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The enhancement of photoluminescence �PL� is demonstrated from silicon nanocrystals �Si-ncs� by
strong coupling of excitons to surface plasmon polaritons �SPPs� supported by a Au thin film. SPPs
excited via excitons in Si-ncs were Bragg scattered to photons by one- or two-dimensional gratings,
and strong and directional PL was obtained. From the angular dependence of PL spectra, dispersion
relations of electromagnetic modes involved in the light emission process were obtained. The
overall agreement between experimentally obtained and theoretically calculated dispersion relations
confirmed that the strong and directional PL is mediated by SPPs. The PL decay rate of Si-ncs
increased by placing a Au thin film on top and the wavelength dependence of the rate enhancement
agreed well with that of the calculated SPP excitation rate. This suggests that the observed PL
enhancement is due to efficient energy transfer from excitons to SPPs followed by efficient
scattering of SPPs to photons, resulting in the enhancement of luminescence quantum efficiency.
© 2007 American Institute of Physics. �DOI: 10.1063/1.2753571�

I. INTRODUCTION

Silicon nanocrystals �Si-ncs� show photoluminescence
�PL� at room temperature due to the recombination of exci-
tons confined in a zero-dimensional quantum confined
system.1–4 As excitons are confined in a space smaller than
the exciton Bohr radius of bulk Si crystals, the overlap of
electron and hole wave functions becomes larger in both real
and momentum spaces, resulting in the enhancement of the
radiative recombination rate.2,3 However, even for Si-ncs as
small as a few nanometers in diameter, the indirect band gap
nature of bulk Si crystals is strongly inherited,5 and thus the
spontaneous emission rate is still not large enough compared
to that of the direct band gap semiconductor and the lumi-
nescence quantum efficiency is rather low.2,3 Therefore, the
enhancement of luminescence efficiency of Si-ncs is in high
demand for its application to optoelectric devices.

One of the approaches to enhance luminescence effi-
ciency of Si-ncs is to realize the coupling of electronic exci-
tation of Si-ncs to surface plasmon polaritons �SPPs� sup-
ported by metal nanostructures. For example, by placing a
nanoporous Au layer near Si-ncs, enhancement of PL from
Si-ncs was demonstrated.6 The SPP resonance energy of
metal nanostructures can be tuned in a wide wavelength
range by controlling the size and shape. In fact, the enhance-
ment of PL from Si-ncs at specific wavelength ranges has
been shown by placing an Ag island array with different
sizes and pitches.7 Further, polarization-selective enhance-
ment of PL is realized by using an anisotropic metal
structure.8

PL enhancement is also possible by using a flat thin
metal film if SPPs are scattered properly and converted to
photons efficiently. In previous work, it was demonstrated
that strong directional PL from Si-ncs caused by the coupling

of electronic excitation of Si-ncs and SPPs supported by a
metal thin film and the scattering of the SPPs by a one-
dimensional �1D� organic grating. One advantage of using a
flat metal film and a grating to convert electronic excitation
to photons via SPPs is that dispersion relations are obtained
from angle-resolved PL spectra and by analyzing the rela-
tion, the origin �mode� of PL peaks can be identified
unambiguously.9 However, in the previous work using a 1D
grating, the degree of the enhancement was limited. This is
because only SPPs having the momentum to the direction
parallel to the grating vector can be Bragg scattered and con-
verted to photons and others are lost to heat.10 This problem
is overcome by using a two-dimensional �2D� grating, which
has two orthogonal grating vectors and can scatter SPPs
propagating in all in-plane directions to photons.11

In this work, we study PL from Si-ncs for the samples
consisting of SiO2 films containing Si-ncs, a flat thin Au film,
and a 1D or 2D organic grating. Dispersion relations from
angle-resolved PL spectra are obtained, and from the disper-
sion relations, the modes contributing to the PL enhancement
are discussed. The coupling of electronic excitation of Si-ncs
to SPPs results in the enhancement of the PL decay rate.
From the comparison between experimentally obtained
wavelength dependence of the PL decay rate enhancement
and calculated power dissipation to SPPs and other modes,
the mechanisms of the rate enhancement and also the inten-
sity enhancement are discussed.

II. EXPERIMENTAL PROCEDURE

SiO2 films containing Si-ncs �Si-nc:SiO2 films� were
prepared by a cosputtering method.12–14 Si and SiO2 were
simultaneously sputter deposited on a SiO2 substrate, and the
deposited films �150 nm in thickness� were annealed in a
nitrogen gas atmosphere for 30 min at 1250 °C. Si-ncs were
grown in the films during the annealing. After the annealing,a�Electronic mail: fujii@eedept.kobe-u.ac.jp
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a Au film 50 nm in thickness was deposited. The corrugated
surface was obtained by exposing a photoresist �TDMR-
AR80 HP, Tokyo Ohka Kogyo� film spin coated on a Au film
to an interference pattern produced with a 325 nm line of a
He-Cd laser. Subsequent exposure after the rotation of the
sample by 60° about the surface normal resulted in a hex-
agonal 2D corrugation. The schematic illustration of the
sample structure, the definition of the grating vectors �G1 and
G2� and coordinates, and an atomic force microscope �AFM�
image of the surface of the sample with a 2D grating are
shown in Figs. 1�a�–1�c�, respectively. As shown in Fig. 1�a�,
we refer the sample with a flat photoresist layer to sample
IIA, that with flat photoresist and Au layers to sample IIB,
and that with 2D grating on top of the Au layer to sample
IIC. We also prepared similar series of samples with a 1D
grating. These samples are referred to samples IA, IB, and
IC.

In order to measure angular dependence of PL spectra

from the corrugated surface, samples were mounted on a
rotating stage with the grating vector G1 parallel to the inci-
dent plane, and illuminated through the transparent fused-
quartz substrate. The excitation source was a 488 nm line of
an Ar ion laser. The excitation light was incident normal to
the surface, whereas the collection angle � was changed from
0° �normal to the surface� to 60°. PL was collected from the
corrugated side through an aperture approximately 1 mm in
diameter, which limits the angular acceptance to about 1°.
PL spectra were measured by using a single grating mono-
chromator with a liquid nitrogen cooled Si charge coupled
device. The spectral response of the detection system was
calibrated with the aid of a reference spectrum of a standard
tungsten lamp.

For time-resolved PL measurements, the samples were
excited by a 488 nm line of an optical parametric oscillator
pumped by the third harmonic of a neodium:yttrium–
aluminum–garnet laser �pulse energy 0.5 mJ/cm2, pulse
width 5 ns and repetition frequency 20 Hz� through a trans-
parent fused-quartz substrate. The signals were detected ei-
ther from the grating side or from the substrate side by a near
infrared photomultiplier tube �R5509-72, Hamamatsu Photo-
nics� and a multichannel scaler �SR430, Stanford Research
Systems�. The time resolution of the system was 5.12 �s.
The detection wavelengths were changed from 800 to 1000
nm.

III. RESULTS AND DISCUSSION

A. PL spectra and dispersion relations

Figure 2�a� shows the PL spectra for samples IA, IB, and
IC collected at �=23°. The PL band covering the 700–1000

FIG. 1. �Color online� �a� Schematic illustration of sample structure, �b�
definition of grating vectors and coordinates, and �c� AFM image of the
surface of the sample with a 2D grating.

FIG. 2. �Color online� �a� PL spectra collected at �=23° for the sample with
a flat photoresist layer �sample IA� �dotted line�, that with flat photoresist
and Au layers �sample IB� �dashed line�, and that with 1D grating on top of
a Au layer �sample IC� �solid line�. �b� Angle-integrated PL spectra for
samples IA �dotted line�, IB �dashed line�, and IC �solid line�.
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nm range arises from Si-ncs, whereas that below 700 nm
from the photoresist. In the following, we will pay attention
only to the PL from Si-ncs. In Fig. 2�a�, in the presence of
the grating, the shape of the PL spectrum is strongly modi-
fied and several peaks are observed. At the wavelength of the
highest PL intensity of sample IC, the intensity is enhanced
by a factor of 2 compared to that of sample IA and by a

factor of 30 compared to that of sample IB. To compare the
integrated PL intensities among the samples, the spectra are
measured in the polar angle range from 10° to 60° in 1°
intervals and are summed together. The results are shown in
Fig. 2�b�. For a 1D grating, the integrated PL intensity of
sample IC is larger than that of sample IB but is smaller than
that of sample IA.

Figure 3�a� shows the PL spectra for samples IIA, IIB,
and IIC collected at �=23°. Compared to the sample with the
1D grating �sample IC�, the peaks are sharper and the num-
ber of the peaks increases. Further, the enhancement of the
intensity is more pronounced, i.e., the enhancement factors
are 5.2 compared to that of sample IIA and 57 compared to
that of sample IIB. As can be seen in Fig. 3�b�, the integrated
PL intensity for sample IIC is slightly larger than that for
sample IIA. This is due to the scattering of SPPs propagating
in all in-plane direction by the 2D grating.15

Figure 3�c� shows polarization-resolved PL spectra for
sample IIC at �=23°. Solid, dashed and dotted lines repre-
sent unpolarized, transverse magnetic �TM� polarized, and
transverse electric �TE� polarized emissions, respectively. TE
and TM polarization are defined as their electric field being
perpendicular and parallel to the x−z plane, respectively. The
peaks at 740 and 850 nm are TM polarized, whereas those at
810 and 930 nm have both the TM and TE polarization com-
ponents. Figure 3�d� shows angular dependence of PL spec-
tra for sample IIC. We can see the shift of the peaks by
increasing the collection angle. The shift is due to Bragg
scattering of SPP or waveguide modes. From the angular
dependence of PL peak wavelengths, the dispersion relations
are obtained. The experimentally obtained dispersion rela-
tions are shown in Fig. 4 by open and closed circles, and
squares. To facilitate the assignment of the data, the same
experimental data are displayed in Figs. 4�a�–4�d�.

In order to assign the modes, we calculate the dispersion
relations by the formalism developed by Chance et al.16 by
assuming a five-layer system consisting of
air/photoresist/Au/Si-nc:SiO2/SiO2.9,17,18 In the calcula-
tion, an emitter is regarded as an oscillating electric dipole
and the power dissipated from an isotropic dipole positioned
at the center of an optically active Si-nc:SiO2 layer is calcu-
lated as a function of an in-plane wave vector. For the cal-
culation, the refractive indices of Au, Si, and SiO2 are taken
from the literature19–21 and that of the Si-nc:SiO2 layer is
estimated from the Bruggeman effective medium theory.22

The refractive index of the photoresist layer is obtained by a
noncontact thin film metrology system �FilmTek 1000, Sci-
entific Computing International�. The wavelength dispersion
of the refractive indices of Au, Si, SiO2 and the photoresist
are taken into account. In the presence of a grating the wave
vector of SPP or waveguide modes is augmented or reduced,
and the modes can couple to photons. For a 2D grating, the
coupling condition between radiative modes propagating in
the x−z plane and nonradiative modes, such as SPP or wave-
guide modes, propagating in the x−y plane is expressed as

FIG. 3. �Color online� �a� PL spectra collected at �=23° for the sample with
a flat photoresist layer �sample IIA� �dotted line�, that with flat photoresist
and Au layers �sample IIB� �dashed line�, and that with 2D grating on top of
a Au layer �sample IIC� �solid line�. �b� Angle-integrated PL spectra for
samples IIA �dotted line�, IIB �dashed line�, and IIC �solid line�. �c�
Polarization-resolved PL spectra of sample IIC at �=23°. Solid, dashed, and
dotted lines represent unpolarized, TM polarized and TE polarized emission,
respectively. �d� Angular dependence of PL spectra of sample IIC. The de-
tection angle � is changed from 21° to 25°. The numbers �m ,n� represent the
orders of the scattering processes of SPP modes associated with the interface
between Au and Si-nc:SiO2 layers.
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where km��� and k���� denote the in-plane wave vector of a
guided mode and the emitted light, respectively, k0��� rep-
resents the absolute value of the wave vector of the emitted
light, � is the angular frequency, � is the azimuthal angle of
the propagation of nonradiative modes, � is the polar angle
of the propagation of radiative modes, G= 	G1	= 	G2	
=2� /� is the grating vector with the grating period �, and
m and n are the orders of the scattering process arising from

the grating vectors G1 and G2, respectively. In order to re-
produce experimentally obtained dispersion relations, we ad-
justed the values of the grating period and the thickness of
the photoresist layer. The best result is obtained when the
grating period and photoresist layer thickness are 737 and
361 nm, respectively. These values are close to measured
ones. At the range of the wavelength of Si-ncs emission,
SPPs experience four scattering processes, i.e., �m ,n�= �
−1,0� , �2,0� , �0,−1� , �1,1�.

The calculated dispersion relations are shown in Figs.
4�a�–4�d� by color gradients. The insets are the correspond-
ing grating vectors. The region deeper in color represents
larger power dissipation. The strong power dissipation corre-
sponds to the SPP modes propagating at the interface be-
tween Au and the active layer �Au/Si-nc:SiO2 SPP�,
whereas the weak one to the SPP modes propagating at the
interface between Au and the photoresist layer �Au/PR SPP�.
In Fig. 4, we can see a good agreement between the calcu-
lated dispersion relations of the SPP modes and the disper-
sion relations obtained experimentally. The agreement allows
us to assign the origin of the observed peaks. Closed circles
and squares are assigned to Au/Si-nc:SiO2 SPP and Au/PR
SPP, respectively. This analysis reveals that the four strong
peaks in Fig. 3 are mediated by Au/Si-nc:SiO2 SPP. The
corresponding scattering orders are indicated in Fig. 3�d�.
The overall agreement implies that the strong PL peaks in
Fig. 3 arise from the coupling of excitons in Si-ncs to SPPs.
In Fig. 4, modes that are not identified by calculation exist.
They may arise from the extraharmonic components of the
grating profile.23

As shown in Fig. 3�c�, the peaks at 740, 810, 850, and
930 nm correspond to the scattering orders �2,0�, �1,1�,
�−1,0�, and �0,−1�, respectively. The intensity ratio of TM
polarized emission to TE polarized one is large if the propa-
gation direction of SPPs is close to the x direction. There-
fore, the peaks at 740 and 850 nm are only TM polarized,
whereas those at 810 and 930 nm have both the TM and TE
polarized emission.

B. PL decay rates

The inset of Fig. 5 shows the PL decay curves for
samples IIA and IIC detected at 850 nm. For sample IIC, the
PL was detected from the grating side �solid curve� and the
substrate side �dashed curve�, whereas for sample IIA, it was
detected from the substrate side �dotted curve�. In order to
investigate the wavelength dependence of the decay rates we
measured PL decay curves in a whole emission wavelength
range and estimated the decay rates by fitting the decay
curves by a stretched exponential function.24 The results are
shown in Fig. 5. Closed and open circles represent PL decay
rates for sample IIC detected from the grating side and from
the substrate side, respectively, whereas triangles denote
those obtained for sample IIA. In all cases, the decay rate
increases as the emission wavelength is shortened due to the
quantum size effect.25 By placing a Au film, the decay rate is
enhanced in the whole wavelength range, whereas it does not
depend on whether PL comes from the grating side or the
other side.

FIG. 4. �Color online� Dispersion relations for sample IIC. Circles and
squares correspond to experimentally obtained data, whereas the color maps
are obtained from calculation. The region deeper in color represents larger
dissipated power. The scattering orders �m ,n� are �a� �−1,0�, �b� �2,0�, �c�
�0,−1�, and �d� �1,1�. The insets are corresponding grating vectors.
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In Fig. 6, the decay rates of sample IIC detected from the
grating side normalized to those of sample IIA are plotted as
a function of wavelength. We can see the increase of the
normalized rate as the emission wavelength shortens. In or-
der to analyze the wavelength dependence of the rate en-
hancement, we calculate power dissipation, which corre-
sponds to the normalized decay rate, by using the same
formalism to calculate the dispersion relation in the
previous.16,17 Details of the calculation procedure are found
in Ref. 26. In the calculation, the contributions of dipoles
positioned in the 150 nm thick active layer are averaged over
the layer thickness. First, we performed calculation under the
assumption that the internal quantum efficiency is 100%.
However, the result did not agree with the experimental re-
sult in Fig. 6. We therefore regarded the internal quantum
efficiency of Si-ncs as a fitting parameter, and the parameter
was chosen so that the calculated total decay rate agreed with
the experimentally obtained normalized decay rate. The best
agreement was obtained when the internal quantum effi-
ciency is 45%. The solid curve in Fig. 6 is the calculated
total decay rate. We can see a good agreement between ex-
perimental and calculated results.

In this calculation, we can also analyze relative contri-
butions of different modes to which power of a dipole
dissipates.26 The contributions of the radiative decay rate, the
rate of energy transfer to SPPs, and that to lossy surface
waves �LSWs� to the total normalized decay rate are shown
in Fig. 6 as dashed, dotted, and dotted-dashed curves, respec-
tively. In Fig. 6, the contribution of the LSW excitation rate
to the total decay rate is very small and it does not depend
strongly on the wavelength. Spontaneous emission and SPP
excitation rates contribute to the total power dissipation
nearly equally. The spontaneous emission rate increases
slightly as the wavelength shortens because of the increased
photonic mode density, whereas the SPP excitation rate in-
creases much faster. The increase of the SPP excitation rate
is mainly due to larger density of state of SPPs at shorter
wavelength. In Fig. 6, we can see that the wavelength depen-
dence of the SPP excitation rate is very similar to that of
experimentally obtained normalized decay rate. This means
that the observed enhancement of the decay rate is mainly
due to the excitation of SPPs.

Because of the energy transfer to SPPs, the recombina-
tion rate of excitons confined in Si-ncs near a Au film can be
expressed as Wtotal=Wr+Wnr+WSPP, where Wr and Wnr rep-
resent the radiative and nonradiative decay rates of Si-ncs,
respectively, and WSPP denotes the rate of energy transfer
from excitons to SPPs. If excited SPPs are scattered with the
efficiency of �SPP, the PL quantum efficiency is expressed as
�= �Wr+�SPPWSPP� /Wtotal.

27 In the present work, the PL
quantum efficiency is enhanced by a Au thin film and a 2D
organic grating. This implies that excited SPPs are efficiently
scattered by the 2D organic grating and �SPP is rather large.

IV. CONCLUSION

We demonstrated that the coupling of electronic excita-
tion of Si-ncs and SPPs supported by a Au thin film followed
by scattering of the SPPs by a 2D organic grating results in
strong directional PL. From the angular dependence of PL
spectra, the dispersion relations were obtained and from the
analysis of the dispersion relation, the excitation of SPPs was
unambiguously demonstrated. The excitation of SPPs was
accompanied by the enhancement of the decay rate. The
wavelength dependence of the decay rate enhancement con-
firmed that the observed PL enhancement is due to the exci-
tation of SPPs and efficient scattering of SPPs to photons.

Although the enhancement of PL was realized because
of the coupling of electronic excitation of Si-ncs to SPPs, the
enhancement was rather limited. This was because coupling
between Si-ncs and SPPs and that between SPPs and photons
were not optimized. In fact, the rate of SPP excitation �WSPP�
was not very large, i.e., comparable to the spontaneous emis-
sion rate. Further enhancement of WSPP may be possible by
tuning Au/Si-nc:SiO2 SPP, which was excited more effi-
ciently than Au/PR SPP, can be enhanced by using a metal
grating instead of the combination of flat metal and an or-
ganic grating. However, although these improvements prob-
ably enhance the PL efficiency more, it is not clear whether
the degree of the enhancement is enough to make Si-ncs

FIG. 5. �Color online� Wavelength dependence of PL decay rates for
samples IIA and IIC. Closed and open circles represent PL for sample IIC
detected from the grating side and from substrate side, respectively, whereas
triangles denote PL obtained for sample IIA. The inset shows the decay
curves detected at 850 nm. Solid and dashed lines represent PL for sample
IIC detected from the grating side and from the substrate side, respectively,
whereas the dotted line represents PL obtained for sample IIA.

FIG. 6. �Color online� PL decay rates of sample IIC detected from the
grating side normalized to those of sample IIA as a function of wavelength.
Squares correspond to experimentally obtained data, whereas the solid line
denote a calculated normalized decay rate. Relative contributions of radia-
tive decay rates �dashed line�, SPP excitation rates �dotted line�, and LSW
excitation rates �dotted-dashed line� to the total normalized decay rates are
also shown.
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practical materials for light emitting devices or not. This
point will be discussed after applying all possible improve-
ments to sample structures.
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