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II

Summary

This thesis is a study of reflection-mode Scanning Near-Field Optical Mi-
croscopy (SNOM). A microscope was built for non-invasive imaging of sam-
ples, with optical resolutions better than the diffraction limit. The microscope
also incorporates a mechanism for imaging the topography of a sample with
a resolution better than 30 nm. The newly implemented shear-force system is
based on a tuning fork method and therefore does not rely on an additional
laser close to the tip apex. The design of the SNOM and of a fibre pulling
machine for producing optical fibre tips will be presented, along with results
obtained on test, calibration and transmission line samples.

The heart of the microscope is a tapered and metal-coated optical fibre
tip. This is produced by fibre pulling or chemical etching. Metal is evaporated
to form an aperture < 150 nm at the tip. Laser light is coupled into the
untapered end to create a “light source” with the dimension of the aperture
size.

The thesis includes discussion on artifacts encountered in the reflection
mode SNOM. Optical resolution down to 60 nm were observed.

The prime focus was to investigate polarisation effects in reflection-mode
SNOM. The structures investigated were coplanar transmission line type
structures. Two types of transmission line samples were designed and were
manufactured by e-beam lithography. The structures consisted of arrays of
metal lines (Au, 1 um wide) on a dielectric substrate (Si). The first structure
had the same gap width (250 nm) between all the lines, representing one

impedance value. The second part consisted of lines with varying gap width
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(200nm-1000nm) representing different impedance values.

Imaging the samples with TM- and TE-polarisation shows a contrast reversal
for both samples, explained as a preference of light to exit the tip depending
on the structure and the polarisation. When the light is TE-polarised it is
more likely to exit the tip compared to TM-polarised light. When imaging
the sample with different impedance values a change in the intensity of the
maximum in the gap can be observed when imaging with TE-polarised light.
This was in line with approximations based on optical impedance matching.
When the impedance values of the fibre tip, modeled as circular waveguides,
and the transmission lines, coplanar striplines or waveguides, match a max-
imum energy transfer occurs. This was also observed by us in the near-field

experiments and can therefore be used as a suitable explanation.
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Chapter 1

Introduction to Scanning

Near-Field Optical Microscopy

This chapter gives an introduction to Scanning Near-Field Optical Mi-
croscopy (SNOM). It will first give a historic overview from the first devel-
opments to the actual instrument. This will be done in chronological order
starting in the last century with the diffraction limit, the first ideas about a
microscope with “super”-resolution and finishing off with the final develop-
ments needed to actually build such an instrument. The second part of this
chapter will then outline the different available configurations for SNOM.
The third part of the chapter will give references to theoretical papers. At
the end of this chapter an introduction to impedance matching experiments

performed before will be given.
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Ideal Point Source Ideal Point Source as seen
in Microscope due to Diffraction

Figure 1.1: This image shows how a point source would be imaged by a

microscope with diffraction.

1.1 Diffraction Limit

At the end of the last century it was clear that there is a limit to the resolution
achievable with optical microscopes. This limited the ability of an optical
microscope to resolve objects with dimensions < 250 — 300 nm, depending
on the illumination wavelength. E. Abbe had developed a theory to explain
the image formation in the microscope [1], which showed that the resolution
limitation was due to diffraction. The result of his analysis was that two
objects separated by a distance d, when observed with incoherent light of

wavelength A and using a lens with numerical aperture N A are not resolved

when d < 28LA Whether the two objects are resolved or not is defined by
the so-called “Rayleigh Criterion” [2,3]. The basis for this is that whenever a
point source is imaged using a lens system, the image of the point will have
a finite extent due to diffraction. This is demonstrated in figure 1.1.

The Rayleigh Criterion states that two of such point sources are just
resolved when, in the image plane, the first minimum of one coincides with
the principal maximum of the other. This corresponds to a dip in the central

intensity of approximately 20%, as shown in Figure 1.2.

As an example we consider a point source which is imaged by a lens with
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Rayleigh criterion

Figure 1.2: The Rayleigh Criterion shows a 20% dip in the central intensity.

an acceptance angle # of the aperture. Fourier Optics can be used to calculate
the intensity distribution of the light through the aperture.

Considering a point source described by the emittance:

f(z) =6 (z —z0) (1.1)

This has a 1-dimensional angular spectrum described by:

flk) = /+oo 8 (x — zo) e*%dx = etk (1.2)

00
Observing this point source with a lens of aperture 26, only spatial frequencies

are accepted.

in the range [0, Kirins = ﬁ]

Therefore, the image observed is:

+Kmax . ; 2 Sin [*]
e ikxo —zkzdk I c-(z—zp)-sin 13
fay= [ et s (13)

The width of this spot is:
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A
2sin

Width = (1.4)

This shows that the “point source” has a finite dimension when imaged
with a lens system. This dimension is approximately half the wavelength of

the light used. The lens system behaves as a low-pass filter for the spatial fre-

quencies, where the cut-off frequency is ——. This behaviour of the imaging
system is the reason why the resolution is limited. This is the conventional
diffraction limit. Now the Rayleigh Criterion, as described earlier on, can be
used.

At the end of the last century it was thought that this limit is fundamen-
tal and could not be circumvented. The problem though is that Kirchhoff’s
theory, describing the diffraction of electromagnetic waves, is a scalar theory
(the same is true for Frauenhofer and Fresnel Diffraction, which are limiting
cases of Kirchhoff’s theory). This is not sufficient to probe the problem of
the diffraction limit deeper, as it is not exact (scalar theory describing the
behavior of vectorial fields).

Kirchhoft’s theory is inconsistent with Maxwell’s theory because it as-
sumes that diffracting obstacles are perfectly black (they absorb all the ra-
diation incident on them, and reflect none). Cases with finite conductivity
and dielectric constant of the diffracting obstacles have been studied (Mie
1908 [4]), but these are very complicated.

The first rigorous treatment of a diffraction problem was performed by
Sommerfeld [5] in 1896. He looked at the 2-D case of a plane wave diffracted
by an infinitely thin, perfectly conducting half-plane, and found the same

results as Fresnel and Kirchhoff. Other diffraction problems have been tackled
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since then (e.g. Rayleigh [6], Bouwkamp [7]).

Another formulation of the diffraction limit may be arrived at using the
Heisenberg uncertainty principle [8-10]. Considering the electromagnetic field
distribution at a point P (z,y, 2) inside an object to be described by fields
of propagating constant k (ky, ky, k.), with k = 227 p being the refractive
index of the material. If the uncertainty in the position of point P is Ax,
Ay, Az, and the uncertainty in the magnitude of k is Ak,, Ak,, Ak,, then

the uncertainty principle states that Az > (2-}%)‘ Therefore Az can only take

small values if k, is large. To determine the largest value k, can take, it can

be written as

ke = V1K = (ky)? — (k)? (1.5)

If k, and k, are both real, then the maximum value k£, can reach is k.
In this case the diffraction limit follows. However, if either £, or k, can take
complex values, k, can become much larger than k. In such a case Az can now
become very much smaller than % This means that there can be significant
differences in the field pattern over a very small distance. A general situation
is that k, is complex, where k, and k, are real. This may be understood with
figure 1.3. Figure 1.3 shows the field emitted by a small radiating charge dis-
tribution. It was shown, theoretically [11], that the field emitted or scattered
by an object with subwavelength sized features, contains a spectrum with a
complex propagating constant, corresponding to spatial frequencies matching
those of the features, as well as some with a real propagating constant. The

waves with real propagating constants contain information about features of

A

5 and greater, while the waves with complex propagating constants

the size
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Charge Density
Electron Currents

Near-Field Zone

Wave surfaces

B —
- L Propagating Wave

Far-Field Zone

Figure 1.3: This image shows the field distribution of a radiating charge

relate to features smaller than % The waves of complex propagation constant

are of the form

U (2,9, 2,1) = A (3, y) e keahow—ot)g(-o2) (L6)

They decay exponentially away from the surface. The higher the spatial fre-
quency (smaller objects), the greater is the decay (a). These non-propagating
waves are also called evanescent waves. They can not be detected in conven-
tional (far field) microscopy. Conventional microscopes can only detect waves
with real propagation constant (propagating waves), therefore all information
below % is lost.

An example of an object scattering light into both propagating and non-
propagating components can be seen in figure 1.4. It shows a spherical di-

electric particle with radius a, and dielectric constant e. It is irradiated by a

plane wave of the form

By == i, » T (1.7)
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with the usual time dependence ™! The electric field of the plane wave
will induce a time-harmonic electric polarisation in the particle, p, where

p=Ep (E—;—;) a®. The electric field at any point is of the form [12]:

1 g

E=[3(ﬁ-mﬁ—m(,,—3— — )e““"+k2[(ﬁxm x il

- (1.8)

where 77 is a unit vector pointing in the direction of r, the field point. This
equation describes two different regions. The one with r > ﬁ is dominated
by the % term, which represents spherical waves travelling away from the
particle. This region is the conventional “far-field” region and is characterised
by a radiation term.

i-k-r

EfkaQ[(ﬁmeﬁ]' ‘7‘

The other one where r < j\;, is also called the “near-field” region. This
is dominated by higher order terms, where the largest contribution comes
from the r% term. This term is non-radiating, and therefore represents non-

propagating waves.

Bop=[B0-7)il = 7] 5"

It can also be shown that, for both regions, the time-averaged Poynting
vector <§> = % (E % ﬁ*), where H is the magnetic field produced by the
oscillating dipole, is zero for the non-propagating waves, therefore they carry
no energy from the surface. An estimate of the ratio between the near-field
Enf (a) and the far-field Eff (a) term on the surface of the sphere can be

made by considering the field amplitudes squared.



CHAPTER 1. INTRODUCTION TO SNOM 8

Polarisation P induced in particle by E,,

scattered field
of particle

> —»

Incident plane wave

Figure 1.4: Light scattering by small particle

-

B (@]
Efs(a)

The consequence is that, for the scattering objects, as the diameter de-

4
= (k- a) (1.9)

creases below A, the near-field terms become more important than the far-
field terms. In order to detect these terms, the distance to the detector must
be < 2—’\; Therefore, assuming that the light source is a Diode Laser with
A = 635 nm, the detector must be closer than 100 nm to the surface of the
scattering object.

The relationship between the scattered and the incident field on the sur-
face is simply

Enf (a)

-

B (a) ﬁ(:i) (1.10)

which, for glass is of the order 0.35. For metals, the surface field is generally

enhanced on the surface, and for ¢ = —2, the significant field enhancement
corresponds to a surface plasmon [13].

The problem with detecting non-propagating waves is that even when it
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is possible to bring a conventional detector close enough to the surface it
would not detect the waves. They first have to be “reconverted” into propa-
gating waves. The solution here is that, as mentioned before, every scattering
object illuminated by light, produces both propagating and non-propagating
waves [11]. Similarly, if this object is brought in contact with non-propagating
waves, it will also scatter them into both propagating and non-propagating
waves. The propagating part can then be detected. This is the basis for all
SNOM techniques.

1.2 Development of SNOM

The first outline of the concept of near-field microscopy was made in 1928 by
E. H. Synge [14], who discussed an instrument similar to the modern SNOM.
His idea was to place an aperture sized ~ 10 nm at a distance of ~ 10 nm to a
sample, which has a surface roughness of ~ 10 nm. He also intended to raster
scan this aperture over the surface, in the first article with an arrangement
of differential screws and in the second paper [15] by a piezoelectric method.
The second method is the one mainly implemented in modern SNOM setups.

In 1944, Bethe published a paper on the theory of diffraction by small
holes in an infinitely thin, perfectly conducting sheet [16]. The theory de-
scribed the electric and the magnetic fields resulting by the diffraction of a
plane wave at a small hole (smaller then the wavelength). Bouwkamp showed
in 1950 [17,18] that the result was incorrect concerning the near-field part of
the calculation, due to a wrong assumption. It was correct for the far-field
power term, which was the main point of this paper. Bouwkamp gave an

approximate value for the correct field term close to the hole.



CHAPTER 1. INTRODUCTION TO SNOM 10

Then, in 1956, J. A. O’Keefe independently proposed an ultramicroscope
with a similar concept [19]. He pointed out at the end of the article, that the
“realisation of this proposal is remote” due to the positioning problems of
this aperture so close to the sample.

In 1956, Baez [20] demonstrated that it was possible to image objects (in
this case his finger) which were many times smaller than the wavelength of
the audio waves used to probe them. This was the strongest indication yet
that it was possible to use the Near-Field effect for high resolution imaging.

The first results using electromagnetic waves were obtained in 1972 by
Ash and Nichols [21]. They used microwaves with a wavelength A = 3 c¢m, to
image a metal grating with a best resolution of A/60.

After this no successful attempts were undertaken in the optical regime
until the development of Scanning Tunnelling Microscopy (STM) at the be-
ginning of the 1980’s [22]. This was due to the positioning and probe pro-
duction problems.

After the development of the STM two groups Pohl et. al. at IBM Ziirich
(Riischlikon) and Lewis et. al. at Cornell University worked on an extension
of the Near-Field effect into the optical spectrum.

The IBM group demonstrated the first optical line scan in 1982 [23],
showing subwavelength resolution of a step, no specific resolution was
claimed. They named the instrument Scanning Near-Field Optical Micro-
scope (SNOM), indicating that it was part of the Scanning Probe Family.
Independent of this work, Lewis et. al. at Cornell University were working
on a similar technique [24]. They called their system Near-Field Scanning

Optical Microscope (NSOM) putting more emphasis on the Near-Field part
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Figure 1.5: Different contrast mechanisms in SNOM. (a) absorption, (b) po-
larisation, (¢) refractive, (d) fluorescence, (e) spectroscopy and (f) reflectivity.

Figures shown here are by Betzig et. al. [26,27]

of the Instrument.

The two main problems these groups had to overcome was the production
of suitable probes and the development of a suitable feedback mechanism.
The IBM group used Al-coated tapered Quartz rods as probes, while the
Cornell group was using tapered micropipettes. The main problem of these
probes was the extreme loss of light and therefore the very small output
power (10° photons/second).

A major breakthrough came with the invention of pulled fibre probes [25].
The throughput of optical fibre probes was 10* —10° times higher than that of
the previous probes. The advantage of this was the possibility to implement
contrast mechanisms from standard optical microscopy with enough light
left to detect the desired effect. Many of them were published by Betzig et

al [26,27] and can be seen in figure 1.5.
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The metal of choice to coat the fibres is aluminium due to its small skin
depth for optical wavelengths (6 nm). The coating is applied to form a well
defined aperture at the end of the fiber tip and to minimise the emission of
stray light from the side of the probe. This requires a coating of up to 150
nm and results in an overall diameter of 0.3 gm. The much larger thickness
than the skin depth is chosen because of the island growth of aluminium on
glass. When the thickness is chosen thinner the coating is prone of pinholes.
These pinholes would act as additional apertures and therefore complicating
the interpretation of optical images. A thin coating can also result in the
excitation of surface plasmons which can then travel to the apex of the tip
and scatter there. This would effectively enlarge the aperture to the outside
diameter (including coating) of the apex. Using a metal with a skin depth of
10 nm would result in a probe size of 0.5 ym. Due to the rapid divergence
of the light from the aperture, the distance to the sample has to be kept
constant at the order of 1-30 nm between tip and sample. The tolerance for
this is of the order of 1 nm. Therefore, it is impossible to use bigger tips
on large surfaces because it is not feasible for such a probe to penetrate the
surface features.

The waveguide properties of the fibre tips depend critically on the tip
geometry and the coating. The coating is used to produce a well defined<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>