Optik 125 (2014) 3752-3755

journal homepage: www.elsevier.de/ijleo

Contents lists available at ScienceDirect

Optik

Modification of optical absorption of molecule near metallic

nanoparticles

@ CrossMark

Gaige Zheng?®:"-*, Zhanhui Liu?, Linhua Xu®", Wei Zhang¢, Yuzhu Liu¢

2 School of Physics and Optoelectronic Engineering, Nanjing University of Information Science & Technology, Nanjing 210044, PR China
b Optics and Photonic Technology Laboratory, Nanjing University of Information Science and Technology, Nanjing 210044, PR China

¢ School of Science, Nanjing University of Science & Technology, Nanjing 210094, PR China

d Paul Scherrer Institute, WSLA-004, Villigen CH5232, Switzerland

ARTICLE INFO ABSTRACT

Article history:
Received 23 July 2013
Accepted 15 January 2014

Keywords:

Metal nanoparticle
Enhanced absorption
Mie theory

We provide an analytical model for the enhancement of optical absorption of active molecules when they
are placed in the vicinity of metal nanoparticles of subwavelength dimensions. Through Mie theory, in the
context of plane wave expansion (PWE) of a single sphere, we have shown that for a fully random molec-
ular orientation, the absorption enhancement factor is equal to the local field intensity enhancement
factor and depends strongly on the nanoparticle size-enabling optimization and separation between the
object and metal sphere. With this understanding to the modified absorption, we call for further efforts
in the engineering of the perfect absorber.
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1. Introduction

The optical properties of various optically active objects of simi-
lar dimensions such as atoms, molecules, or quantum dots (QDs) are
dramatically changed when they are adsorbed on rough metal sur-
faces, metal island films, or metal particles [1-10]. The best-known
example is surface-enhanced Raman scattering (SERS), in which
the Raman scattering of molecules is enhanced by millions of times
compared with free molecules. Recently, there has been a great deal
of interest in enhancing the efficiency of spontaneous emission (flu-
orescence) using the surface plasmon polariton (SPP) in the vicinity
of a metal-dielectric boundary [11-19]. Metallic nanostructures
have been theoretically proposed as candidates to strongly drive
spontaneous emission, various experimental works have indeed
confirmed enhanced fluorescence close to metal nanoparticles
[17-19], allowing in turn for single molecule spectroscopy. The
strong modifications are conceptually well understood as a prod-
uct of surface plasmons (SPs) that induce strong localized electric
fields near the surface of nanostructured metals.

In this paper, we turn our attention to the reverse problem, i.e.
enhancement of the absorption by molecules placed in the vicinity
of metal nanoparticles. This problem is important for two reasons,
first it had been proposed to use metal nanoparticles to enhance
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the efficiency of photo-detectors [20,21] and solar panels [22,23],
and second, absorption is the first step in the photoluminescence
emission of photoluminescence (PL) sensors and thus enhanced
absorption means improved sensitivity [24]. Through Mie theory,
in the context of plane wave expansion (PWE) of a single sphere,
we have shown that for a fully random molecular orientation, the
absorption enhancement factor is equal to the local field inten-
sity enhancement factor. The absorption properties of molecules
are strongly modified in the vicinity of metallic objects which is
particularly true when the excitation wavelength is close to the
electromagnetic resonances of the system in particular localized
surface plasmon resonances for metals.

2. Numerical model and simulations

A scattering process consists of an incident beam of photons
giving rise to scattered radiation. We estimate the scattered radi-
ation can be classically described as emission from a dipole and
start with the case of elastic (Rayleigh) scattering, whereby scat-
tering occurs at the same frequency as the incident radiation. The
response to the incident radiation can then be described, by analogy
with the static case, within linear response function theory. Exci-
tation by an incident field E at frequency w results in an induced
dipole p = &(w) - E oscillating at the same frequency w- Within the
classical phenomenological approach, the power absorbed Py by
the molecule is equal to the power absorbed by this induced dipole,
ie.
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Paps = S Im(E* - p) = £ Im(E* - &(w) - E) (1)
The most common type of linear polarizability tensor is the
uni-axial tensor along an axis e;; (attached to the molecule). For
simplicity, we will restrict ourselves to this case, which simpli-
fies greatly the surface selection rules factor. We therefore take
o = oeq ® ey, Where « is the scalar polarizability (implicitly at fre-
quency ). Then the absorbed power can then be simplified to

w
Pas = S m(e)len - EP @)

As we already know, Maxwell’s equations for media, on which
most of classical EM treatment is based, relate to the macroscopic
electromagnetic fields, i.e. average fields over relatively small vol-
umes. But at the molecular (or atomic) level, the microscopic fields
are different and usually much more complicated than these aver-
age fields. The difference between macroscopic and microscopic
fields is often referred to as the local field correction (local field
referring in this context to the microscopic field). It is a well-
understood effect in the framework of the optical properties of
dielectric media; a correction factor for local fields must be applied
to optical polarizability. For our purpose here, the microscopic
electric field is related to the macroscopic one, in the case of a
dielectric liquid of refractive index n = V&, by Emicro =L"*Emacro,
where L4 =(g+2)/3 [26].

So for a molecule with fully random orientation in free-space,
excited with a plane wave with electric field amplitude E;,., we can
then deduce the absorbed power P} - = (L'/2w/2)|Ejpc|?(Im(ct)/3).
Where we have included explicitly the local field correction
and where the factor of 1/3 arises from the orientation aver-
aging ((|lem-E|)=1/3). Since the power density for excitation is
Sinc =(n&oc/2)|Einc|?, we also deduce the free-space absorption
cross-section as oM = PM /S, - = (112w /negc)(Im(e)/3).

The same expressions can be written for a fixed molecule close to
surfaces. The field felt by the molecule is Ejoc = Ejoc€loc, Where ejoc
is, by definition, a unit vector, characterizing the local field polar-
ization. The local jeld intensity enhancement factor then takes the
form Moc(w) = |ELoc(CU)|2 = |ELoc(a))|2-

We write the resulting absorption enhancement factor defined
as Myps(w) = PAbs/P%,S = GAbS/G,{q\/ll,ss i.e. Maps(@) = Mpoc(@)Taps, With
Taps =3lemeroc(@)I?, and Mioc(@)=|Ejoc|?/|Eincl? is the local field
intensity enhancement factor. Ty, is the absorption equivalent
of the surface selection rules factor. Note that for a fully random
molecular orientation, (Tss) =1 and therefore (Maps) = Mioc.

A general divergence-less solution of the vector wave equa-
tions can be written in spherical coordinates as an infinite
series of a complete set of vector spherical harmonics as E(r) =
EOE?Z:jnaan;’r)n(k, r)+bnmN,(1',31(k, r), where the wave vec-
tor is given by k% =(g2/c?)e(w). anm and bym can be any complex
coefficients. E is an electric field amplitude (arbitrary at this stage)
to make these coefficients non-dimensional. The vectors M,(,l,)n(k, r)
and Nf,’%(k, r) are vector spherical harmonics (VSHs). Then we can
use this expansion formalism to solve the EM problem of a single
sphere excited by an incident wave with a given electric field Ej;,o(1)
at frequency w, and the unknown coefficients must then be deter-
mined by imposing two independent EM boundary conditions at
the sphere surface. The local field can be calculated at any point
outside the sphere, then the modified absorption properties can be
analysed.

3. Results and discussions

Fig. 1 shows the illustration of the enhancement of optical
absorption by a molecule placed at distance d from the metallic
nanoparticle. The property of the modified absorption is illustrated
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Fig. 1. Illustration of the enhancement of optical absorption by a molecule placed
at distance d from the metallic nanoparticle.

inFig. 2 by considering the wavelength dependence of M4, at a spe-
cific point at a distance d=5nm from the surface of a sphere. We
compare the results for two different cases: a nonabsorbing dielec-
tric nanoparticle (¢ =2.25) and a silver nanoparticle. In both of the
cases, the radius of the particle is =25 nm. In our simulation, based
on the Drude model, a good parameterization of the optical prop-
erties of silver in the visible, near-IR, and near-UV range is given by
[27]

1
2(1 i ’

where £, =4, Ap =282 nm; 1, =17,000 nm and A is the wavelength.
The real and imaginary parts of the dielectric function of sliver are
shown in Fig. 3.

Large local field intensity enhancement is possible close to the
surface of a metallic object which is associated with a coupling to
localized surface plasmon (LSP) resonances, as evidenced by the
resonant response as a function of wavelength. The electric field
Ejoc at the molecule position can be very different, both in magni-
tude and orientation, to the incident field Ej,.. The presence of the
metal nanoparticles in this case acts as funnel to concentrate the
electromagnetic fields on the surface. Under the right conditions,
huge local field enhancements can be obtained which is the type
of enhancement that people are looking to exploit in SERS. Because
of the huge local field enhancements, the properties of optical
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Fig. 2. Absorption enhancement factor calculated for a molecule which is placed
at a distance d=5nm from the surface of nanoparticles using Mie theory. (a) For
a glass sphere, there is a small enhancement, hardly dependent on wavelength.
(b) For a silver sphere, My varies widely with wavelength, showing resonances
associated with the localized surface plasmon resonances of the silver sphere. Large
enhancements are predicted at the main resonance (A =360 nm).
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