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ABSTRACT

Recently, an extraordinary transmission of light through small holes (<200 nm) in a thin metalic film has been
described. This phenomenon has been shown to be the result of the photon-plasmon interaction in thin films where a
periodic structure (such as a set of holes) is embedded in the film. One of the extraordinary resultsis that the beam that
passes through a hole has a very small diffraction in extreme contrast to the wide angle predicted by diffraction theory.

Based on this effect, we propose here a new type of microscopy that we term mid-field microscopy. It combines an
illumination of the sample through a metallic hole-array with far-field collection optics, a scanning mechanism and a
CCD. When compared to other high resolution methods, what we suggest here is relatively simple because it is based
on a thin metallic film with an array of nano-sized holes. Such a method can be widely used in high-resolution
microscopy and provide anovel simple-to-usetool in many life-sciences laboratories.

When compared to near-field scanning optical microscopy (NSOM), the suggested mid-field method provides a
significant improvement. Thisis chiefly for three reasons. 1. The penetration depth of the microscope increases from a
few nanometers to a few micrometers, hence the name mid-field microscope. 2. It allows one to measure an image
faster because the image is measured through many holes in parald rather then through a single fiber tip used in
conventional near-field microscopy, and 3. It enables one to perform three-dimensional reconstruction of images due to
a semi-confocal effect.

We describe the physical basics of the photon-plasmon interaction that alows the coupling of light to the surface
plasmons and determines the main spectral characteristics of the device. This mechanism can be ascribed due to the
super-periodicity of the electron oscillations on the metallic surface engendered by the grating-like structure of the hole-

aray.
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1. INTRODUCTION

Optical microscopy is awiddy used method all across sciences. It isbased on the physical principles of light and optics
and provides a broad set of tools that alows one to explore small objects with high magnification and sengitivity in a
relatively simple and fast manner. Nevertheless, optical microscopy has its limitations. One of the more critical
limitations is the diffraction limit of light discovered first by Abbe' in 1873 and later on fully explored and understood?.

The diffraction limit of light sets a limit to the smallest object size that can be observed, or to the smallest separation
that can be distinguished between two different objects. This limit is approximately half of the wavelength of the light
being used.

Various optical microscopy methods are continuously being developed to overcome the diffraction limit of light. Two
of the more relevant methods include confocal microscopy and near field microscopy. Confocal microscopy only
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dlightly improves the spatial resolution of conventional microscopy?® (a factor of /2). Near field microscopy” improves
the resolution much further and alows an optica resolution of ~50 nm in the plane and ~5 nm aong the optical axis
(perpendicular to the sample surface). Thisis achieved by a setup that uses a very small aperture through which light is
transmitted. The aperture that is usualy at the tip of an optical fiber is brought to almost-contact distance from the
object and the reflected light is measured. The sampleis than scanned point by point to reconstruct the reflection image
(it can also be fluorescence or scattering). In such a way, even though the light that comes out of the tip is totally
diffracted, the very short distance from the tip to the sample ensures that the signal mainly results from the surface that
is next to the tip. This method therefore bypasses the diffraction limit by measuring at distances that are small enough
so that the diffraction is still negligible. Nevertheless, near-field microscopy is limited to a thin layer of the sample
surface (~10-20 nm).

Other methods that improve the optical resolution include multi-photon microscopy® and 4Pi microscopy® but in
practice, its improvement is similar to that of a confocal microscope. Another promising method is termed stimulated
emission depletion (STED) and has been shown to achieve very high resolution of 33 nm (1/23). These methods are
useful, have great potential and some of them are intensively used (e.g. confocal and multiphoton microscopy) but at
least at thistime these methods require sophisticated and expensive equipment.

In this work, we describe a new method that can be used for high resolution optical microscopy. It is based on a novel
interaction of light with a metalic surface, when a periodic array of holes or grooves is patterned on the metalic
surface.

2. LIGHT TRANSMISSION THROUGH A METALLIC HOLE AND HOLE-ARRAY

The theory of the transmission of light through a small hole (relative to the wavelength of light) in a metallic sheet was
developed by Bethe in 1944. The main characteristics are that the intensity transmitted through the hole falls as (d/)*
(10 for a 100 nm hole) and the light is totally diffracted, i.e. after passing through the hole, the light is spread to an
angle of 2n Steradians.

Lately, it has been shown that apertures that are smaller than the wavelength of light can transmit much more light than
mentioned above, and even more striking, the light beam that passes the aperture has only a small diffraction. Thisis
made possible by creating a periodic set of holes (or grooves) in a metallic sheet’. When manufacturing such a metallic
hole-array (MHA) device, there are various degrees of freedom such as the type of metal and design of the periodic
structure of holes. The characteristics of various structures have been studied®*.

These effects probably occur due to the interaction of the light with the surface plasmons on both sides of the metallic
sheet. Various theoretical models have been suggested with a satisfactory level of accuracy; see for example the work
by L. Martin-Moreno'® and references therein.

MHAs form an interesting class of devices that can be used for various applications. A few applications that have been
suggested include high-throughput near-field probes, high density data storage devices and lithography.

For a better understanding of the interaction of light with MHAS, it is important to understand the character of surface
plasmons.

3. PLASMONSAND SURFACE PLASMONS

Plasmon describes the collaborative oscillation of electrons in a conductor (usually metal) and the electric field that
results from it. When a sea of many free electrons oscillates, it creates an electric charge density. This charge density
induces an dectric field that affects the electrons' motion. At some frequencies (the plasmon frequencies), it can be
shown that the oscillation of the electron sea can last for arelatively long time and span ardatively large region of the
metal. The dectric field that is associated with the oscillations of the eectron sea is bound to the surface and is
sometimes called an evanescent field.

In bulk material, the oscillation frequency can be found in arelatively simple way. Imagine a simple modd of electrons
oscillating in a metal cube and thereby forming a uniform surface charge density on the two opposite sides (see Figure
1). Assuming the volume density of the free eectrons is N, the charge of an electron -e and the displacement of the
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electrons relative to their equilibrium state is x, the surface charge density on each side will be 6=Nex (with opposite
signs on the two different sides). This will induce a uniform electric field inside the metal E=4=o which will apply a
force on each dectron F=-eE=-4zNe’x. The equation of motion for each electron with mass mwill therefore be;

X = —47iNe’x (1)
which has the time-dependent sol ution:
X = %,€" @
where X, isthe oscillation amplitude and e, the plasmon frequency:
47Ne?
mo. (©)

Figure 1 A simplified model of plasmon oscillationsin metal. The eectron displacement creates surface charge
densities (with opposite signs). E isthe éectric field induced by the charge density and F isthe force on an electron in
thefield.

Though simple, this solution provides understanding of the plasmons oscillations and describes the correct plasmon
frequency of bulk plasmonsin metal. This harmonic oscillation follows the rules of a quantized harmonic oscillator and
therefore has quantized energy levels separated by E= Aw,. When using the values of a typical metal, one finds that in
silver (Ag), the plasmon energy is approximately 12 eV which is much larger than the energy of photonsin the visible
light range (1-3 eV). It can till be measured, usually by methods of el ectron loss spectroscopy.

A more complete solution of plasmon oscillations in bulk or on a surface requires to solve Maxwell’s equations in
matter (where the polarization vector plays a major role) together with the electron equation of mation (that provides a
solution to the polarization as a function of the induced dectric field). This set of eguations can be solved
simultaneously, for example see Feynman™ chapters 7 and 32.

The solution for surface plasmons can be found in a similar way, but is somewhat more complex because two sets of
equations have to be written (in the metal and in the air) with the correct boundary conditions™*. These solutions are best
described by the dispersion curves. A dispersion curve results from the fact that there are actually many possible
plasmon frequencies o and each one of them relates to a different wave vector k of the excitation. The dispersion curves
of bulk and surface plasmons are shown in Figure 2A. They are given by the following eguation in bulk (c isthe speed
of light):

(4)
and for surface plasmons:

()
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Figure 2 A: Dispersion curves for bulk and surface plasmons. The frequency and wave vector axes are normalized to the
plasmon frequency. The photon dispersion curve is aso shown. The fact that the photon and plasmon dispersion curves
do not cross each other means that the interaction isnot possible under normal conditions. B: Penetration depth of the
plasmon electric field in the metal and air along the Z axis (perpendicular to the surface) as calculated for Slver. The
fields decay exponentially. Note the relatively large extent of the field in the air relative to metal.

The dispersion curve for surface plasmons shows the dependence on the dielectric functions of the metal and the other
media (i.e. air):
2
k, =.|¢ tﬁﬁ’j —K?
¢ . ©)

K =94l
“ ¢ \egte,

Here k, isthe wave vectors of plasmonsin the plane and k; is the wave vector perpendicular to the surface. ¢ isthe
dielectric function of the metal (i=1) or the other media (i=2) and » isthe plasmon frequency. Obviously both k and the
didectric functions are complex. Especially for metal, the dielectric constant is usually complex with a negative
imaginary part and a small positive real part.

The dispersion curves shown above can be used to find the exact eectric fidld and charge density at any point in space.
For surface plasmons a few points should be emphasized:

1. The plasmon amplitude exponentially decays when moving into the meta. It is therefore a surface
phenomenon with a typical skin-depth of ~20-50 nm (Fig. 2B). Therefore, a metallic sheet that is thinner than
thisis usually trangparent, and it is opagueif it is more than twice as thick.

2. Above the metallic surface, the extent of the plasmon-induced electric field is much larger and can extend to a
range of ~500 nm (Fig. 2B). Also, the plasmon has a large extent in the plane and can be as large as 1
millimeter in some cases (depending on the metal and wavel ength)™ *°.

3. For large k, the surface plasmon frequency asymptotically reaches ¢, /J/2 which is sometimes defined as the
surface plasmon frequency (Fig. 2A).

4. Thefact that the photon and plasmon dispersion curves do not cross meansthat it isnot possible to get a direct
photon-plasmon interaction.

5. The plasmon frequencies are dependent also on the conductivity of the metal*® that adds a damping factor to
the electron equation of motion Plasmon oscillation frequencies are also related to the screening effect in
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metals. Briefly speaking, the plasmon frequency is the cut-off frequency above which screening is negligible,
but below which it is dominant.

Light can be still coupled to surface plasmons. The most common way is to use a prism to shine the light on the sample.
Due to the high index of refraction of the prism (and large incident angles), the slope of the photon dispersion curve
decreases and a crossing with the surface plasmon dispersion curve occurs™. Another method uses a periodic structure
on the metal. In al these coupling methods, the dectric field is bound to a shallow layer above the surface and is
therefore called an evanescent field. This means that light that illuminates one side of the metallic sheet induces
plasmons and an evanescent field on the other side of the metal, but light isnot transmitted through the sheet.

In the last few years another interesting aspect of surface plasmons has been discovered when usng a metallic sheet that
has a periodic array of holesin it (or aperiodic array of grooves with asngle centra hole). Thisis explained in the next
section.

4. METALLIC HOLE ARRAYS

As mentioned in section 2, it has been recently shown that apertures that are smaller than the wavelength of light can
transmit more light than the theoretical classical prediction® and that the light beam that passes the aperture can have a
very small diffraction. These phenomena occur when thereis a periodic set of holes (or grooves) in ametallic sheet®*.

Thefirst effect in these structuresis that the intensity of light that is transmitted through the holeis higher than the light
that actually impinges on the hole (i.e. the transmission is larger than 100%). Thisis dueto the large interaction of light
with surface plasmonswhen light falls on the metal in between the holes, and the transfer of this energy to the other side
of the metal sheet. Few theories have been suggested to explain this phenomenon'®*’. The second effect of MHA is the
appearance of spectral peaks in the tranamitted light. These peaks correspond to the crossing points of the photon and
plasmon dispersion curves. To understand more about the transmission spectra, it is crucia to find the dispersion curves
of a MHA. A third effect that has been found® is the low diffraction of light that is transmitted through the hole
(estimated to have an angle of ~6°).

Onemodel that can be used to find the surface plasmonsin MHA assumes that the electron wave function on the
surface hasthe same periodicity as the array. Therefore, the plasmon wave function will now have another periodic part
that can be written as €' (G157 it Gxy=27la, a being the period length of the hole array (assuming a square-like
array) and i,j areintegers. This periodicity resultsin an additional contribution to the plasmon wave vector and therefore
allows the interaction with light. The solution to the plasmon energy levels can be found by using Equation 6 and
including wave vector G. The equation for the MHA solution isthen written as

= w | &LE
‘ksp‘ W as 0
c\&+e,

kSP = x,photonitiiij ; I!J =]12 , Gx,y =277/ax’y. (8)

where the plasmon wave vector is

—

Here, K, photon 1S the additional wave vector (momentum) that is added to the plasmon from the photon, and it isthe

component of the photon wave vector that is parale to the surface. The didectric functionsare in general complex as
mentioned above, especially for metal. One can see from equation 8 that the plasmon wave vector is made of two
components; the photon wave vector in the surface plane and the wave vector contributed due to the plasmon periodic
wave function as explained above. The addition of the periodicity has a dramatic effect on the dispersion curves and can
be understood as folding the smooth-surface dispersion curve in parallel to the axes at values of k =iG. Theresulting

dispersion curves are shown in Figure 3. The plasmon energy levels (or wavelength on the right side) are shown asa
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function of the in-plane wave vector of theincident light k,. These curves are calculated for a slver/quartz interface
with ahole-array periodicity of a=500 nm. The numbers next to the curves indicates the quantum indexes (i,j); some of
the curves are degenerate. The fact that there are energy solutions for k=0 (1.61 and 2.18 V) means that even when the
incident light is perpendicular to the surface, the interaction is still possible. When a MHA with a different distance
between the holesis analyzed, the dispersion curves will shift; the energy lowers when the hol e-distance grows, and
vice versa.

Surface Plasmon energy levels - Silver/Quartz , a=500 nm
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Figure 3 Dispersion curves for surface plasmonsin ahole-array. These curves are calculated for slver/quartz with a
hole-array with a periodicity of a=500 nm. The numbers next to the curves indicate the quantum indices (i ,j); some of
the curves are degenerate. Although not shown, the curves are symmetric around k=0.

The small-diffracted beam mentioned above, was demonstrated in the case of a single hole® surrounded by periodic
grooves on both sides of the metal sheet. A full characterization of the phenomenon is still not known. It can be
explained due to the interference of the surface plasmon field with theradiated light field that is transmitted through the
holes. This effect may be used for high-resol ution microscopy as we describe in the next section.

5. MID-FIELD MICROSCOPE

By combining a MHA with far-field collection optics we propose that a high resolution microscope that can measure
three-dimensional objects can be constructed. The principle is shown in Figure 4 and we will consider a biological
samplethat islabelled with fluorescent probes. Collimated light illuminates the meta hole-array. The MHA is designed
to have the appropriate transmission spectrum that matches the excitation spectrum of the fluorochromes that are used.
The sample has to be brought to contact to the bottom side of the MHA while mounted to a high precision 3D stage.
Assuming that the transmitted beams have a small dispersion, a small area of the sample will be illuminated with a
diameter that is approximately the hole size. If there is fluorochrome in this area, it will fluoresce and the fluorescent
signal will be collected with the far field optics (i.e. an objective lens) and relayed to a CCD. Each fluorescence spot
will be imaged on the CCD with a diffraction pattern that is due to the fluorescence intensity and with a pattern that is
the convolution of the spot size and the point spread function (PSF) of the collection optics. Aslong asthe holes are far-
enough from each other (an order of 300 nm or more), there will be avery small overlap of adjacent PSF' s and the data
can be easily interpreted. To image the whole sample, it isnecessary to scan the samplein three dimensionsin steps that
have approximately half of the hole size. Assuming a 50 nm hole, this is not difficult to do. There are technica
difficulties that have to be overcome in order to achieve the type of measurement we describe, such as the requirement
to scan the sample whileit is still in contact with the hole-array. We believe that these challenges are doable.
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Because this microscope will have an illumination mechanism that is similar to a near-field microscope but collection
optics that are far-field, we call this microscope a mid-field microscope.

Light
source

Thin film

Sample

Collection
lens

CCD

Figure 4 . Schematic description of the suggested mid-field microscope. Collimated light source impinge on ametalic
hole-array and light beams with small diffraction exit at the bottom. These beamstravel through the samplethat isin
contact with the metallic hole array. Fluorescent light is then collected with far-field optics to the CCD. Other optica
elementsthat are required such as afilter in front of the CCD are not shown. For the measurement of the full three-
dimensions of the object, the sample has to be scanned.

6. DISCUSSION AND SUMMARY

The exact 3D resolution that will result is gtill unclear. Assuming that the technical challenges are overcome, this
resolution may be better in the XY plane than along the optical axis. Thisis aresult of the fact that if the illuminated
light is not diffracted, a column of excitation light will pass through the sample. Thiswill result in a fluorescence signal
from a thick section of the sample and may therefore reduce the resolution along the optical axis. This problem and
otherswill have to be examined.

It isalso not clear what is the overall depth that can be scanned with high resolution. Thisis due to the fact that the light
beam that comes out of the hole does have some diffraction, so that beyond a certain distance it will be larger than the
far-field spot size (~200 nm) and the advantage of the method will diminish. Further there will be the problem of scatter
within the biological specimen confounding the beam diameter.

When compared to Near-field microscopy, the method has two advantages. One is speed; while a near-field microscope
scans the sample with a single probe, the mid-field microscope we suggest here has many holes (say, 100x100) and
therefore the measurement for a given area will be much faster. Another advantage will be due to the large depth-of-
field of the suggested mid-field microscope relative to approximately 20 nm in a near-field microscope. This may be
significant especially for biological samples when alot of the information isindgde (e.g. anucleus).

In summary, we have described a new type of microscope that we call a mid-field microscope. It is based on a metal
hole-array device with holes that have sub-wavel ength dimensions in combination with a precise 3D stage and far-field
collection optics. The method is based on the photon-plasmon interaction of light with a thin metdlic hole-array that is
gill not fully understood. Even though the method is chalenging, it has both potential applications in microscopy and
physical insight that has yet to be explored. We are in the process of performing preliminary measurements with the
first set of hole-arrays that we have manufactured.
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