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ARTICLE INFO ABSTRACT

The surface plasmon enhanced photoluminescence (PL) emission of silver coated Si/SiO, quantum dots (QDs) is
investigated theoretically and numerically for different parameters of the QDs. Due to the interaction of ra-
diation with the silver coat, a local surface plasmon oscillation is established which in turn results in a con-
siderable resonant enhancement of the local field in the QDs. The local field enhancement factor inside of the
silver coated spherical Si/SiO, QDs is solved using the Laplace equation. Utilizing this enhancement factor, the
plasmon enhanced radiative recombination rate, the spectral absorption, and the PL intensity of ensembles of
silver coated Si/SiO, QDs embedded in a SiO, host matrix are studied. The induced electric field increases the
overlapping of the electron and hole wave functions in the QDs leading to an increase in radiative recombination
rate, spectral absorption, and the PL intensity. Moreover, by varying the thickness of silver coat and SiO, spacer,
the surface plasmon resonance frequency can be tuned to the longer wavelength regions in the visible spectrum.
This enhances the coupling between surface plasmon resonance frequency of the silver coat and the energy gap
of silicon QDs. It is found that the radiative recombination rate, spectral absorption and photoluminescence
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intensity increase up to 3 folds compared to the QDs without a metal coat.

1. Introduction

Silicon is the most dominant material in the microelectronics world.
Nevertheless, the electron-hole radiative recombination in the bulk
material is forbidden because of the fundamental property of the silicon
band structure [1,2]. On the other hand, silicon quantum dots (Si-QDs)
show quantum confined luminescence at wavelengths in the visible and
near infrared region [1,3]. Despite their high emission efficiency, Si-
QDs suffer from low radiative decay rates as compared to those of direct
band gap semiconductors [4]. To improve this state of affairs, the re-
sonant effects of surface plasmons (SP) on PL emission attract a great
deal of attention [4-10].

In particular, A. Inoue et al. [11] reported that a significant amount
of PL emission enhancement of Si-QDs occurs when the emission energy
lies in the vicinity of the localized surface plasmon resonance of gold
NP. On the other hand, recent experimental work of S. K. Srivastava
et al. [12] revealed the surface plasmon coupled emission of quantum
confined excitons in the Ag,0 layer in a composite nanorod composed
of silver core and Ag,O shell.

The stretching in the energy gap of silicon quantum dots, which are
sufficiently smaller than the Bohr exciton radius of the material
(~ 5nm) as a consequence of quantum confinement [13] favors the
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coupling of the energy gap of the QD with the SP energy of the metal
coat. The plasmon coupled emission becomes more important for suf-
ficiently smaller Si-QDs when the energy gap of the QD is close to the
local surface plasmon resonance energy.

When the Si/SiO»/Ag QD (shown in Fig. 1) is illuminated by a ra-
diation field, a local field is induced inside and outside of the metal coat
as a result of polarization. This field significantly changes the interac-
tion of the optically generated electrons and holes in the QD emitter.
The induced field enhances the coupling between the electron and hole
wave functions in the QD. The coupling between the electron and hole
wave functions gets its maximum value at the local surface plasmon
resonance frequency of the metal coat.

In an ensemble of such QDs, the spectral absorption and emission
intensity strongly depends on the thickness of the metal coat, the size of
Si-QD, thickness of spacer, and the dielectric functions of the different
layers in the Si/SiO, /Ag QDs structure as well as the surrounding
environment. By tuning the energy gap of a typical mean sized QDs in
the ensemble to the local surface plasmon energy of the silver coat,
enhancement of the spectral absorption and PL emission could be
achieved.

The paper is organized as follows. In Section 2, we present the ex-
pression of the local field enhancement factor. The effect of local field
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Fig. 1. Schematic diagram of a three layered spherical Si/SiO, /Ag QD in a SiO, host
matrix. The central region shows the Si emitter with diameter d4 and dielectric constant
ed, the middle layer represents the SiO, spacer with diameter d. and dielectric constant ¢,
and the silver coat has a diameter d,, and dielectric constant .

enhancement in modifying the radiative recombination rate in silver
coated Si-QDs is discussed in Section 3. Section 4 is devoted to the
investigation of the effect of local field enhancement on the spectral
absorption and PL emission of an ensemble of noninteracting silver
coated Si-QDs. Section 5, summarizes the result obtained in the paper.

2. Local field enhancement factor

Consider a metal coated Si-QDs embedded in a dielectric host ma-
trix, as shown in Fig. 1. In the electrostatic approximation, the electric
field distribution inside and outside of the silver coated Si-QDs may be
obtained by employing the Laplace equation V2® = 0 in spherical co-
ordinates, where @ is the electric potential (see Appendix). The mag-
nitude of the spatially constant electric field, E, inside the QD is found
to be
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The coefficient of E; in Eq. (1) is the local field enhancement factor,
F = E/E,. Writing the complex dielectric function of the metal coat as
em = €'m + ie"y, where ¢’y, and €”,, are its real and imaginary parts, and
manipulating the modulus square of the local field enhancement factor
becomes

2

27

i) (g1 4 g%
2pm

|FI> =
(e —

n2

end) + Bep + @I + en(2nen, + B @

The coefficients 7, 8, and ¢ depend on the dielectric functions of the
host matrix, quantum dot, and the SiO, layer (see Appendix).

To understand the penetration of light into the Si-QD emitter in the
three-layered composite NP, we may calculate the absorption coeffi-
cient (a) with the help of the Maxwell-Garnett effective-medium theory,
thereby the penetration depth (d) can be computed. Accordingly, « is
found to be
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where w is the frequency of light, c is the speed of light, p is the density
of the dipole moments in the mixture, y, = 4mr}, (Bspi/ 2P, Aspi)- Ospr and
Agpn are given by (see Appendix) Egs. (28) and (31), respectively.

The penetration depth of light through the composite NP can be
estimated from the relation d ~ 1/a. Typical value of d lies between
500 nm and 1um depending on the thickness of silver shell, SiO, spacer,
size of Si-QD, and wavelength of light. Since the typical size of the
three-layered NP under consideration is below 40 nm, light can
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penetrate easily into the QD emitter.

For silver/gold alloys, the frequency dependent dielectric function
gn of the metal coat is described by the modified Drude form given by
[14]
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where, ¢, is a real constant, w), is the bulk plasma frequency of the
metal, y is the decay constant of plasma vibrations, w is the frequency of
radiation, ¢, and ¢, are the interband contributions to the dielectric
function of the plasmonic metals. The parameter y is the size dependent
decay constant of plasma vibrations given by

V= Younc + A%F’ ()
where y,,;, is the bulk decay constant of plasma vibrations, vp is the
velocity of the electrons at the Fermi surface, a is the thickness of silver
coat and Ais a parameter which depends on the details of the scattering
process [15].

Later, we will use the local field enhancement factor, Eq. (2), with
account of the complex dielectric function of the metal coat, Eq. (4), to
calculate the plasmon enhanced radiative recombination rate, the
spectral absorption, and PL intensity of silver coated Si-QDs.

3. Plasmon coupled radiative recombination rate

The rate of a spontaneous transition I, from an excited electron-hole
state [¢);) to the ground state ;) may be described by using Fermi's
golden rule in the first-order perturbation theory as
L = Qa/h) |y | Hine 191’8 (Bf — E; — hew) [16], where H,, is the op-
erator of the interaction Hamiltonian, #w is the emitted photon energy,
E; and E; are the energies of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO), re-
spectively. Summing I, over all light polarization gives [17,18]
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where e is the charge of an electron, n is the refractive index, w is the
transition frequency, m is the electron rest mass, c is the speed of light,
# is Planck's constant divided by 27, and p is the momentum operator.

The matrix element of transition (§;|p |y);) can be expressed in terms
of the oscillator strength f ., which can be regarded as a measure of
strength of a transition from an initial state with energy E; to a final
state with energy Ey, i.e.,
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The oscillator strength is a function of the photoluminescence emission

energy which for silicon QDs can be described by using the following
empirical formula [19]:
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where the size dependent f, . is described via the emission energy-size
relation (hw = 1.12 + 3.73/dj*) suggested by Delerue et al. [20].
When a QD is coated with noble metals, the oscillator strength
changes. The change may be described by modifying the interaction
Hamiltonian of electron-hole pairs. In the dipole approximation, the
interaction Hamiltonian may be written as
Hy = —F (w, dg, d., dm)ﬁ-f , where  is the dipole moment operator
and E is the electric field operator. The matrix element of momentum
operator is obtained from the dipole matrix element using the relation
(Pp|P 1thy) = imeo(Ps|Flh;) [21]. Thus, the expression for the plasmon
coupled oscillator strength f;, of electron-hole pairs takes the form:
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