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Local investigation of the optical properties of
subwavelength rectangular holes with a focused

beam of electrons
BY J. C. PRANGSMA*, D. VAN OOSTEN AND L. KUIPERS

FOM Institute for Atomic and Molecular Physics (AMOLF), Science Park
104, 1098 XG, Amsterdam, The Netherlands

The optical properties of rectangular subwavelength holes in a gold film are investigated
using the light generated when a focused beam of electrons impinges on the sample close
to the hole. Using this technique, multi-spectral maps of the holes are obtained with a
resolution beyond the optical diffraction limit. The results show the influence of hole
shape on the spectrum of locally scattered light. Rectangular holes of varying shape
and size are investigated, and the spatial distribution of the polarization of the observed
light is measured. The influence of neighbouring holes is investigated by measuring small
clusters of holes.

Keywords: transition radiation; extraordinary transmission; surface plasmons;
cathodoluminescence

1. Introduction

Thin metallic films perforated by subwavelength apertures have played an
important role in the nano-plasmonic research of the past decade [1,2]. The
large confinement and concomitant field enhancement of light that was necessary
to explain the large transmission through hole arrays, as observed in the
original experiment came as a large surprise, certainly as up to that point, the
transmission through subwavelength holes had been considered a very inefficient
process [3]. Soon after the discovery of the remarkable transmission properties
of hole arrays, the important role of hole shape became apparent in several
investigations [4–6]. This made it all the more clear that the role of the hole as
a scatterer and a transmission channel for the light was not well understood.
However, with far-field techniques used in most studies, it is not possible to
spatially resolve how the shape of the holes influences the optical properties of a
structure. Several investigations using near-field scanning probe microscopy have
been performed [7,8] without resolving the local effects of hole shape. Although,
in the terahertz regime, ingenious pump probe techniques were able to resolve
local electric fields with a resolution below the diffraction limit [9], in the optical
regime, this has not been achieved yet.
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Recently, several techniques that use electron beams to obtain optical
information beyond the diffraction limit have emerged [10], for example, photon
electron emission microscopy (PEEM) [11,12], electron energy-loss microscopy
(EELS) [13,14] and electron beam-induced light emission [4,15–17]. In this last
technique, a focused beam of accelerated electrons impinges on the surface of
a sample. The electrons moving through the interface between the vacuum and
the sample generate a characteristic electromagnetic radiation spectrum called
transition radiation, which is a reason to name this technique transition radiation
microscopy. Note that several different names such as cathodoluminescence
are used in the literature. This process can be considered to arise from the
instantaneous change of the refractive index around the electron as it passes
through the interface [18]. Although other mechanisms for the light generation,
such as brehmsstrahlung or luminescence are also possible, transition radiation is
the dominant contribution for metals at optical frequencies for moderate electron
energies [10]. By raster scanning the electron beam over the sample, detailed local
optical information can be acquired.

In this paper, we present results using transition radiation microscopy on
rectangular holes, elucidating the role of hole shape on the optical properties
of the holes. Additionally, we describe polarization-resolved measurements and
measurements on small clusters of holes to investigate the role of nearest-
neighbour interactions.

2. Experimental technique

The set-up used for our measurements is an FEI XL30 SFEG scanning electron
microscope (SEM) equipped with a cathodoluminescence system by Gatan
(figure 1a). A beam of electrons (30 keV, 40 nA) is focused on the sample with
a beam waist of 20 nm. The light generated on the sample within a 20 mm
large area is collected with a parabolic mirror placed under the pole piece of
the SEM covering 1.4 p steradians. In the parabolic mirror, there is a hole
with a diameter of 1 mm to enable the electron beam to pass through to the
sample. The collected light is directed towards a spectrometer equipped with a
sensitive charge-coupled device (CCD) (Princeton Instruments Spec10 : 100 front
illuminated liquid nitrogen cooled). An ‘image’ is formed by raster scanning the
focused electron beam over the sample and collecting a spectrum at each position.

Care must be taken in interpreting the obtained map, as the exact position
where the light is emitted is not known owing to the relatively large spot from
which the light is collected. The high resolution is thus achieved by using a local
‘excitation’ of the sample rather than a local detection. The interpretation of the
images can be done following the mechanism proposed in Yamamoto & Suzuki
[19] and Kuttge et al. [20], which is summarized here. Two contributions to
transition radiation can be distinguished. Firstly, light is directly radiated by the
electron crossing the interface. Secondly, the electron generates a surface wave.
On a perfectly smooth surface, this surface wave would not reach the detector.
However, when scatterers are present on the interface, these can scatter the
surface waves into free-space radiation. The two contributions to the generated
light are collected with a parabolic mirror and directed towards a spectrometer.
The measured light is therefore the interference between the light generated
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Figure 1. (a) Schematic of the set-up for the detection of electron beam-induced light. In the
vacuum chamber of the SEM, the sample is hit by a focused beam of electrons. The light generated
is collected with a parabolic mirror and is directed through a vacuum window to a spectrometer.
(b) Schematic of the system under investigation showing a subwavelength hole in a 200 nm thick
layer of gold on a silicon substrate.

directly by the electron beam and the light generated by the scattering of surface
waves. In the scattering from the small structures that we will discuss in this
paper, an additional contribution becomes important: the near-field components
of the electron moving through the interface can scatter from the sharp edges
of the structure. It is this component that enables highly localized scattering
processes and thus allows for the study of the optical properties of the sample on
a length scale comparable to the waist of the electron beam.

The structures under investigation in this paper are rectangular holes
fabricated with focused ion beam (FIB) milling in a 200 nm thick layer of gold
on a silicon substrate (figure 1b). The actual dimensions of these small holes
are difficult to determine. Scanning electron micrographs show that the holes
are slightly tapered and that the edges of the holes have a smooth curvature,
as illustrated in figure 1b. This was confirmed by atomic force microscope
measurements. Owing to the taper and the radius of curvature, it is hard to
define the location of the edge from atomic force microscopy data. Therefore, the
dimensions of the holes as quoted throughout this paper are the original design
parameters. The deviation from design parameters is 10–25 nm, and is caused
mainly by the spot size of the FIB. Since these deviations are small, the design
parameters give an accurate description of the hole size.

3. Transition radiation microscopy on a single rectangular hole

A transition radiation microscopy measurement on a rectangular hole with
dimensions 100 × 260 nm2 is presented in figure 2. Figure 2a depicts the intensity
of collected light while raster scanning the electron beam over the sample. In this
image, the colour indicates the total number of integrated counts collected by
the detector for each position of the electron beam. Two cross sections of this
image are depicted in figure 2d. Both cross sections run through the centre of
the hole, one along its short axis and one along its long axis. Simultaneously
with the optical signal, an SEM signal is collected, which is depicted in figure 2c.
In the SEM image, three positions are indicated by the letters A, B and C.

Phil. Trans. R. Soc. A (2011)

 on September 19, 2011rsta.royalsocietypublishing.orgDownloaded from 

http://rsta.royalsocietypublishing.org/


Optical properties of rectangular holes 3459

(µm)
0 0.2 0.4 0.6 0.8

A

B

C

(µm)

(µ
m

)

0 0.2 0.4 0.6 0.8

0
(a) (b)

(d) (e)

(c)

0.2

0.4

0.6

0.8

1.0

(µ
m

)

0

0.2

0.4

0.6

0.8

1.0

(µ
m

)

0

0.2

0.4

0.6

0.8

1.0

1.6

1.7

1.8

1.9

2.0

in
te

ns
ity

(C
C

D
 c

ou
nt

s)
 (

×
 1

05
)

(µm)
0 0.2 0.4 0.6 0.8

618
620
622
624
626
628
630

m
ea

n 
w

av
el

en
gt

h 
(n

m
)

−0.5 −0.3 −0.1 0.1 0.3 0.5
1.5

1.6

1.7

1.8

1.9

2.0

distance (µm)

in
te

ns
ity

 (
C

C
D

 c
ou

nt
s)

 (
×

 1
05

)

400 500 600 700 800 900
100

120

140

160

180

200

220

wavelength (nm)

in
te

ns
ity

 (
C

C
D

 c
ou

nt
s) A

B

C

Figure 2. (a) Intensity map of a rectangular hole of 100 × 260 nm2. The total intensity collected
by the spectrometer is presented, i.e. the intensities for all wavelengths have been summed. Clear
maxima are visible along the long and short sides of the hole. (b) Map of the average wavelength
collected on a rectangular hole of 100 × 260 nm2. This map is constructed from the measured data
by calculating the weighted average of the spectrum at each position. The average wavelength
yields good qualitative insight into the observed spectra. The spectra along the long side are clearly
red shifted with respect to the spectra collected further from the hole. (c) SEM image acquired
simultaneously with the intensity map in (a). A, B and C indicate the positions where the spectra,
as shown in (e), were collected. (d) Cross sections of figure 2. Intensity of transition radiation along
two lines through the centre of the rectangular hole. The dashed and drawn lines indicate cross
sections along the short and long axes, respectively. (e) Four spectra acquired at different positions
on a rectangular hole. (A) Spectrum at position A at the peak in intensity at the long side of the
hole. (B) Spectrum at the peak in intensity at the top side of the hole. (C) Spectrum at the centre
of the hole. (Reference) Spectrum corresponds to the background transition radiation obtained far
away from the hole. (d) Grey solid line, vertical cross section; dashed line, horizontal cross section.
(e) Grey solid line, A; grey dashed line, B; grey dashed-dotted line, C; black dashed line, reference.
(Online version in colour.)

Spectra collected at these positions are presented in figure 2e. Figure 2b shows
the average wavelength at every pixel position. These data are constructed from
the spectra collected at every pixel position by taking the weighted average of the
corresponding spectrum. Because the spectra in these measurements always show
only one maximum, an image of the average spectrum gives a good qualitative
insight into the measured spectra. Figure 3 shows the same dataset integrated
over nine consecutive wavelength ranges of 55 nm.
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Figure 3. Nine figures of the same dataset as figure 2. Each figure is integrated over an equal
wavelength range of 55 nm, the exact range is indicated above the figure. The left-hand side of
each figure is scaled to the minimum and maximum of the whole dataset, while the right-hand side
of each figure is scaled to the minimum and maximum within the integrated wavelength range. The
left-hand sides of the images enable a fair comparison of the measured intensities between different
images.

In the measurements, the most prominent features are the two large maxima
at the long side of the hole (figure 2a). At these positions, the signal collected
is 25 per cent higher than the signal collected on a plain gold surface. The
spatial extent of these maxima is very small; the full-width half maximum of
these peaks is 120 nm (figure 2d). Apart from the two maxima along the long
side, two smaller maxima along the short side of the hole are visible in the
intensity map. These two maxima have a difference in intensity that, based on
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Figure 4. Measured average wavelength as a function of the hole dimensions. The schematic of
the hole illustrates how the size of the hole varies throughout the figure, the dot indicates the
position where the spectrum was measured. The two white lines indicate the cutoff for 650 nm for
the X-mode (horizontal cutoff line) and Y-mode (vertical cutoff line). (Online version in colour.)

the symmetry of the hole, is unexpected. We attribute this small asymmetry to
an angle-dependent collection efficiency of the parabolic mirror along one axis. In
figure 3, the data are integrated over nine consecutive wavelength ranges. It can
be seen that the maxima of the short side of the hole attain their peak values at
shorter wavelengths then the maxima at the long sides.

The spectra at the positions of the intensity maxima of the long side
(position A) and top side (position B) are shown in figure 2e, together with a
spectrum collected on a plain gold surface and a spectrum collected inside the
hole (position C). Clearly, there is a large difference between the spectra collected
at these different positions. The spectrum along the long edge has a peak around
680 nm, while the spectrum at the top side peaks at 560 nm. All spectra measured
have only a single maximum. In figure 2b, it can be seen that around the long
edges, a red shift with respect to the spectrum far from the hole is visible. At the
top and bottom peaks along the short side of the hole, the spectrum is blue
shifted. Although all the spectra show one peak, it is also clear that the spectra
all show more- or less-pronounced shoulders. It is thus possible that the spectra
arise from the combination of two or more single-peaked spectra of which the
relative intensities change for each position.

The results discussed for this particular hole are very general for all small (less
than 500 nm) rectangular holes. All holes show single-peaked maxima that are
more intense as the side of the rectangle is longer (not shown here). The high
peaks at the side of the hole are reminiscent of the high fields that are found on
the sides of the hole in theoretical calculations [21]. Since the spectra at the long
and short sides of a rectangular hole differ considerably, it is likely that these
peaks and their spectra are related with the orthogonal waveguide modes of a
rectangular hole.
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Figure 5. Average wavelength of the spectrum collected at the side of the hole as a function of the
hole width, for different hole heights. In the five curves, the hole height is 60 nm (line with right
pointed triangles), 100 nm (line with vertical bars), 210 nm (line with crosses), 270 nm (line with
circles) and 460 nm (line with left pointed triangles), respectively. Above a width of 300 nm, the
average wavelength shows little dependence on the width of the hole. Below 300 nm, the width of
the hole has a large influence on the average wavelength: below a hole height of 200 nm, there is a
decrease in average wavelength, while for holes with larger height, a decrease in width leads to a
red shift of the average wavelength.

(a) Systematic investigation of the effect of hole shape

To perform a systematic study of the role of hole shape, a sample was made
in which the width and the height of holes were varied between 50 and 600 nm.
For more than 100 holes with different dimensions, a spectrum was collected at
the location next to the hole, as indicated schematically by the dot in figure 4.

As before, all the observed spectra are single peaked. We thus again use the
average wavelength of each spectrum as a qualitative measure of the observed
spectrum. Figure 4 depicts the average wavelength as a function of hole width
and height. Figure 5 shows the average wavelength at the side of the hole as
the width of the hole is changed, i.e. these are crosscuts of figure 4 for various
hole heights. Clearly, in the range 300–600 nm, the width of the hole has very little
influence on the spectrum collected. Below a width of 300 nm however, the average
wavelength depends strongly on the width, but the way it changes depends
on the height of the hole. Below a height of 210 nm, the average wavelength
decreases as the width is reduced. Above 210 nm height, the average wavelength
first increases as the width is decreased in the region 300–100 nm. Finally, in the
region below 100 nm width, a small decrease is visible for the three spectra with
largest heights.

Scattering light to surface plasmon polaritons (SPPs) and vice versa by
subwavelength holes has been essential in explaining extraordinary optical
transmission and is well known to be wavelength and shape dependent.
Experiments by Baudrion et al. [22] showed that the scattering of light to SPPs
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is considerably more efficient for larger holes than for smaller holes. Moreover,
the highest efficiency for SPP launching by the hole was observed at the cutoff
wavelength of the fundamental waveguide mode of the hole. Analogously, the
scattering of the field of the electron at the interface is expected to depend
critically on the geometry and the possible optical modes inside the hole. A very
small hole, for which all wavelengths are longer than the cutoff wavelength
will scatter less than a hole that has propagating waveguide modes. The two
white curves in figure 4 indicate the hole dimensions with a cutoff at 650 nm
calculated using the model that was introduced by Collin et al. [23]. With this
behaviour of the cutoff in mind, we propose the following explanation of the
observed dependence of the average wavelength on the dimensions of the hole.
The transition radiation generated close to the hole is enhanced when a waveguide
mode exists in the hole. Thus, an increased scattering near the hole and the
spectrum measured close to the hole are influenced by the waveguide modes of
the hole.

We now consider figure 4. For the holes on the top right side, most of the
wavelengths are longer than the cutoff wavelength, decreasing the width, moving
to the top left side of the graph will lead to an increase of the cutoff wavelength.
This leads to a larger contribution of the long wavelengths to the spectrum
scattered from the hole. Starting on the lower right-hand side, we are already
below the cutoff for all wavelengths. Decreasing the width of the hole, we observe
a blue shift of the spectrum. This is explained by the fact that a non-resonant
subwavelength scatterer will scatter short wavelengths more efficiently than long
wavelengths. Therefore, decreasing the size of holes that are already in cutoff will
lead to a blue shift in the observed spectrum.

The qualitative reasoning above simplified the explanation to low scattering
below cutoff and high scattering above cutoff. These statements can be refined
further by realizing that the scattering depends on the specific propagation
properties of the waveguide and not solely on it being above or below cutoff. Our
approach gives a useful guideline to understand transition radiation microscopy
measurements near subwavelength apertures.

(b) Polarization-resolved measurements

To further elucidate the properties of the rectangular apertures, a polarizer
was introduced in the beam path. This way the contributions of the different
polarizations can be analysed. Figure 6 shows the result of 16 intensity maps
measured of the same hole, rotating the analyser after the parabolic mirror in
steps of 22.5◦ over 360◦ . Clearly, the light generated by the electrons impinging
near the hole has polarization-dependent properties, as the excitation maps differ
distinctively for different orientations of the polarizer. The collected light consists
of a linearly polarized part and a part that is not linearly polarized. Generally,
the last part consists of an unpolarized part, a circular polarized part and a part
that arises from the spatial variation of the polarization within the generated
light beam.

Interpretation of these measurements is not straightforward as the polarization-
dependent collection properties of the parabolic mirror are not trivial. To
illustrate this, we consider a dipole source a in the focal point of the parabolic
mirror, with its dipole moment oriented along the axis of the paraboloid (figure 7).
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Figure 6. Sixteen intensity maps of the same rectangular hole for 16 settings of the analyser, rotating
the polarizer over 2p radiants. (Online version in colour.)

X-polarization

Y-polarization
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(a)

a

(b)

(c)

Figure 7. (a,b) Two cross sections of the parabolic mirror. The dashed arrows indicate a light path,
the thin arrows indicate polarization directions. A dipole a oriented parallel to the surface, with its
dipole moment pointing along the axis of the paraboloid, will emit light that is radially polarized
after the mirror. In the interpretation of the measurements presented in this section, it is assumed
that most of the scattered light is directed straight up from the surface. This means that the X- and
Y-polarization emitted from the sample indicated schematically by the rectangular hole in (c) are
mapped on the X- and Y-polarization, as indicated in the cross section in (b).

Following the rays from the dipole perpendicular to its dipole moment, the
reflected rays form a collimated beam emerging from the mirror. This beam
will be radially polarized (figure 7b). Measuring the intensity of the beam as
a function of the angle of the analyser will thus give no clear information
on the orientation of the dipole. However, when the light is scattered from
the structure in a preferential direction, it is very well possible that information
on the polarization is still present. Additionally, when unpolarized light impinges
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Figure 8. Polarization distribution reconstructed from 16 measurements of a single hole. (a) The
intensity map of Ip, the amplitude of the linearly polarized contribution. (b) The intensity map of Iu,
the amplitude of the unpolarized contribution. (c) Spatial map of the magnitude and the orientation
of the linearly polarized part (Ip) indicated by a headless arrow. (Online version in colour.)

on the aluminium parabolic mirror, the reflected light will not become polarized.
This means that the polarization dependencies observed in the measurement
indicate a polarization-dependent emission.

The above discussion illustrates that care must be taken when interpreting
the results. We will assume here that the light scattered at the subwavelength
hole is predominantly directed straight up from the surface. In that case, the
polarization emitted and collected are related to each other, as indicated by the
X- and Y-polarization drawn in the schematic of figure 7.

For each pixel position, the function Sq = Iu + I ∗
p cos2(q − qp) is fitted to the

measurements, where Sq is the intensity measured on each pixel for different
orientation angles q of the analyser. Iu,Ip and qp are fit parameters that correspond
to the intensity of the nonlinearly polarized part, the intensity of the linearly
polarized part and the orientation of the linearly polarized part, respectively.
Figure 8a,b shows the obtained values of Iu and Ip in identical colour scales.
Note that close to the hole, the polarized intensity is larger than the unpolarized
intensity. In figure 8c, the intensity Ip and the angle qp are plotted as headless
arrows. The polarization of the emission is oriented perpendicularly to the edges
of the hole on the right, left and lower parts of the hole. In the upper part of the
hole, the polarization is seemingly oriented parallel to the edge of the hole, but
here the linearly polarized contribution is lower in amplitude. The asymmetry
that is observed between the top and bottom sides is most probably related
to the asymmetric collection efficiency of the parabolic mirror. The observed
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pattern in figure 8c shows that the light is mainly scattered with a polarization
perpendicular to the edge. This is in agreement with how one would expect light
scattering from an edge to be polarized. The choice made in relating the angle of
the polarizer to the polarization of the emitted light thus seems to be correct.

As a last note to the measurements on single holes described in the last two
sections, it is interesting to realize that there is a similarity between the radiation
of a dipole oriented perpendicular to the surface and the generated transition
radiation. This arises from the fact that the main contribution of the radiation
is generated when the electron is very close to the surface and the current of the
electron can be described as the superposition of many oscillating dipole currents.
It was put forward that the transition radiation is a measure of the local density
of states (LDOS) on the surface of the metal [20]. The patterns observed in the
experiments would thus give a measure of the amount of light that would be
collected when a dipole, such as a fluorescent molecule, would be located close to
the rectangular hole. Care should be taken in this interpretation, however, since
there is no one-on-one relation between the LDOS and the measured signal [24].

4. Multiple holes

When an array of subwavelength holes is illuminated by a plane wave, each hole
acts as a scatterer at which surface waves are generated. These surface waves
can subsequently scatter or reflect at the other holes present in the structure.
This scattering process leads to the reflection and transmission of light from
the complete structure. In this section, we try to reduce the complexity of the
problem by looking at a short chain of three holes. Similar structures have been
measured using far-field methods where entire rows of holes were illuminated
[25]. In such experiments, all the holes are driven in unison. With transition
radiation microscopy, we can locally excite this relatively simple geometry. In the
experiment, we will vary the distance between these holes and investigate how
this distance influences the spectra measured at several different positions.

In figure 9, transition radiation microscopy intensity images of three
configurations of three identical subwavelength holes are shown. In each image,
the holes have a width of 260 nm and a height of 100 nm. The distance D between
the holes is different for each arrangement. The excitation patterns observed for
arrangements of three holes all appear to be merely the sum of the excitation
patterns of the three constituting single holes. In addition, when the images are
constructed by integrating narrow ranges in wavelength (image not shown) no
clear qualitative changes, that would, for instance, indicate interference effects,
are observed.

When the spectra are analysed, it becomes clear that the arrangement of
multiple holes is not the same as the sum of single holes. Figure 10a shows the
spectra acquired when the electron beam is positioned at the top side of the
upper hole of the arrangement (position 1 in the schematic in figure 9d). The
graphs in figure 10a,c,e are for the three arrangements with different spacing.
These same data are shown in the graphs of figure 10b,d,f , but here the spectra
are normalized to a spectrum collected from a single hole: the plotted value is
Ĩ (l) = Idet(l)/Iref (l), with Idet(l) the detected spectrum and Iref (l) a reference
spectrum obtained at the long side of a single isolated hole of the same shape.
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Figure 9. Intensity maps of three configurations of rectangular holes and a schematic overview. The
figures (a–c) all have holes of size 100 × 260 nm. The distance between the holes is (a) 240, (b) 300
and (c) 350 nm. In the schematic (d), the positions 1, 2 and 3 indicate the positions where spectra
are shown in figure 10. All three pictures have identical scaling.

The graphs in both figures show the spectra and normalized spectra at positions 1
(figure 10a,b), 2 (figure 10c,d) and 3 (figure 10e,f ) (figure 9d), respectively. The
positions 1, 2 and 3 are all located in the high-intensity peaks just above or below
the hole.

Clearly, all spectra differ distinctively from the spectra collected at a single
hole, all normalized spectra have values mainly above 1. The intensity of the
spectra increases going from position 1 to position 2 to position 3 (figure 10).
The amount of light radiated from the structure within the measured range of
wavelengths is thus larger than for a single isolated hole. This statement needs
some refinement, as it is not true for all wavelengths. The geometry with the
smallest spacing gives rise to a small decrease in the spectrum with respect to
the single hole, for a small range of wavelengths. In particular, at position 2
(figure 10b), a decrease in the wavelengths around 700 nm can be observed.
Another visible trend in the data is that the peak in both the spectrum and the
normalized spectrum shift to the red when the spacing of the holes is increased.
The positions of the peaks in the spectra as a function of the hole spacing are
plotted in figure 11.

The observed intensity at every position is generally higher than the intensity
measured at a single isolated hole. This behaviour of the intensity is in good
correspondence with what one intuitively might expect: more holes lead to more
scattering of surface waves and thus to a higher observed intensity. At positions
2 and 3 from a geometric point of view, more scattering is expected than from
position 1, as the latter position neighbours a large empty field of gold. Thus,
the closer to the centre of the arrangement of the holes, the more scattering will
occur.

The fact that the radiated spectrum changes as the spacing between the holes
is varied, is an indication that there is an interference effect contributing to
the response of the entire structure. Surprisingly, no long-range periodicity is
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Figure 10. (a,c,e) Spectra at three positions for each position varying the hole spacing and
(b,d,f ) normalized spectra at three positions for each position varying the hole spacing. (a) The
spectra at position 1 at the top side of the upper hole. (c) The spectra at position 2 at the bottom
side of the top hole. (e) The spectra at the top side of the middle hole. (b) The spectra at position
1 at the top side of the upper hole. (d) The spectra at position 2 at the bottom side of the top hole.
(f ) The spectra at the top side of the middle hole. The plotted value is Ĩ (l) = Idet(l)/Iref (l), with
Idet(l) the detected spectrum and Iref (l) the spectrum collected at the top maximum of an isolated
hole of the same size and shape. All spectra were obtained in the maxima visible in figure 9, just
above or below the hole. (a,c,e) Grey solid line, D = 240 nm; grey dashed-dotted line, D = 300 nm;
black dashed line, D = 350 nm.

necessary to achieve a considerable (75 nm) shift in the peak position. This is in
good agreement with the observation of clear peaks in the transmission spectrum
of quasi-periodic structures [26]. In these structures, short-range order plays an
important role as these structures lack long-range periodicity.
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Figure 11. Positions of the peaks as a function of hole spacing D for position 1 (left pointed triangles,
top side of the top hole), position 2 (filled squares, lower side of the top hole) and position 3 (down
pointed triangles, upper side of the middle hole).

We note here that the system under investigation has similarities with an
antenna array, as was pointed out by Alaverdyan et al. [25]. The holes act as
scatters with a well-defined phase difference, given by their distance. In our
experiment, we can preferentially excite one of the elements of the antenna
array. This resembles a transmitting antenna in which one scattering element
is driven via an externally applied current and the other elements play a role for
wavelength and directionality tuning of the antenna. Yet, the observed spectrum
is the response of the entire structure rather than the response of a single hole.

5. Conclusions

Using a local excitation mechanism with a focused beam of electrons, we have
measured the optical properties of rectangular subwavelength holes in the optical
regime with a resolution far below the diffraction limit. Polarization-resolved
measurements showed the polarization of the scattered light being predominantly
oriented perpendicular to the hole edge. The spectrally resolved measurements
on a large number of holes of different size and shape have revealed a clear
dependence of the observed spectra on the dimension of the hole and the
position at which the excitation was done. These results are an indication that
the orthogonal waveguide modes present inside the rectangular hole play an
important role in the local scattering processes. The mean wavelength observed
at the edge of the hole follows the presence of modes in the waveguide and
can thus be understood in terms of the cutoff wavelength of the holes. This is
further supported by the observed spatial dependence of the polarization of the
emission, which shows a preferential polarization perpendicular to the hole edge,
as would be expected for modes in a metal waveguide. These results can be used
as guidelines for the enhancement of molecular fluorescence near subwavelength
holes for sensing applications. Linear arrangements of three identical holes show
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spectra that clearly differ from isolated spectra. These spectra can be tuned via
the spacing between the holes, as well as the location of the exciting electron
beam. This clearly shows that coupling between the holes plays an important
role. In these multiple hole structures, the precise local excitation mechanism is
expected to enable control over the directional emission of the antenna formed
by the two-dimensional arrangement of holes.
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