
al. 14, solid line is a prediction from the theory of Genzel and Martin13.15

3. EXPERIMENTAL

The surface of soda-lime glass microscope slides was pre-treated by immersion for one hour in 5% NaOHI methanol
solution and then 2 minutesin 0.1% SnCh in water. The slides were then rinsed with pure water before deposition of the
gold from a solution of 0.0004 M HAuCI4, 0.015 M N2~ and 0.03 Methylene diamine buffered to pH 10 with NaHC03
INaOH. This solution must be used immediately after mixing. All H20 used was purified by double-distillation. The
HAuCl4 solution was prepared by dissolving pure gold in aqua regia (HCI: HN03 3: 1 VN). Colloidal suspensions of
nanorods and prolate spheroids were obtained by carrying out the reduction in the presence of
hexadecyltrimethylammonium bromide (C16TAB), a surfactant.
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A Cary 5E UVIVis/IR spectrophotometer, working in the range of 170 nm to 4300 nm and with a resolution of 0.5 nrn,
was used to inspect the visible-IR transmission spectrum of the samples. The scanning rate was 5 nm/s with spectral
bandwidth (SBW) of 2 nm. A description of the method, and additional details, may be found elsewhere". Heat
generated in the coatings may be determined by irradiation with a source of known power density and spectral
characteristics, as more fully described elsewherev.

4. RESULTS

The transmission spectra of two coatings of gold hemispheres on glass, both with an areal coverage of -37%, are shown
in Figure 7. Coating a is made up of aggregations of particles of -21 nm radius whereas coating b is made up of isolated
nanoparticles of 58 nm radius. The position of maximum absorption of a is 655 nm whereas that of b is at 521 nm. The
red-shifting effect in a is due primarily to dipole-dipole interactions between the particles in the dusters. The clusters
producing this spectrum are shown in close-up in Figure 8. The agglomerated gold particles can be engineered to have
transmission spectra with minima from 520 nm to as high as 750 nm" and are arguably easier to deposit than rods or
shells.

Figure 7 Transmission spectrum of glass coated with agglomerated gold nanoparticles a, compared to one of glass coated at a similar
coverage with isolated nanoparticles, b.

Figure 8. Morphology of gold aggregates, a. imaged under SEM, b, with particle outlines added to guide the eye.

However, a more significant red-shift was achieved with gold nano-rods. This is shown in Figure 9, in which the
absorption spectra of colloidal suspensions of gold nano-spheres and rods are compared.
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Wavelength, nm

Figure 9. Comparison of the absorption spectra of gold nano-spheres and -rods, as prepared in the course of the present work.

Figure 10. Prolate gold spheroids, with an aspect ratio of -2:1. The plasmon resonance of these is approximately 650 nrn.

5. DISCUSSION

5.1. Localised heating
The presence of the characteristic plasmon resonance on the transmission spectra of these types of coatings indicates that
much of the absorption takes place by a plasmonic effect, which will be localized on the particles. Similar coatings were
found in previous work to absorb between 25 and 36% of tungsten lamp radiation (llluminant A of standard ISO
10526: 199923), and to transmit 60 to 65%22. The balance is reflected or scattered. The absorbed energy caused the
temperature of the front face of coated glass to rise to 39°C under the particular still air test conditions used, at which
point thermal equilibrium was established, with the absorbed heat on the surface of glass being shed into the external and
internal environment of the glass by convection. Under still air conditions the coated glass sheds about half of this heat
into the indoor environment. However, should the exterior air be in motion then heat transfer to the outdoor environment
is enhanced, with a corresponding beneficial decrease in heat transferred indoors. It is interesting to estimate the
localized temperature rise on the particles, not only because if it is sufficiently high then they might sinter and coalesce,
destroying the desired plasmonic effect, but also because it might induce damage to any polymer matrix in which the
gold particles might be immersed in future development of this work.

The energy absorbed by an individual isolated gold particle, can be found from
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0)

where Q is the power dissipated in the nanoparticle in W, Cabs the extinction cross-section as !CA), and Ei~the spectral
irradiance of the light source, W.m-2.nm-l•

For a particle of 40 nm diameter exposed to a flux of sunlight at 800 W/m2
, Q is 4.7xlO-13 W. The steady-state

temperature reached by the particle will depend of course on the magnitude of the heat transfer coefficient, h, between it
and its immediate environment from

(2)

This expression neglects re-radiation of the. absorbed energy, which however will not be large at the comparatively low
temperatures applicable here. Unfortunately, the situation on the gold coated glass panes is complicated by the fact that
the particle lies at the interface between air (ko=().026 W/rnIK) and glass (k'" 1.4 W/rnIK). Note also that the scale of this
problem is orders smaller than the characteristic thickness of typical thermo-fluid boundary layers. Since the particles on
the glass are known to be hemispheres", and heat transfer through the air will be very much smaller in magnitude than
through the glass substrate, A may be taken as n? Q is known from the calculation above, and Tenvironment has been
measured to be 39°C22

, allowing an estimate for Tpanicle as a function of assumed value of h, Figure 11. Unfortunately, the
value of h is not known at this time. Nevertheless, it can be seen that localized heating of the particle is certainly
possible, and if this heat is not efficiently conducted away the particle temperature could rise significantly.

Figure II. Temperature of a gold nanoparticle illuminated with 800 W/m2 of sunlight. as a function of assumed value of heat transfer
coefficient. h.

5.2. Other applications
Plasmonic heating could also conceivably be exploited for applications other than solar glazing. Intense localized heating
around a nanoparticle can be achieved by irradiating it with a laser of the appropriate wavelength, and the resulting
highly focused 'hot-spot' could be exploited in a nanolithography system. For example, a particle with Qabs of -4 or 5
could be used to capture and deliver a thermal load to an underlying self-assembled monolayer, or perhaps to a
surrounding liquid monomer2425, which would be locally polymerized. Naturally, the resolution and usefulness of the
system would depend in part on the ability to position gold nanoparticles in desired locations. The concept is extendible
in principle to a scheme in which the gold nanoparticle or rod is attached to the tip of an atomic force microscope. In this
case selected regions of the SAM can be altered by the process of positioning the nanoparticle, using the normal control
electronics, while simultaneously illuminating with the laser. An arbitrary pattern of dots and lines of -5 nm resolution
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could be written onto the SAM. A further implication is that an array of gold nanoparticles on a suitable SAM can be
conceptually be used as a write-one/read-many memory, using a near field scanning optical microscope (NSOM) to write
a bit, and a scanning tunneling microscope (STS) head to read it. In principle, data storage densities in excess of those
achievable by optical lithography are conceivable.

Alternatively, gold nanoparticles have been proposed as a means to deliver highly localized thermal or chemical doses
onto a selected live cell type, such as a tumor cell, in a living organism. The concept is being explored by a few groups,
including our own. The general idea is to coat the surface of the nanoparticle with an antibody or other molecule that will
selectively attach to the target cell type, inject it into the body, and then allow it to bind on the target site. Once there the
destructive effect is activated by irradiation with a wavelength at which plasmonic heating occurs. In the case of a direct
targeting mechanism the destructive effect may be the heat itselF6

. Of course, it is not the heating from single gold
nanoparticles that achieves this effect, but rather that from large numbers of particles which have been conveniently
concentrated in the vicinity of the target cells. Indirect schemes, in which-the effect of the irradiation is to burst a hollow
nanoparticle and release some pharmaceutical compound, may also be envisaged".

6. CONCLUSIONS

Nanoparticles of gold, and coatings comprised of them, can be engineered to absorb light at wavelengths between 518
nm and the near infra red. This may be achieved by producing particle geometries such as shells or rods using special
synthesis techniques, or simply by aggregating particles coated with a dielectric layer into clusters. The energy directly
absorbed by the gold particles will manifest as heat, which will be shed into its surrounding environment. The
temperature rise in the immediate vicinity of the particles will be a function of the thermal conductivity of the
surrounding medium and the intensity of the illumination, and could be several °C above that of the matrix, under
appropriate conditions. This effect has possible applications in. solar glazing coatings, in nanoscale lithography, and for
potential medical treatments.
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