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Abstract: Our analysis shows that coupling of gold nanoparticles
to microspheres will evoke a cascading effect from the respective pho-
toenhancement mechanisms. We refer to this amplification process as
cascaded photoenhancement, and the resulting cavity amplification of
surface-enhanced Raman scattering (SERS) and fluorescence as CASERS
and CAF, respectively. Calculations, based on modal analysis of scattering
and absorption by compound spheres, presemted herein indicate that
the absorption cross sections of metal nanoparticles immobilized onto
dielectric microspheres can be greatly enhanced by cavity resonances in the
microspheres without significant degradation of the resonators. Gain factors
associated with CSP of 103 — 10* are predicted for realistic experimental
conditions using homogenous microspheres. Cascaded surface photoen-
hancement thus has the potential of dramatically increasing the sensitivities
of fluorescence and vibrational spectroscopies.
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Introduction

In this section, we briefly summarize the constituent enhancement mechanisms relevant to this
work. In subsequent sections we review the theory upon which our calculations are based and
present results of calculations for microsphere-nanoparticle cascaded surface photoenhance-
ment mechanisms. We conclude with discussions of means for optically interrogating such
systems under realistic laboratory conditions.

An important postulate of cavity quantum electrodynamics (CQED) states that the spon-
taneous emission properties of an atom or molecule are not independent of the surrounding
electromagnetic environment, but are dependent on the density of modes in the vicinity of the
emitter [1]. It has been amply demonstrated that the presence of a surface near an emitting
molecule substantially increases the intensity of fluorescence emission due to an increase in



the local density of modes [2]. Similarly, metal nanoparticles and quantum dots can also lead
to dramatically increased fluorescence intensities. In fact, the quantum yield of molecules that
typically have almost negligible fluorescence, such as DNA, can be increased to almost unity
through the introduction of metal nanoparticles, a process that has been referred to as radiative
decay engineering [3]-[5]. Moreover, Stuart and Hall {6] have shown that the response of metal
nanoparticles can become coupled with the modes of a nearby waveguide such that absorption
or coupling between metal particles is enhanced. Taken together, those studies suggest that cou-
pling of nanoparticles to microcavities might be employed to manipulate the density of modes
in a multiplicative fashion to control emission and perhaps other inelastic processes, as well.

Raman spectra can be generated through the use of a very strong light source that stimulates
inelastic light scattering by molecules, with the scattering being most prominent at wavelength
shifts associated with the molecules’ natural vibrational frequencies. The Raman signal can be
greatly enhanced by exposing a molecule to the intense electric fields that arise near surfaces
exhibiting nanoscale roughness. This is known as surface-enhanced Raman scattering (SERS).
SERS typically produces gain factors of 10° — 109, but under special conditions, factors of
1019 — 10'* have been achieved [7], rivaling those for fluorescence [8], and pushing detection
limits back to the level of single molecules [9]. As difficulties associated with reproducible
preparation of strongly enhancing surfaces have been overcome, SERS has become increasingly
important in bioanalytical chemistry [7]-[13].

An intriguing mechanism for localized enhancement of energy density arises from whisper-
ing gallery modes (WGMs) that appear at sharply defined spectral positions in microcavity
resonators. Within such resonators light may be trapped in circular orbits as it undergoes mul-
tiple total internal reflections (TIR) at the inner surface of the sphere. For a given diameter and
refractive index a sphere will sustain a WGM if the internally reflected light returns in phase
after a complete orbit. The fundamental quantity describing the power loss of a resonant struc-
ture is its quality factor or Q. This factor is defined as the ratio 27(stored energy)/(energy lost
per cycle), which for Lorentzian line shapes such as those encountered with WGMs is sim-
ply O= ay/Aw , where @y is the resonance frequency in radians and Aw is the full width at
half max of the lineshape. WGMs, also known as morphology-dependent resonances (MDRs),
can sustain Qs of up to 101 [5] [14], [15]. The dramatic increases in photon densities within
these microcavities have been shown to produce low-threshold nonlinear optical effects such as
stimulated Raman scattering, lasing, spectral hole burning, and cavity quantum electrodynamic
effects [16], [17]. '

In addition to very high photon densities in the mode volumes of microcavities, very strong
evanescent fields reside on and near their outer surfaces. Vigorous research has begun into ways
to use these strong surface fields to detect and analyze minute amounts of molecular species
adsorbed onto the resonator. Optical shifts in MDRs have been used to detect adsorption of
proteins onto glass spheroids [18]-{20], and resonant enhanced evanescent wave fluorescence
has been proposed for photonic biosensing [21], as have integrated optical microcavities [22]-
[24]. These latter references suggest that detection limits of 20-100 molecules are possible.

The work presented here explores how inelastic processes, such as Raman scattering and flu-
orescence emission, that are enhanced by the strong electric fields that arise near metal nanopar-
ticles, may be further amplified by the strong evanescent fields of microresonators.

2. Theory

The electric and magnetic fields that arise from the interaction of microspheres with plane wave
radiation may be readily expressed in terms of vector spherical harmonics Nyup. The vector
spherical harmonics may be written in terms of regular (Rg) and irregular (Ig) components,
ViZ., Npnp = RgNpnp + 11gNpnp, as determined by the behavior of the spherical Bessel and



Hankel functions which govern their radial dependence. The subscripts mr are the azimuthal
and polar mode numbers, respectively, of the harmonics and the subscript p denotes TM (p = 1)
or TE (p = 2) polarization.

The expansion for the incident field, taken here to be an infinite plane wave, is

E™ = %" GunpReNmmp. )
m=:+1,np

The scattered and transmitted (internal) fields may be expressed, respectively, as

ES¢2 = 2 qmnp Qnp Nmnpa (2)
m==x1,np
Etra = z Gmnp Cnp RgNmnp> €)]
m==+1,np

where the expansion coefficients @nyp and cump are functions of the sphere’s refractive index
m, radius a, and the wavelength A of the incident radiation. These coefficients and the expan-
sion coefficients gy, of the incident plane wave are well-known (cf,, [25] and [26]). WGMs
correspond to poles in the expansion coefficients for the scattered and transmitted fields, with
the sequence of poles that are encountered with decreasing wavelength giving rise to increasing
orders of resonance.

The characteristic response of a resonator tuned to a WGM is displayed in Figure 1. This
figure was generated from calculations of [ESC2|2/|E™C|2 for a microsphere tuned to a 2nd-
order resonance. (The order of the resonance can be determined by the number of concentric
rings of high intensity in the mode volume of the resonator,) The plot on the right in Figure
1 was made with the internal fields set to zero in order to clearly illustrate the intensity of
the evanescent fields that reside very near the surface of the cavity. When, as in this case, the
resonances are stimulated by free-space coupling of a beam of light to a microspheres, counter
propagating waves are set up in the mode volume and the resulting |E|? displays a standing
wave pattern. If one adds the magnetic contribution |H|?, the energy density will be profiled
and the standing wave pattern will be much less pronounced.

In order to study CSP, one must be able to account for electrodynamic coupling between
microspheres and particles (also assumed spherical) attached to them. This is accomplished
with the theory for scattering and absorption by compounded sphéres, which is reviewed in
[27], and briefly summarized here.

In general the plane wave coefficients are given by

qmnp = <Nmnp|Einc> . “

In the case of a single sphere, the mathematics may be simplified by assuming the incident beam
to propagate along the z-axis of the coordinate system, in which case only the terms m = +1
survive the integration.

On the other hand, for an ensemble of N; spheres, azimuthal symmetry cannot be assumed

and we have
Ng

ESC2 = z Z fq ‘mnp eamnp Nmnp (kl‘ /4 ) ) )
£=1mnp

where the index £ indicates that the origin of the vector spherical harmonics is taken to be the
center of the Zth sphere. The coefficients ‘am,,p are the amplitudes of the partial waves scattered
by the ¢th sphere, with all interparticle interactions accounted for.



Fig. 1. Electromagnetic energy density in the equatorial plain of a microsphere tuned to a
2nd-order resonance.

Application of the addition theorem for vector spherical harmonics and of the boundary
conditions imposed by Maxwell’s equations allows the expansion coefficients of the scattered
field of the ensemble to be written as the self-consistent set of equations

[amnp - (qmnp + 2 ZAmnpjkl aﬁkl) £ 7é ela . (6)
V=1 jkl

The first term in parentheses represents partial waves of the incident field and the summation

represents partial waves arriving at the ¢th sphere from scattering by all other spheres in the

ensemble. Multiplying these terms is the Lorenz-Mie coefficient of the £th sphere. The couphng

coefficients is this latter expansion are given by

Amnp ikl = <Nm"P (kl‘ 4 |Njkl (kl'e) > (7)

(Once the expansion coefficients of a multilayered sphere are known, they may be substituted
for the coefficients of a homogeneous sphere and Eq. 6 solved for collections of multilayered
spheres.) A more complete review of the theory for scattering and absorption by compounded
spheres is provided in [27].. -

3. Calculations for Au nanospheres on microspherical resonators

A critical question related to the interaction between nanoparticles and microspheres is whether
or not the nanoparticles could spoil the Qof microsphere WGMs. To consider this issue, calcu-
lations wereé made of the absorption cross sections Cps of nanoparticles on lossless dielectric



microspheres. Figure 2 shows how the absorption efficiency Qs (= Cgps divided by the par-
ticle’s geometric cross section) of a Au nanoparticle may be enhanced near the surface of a
microcavity as the wavelength of the incident beam is tuned through a series of microsphere
‘WGMs. There is no absorption in the microsphere itself, and so this graph shows that the Au
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Fig. 2. Absorption efficiency spectrum of a 20 nm diameter Au sphere on a 5 ym diam-
eter latex microbead. The position of the nanoparticle (not drawn to scale) relative to the
incident beam is shown in the inset. The absorption efficiency of the nanoparticle in the
absence of the sphere is given by the black curve. ‘
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nanoparticle is being exposed to greatly enhanced local intensities, but does not produce feed-
back significant enough to degrade the resonance. The electromagnetic “terrain’ responsible for
this resonance-enhanced absorption is shown in Fig. 1. ’

Calculations for numerous orientations were made. In all cases, orders-of-magnitude en-
hancements of Q5 were found for nanoparticles coupled to a microcavity relative to the case
of an isolated nanoparticle.[28]

While these calculations are for a single nanoparticle, preliminary measurements of the reso-
nance spectra of a microsphere with Au nanoparticles lightly dispersed over its surface indicate
that the WGMs are sustained under such conditions, albeit with the quality factors diminished
somewhat.

4. Some considerations regarding interparticle and substrate coupling

It has been shown [16] that one may observe resonance effects in populations of microbeads of
sufficiently narrow size distribution to ensure that a significant fraction of spheres are tuned to
the same resonance. More typically, however, the breadth of the size distribution of a collection
of spheres will severely broaden WGM features of the ensemble. On the other hand, one may
image individual spheres in such a collection in order to observe CASERS and CAF effects.
Either case involves microspheres residing on a substrate or in contact with other microspheres,
and one must consider the effects of coupling between the resonators and of coupling between
the resonators and a substrate. Earlier measurements and calculations [16], [29] show that for



some geometries, these coupling effects will not have a significant effect. In these cases, the
beams were angled relative to the microbead array and the substrate in such a way that coupling
was minimized.

Here, we explore numerically the effects of a beam directed along the line of centers of a pair
of spheres. This is the condition for strongest interparticle coupling. By increasing the size of
one sphere to many times that of the other, this also allows us to approximate the condition of a
sphere on a locally flat surface, provided that the ‘substrate’ sphere is absorbing and therefore
the smaller sphere is not exposed to retroreflections from the larger one.

For the calculations used to generate Figure 3, one of the spheres was tuned to a high-Q
resonance and its size held constant. With the wavelength locked to the resonance frequency of
that sphere, a second sphere is introduced. The size of the second sphere varied by four orders
of magnitude.
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Fig. 3. Some effects of interparticle and substrate coupling on WGM resonances.

The size parameter of a sphere is defined as the ratio of its circumference to the wavelength
of incident light. The size parameter of the second sphere was allowed to grow from 0.01 to
a little over 200, at which point problems with machine memory were encountered. A small
amount of absorption was introduced in the resonator, represented by the imaginary part of its
complex index of refraction being set to ~ 107, This absorption was small enough to avoid
Q-spoiling and produced 3-order-of-magnitude spikes in Oz When the sphere was tuned to
a resonance. Absorption in the second sphere was large enough to prevent resonance and to
prevent retroreflections back onto the resonantor that would have complicated interpretation of
the results as the second sphere became large.

Modal analysis allows one to readily calculate O, for the individual spheres. The plots in



Figure 3 are for the Q55 of the resonator only.

5. Discussion and conclusions

The enhancement of the intensity of Raman scattering by metal nanoparticles is expressed in
terms of incident and scattered local electric field amplitudes £y, as

oc IElac(a)exC)Iz |Ela¢:(mRS) |2 (8)
|Eo(@exc)* |Eo(0gs) 2,
where @, and Wgg are the circular frequencies of the incident (excitation) and Raman scattered

light, respectively. Excitation of the nanoparticle-microsphere systems discussed above and
studied in [30] results in gains of

Lsgrs

|Etoc(@exc) */ | Eo(@ex)|* ~ 107 — 10%.

Calculations presented here thus indicate that the absorption cross sections of metal nanopar-
ticles or quantum dots immobilized onto dielectric microspheres can be greatly enhanced
by cavity resonances in the microspheres. Molecules attached to the immobilized nanoparti-
cles would thus experience cascaded surface-photoenhancements (CSPs), leading to additional
gains in fluorescence and Raman scattering of several orders of magnitude over conventional
radiative decay engineering and SERS effects. Gain factors of 10° — 10* are predicted for real-
istic experimental conditions using homogenous microspheres.

For illustrative purposes, the refractive index of the microsphere used to generate Figure 2
was that of latex. For cavity amplification of SERS, one must choose microcavities that are
made from materials, such as silica, that will not themselves produce a strong Raman back-
ground signal. The Qs spectra and local energy densities will be similar for equivalent reso-
nance modes, regardless of the dielectric chosen.

Acknowledgments Rosenberger - preliminary measurements on effect of Au nanoparticle
deposits on microsphere resonances.




