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Abstract
The optical near-field enhancement induced by coupling between noble nanoparticles and the
substrate has been studied by a far-field imaging method. The longitudinal mode of the incident
laser is revealed to contribute to the coupling. The far-field images of individual gold
nanoparticles exhibit a peanut-shaped pattern; these were constructed by the intensity of
inelastically scattered light. The coupling between gold nanoparticles and the silicon substrate
leads to the patterned image. By tuning the separation between the gold nanoparticles and
substrate using SiO2 layers of different thickness, the coupling efficiency decreases with the
thickness of the SiO2 layer.

S Supplementary data are available from stacks.iop.org/Nano/19/395705

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Noble metal nanoparticles have attracted much attention
since the 19th century. In the last decade, investigation of
surface plasmons has revived intense interest in noble metal
nanoparticles, which have found wide application in surface
enhanced Raman spectroscopy (SERS) [1, 2], plasmonic
crystals [3], biosensors [4] and nanolithography [5]. Surface
plasmons can be excited on noble metal nanoparticles and
localized in very small volumes of metal nanoparticles. Such
highly confined electric fields can enhance inelastic scattering
of light as Raman and photoluminescence (PL) [6, 7] signals.
When a very sharp metal tip with a diameter around 10–100 nm
is used, the spatial resolution and intensity of Raman imaging
can be impressively improved [8–11] due to the ‘lightning
rod’ or ‘antenna’ effect [12]. Different aspects of localized
surface plasmons excited on noble metal nanoparticles have
also been theoretically studied, such as particle sizes, shapes,
assembly structures and their physical environment [13–18].
Since a substrate is normally necessary to support metal
nanostructures in real experiments, one needs to consider the
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interaction between metal nanostructures and the supporting
substrate—known as the substrate effect [19, 20] or ‘gap mode’
effect [21]. Careful selection of substrates allows the local
electromagnetic field to be greatly enhanced. Even more
importantly, the lateral resolution can be improved to less
than 1 nm even with a relatively large tip (20 nm), leading
to molecular-scale spatial resolution [22, 23]. However, until
now, most of the experiments concerning substrate effects of
individual nanostructures have been carried out in the near-
field. Although such near-field techniques can provide a much
better spatial resolution, the introduced sharp tip affects the
local field distribution near the metal nanoparticles. Here, we
perform far-field inelastic scattering (IS) imaging to study the
near-field ‘gap mode’ effect of metal nanoparticles on different
thicknesses of SiO2 on silicon substrates.

2. Experimental details

In our experiments, imaging of inelastically scattered light
(ISL) was carried out on gold nanoparticles in the far-field
by a WiTec CRM200 Raman system with a 100× objective
lens (numerical aperture (NA) 0.95). The samples were
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scanned by a piezo-stage with step size smaller than 10 nm
and the excitation source was a 532 nm Nd:YAG laser. In
the imaging process, the spectra were collected while scanning
the sample with a step size of 50 nm. Then the computer
analyzed the data and constructed the images from the intensity
of the ISL. Different thicknesses of SiO2 were grown on
silicon by annealing (for thicknesses less than 50 nm) and
pulsed laser deposition (for 6 nm and 100 nm thicknesses).
The growth condition of SiO2 can be found in supporting
information (available at stacks.iop.org/Nano/19/395705). A
diluted colloidal solution of gold nanoparticles (diameter 50 ±
5 nm, Corpuscular Inc.) was dispersed on the SiO2/Si
substrates and dried at room temperature. A scanning electron
microscope (SEM) (Jeol JSM-6700F) was used to study the
shape of the nanoparticles and locate the positions of the
individual nanoparticles. The simulation was performed by a
finite element method (FEM) in COMSOL MULTIPHYSICS.

3. Results and discussion

Figure 1(a) shows a SEM image of gold nanoparticles on a
silicon substrate with a SiO2 thickness around 6 nm. The
inter-particle distance among the Au particles was large enough
(more than 1 µm) for the coupling between nanoparticles to
be neglected [24]. Figure 1(b) is an ISL image of the area
indicated by the red square in figure 1(a), and the contrast of
the image indicates the integrated intensity of ISL collected
from gold nanoparticles in the range of 550–600 nm. It can be
seen that the positions of gold nanoparticles in ISL imaging
correspond very well with those shown in the SEM image.
The blue circles are a guide for the eyes of the positions of
gold nanoparticles. Several gold nanoparticles can be found in
the SEM image, and we focus on the single nanoparticles, as
indicated by the purple arrow in figure 1(a). The ISL imaging

Figure 1. (a) SEM image of gold nanoparticles on a silicon substrate
with a 6 nm SiO2 ‘gap’. (b), (c) ISL images taken at the same
location shown as (a), with incident laser of horizontal
polarization (b) and vertical polarization (c). The purple arrows
indicate a single gold nanoparticle. Blue circles in (b) and (c) are
guides to the eyes to indicate the positions of gold nanoparticles.
Green arrows show the polarization direction of the incident laser.
The white scale bar is 1 µm.

Figure 2. (a) Schematic diagram showing the distribution of the incident laser field. The normalized intensity of the calculated field
distribution of the incident laser at the focal plane is plotted for the TM field (b) and for the LM field (c). (d) The calculated field distribution
of a 50 nm diameter spherical gold nanoparticle. The nanoparticle is illuminated by a uniform incident field of 532 nm laser light with
horizontal polarization (hence it is a TM field only). The cross-sectional ISL intensity profiles under weak and strong nanoparticle–substrate
coupling conditions are shown in (e) and (f), respectively. The intensity of ISL excited by the LM field is stronger in (f) because of the strong
coupling. Hence the splitting looks more obvious.
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Figure 3. (a)–(f) ISL imaging results from individual gold nanoparticles on substrates with different SiO2 thicknesses. The imaging area
for (a)–(f) is 2 µm × 2 µm and the scale bar in part (a) is 1 µm. In (a)–(f) the direction of laser polarization is always horizontal. (g), (h)
Comparison of cross-sectional ISL intensity profile (g) along the direction of laser polarization and (h) perpendicular to the direction of laser
polarization.

results are shown in figures 1(b) and (c). The ISL images
show peanut-shaped patterns with two maximum intensity
spots located at the sides of the nanoparticle, and the distance
between the two spots is about 350 nm. This ISL intensity
distribution shows strong polarization dependence. By rotating
the polarization of incident laser, the distribution pattern of ISL
intensity also rotates correspondingly, as shown in figure 1(c).

Normally, at the focus point the incident laser can be
approximated as a plane wave with Gaussian distribution,
called the transverse mode (TM) of the laser. The polarization
direction of the TM field is parallel to the sample surface
and perpendicular to the direction of propagation of the
laser. When excited by such a TM field, the most intense
field is found at the two poles of the nanoparticle along
the polarization direction of the exciting electric field [25],

as illustrated in figure 2(d). However, due to our far-field
experimental setup, these two intense spots on the particle
surface are too close (50 nm, equal to the diameter of
nanoparticle) to be resolved. Hence the peanut-shaped ISL
pattern of a single gold nanoparticle in figure 1(b) is not
caused by the TM field of the incident laser. It is well known
that by using a high NA objective lens, a strong longitudinal
mode (LM) field can be created near the focal point [26],
as illustrated by figure 2(a). Figures 2(b) and (c) show the
calculated spatial intensity distribution of the TM and LM field
in the focal plane of a tightly focused Gaussian beam with a
NA of 0.95. In figure 2(c), two bright lobes of equal intensity
and oriented along the direction of polarization of the beam
can be seen. The direction of such a LM field is parallel to the
direction of propagation of the beam and localized at the sides
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Figure 4. (a) Distance between the two ISL peaks induced by the LM field. (b) Relative intensity ILM/ITM of PL induced by the LM field as a
function of nanoparticle–substrate separation.

of the focal point. The LM field spatial distribution pattern
in figure 2(c) matches well with our experimental results, not
only in the shape and polarization dependence but also the
separation between the two lobes. We therefore conclude that
the peanut-shaped pattern in our ISL imaging is due to the
presence of the LM field of our tightly focused laser beam.

When a focused laser spot was scanned across gold
nanoparticles, ISL was excited by both the TM field and the
LM field. The spatial distribution of ISL intensity should
reflect the intensity distribution of the laser spot shown in
figure 2(a). Thus both TM and LM components contribute to
the cross-sectional intensity profile of gold nanoparticle ISL, as
shown in figures 2(e) and (f). The middle peak is due to the TM
component, located at the exact position of nanoparticle, and
the other two peaks are excited by the LM component, located
at the sides of the nanoparticle oriented along the direction of
polarization of the incident light. Normally, the LM field is
weaker than the TM field, leading to an intensity distribution
profile seen in figure 2(e). The two peaks at the sides are not
very obvious compared to the middle peak, so that the weak
LM field induced ISL peaks merged with those of the TM
field. But in our case the intensity of the LM field induced
peaks is much higher than those of the TM field, causing the
splitting pattern illustrated in figure 2(f). We attribute the ISL
enhancement induced by the LM field to the strong coupling
between the silicon substrate and the gold nanoparticle, in
agreement with theoretical studies [27–29]. In the ‘gap mode’
model, a gold nanoparticle with a diameter of about 50 nm
can be approximated to be an electric dipole polarized by the
incident laser. When the distance between gold nanoparticles
and the silicon substrate is small enough, the dipole of the gold
nanoparticle and its imaginary dipole inside the substrate can
couple and cause steep enhancement of local electric field, and
generate a much stronger ISL from gold nanoparticles [30].

To further study the substrate effect, we spread the gold
nanoparticles on different thicknesses of SiO2 on silicon
substrates and performed similar ISL imaging measurements.
The different SiO2 thickness in these samples serves as a
medium for adjusting the distance between gold nanoparticles

and their imaginary dipole. The results are shown in figure 3.
Figures 3(a)–(f) are the ISL images of samples with different
SiO2 thicknesses of about 6 nm, 13 nm, 15 nm, 18 nm,
27 nm and 100 nm, respectively. The blue circles are guides
to locate the positions of the gold nanoparticles. When
the gold nanoparticles are immobilized on the substrate with
a 100 nm SiO2 separation, the most intense point of the
ISL pattern (figure 3(f)) is sitting on the exact position of
the gold nanoparticles and appears as an elliptical shape.
The intensity pattern splits as the SiO2 separation decreases.
Finally, the ISL intensity distribution pattern becomes two
bright lobes at the sides of the gold nanoparticles, as shown
in figure 3(a). Figure 3(g) compares the cross-sectional
ISL intensity profiles of single gold nanoparticles along the
direction of laser polarization as indicated by the green solid
line in figure 3(b). From those images we can conclude
that while decreasing the separation between nanoparticles
and silicon the coupling efficiency between them becomes
promoted as well. Larger coupling will excite a stronger
ISL from gold nanoparticles, which makes the splitting more
obvious. The cross-sectional ISL intensity profiles of the
same nanoparticles taken perpendicular to the direction of laser
polarization are shown in figure 3(h). No obvious change is
found in figure 3(h) for different SiO2 thicknesses, because
the laser LM field only exists along the direction of laser
polarization.

To quantify the coupling relationship, the cross-sectional
ISL intensity profiles of different samples were then fitted
by three peaks (two from the LM induced component and
one from the TM induced component), and the results are
shown in figure 4. Figure 4(a) plots the separation between
two ISL peaks excited by the TM field as a function of the
SiO2 ‘gap’ thickness. The separation remains approximately
constant (between 300 and 400 nm). Firstly, this is to be
expected as such separation is caused by the non-uniformity of
incident laser at the focal plane but not the thickness of SiO2.
Secondly, the separation is equal to the distance between the
two maximum incident LM fields at the focal plane, which is
a constant in our experiment setup. On the other hand, the
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intensity of LM induced ISL is very sensitive to the distance
between the nanoparticle and the silicon surface, because such
coupling is characteristic of the near-field. Figure 4(b) plots
the relative ISL intensity (ILM/ITM) as a function of gold
nanoparticles–silicon substrate separation. The data points
fit well with simulation results. From the data we can see
that the coupling of gold nanoparticles and silicon becomes
less effective when the separation is greater than 20 nm,
which agrees with the evanescent behavior of this near-field
phenomenon. The experimental curve shows a good similarity
to the literature where an AFM tip with a gold coating or gold
nanoparticles is used [30, 31].

4. Conclusion

In this paper we report the observation of near-field coupling
between gold nanoparticles and a silicon substrate by far-field
imaging. The coupling-induced peanut-shaped pattern of the
ISL intensity distribution is also studied. Our results show that
the coupling between gold nanoparticles and silicon substrate
can enhance the ISL. By introducing different thicknesses of
SiO2 layers between a silicon substrate and gold nanoparticles,
the enhancement can be controllably varied. Such an effect
can also be used to carry out SERS by attaching the molecule
between gold nanoparticles and a substrate, and may also apply
to nanolithographic technology. Further SERS experiments are
under way.
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