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We studied metal-enhanced photoluminescence (PL) from Si nanocrystals (Si-ncs) placed near 
rough Au films. Au films with different degree of roughness were prepared by electroless Au 
plating. We found that the PL intensity and the decay rate increase as the roughness becomes 
large. The PL excitation spectra revealed that the PL enhancement is the largest when the 
excitation wavelength corresponds to that of the surface plasmon resonance of rough Au films. 
The result combined with the emission wavelength dependence of PL enhancement factors 
suggest that the PL enhancement is caused by the enhancement of an electric field of incident 
light due to the excitation of surface plasmons supported by the rough Au films and also the 
increase of radiative decay rate of Si-ncs. 
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1. INTRODUCTION 
Silicon nanocrystals (Si-ncs) show photoluminescence 

(PL) at room temperature due to the recombination of 
excitons confined in a zero-dimensional quantum 
confined system [1-4]. Since 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 large 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 
semiconductors and the luminescence quantum 
efficiency is rather low [2,3]. Therefore, the 
enhancement of luminescence efficiency and the 
spontaneous emission rate of Si-ncs is in high demand 
for its application in optoelectric devices. 
It has been demonstrated that the luminescence 

intensity of emitters is strongly enhanced near metal 
nanostructures [6-9]. The enhancement is caused by the 
excitation of surface plasmon polaritons (SPPs) 
supported by metal nanostructures. The enhancement 
mechanism can be classified into two processes, i.e. the 
enhancement of an electric field of incident light and the 
enhancement of the radiative decay rate. In fact, 
enhanced luminescence efficiency of Si-ncs was 
achieved by placing a nanoporous Au layer [10], a Ag 
island arry [7] and a Au thin film with a 
two-dimensional grating [11] near Si-ncs. 
The purpose of this work is to realize the enhancement 

of PL from Si-ncs by rough Au films and to investigate 
the correlation of the PL enhancement factor with the 
degree of roughness of Au films. From the emission 
wavelength and the excitation wavelength dependences 
of PL enhancement factors, we conclude that the PL 
enhancement is caused by the enhancement of an 
electric field of incident light due to the excitation of 
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surface plasmons supported by the rough Au films and 
also the increase of radiative decay rate of Si-ncs. 

2. EXPERIMENTAL PROCEDURE 
Si02 films containing Si-ncs (Si-nc:Si02 films) were 

prepared by a cosputtering method [12,13]. Si and Si02 

were simultaneously sputter deposited on a Si02 

substrate, and the deposited films (150 nm in thickness) 
were annealed in a nitrogen gas atmosphere for 30 min 
at 1150 °C. Si-ncs were grown in the films during the 
annealing. After the annealing, Si-nc:Si02 films were 
etched from the top by reactive ion etching with CHF3 

(L-201D, ANELVA) and the thickness is decreased to 
125 nm. On the Si-nc:Si02 film, a Au film 5 nm in 
thickness was deposited by vacuum evaporation. 
Samples were then exposed to electroless Au plating 
solution (80°C) obtained from aqueous solution of 0.01 
mM HAuC14 (Wako) and 0.2 mM 2-Aminoethanethiol 
(Wako). The exposure durations were 0, 0.5, 1, 1.5 and 2 
min. The morphology of the sample surface was studied 
by atomic force microscopy (AFM). Absorption spectra 
of the Au films were measured by a UV-visible-NIR 
scanning spectrophotometer (UV-3101PC, Shimadzu). 
PL measurements were performed by using a single 

monochromator equipped with a liquid N2 cooled 
InGaAs near infrared diode array. The excitation source 
was a 457.9 nm line of an Ar ion laser. The excitation 
and the detection of PL were made through a transparent 
fused quartz substrate. The spectral response of the 
detection system was calibrated with the aid of a 
reference spectrum of a standard tungsten lamp. For the 
measurement of PL decay dynamics and 
photoluminescence excitation (PLE) spectra, samples 
were excited by pulsed light from an optical parametric 
oscillator (OPO) pumped by the third harmonic of a 
Nd:YAG laser through the transparent fused quartz 
substrates. The pulse width and the repetition frequency 
were 5 ns and 20 Hz, respectively. PL decay signals 
were detected by a near-infrared photomultiplier 
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Fig. 1. AFM images of rough Au films; the plating times are (a) 
0 (b) 0.5 (c) 1 (d) 1.5 and (e) 2 min. (f) Variations of rms 
roughness of rough Au films as a function of plating times. 

(R5509-72, Hamamatsu) and PLE signals were detected 
by photomultiplier (R943-02, Hamamatsu). The decay 
curves and PLE spectra were recorded by a multicha1111el 
scalar (SR430, Stanford Research). All measurements 
were performed at room temperature. 

3. RESULTS AND DISCUSSION 
Figures l(a)-(e) show AFM images of sample surface. 

The plating time are changed from 0 to 2 min. The 
roughness of Au films increases as the plating time 
increases; the root mean square (rms) roughness values 
are (a) 0.56 (b) 3.85 (c) 6.56 (d) 9.49 and (e) 19.41 nm 
(see Fig. l(f)). The absorption spectra are shown in Fig. 
2. The broad absorption bands due to surface plasmon 
resonance of the rough Au film can be seen. The 
absorption band shifts to longer wavelength and 
broadens as the plating time increases. 

The PL spectra are shown in Fig. 3(a). The PL band 
covering the 700-1100 nm range arises from Si-ncs. We 
can see that the PL intensity increases as the plating time 
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Fig. 2. Absorption spectra of rough Au films after plating 
different period. The plating time are changed from 0 to 2 min. 
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Fig. 3. (a) PL spectra of the sample with the rough Au film 
(solid line) and that without rough Au film (dotted line). (b) 
Wavelength dependence ofPL enhancement factors. 

increases. At the 2 minute of plating, a 3.7-fold 
enhancement of the peak PL intensity is observed. 
Figure 3(b) shows the wavelength dependence of 
enhancement factors obtained by dividing the PL 
spectrum of the sample with a Au film by that without a 
Au film. The enhancement factors depend on the 
wavelength. The enhancement factor maximum shifts 
from 812 to 1068 nm with the increase of the plating 
time from 0 to 1.5 min and then shifts to shorter 
wavelength (908 nm) after 2 minute plating. 

To study the mechanism of the PL enhancement, we 
measured the PL decay curves of the samples with a 
rough Au film at 960 nm (Fig. 4). The excitation 
wavelength is 457.9 nm and the decay curves are 
normalized at the maximum intensities. The lifetimes are 

Detected at 960 nm 
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Fig. 4. PL decay curves of Si-ncs with rough Au films and that 
without Au films. 
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Fig. 5. PL intensity enhancement factors as a function of the 
excitation laser wavelength. Inset shows E"~670/E"~soo, where 
E;.~670 and E"~soo represent the enhancement factors excited at 
670 nm and 500 nm, respectively. 

shortened by Au films and it becomes more significant 
at longer plating time. The shortening of the lifetime is 
considered to be due to the excitation of SPPs in a rough 
Aufilm. 

Figure 5 shows the excitation wavelength dependence 
of enhancement factors obtained by dividing the PL 
intensity of the sample with a Au film by that of the 
sample without a Au film. The PL signals are detected at 
900 nm. Above 530 nm, the enhancement factors 
increase, especially for the sample with longer plating 
time. About 5.5-fold enhancement is observed after 2 
minute plating at 670 nm. The wavelength corresponds 
to the surface plasmon resonance of rough Au films as 
shown in Fig. 2. This resonance behavior indicates that 
the PL intensity enhancement is related to the 
enhancement of an electric field of incident light due to 
the excitation of surface plasmons supported by the 
rough Au films. 
The emission wavelength dependence of PL 

enhancement factors (Fig. 3(b)) and the enhanced decay 
rate (Fig. 4) indicate the radiative decay rate 
enhancement. Because of the excitation of SPPs the PL 
lifetime of excitons confined in Si-ncs near a m~tal film 
can be expressed as 

(1) 

where Wr and Wnr represent the radiative and 
nonradiative decay rates of Si-ncs, respectively, and 
Wspp denotes the rate of nonradiative energy transfer 
from Si-ncs to SPPs. The observed shortening of PL 
lifetime is considered to be due to excitation of SPPs. 
On optically smooth metal surfaces, the excited SPPs 
modes do not couple with photons. Roughness and 
surface defects can scatter the SPPs to light [6]. If the 
excited SPPs are extracted with the efficiency of IJspp• the 
PL quantum efficiency of Si-ncs is expressed as: 

In the present work, the PL intensity is enhanced by 
rough Au films. This implies that excited SPPs are 

efficiently scattered by the roughness and IJspp is rather 
large. 
If we compare Fig. 2 and 3(b ), we can see the 

correlation between the wavelengths of the absorption 
maxima and that of the enhancement factor except for 
the sample with the plating time of 2 min. This indicates 
that PL is most efficiently enhanced near the SPPs 
resonance wavelength. In the case of the sample after 2 
min plating, the wavelength of the enhancement factor 
maximum doesn't agree with that of the absorption 
maximum. One possible explanation is that localized 
SPPs become propagation type SPPs with increasing the 
Au film thickness, and the resonant frequency shifts to 
the bulk SPP frequency. The PL enhancement factors 
and the lifetime of Si-ncs depend on the degree of 
roughness of Au films as shown in Fig. 3(b) and Fig.4. 
This result suggests that Wspp and IJspp increase with 
increasing the degree of roughness. 
The PL enhancements are caused not only by the 

increase of the decay rate of Si-ncs but also by the 
enhancement of an electric field of incident light. It is 
well known that the electromagnetic interaction between 
localized SPPs excited in metal nanostructures and 
optical waves results in the enhancement of the local 
fields. In fact, the PL enhancement factors are larger 
when the excitation wavelength corresponds to that of 
the surface plasmon resonance of rough Au films. It is 
also well known that the intensity of the local fields 
strongly depends on the size of metal nanostructures. 
Inset of Fig. 5 shows the ratios of the enhancement 
factors at 670 nm abd 500 nm (E1~67r/E1~500). We can 
see that EJ~6,r/E!.~soo increases as the plating time 
increases. This result is consistent with theoretical 
prediction that local enhancement is larger at larger 
metal nanostructures in the present size range. 

4. CONCLUSIONS 
We demonstrated that the enhanced PL of Si-ncs can 

be achieved by placing it near rough Au films. We found 
that the PL intensity and the decay rate increases as the 
roughness becomes large. The PL excitation spectra 
revealed that the PL enhancement is the largest (about 
5.5-hold) when the excitation wavelength corresponds to 
that of the SPPs of rough Au films. The PL enhancement 
is caused by the enhancement of an electric field of 
incident light due to the excitation of surface plasmons 
supported by the rough Au films and also the increase of 
radiative decay rate of Si-ncs. It is also revealed that 
these enhancement factors strongly depend on the 
degree of roughness. 
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