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ABSTRACT: A structure composed of a monolayer of
luminescent silicon quantum dots (Si-QDs) and a silver (Ag)
film over nanosphere (AgFON) plasmonic nanostructure is
prepared by precisely controlling the distance. A AgFON
structure modifies both the photoluminescence (PL) and the
PL excitation (PLE) spectra of a Si-QD monolayer significantly.
It is shown that the spectral shape is very sensitive to the spacer thickness and the wavelength dependence of the PL and PLE
enhancement factors agrees well with the absorptance spectra. Due to multiple surface plasmon resonances of a AgFON
structure, in proper spacer thicknesses, simultaneous enhancements of the excitation cross section and the emission rate are
achieved. In the wavelength range where the absorption cross section of Si-QDs is small, the PL enhancement factor averaged in
a relatively wide region (10 × 10 mm2) reaches 12.

■ INTRODUCTION

Semiconductor quantum dots (QDs) have been attracting a
great deal of attention as a nanolight emitter because of their
excellent characteristics such as tunable luminescence wave-
length, high photostability, and high chemical stability.1−3

These potentially superior properties of QDs compared to
other phosphors such as fluorescent protein and organic dyes4

make them a promising material for applications in
biophotonic5−7 and optoelectronic devices.8−10 However,
toxic heavy metal elements in commercially available cadmium
(Cd)- or lead (Pb)-chalcogenide QDs have been an obstacle for
the widespread usage, especially in a biomedical field.11

Among various heavy-metal-free QDs developed so far,12

silicon (Si) QDs have several advantages such as the high
environmental friendliness and the high compatibility with the
existing Si-based electronic device technologies. In the past
decade, the fabrication process of Si-QDs has been developed
very rapidly, and now very high quality Si-QDs are
available.13,14 The highest photoluminescence (PL) quantum
yield (QY) reaches 70% at 775 nm.15 By using these Si-QDs,
thin film transistors,16 light emitting diodes,17 and solar cells18

are produced. However, despite the recent rapid progress, there
still remain several intrinsic problems to be solved to make Si-
QDs a practically useful material. The largest problem is the
small absorption cross section in the visible and near-infrared
(NIR) spectral ranges due to the indirect nature of the energy
band structure. For the efficient excitation, Si-QDs should be
excited above the direct band gap (∼3.4 eV);19 the wavelength
range is not compatible with many biomedical applications.
A promising approach to overcome the problem is utilizing

the coupling with surface plasmon resonances of metal
nanostructures. Different structures have been proposed to
achieve efficient coupling between Si-QDs and a metal

nanostructure. At the beginning, a metal nanostructure was
placed near Si-QDs embedded in solid matrixes.20−25 Recently,
a composite nanoparticle composed of Si-QDs and a metal
nanostructure such as a nanoparticle26−28 and a nanorod29 have
been developed by using electrostatic attraction,27,29 chemical
bonding,28 and DNA hybridization.28 An attempt to place a
monolayer of Si-QDs in a plasmonic nanogap is also reported.30

In these previous structures, the PL enhancement is due to
either the enhancement of the absorption cross section or that
of the emission rate depending on the relation between the
surface plasmon resonance wavelength and the PL wavelength.
The purpose of this work is to develop a structure to

simultaneously enhance the absorption cross section and
emission rate of Si-QDs to obtain high PL intensity, especially
under excitation by long wavelength photons. Although the
concept of double resonance has widely been employed in
surface enhanced Raman scattering (SERS),31 it has not been
applied to metal enhanced fluorescence (MEF) of Si-QD-based
systems. To achieve the double resonance in Si-QD-based
systems, metal nanostructures should be designed to have
multiple surface plasmon resonances in a wide wavelength
range. In this work, we employ a silver (Ag) film over
nanosphere (AgFON) structure, which has been widely used
for SERS32,33 and MEF,34,35 as a plasmonic substrate with
multiple resonances. In order to maximize the luminescence
enhancement, the distance between a plasmonic substrate and a
Si-QD monolayer should be controlled very precisely. We
develop a process to place a monolayer of Si-QDs by
controlling the distance by a polymer spacer grown by a
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layer-by-layer (LbL) assembly process.36−38 We show that a
AgFON structure modifies both the PL and PL excitation
(PLE) spectra of a Si-QD monolayer significantly, and that the
wavelength dependence of the PL and PLE enhancement
factors agrees well with the absorptance spectra. In the
wavelength range where the absorption cross section of Si-
QDs is small, the enhancement factor averaged in a wide region
(10 × 10 mm2) reaches 12.

■ RESULT AND DISCUSSION

As a precursor for the preparation of a Si-QD monolayer, we
employ a colloidal solution of all-inorganic Si-QDs developed
in our group.39−41 The Si-QDs have a heavily boron (B) and
phosphorus (P) doped thin layer on the surface, which induces
negative potential on the surface (zeta potential: −40 mV at pH
7)39 and makes the QDs dispersible in polar solvents without
any surface functionalization processes.40,42 Figure 1a shows a
photograph of a colloidal solution of codoped Si-QDs. The
solution is very clear, and light scattering by agglomerates is not
observed. Figure 1b shows a transmission electron microscope
(TEM) image of a Si-QD layer prepared by drop-casting the
diluted methanol solution on a carbon-coated Cu mesh. A
densely packed monolayer of Si-QDs is formed, and no three-
dimensional agglomerates are observed. The lattice fringe in the
high-resolution image corresponds to {111} planes of Si crystal.
Figure 1c shows a schematic illustration of the structure

studied in this work. A two-dimensional array of polystyrene
spheres (350 nm in diameter) is formed on a silica substrate,
followed by vacuum evaporation of a Ag film (200 nm in
thickness). The AgFON substrate is then immersed in 6-amino-
1-hexanethiol, hydrochloride (6-AHT) ethanol solution (1
mM) for the formation of a self-assembled monolayer (SAM)
with a positively charged amine group on the surface. The
thickness of SAM is about 1.2 nm.43 On the AgFON substrate,
a polymer spacer is formed by the LbL assembly process; i.e.,
negatively and positively charged polymers are deposited
alternatively (see Methods). In this work, the layer number is
changed from 0 to 8. In Figure 1d, the thickness of the polymer
layer measured by spectroscopic ellipsometry is plotted as a
function of the layer number. Hereafter, we denote AgFON
with n number of polymer layers as L(n)/AgFON. A
monolayer of Si-QDs is formed on a positively charged surface,
i.e., L(n)/AgFON with even n, by drop-casting a diluted
colloidal solution of Si-QDs (0.17 mg/mL). Formation of a
monolayer of Si-QDs is confirmed by spectroscopic ellipsom-
etry (Figure S1).44 We denote the structure with a Si-QD
monolayer as Si-QD/L(n)/AgFON.

Figure 2a shows absorptance spectra of L(n)/AgFON (n =
0−6) and Si-QD/L(6)/AgFON. The absorptance is defined by

1 − T − R, where T and R are transmittance and reflectance,
respectively. In this work, the transmittance is zero for all the
samples in the whole wavelength range. Therefore, the
absorptance spectra are obtained by simply subtracting
reflectance spectra from one. In Figure 2a, two broad bands
are seen around 400−500 nm and 600−800 nm. Both bands
shift to longer wavelength with increasing the layer number n.
The red shift is due to the increase of the dielectric constant
around metal nanostructures supporting the surface plasmon.
Further red shift is observed by placing a Si-QD monolayer on
the top (Si-QD/L(6)/AgFON), also due to the increase of the
dielectric constant. Note that the absorption by a Si-QD
monolayer is negligibly small and does not affect the spectral
shape.
Figure 2b shows absorptance spectra of Si-QD/L(6)/

AgFON measured at different incident angles (θ = 5−60°).
The long-wavelength band is insensitive to θ, indicating that
this is due to localized surface plasmon resonances of Ag
nanostructures in AgFON. On the other hand, the short-

Figure 1. (a) Photograph of a colloidal solution (methanol solution) of B and P codoped Si-QDs. (b) TEM image of a Si-QD monolayer. Inset is a
high resolution TEM image of a Si-QD. (c) Schematic illustration of a AgFON structure with a Si-QD monolayer on the surface. (d) Thickness of
polymer layer measured by spectroscopic ellipsometry.

Figure 2. (a) Absorptance spectra of L(n)/AgFON (n = 0−6) and Si-
QD/L(6)/AgFON. The incident angle (θ) is 5°. (b) Absorptance
spectra of Si-QD/L(6)/AgFON measured at different incident angles
(θ = 5−60°).
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wavelength band splits into two bands and the splitting
increases with θ, suggesting that the band arises from surface
plasmon polaritons with dispersion relations. Absorptance
rising below 350 nm is due to the interband transition of Ag.
Figure 3a shows absorptance spectra of Si-QD/L(n)/AgFON

with n changed from 0 to 8. Since a Si-QD monolayer can be

formed only on positively charged polymer, n is even numbers.
The spectral shape depends on n. The overall red shift of the
peaks with increasing n can be explained by the increased
dielectric constant around Ag nanostructures. Figure 3b shows
a PL spectrum excited at 405 nm and a PLE spectrum detected
at 780 nm of a Si-QD monolayer on a silica substrate. The PLE
spectrum decreases rapidly with increasing the wavelength due
to the indirect transition of Si crystal in the visible range.
Therefore, to excite Si-QDs efficiently, UV light is necessary,
which is one of the serious drawbacks of Si-QDs for the
biophotonics applications. By comparing Figure 3a,b, we notice
that there are surface plasmon resonance bands in the weak
absorption region of Si-QDs and thus we may achieve the
excitation cross-section enhancement. At the same time, the
long wavelength bands due to localized surface plasmon
resonances overlap with the emission band. Therefore, we
can expect to enhance the emission rate, simultaneously.
Figure 4a shows PL spectra of Si-QD/L(n)/AgFON excited

at 405 nm. The incident angle of the excitation light is 45°. The
spectra of a Si-QD monolayer on a silica substrate and a flat Ag
film are also shown as references. The PL intensity on a flat Ag
film is about 30% quenched from that on a silica substrate due
to the dissipation to the surface plasmon polaritons. Note that
Si QDs are not directly attached to Ag because of SAM (∼1.2
nm). This results in relatively small PL quenching on a flat Ag
film. Compared to a Si-QD monolayer on a silica substrate and
on a flat Ag film, the PL intensity of Si-QD/L(n)/AgFON is

strongly enhanced and the spectral shape is largely modified.
Especially in Si-QD/L(4)/AgFON and Si-QD/L(6)/AgFON,
new narrow bands appear around 750 nm. The drastic
modification of the spectral shape indicates that the emission
process of Si-QDs is strongly modified by the AgFON
structures. We will discuss the PL spectral shape of Si-QD/
L(n)/AgFON more in detail by comparing it with a
corresponding absorptance spectrum later.
Figure 4b shows PL decay curves of Si-QD/L(n)/AgFON

detected at 775 nm. The excitation and detection geometry is
the same as that of the PL spectra measurements. The
excitation source is a modulated 405 nm laser. We can see that
the PL lifetime is significantly shortened by the AgFON
structure. In Figure 4c, the PL lifetime obtained by fitting the
decay curves by the stretched exponential function I = I0
exp{(−(t/τ)β}, where τ is the decay constant and β is the
stretching parameter, is plotted as a function of a detection
wavelength. The average PL lifetime (τave) is defined as τave =
τβ−1ΓE(β

−1), where ΓE is the Euler gamma function.45 The
lifetime is the longest on a silica substrate and is shortened on a
flat Ag film due to the coupling with the surface plasmon
polaritons. The lifetime is the shortest in Si-QD/L(0)/AgFON,
suggesting the most efficient coupling between the emission of
Si-QDs and the surface plasmons of the AgFON structure.
With increasing the polymer thickness, i.e., with increasing n in
Si-QD/L(n)/AgFON, the lifetime becomes long, and in Si-
QD/L(8)/AgFON, it is almost the same as that of Si-QDs on a
silica substrate. This is consistent with the fact that the PL
spectral shape is not strongly modified in Si-QD/L(8)/AgFON
in Figure 4a. In this case, the PL enhancement is mainly due to
the enhancement of the absorption cross section.
In the AgFON structures studied in this work, due to the

existence of multiple surface plasmon resonances, both the
excitation and the emission processes are considered to be
affected. In that case, an emission−excitation contour is a
convenient figure to overlook the whole enhancement process.
Figure 5a,b shows the emission−excitation contours of a Si-QD
monolayer on a silica substrate and Si-QD/L(6)/AgFON. The
data of Si-QD/L(n)/AgFON with other n are shown in the
Supporting Information (Figure S2). The incident angle of

Figure 3. (a) Absorptance spectra of Si-QD/L(n)/AgFON with
different number (n) of polymer layers. The incident angle (θ) is 5°.
(b) A PL spectrum excited at 405 nm (orange) and a PLE spectrum
detected at 780 nm (purple) of a Si-QD monolayer on a silica
substrate.

Figure 4. (a) PL spectra of a Si-QD monolayer on a silica substrate, a
flat Ag film, and L(n)/AgFON. (b) PL decay curves detected at 775
nm. (c) PL lifetimes as a function of detection wavelength. The
excitation wavelength is 405 nm. The incident angle (θ) is 45°.
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excitation light is 60°. The color scales are the same in the two
figures. On a silica substrate, Si-QDs are most efficiently excited

at the shortest wavelength, which is consistent with Figure 3b.
A similar trend can be seen in Si-QD/L(6)/AgFON from the
longest excitation wavelength to 330 nm. In the excitation
wavelength range, the PL intensity is strongly enhanced and
thus the wavelength range for efficient excitation of Si QDs is
largely extended to longer wavelength. Below 320 nm, no
further increase of the intensity is observed. This is due to the
onset of the interband transitions of Ag and the loss of the
metallic character. The very strong modification of the contours
is direct evidence that both the absorption and the emission
processes of Si-QD are modified by the AgFON structures.
To scrutinize the enhancement processes more in detail, we

obtain PL enhancement factor spectra by dividing the PL
spectra of Si-QD/L(n)/AgFON (n = 0, 2, 4, 6, 8) by those of a
Si-QD monolayer on a silica substrate. In Figure 6, the PL
enhancement factor spectra for Si-QD/L(n)/AgFON (n = 0, 2,
4, 6, 8) obtained for 4 different excitation wavelengths (320,
410, 450, and 530 nm) are shown by colored solid curves. The
PL spectra are extracted from the emission−excitation
contours, and the excitation wavelengths correspond to
horizontal broken lines in Figure 5. In Figure 6, the absorptance
spectra are also shown to discuss the correlation between the
PL enhancement factor and absorptance spectra. In Figure 6a
(Si-QD/L(0)/AgFON), when the excitation wavelength is 320
nm, the luminescence is severely quenched, i.e., enhancement
factor ≪ 1. The situation is slightly calmed in Si-QD/L(2)/
AgFON (Figure 6b), in which the distance between a Si-QD
monolayer and a AgFON structure is ∼1.9 nm. The PL
enhancement factor under 320 nm excitation slowly increases
with n and reaches a maximum (∼2) at n = 6 (Figure 6d), in
which the distance is ∼15.9 nm. Since the enhancement of
excitation cross section is not expected at 320 nm due to the

Figure 5. Emission−excitation contours of (a) a Si-QD monolayer on
a silica substrate and (b) Si-QD/L(6)/AgFON. The incident angle (θ)
is 60°.

Figure 6. Absorptance spectra (black solid curves) and enhancement factor spectra of PL excited at 320, 410, 450, and 530 nm (colored solid curves)
and those of PLE detected at 775 nm (filled circles) of Si-QD/L(n)/AgFON. Panels (a−e) correspond to n = 0, 2, 4, 6, and 8. The incident angle
(θ) is 60°.
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onset of the interband transition of Ag, the observed small
enhancement at n = 6 arises mainly from the emission rate
enhancement and resultant quantum yield enhancement.
On the other hand, when the excitation wavelength is longer

than ∼400 nm, we can see the luminescence enhancement not
only in large n, but also in Si-QD/L(0)/AgFON. In all n, the
enhancement factor increases with increasing the excitation
wavelength. The wavelength of the maximum PL enhancement
depends on n and shifts to longer wavelength with increasing n,
being consistent with the long wavelength shift of the longest
wavelength absorptance peak with n. In particular, in n = 4 and
6, the peak wavelengths of the PL enhancement factor spectra
and the absorptance spectrum agree very well. This is an
evidence that the radiative decay rates of Si-QDs are strongly
enhanced by the AgFON structure. The enhancement factor is
the largest (∼12) in Si-QD/L(0)/AgFON under 530 nm
excitation (Figure 6a, green solid curve). It is noted that the PL
is obtained from a relatively wide region (10 × 10 mm2) and
thus the observed enhancement factor is the averaged one in
the region.
The observed strong excitation wavelength dependence of

the enhancement factor in Figure 6 indicates that the
enhancement of the excitation cross section also plays a
major role for the luminescence enhancement. This can be seen
more clearly in the PLE enhancement factor spectra obtained
by dividing the PLE spectra of Si-QD/L(n)/AgFON (n = 0, 2,
4, 6, 8) detected at 775 nm with that of a Si-QD monolayer on
a silica substrate (filled circles in Figure 6). In all the samples,
the features in the PLE enhancement factor spectra agree very
well with the peaks in the absorptance spectra as shown by
vertical broken lines. For example, in Si-QD/L(6)/AgFON
(Figure 6d), a peak can clearly be seen around 440 nm in both
spectra. As described above, the excitation cross-section
enhancement is larger at longer wavelength, where the intrinsic
absorption cross section of Si-QDs is small. The large
enhancement factor at long wavelength range is very beneficial
for applications where long wavelength excitation is crucial.

■ CONCLUSION

We have succeeded in producing a AgFON structure with a
monolayer of Si-QDs on the surface by controlling the distance
very precisely. We found that both the PL spectra and the PLE
spectra of Si-QDs are strongly modified by the structure and
that excitation and emission properties are very sensitive to the
distance between a Si-QD monolayer and AgFON. In optimum
distances, the PL is enhanced ∼12-fold in the excitation
wavelength range where the intrinsic absorption cross section
of Si-QDs is very small. Efficient excitation of Si-QDs in a long
wavelength range is very important for the biophotonic and
photovoltaic applications. The present results indicate that,
despite the simple fabrication processes, a AgFON structure
can be a versatile platform for the luminescence enhancement
of Si-QDs if the distance is precisely controlled.

■ METHODS

Preparation of Colloidal Solution of Si-QDs. Colloidal
Si-QDs were prepared by the method described in our previous
papers.40,42 Si-rich borophosphosilicate glass (BPSG) was
deposited by cosputtering Si, SiO2, B2O3, and P2O5 in an rf-
sputtering apparatus. The films were peeled off from a substrate
and annealed at 1100 °C in a N2 gas atmosphere for 30 min to
grow B and P codoped Si-QDs in BPSG matrixes. Si-QDs were

isolated from BPSG matrixes by HF (46 wt %) etching and
then redispersed in methanol.

Formation of AgFON Structure. A AgFON structure was
prepared by using a 2D array of polystyrene nanospheres 350
nm in diameter (Polyscience, Polybead Polystyrene Micro-
spheres). A 200 nm thick Ag film was deposited on the array of
polystyrene nanospheres on a silica substrate by vacuum
evaporation. A self-assembled monolayer (SAM) was formed
onto the Ag film by immersing the substrate in a 1 mM ethanol
solution of 6-amino-1-hexanethiol, hydrochroride (6-AHT)
(Dojindo Molecular Technologies) for 24 h. This treatment
results in the functionalization of the surface with a positively
charged amine group. A polymer spacer was then formed by an
LbL process.37 A negatively charged polymer solution is an
aqueous solution of 1 mg/mL poly(sodium 4-styrenesulfonate)
(PSS) (Sigma-Aldrich, Mw = 70 000) containing 0.5 M NaCl,
and a positively charged polymer solution is an aqueous 5 μL/
ml poly(diallyldimethylammonium chloride) (PDDA) (Sigma-
Aldrich, 20 wt % in water, Mw = 100 000−200 000) solution
containing 0.5 M NaCl. The substrates were first immersed into
the PSS solution for 20 min to adsorb a negatively charged
polymer layer, and then immersed into the PDDA solution for
20 min to form a positively charged layer. This process was
repeated to form multilayers. The final polymer layer must be a
PDDA layer to make the surface positively charged.

Structural and Optical Characterization. TEM and high
resolution TEM images were obtained by using JEM-2100F
(JEOL) operating at 200 kV. The thickness of a polymer layer
was measured by spectroscopic ellipsometry (HORIBA, Auto-
SE). Refractive indices of 1.41 and 1.50 were used for the
PDDA and PSS layers, respectively.46 The optical transmittance
and reflectance spectra were measured by a UV−vis−NIR
spectrophotometer (Shimadzu, Solidspec 3700). The incident
angle was changed from 5° to 60°. PL spectra and decay curves
were obtained by using a single spectrometer equipped with a
charge coupled device (CCD) and image-intensified CCD
(Roper Scientific). The excitation source for the decay
measurements is modulated 405 nm light (Coherent Inc.,
CUBE). The incident angle of excitation light is 45°.
Emission−excitation contours were measured by a spectro-
fluorometer (Horiba Jovin Yvon, Fluorolog-3) equipped with a
Xe lamp (450 W) and a double-grating monochromator as an
excitation source. The incident angle of excitation light is 60°.
The size of the excitation beam on a sample is about 10 × 10
mm2.
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