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By scanning near-field optical microscopy, we measured the localization of the electromagnetic

field on an array of gold nanodisks illuminated in a transmission mode. We experimentally

observed that the field is localized between the disks, with a pattern oriented along the incident

polarization direction. We also observed that the electromagnetic field rapidly decays above the

nanodisks, showing a strong vertical localization. The experimental results are in good agreement

with numerical simulations performed by a finite difference time domain method. This study

provides quantitative information about the local optical properties of closely-packed nanodisks

that can be used for applications in biochemical sensors and nanolithography. VC 2011 American
Institute of Physics. [doi:10.1063/1.3624749]

I. INTRODUCTION

The optical properties of metallic nanostructures have

been extensively studied in the past 20 years.1–4 Compared

to dielectrics, metallic particles have large absorption and

scattering cross sections, which can be further increased by

the presence of surface plasmon resonances. At the local

scale, this results in the presence of strong evanescent fields

localized near the particles. This strong localization of light

can be used for surface-enhanced Raman scattering and sur-

face enhanced fluorescence at the single molecule level,5–8

but also for developing plasmon resonance sensors9–11 and

for performing near-field nanolithography.12,13 For all these

applications, the knowledge of the field distribution on the

structures is important. For instance, in the case of biochemi-

cal sensors, the position, the spatial extension of the light,

and its vertical decay can determine the volume on which

the devices are sensitive. In the case of near-field lithogra-

phy, these parameters will characterize the penetration of

light in a photoresist and the lateral resolution.

An interesting device for the aforementioned applica-

tions is the array of metallic particles.14–16 Several designs

have been proposed and studied, including circular, ellipti-

cal, square, or triangular dots or C-shaped nanostructures.

For arrays, the absorption and the local field distribution

depend both on the wavelength and on several geometrical

parameters, such as the particle size and shape and their sep-

aration. To study their properties, many experiments have

been performed by transmission spectroscopy. However, this

technique does not give information about the field localiza-

tion on the structures, and many questions are being raised.

For instance, is the field localized above the particles or

between them? How fast does the field decay above the par-

ticles? How does it depend on the incident polarization?

Although these questions can be answered by performing nu-

merical simulations with finite difference time domain

(FDTD), finite/boundary element, or Green Dyadic methods,

there is a lack of experimental observations of such effects.

In this work, our aim is to directly observe the electromag-

netic field distribution using a scanning near-field optical

microscope (SNOM). Recently, many SNOM experiments

have been performed on isolated or coupled nanostruc-

tures,17–20 but only very few studies have been achieved on

arrays. Salerno et al.21 and Salomon et al.22 observed the

localization of light on an array of gold nanoparticles with a

SNOM, but the structures were separated from each other by

one micrometer, which makes them almost isolated from

each other. Bakker et al.23 recently measured the transmis-

sion of light through an array of Au/SiO2/Au nanostructures

using a SNOM operating in the illumination mode. They

observed an enhancement of light at some locations on the

sample, which is attributed to a nanoantenna effect. Another

experiment carried out by Diessel et al.24 on arrays of

C-shaped nanostructures showed a strongly polarization-

dependent near-field pattern. In the same spirit, we present

here a near-field experimental study of a simple periodic

structure, namely an array of gold nanodisks fabricated on a

glass substrate. Our aim is to determine where the light is

localized after transmission through the structure. Our

experiments, performed both in contact and non-contact

modes, are in good agreement with numerical simulations

performed by FDTD method.

II. EXPERIMENTAL DETAILS

The sample was fabricated by electron-beam lithogra-

phy. The geometrical parameters of the structure were deter-

mined from the scanning electron microscopy (SEM) imagea)Electronic mail: lionel.aigouy@espci.fr.
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represented in Fig. 1(a). The disks are 286 nm-diameter, 50

nm-high, and the period is 500 nm. This structure was found

to have a broad plasmon resonance peak in the near-infrared

between 800 and 900 nm. For the SNOM experiments, we

used a fluorescent particle glued at the end of a sharp tung-

sten tip as a probe [an SEM image of an example of the tip is

shown in Fig. 1(b)]. The particle is a PbF2 nanocrystal

codoped with erbium and ytterbium ions.25 It acts as a nano-

detector, which absorbs the local field and re-emits it by fluo-

rescence at a different wavelength. For the experiments, it

was excited in the near-infrared at k¼ 975 nm, just above

the plasmon resonance of the nanodisk array. At this wave-

length, the fluorescent ions efficiently absorb the local field

and emit a strong fluorescence in the visible (k¼ 550 nm).

This absorption process involves two photons (up-conversion

mechanism26), and the fluorescence intensity varies as the

square of the field excitation intensity. Since the particle con-

tains several hundreds of fluorescent centers oriented in

many directions, it is sensitive to all the components of the

electromagnetic field. Therefore, by collecting the fluores-

cence intensity as a function of the tip position on the sam-

ple, we obtain an image which represents the square of the

total field intensity on the surface.

The experimental configuration is schematically drawn

in Fig. 1(c).27,28 The sample is illuminated in a transmission

mode with a linearly polarized, intensity-modulated laser

beam. The tip is set on a piezoelectric cube that enables dis-

placements in the three directions on the sample. As illus-

trated in Fig. 1(d), experiments can be achieved by following

the surface topography (constant distance mode) or in a non-

contact mode (constant height mode). In the constant dis-

tance mode, the tip-sample distance is regulated using

the tapping mode (oscillation amplitude% 20 nm, frequency

¼ 6 KHz). In the constant height mode, the feedback loop is

disabled and the tip flies freely above the surface. Scans in a

plane perpendicular to the surface can also be performed to

measure the vertical localization of the electromagnetic field.

III. RESULTS AND DISCUSSION

We show in Fig. 2 the topography and the near-field opti-

cal images measured on the nanodisks in the constant distance

mode for two different incident polarization directions. The

near-field pattern consists of periodic bright spots located

between the disks. It appears that the near-field light and the

disks are aligned in the direction of the incident polarization.

When the polarization direction is rotated, the position of the

bright spots also changes, which shows that they are not a tip-

induced artifact. However, a quantitative analysis is difficult

to perform in this scanning mode, because the tip follows the

topography and penetrates between the disks.

To avoid this z-motion complication and to be able to

compare the near-field images to theoretical simulations, we

performed measurements in the constant height mode. For

that, the tip is oscillated vertically as if it was going to oper-

ate in the tapping mode (the free space oscillation amplitude

is set to% 30 nm), but the usual feedback loop is disabled.

At the beginning of the scan, the tip is positioned so that it

slightly touches the top of the disks [see Fig. 1(d)]. Then,

during the scan, its oscillation amplitude is slightly attenu-

ated when it encounters the surface of each disk and vibrates

in free space when it is between two disks. To avoid any

damage of the sample and the tip, the oscillation damping

above the disks has to be very small (less than 20% of the

free oscillation), so the scanning plane needs to be parallel to

the sample surface and the scan has to be fast to minimize

thermal drifts.

FIG. 1. (Color online) SEM picture of the gold nanodisks array (a), SEM

picture of an example of the tip used in the experiment (b), sketch of the

experimental setup (c), and description of the constant distance and constant

height modes (d).

FIG. 2. (Color online) Topography (a,c) and corresponding “constant dis-

tance” experimental SNOM images (b,d) on the nanodisks array for two

incident polarization directions (indicated by the white arrows).
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We show in Fig. 3 the tip oscillation amplitude and the

SNOM images measured with this scanning mode for two dif-

ferent incident polarization directions. The oscillation ampli-

tude images [represented in Figs. 3(a) and 3(b)] show the top

surface of the disks and allow us to situate their position with

regard to the optical signal. The SNOM images [Figs. 3(c)

and 3(d)] are different from the ones obtained in the constant

distance mode shown in Fig. 2. In particular, the features have

a more elongated shape and appear to be comprised of two

lobes situated between the disks. As in the constant distance

mode, when the incident polarization is rotated, the orientation

of the pattern also rotates, which shows that the presence of

the lobes is not a tip-induced artifact.

To check the correctness of the measured SNOM signal

and to understand why the local field has such a distribution,

we have simulated the near-field pattern using a finite differ-

ence time domain (FDTD) numerical method. Since the fluo-

rescent particle is sensitive to all the electromagnetic field

components, and since the emitted fluorescence varies with

the square of the excitation, we calculated the square of the

total field intensity jjEtotjj4. To take into account the fluores-

cent particle size, we integrated the signal over a volume V.29

The measured signal can then be represented by the quantity

S ¼
ð

V

Etotk k4
dV:

The simulated near-field patterns are shown in Figs. 3(e)

and 3(f). A good agreement is obtained between the simula-

tions and the experiments when the particle is considered as

a 160� 160� 160 nm3 large cube. Such dimensions corre-

spond roughly to the size of the fluorescent particle we usu-

ally use for our experiments (between 100 nm and 300 nm).

As for the experimental SNOM image, the pattern is com-

posed of two lobes located between the disks and whose rela-

tive orientation depends on the incident polarization

direction. Note that the effect of averaging over a finite vol-

ume V only broadens the size of the lobes, but does not

change the shape of the pattern.

A more quantitative comparison is shown in the higher

resolution images of Fig. 4. The intensity of the simulated

image has been normalized to allow the comparison with the

experimental one. A good quantitative agreement is observed

in terms of relative intensities. The cross-sections parallel to

the incident polarization (cross-section A) exhibit a very

similar shape and contrast. From cross-sections B, one can

also see that the intensity of the light drops almost to zero

between two disks in the direction perpendicular to the inci-

dent polarization. All the light is concentrated between the

disks in the direction of the incident polarization. A similar

local field distribution with two lobes has been observed

indirectly on a polymer lithographically modified by the

near-field of silver nanoparticles.30 Note that such a field

FIG. 3. (Color online) Tip oscillation amplitude or error signal (a,b), corre-

sponding experimental constant height SNOM images measured at the nano-

disks array for two different polarization directions (c,d), and numerical

simulation of the SNOM signal (e,f). The simulation represents the square of

the total field intensity in a plane parallel to the sample surface averaged on

the fluorescent particle size (160� 160� 160 nm3). The incident polariza-

tion direction is indicated by the white arrows.

FIG. 4. (Color online) Experimental (a) and simulated (b) SNOM images of

the array of nanodisks. The cross-sections parallel (direction A) and perpen-

dicular (direction B) to the incident polarization are given in (c) and (d),

respectively. The position of the gold disks is the same as the ones shown in

Fig. 3.
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distribution with a two-lobe structure strongly depends on

the periodicity of the array. For the sample studied here, the

distance between adjacent disks is large (more than 200 nm),

so near-field interactions are avoided. The situation would be

different if the disks were separated by only a few nano-

meters. In that case, near-field coupling effects between

disks would induce a merging of the lobes and would lead to

even stronger local field intensities.31–33

Another interesting parameter related to the structure is

the vertical localization of the local field. In particular, if the

aim is to develop chemical sensors or to perform nanolithog-

raphy, one has to optimize how the light decays vertically on

the structures. To infer this important parameter, we also

performed scans in a plane perpendicular to the surface.

Experimental and simulated images are shown in Fig. 5.

The two-lobe structure still appears along the incident polar-

ization direction. It is also worth noting that the intensity of

the signal strongly diminishes when the tip gets far from the

surface. The SNOM signal drops by a factor of 3 at 100 nm

above the surface and is ten times smaller at 200 nm. This

vertical localization is confirmed by the simulated images

that exhibit an even stronger decay. The difference between

the experiments and the simulations may be due to the fact

that the tip freely scans the space above the structure. Then,

although its displacements are well-controlled, the tip-

sample separation is subject to thermal drifts that can modify

the real relative distance, giving some uncertainty in the ver-

tical direction. From these images, we can see that an impor-

tant amount of light is confined at a short distance from the

disks and that the transmitted far-field is very weak. In a

near-field lithography experiment or for other surface pat-

terning applications, modifications would therefore only

occur at a very close distance to the surface.

IV. SUMMARY AND CONCLUSIONS

With the help of a scanning near-field optical probe, we

observed the localization of light on an array of gold nano-

disks illuminated in a transmission mode and for k¼ 975 nm,

slightly above the plasmon resonance peak. The near-field

appears to be formed of a periodic two-lobe pattern located

between the disks in the direction of the incident polarization.

We also observed that the light intensity rapidly decays in the

vertical direction above the structure, showing a strong near-

field localization. In contrast to experiments performed with

fiber-type probes21–24 or scattering tips,19,20 our measurements

directly represent the intensity of the total field located on the

surface (or more precisely, the square of the total field inten-

sity). They indicate, in three dimensions, the zones of the

structure that would be active if we use it as a chemical sensor

or for performing near-field nanolithography.
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