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Plasmon-enhanced photoluminescence of silicon nanocrystals embedded in silicon-rich oxinitride thin film is
calculated using finite-difference time-domain simulations. Emitters are represented as point-like dipoles and the
photoluminescence enhancement is calculated depending on the emitter’s position and polarization with respect to
the plasmonic metal nanoparticle placed on top of the layer. We show that the photoluminescence enhancement is
dominated by the excitation enhancement even for tuning the metal nanoparticle size to the emission wavelength.
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1. Introduction

Since the discovery of E.M. Purcell in 1946 it is known
that photoluminescence (PL) can be strongly affected
by the environment in which is the emitter placed [1].
The emerging field of plasmonics offered a good alterna-
tive for enhancing PL by coupling the emitter to local-
ized surface plasmons (LSPs) of metallic nanoparticles
(MNPs). This effect, known as plasmon-enhanced PL,
is extensively studied in the recent years and the mech-
anisms of the enhancement are already known and well
described [2-5]. By tuning the plasmon resonances of
MNPs at the emission wavelength the emission rate of lu-
minescent material can be significantly altered. Achiev-
ing the desired enhancement needs not only tuning of
the LSP resonances, but also precise engineering of the
MNP-emitter distance down to nanometer precision. For
simple geometries and point-like emitters it is possible to
calculate the enhancement analytically [6], but for most
of the experiments numerical simulations are required to
confirm the experimental results. This theoretical study
is focused on the special case, when MNPs are placed on
the substrate in which the randomly distributed emitters
are embedded. It was motivated by the growing inter-
est in light emitting silicon nanocrystals (NCs), which
are commonly fabricated by thermal treatment of silicon
monoxide or silicon-rich oxinitride films [7, 8|.

2. Methods

Enhancement of the PL is the product of excitation en-
hancement Qex. and quantum efficiency (QE) enhance-
ment Qom [4]:

I = Qechem- (1)

The excitation enhancement is connected with the local
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field enhancement by the MNP and scales with the ratio
between the local electric field intensity with and with-
out the MNP: Qexe = |E|2/|E0|2 [3]. QE enhancement
is obtained from the ratio between the modified and the
intrinsic QE of the excited emitter Qem = 7/10. The in-
trinsic QE 7g is defined as:
Yro

n Yr0 + Ynro ’ (2)
where 7,0 and y,0 are the radiative and non-radiative
decay rates of the transition from the excited state, re-
spectively. Presence of MNPs changes the radiative de-
cay rate v, and opens a new non-radiative decay channel
~nr caused by absorption losses in metal, therefore the
modified QE yields [4]:
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Fig. 1. A scheme of the simulation model for the de-
cay rate modifications. The scheme shows the location
of two monitor boxes calculating the power transmit-
ted through them (Pr, Pr) and the reference structure
containing only the dipole without the metal particle
(calculating Pp).

To calculate these modifications a simple classical
model is used, where the emitter is represented as a point-
like dipole. The power emitted by the dipole (Pr) and
the MNP—dipole complex (Pg) is calculated and conse-
quently normalized to the power emitted by the dipole
without the MNP (Pp), yielding values Zgr and Zr, re-
spectively (see Fig. 1). The physical meaning of these
values is the following: Z, represents the ratio between
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v and vy and Z; yields the ratio between v,, and vyq.
Thus the QE enhancement can be expressed as

ZR
Qem = ozt

(4)

QE enhancement

A-T1

Equation (4) shows that using this model by knowing the
intrinsic QE and by calculating Zgr and Zr it is possible
to determine QE enhancement.
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The modified quantum efficiency for different horizontal distances from the metallic nanoparticle axis. Dipole

polarization is indicated in each graph and the scheme reveals the simulation layout.

Calculations of Zg and Zr were performed numeri-
cally using finite-difference time-domain (FDTD) soft-
ware Lumerical Solutions. Thickness of the oxide layer
was set to 20 nm and Si was used as a substrate mate-
rial (see Fig. 2). A 30 nm thick gold disks were used as
MNPs on top of the thin layer. The dipole was placed in
a fixed depth of 10 nm. The simulations were performed
for different horizontal distance between the MNP’s axis
and the dipole position and for three different dipole po-
larizations.

3. Results and discussion

The intrinsic QE of Si NCs is strongly dependent e.g.
on preparation technique and the surrounding medium
and varies from 0.01 up to 0.60 [9]. Therefore, dur-
ing simulations we use a value with typical magnitude
1o = 0.1. Similar variation is observable in the emission
wavelength due to its strong dependence on nanocrystal
size. Based on the published literature we expect emis-
sion around 800 nm, which means the size of the MNPs

should be optimized to get maximum QE enhancement
at this wavelength [8]. In order to find the ideal disk size
we calculate the modified QE for dipole polarized perpen-
dicularly to the MNP and placed in horizontal distance
of 5 nm from the disk edge. It is apparent from Fig. 3
that the peak position of QE changes with the disk di-
ameter. However, in the further simulations we choose
diameter d = 120 nm as it matches best the expected
emission wavelength of the NCs.

Figure 2 shows the simulated QE enhancement for
three basic dipole polarizations at different positions.
Value of x denotes the horizontal distance of dipole
from the disk main axis, which means that for distances
smaller than 60 nm the dipole is situated below the MNP.

Results are showing that for different dipole orientation
we got strongly distinct characteristics. For polarization
1 the PL of emitters laying below the MNP is quenched
and for emitters which are not beneath the metal it is
enhanced. Polarization 3 has opposite behavior but the
enhancements factors are much lower and on the other
hand the quenching is more pronounced than for polar-
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Fig. 3. The modified quantum efficiency for different

metallic nanoparticle sizes with the chosen diameter
marked with black arrow.

ization 1. Interestingly, for polarization 2 the PL is en-
hanced for all positions and also the enhancement factors
are the highest.

Finally, the excitation enhancement is calculated us-
ing numerical simulations as well. The MNP is illumi-
nated by a plane wave impinging perpendicularly on the
substrate and the electric field is monitored at positions
where the dipoles were previously placed. The excitation
enhancement is evaluated for two commonly used laser
wavelengths: 532 nm and 633 nm. It is apparent from
the Fig. 4, that although the size of MNPs was optimized
to match the emission wavelength, at 532 nm we obtain
the same enhancement factors for Qeyc as for Qen,. More-
over for excitation at 633 nm the excitation enhancement
exceeds the emission enhancement by one order of mag-
nitude.
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Fig. 4. Excitation enhancement in depth of 10 nm in
the oxinitride layer for two wavelengths 532 nm (black
line) and 633 nm (red line).
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4. Conclusions

As the light emission from the Si NCs has random po-
larization the averaged emission enhancement should be
considered from the 3 basic polarizations. The value of
this enhancement reaches 3-5 fold enhancement for ideal
distances from the MNP (55-75 nm). It is important to
note that the emitter—-MNP coupling is limited to small
distances, as for distance x = 105 nm (45 nm from the
MNP edge) yields almost negligible emission enhance-
ments. Surprisingly, at the same distances the Qex. yields
up to one order of magnitude higher values even if the
size of MNPs is not optimized for excitation enhance-
ment. Therefore, it will be more effective to tune the
MNPs to get maximum excitation enhancement as this
effect yields higher enhancement factors. Nevertheless,
the overall PL enhancement for ideal distances reaches
2 orders of magnitude according to our calculations, but
it is dominated by the excitation enhancement. Finally,
from experimental point of view the emission direction-
ality of MNPs should be also considered as it can play a
significant role in the measured PL enhancement.
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