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Abstract Mechanisms to use nanoparticles to separate sunlight into photovoltaic
useful range and thermally useful range to increase the efficiency of solar cells
and to dissipate heat radiatively are discussed based upon lessons we learnt from
photosynthesis. We show that the dual-band maxima in the absorption spectrum
of bacterial light harvestors not only are due to the bacteriochlorophylls involved
but also come from the geometry of the light harvestor. Being able to manipulate
these two bands arbitrarily enables us to fabricate the nanoparticles required.
Such mechanisms are also useful for the design of remote power charging and light
sensors.
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1 Introduction

Waste heat disposal is an important issue in everyday life, ranging from our per-
sonal computers to power plants. Recently, two seemingly unrelated researches in
this topic actually employed the same mechanism which our previous study on
bacteria light harvestors can provide theoretical guidelines. The first one concerns
about the conversion efficiency of solar cell, while the second one is a general waste
heat dissipation method [1, 2].

Solar-cell production is a mature industry today. Trying to improve the effi-
ciency of solar cells with the material used is as difficult as trying to raise the
critical temperature of high-temperature superconductors, not even to mention
there is a Shockley-Queisser limit [3]. However, the conversion efficiency of solar
cells will be reduced by 0.4-0.5 % for each one degree Celsius raised above their
normal working temperature, i.e., 25◦C [4, 5, 6], which is unavoidable because
some frequencies of light are not useful for the solar cell and will be converted
into heat eventually. Various methods trying to reduce the working temperature
have been proposed [7]. An ingenious method to pre-filter the sunlight involves
spreading of nanoparticles into water to separate the light into a photovoltaically
useful range and a thermally useful range has been proposed [1]. A similar general
cooling method uses the reversed mechanism, which embeds particles into poly-
methylpentene films to enhance the radiation, was also proposed [2]. Although
these authors arrived at their proposal mainly through experimental trial and er-
ror, there exist theories to design what kind of particles should be used to achieve
the best performance [8, 9].

One can readily recognise that the particles used by the latter authors are
antennae, but what the former authors called filters are also better described
as antennae, in particular, nanoantennae, which are devices designed to convert
free radiation efficiently into localised energy, such as with lenses and mirrors,
or vice versa [10]. The theory of antennae sum-up individual effects of the light-
matter interaction, in which the most important parameter is the geometry that
produces the retarded effects. Receiving nanoantennae may confine incident light
into subwavelength region. Optical antennae pose special problems because of their
small size and the plasmon resonances of metal. A consideration of nanoantennae
as solar energy collectors have appeared previously [11].

Many effective light absorbing molecules are made in nature. Chlorophylls in-
teract with light stronger than others because they consist of alternating chem-
ical double bonds and densely packed to enhance the absorption cross section.
The structure of many bacteria light-harvesting complexes (LH) made of bacte-
riochlorophylls have been solved after McDermott et al. solved the structure of
Rhodopseudomonas in 1995 [12]. Two of them are shown in the Table 1.

Understanding the light harvestor made by nature can not only help us to
fabricate voltaic solar cells but can also help us to manufacture optical wireless
power chargers [13] and make better electromagnetic wave sensors [14]. Wireless
power transfers, at this moment, works not only under microwave frequencies, if
not radio frequencies, but also only under designed non-physiological condition [15,
16, 17, 18]. However, medical applications require the power chargers to work
under flexible physiological condition [16]. The next generation wireless power
transfer we discuss, will use incohereht light as the nature use, which is sustainable
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protein PDB ID symmetry cartoon

LH2 B800-850 from Rhodopseudomonas acidophila [24] 1NKZ C9

LH2 B800-850 from Rhodospirillum molischianum [25] 1LGH C8

Table 1 Various light harvestors II with structural symmetry. More can be found in PDB.

and renewable, and is robust and, in particular, is working under physiological
condition.

In two previous papers the non-reciprocal properties and the dipole properties
of the bacteria light harvestors, LH1-RC/LH2 complexes, were considered by an
infinitesimally thin loop antenna as a first approximation [19, 8]. Even though
that loop antenna considered is too idealized, it can explain many phenomena and
natural design physically without ad hoc parameter. However, even though the
resonance frequency can be adjusted by various methods [20], a loop-antenna has
only one resonance frequency, whereas a real light-harvesting complex shows not
only a band of absorption frequency but a dual-band of absorption spectrum, with
one in a region about 850− 860nm and the other near 800nm, which are generally
attributed to the resonance frequencies of the bacteriochlorophylls involved [21,
22]. There are indeed many methods to make a dual-band antenna [23], but the
simplest way can be employed by the nature seems to come from the geometry of
the light harvestor. We will show that there are geometrical reasons for these two
maxima by extending our analysis to consider the finite thickness of the antenna.
Being able to manipulate these two band arbitrarily enable us to fabricate the
nanoparticles required.

To simplify the issue, we will consider a LH2 system, without the feeding
line and the reaction centre of the LH1 system, in the following. A LH2 consists
of nine units for Rhodopseudomonas acidophila of inner diameter 36 Å and outer
diameter 68 Å [12, 24]. The width is roughly double the height of the molecule. The
dimensions of the molecule are obtainable using the data from the Protein Data
Bank (PDB, http://www.rcsb.org/pdb/). Such systems are exactly what Hjerrild
et al. and Zhai et al. considered, except that nature made the light harvestors
with a few atoms whereas the following discussion consider the particles with
bulk material as the previous authors. Because the light harvestors have random
orientation, it would be better to consider their interaction with unpolarized light.
The energy received by such antennae will be dissipated as heat into surrounding
water.
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(a) (b) (c)

Fig. 1 Successive approximation of the bacterial light-harvesting antenna: (a) cylindrical ap-
proximation, (b) dielectric shell (ring) approximating an antenna, (c) four-element dielectric
antenna with centre feed line.

2 dielectric light harvestor

Optical nanoantennae have been constructed in 2005 [26, 27]. Albeit most nanoan-
tennae are as yet made of conductors [28, 29], at the frequency of solar light,
metals are no longer perfect conductors hence the electric fields can penetrate in-
side, and dielectrics work better. Paraphrasingly, the conductivity turns out to be
less relevant when the wavelength is reduced. Dielectric antennae are at present
widely used in microwave engineering, optical-fibre engineering and, in particular,
in mobile telephones [30, 31, 29]. A dielectric antenna functions like an acoustic
resonator; the electrons bounce back and forth inside the cavity, which is consis-
tent with the exciton theories. All-dielectric nanoantennae have been fabricated
recently [32].

Presently people use conductor coated with dielectric to make such antenna,
which is unnecessary. Using a dielectric material to build the light harvestor has
many advantages [33, 34]:

– the dimension of the antenna can be diminished by a factor 1/
√
εr relative to

the corresponding metallic one because the dielectric wave length is smaller
than the free-space wavelength,

– relativiely large bandwidth,
– low or no loss at optical frequencies,
– free from damage of high power or local heating [35],
– have less detuning when placed close to another object,
– compatibility with complementary metal oxide semiconductor fabrication pro-

cesses.

Symmetry breaking of the electric field in space facilitate the radiation of the
antenna [36], which provides a third reason for the mysterious opening at the
LH1-RC complex and explains the elliptical shape of the complex.

We made successive approximations for the light harvestor in Figure 1. The
first antenna, Figure 1 (a), is a cylinder, which can be solved analytically, but the
boundary condition that we consider differs slightly from standard engineering
practice because in most antenna applications the dielectric material is placed
on top of a magnetic conducting plate, whereas in photosynthesis the dielectric
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material is placed in a solvent. This does not cause much difficulty to apply the
solutions found in the literature. Using the method of image, we simply consider
a cylinder of double-height, 2h, so that the solution for an antenna placed on top
of a magnetic conducting plate can be applied. The second one, a dielectric ring
(or shell) antenna, as shown in Figure 1(b), can also be solved analytically with
a superposition principle. The third one shown in Figure 1 (c) generally requires
numerical methods of solution [37].

We consider first a solid cylindrical dielectric material of diameter a extending
in direction z from −h to h in a vacuum. Fields at the surface of a region of large
relative permittivity satisfy approximately an open-circuit boundary condition,
i.e. the normal component of the electric field and the tangential component of
the magnetic field are zero [38]. The resonance frequencies of least order read [33]:

f0(HEM01) ≈
c6.323

2πa
√
εr + 2

[
0.27 + 0.36

( a

2h

)
+ 0.02

( a

2h

)2
]

f0(TE01δ) ≈
c2.327

2πa
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h

)
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( a
h

)2
]
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f0(TE011+δ) ≈
c2.280

2πa
√
εr + 1

[
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h

)
− 0.002713

( a
h

)2
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with εr = ε/ε0 been the relative permittivity, and c is the speed of light. As
we stated at the beginning, our a/h ≈ 2 is well within the valid range of the
approximation, which controls the bandwidth of the antenna[39]. Depends upon
the relative permittivity, at a certain ratio of a/h the bandwidth increased due
to overlapping of two resonant modes. We use h = 34Å, a = 68 Å and εr = 1000
to obtain the values shown in the first row of Table 2, but this result is not yet
what we want. What we seek is a shell (or ring) shape, which can be effected
through superposition of two cylinders of different radius [40]. The modes of a
smaller cylindrical dielectric material of diameter b with the same height 2h can be
obtained similarly and are shown in the second row of Table 2. The superposition
produces an antenna with two maxima in the absorption spectrum, which is called
a dual-band antenna, as the bacteria light harvestor also have two maxima in its
absorption spectrum [41]. These numbers are roughly what we require, as the
relative permittivity for the light harvestor do not exist [42].

The relative permittivity appears to be spurious high, because we are using
radio frequencies formule for bulk material properties. At optical frequencies even
matal are no longer perfect conductors. The skin depth d = λ/(4π

√
εr) ≈ 20 Å.

Electricmagnetic fields has fully penetrate the antenna of thickness 30 Å. The
volume currents and reduced wavelength for optical antennae need to be adjusted
by about 20% [43]. Furthermore, the nature is not using bulk material. However,
even without these adjustments we have already shown it is possible to produce
the dual-band spectrum. A similar circular polarized antenna excited with a tilted
modified square slot has been studied [23].

For two reasons it would be better to divide the light harvestor into sub-units
as shown in Figure 1 (c):

– For a dielectric antenna to achieve a satisfactory efficiency, proper modes must
be excited by sunlight, as shown in Figure 5 of Yu et al. [44]. Modules of
bacteriochlorophyll appear at nodes of the electric field [44, 45].
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radius/mode TE01δ HEM11δ TM01δ TE011+δ

68Å 0.717 0.912 1.099 1.172
36Å 1.185 1.235 1.75 1.61

Table 2 Various mode resonance frequencies/ GHz with h = 34Å and εr = 1000.

– A ring that is constructed from sub-units corresponds to an interconnection
of inductors interleaved by capacitors works better than a continuous one,
becauses it guides the flow of displacement current better [46]. Furthermore, it
has a band-stop frequency response that rejects a certain range of frequency.

A traditional theory of photosynthesis describes this part according to exciton
theory without detail. In view of this second reason, the light harvestor built by
previous authors apparently has room for improving their efficiency [44, 1, 47].

3 Summary

Historically, many authors tried to calculate spectroscopic properties from some
theoretical models as the spectrum is readily accessible experimentally [42]. In this
work, we show that it is possible to place two maxima of the spectrum at the po-
sition desired by the classical electrodynamics model we proposed. An important
difference between radiowave and optical antenna is at the way the receiver is con-
nected to the antenna as shown by the LH1 designed by nature. We can also have
a multi-element multi-layer model, which resemble the light harvestor even bet-
ter, with radiation or receiving pattern achieving a monopole-like efficiency [48].
Soren et al. considered a Sierpinski carpet patterned cylindrical Dielectric Res-
onator Antenna made by Teflon, which resemble our light-harvesting antennae
even better [49].

The nanoparticles that Hjerrild et al. considered are disk-shaped metallic par-
ticles of diameter roughly 100nm, which exploit plasmon resonance. We show that
the optimal shape of the particles should be toroidal instead of discotic or nanorods
for the infrared range [8, 19]. These authors further pointed out that silver is the
best material to use, but that is quite expensive. They considered the material
used to be important for the frequencies of absorption, and mentioned that the
ratio of surface to volume of these nanoparticles makes the particles susceptible to
damage from high power. Therefore they coated their metallic disk with dielectric.
We have shown that full dielectric antennae can be used to avoid such high-power
damage, which is actually the best material at such a scale, and that the frequency
of absorption can be tailored with the radii of the toroidal particles.
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