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Abstract: We describe a leakage radiation microscope technique that can
be used to extend the leakage radiation microscopy to optically non-
transparent samples. In particular, two experiments are presented, first to
demonstrate that acquired images with our configuration correspond to the
leakage radiation phenomenon and second, to show possible applications by
directly imaging a plasmonic structure that previously could only be imaged
with a near-field scanning optical microscope. It is shown that the measured
surface plasmon wavelength and propagation length agree with
theoretically-calculated values. This configuration opens the possibility to
study important effects where samples are optically non-transparent, as in
plasmonic cavities and single hole plasmonic excitation, without the use of
time-consuming near-field scanning optical microscopy.
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1. Introduction

In recent years, interactions of light with matter have revealed important physical phenomena
with potential utility in a variety of scientific and technical fields, such as optical
communication, optical logic and subwavelength manipulation of light [1-3]. One notable
such interaction is the surface plasmon (SP), an optically-excited collective oscillation of
electrons located at a metal-dielectric interface [4]. Particularly in optics, SPs can be excited
in different ways [5-8]. In this context, the near-field scanning optical microscope (NSOM) is
the most commonly used tool to study interactions between SPs and matter on subwavelength
scales [9, 10]. Even though the spatial resolution of NSOM goes beyond the diffraction limit,
this technique has some disadvantages, such as a slow scan rate for image acquisition,
limitations in the sample topography [11] and, most importantly, the multiple interactions in
the system probe-sample fields that complicate near-field image interpretation [12]. Some
alternative non-invasive techniques, such as quantum dot fluorescence (QDF) [13],
cathodoluminescence (CL) [14] and leakage radiation microscopy (LRM) [15], have proven
reliable tools to be used in place of NSOM. QDF, however, is dependent on the fluorescence
time, where the employed particles are active only until becoming bleached [13], while CL
requires a specially equipped scanning electron microscope (SEM) to be used, making sample
preparation very restrictive [14]. LRM, on the other hand, is a relatively simple technique to
implement, with results that are highly reproducible, although the resolution remains
diffraction limited [16-18]. Also of great value with LRM is the possibility to obtain direct
and Fourier space images at the same time in real-time, when the LRM experimental setup is
appropriately adapted [19].

In previously reported work on the LRM technique, the metal sample need to be optically
thin. As a result, the illumination source is visible through the sample to the side where the
observation is made, which can create false images due to diffraction patterns unrelated to the
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plasmonic interactions. Heretofore, the solution to that has been the use of an opaque block
positioned at the center of the Fourier plane [19]. In order to overcome the problems
associated with the thickness of the metallic sample and the diffraction artifacts, we present
here an alternate configuration of an LRM with the capability to study optically non-
transparent samples illuminated from the back side, by observing directly onto the sample
surface, creating an alternative to the conventional LRM.

In the conventional LRM configuration [18], a sample consists of a thin metallic layer
(e.g. ~50 nm thick) deposited onto a glass substrate, decorated with metallic features usually
fabricated by electron beam lithography (EBL) [20], focused ion beam (FIB) [21] or direct
laser patterning [22]. A tightly focused beam is projected onto the sample to couple SPs on
the free metallic surface (as opposed to the substrate-metal surface) [16]. Due to the
propagation of the SPs along this surface and the thickness of the metallic layer, there exists
radiation that passes through the metallic layer to the glass substrate [18]. This is referred to
as leakage radiation, which reaches the substrate at an angle 6,y that is greater than the critical
angle (for total internal reflection). Then, in order for the leaked radiation (carrying
information of the SP propagation) to be detected in the far field, it is needed to couple from
the substrate using immersion oil to a microscope objective with numerical aperture (NA)
greater than one [18].

The main differences between our proposed LRM and the conventional configuration are
that, for the conventional configuration, observation is made on the glass substrate side of the
sample, and the sample is typically optically-thin as commented before. For our
configuration, on the other hand, observation is performed directly on the sample surface by
use of immersion oil coupling and, more importantly, the metallic coating can be optically
thick but SP thin. This last fact is the reason we refer to its use with non-transparent samples.

It is important to note that the dispersion relation in our configuration is the same as for
the conventional LRM, with the difference that in our configuration, the SP is excited in a
medium S different from air. That is,

k, =K yJesen /(65 +6n), 1)

where k, and k; are the wavenumbers of the SP at the metallic surface and of the propagating
field in S, respectively, while ¢ and ¢, are the dielectric functions of the dielectric material
filling the grating spaces (medium S) and of the metal, respectively [23]. This dispersion
relation is valid when the thickness of the metallic layer is much larger than the radiation skin
depth. This requirement is fulfilled in the visible frequency range, for example, by a layer of
Ag thicker than 100 nm. In such case, there is a solution to the dispersion relation that is
radiative in medium S [23], which corresponds to the observed leakage fields in our
configuration. In real metals, the dielectric function is a complex number, where the
imaginary part represents Ohmic losses. In this sense, from Eq. (1) is clear that k, is a
complex number as well, meaning that the SP is damped in the propagation direction

byIm(k,) =k;. Actually, the SP propagation length is defined by Ly, =1/(2k;),
while Re(k, ) =k, defines the SP wavelength by A, =27 /k,.

2. Experimental details

We have adapted an optical microscope (Leica DM6000M) to illuminate the sample from the
back side with a laser source of 473 nm wavelength. The sample surface is directly coupled to
a 63x microscope objective, with variable NA (0.6 to 1.4), by using immersion oil with
calibrated refractive index ng = 1.52. The resulting image is projected onto a CCD camera and
acquired by software in true color and real time. The observed field was about 64 x 48 um?,
but the present work just presents the area of interest in each sample. The proposed
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configuration for the acquisition of images in direct space is depicted schematically in Fig.
1(a). In the case of Fourier space images, an additional lens is located in the space between
lens L1 and the CCD camera as in the conventional LRM [18].

We have created specialized metal film samples which while optically thick, can allow the
coupling of SP from one side of the film to the other. The method used for sample preparation
was electron beam lithography (EBL), where a 200 nm thick layer of poly (methyl
methacrylate) (PMMA) was spin-coated onto a glass substrate coated with a 70 nm thick
layer of ITO. We have called tpyma and tiro the thickness of PMMA and ITO, respectively
(Fig. 1(b)). After exposure and development, a tag = 150 nm thick layer of Ag was sputtered
onto the sample without any subsequent lift-off process. The result is a metal-coated cavity
with the desired geometry and thin metallic vertical walls (70 nm). In our sample, we took
advantage of a step-gap leakage coupling method to couple SPs, a method recently reported
by our group [24], where resonant plasmonic modes are excited in cavities by the leaked field
in thin metallic walls and coupled to the metallic film located at the bottom of such cavities.
The main advantage of this kind of sample is that the background illumination (source) is
blocked by the optically thick metal, allowing a high signal/background intensity ratio,
making the sample clearly distinguishable in direct space. In order to confirm that the
presented results were not dependent on the sample structure, a second kind of sample with
same parameters the (w, p, ty) was prepared by focused ion beam (FIB). Results from this
experiment are shown in the Appendix.

3. Results

In order to demonstrate the operation and application of our proposed configuration, we have
conducted two experiments. First, we used a grating consisting of four ridges of 5 um length,
width w = 150 nm, and pitch p = 440 nm, illuminated with a laser source of wavelength 473
nm. The electric field polarization was chosen to be E,, perpendicular to the ridges of the
grating, to ensure the strongest coupling.

Immersion
oil (e5) (a)
63 X,
l NA=06-14
—_— [ —
Laser source > K >
e —_— CCD
\ camera
Condenser
(NA=05) Sample L1

I Ag
HPMMA
[@ITO

mGlass

€1
z
I

Fig. 1. (a) Schematic LRM experimental setup used for the acquisition of images. (b) SEM
image (false color) of the sample structure, where w is the width of the grating and p the pitch;

t and t_  are the thicknesses of the Ag, PMMA and ITO films, respectively. The

Ag ! tPMMA
arrows represent the wave vector IZD and electric field of the excitation field E . The scale bars

represent 200 nm in the vertical and horizontal directions and the color chart shows the
materials used in the sample.
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Figure 2(a) shows the resulting image in true color using NA = 1.4. It is clear that there is
evidence for radiating fields on both sides of the grating. These are related to SP propagation
along the planar Ag-oil surface away from the grating. On the other hand, in the case of NA =
0.6 (Fig. 2(b)), the grating appeared as a bright rectangle without any of the fine detail of Fig.
2(a). This means that the image of Fig. 2(b) is composed mainly of propagating optical modes
of the field produced by SP’s resonating in the grating and scattered in the edges of the ridges,
as expected due to the low NA. In other words, the bright fringes seen inside the grid areas in
both images are due to scattering of optical modes, while the branches left and right of the
grating in Fig. 2(a) are due to SP propagation, and not to low-order diffraction produced by
such a grating.

In Fig. 2(a), it is clear that the registered intensity is modulated in the x (horizontal)
direction. We believe that such modulation is produced by the coherent superposition of far
field components produced by the scattering of the SP’s created in the grating. In order to
experimentally measure the period of the modulation shown in Fig. 2(a), we made a
transversal cut in the dashed line and the result is shown in Fig. 2(c). By using the profile
shown in Fig. 2(c), it is possible to measure the spatial frequency of the modulation by
calculating the power spectrum of the profile. Figure 2(d) shows the result normalized to
k, (excitation wavelength). Thus, the modulation has NA = 0.75 + 0.01 that is related with
common far field interference as stated before. Due to the attenuated propagation of the SP’s,
it is possible to calculate k; by measuring the exponential decay constant of the profile
shown in Fig. 2(c). If such a profile is fitted (red line), the measured exponential decay
constant is exactly L., that in our case corresponds to k, =(0.03+0.01)k,. Latter in the

manuscript, we show a second measure of k' and the theoretical confirmation of such a value.

It is well established that LRM can detect only the E-field component of the SP that is
parallel to the metal-dielectric interface, where it is coupled [18], i.e. the existence of this SP
is detected by virtue of it leaking into the far field as optical radiation. In this way, we can

experimentally obtain k and k_ in a second way. For this purpose, we studied the Fourier
space and the result is presented in Fig. 3(a), where the white circle represents NA = 1.4
(objective NA), while the red and orange are NA =1 (k,) and NA = 0.5 (condenser NA),

respectively. In Fig. 3(a), it is clear that the central region is related with the scattering of SP’s
on the edges of the ridges, because it is confined to the region NA < 0.5, it means the
illumination NA, confirming the origin of the image shown in Fig. 2(b). Next, we found two

symmetric structures located at NA = 1.31 + 0.01, that correspond to k, =(1.31+0.01)k, .

Finally, two bright lobes appeared at NA = 0.75 + 0.01 that are related with the far field
modulation observed in Fig. 2(a).

In order to measure k_ in the Fourier space image, we made a transversal cut in the
intensity defined by the yellow line in Fig. 3(a) and presented in Fig. 3(b). The value of k_ was
calculated from the relationshipk = A/2, where A is the width of the intensity profile

(supposing a Lorentz shape) at full width at half maximum (FWHM) [25], resulting
ink, =(0.03+0.01)k,, confirming the value measured before.

In order to cross check our experimental results, we used the dispersion relation calculated
for an asymmetric periodic grating [26], stated as follows:

N :kf’TWtan(koh), @)
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with w and p the parameters of the grating discussed above and h the height of the groves, i.e.
h = 100 nm. Even when Eq. (2) is generally valid for the case k,w <<1, it remains a good

approximation for the present case. Using exact experimental values of w, p, h, we found that
k, =1.31k,. On the other hand, for the theoretical calculation of k,, we used again Eq. (1)
with ¢, (immersion oil) and ¢, (Ag) from [27], resulting k, =0.03k, . It is important to note
that all the theoretical values agree closely with the experimental values.

1 ] | =

~ () 2 (d)

:" ~—

< 5,
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£ x e k,”’x E

0.01 R 0 ‘
2 um 0o 2 4 6 8 10 0.0 05 10 15
—
X (um) K/ K,

Fig. 2. LRM image acquired by the proposed configuration using NA = 1.4 (a) and far field
image using NA = 0.6 (b). The excitation wavelength was 473 nm. The inset to (a) is an SEM
image of the grating with w = 150 nm and p = 440 nm. Inset scale bar: 1 pm. (c) Intensity
registered in the red line in (a) using logarithmic scale. The red arrow shows an exponential
decay shape. (d) Power spectrum calculated from the intensity profile shown in (c). The red
line shows the maximum used NA.

For the second experiment, we fabricated a plasmonic cavity by using four gratings with
the same length, width w, pitch p and thickness of the layers (tag, temma, tiro) above, disposed
on the sides of a square rotated 45° with respect to the horizontal. An SEM image of this
structure can be seen in the inset to Fig. 4(a). Here, we used the aforementioned experimental
setup. As in the case of a single grating, each grating couples SP’s in the perpendicular
direction to its ridges on both sides of the grating, Fig. 2(a). The counter-propagating SP’s in
the inner part of the cavity interfere, generating a two-dimensional standing wave that can be
visualized as a square grid-like pattern, shown in Fig. 4(a). A magnified view of the dashed
rectangle of Fig. 4(a) is presented in Fig. 4(b).

The intense lobes in the pattern have average widths of (2.62+0.01)k,, measured as
FWHM (red arrows in Fig. 4(c)) and separated by an average distance of (1.49+0.01)k, .

This configuration reproduces results recently reported, where a plasmonic cavity, similar to
our sample, is illuminated from the back side and studied by NSOM [28]. The pattern
obtained there has the same properties as our results, just scaled by the wavelength and
grating size.
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Fig. 3. (a) Fourier space image normalized to the excitation wavenumber of the leaked field in
Fig. 2(a). The white circle represents NA = 1.4, while red and orange circles are NA = 1 and
0.5, respectively. (b) Transversal cut made in the yellow line in (a). The arrows represent the
distance A measured at FWHM.

As before, we studied the Fourier space of the produced field showed in Fig. 4(a) and the
result is shown in Fig. 5(a). The slight asymmetry of the image is due to misalignments of the
laser source and the sample. As in the case of a single grating, the region inside NA < 0.5
contains the propagating components of the field. In this case, the generated patterns are
related to interference of the different components of the field, meaning the propagating
modes of each grating are superimposed on the field produced by the other gratings. Next, as
expected, at NA = 1.31 + 0.01 there appear four features that are related tok_, in a direction
perpendicular to the grating ridges; these are SP’s non-confined in the cavity (purple circle).

In Fig. 3(a), there was one intense lobe on each side of the image at NA = 0.75 £ 0.01, but
in Fig. 5(a) appear three intense lobes, due to coherent interference of the different
components of the SP’s in each grating. On the other hand, the interference pattern in Fig.
4(a) has discrete frequencies that can be visualized as the intersection points of the displaced
wavevector k in each direction (green circles). Actually, the distance between a pair of

opposite points is k,, =(1.49+£0.01) Kk, , i.e. the wavenumber of the observed pattern.

Figure 5(b) shows the k-space analysis of the wavevectors that appear in the Fourier space
in Fig. 5(a). The presented vectors have the same meaning as in Fig. 3(b) and Izpan is the
wavevector of the interference pattern observed in Fig. 4(a). As the analysis has indicated, it
is possible to define k., =G+k,. In this way, due to each grating-launched SP’s, the

resulting pattern wavevectors are combined (subtracted) to yield zero (green arrows in Fig.
5(b)), i.e. an standing wave, but the distance from point A to 4’ is the wavenumber of the
observed pattern. Finally, it is important to note that in the presented k-space, we have shown
just two gratings and their analyses in order to allow an easier visualization of the described
situation, but the real case has four directions, as shown in Fig. 5(a).
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Fig. 4. (a) Optical image taken with the proposed LRM of a plasmonic cavity composed of
four perpendicular gratings with width 150 nm and pitch 440 nm. The excitation wavelength
was 473 nm. The inset is an SEM image, with a 2 pum the scale bar. (b) Detailed view inside
the dashed rectangle in (a). () Intensity profile measured along the red line in (b), showing the
FWHM.

k,/ ks
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Fig. 5. (a) Fourier space image of the plasmonic cavity presented in Fig. 4(a). The orange, red,
purple and white circles are associated with NA = 0.5, 1.0, 1.31 and = 1.4, respectively, as
indicated. The purple dashed lines are related to k; displaced by G . (b) k-space analysis of
experimental Fourier space image in (a). The scale has been changed in order to allow the
observation of the complete scheme, but the proportion is the same. The vectors G , IZX' and
Epm are the wavevectors of the grating, SP and the observed pattern respectively. The distance
between points A and 4’ shows the wavenumber of the observed pattern.

4. Discussion and conclusions

The important characteristic of the leakage radiation microscope technique presented here is
that the sample does not allow the transmission of light coming directly from the source, such
that the detected light is due to plasmonic coupling in the gratings. Since we are using the
step-gap leakage coupling method [24], light detected inside the region with NA < 0.5 is due
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to scattering of SP’s at the edges of the gratings, due to the sample roughness and probably
also due to some impurities in the immersion oil. This LRM technique avoids the necessity of
blocking items in the optical path of the detected field (as in dark field microscopy) use in
conventional LRM which can potentially produce diffraction artifacts. Actually, the non-
necessity of the blocking items has been already reported getting high resolution results [29,
30].

In conclusion, we have shown that a leakage radiation microscope can be configured to
directly observe the surface of a non-transparent sample. Our experimental results agree
closely with those predicted theoretically. Although observations are made in the frame of a
diffraction-limited system, the information extracted from the acquired images shows that
such images are related to surface plasmons propagating along the sample surface. It is
important to note that the observation field is about 64 x 48 umz, which allows for
observation of relatively large area samples, and more important, without the need for
scanning as would be required with NSOM. Finally, the proposed configuration opens the
possibility to study, among others, the effects of resonant modes as in the case of plasmonic
cavities, a phenomenon that requires principally a non-transparent sample.

Appendix
Sample preparation

The sample was prepared by ion milling (FIB) of a 150 nm thickness Ag coating onto glass
substrate. The geometrical parameters were similar to those reported in the main text, i.e. w =
150 nm, p = 440 nm, inset in Fig. 6(a). In such image, the contrast is higher because the
different scattering rates on the materials, resulting in dark zones for the glass substrate and
bright for Ag coated surface.

Results

In order to compare with the results presented above, we repeated the leakage radiation
experiment, resulting the image shown in Fig. 6(a). It is clear the lateral branches are related
with the SP propagation, as reported in the main text. Additionally, Fourier space was
observed and the result is shown in Fig. 6(b). The higher intensity is due to the direct
transmission of light through the grating. It is clear that the behavior is similar to that reported
before, actually, k, = (1.27+0.01) k, and k_ =(0.03+0.01)k, . The difference was due to the

fabrication process, which cannot reproduce identical conditions. The former values coincide
with those reported in the main text, concluding that the observed phenomenon is not
produced by a specific sample, meaning the step-gap leakage method can be applied as a
general method for SP generation.
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Fig. 6. (a) LRM image acquired by the proposed configuration using a sample made by FIB.
The excitation wavelength was 473 nm. The inset to (a) is an SEM image of the grating with w
= 150 nm and p = 440 nm; scale bar: 1 um. (b) Fourier space image of (a) where the circles
represent NA = 0.5, NA = 1.0, NA = 1.3 and NA = 1.4, orange, red, purple and white,
respectively.

#214967 - $15.00 USD  Received 8 Jul 2014; revised 18 Aug 2014; accepted 27 Aug 2014; published 12 Sep 2014
(C) 2014 OSA 22 September 2014 | Vol. 22, No. 19 | DOI:10.1364/0E.22.022895 | OPTICS EXPRESS 22904





