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Abstract—Metal-enhanced Luminescence of silicon nanocrystals 
(SiNCs) was determined using two different particle sizes of silver 
nanoparticles (AgNPs). SiNCs have been characterized by scanning 
electron microscopy (SEM), high resolution transmission electron 
microscopy (HRTEM), Fourier transform infrared spectroscopy 
(FTIR) and X-ray photoelectron spectroscopy (XPS). It is found that 
the SiNCs are crystalline with an average diameter of 65 nm and FCC 
lattice. AgNPs were synthesized using photochemical reduction of 
AgNO3 with sodium dodecyl sulphate (SDS). The enhanced 
luminescence of SiNCs by AgNPs was evaluated by confocal Raman 
microspectroscopy. Enhancement up to 9 and 3 times were 
observed for SiNCs that mixed with AgNPs which have an average 
particle size of 100 nm and 30 nm, respectively. Silver NPs-enhanced 
luminescence of SiNCs occurs as a result of the coupling between the 
excitation laser light and the plasmon bands of AgNPs; thus this 
intense field at AgNPs surface couples strongly to SiNCs.  
 

Keywords—Luminescence, Silicon Nanocrystals, Silver 
Nanoparticles, Surface Enhanced Raman Spectroscopy (SERS). 

I. INTRODUCTION 

EMICONDUCTOR quantum dots are inorganic 
fluorophores that acquire distinctive photophysical 

properties which are valuable in an assorted array of 
applications [1]-[4]. In order to expand the array of 
applications of inorganic nanoparticles, the combination of 
dissimilar nanoparticles having dissimilar functions within a 
complex nanoparticles are used. Multi component composite 
nanoparticles can show the way towards improvements and 
enhancements in the luminescence properties of individual 
inorganic nanoparticles.  

SiNCs are being intensively studied because of their 
potential as luminescent labels [5]. In particular, they may 
have advantages over the current technology (CdSe quantum 
dots) in applications where their lack of cytotoxicity and 
smaller overall size are important factors [6]. Furthermore, a 
great attention has been focused into Si nanostructures since 
porous Si exhibit intense visible photoluminescence at room 
temperature in 1990 [7], [8]. Therefore, the unique optical 
properties of zero dimensional SiNCs which are different from 
the bulk silicon open the door to use them in biological 
sensors and light emitting devices [9]-[14]. It is known that the 
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luminescence characteristics of SiNCs depend upon their size 
[15] and surface termination [16]. However, Si nanocrystals 
suffer from the low radiative emission rates because of the 
indirect band gap of Si which limits the overall brightness of 
Si nanocrystals [17]-[19]. The indirect nature of the bulk Si 
band gap and the relatively long (of order 10 µs) radiative 
lifetimes observed in some preparations have been considered 
a disadvantage in applications where the PL of each particle is 
observed for only a short length of time [12], [20]-[25]. 

There have been several attempts to improve the brightness 
of SiNCs by the technique of metal enhanced luminescence in 
which SiNCs are placed in close proximity to metal 
nanostructures (Ag, Au) which have a strong surface plasmon 
resonance in the visible spectrum [4], [26], [27]. Metal-
enhancement of molecular fluorophores [28]-[31] and 
quantum dots [3], [32]-[34], including SiNCs [4], [17]-[19], 
[27] has been reported. The metallic nanoparticles exhibit 
interesting plasmonics properties which are associated with 
the interaction between the metal and the incident light which 
commonly known as localized surface plasmon resonance 
(LSPR) [35]. This phenomenon only occurs at the boundary 
between the metal nanostructures and their surrounding 
environment. The mechanism of this effect is attributed to 
coupling of the intense local electrical field of the surface 
plasmon resonance of the metal to the absorption and emission 
transitions. The surface plasmon resonance of silver and gold 
nanoparticles give rise to very large absorption coefficients 
and this alone can increase the brightness of the emitter 
through an increase in the rate of absorption. This coupling 
has been found to be stronger when the wavelength of the 
incident radiation is near to the plasmon resonance of the 
metal; thus the enhancement of the emission from SiNCs can 
be observed [36], [37]. Therefore, this phenomenon can be 
resulted in several optical signal enhancements, such as 
surface enhanced Raman scattering (SERS), surface enhanced 
infrared absorption and surface enhanced fluorescence [35], 
[38]-[41].  

When the metal nanoparticles and semiconductor 
nanostructures are located near to each other and the surface 
plasmon is resonant with the incident radiation, metal 
enhanced fluorescence occurs [35], [38]-[41]. It is necessary 
to choose a metal that provides a strong LSPR at the desired 
resonance wavelength [42], [43]. AgNPs are considered to be 
the most interesting metal in plasmonics amongst the noble 
metal nanoparticles [44]-[46]. This is because AgNPs support 
narrow LSPR in both visible and near infrared regions i.e. 
from 300 nm to 1200 nm [44], [47]. Furthermore, AgNPs offer 
intense SERS enhancements [18], [35]. Taking into accounts 
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the advantages of AgNPs, Ag nanoparticles have been widely 
used in various applications such as SERS, optics, electronics 
and photography [35], [48]. However, there is another 
requirement in order to achieve efficient luminescence 
enhancement i.e. the incident light should be in resonance with 
absorption transition of the semiconductor fluorophore. 
Taking into account this requirement, SiNCs are ideal as their 
absorption spectrum presents an absorbance which increases 
gradually above the indirect band gap to reach around 2 eV as 
observed in SiNCs that prepared by etching Si wafer [49]; 
subsequently only matching the wavelength of the excitation 
source with the plasmon mode of the metal is required.  

Biteen et al. [18] presented the first evidence of metal 
enhanced luminesce of SiNCs. They observed that the local-
field-enhanced light emission from SiNCs near to film of 
nanoporous gold. They detected that the intensity of the 
luminescence from SiNCs enhanced up to four times; as the 
distance between the nanoporous gold and SiNCs varied from 
0 to 20 nm. Biteen et al. [17] then examined metal enhanced 
luminesce of Si quantum dots using silver island arrays. They 
determined an enhancement up to seven times in the 
photoluminescence intensity of SiNCs. Mochiznki et al. [50] 
observed also the PL intensity of SiNCs enhanced in both 
types of metal nanoparticles i.e. Ag nanotriangles and Au 
nanovoids. In particular, the samples that contain Ag 
nanotriangles have been reported the largest PL enhancement. 
Recently, Harun and co-authors [4], [51] have observed large 
enhancement 15-fold for SiNCs encapsulated along with Au 
nanoparticles in polymer lattices [4]. This enhancement is 
occurred because the excitation light coupled to the plasmon 
band of the AuNPs and in turn the intense field at the AuNPs 
surface couples strongly to the SiNCs. In the absence of 
AuNPs, they have noticed weak absorption of the SiNCs at the 
laser wavelength (488) nm and scattering by only the polymer 
which produces a low PL intensity.  

In this work, we report investigation on the metal enhanced 
luminesce spectra that observed in drop-cast films of SiNCs 
mixed with silver nanoparticles in two different sizes i.e. 100 
nm and 30 nm. First, we describe the experimental methods in 
Section II, including SiNCs and AgNPs preparations, the 
structure and chemical characterization of SiNCs using 
scanning electron microscopy (SEM), high resolution 
transmission electron microscopy (HRTEM), Fourier 
transform infrared spectroscopy (FTIR) and X-ray 
photoelectron spectroscopy (XPS), the optical characterization 
of SiNCs and their mixtures with AgNPs using UV-visible 
spectroscopy and confocal Raman microspectroscopy. Then, 
the results and discussion are presented in Section III. Finally 
we outline the conclusion in Section IV.  

II. EXPERIMENTAL 

Commercial SiNCs supplied in the form of a crude powder. 
Silver nitrate and sodium dodecyl sulphate (SDS) were 
purchased from Sigma Aldrich. All chemicals were used 
without further purification. Deionized water was used in all 
the experiments (nominal resistivity 18 MΩ cm, Nanopure™ 
purification system, Barnstead). 

To obtain well dispersed SiNCs, 3 mg of commercial SiNCs 
was added to 10 mL of deionized water followed by 
sonication (Ultrasonic Processor Amplitude) for 10 minutes at 
25% of maximum amplitude with a micro tip. Thus, the 
concentration of commercial SiNCs is 0.3 g/L.  

AgNPs were prepared according to the procedure described 
by Bhaduri et al. [48]. AgNPs were synthesized using silver 
nitrate salt and SDS which were each dissolved in 100 mL of 
distilled water separately. The sealed sample vial that contains 
silver nitrate solution in added SDS solution (200 mL) was 
exposed to natural sunlight. The sunlight intensities which 
utilized in this experiment were ≈ 50.3 mW/cm2 and the 
sunlight exposure time during the reaction was 1 hour. After 
around 10 minutes, a change in solution color was noticed 
from transparent to light brown. Throughout exposure to 
sunlight, the synthesis temperature of the vial was kept 
constant at 25°C by using water bath (BS5, Fisher Scientist). 
The vials of synthesized silver nanoparticles were then kept in 
the dark. Two kinds of AgNPs samples were prepared which 
we denote AgNPs (1 mM) and AgNPs (10 mM). For AgNPs 
(1 mM) the concentration of AgNO3 and SDS were 1 mM and 
5 mM, respectively (SDS to AgNO3 molar ratio 5:1). For 
AgNPs (10 mM) the concentration of AgNO3 and SDS were 
10 mM and 50 mM, respectively (SDS to AgNO3 molar ratio 
fixed at 5:1). The different preparations have substantially 
different particle sizes of silver NPs because the critical 
micelle concentration of SDS is about 8 mM under the 
reaction conditions. The average diameter of AgNPs 1 mM 
and 10 mM is 100 nm and 30 nm, respectively by HRTEM. 
Optical absorption spectra of both AgNPs i.e. 1 mM and 10 
mM samples showed λmax ⋍ 400 nm.  

Scanning electron microscopy (SEM) imaging was done 
using FEI XL30-ESEM-FEG at Newcastle University in order 
to measure the size of SiNCs. The sample was prepared by 
drop-casting 10 µL of SiNCs suspension on aluminum support 
using a micropipette (Eppendorf) and left overnight to dry in 
room temperature. SiNCs were then coated with a thin layer of 
gold to prevent charging before the observation by scanning 
electron microscopy. High resolution transmission electron 
microscopy (HRTEM) was carried out at the Materials 
Science Centre at Manchester University using a Tecnai F30 
300 keV microscope. One drop of SiNCs suspension was 
added on the grids (Agar Scientific) using a micropipette 
(Eppendorf) and dried overnight in room temperature. To 
calculate d spacing from HRTEM images, the ImageJ program 
was used [52]. The Miller indices then were obtained from the 
chemical database service (CDS) at Daresbury [53].  

The chemical characterization of SiNCs was characterized 
using FTIR and XPS. FTIR measurements were carried out at 
Newcastle University using a Varian 800 Scimitar Series 
FTIR over the range of 700-4000 cm-1. The FTIR 
measurements were performed on SiNCs powder. XPS 
measurements were carried out at Newcastle University using 
Kratos Axis Ultra 165 spectrometer with a monochromatic Al 
Kα X-ray source (photon energy= 1486.6 eV). The pass energy 
was set at 20.0 eV and 80.0 eV for the survey. A thick film of 
SiNCs suspension was prepared by a drop cast technique on a 
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gold substrate using a micropipette (Eppendorf) and left 
overnight to dry in air at room temperature. The binding 
energy scale of the spectra was calibrated with reference to the 
Au 4f7/2 at 84.0 eV [11]. The background was modelled by a 
Shirley background and the peaks then were fitted using a 
mixed singlet function [54].  

The optical properties of SiNCs and their mixtures with 
AgNPs were characterized using UV-Vis spectroscopy 
(Varian, Cary 100 BIO) at Newcastle University of the 
wavelength range between 200 to 800 nm using quartz cuvette 
of 1 cm path length. This measurement was carried out at 
room temperature. The SiNCs sample was prepared by adding 
4 mL of suspension in the quartz cuvette, while the mixtures 
of SiNCs with metal nanoparticles were prepared by adding 2 
mL of AgNPs solution (either 1 mM or 10 mM) to 2 mL of 
SiNCs in a vial. The mixture was then sonicated for 10 
minutes (Hilsonic). 4 mL of the mixture was added to the 
quartz cuvette.  

Silver nanoparticle-enhanced luminescence of SiNCs was 
measured using confocal microscope (WiTec confocal Raman 
microscope model CRM200, Ulm, Germany) at Newcastle 
University. The confocal Raman microscope is used to capture 
Raman spectra and luminescence images of the following 
samples: SiNCs and their mixtures with synthesized AgNPs. 
An Argon ion laser (Melles-Griot) with output power 35 mW 
at a wavelength of 488 nm was utilized as the excitation 
source. The collected light was analyzed by a spectrograph 
equipped with a CCD detector; a grating of 150 lines mm-1 

was chosen in order to capture the full spectrum including all 
Raman and luminescence bands of interest. The scan size of 
all the experiments was 50 x 50 µm in 100 lines at 100 pixels 
per line with an integration time of 0.1 s/pixel. Samples of 
SiNCs were prepared by drop-coating 100 µL of the 
suspension on a glass slide coverslip using a micropipette 
(Eppendorf). The samples were air dried over night at room 
temperature and kept in sealed Petri-dishes to avoid 
contamination. Silver nanoparticles were mixed with SiNCs in 
order to enable surface enhanced Raman spectroscopy 
(SERS). These mixtures were prepared by mixing 100 µL of 
AgNPs (either 1 mM or 10 mM) suspension with 100 µL of 
SiNCs suspension in centrifuge tube (1.5 mL, Eppendorf). The 
mixture was then sonicated for 10 minutes (Hilsonic). Then 
using a micropipette (Eppendorf), 100 µL of the mixture was 
then drop-coated on a glass slide coverslip. The samples were 
air dried overnight and kept in sealed Petri-dishes until further 
analysis. 

Three notations were used throughout this work i.e. SiNCs 
denotes to silicon nanocrystals alone, +AgNPs100 and 
+AgNPs30 are mixtures of SiNCs with 1 mM AgNPs and 10 
mM AgNPs regarding to their average size, respectively.  

III. RESULTS & DISCUSSION 

Fig. 1 shows the SEM images of SiNCs dried on an 
aluminum support. It can be revealed that the particles are 
spherical in shape and there are agglomerates of SiNCs. Fig. 1 
(c) shows the particle size distribution of SiNCs. It can be 
noticed that there is a large size distribution in SiNCs and the 

majority of the size of these particles are in range between 20 
– 90 nm. The average particle size of SiNCs is ⋍ 65 nm.  

HRTEM images of SiNCs are shown in Fig. 2. Fig. 2 (a) 
demonstrates that the SiNCs are crystalline. The calculations 
of Fast Fourier transform (FFT) on the images of SiNCs were 
carried out on different regions and showed the presence of 
the (111) crystal plane (Fig. 2 (a) inset). This diffraction spot 
that is attributed to the (111) crystal plane corresponds to the 
face centered cubic (FCC) structure of SiNCs [55]. 
Agglomerates of SiNCs were detected in HRTEM image as 
observed also by SEM. 

 

 

 

 

Fig. 1 SEM images of SiNCs dried on an aluminum support present 
(a) agglomerated SiNCs (b) larger area indicating distribution of 

SiNCs (c) a histogram of the particle size distribution obtained from 
100 Si nanocrystals 

 

(a) 

(b) 

(c) 
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Fig. 2 HRTEM images of SiNCs dried on carbon copper grid 
showing (a) agglomerated SiNCs (the inset shows the diffraction 

pattern of SiNCs), (b) agglomeration of SiNCs. The scale bar is 5 nm
 
Fig. 3 shows the FTIR spectrum of 

bending vibration mode of SiNCs is observed at 620 
The peak at 860 cm-1 attributed to bending vibration mode of 
Si-O [49]. The IR broad peak at 1080 cm
stretching vibration mode of Si-O-Si [25
peaks at 1379 cm-1 and 1459 cm-1 assigned to the bending 
vibration modes of C-H2 in SiNCs [49], 
vibration mode of C=O appeared at 1700 
IR peaks observed at 2080 cm-1 and 2250 cm
stretching vibration modes of Si-H and O
[56]. It can be seen that there are three IR bands of SiNCs in 
the range 2854-2954 cm-1. The peaks that appear at 2854 cm
and 2921 cm-1 are assigned to the methylene C
and asymmetric stretching mode, respectively [49]. While the 
IR band at 2954 cm-1 corresponds to CH
[49].  

Fig. 4 presents the XPS spectra of SiNCs. Fig. 4
the XPS spectra of Si2p core level for the SiNCs. The broad 
peak at 103.3 eV with a full width half maximum
1.5 eV can be assigned to the different species i.e. Si
and Si-O, thus this peak is a multicomponent peak [11],
As discussed previously, the IR spectrum of SiNCs indicates 
the presence of Si-H, Si-O. However, the spin orbit splitt
Si2p core level here does not appear as a result of the 

 

 

 

HRTEM images of SiNCs dried on carbon copper grid 
showing (a) agglomerated SiNCs (the inset shows the diffraction 

of SiNCs. The scale bar is 5 nm 

Fig. 3 shows the FTIR spectrum of SiNCs. The Si-H2 
ode of SiNCs is observed at 620 cm-1 [25]. 

attributed to bending vibration mode of 
O [49]. The IR broad peak at 1080 cm-1 correspond to 

Si [25], [56]. The sharp 
assigned to the bending 

 [56]. The stretching 
 cm-1 [51]. The sharp 

and 2250 cm-1 correspond to 
H and O3-Si-H, respectively 

It can be seen that there are three IR bands of SiNCs in 
. The peaks that appear at 2854 cm-1 

are assigned to the methylene C-H symmetric 
spectively [49]. While the 

corresponds to CH3 stretching mode 

Fig. 4 presents the XPS spectra of SiNCs. Fig. 4 (a) shows 
core level for the SiNCs. The broad 

with a full width half maximum (FWHM) of 
can be assigned to the different species i.e. Si-Si, Si-H 
O, thus this peak is a multicomponent peak [11], [21]. 

As discussed previously, the IR spectrum of SiNCs indicates 
O. However, the spin orbit splitting of 

core level here does not appear as a result of the 

multicomponent nature of this peak. This peak in th
is similar to that reported by Chao 

 

Fig. 3 Fourier transform infrared spectrum of SiNCs

(a) 

(b) 

multicomponent nature of this peak. This peak in the Fig. 4 (a) 
is similar to that reported by Chao et al. [11], [57]. 

 

form infrared spectrum of SiNCs 
 

 

 

(b) 

(a) 
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Fig. 4 XPS spectra of SiNCs deposited on gold substrate showing (a) 
Si2p, (b) O1s and (c) survey scan

 
They determined a peak for alkylated silicon nanocrystals at 

101.6 eV. Obviously, the difference between these two 
binding energies is 1.7 eV. This large differen
energy values are predictable because the thickness of the 
SiNCs film change in every deposition, thus would impact the 
degree of charging in the film. Corresponding to this peak a 
similar peak at 532.6 eV with a FWHM of 1.4 
in the O1s spectra (Fig. 4 (b)) that can be attributed to the 
presence of SiOx in the film of SiNCs [21]. FTIR study also 
confirms the presence of SiOx in the SiNCs sample. Fig. 4
presents a survey spectrum of SiNCs sample. 
indicates the presence of Si2p and O1
support the FTIR investigation.  

Fig. 5 shows the absorption spectra of SiNCs dispersed in 
deionized water in the wavelength range from 250 nm to 800 
nm. It can be seen that the absorption spectra of SiNCs present 
a broad absorption tail with a steep rise feature at around 350 
nm which can be assigned to the direct band gap transition (ca. 
3.4 eV in bulk silicon). It is known that bulk silicon exhibits 
direct band gap of 3.4 eV and an indirect band gap of 1.1 
[49]. Therefore, there is a rapid increase in the absorbance 
with decreasing the wavelength from the wavelength of 600 
nm (2.06 eV) which presents the absorption band edge of the 
indirect band gap of SiNCs [49], [58], [59]. 

 

Fig. 5 UV-Vis absorption spectra of SiNCs dispersed in deionized 
water 

 

 

S spectra of SiNCs deposited on gold substrate showing (a) 
and (c) survey scan 

They determined a peak for alkylated silicon nanocrystals at 
. Obviously, the difference between these two 

This large difference in the binding 
energy values are predictable because the thickness of the 
SiNCs film change in every deposition, thus would impact the 

Corresponding to this peak a 
with a FWHM of 1.4 eV is observed 

) that can be attributed to the 
in the film of SiNCs [21]. FTIR study also 

in the SiNCs sample. Fig. 4 (c) 
presents a survey spectrum of SiNCs sample. XPS data 

1s core lines which 

Fig. 5 shows the absorption spectra of SiNCs dispersed in 
deionized water in the wavelength range from 250 nm to 800 
nm. It can be seen that the absorption spectra of SiNCs present 

road absorption tail with a steep rise feature at around 350 
nm which can be assigned to the direct band gap transition (ca. 

in bulk silicon). It is known that bulk silicon exhibits 
and an indirect band gap of 1.1 eV 

Therefore, there is a rapid increase in the absorbance 
with decreasing the wavelength from the wavelength of 600 

) which presents the absorption band edge of the 
[59].  

 

Cs dispersed in deionized 

Fig. 6 UV-Vis absorption spectra of SiNCs mixed with AgNPs
(black line) and SiNCs mixed with AgNPs

 
The result shows the absorption increases as the direct gap 

is approached as observed by Lie 
that the absorption bands of SiNCs mixed with two different 
particle sizes of AgNPs i.e. 100 nm and 30 nm. The 
characteristic absorption bands of SiNCs mixed with 
AgNPs100 and AgNPs30 appear at 394 nm and 423 nm, 
respectively. These two peaks are assigned to surface plasmon 
resonance (SPR) of AgNPs which relies on the particle size of 
AgNPs and dipole/multipole resonance [48]. 
transitions of metallic silver is observed also in AgNPs at 
325 nm [48]. It can be seen that 
nanoparticles do not affect the plasmon bands of silver 
nanoparticles. 

 

Fig. 7 Reflected light images of (a) SiNCs (b) +AgNPs
+AgNPs30 collected before confocal luminescence spectrum images 

of (d) SiNCs (e) +AgNPs100 and (f) +AgNPs
deionized water on the glass coverslip. The laser wavelength was 488 
nm and the scale displays the scattered intensity integrated over the 

Stokes shift range from 200 cm-1

a mixture of Raman signals and the luminescence. The scale bar of 
the reflected light images (a-c) is 10 µm and the scan size of the 

luminescence images (d
 

Fig. 7 shows a reflected light images and luminescence 
images of SiNCs and their mixtures with AgNPs drop
glass coverslip. The confocal luminescence images of dried 

(c) 

 

Vis absorption spectra of SiNCs mixed with AgNPs100 
(black line) and SiNCs mixed with AgNPs30 (red line) 

The result shows the absorption increases as the direct gap 
is approached as observed by Lie et al. [49]. Fig. 6 indicates 
that the absorption bands of SiNCs mixed with two different 
particle sizes of AgNPs i.e. 100 nm and 30 nm. The 
characteristic absorption bands of SiNCs mixed with 

appear at 394 nm and 423 nm, 
wo peaks are assigned to surface plasmon 

resonance (SPR) of AgNPs which relies on the particle size of 
AgNPs and dipole/multipole resonance [48]. The intraband 
transitions of metallic silver is observed also in AgNPs at ⋍ 
325 nm [48]. It can be seen that the presences of Si 
nanoparticles do not affect the plasmon bands of silver 

 
Reflected light images of (a) SiNCs (b) +AgNPs100 , (c) 

collected before confocal luminescence spectrum images 
and (f) +AgNPs30 deposited from 

deionized water on the glass coverslip. The laser wavelength was 488 
nm and the scale displays the scattered intensity integrated over the 

1 to 7000 cm-1, which corresponds to 
a mixture of Raman signals and the luminescence. The scale bar of 

c) is 10 µm and the scan size of the 
ence images (d-f) is 50 X 50 µm 

Fig. 7 shows a reflected light images and luminescence 
images of SiNCs and their mixtures with AgNPs drop-cast on 

The confocal luminescence images of dried 
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SiNCs and their mixtures exhibit bright spots due the presence 
of clusters of SiNCs. These observed aggregations (clusters) 
are a result of the drying method that used to prepare the 
samples. This is because the SEM and HRTEM images of 
SiNCs present clear evidence that the Si nanoparticles after 
drying process are aggregated as clusters. Fig. 8 presents the 
Raman and SERS spectra of SiNCs using 488 nm as an 
excitation source. Fig. 8 (a) presents the Raman spectrum of 
SiNCs which drop coated from deionized water onto glass 
coverslip. The characteristic Raman peak of crystalline Si 
appears at 520 cm-1. This sharp peak has the same value as 
bulk crystalline silicon [60], [61]. The Raman feature at 1100 
cm-1 can be assigned to Si-O vibration mode [62]. The 
presence of this vibration mode has been also determined in 
FTIR data of SiNCs. The large and broad peak which detected 
at 2330 cm-1 (550 nm) refers to the luminescence signals of 
SiNCs. It is surprisingly that the commercial SiNCs 
luminescence regarding to the size of SiNCs which have an 
average diameter of 65 nm. This can be due to (i) the presence 
of small fraction of small particles size (their radius ˃ Bohr 
radius) of commercial SiNCs which SEM and HRTEM 
techniques cannot detect them and (ii) the presence of small 
grains which are responsible for the luminescence of Si 
nanoparticles. The second reason should be ruled out as there 
are no grains observed in HRTEM image of commercial 
SiNCs. Thus, the first reason is most likely to be the main 
responsible of the luminescence in commercial SiNCs in this 
study. Figs. 8 (b), (c) show the SERS features of SiNCs with 
metal NPs, the signals in the region 350–630 cm-1 can be 
attributed to SO3 stretching vibrational modes of SDS which 
used as a reducing agent to synthesis AgNPs [63]. The –CH2- 
bending vibrations modes of the carbon chain of the SDS 
molecule are in the region 1350–1580 cm-1 [63]. The SERS 
peaks at around 2900 cm-1 can be assigned to C-H stretching 
vibrations modes of the carbon group of dodecyl sulphate 
molecule [63].  

 

 
 
 

 

 

Fig. 8 Average Raman and luminescence spectra of (a) SiNCs, (b) 
+AgNPs100, (c) +AgNPs30 and (d) comparing (a), (b) and (c) together. 

All samples were drop-coated from aqueous solution on glass 
coverslips. The excitation wavelength = 488 nm line of an argon ion 

laser was used to excite the luminescence and the spectra was 
collected using a grating = 150 lines mm-1 which provides collection 

of both Raman and luminescence from silicon nanocrystals. The 
elastically scattered laser light is observed as a higher intensity peak 

at 0 cm-1 
 
It is clear that the typical luminescence peak of SiNCs does 

not disappear but it is dominated by much larger peak at lower 
wavelength at around 500–4000 cm-1. Thus, this luminescence 
peak blue shifted in presence of AgNPs100 and AgNPs30. This 
blue shift can be explained as a result of the presence of metal 
nanoparticles i.e. AgNPs. In the presence of metal 
nanoparticles, the 488 nm light which used as an excitation 
source mostly does not excite the SiNCs directly, but is 
absorbed by the plasmon band and the near field of the 
plasmon couples to the SiNCs and excites it. However, the 
near field is only strong (near) to the metal, i.e. on the surface 
of the SiNCs. It is then logical the emission would be blue-
shifted because only close to surface states not core states are 
excited. On the other hand, our group was observed that 

(a) 

(b) 

(c) 

(d) 
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oxide-rich parts of alkylated silicon quantum dots may have 
localized states that emit light blue shifted compared to un-
oxidized parts of the particle on the surface [64]. Therefore, 
the effect of trace oxides on the surface of SiNCs is important 
and known to cause a blue shift in this study. Also, Zidek et 
al. [65], [66] discuss the effect of the surface on the emitting 
state as there may be many, slightly different emitting states 
even in a single particle. The second possible explanation for 
this blue shift is the coupling of the localized surface plasmon 
resonance (LSPR) to states near the direct gap of SiNCs, 
which radiative more efficiently. The reason that LSPR 
couples efficiently to such states may be simply that the 
wavelength of the laser i.e. 488 nm and LSPR near 400 nm are 
very blue compared to the orange luminescence at the indirect 
gap. 

It is clear that the simple mixtures of SiNCs with silver 
nanoparticles yield substantial increases in the intensity of 
emitted/scattered light as seen in Fig. 8. The presence of 
AgNPs100 and AgNPs30 in a mixture with SiNCs produces 
enhancement on the PL intensity of the most intense band 
(CH2 bending vibration mode) up to 9 and 3 times, 
respectively as compared to the conventional SiNCs (see Fig. 
8 (d)). The normal explanation for the PL enhancement by 
AgNPs is in terms of the efficient coupling between the 
excitation laser light (488 nm) and the plasmon bands of 
AgNPs; thus this intense field at AgNPs surface couples 
strongly to SiNCs. Silicon NCs have a relatively low 
absorbance at 488 nm, but the absorption coefficient of Ag 
nanoparticles near the plasmon resonance is known to be very 
large and so long as the SiNCs are within the range of the 
near-field at the metal surface, the rate of absorption can be 
much greater. However, there is obvious difference in PL 
intensities enhancement of SiNCs with AgNPs as shown in 
Fig. 8 (d). Taking into account the particle sizes of AgNPs, it 
is clear that the PL enhancement of +gNPs100 sample is higher 
than +AgNPs30 sample which reflect the strong interaction 
between the localized surface plasmon resonance of AgNPs100 
and the electric field forming a strong polarization near 
SiNCs. Our phenomena is in agreement with the study that 
reported by Rycenga et al. [35] They have found that varying 
the dimension of AgNPs will influence the scattering and the 
absorption peak of localized surface plasmon resonance 
(LSPR). They have suggested that when AgNPs have diameter 
about 30 nm the absorption is more dominant compared to 
scattering. Whereas, the AgNPs with size range from 40 nm to 
140 nm had a significantly higher scattering intensity 
compared to the absorption. The second possible interpretation 
of this difference enhancement in the PL intensities may be 
related to the concentration of AgNPs. When the concentration 
of AgNPs increased from 1 Mm to 10 Mm, AgNPs tend to 
self-aggregate. Subsequently, these clusters will reduce the 
luminescence intensity of AgNPs. This explanation is 
compatible with SEM images of synthesized AgNPs 1 Mm 
and 10 Mm which observed further agglomeration for Ag 
nanoparticles in higher concentration [48]. This observation 
also is consistent with that observed by Chandra et al. [67]. 
They have found that increasing the metallic nanoparticles 

concentrations will reduce the emission intensity of CdSe/ZnS 
QDs.  

IV. CONCLUSION 

SEM and HRTEM results indicate that the SiNCs are 
crystalline with an average diameter of 65 nm and FCC lattice. 
SiNCs show enhanced luminescence when mixed with 
AgNPs. The enhanced luminescence of SiNCs by AgNPs was 
evaluated by confocal Raman microspectroscopy. 
Enhancement up to 9 and 3 times were observed for SiNCs 
that mixed with AgNPs which have an average particle size of 
100 nm and 30 nm, respectively. Silver NPs-enhanced 
luminescence of SiNCs occurs as a result of the coupling 
between the excitation laser light and the plasmon bands of 
AgNPs; thus this intense field at AgNPs surface couples 
strongly to SiNCs. 
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