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Semiconductor-Metal Nanoparticle Molecules: Hybrid Excitons and the Nonlinear Fano Effect
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Modern nanotechnology opens the possibility of combining nanocrystals of various materials with very
different characteristics in one superstructure. Here we study theoretically the optical properties of hybrid
molecules composed of semiconductor and metal nanoparticles. Excitons and plasmons in such a hybrid
molecule become strongly coupled and demonstrate novel properties. At low incident light intensity, the
exciton peak in the absorption spectrum is broadened and shifted due to incoherent and coherent
interactions between metal and semiconductor nanoparticles. At high light intensity, the absorption
spectrum demonstrates a surprising, strongly asymmetric shape. This shape originates from the coherent
internanoparticle Coulomb interaction and can be viewed as a nonlinear Fano effect which is quite

different from the usual linear Fano resonance.
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Modern nanoscience involves both solid-state nano-
structures and biomaterials. Using biomolecules as linkers,
solid-state nanocrystals with modified surfaces can be
assembled into superstructures with unique physical prop-
erties. Building blocks of these superstructures are nano-
wires, semiconductor quantum dots (SQDs), metal nano-
particles (MNPs), proteins, etc. [1,2]. To date, several in-
teresting phenomena in bioconjugated colloidal nanocrys-
tals, such as energy transfer [2], local field enhancement
[3], and thermal effects [4,5], have been explored. In par-
allel with bioassembly, self-organized growth of epitaxial
SQDs has become well developed. Self-assembled SQDs
have excellent optical quality and atomically sharp optical
lines [6]. This capability for nanocrystal, biomaterial, or
epitaxial assembly [7,8] opens up the fabrication of com-
plex hybrid superstructures that could exploit the discrete
optical response of excitons in semiconductor nanosystems
and the strong optical response of plasmons in MNPs.

In this Letter, we reveal novel unusual optical properties
that arise in hybrid MNP-SQD molecules and motivate
experiments to investigate these properties. Hybrid mole-
cules have already been bioassembled and studied at room
temperature (7)) by several groups [2—4]. Hybrid MNP-
SQD complexes can also potentially be realized with epi-
taxial SQDs [8]. The experimental methods to study such
nanostructures include photoluminescence and absorption
spectroscopies [6] and Raleigh scattering. While the effect
of energy transfer from SQDs to MNPs can be observed at
room T, the fine-scale coherent effects of internanocrystal
interaction can become accessible only at low 7.

In this Letter, we study the optical properties of hybrid
structure composed of a MNP and a SQD. We explore both
the linear regime (for weak external field) and the non-
linear regime (for strong external field). The basic excita-
tions in the MNP are the surface plasmons with a
continuous spectrum. In SQDs, the excitations are the
discrete interband excitons. In the hybrid structure, there
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is no direct tunneling between the MNP and the SQD.
However, long-range Coulomb interaction couples the ex-
citons and plasmons and leads to the formation of hybrid
excitons and to Forster energy transfer. The effect of
coupling between excitons and plasmons becomes espe-
cially strong near resonance when the exciton energy lies
in the vicinity of the plasmon peak. The coupling between
the continuum excitations and the discrete excitations also
leads to a novel effect that we call a nonlinear Fano effect.
We should note that the usual Fano effect was introduced
for the linear regime [9]. Here we describe a nonlinear
Fano effect which appears at a high intensity of light when
the SQD becomes strongly excited. This nonlinear Fano
effect comes from interference between the external field
and the induced internal field in the hybrid molecule. It
appears at high intensities when the degree of coherence in
the system becomes strongly increased, because the Rabi
frequency starts to exceed the exciton broadening. A differ-
ent type of nonlinear Fano resonance was found in
Ref. [10].

We now consider a hybrid molecule composed of a
spherical MNP of radius a and a spherical SQD with radius
r in the presence of polarized external field E =
E, cos(wt), where the direction of polarization is specified
below. The center-to-center distance between the two
nanoparticles is R (see the inset in Fig. 1). For the descrip-
tion of the MNP, we use classical electrodynamics and the
quasistatic approach. For the SQD, we employ the density
matrix formalism and the following model for a spherical
SQD. Because of its symmetry, a spherical SQD has three
bright excitons with optical dipoles parallel to the direction
a, where « can be x, y, and z [11]. Using the symmetry of
the molecule and a linearly polarized internal field, we can
obtain the appropriate Hamiltonian [12]

FISQD = Z €;cic; — wEsgp(cica +ciep), (1)
£
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FIG. 1 (color online). Energy absorption spectra in the weak
field regime for different interparticle distances. The light inten-
sity is 1 W/cm?. w is the light frequency. 1w, is the bare exciton
energy. 1y = 3.3 X 107* meV. The left inset shows a model.
Right inset: Quantum transitions in the system; the vertical
(horizontal) arrows represent light (Coulomb)-induced transi-
tions.

where ¢ and ¢35 are the creation operators for the vacuum
ground state and the a-exciton state, respectively, u is the
interband dipole matrix element, Egqp, is the total field felt
by the SQD, Esqp = E + (5, Punp/ et RY), with g4y =
(2ey + &,)/3e, &y and g, are the dielectric constants of
the background medium and SQD, respectively, E is the
external field, and s, = 2(—1) for electric field polariza-
tions @ = z(y, x). The z direction corresponds to the axis of
the hybrid molecule. The dipole Pypp comes from the
charge induced on the surface of the MNP. It depends on
the total electric field which is the superposition of external
field and the dipole field due to the SQD, Pyyp = ya’[E +
(soPsqp/€ei2R?)],  where 1y = (g, (w) — &)/[2e¢ +
en(w)], eeirp = 2eo + &,)/3, and ¢,,(w) is the dielectric
constant of the metal. The dipole of the SQD is expressed
via the off-diagonal elements of the density matrix:
Psop = m(pa1 + p12) [12]. These matrix elements should
be found from the master equation:

dtj = g[P’ Hsoplij — Tijpij, (2)
where the diagonal and off-diagonal relaxation matrix
elements are ')y =1, =1/Ty and T'p, =T} =

1/7, respectively [12]. Here 7 includes the nonradiative
decay via the dark states. We note that the above procedure
treats the internanoparticle interaction in the self-
consistent way. To solve the coupled system, we separate
the high frequency part and write p, and py; as pjp =
p12e®! and p,; = py e . Applying the rotating wave
approximation, we obtain the equations for steady state.
Letting p,; = A + Biand A = p;; — pay, We come to the
system of nonlinear equations

A= (Q; + KQR)T, A B— Qg — KQ)T,
1+ K? ’ 1+ K? '
(] - A)/TO = 4QRB - 4QIA - 4G1(A2 + B2), (3)
where K = [(w — wy) + GRAIT,, wy = (g, — &) /h,

1/Ty = 1/Ty + G, G = s5ya> u2 [he g 8cirnR®, G =
Re[G], G, =Im[G], Q¢ = Qo[l +5,7E)°], Qo=
,LLEo/theffl, and QR = Re[Qeff], QI = Im[Qeff]. Here
Q. is the Rabi frequency of the SQD renormalized due
to the dipole interaction with the plasmon of the MNP.

For a weak external field, we obtain the following steady
state solution in the analytical form p;, = —{Qqy/[(w —
wq + Gg) — i(I';, + Gp)]}. The plasmon-exciton interac-
tion leads to the formation of a hybrid exciton with shifted
exciton frequency and decreased lifetime determined by
Gr and Gy, respectively. In other words, the long-range
Coulomb interaction leads to incoherent energy transfer
via the Forster mechanism with energy transfer rate Gj.
The exciton shift Gz shows that the interaction is partially
coherent. A similar theoretical formalism for Forster trans-
fer was successfully used to describe available experiential
data [4,11]. For a strong field, the effective local fields on
MNP and SQD (Egqp) are nonlinear, which has important
consequences.

Energy absorption.—The energy absorption rate is Q =
Owmne T Osgp, Where the rate of absorption in the MNP
and SQD are Qynp = ([ jEAV), where j is the current,
(- - ) is the average over time, and Qsop = hwpan/To. As
an example, we consider a Au MNP with radius a =
7.5 nm. We use the bulk dielectric constant of Au g,,(w)
taken from Ref. [13], ¢y = 1, and &; = 6.0. The bare
exciton frequency w is chosen to be 2.5 eV, close to the
surface plasmon resonance of the Au MNP. Typically, the
plasmon peak is very broad compared with the bare exciton
peak; thus, a small detuning of the frequencies should have
no important effect. Both the plasmon resonant frequency
and the bare exciton frequency can be tuned in a wide
range of energies (from blue to red) by changing the size
and composition of the SQD/MNP. For the relaxation times
and dipole moment, we take 7 = 0.8 ns, T,, = 0.3 ns,
and pu = ery, with rg = 0.65 nm.

In Fig. 1, we show the total energy absorption rate versus
frequency. For weak incident light (I, = 1 W/cm?), the
energy absorption peak shifts and broadens for small in-
terparticle separations R. This behavior of the optical
spectrum for relatively small R reflects the formation of
the hybrid exciton with a shifted frequency and shortened
lifetime. In current experiments on epitaxial SQDs, the
width of the exciton peak can be as small as a few ueV
[6]. In our results in Fig. 1, the frequency shift is about
40 peV for small separations R = 15 nm.

Figure 2 shows the energy absorption in the strong field
regime. We find an asymmetrical Fano shape and substan-
tial suppression of energy absorption. This striking asym-
metry originates from the Coulomb coupling and vanishes
at large R (see Fig. 2).
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FIG. 2 (color online). Energy absorption spectra in the strong
field regime for different interparticle distances. h{), =
0.0106 meV. The inset is the energy absorption for R =
15 nm for a wider frequency regime; the exciton feature is
within the plasmon peak.

In the usual linear Fano effect, the absorption intensity
becomes zero for a particular frequency due to the inter-
ference effect [9]. Here we find a nonvanishing energy
absorption at any light frequency. This is due to the non-
linear nature of the interference effect in the hybrid mole-
cule. A more qualitative discussion will be provided later.
Again we see a redshift of the resonant frequency. The shift
is now 1 order of magnitude larger than the energy reso-
lution limit.

In Fig. 3, we show the polarization dependence. The
Fano absorption intensity has the opposite shape for the
electric field polarizations along the z and x(y) directions.
The shape reversal due to polarization happens in a fre-
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FIG. 3 (color online).
absorption.

Polarization dependence for the energy

quency window of 1 meV and should be an observable
experimental signature.

We see that the effective field applied to MNP and SQD
is the superposition of the external field and the induced
internal field. The interference between the external field
and the internal field leads to the asymmetric Fano shape.
Enhancement or suppression of the effective field depends
on the polarization [s changes sign for the polarizations z
and x(y)]. So, the polarization dependence is also a result
of interference of the external field and the induced internal
field.

Rayleigh scattering.—We use the standard method to
calculate Rayleigh scattering intensity, which is valid when
the size of the scattering objects is much smaller than the
wavelength of incident light: dI/d€) = P,sin*(6), where
the angle 6 is measured from the direction of the induced
dipole and Py = (ck*/n)(Psqgp + Pynp)*

Figure 4 shows the Rayleigh scattering in the linear and
nonlinear regimes. The interaction between the SQD and
MNP leads to a shift of the peak of scattering intensity in
Fig. 4 and to the polarization dependence (see inset in
Fig. 4).

As discussed above, experiments could be performed on
self-assembled SQDs coupled to MNPs. The inset in Fig. 5
shows a schematic of such a system with g5 = g, = 12
with the MNP embedded in the barrier material that defines
the SQD (here we still assume a spherical SQD for sim-
plicity). Again we see a clear asymmetry which is strong
even in the linear regime. This behavior was found for
parameters typical of a self-assembled SQD. The electric
field polarization was chosen along the y(x) directions
(inset in Fig. 5). The strong advantage of self-assembled
SQDs is that an exciton in such systems exhibits a very
narrow line [6].
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FIG. 4 (color online). Rayleigh scattering intensity P,. The
main panel is for the strong field regime. Right inset: Scattering
intensity P, for the weak field regime. Left inset: Intensity P for
different polarizations in the strong field regime.
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FIG. 5 (color online). Energy absorption and Rayleigh scatter-
ing (right inset) for a system with a self-assembled quantum dot
in the weak field regime. 7Qy = 4.8 X 107* meV. Left
inset: Schematics of a hybrid molecule. The self-assembled
SQD is formed at the interface of two materials.

Nonlinear Fano effect. —In the linear regime, the ab-
sorption peak can have almost a Lorentzian shape (Fig. 1).
Here we describe a nonlinear Fano effect. This effect
manifests itself as a strong asymmetry of the absorption
peak at high light intensities.

The energy absorption in the weak field regime or strong
field regime is

(K — ¢)? 1
= 2 +
¢ CQO<1+K2 T2

h
oot

Here K =[(®w — wy) + GRAIT,, q = s u>QgT,A/
heer) e R3Q, and the coefficient C = %(%)2a3w|380/
(2gy + €,,)]’Im[e,,]. For the weak field regime, a =
[1/(1 + G]T20)]2 and B = |4Qeff|2(T%/T20), and for the
strong field regime, « = 1 and 8 = 1/27,.

In the weak field regime (Qy < 1/T,, 1/7), Q has the
Fano function form in the limit 7,5 — 0. (This was also
checked by numerical calculations not shown here.) For a
finite T,(, the finite broadening of the exciton peak may
destroy the linear Fano effect and we see a symmetric peak
(Fig. 1). For self-assembled SQD, the Fano asymmetry is
well expressed even in the linear regime (Fig. 5). It is
interesting to note that, in the regime of the symmetric
peak (see, e.g., Fig. 1), an exciton frequency shift ~Gx ~
1/R®. However, in the regime of the nonlinear Fano effect
(Fano shapes in Figs. 2 and 3), the resonant frequency shift
~1/R? and is field dependent. Another interesting feature
of the nonlinear regime is that the absorption never van-
ishes, even in the limit Ty, 7( — 0.

Qualitatively, the nonlinear Fano effect can be explained
as follows. When the SQD is strongly driven (o > 1/T>,
1/7), the absorption peak becomes strongly suppressed, as

in an atom [12]. For the MNP, we assume that the plas-
mon is not strongly excited. This is because of the very
short lifetime of the plasmon (of the order of 10 fs).
Simultaneously, the ac dipole moments of the MNP and
SQD increase with increasing intensity. In this situation,
the interference between two channels of plasmon excita-
tion in the MNP [these channels correspond to the first and
second terms in the total electric field in Eq. (3)] increases
and the peak asymmetry is greatly enhanced. We should
finally note that similar nonlinear effects can appear for a
SQD coupled with a metal surface [14].

It is possible to show that the problem of Forster-like
interaction between a SQD and a MNP is equivalent to
the Fano problem [9]. To solve this problem, we can also
use the density matrix formulation for a description of
the plasmon excitations in a MNP and look at the inter-
action between continuum plasmon states and discrete
exciton states directly, without employing a self-consistent
approach.

In conclusion, we have studied the optical properties of a
hybrid nanostructure composed of a MNP and a SQD. The
interaction between the plasmon and the exciton leads to
interesting effects such as Forster energy transfer, exciton
energy shift, and interference. At a high light intensity, we
find a novel nonlinear Fano resonance which has striking
differences to the usual Fano effect.
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