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Abstract 1

Abstract

This thesis further explores the possibilities of scanning near-field optical
microscopy (SNOM) in both materials and life sciences. Two experimental SNOM
setups were developed: one designed for infrared spectroscopy applications and the
other for the imaging of fluorescently labeled samples. The results of the experiments

that were conducted with both setups are presented and analyzed in this thesis.

Diffraction limits the resolution of lens-based microscopes to a value close to that of
the wavelength of the light that is used to illuminate the samples. SNOM instruments
overcome this limit by probing the near-field light — the light that remains within
close vicinity of the sample and decays exponentially away from it. The SNOM
concept and instrumental design are described. A comparison of SNOM with other
novel microscopies (electron, atomic force, and scanning tunneling microscopies)
outlines the main advantages of SNOM - the sole optical microscopy technique with

a nanometer resolution.

Aperture-based infrared SNOM (IR-SNOM), performed in the spectroscopic mode
using the Vanderbilt University free electron laser, recently started delivering
spatially resolved information on the distribution of chemical species and on other
laterally fluctuating properties. The IR-SNOM combines the IR spectroscopy’s
chemical specificity and the SNOM’s high optical and topographical resolutions. The
IR-SNOM experimental setup is described in detail and results from the study of
cells, boron nitride and lithium fluoride thin films are presented and analyzed. They
demonstrate the great potential of this new technique. An overview of the
development of IR-SNOM, as well as a consideration of its future possibilities are

presented.

The newly built SNOM instrument at EPFL was used for experiments that are
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complementary to the aforementioned IR-SNOM experiments. Specifically, the new
SNOM enabled the study of fluorescently marked samples. Images of fluorescently
labeled cells and carbon nanotubes are presented and analyzed. The results further

demonstrate the exciting possibilities of SNOM.



Abstract 3

Version Abrégée

Cette thése explore les possibilités de la microscopie en champ proche optique a
balayage (scanning near-field optical microscopy ou SNOM) dans la science des
matériaux et science de la vie. Deux instruments ont été développés dans le cadre de
ce travail : le SNOM combiné avec la spectroscopie infrarouge (IR-SNOM) et le
SNOM pour I’imagerie des échantillons aux marqueurs fluorescents. Les résultats
des expériences qui ont été effectuées avec ces instruments sont présentés et analysés

dans cette thése.

La résolution des microscopes classiques, basés sur I’utilisation des lentilles, est
limitée par la diffraction, et sa valeur est du méme ordre de grandeur que la longueur
d’onde de la lumiere utilisée pour illuminer I’échantillon. SNOM surmonte cette
limite en sondant la lumiére dans le champ proche de I’échantillon — la lumiére qui
ne se propage pas et dont I’intensité diminue exponentiellement avec la distance par
rapport a I’échantillon. La comparaison du SNOM avec les autres nouvelles
microscopies (microscopies électroniques, a force atomique, et a effet tunnel)
souligne les avantages principaux du SNOM - la seule microscopie optique avec une

résolution nanométrique.

Le SNOM a sonde a ouverture combiné a la lumiere infrarouge (IR-SNOM) du laser
a électrons libres de [I'université Vanderbilt (Etats-Unis) et utilisé en mode
spectroscopique, a commencé a livrer des informations sur la distribution latérale des
especes chimiques avec une résolution de I’ordre de 100 nm. Les expériences
présentées dans cette thése montrent le grand potentiel de cette nouvelle technique.
Des échantillons comprenant des couches minces de nitrure de bore et de fluorure de
lithium, ainsi que des cellules biologiques, ont été étudiés, et les résultats sont
présentés et analysés. Une revue des développements du IR-SNOM est présentée et

une vision de son essor futur est proposée.
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Un nouveau SNOM a été construit a EPFL. L’instrument a été utilisé pour des
expériences complémentaires a celles du IR-SNOM. Plus précisément, ce nouveau
SNOM a servi a I’étude des échantillons aux marqueurs fluorescents. Des images de
cellules biologiques et de nanotubes de carbone avec des marqueurs fluorescents sont
montrées et analysées. Les résultats démontrent encore une fois les grandes

possibilités de la microscopie en champ proche optique a balayage.
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1 Scanning Near-field Optical Microscopy (SNOM)

Lens-based microscopes have a diffraction-limited resolution. Scanning Near-field Optical
Microscopy instruments overcome this limit by probing the near-field light. A comparison of
SNOM with other novel microscopies (electron, atomic force, and scanning tunneling
microscopies) outlines the main advantages of SNOM - the sole optical microscopy
technique with a nanometer resolution. Apertureless and aperture-based SNOM designs are
debated, the latter being chosen for the experiments reported in this thesis because of its
compatibility with fluorescence studies. The basics of the SNOM instrument design and
mechanism, the light transmission through a sub-wavelength aperture and the importance of

the probe shape, are discussed in detail.

1.1 Why SNOM?

An average human eye can see details as small as 0.07 mm in size. The ability to see
the smaller details of matter is directly correlated with the development of science

and our understanding of nature. Today’s science needs eyes for the nano-world.
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There is a great need, in fields such as biology, medical sciences and
microelectronics, to determine shape, size, chemical composition, molecular
structure and dynamic properties of nano-structures. To do this, microscopes with
high spatial, spectral and temporal resolutions are required. Conventional, lens-based
microscopes have the spatial resolution limited by diffraction. SNOM is a new step
in the evolution of microscopy because its resolution is not subject to the diffraction
limitation. SNOM offers up to 30 times better resolution” than conventional
microscopy. It is the only optical microscopy method that can produce images with

such a resolution.

1.1.1 Short History of Microscopy

The history of microscopy starts with the invention of lenses. Lenses are the base
element of conventional microscopes. Lenses are pieces of transparent material (such
as glass) that have two opposite surfaces curved (like a lentil, for example). There are
reports of lenses having been used in ancient civilizations in China and
Mesopotamia, but it is unclear whether they were used as jewelry or as optical
instruments. The first written document describing the optical properties of lenses
was authored by R. Bacon in 1267. There were several attempts to use lenses to
make a microscope. It is A. Leeuwenhoeck who is most often acknowledged as the
inventor of the microscope. In the 17" century he made a very simple instrument
based on a single glass lens, which enabled him to discover bacteria, sperm cells and
blood cells. Skilled at grinding lenses, he was able to build microscopes that
magnified over 200 times. His contemporaries R. Hooke in England and J.
Swammerdam in the Netherlands started building compound microscopes (i.e.
microscopes using two or more lenses). These are conceptually similar to
microscopes used today. The development of conventional microscopes continues

today: attempts to perfect the shape of lenses, to build sophisticated combinations of

“ Our experimental results, obtained with SNOM in combination with infrared light illumination;
results, some of which are presented in chapter 2.


http://www.ucmp.berkeley.edu/bacteria/bacteria.html
http://www.ucmp.berkeley.edu/history/hooke.html
http://www.ucmp.berkeley.edu/history/images/hookemicro.gif
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illumination and collection lenses, and the use of immersion objectives and confocal
microscopes are just a few examples of the efforts to improve conventional

mIicroscopes.

1.1.2 The Resolution Limit of Lens-based Microscopes

The lateral resolution of an optical microscope is defined as the shortest distance
between two points in an image of a specimen that can still be distinguished as
separate entities. Some ambiguity in the use of the term “resolution” results from the
variability in defining the distance that is sufficient to allow features to be
distinguished as two objects rather than one. To define this distance, the so-called
Rayleigh criterion is generally applied. The criterion states that two points are
resolved in an image when the first minimum of the Airy (diffraction) pattern of one
point is aligned with the central maximum of the diffraction pattern of the other

point.

In the 1870s, German physicist Ernst Abbe worked for the Karl Zeiss company. His
work is an early example of commercially funded research and development. At that
time, microscopes were produced in an empirical way and their operational
mechanism was not fully understood. Abbe’s aim was to establish serious scientific
bases for the construction of microscopes. He demonstrated [1, 2], as would Lord
Rayleigh shortly after him [3], that, due to the diffraction, lens-based microscopes
are limited in their lateral resolution to:

A
nsin @

D =0.61 (1.1)

In this equation, D is the shortest distance between two points on a specimen that can
still be distinguished as separate entities, 4 is the wavelength of the light producing
the image, n the refractive index of the medium separating the specimen and the
objective lens, and @ the aperture half-angle of the optical system. In practice, this
means that the resolution achievable with the best (the most expensive) conventional
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Figure 1-1: Optical image formation: field distribution at z due to the field at z=0.

microscopes is around 300 nm. This is a very frustrating limitation for the present-
day science that tries to understand the nano-world. The most popular present-day
research topic (nano-science) coincides with the resolution limit of conventional

microscopy.

This limit, as well as the way to overcome it, can be understood using an analysis

based on Fourier optics [4-8]. Consider an object in a plane (X, y, 0) (see figure 1-1).

Consider a plane wave E incident on a transverse plane (x, y, 0) propagating in the
positive z direction. The 2-dimensional Fourier transform of the electric field in the

plane of the object (x, y, 0) is:

E(f,. f,) = [ [E(x y,0e " M dxdy (1.2)

In this equation fy and f, are spatial frequencies of the plane structures, which can

generally take any value between 0 and«. Thus, E(x, y,0) can be written as the

inverse Fourier transform of its frequency spectrum:

E(x,y.0) = [ [E(f,, f,)e™ " 5df df, (1.3)

—00—00
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The field at the object can therefore be regarded as a superposition of plane waves
propagating in  the  direction  determined by the  wave-vector:

k = (k. k, . k) =(a, B, 7)27”, with the direction cosines:

a:ﬂfx,,b’:/lfy,yzwll—az—ﬁz (1.4
Similarly to equation 1.3, the electric field for z>0 is given by:

E(x,y,2) = [ [E(f,, f,,2)e™ " "df df, (1.5)

—00—00

In homogeneous, isotropic and linear media the E field has to satisfy the Helmholtz

equationVZE +k2E =0. Direct application of this requirement to equation 1.5 leads

to the following solution:
— — 27z i—fxz—fyz
E(f,, f,,2)=E(f,,f)e ' (1.6)

In this equation, k =27/ A is the magnitude of the wave-vector k of the propagating
wave. The combination of equations 1.6 and 1.5 gives the value of the electric field

for z>0:

- +oodo_ | 27i(fx+f,y+z iszxszyz)
E(x,y,2)= [ [E(f,. 1,)e "G df, df, (L.7)

—00—00

Two cases can be distinguished:

X

1 . .. . .
1)  f,°+ f,> < the argument of the exponential function in equation 1.6 is
A

imaginary, corresponding to a wave that propagates in the z direction towards

the observation plane.

@ fl+fr >/1—12: the equation 1.6 can be rewritten as:

X y
2,02 1
— — —2m 1241,

E(f,, f,,2)=E(f,f)e \ 7 (1.8)
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The argument of the exponential function in the equation 1.8 is real. As a
consequence, the amplitude of the wave decreases exponentially in the z

direction.

For low spatial frequencies, the waves propagate in the z direction towards the
observation plane. These components are the far-field components of the angular
frequency spectrum. The high spatial frequency components are only present near
the sample and decay exponentially in the z direction. The region near the sample

that contains the high spatial frequency components is called the near-field zone.

In conventional optical microscopy, lenses with a limited numerical aperture (NA =n
sing) are placed in the far-field. Consequently, only waves propagating with their k-
vector within the NA will reach the detector, which means that they fulfill the

following condition:
sin(z,k) < NA (1.9)
By combining 1.4 and 1.9 we obtain the following equation:
o + 2 < NA? = £ 21,2 < (NAIA = JAX® + Ay < A/ NA (1.10)

This means that only spatial frequencies (fy, fy) smaller than NA/A are detected,

corresponding to lateral distances Ax and Ay in the plane (x, y, 0) larger than //NA. As

a result, the maximum achievable resolution in the image plane is limited to A/NA;
this corresponds to the diffraction limit defined by Abbe [2]. Rayleigh also took into
account a minimum contrast needed for the human eye to distinguish two features in
an image. He defined the resolution limit as the distance between two points for
which the first intensity maximum of the Airy (diffraction) pattern of the first point
coincides with the first intensity minimum of the Airy pattern of the second point.
The Rayleigh criterion corresponds to a contrast value of 26.4 percent. This has led
to the generally quoted resolution limit of lens-based microscopes given by the
equation 1.1 [3, 4].
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Equation 1.8 reveals that waves containing the high spatial frequency information of
the object do not propagate but decay exponentially away from the object. SNOM
allows the detection of these non-propagating evanescent waves in the near-field
zone, thus giving the high spatial frequency information about the object. To detect
the evanescent light, a probe is brought into the near-field zone, close to the sample.
It either detects the near-field light directly, or converts (by scattering) the
evanescent waves into propagating waves so that these may be detected in the far-
field. The probe is either a waveguide with a sub-wavelength-sized aperture or a

nanometer-size scatter source.

1.1.3 New Microscopy Concepts and Techniques

Several new microscopy techniques were developed in the last century to overcome
the resolution limit of conventional microscopes. The most successful are electron
microscopy (Scanning Electron Microscope (SEM) and Transmission Electron
Microscope (TEM)) and Scanning Probe Microscopy (SPM), which includes SNOM,
Scanning Tunneling Microscope (STM) and Atomic Force Microscope (AFM).

There is an important conceptual difference between the electron microscopy and the
SPM: electron microscopes work in a manner very similar to that of conventional
microscopes. In electron microscopes, electrons play the same role photons play in
conventional microscopy. They are focused and/or collected by magnetic or
electrostatic lenses. Magnetic and electrostatic lenses have the same focusing effect
with the electrons as the glass lenses have with the photons. Since electron
microscopes use lenses, they are also subject to the diffraction limit: their resolution
is defined by the same expression that is used to define the resolution of conventional
microscopes (equation 1.1). The high resolution they achieve is due to the short

relativistic wavelengths of the electrons.
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SPM represents a real conceptual revolution in the way of observing an object:
instead of putting a detector far from the sample and using the propagation of the
physical quantity (photons, electrons, ions) to transfer information from the sample
to the detector, the detector is set very close to the sample, in a so-called near-field
zone. Here the notion of propagation becomes meaningless. Conventional
microscopes use lenses to form magnified images of samples. SPM instruments do
not use lenses; they operate with a very sharp probe that scans the sample, collecting
signal point by point. The signal from each of these points becomes one pixel of the

final image.

1.1.4 SNOM vs. Other Microscopy Techniques

There is a great need to determine shape, size, chemical composition, molecular
structure and dynamic properties of nano-structures. To do this, microscopes with
high spatial, spectral and temporal resolutions are required.

There are several microscopy techniques that have achieved technological maturity
and are commercially available, widely used, and well understood by a larger
scientific community. Conventional lens-based microscopy, SEM, TEM, AFM and
STM are the best examples. The classical, lens-based optical microscope has a very
good spectral and temporal resolution, but its spatial resolution is limited to more
than half of the illumination wavelength (i.e. from 0.3 to 0.5 micrometers for visible
light). Electron microscopes, STM and AFM easily achieve 10 nm or more in spatial
resolution, but they perform poorly with respect to spectral and dynamic properties.
Moreover, SEM, TEM and STM have to be operated in a vacuum and often require

an extensive sample preparation, which limits their application in life sciences.

SNOM, on the other hand, is an optical microscopy technique. None of the other
novel microscopy techniques is capable of gathering optical information (AFM, for

example, allows sensing the shape of the sample, but not seeing it). SNOM produces
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Figure 1-2: Humoristic comparison of SNOM with other scanning probe microscopy
techniques, namely the Scanning Tunneling Microscopy (STM) and the Atomic
Force Microscopy (AFM).

images with resolutions well beyond the diffraction limit. It allows the user to
conduct spectroscopic studies with a lateral resolution reaching well into the sub-100
nm regime. It is a non-destructive and relatively inexpensive technique that does not

require any particular sample preparation.

Yet, there are only a few companies that make commercially available SNOM
instruments. This is not due to the novelty of the technique: SNOM was invented
before the AFM. The complexity of the SNOM instrument makes it difficult to build

one that would be easy to use for a non-expert.

In summary, SNOM offers a considerable advantage over other novel microscopy
techniques because it is an optical technique with a resolution of a scanning probe
microscopy. “Optical” means that SNOM can exploit the same contrast mechanisms
that are used by the human eye. SNOM can be used in combination wih
spectroscopic methods as well as with all the techniques that were extensively
developed for conventional microscopy, such as fluorescence labeling. SNOM is no
longer an exotic method: it has matured into a valuable tool, ready to be applied to a

large variety of problems in physics, chemistry and biology.
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1.2 Historical Development of SNOM

The first to come up with the SNOM concept was Irish scientist E. Synge in 1928
[9]. He described an experimental scheme that would allow the optical resolution to
extend into the nanometer regime without the use of lenses. He suggested the use of
a strong light source behind a thin, opaque, metal film with a 100 nm diameter hole
in it as a very small light source. He recommended that the aperture in the metal film
be no further away from the sample than the aperture diameter (i.e. less than 100
nm). Images were to be recorded point by point by detecting the light transmitted
through the sample by a sensitive photo-detector. The signal recorded at each point
would be just one pixel of the final image. In 1932 he even proposed a way to scan
the aperture at a few nanometers from the surface with great precision using piezo-
electric actuators [10]. The proposed method is the main method used today in all
scanning probe microscopy instruments. Unfortunately, Synge never turned his ideas
into reality. His work was completely forgotten until uncovered by historian D.
McMullan in the 1990s [11], well after the first SNOM instrument had appeared.

In 1956, J. O’Keefe described an experimental approach similar to that of Synge. In a
short letter he presented a general idea on how to extend the optical microscopy
resolution [12]. However, he did not propose any practical solutions on how to make
such an instrument, unlike Synge whose work was much more elaborate. Yet, since
Synge’s ideas were forgotten, O’Keefe was often cited as the inventor of the SNOM

concept.

Although Synge and O’Keefe developed the concept of SNOM, the first
experimental demonstration of the validity of the concept had to wait until the 1970s.
In 1972, Ash and Nichols described a microwave experiment that yielded scans
widely cited as the first demonstration of near-field sub-wavelength imaging [13].
They imaged 0.5 mm wide lines of aluminum deposited on glass slides using
electromagnetic radiation with a 3 cm wavelength. They achieved the resolution of

2160 using microwaves and thus demonstrated that the SNOM concept is valid.
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Another important step in the development of a practical SNOM instrument was the
invention of a scanning tunneling microscope (STM) in IBM labs in Zurich in 1981.
To manipulate the probe with a sub-nanometer precision the inventors G. Binning
and H. Rohrer used a scanner made of piezo-electric ceramic elements. Thus, in
1984, the nanometer-scale positioning technology became available, and an optical
microscope similar to Synge’s proposed and forgotten scheme was re-invented by
two separate groups: D. W. Pohl and his colleagues in the IBM labs in Zurich,
Switzerland [14], and A. Lewis and his co-workers at Cornell University [15]. The
Pohl and Lewis teams made the first SNOM instruments that worked with visible
light (while Ash’s and Nichols’s demonstration was done with microwaves). This
established a clear link between SNOM and conventional microscopy. The Zurich
researchers called their microscope SNOM and those from Cornell called it NSOM.
The two names are still in use today, which is often a cause for confusion because
they both designate the exact same instrument. NSOM is mostly used by the North

American scientific community and SNOM by the European one.

1.3 Aperture-based vs. Apertureless SNOM

Earlier in this chapter, equation 1.7 revealed that light waves containing the sample
high spatial frequency information do not propagate and that their intensity decays
exponentially as a function of the distance from the sample surface. These waves
remain in the so-called near-field (less than one wavelength from the sample) and are
called non-propagating or evanescent waves. There are two methods that allow the
detection of these non-propagating waves, resulting in two distinct SNOM

instrument designs: apertureless SNOM and aperture-based SNOM.

In apertureless SNOM [16, 17], the probe is a nanometer-size metal tip that is used as
a scatter source. It is brought close to the sample (usually less than 10 nm from the

surface) where it converts the evanescent waves into propagating waves by
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scattering. These propagating waves, which originate in the near-field, are detected
in the far-field.

In aperture SNOM the probe is a waveguide with a tapered tip that ends with a very
small, sub-wavelength size aperture. The aperture is brought into the near-field zone
(0-10 nm from the surface of the sample) where it collects the evanescent light and

guides it through the waveguide to the detector.

Resolution-wise, the apertureless technique is better. It typically renders a resolution
of around 10 nm. ldeally, apertureless SNOM uses an atomically sharp metallic
probe (a probe tapered so sharply that its tip ends with a single atom), very similar to
the STM or AFM probe. The probe scans the sample. During the scanning, the
distance between the probe tip and the sample surface remains constant and very
small (0-10 nm). The sample is illuminated from the far-field, for example by
focusing a laser spot on the scanned zone around the probe’s tip. The metallic probe
further enhances the illumination field in an antenna-like manner or by surface
plasmon field effects, and thus concentrates and amplifies the field at its tip. The
enhanced field interacts with the sample and is scattered from the near-field zone by
the tip. The detector is positioned in the far-field.

One of the main challenges in apertureless SNOM is to distinguish and take into
account the light coming from under the tip only, since there is a relatively big
surface of the sample around the tip that is also illuminated, giving rise to a strong
background signal. One way to overcome this problem is to introduce a modulation
of the tip/sample distance and to only take into account the signal that is modulated

with the same frequency.

The success of the apertureless SNOM is due to the fact that present-day technology
can produce atomically sharp tips. This means that an apertureless SNOM can, in

principle, achieve atomic optical resolution!
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Today, a typical resolution of an apertureless SNOM is somewhere between 5 and 30
nm, while the one of an aperture-based SNOM is between 50 and 150 nm. The
limited resolution of the aperture-based SNOM is due to the fact that reducing the
aperture diameter decreases the number of photons that can pass through the
aperture. This in turn lowers the signal levels at the detector and decreases the signal-
to-noise ratio, which imposes a conflicting limit on the resolution improvement that

can be achieved by further reduction of aperture diameter.

Despite this, it is aperture-based SNOM which is presently the most widely used and
developed near-field optical technique. All of the commercial instruments currently
available use aperture probes. One of the reasons for this lies certainly in the fact that
the aperture-based SNOM was the first to be developed in the mid 80s and the first
apertureless SNOM experiments were presented later, in the mid 90s [16, 17].

There is another important advantage of the aperture-based setup that was
particularly important for the researchers conducting the experiments reported in this
thesis. Aperture is a very confined light source without any background light. This is
in contrast to apertureless SNOM, where a rather large and intense laser spot is
focused on a metallic nanometer-sized probe apex. In fluorescence SNOM
applications this leads to the photo-bleaching of the entire illuminated zone around
the tip, even before it can be scanned. In fluorescence experiments a localized
illumination is extremely important. The application of the SNOM technique to
biological problems is an essential part of this thesis, and fluorescence labeling and
imaging is presently one of the main methods used in bio-research. We made a
compromise and chose the SNOM approach that gives a slightly lower resolution,
but that enables fluorescence imaging. All the work presented in this thesis was
accomplished with an aperture-based SNOM.
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1.4 Aperture SNOM

1.4.1 Aperture SNOM Basics

In the first SNOM experiment in 1984, Pohl et al. [14] used a metal-coated quartz
tip, which was pressed against a surface to create an aperture. To create an image, the
probe was put in contact with the sample at each pixel, and retracted when moved to
the next pixel in order to avoid damaging the tip. Since this first experiment, both the
near-field probe design and the scanning process have significantly improved. In
1991, Betzig et al. [18] introduced a SNOM probe made from a single-mode optical
fiber. One end of the fiber is tapered to a tip size of approximately 50 nm. The taper
is coated with aluminum. A sub-wavelength aperture is created in the aluminum
coating at the tip of the taper (figure 1-3). Typical aperture diameters range from 30
to 150 nm. To keep the fiber in the near-field region of the sample, a distance
regulation mechanism was implemented: the shear-force control [19, 20]. This
mechanism enables keeping the aperture at a constant distance of a few nanometers

from the sample surface while scanning.

Several other aperture SNOM probe designs and scanning mechanisms are used
today. SNOM imaging can be performed, for example, with a SiO, tip integrated into
an AFM Si cantilever; the tip is coated with metal and used for contact mode
scanning [21]; bent optical fibers can be adapted for tapping mode SNOM [22]. The
most common aperture SNOM setup, however, is based on straight optical fibers and
shear-force scanning. This is also the technique that was used in this work. It is this
SNOM setup that is described here.

Figure 1-3 illustrates the typical appearance of the tapered end of the optical fiber.
The diameter of the aperture approximates the maximum resolution of the aperture
SNOM. There are two methods that enable a routine production of 50-100 nm

diameter apertures with optical fibers: the chemical etching and melting-pulling
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Figure 1-3: (a) Cross-section of the optical fiber’s tapered end; (b) Photo of the
optical fiber’s tapered end as seen with a conventional microscope.

methods. Both of these methods were used in experiments reported in this thesis and
will be described in the following chapters. The figure 1-3 (a) shows a cross-section
of the fiber tip and indicates the most common dimensions of its core, cladding and
aperture. A photo of the tapered end of a typical optical fiber used in the infrared

SNOM experiments presented in this thesis is shown in the figure 1-3 (b).

The aperture has to be brought into the near-field zone, very close to the sample, to
collect the light waves containing the high spatial frequency sample information
(equation 1.7). Because of the exponential decay of the near-field waves, the probe
has to be kept at a constant distance from the sample. Otherwise, the intensity
changes caused by different probe-sample distances will shadow the desired contrast

mechanisms (such as the absorption and reflection properties of the sample).

The aperture is scanned in a raster pattern over the surface of the sample while it
either illuminates or collects the light from the sample surface (figure 1-4). During

the scanning, the fiber tip has to be maintained at a constant distance of a few
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Figure 1-4: Basic aperture SNOM scheme. (1) Collection mode. (2) lllumination mode.

nanometers from the sample. In this way, the light is collected from (or illuminates)
only a very small surface of the sample, which is under the aperture and which has
approximately the same size as the aperture. As the aperture is scanned over the
sample, the light signal is recorded point by point, using a suitable photo-detector.
The total light intensity recorded from a certain point during scanning corresponds to
only one pixel of the final image. In all the SNOM images shown in this thesis the

lighter color corresponds to the higher intensity of the light signal.

1.4.2 Aperture SNOM Operation Modes: Collection and

[llumination

There are three main SNOM operation modes, two of which are shown in the figure
1-4: (1) Collection mode: the sample is illuminated from the far-field (not through
the fiber); this illumination gives rise to the evanescent light at the sample surface (in
the near-field); the evanescent light is converted by the aperture into propagating
waves inside the fiber, and conducted through the fiber to a suitable detector; (2)

IHlumination mode: the light is coupled into the fiber at its flat end, and conducted
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through it to the tapered end, towards the aperture. The sub-wavelength aperture
converts the propagating light into the evanescent field [23, 24]. The evanescent field
interacts with the fine structure of the sample; this interaction converts the
evanescent field into a propagating light wave, which is detected in the far-field. The
third operation mode of the aperture-based SNOM is a combination of the two modes
just mentioned. It is usually called the “illumination-collection” mode: the aperture is
used both as the light source and as the collector. This operation mode requires a
beam-splitter (for example a 2 x 2 fiber coupler) to separate the light that is directed
to the sample from the light coming back from the sample and directed to the
detector. Figure 1-4 illustrates the collection (1) and the illumination (2) modes. In
each of these modes we can perform measurements both in transmission and in
reflection. In the figure 1-4 the two combinations that were used in the experiments
reported in this thesis are shown: on the left (1), the collection mode in combination
with reflection (used in all our infrared SNOM measurements), and on the right (2),
the illumination mode in combination with transmission (used in all our fluorescence

SNOM experiments).

1.4.3 Scanning

The most important element of a SNOM instrument, besides the probe, is the
scanning system. To get a nanometer resolution with SNOM, a nanometer resolution
scanner is required. SNOM, STM and AFM use the same scanners. These scanners
are made of piezo-electric materials, usually a PZT ceramic (Pb-Zr-Ti-O). Piezo
ceramics are characterized by the fact that their dimensions change as a function of
voltage applied to them, and vice-versa. Typically, several volts applied to a piezo
ceramic scanner cause it to change a few nanometers in size. When the voltage is no
longer applied, the ceramic goes back to its initial size. The size change is
proportional to the value of the voltage applied. Thus, piezo ceramics are a perfect
material for high precision actuators and scanners. Depending on the piezoelectric

type and the scanner’s size and design, the largest area that the scanner can cover is
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usually several tens of microns.

Commercially available scanners (see

for example www.piezojena.com) can
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offer resolutions smaller than atomic
diameters. These scanners usually
contain three piezo blocs that move
the SNOM tip in the x, y and z

Dither piezo

Tapered directions.
optical fiber
conducting Sample (for example
light onto cells); Inner structures
the sample of choice can be The most common SNOM feedback
Fluorescently labeled . .
(green dots) mechanism that controls the tip-to-

sample distance is based on the so-

called shear force [25]. The shear

Vpetector

force is a short-range force and its
Figure 1-5: During the scanning, the SNOM intensity is significant only a few
fiber tip is maintained at a constant distance of

less than 10 nm from the sample (dotted line).  nanometers from the sample. The

Arrows along the line show the scanning )
direction. Dots on the line correspond to the Shear force feedback mechanism

acquisition points. works in the following way: resonant
lateral (x-y plane) oscillation of the
fiber tip is induced by applying an AC voltage to the dither piezo (see figure 1-5).
The tapered end of the optical fiber is brought closer to the sample. When the tip of
the fiber is at a few nanometers from the sample, the amplitude of the oscillation
starts to be damped by shear forces (figure 1-6). The fiber tip is fixed to the bimorph
piezo (see figure 1-5). The oscillation and bending of the fiber bends the bimorph
piezo too. The bending piezo generates an AC voltage. The amplitude of the AC
voltage is equivalent to the amplitude of the tip oscillation. Consequently, the
amplitude of the oscillation of the tip can be monitored by monitoring the AC
voltage from the bimorph piezo. This voltage is fed into a feedback loop, which than
moves the tip in the z direction (towards and from the sample) in order to have a
constant damped amplitude of the oscillation during scanning (typically, the best
results are obtained with roughly 10 % damping). The distance between the fiber tip

and the sample is kept constant by maintaining the damped amplitude of the
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oscillation constant. Finally, the Shear force intensity

fiber tip is scanned laterally by x-y

piezos, and the z piezo

%—
simultaneously moves it up and Eﬁ R laig
down in a way that maintains the g Bt
slr:stance between the aperture and § bétwaen the :arr?[flg
e sample constant throughout the g ~5 nm & the fiber tip
-
0

scanning.

The origin of the shear force is a

controversial subject: first it was Amplitude of the

£ | fiber tip oscillation
hypothesized that it is due to Van €
O
der Waals forces. Today, some ‘;
experiments indicate that it is Distance between
actually a viscous damping in a thin the sampl_e
~5 nm & the fiber tip

water layer confined between the
tip and the sample (water Figure 1-6: A typical shear force profile and its
originating from the ambient influence on the oscillation amplitude of an

optical fiber SNOM tip, shown as a function of

humidity) [26], and some indicate the distance separating the sample and the tip.

that the damping is caused by an

intermittent contact (where the tip actually knocks the sample during each of its
oscillation) [27]. In SNOM applications, the topographic resolution is usually higher
than the optical one, and seems much more limited by the size of the fiber probe then
by the shear-force scanning mechanism. In some cases, when the sample contains
regions that are physically very different (for example hydrophobic and hydrophilic
regions) one must take into account possible shear-force scanning artifacts. Since the
evanescent field decreases exponentially away from the sample surface, very small
variations of the aperture-sample distance induce strong changes in the optical signal.

Scanning artifacts also induce optical artifacts.

SNOM instruments produce two images simultaneously: the topography, similar to

that given by a non contact AFM, is acquired at the same time as the optical image
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by recording movements of the z piezo. This
additional capability of SNOM is extremely
valuable: the two separate data sets (optical and
topographical) can be compared to determine
the correlation between the physical structures
and the optical contrast.

The x-y-z scanner can either be attached to the

specimen or to the optical fiber. Figure 1-5

illustrates a setup where the scanner is attached
Figure 1-7: SNOM image of to the fiber. It is also very common to position

fluorescently labeled cells. .
Illustration of the signal acquisition: & sample on the scanner, and scan it under the

each of the white spots indicates a . . . . .
position where one pixel of the image ~ 110€r tip. In this thesis both setups were used: in

is acquired. The white line shows the

path of the fiber tip during scanning, the infrared SNOM experiments the sample

was fixed on the top of the scanner and scanned
under the fiber tip, and in the fluorescence SNOM applications it was the fiber that
was attached to the scanner and scanned over the sample. Slight variations of the
shear-force scanning system are used today. The one described here and illustrated in
figure 1-5 is the scanning setup that was used for the fluorescence SNOM

experiments discussed later in this thesis.

Figure 1-7 shows a typical scan path of a SNOM probe. The probe scans the sample
line by line, point by point. It stops at an acquisition point (x-y movement), stabilizes
its z position, the signal is recorded, and it moves to the next point. Users can choose
several parameters: the size of the zone to scan, the density of the acquisition points,
the scan velocity (the time the fiber takes to move from one point to another) are just
some of the most common parameters that can be modified by the user. Shear-force
scanning is a time-consuming technique: ideally, the fiber tip should make hundreds
of oscillations when moving from one point to the other in order to detect very small
shifts in the oscillation amplitude caused by topographic variations of the sample,
and adapt the tip position correspondingly. That is why a compromise must be made

between the scan size, the density of the acquisition points and the time for a single
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Figure 1-8: Schematized mode propagation in a SNOM probe.
Cutoff diameters were calculated for the tapered aluminum-
coated glass and the light wavelength A = 488 nm [28].

scan to be completed. To get the highest resolution, one should choose the biggest
number of points (thousands), but this would take hours with shear-force high
resolution scanning. Consequently, the SNOM images that are most commonly
found in the literature are 10 by 10 microns images with acquisition points every 25

to 50 nanometers.

1.4.4 Light Transmission through a Sub-wavelength Size Aperture

A typical light transmission of the aperture SNOM probe is very limited: only 107-
10°® of the light power coupled into the fiber is emitted by the aperture. The rest of
the light is either back-reflected or absorbed by the coating in the taper region. The
light transmission is determined by two factors: one is the taper cone angle and the
other is the size of the aperture. Influence of the taper angle on the light throughput
can be extrapolated from calculations presented in [28]: the efficiency of guiding
light to the aperture is determined by the distribution of propagating modes in the
tapered waveguide (even in single mode fibers, when the guiding core gets thinner in
the taper, the guided mode spreads). The mode structure in a metallic waveguide is a

function of the core (glass) diameter. This model shows that one mode after the other
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Figure 1-9: Topographic artifacts are induced when using SNOM probes with a bigger taper
cone angle. Since the evanescent field detected by SNOM decreases exponentially away from
the sample surface, these topographic artifacts also induce strong optical artifacts.

runs into cutoff when the core diameter gradually decreases. When the diameter of
the glass becomes smaller than A/2, only the HE;; mode still propagates (figure 1.8).
Another cutoff occurs when the diameter becomes smaller than A/3. Below this limit
the HE1; mode becomes an evanescent wave. This means that the mode field decays
exponentially [28, 29]. The amount of light that reaches the probe aperture depends
on the distance separating the aperture and the A/3 diameter section of the taper. This
distance is smaller in tapers with larger cone angles (figure 1-8 on the left) than in

those with smaller cone angles (figure 1-8 on the right).

The transmission coefficient of a sub-wavelength aperture in an infinitely thin and
perfectly conducting screen has been calculated rigorously in [23] and [24]. This
calculation predicts that the transmission coefficient is proportional to d*/\*, where d

is the diameter of the aperture:

Toc d\* (1.11)

Transmission data were calculated for a realistic tip structure in [29] and extrapolated
from [29] for different aperture diameters in [30] (calculations were done for the
glass core with the aluminum cladding and the light wavelength A = 488 nm). For a

full taper cone angle of about 30° and a 100 nm aperture diameter, a transmission of
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around 107 is expected. For a taper angle of about 42° the transmission values are
around 107, These values are in accordance with experimental results [31].

Working with very small apertures (< 40 nm diameter) is often impossible because
the transmission coefficient decreases dramatically with decreasing aperture size
(d*A* law), leading to a signal-to-noise ratio that is insufficient in order to get
reliable results. This cannot be by-passed by increasing the input light power because
of the low damage threshold of the coating (10 mW). Large taper cone angles
improve the transmission greatly, but this kind of probe is only suitable for very flat

samples (figure 1-9).

The field distribution near the SNOM aperture depends strongly on the ratio d/A
(where d is the aperture diameter and A the wavelength of the illumination light) [8,
29]. Basically, when d becomes smaller than A, a part of the field that is transmitted
through the aperture still propagates into the far-field, but the rest of the transmitted
field remains strongly bound to the aperture and exponentially decreases away from
it (it acts as an evanescent field). When the aperture is much smaller than the
wavelength, the transmitted field is dominated by the evanescent components, and

the far-field power emitted by the aperture strongly decreases.

Consider an aperture in the x-y plane and a propagating field arriving at the aperture
in the positive z direction. The evanescent field E, on the exit side of the aperture

obeys the following equation:

E,=Ce * (1.12)

Where C is a constant depending on the refractive index of the medium before and
after the aperture (usually glass and air) [8]. In common aperture SNOM
experiments, this means that the light is strongly localized at the aperture. This strong
localization of the field at the aperture is responsible for the resolution that can be
achieved with SNOM [32]. SNOM is a surface selective technique: it is not the best

instrument for studies of structures that are deeply imbedded below the sample
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surface. Experimental studies performed on highly transparent samples (cells)
indicate that structures more than 150 nm bellow the sample surface have negligible

contributions to the observed signal [33].

The arguments presented in the section 1.4.4 were developed for the illumination
mode of the aperture-based SNOM, where the illumination light propagates through
the fiber and through the aperture onto the sample. However, since the Helmholtz
equation cannot distinguish up from down, these results can also be applied to the
collection mode SNOM, where the aperture collects the light from the sample
surface, couples it into the fiber and guides it to the detector.
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2 Infrared Spectroscopy SNOM experiments

Recently, aperture-based infrared SNOM, performed in the spectroscopic mode using the
Vanderbilt University free electron laser, started delivering spatially resolved information on
the distribution of chemical species and on other laterally fluctuating properties. The
practical examples presented here show the great potential of this new technique both in
materials and life sciences. The IR-SNOM experimental setup is described in detail. Samples
ranging from boron nitride and lithium fluoride thin films to cells were studied and the

results are analyzed. The chapter ends with a discussion of the infrared SNOM perspectives.

2.1 Why IR-SNOM?

The infrared (IR) part of the electromagnetic spectrum is extremely interesting for
spectroscopic investigations of matter [1, 2]. Since IR absorptions of molecular
groups are highly specific, IR spectra show the chemical content of a sample.
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Figure 2-1: IR light energies are of the same order of magnitude as energies required for
transitions to higher energy states of vibration of molecular bonds; microwaves’ energies
are equivalent to molecular-rotation energy transitions, while the visible and the UV light
energies are sufficient for electronic energy-related transitions.

Microscopy with IR is particularly interesting as it enables users to produce chemical
maps of the samples. These IR images allow one to see the spatial distribution of a
specific molecule within a sample. This has led to the development of IR
microscopes. Unfortunately, these microscopes have a very limited spatial resolution.
IR microscopy is subject to the same resolution limitation as visible light
microscopy, as defined by the equation 1.1 (Chapter 1, section 1.1.2). Equation 1.1
shows that the resolution is proportional to the wavelength of the illumination light.
Since IR wavelengths are longer than the wavelengths of the visible light, the best
resolution of commercial IR microscopes is generally of the order of 10 wm [3]! This
resolution limitation makes IR microscopes useless for present-day research hot-

topics such as the study of cells and applications in microelectronics.

It was shown in the first chapter of this thesis that the resolution of SNOM
instruments does not depend on the wavelength. The aperture-based SNOM
resolution depends only on the size (diameter) of its aperture and on the separation
between the sample and the aperture. In principle, the IR-SNOM can achieve the
same resolution as the visible light-operated SNOM. Thus, combining SNOM and
the IR would allow reducing the resolution limit from 10 wm, which is achievable
with conventional IR microscopy, to 100 nm, which is routinely achievable with the
aperture-based SNOM. This corresponds to a resolution gain of two orders of

magnitude!
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Figure 2-2: Vibration energy levels of a bond (A-B) and the related inter-atomic distance
vibration range. The bond A-B can vibrate more or less independently of the rest of the
molecule R. Vibrations can consist of stretching (illustrated by the black arrows on the left
of A and B) or bond bending (illustrated by the gray arrow above B).
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From a resolution point of view, the IR-SNOM imaging is even more exciting than
that of the visible light-operated SNOM, since the gain in resolution, when compared
with lens-based microscopy, is much higher. IR-SNOM imaging performed in a
spectroscopic way can produce nanometer-resolved chemical maps of the sample and

thus open an entire new field of research.

2.2 Infrared Spectroscopy

Infrared spectroscopy is a vibrational spectroscopy. Absorptions of the IR light
correspond to excitations of vibrational modes of chemical bonds within molecules
that compose the sample (see figures 2.1 and 2.2). The vibration energies are highly
chemically specific: a given molecule absorbs only at specific wavelengths. The
amount of light absorbed by the sample is measured while the wavelength is varied

in order to obtain an IR spectrum.

Infrared radiation refers to the part of the electromagnetic spectrum between the
visible light and microwaves. This broad region is commonly divided into three
parts: near-IR (which corresponds to the radiation with a wavelength ranging from
710 nm to 2.5 pm), mid-IR (2.5 pm < A < 25 pm) and the far-IR (25 pm < A < 1000
pm). The region of the infrared spectrum that is of the greatest interest for

spectroscopy is mid-IR, especially its wavelength range of between 2.5 and 10 pum.
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Bond | Specific | Wave-numbers (cm?Y) | The IR light from this

Type | Context (Proportional to spectral  region  excites
Vibration Frequencies) lecul ibrati -
C-H Co3-H 5800-3000 molecular  vibrations. 0
Cyp2-H 3000-3100 characterize the IR light,
Csp-H 3300 specialists usually use wave-
C-C c-C 1150-1250 numbers, in units of cm™,
c=C 1600-1670 rather than the wavelength.
Cc=C 2100-2260 ) ) )
CN CN 1030-1230 The practical relationship
C=N 1640-1690 between the light’s
C=N 2210-2260 wavelength and its wave-
C-0 C-O 1020-1275 number is: Wave-number (in
C=0 1640-1680 N .
of an amide (6.1-5.9 um) cm™) = 10000 / (& (in pm)).
C=0 1730-1740 Thus, the region between 2.5
of an ester and 10 pm wavelengths
Table 2-1: IR chemical specificity: several C bonds corresponds to wave-numbers
and the wave-numbers of the IR radiation that they
absorb. between 4000 and 1000 cm™.

Although the IR spectrum is characteristic of the entire molecule, certain groups of
atoms give rise to bands at around the same frequency regardless of the structure of
the rest of the molecule. The wavelength of absorption depends on the relative
masses of the atoms and the force constants of the bonds. There are two types of
molecular vibrations: stretching and bending (see figure 2-2). The stretching
vibration is a rhythmical movement along the bond axis that causes the inter-atomic
distance to increase and decrease. A bending vibration consists of a rhythmical
change of the bond angle. Only the vibrations that result in a rhythmical change in
the dipole moment of the molecule are excited by the IR light. The alternating
electric field, produced by the changing charge distribution that accompanies a
vibration, couples the molecule vibration with the oscillating electric field of the

electromagnetic radiation.

Since many bonds within a molecule can give rise to absorptions at their specific IR

wavelengths, even a very simple molecule can have a complex IR spectrum. No two
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molecules will give exactly the same IR spectrum. Present-day chemistry takes
advantage of this specificity. Infrared spectroscopy is one of the core spectroscopic
techniques used for obtaining chemical information from a wide range of samples.
This has led to a huge implementation of the Fourier Transform Infra-Red
spectrometers (FTIR) [4]. With FTIR, precise sample identification can usually be
accomplished in seconds. But while it enables users to detect the presence of a
specific molecule in the sample, it does not provide information on the precise
location of the molecule nor on its spatial distribution. A SNOM study of the sample
can tell us not only if the sample contains a specific molecule, but also its position
within the sample. With SNOM we get a highly resolved chemical map of the

sample.

When combined with microscopic sampling, IR spectroscopy is one of the most
potent techniques available to the modern analytical chemist, allowing samples down
to 10 wm to be chemically characterized. SNOM can further reduce this sampling

size to a nanometer regime and allow chemical imaging with a 100 nm resolution.

2.3 IR-SNOM Experimental Setup

There are two experimental conditions to satisfy in order to perform spectroscopic
IR-SNOM experiments: (1) Infrared spectroscopic measurements require a tunable,
monochromatic and intense IR source; (2) High quality IR fibers must be made and
tapered into probes (Aperture-based SNOM instruments that work with visible light
use probes made of standard telecommunications’ silica optical fibers. These fibers
exhibit strong absorptions in the mid-IR spectral region and are therefore unsuitable
for the IR-SNOM).

Establishing collaborations with experts enabled us to satisfy the two conditions and
to successfully perform spectroscopic IR-SNOM experiments with a variety of

samples.
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Time = 0 min. Time ~ 40 min.
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E:t':lrtiun Glass Probhe

Figure 2-3: IR-SNOM probe fabrication. (a) Chemical etching of arsenic-sulfide fiber using a
protective layer system. (b) SEM image of etched arsenic-sulfide taper shows its smooth
surface. (c) A SNOM aperture is created by evaporating gold on a rotating taper with an
angle of 25-30° between the fiber and the evaporator axis.

2.3.1 Infrared SNOM Probe

The fabrication of extremely high quality infrared fiber tips is a crucial technical step
in the practical realization of IR-SNOM experiments. Chalcogenide glasses and

optical fibers have a wide variety of applications because of their unique infrared



Chapter 2: Infrared SNOM Experiments 37

transmission in the 2 - 12 um wavelength region [5]. Chalcogenide glasses are based
on the chalcogen elements S, Se and Te (elements of the group 16 — old-style VIB or
VIA - in the periodic table); the addition of other elements such as Ge, As and Sbh,
leads to the formation of stable glasses. We tested several types of chalcogenide
fibers for IR-SNOM applications [7] and finally chose arsenic-selenide fibers. These
fibers are good waveguides of IR in the wavelength range 3 - 11 um [8].

Tapered IR-SNOM probes are obtained from single-mode, one meter long arsenic-
selenide fibers with a 70 wm clad thickness and a 120 wm core diameter (see figure
2-4) [7]. Several methods have been proposed on how to prepare the tapered glass for
SNOM probes. The most popular method is the adiabatic pulling of optical fibers
while melting them with a CO, laser [9]. However, this method cannot be used for
the IR fibers since they are transparent to the light emitted by CO, lasers. A
convenient method consists of etching glass fibers at the meniscus between the
etching solution and the protective over-layer (Turner method) [10]. A taper is
formed due to a decreasing meniscus height as the fiber diameter is reduced by the
etching solution. A piranha solution (7:3 ratio of H,O,:H,SO,) is used to etch, while
tetra-methyl-penta-decane forms the protective layer. One end of the fiber is put into
the solution. The etching typically takes 30 - 45 minutes, depending on the fiber
diameter, etching concentration, and temperature. A conventional microscope is used

to monitor the etching process in real time (see figure 2-3a).

An SMA adapter is fitted on the other end of the fiber using phenyl-salicylate as a
solid support. Lubricated with water, the adapter end of the fiber is polished to a
smooth clean surface using rotating aluminum oxide discs. The final polish is done
with a 0.3 wm disc. This end of the fiber is interfaced with the detector during

experiments.

The etched tips are coated with gold using a Varian thermal deposition system at a
pressure of 10 Torr. The tips are held at a 25°-30° angle above the evaporation

point source to create an aperture (see figure 2-3c). In this way the very end of the tip
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Is not exposed to the gold gas
flux. Tips are rotated during

deposition to achieve a uniform

Gold Coating

gold coating. The thickness of
the coating is 100-125 nm [7].
A well-known problem of

etched tips is a rough glass
surface [11]. This roughness is

responsible for pinholes in the

subsequently applied metal

Figure 2-4: Chalcogenide optical fibers are good mid-  coating. SEM images of our
IR waveguides. Right: section of a fiber tip ready for ]
IR-SNOM use. Left: photo of an actual fiber tip we tips show a smooth probe
used in our experiments. . .
surface, without any holes in
the coating that could lead to a
light transmission elsewhere than through the aperture (figure 2-3b). A ready-for-use

chalcogenide fiber probe is shown in figure 2-4.

The main part of the work on IR-SNOM probes was done by our collaborators from
the Naval Research Laboratory in Washington, DC (J. S. Sanghera, et al.). Today,

chalcogenide optical fibers are also commercially available [12].

2.3.2 Monochromatic, Tunable and Intense Infrared Source

Another key technical problem in spectroscopic IR-SNOM is the need for the IR
source to be monochromatic and tunable over a broad range of wavelengths.
Equation 1.11 in the first chapter shows that the transmission coefficient of the
SNOM aperture is proportional to d*/A*, where d is the diameter of the aperture and A
the wavelength of the light. Thus, the IR sub-wavelength aperture transmission is
even more limited than the aperture transmission of the visible light. Hence, IR-

SNOM also requires an intense IR source to offset the limited transmission.



Chapter 2: Infrared SNOM Experiments 39

Electron Accelerator

e 4

Total Reflector( Electron Beam
(IR Mirror) % IR Beam

Figure 2-5: Simplified scheme of a free electron laser (FEL).

A free electron laser (FEL) was first conceived by John Madey in his Stanford PhD
dissertation in 1970. The Vanderbilt University FEL, a mid-IR source used for
medical and materials science research, became operational in 1992 [13]. A free
electron laser consists of an electron beam source/accelerator, a periodic transverse
magnetic field (a wiggler magnet), and an optical resonator (composed of one total
reflection and one partial-reflection mirror). The wiggler magnets impose a
transverse acceleration on the electrons (the zigzag movement of the electron beam is
shown in figure 2-5), resulting in the generation and amplification of light, which co-
propagates with the electron beam through the wiggler. As in a conventional laser,
the resonator mirrors provide feedback around amplifying medium and build up the
stored radiation. The wavelength of the laser output can be tuned by adjusting the
electron energy and/or the wiggler magnetic field strength (for example, by changing

the distance between the upper and the lower magnet array in the wiggler). [14]

The Vanderbilt University Free Electron Laser (VU FEL) is continuously tunable
over a broad wavelength range (2.1 — 9.8 um), and it is intense (average power of up

to 11 W) and stable [13] - therefore ideal for spectroscopic IR-SNOM applications.



NN
o

Chapter 2: Infrared SNOM Experiments

4 (a) -4 (b)
5 = : .
5_6, 8 3-6 microns wide
= _43“ > — 3IMms —n
c 2
o O
E E
1 1 S —— ..

59 6 6.1 :
Wavelength (microns) Time

Figure 2-6: FEL pulse structure. (a) The FEL IR is not perfectly monochromatic. Its spectral
width is about 1% FWHM. When the FEL is tuned to 6 um wavelength, the emitted IR
actually consists of a narrow distribution of wavelengths centered at 6 um. (b) The FEL IR
beam is composed of pulses. The pulse frequency is 30 Hz and its temporal width is 3-6
microseconds.

The VU FEL IR beam is pulsed at 30 Hz, and the IR pulse width is 3-6
microseconds, depending on the wavelength and the "tune" (figure 2-6 b). The
spectral width is about 1% FWHM (full width at half maximum): when the FEL is
tuned to 6 um wavelength, the pulses are actually composed of a narrow distribution
of wavelengths centered at 6 um (figure 2-6 a). The pulse energy stability of the FEL
is fairly good, but not as good as the best lasers. This was taken into account in the
experiments by normalizing all the results to a picked off reference. Typical energy
per macro-pulse stability is about 10% FWHM. Four dielectric coated mirrors are
used to cover the entire wavelength range. Their nominal ranges are: 6 - 9 um, 4 - 6
pum, 2.8 - 4.2 umand 2 - 3 um.

2.3.3 Experimental Scheme

Figure 2-7 shows the experimental scheme used in the IR-SNOM experiments. Our
experiments are performed in the external reflection collection mode. In this mode,
an FEL IR beam is aimed at the sample from the far-field using mirrors. The FEL
beam homogeneously illuminates the sample over a broad area (~1 mm spot

diameter). The maximal scan size of the SNOM instrument is 30x30 pum — very
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Figure 2-7: General experimental IR-SNOM scheme.

small when compared with the illuminated area. The maximal z motion of the

scanner is 8 um.

The distance between the SNOM fiber’s aperture and the sample is a few nanometers
during scanning, and the near-field signal varies exponentially as a function of this
distance. Therefore, very small mechanical or acoustical perturbations can induce
significant noise in the detected signal. To insulate the SNOM instrument from such

perturbations the setup is fixed on an air cushion honeycomb table.

2.3.4 SNOM Instrument

Figure 2-8 shows a cross-section of the SNOM instrument made in the ISM-CNR
laboratory in Rome, Italy, by our collaborators A. Cricenti et al. [15]. The case of the
microscope consists of two cylindrical stainless steal pieces (100 mm diameter). The
lower piece is attached to the table and contains the x-y and z piezo scanners. The
SNOM fiber probe is fixed to the upper piece. The two pieces are connected on one

side with a pivot (see figure 2-7). The microscope can be opened to place samples or
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to replace a fiber by rotating the upper part upwards around the pivot. The approach
screw (figure 2-8), which is across from the pivot on the other side of the cylinder,
regulates the distance between the fiber and the sample (when screwed in, the fiber is
approached to the sample, and vice versa). The sample is placed on the sample
holder, on the top of the scanner, and scanned under the fiber aperture. The system
can accommodate samples several centimeters large and several millimeters thick.
The approach-screw/pivot system ensures rigidness and compactness of the system,
both of which are important for SNOM instruments as they lower mechanical

vibration noise levels.

The scanner consists of a piezo-electric tube [16]. Piezoelectric tubes are common
scanners for the AFM, STM and SNOM. The x-y tube is divided into four parts (in
figure 2-8, they are called x+, x-, y+ and y-). When a voltage -V, for example, is
applied to the x- part of the tube, and +V to the x+ part, the x- part gets shorter and
the x+ part gets longer: the tube bends and moves the sample under the fiber tip
along the x axis (in the x- direction in this case). A V value of a few volts corresponds

to a movement of a few nanometers.

The tapered chalcogenide fiber is glued to the bimorph piezo using phenyl-salicylate.
Phenyl-salicylate is a solid crystal at room temperature, but has a melting point at
only 41.5°C. A soldering iron held at a distance of a few millimeters is sufficient to
liquefy it. It typically cools down and solidifies again in a few minutes. This allows
an easy and quick fastening and replacement of fibers.

Since the maximal x-y piezo scanner range is 30x30 um, there are also two motors
that can move samples £4 mm in the x-y plane (“x motor” and *“y motor” in the
figure 2-7). The motors have a minimal step of less than 1 pm. For smaller
movements of the sample, the piezo scanner can be used (users are free to fix the

start point of the scan within the 30 um range).
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Figure 2-8: IR-SNOM module. Sample is placed on the piezo-ceramic tube scanner
and illuminated from the far-field by an IR beam. It is scanned under the aperture at
the tip of the chalcogenide fiber that collects near-field light and guides it to an IR
detector.

2.3.5 Electronics

The lower right corner of figure 2-7 shows the “electronics” unit. This unit is divided

into four subunits:

(1) “PID - z out / x, y out” contains voltage generators that can apply voltages
ranging from -200 V to +200 V to the x and y piezos, and from -500 V to +500 V to

the z piezo.

(2) “AC oscillator” is an AC voltage source connected to the Dither piezo. An AC

voltage is applied at a frequency that excites a resonant vibration of the probe
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(around 5 KHz for this setup), which induces a lateral (x-y plane) oscillation of the
fiber. The amplitude of the oscillation is usually less than 10 nm, a value we can fix
by adjusting the amplitude of the AC voltage. When the fiber’s tip is a few
nanometers from the sample, the amplitude of the oscillation starts to be damped by
shear forces. Oscillation and bending of the fiber bends the “bimorph” piezo. The
bending induces an AC voltage in the bimorph, the amplitude of which is equivalent

to the tip oscillation amplitude.

(3) “AC/DC converter” converts this amplitude into an equivalent DC voltage. This
voltage is fed into a feedback loop where a PID (proportional integral derivative
controller) compares it with the selected reference DC value. The PID is a standard
feedback loop component used in control applications. It measures the "output” of a
process (the bimorph DC voltage) and controls the "input” (the value of the voltage
applied to the z piezo), with the purpose of maintaining the output at a target value
(the reference DC). If the bimorph DC voltage is smaller than the reference DC
voltage, the feedback loop decreases the voltage that is applied to the z piezo, and
vice versa. In this way the tip moves in the z direction (towards and from the
sample), always maintaining the damped amplitude of the oscillation constant during
scanning (typically around 90 % of the initial free oscillation un-damped amplitude
value; the value chosen for the reference DC voltage determines the damping value).
The sample is scanned laterally by the x-y piezos, and the z piezo simultaneously
moves it up and down following the shape of the sample. SNOM produces two
images: the topography is acquired simultaneously with the optical image as the
values of the voltage applied to the z piezo are recorded. For a detailed description of
the (1), (2), and (3) parts of the electronics unit see [17].

(4) “Lock-in amplifier” filters the signal that arrives from the IR detector and
removes eventual optical noise. For the IR-SNOM experiments we filtered the signal
with a gated box-car averager [18] instead of a lock-in amplifier. Gated boxcar
averagers are designed to recover fast, repetitive, analog signals. The gate opening
and its width (2 ns to 15 ps) are precisely adjusted to coincide with the FEL pulses.

A gated integrator amplifies and integrates the signal that is present during the time
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will improve the signal-to- Figure 2-9: Detectivity as a function of wavelength for
a number of different photodetectors operating in the
infrared. The temperature of operation is indicated.
Photovoltaic detectors are denoted PV;
photoconductive detectors are denoted PC [20].

noise ratio by a factor of VN .

2.3.6 IR Detector

Figure 2-10 shows the detectivity” as a function of wavelength for the common IR
detectors. We used a mercury cadmium telluride (HgCdTe) detector [19]. Its
detectivity as a function of the wavelength is represented by the red line in figure 2-
10. We chose this detector for its high performance over the whole FEL wavelength
range. Its operating wavelength ranges from 2 to 15 pum. It is a photoconductive
detector. The detector is cooled and operates at the liquid nitrogen temperature in
order to reduce the internal noise. It has a 2 square millimeters active area, its typical

responsivity is superior to 100 V/W, and its time constant is 0.3 us.

“ The detectivity gives a measure of the intrinsic quality of the detector material. It is defined as the
square root of the detector area per unit value of the optical power that produces a signal voltage (or
current) equal to the noise voltage (or current) of the detector.
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Figure 2-10: Common boron nitride crystal structures.

2.4 IR-SNOM Imaging of Boron Nitride Films

2.4.1 Boron Nitride (BN)

Boron nitride is a binary chemical compound, consisting of equal proportions of
boron and nitrogen. Boron and nitrogen are neighbors of carbon in the periodic table:
in combination boron and nitrogen have the same number of outer shell electrons as
carbon, and their atomic radii are similar to that of carbon. It is not surprising,
therefore, that boron nitride and carbon exhibit similarity in their crystal structure
and properties. In the same way that carbon exists as graphite and diamond, boron

nitride can be synthesized in hexagonal and cubic forms.

Cubic boron nitride (c-BN) has the same crystal structure as diamond. Its properties
mirror those of diamond: extreme hardness (c-BN is the second hardest material after
diamond), excellent chemical inertness, thermal stability and a wide band gap
characterize c-BN. Unlike diamond, BN does not occur in nature and it has to be
synthesized in a laboratory. Cubic boron nitride is superior to diamond in certain

aspects. When diamond is heated up by friction in the presence of air, it tends to
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These properties recently stimulated an
Figure 2-11: Triethylborazine structure.

important amount of research on c-BN  Triethylborazine is used as a precursor in
. . . the LCVD synthesis of BN.

film synthesis. The growth of c-BN is

difficult: the typical crystal phase of BN

films is a mixture of cubic, wurtzitic and hexagonal crystals [21]. Hexagonal boron
nitride (h-BN) is the equivalent of graphite, both in structure and in properties, and is
undesired when synthesizing c-BN. The wurtzite BN (w-BN) properties (hardness,
chemical inertness) are more similar to those of c-BN. Figure 2-10 shows the three

common BN crystal structures.

2.4.2 Laser Chemical Vapor Deposition (LCVD) of BN Films

Our collaborators (B. Ivanov et al.) at Vanderbilt University have grown BN films by
laser chemical vapor deposition (LCVD). In a LCVD process the substrate is
exposed to one or more volatile precursors, which react and/or decompose on the

substrate surface to produce the desired deposit.

Mono-crystalline (100) Si is used as a substrate. It is held at room temperature during
the deposition. The 2, 4, 6 - triethylborazine (TEB) is used as a BN precursor (figure
2-11) [22]. The precursor container is heated up to reach a vapor pressure of the
order of 0.5-1 Torr. Laser energy was supplied by the FEL beam with a 40 mJ pulse
energy and 30 Hz repetition rate. The FEL beam is focused on a 250 um spot on the
surface of the Si substrate using a 100 mm focal length BaF, lens. The spot can be

scanned during the deposition with the scan speed of 20 to 70 um/s. The FEL is
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2.4.3 BN Results

The boron nitride films were first examined with the Fourier transform infrared
spectroscopy (FTIR). Various phases of BN were identified by their well-known IR
absorptions (figure 2-12). The features at 9.4, 7.9 and 7.4 um are associated
respectively to the cubic, wurtzite and hexagonal BN crystal phases [23, 24]. This
showed that the three BN crystals coexist in the films.

The IR-SNOM experiment targets the vibration modes that correspond to these
crystallographic BN phases. At each scan site we performed three SNOM scans with
the FEL illumination that was tuned to a different wavelength every time: the 9.4 um
wavelength IR absorption reveals the presence of c-BN, the 7.9 um wavelength IR
absorption reveals the presence of w-BN, and the 7.4 um wavelength IR absorption

reveals the presence of h-BN.
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Figure 2-13 shows the corresponding IR-SNOM images. As explained previously,
each scan allows the simultaneous acquisition of two images: the topographic image
(2-13a, ¢ and e) and the optical image (in this case, reflected IR intensity) (2-13b, d
and f). The 2-13a topography corresponds to the 2-13b optical image; 2-13c is
acquired at the same time as 2-13d, and 2-13e is acquired at the same time as 2-13f.
Figure 2-14a shows the cross-sections of the topography that corresponds to the line
A-B in 2-13c, while figure 2-14b shows the cross-section of the reflection intensity
that corresponds to the line C-D in 2-13d.

Before starting a scan, the FEL illumination spot is moved across the surface of the
sample and positioned so that its center is under the SNOM aperture. This is
achieved by adjusting the inclination of the mirror that directs the IR beam onto the
sample until we obtain the maximum reflection intensity collected by the SNOM
aperture. We tested different beam-sample incident angles (in the z plane), and
conducted most of our experiments with the angle in the 10° to 20° range. This angle
ensures reflection from the BN samples. The SNOM images are typically acquired
over a 20x20 um sample area, with a minimum of 200 acquisition points per scan
line (in which case a total of 200x200 acquisition points, and the same number of
pixels, constitute the final SNOM images). The time to complete this kind of scan is
approximately 40 minutes’. The pulse energy of the FEL IR beam is adjusted to
around 300 pJ, the value that typically ensures an IR-SNOM signal more than 10
times superior to the noise level before the boxcar averaging.

The topographic images in figure 2-13 (a, ¢ and e) show that the three scans were
performed over the same sample zone. This indicates that the SNOM apparatus
maintains a good stability over a period of more than two hours (stability can be
problematic with some commercial SNOM instruments). The darker color indicates

more absorption in the optical images.

" The scan time can be decreased by increasing the PID gain, but that often results in an increased
noise levels.
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Topography Optical

Figure 2-13: IR-SNOM imaging of a BN film. With each 20x20 pm scan two
images are simultaneously acquired: a topographic image and an optical image; 2-
13a and b show respectively the topography and the reflection intensity acquired
with the FEL illumination tuned to 9.4 pm wavelength; 2-13c and d were recorded
with the illumination wavelength at 7.9 um; 2-13e and f with 7.41 um. Absorption
at 9.4 pm reveals the position of the cubic BN crystals; at 7.9 um, the position of
the wurtzite BN, and at 7.41 um the position of the hexagonal BN crystalline form.
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Figure 2-14: Cross-sections of the topography and of the reflection intensity shown
in 2-13; 2-14a is a topography cross-section corresponding to the line A-B in figure
2-13c; 2-14b is an intensity profile corresponding to the line C-D in 2-13d.

The topography reveals a very granular structure of the BN. The cross-sections, such
as the one shown in figure 2-14a, show that the grains are typically 2 to 4 um high;

the topography images, such as 2-13a, show that the grains are 10 to 15 um wide.

The optical images clearly reveal differences in the lateral distribution of different
BN crystal forms. The strongest absorption from the c-BN (figure 2-13b) arises from
the three large grains that can be seen on the right side of the topographic images
(figure 2-13a). On the contrary, the wurtzite phase (figure 2-13d) is mainly present in
the flat parts of the sample, closer to the substrate. A weak hexagonal contribution
(figure 2-13 f) seems to come from all over the sample. The lower h-BN absorption
intensity can be explained by the possibility that the h-BN is on the interface with the
substrate, under the layer of the w-BN and c-BN. This possibility is confirmed by
similar observations reported in [26], where BN films were etched and the film
composition was examined at different etching depths by FTIR. The results of that
study show that a thin layer of h-BN exists at the interface between a c-BN layer and
the Si (100) substrate.

SNOM offers several advantages over the experimental technique used in [26]. First,

it is a non-destructive technique. Second, it takes into account eventual variations of
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composition in different parts of the sample (which are completely neglected by the
techniques used in [26]). Third, SNOM provides additional information, such as the
eventual granularity of the sample (also completely ignored in [26]). Thus, the IR-
SNOM approach offers a much larger insight into the sample properties and a better

understanding of what really occurs during the deposition.

Figure 2-14b shows a cross-section of the reflected signal that corresponds to the line
C-D in figure 2-13d. This cross-section indicates a resolution of approximately 1 um,
while the illumination wavelength was A = 7.94 um. Thus, we achieved a resolution
of around A/8, which is at least 4 times better than the one imposed by the diffraction
limit. We believe that the actual resolution of our setup is much higher, as the
following results will demonstrate. The BN films are very thin when compared with
the illumination IR wavelengths. Even when reflected, there is a significant
penetration of the evanescent illumination field into the sample. The depth of
penetration of the evanescent field is greater with longer wavelengths (equation 1.12
in Chapter 1, section 1.4.4). Thus, the illuminating IR field penetrates into the sample
and, due to its long wavelength, is absorbed by the parts of the sample that are
several microns beneath the surface. If the sample is constituted of relatively fine

layers, this can significantly lower the apparent resolution.

We have performed over a hundred similar IR-SNOM scans on different scan sites
and on three different BN films. Over 80 % of the results reveal the same BN
structure like the one shown in figure 2-13. Preliminary BN results have been
published [27], and a more detailed study has recently been accepted for publication
[28].

Comparisons between IR-SNOM topographic and spectroscopic images enabled a
quick and clear characterization and understanding of the BN structure. Even a
combination of several other research techniques could hardly give such an accurate
image of this kind of sample.
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2.5 IR-SNOM Study of Lithium Fluoride Color Centers

Figure 2-15 shows the results of IR-SNOM tests that were performed with lithium
fluoride (LiF) films deposited on silicon substrates. In this case, the aim was not to
study the lateral distribution of different chemical species but the lateral changes in

the refractive index induced by x-ray bombardment.

2.5.1 Lithium Fluoride (LiF) Color Centers

Many kinds of ionizing radiation induce the formation of stable, visible emitting
electronic defects in LiF crystals and thin films. The defects are called “color
centers” because of their influence on the color of the crystal [29]. The color centers
could be exploited for the fabrication of miniaturized optical devices. The creation of
the color centers would be a critical step in this fabrication procedure [30-33].
Explored in this study are the results of an innovative irradiation technique based on
extreme ultraviolet (EUV) radiation and soft X-rays emitted by a plasma-point
source [33]. This approach is very interesting because it can produce patterned

coloration over large areas (measuring several square centimeters).

2.5.2 Colored LiF Pattern Preparation

High-quality LiF films were grown by thermal evaporation on untreated silicon
substrate [34] kept at 250°C during the deposition. The films’ thickness, measured by
a stylus profilometer after the growth, was around 800 nm.

The EUV and soft X-rays are obtained by focusing a powerful excimer laser beam on
a solid target placed in a vacuum chamber. The point on which the laser is focused

becomes a plasma source and generates a plasma plume. The excimer laser used here
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iIs a non-commercial, large-volume laser developed at the ENEA Laboratories in
Frascati, Italy. It operates at the emission wavelength of 308 nm. Using a 10 ns pulse,
the laser intensity on the target is 3x 10" W/cm? The X-ray emission of the plasma
point source covers the spectral interval of 0.8-60 nm (1.5 keV-20 eV). This
corresponds to the entire EUV region and to a part of the soft X-ray region [35]. The
LiF sample is placed in the same vacuum chamber, around 12 cm from the plasma
source. This irradiation method enables the exposure of a large LiF area of several
square centimeters in a single shot of the excimer laser. A regular colored pattern is
obtained by placing a copper mesh (wire diameter 10 um, period 12.7 um) on the
LiF films.

2.5.3 LiF Results

Figure 2-15a shows a fluorescence optical micrograph of the colored pattern. The
white spots correspond to the areas irradiated by X-rays.

Figure 2-15b is a 24x24 pm? shear force (SNOM topography) image showing the
LiF surface (see the corresponding profile in figure 2-15c). It is a rather smooth
surface, with well resolved small features that do not exceed several hundred
nanometers in height. Figure 2-15d shows the corresponding optical (reflectivity)
SNOM image taken with the FEL illumination beam wavelength of 6.1 um. At this
wavelength we can clearly observe contrast in the image that is not correlated to the
topographic SNOM features, and which shows a periodicity that corresponds to the
pattern shown in figure 2-15a. Similar results were obtained with images taken at a
wavelength of 9.2 um. Since there is no particular LiF absorption in this spectral
region, we ascribe the change in reflectivity to the irradiation-induced variation of
the refractive index of the exposed LiF material. A modification of the complex
refractive index of LiF by the stable formation of color centers embedded in it was
recently studied [36]; it was shown that the modification is related to the density of

the color centers [37], which is proportional to the X-ray exposure dose.
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Figure 2-15: IR-SNOM images of a LiF film on silicon with patterned coloring
by x-ray irradiation (see [21]). (a) Fluorescence optical micrograph of the
colored pattern (the white spots correspond to irradiated areas). (b) 24 pmx 24
pum SNOM shear force image. (c) Intensity profile that corresponds to the AA’
line of figure 2-15b. (d) Spectroscopic (reflectivity) SNOM image taken with a
wavelength of 6.1 um. (e) Intensity profile that corresponds to the AA’ line of
figure 2-15d.
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Figure 2-15e shows an intensity profile that corresponds to the line A-A’ in figure 2-
15d. From such profiles we estimated a lateral resolution of 200-300 nm (50 nm in
the topographic images), which again is much better than the diffraction limit that
corresponds to the 6.1 and 9.2 um wavelengths. This work has been published in
[38].

2.6 IR-SNOM Cell Imaging

2.6.1 Motivations

The importance of IR spectromicroscopy in bio-medical research is growing rapidly.
Various molecular components of cells produce a characteristic IR spectrum that is
rich in structural and functional details [39, 40]. The most exciting applications of the
IR-based techniques concern cancer research. IR spectroscopy can detect and
monitor characteristic changes in molecular composition and structure that
differentiate normal from cancerous cells [41-45]. IR analysis is even more
interesting since it causes no damage to the cells. Recently, IR microscopic
techniques have been used in diagnosing various types of cancer in human tissues
and in characterizing different kinds of cells [46-48]. The principal limitation of this
field of research is the lack of spatial resolution that arises from the diffraction limit.
Efforts have been made to increase the resolution, for example by using synchrotron
radiation (as an ultra-bright IR source) in combination with a doubly confocal
microscope [49, 50]. The resulting resolutions have been between 5 and 10 pm. This

is insufficient for IR spectromicroscopy studies of inner cellular structures.

After successful tests with material science samples, we decided to test the
possibilities of the IR-SNOM with samples most commonly studied with

conventional microscopes: cells.
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Figure 2-16: Typical cell IR spectrum between 5 and 10 um. Absorption peaks
at 6.1 um and 6.45 um are amide | and amide Il protein bands. Absorption at
6.9 um is the lipid CH, deformation band, and the absorption at 8.05 um is
the asymmetric PO,” DNA absorption band.

2.6.2 Targeting Specific Cell Constituents

Cells were seeded on glass cover-slides, placed in the SNOM instrument and
illuminated with the VU FEL IR beam, which was tuned to specific wavelengths.
The local reflected IR was picked up from the surface of the cells by the SNOM

aperture.

The VU FEL was tuned to the IR wavelengths that are absorbed by several chemical
bonds that are present in specific cell constituents. The SNOM images presented in
figure 2-18 were acquired with three illumination wavelengths: 6.1 um, 6.95 pm and
8.05 pm.

All cells exhibit strong IR absorption peaks at these three wavelengths (figure 2-16).
The cell constituents that absorb the wavelengths are proteins, lipids and nucleic

acids.

The 6.1 um wavelength radiation is absorbed (figure 2-17) by the protein amide C=0
bond, where it induces the stretching vibration excitation [51]. This absorption band
is commonly called the amide | band. The localization of the absorption at this

wavelength reveals the position of proteins, and the absorption intensity reveals the
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Protein (= a chain of amino-acids; at each connection between
two amino acids there is a C=0 bond}

Figure 2-17: When the IR radiation with a wavelength of A = 6.1 um illuminates
proteins, it is strongly absorbed, which excites the C=0O bonds stretching
vibrations. Constituents of cells other than proteins do not absorb the IR
radiation at this wavelength.

protein density. This absorption band is also sensitive to the secondary structure of
proteins [52, 53]. The amide | absorption band has been extensively studied by
organic IR spectroscopists and shown to have the strongest absorption in the IR

spectrum of cells.

The IR absorption centered around 6.95 pum corresponds to a methylene group
vibration in fatty acids. This absorption is one of the well-known methyl and
methylene bands that is highly characteristic for lipids in the membranes and other
lipid structures [54, 55]. We are conducting a new series of experiments targeting
lipids with the IR light tuned also to 3.41 um [50].

The absorption at 8.05 pum originates from the asymmetric stretching mode of
phosphodiester groups (PO2) in nucleic acids [50]. Thus, this IR absorption is

expected to occur only in the nucleus.

These three IR wavelengths were not chosen only for the purpose of studying the
distribution of proteins, lipids and DNA within cells. The ratios of the IR absorption
intensity of these species have been found to be different in normal and cancerous
cells [42, 45], and to change as the cells undergo necrotic, apoptotic and division

processes [50]. It was shown [48] that the infrared spectra, and more particularly the
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lipid/protein band ratio, reflect in vitro migration properties of cancerous cells (i.e.

motility and invasiveness), as well as their in vivo aggressiveness.

2.6.3 Cell Preparation

We performed IR-SNOM imaging experiments with several cell types, such as green
monkey kidney fibroblast cells (COS cell line), human keratinocyte cells (HaCaT
cell line), and rat pancreatic cells (beta cell line INS-1) [38]. Figure 2-18 shows
SNOM images of human keratinocyte cells (HaCaT cell line). The cells were seeded
on glass cover slides. After 24 hours the growth medium was removed and the cells
were fixed in paraformaldehyde and washed twice with phosphate-buffered saline
(PBS) and twice with distilled water.

2.6.4 Results

Figure 2-18 shows three images of a HaCaT cell. Figure 2-18a shows the topography
of the cell. A topographic image was acquired with each of the three scans; the
resulting three topographic images were identical with the one shown in 2-18a.
Figures 2-18b, ¢ and d are optical images that show the intensity of the reflected light
acquired with the IR-SNOM at the wavelengths 8.05 pum, 6.95 um and 6.1 um. The
absorption (darker color) indicates the position and density of the DNA in figure 2-
18b, the lipid distribution in figure 2-18c, and the cell’s protein distribution in figure
2-18d.

The comparison between 2-18d and 2-18a shows that there is a fairly homogeneous
absorption throughout the cell. This signifies that proteins are homogeneously
distributed in cells, which is an expected result.
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Figure 2-18e shows a cross-section that corresponds to the line A-B of figure 2-18d.
It demonstrates a SNOM resolution of the order of 100 nm, or A/60. This is at least
30 times better than the resolution that is achievable with diffraction-limited lens-

based microscopes.

Figure 2-18c shows an absorption intensity variation where the whole right side of
the cell is darker, indicating a higher lipid density. Despite this intensity variation,
when compared with the surrounding glass cover slide, the absorption can clearly be
seen over the whole surface of the cell. The absorption at 6.95 um originates from
the cell membrane, which is mainly composed of lipids (a cell membrane is basically
a phospholipid bilayer). Current theories of membrane structure suggest that cell
membranes contain domains called lipid rafts. Lipid rafts are composed of the same
constituents as the rest of the membrane: lipids, but whose fatty-acid chains are
mostly straight, aligned and tightly packed into highly ordered domains. These rafts
float freely within the liquid-disordered bilayer of cellular membrane and seem to
play a key role in assembling protein complexes and initiating signal transduction
processes [58, 59]. Since the lipid density in lipid rafts is much higher than in the rest
of the membrane, the intensity of the IR lipid absorption bands should also be much
higher in the rafts. Thus, the intensity variation in figure 2-18c might be the first IR
observation of lipid rafts*, and also the first direct lipid raft imaging without the use

of any kind of fluorescent dyes.

Figure 2-18b shows important absorption occurring only in a localized part of the
cell (the area is encircled by a white dotted line). This strong absorption is due to the
localization of the DNA inside the nucleus. FTIR measurements show only a very

low absorption at this wavelength.

* We will further verify this possibility by SNOM imaging of cells with IR illumination tuned to
wavelengths that correspond to other lipid absorption bands.
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Figure 2-18: Cell SNOM images; 2-16a shows the cell topography; 2-16b, ¢ and d are
corresponding reflectivity SNOM images acquired with the illumination wavelengths
8.05 um, 6.95 um and 6.1 um respectively; 2-16e shows the intensity profile that
corresponds to the line A-B in 2-16d; 2-16e indicates that the resolution of the IR-
SNOM is around 100 nm (or A/60, at least 30 times superior to the resolution of
conventional lens-based microscopes).
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Such an absorption has been seen in cells with FTIR only during replication, possibly
because of the spatial extension of the nucleus [50, 60]. This is the first time ever that

the inner cellular structures were resolved using an IR illumination imaging.

2.7 IR Signal Sufficiency

Signal sufficiency is an important issue concerning the aperture-based IR-SNOM.
Equation 1.11 (Chapter 1, section 1.4.4) shows that the transmission coefficient of
the SNOM aperture is proportional to d*/A*, where d is the diameter of the aperture
and A the light wavelength. Therefore, the IR sub-wavelength aperture transmission
is even more limited than that of the visible light when using the same aperture size.
Furthermore, the detectivity of the IR detectors is lower than that of the visible
detectors. Figure 2-9 shows that the detectivity of the HgCdTe IR detector that was
used during this thesis is approximately 10'° cm Hz*?> W, while the detectivity of an
avalanche photo diode that works in the visible spectral domain or in the near-IR is
approximately 10" cm Hz"2 W™ [25].

However, in practice, with the FEL IR pulse energy at 300 uJ, the HgCdTe detector
output is a pulse of around 300 mV, while the noise level is less than 10 mV (and all

this before the boxcar averaging and amplification).

These signal levels could be explained by the illumination light enhancement that is
due to the imperfections in the fiber’s gold coating. As a matter of fact, small grain-
like imperfections in the gold coating near the fiber’s aperture can enhance the
illumination field by the lightening rod and/or surface plasmon resonance effects [61,
62]. This would cause the illumination field to be concentrated and amplified at the
very tip of the fiber, under the aperture, and would greatly increase the signal-to-

noise ratio.
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2.8 A Review of Recent Developments in the Field of IR-
SNOM

Recently, several IR-SNOM experimental setups were developed. The FEL-based
IR-SNOM setups, similar to the setup presented in this thesis, were developed by two
research groups: (1) a SNOM instrument operating in a photon scanning tunneling
microscope configuration has been used in combination with the CL1O FEL in Paris,
France [63]; (2) the Stanford FEL IR-SNOM setup [64] is almost conceptually
identical to the IR-SNOM instrument that has been described in this thesis. The main
difference resides in the fact that the experiments described in [64] were performed
in the illumination mode (where the SNOM aperture is used as a sub-wavelength
light source). A resolution of A/4 (namely 2 pum with the illumination wavelength A =
8 um [64], and 1 pum with the illumination wavelength A = 4 um [63]) has been
demonstrated with both the Stanford and the CLIO SNOM instruments. This is still

far from the 100 nm (A/60) resolution presented in this thesis.

While the use of a free electron laser source limits IR-SNOM applications to
relatively few researchers who can access such a device, the general technique can be
applied with alternative tunable IR laser sources. A 450 nm resolution (A/7.5 at 3.4
um wavelength) has been observed in images of micro-patterned thin gold films
using an aperture-based SNOM combined with a broad bandwidth IR laser that is
based on an optical parametric amplifier (OPA) [65]. IR-SNOM measurements have
also been performed using a color center laser pumped by a Kr* laser for polymer

patterns imaging [66, 67].

Recently, two research groups developed apertureless IR-SNOM instruments.
Contrast in vibrational absorption on a scale of about 100 nm was obtained with a
CO; laser illumination at 10.6 um wavelength using an apertureless SNOM [68]. An
apertureless SNOM using a tunable CO; laser was also used for patterned DNA

sample imaging with a resolution of approximately 200 nm [69].
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FEL being an extremely expensive light source, the future and popularization of the
IR-SNOM technique depends on the development of table-top tunable IR laser
sources. For the moment, such lasers have a very limited tunability (wavelengths can
be tuned from 9.2 to 10.8 um for the CO, lasers, and from 2.3 to 3.25 um for the
pumped color center laser [67]). The most promising table-top tunable IR sources
seem to be the OPA-type lasers, similar to the one described in [65]. Their emission

has been demonstrated to cover the whole mid-IR wavelength range.

From a resolution point of view, the apertureless IR-SNOM technique seems very
promising, although for the moment its best resolution [68] is equal to the resolution

achieved in the experiments presented in this thesis.

Most of the IR-SNOM images published until now show test measurements,
performed on relatively simple samples, having a low corrugation and sharp contrast
mechanisms. Among the experiments cited above, only the Stanford SNOM group
[64] has tried to image cells — samples that have several microns high corrugations,
are soft, and have a very complicated absorption pattern due to their extremely
heterogeneous chemical composition. The resolution that they achieved [64] is quite
low (around 2 pum), probably due to the fact that the experiments were conducted in
the illumination mode (where the sample is illuminated through the SNOM aperture).
In this mode the FEL intensity must be greatly decreased in order not to damage the

fiber’s metal coating, which consequently lowers the signal-to-noise ratio.

The work presented in this thesis remains unique in the sense that it is not a
collection of test measurements. The samples studied in this work were not produced
with the aim of testing the SNOM equipment, but as a part of broader research
projects. The IR-SNOM was just one of the techniques that were used to further
characterize these samples, but it proved to be capable of gathering an important
amount of information that could not be obtained with other experimental

techniques.
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2.9 Conclusion

The experiments shown here demonstrate that the spectroscopic IR-SNOM is an
extremely powerful analytical technique. It combines the IR spectroscopy’s high

chemical specificity with the SNOM’s high optical and topographical resolutions.

Lithium fluoride and cell IR-SNOM images show a resolution of 100 nm. This
resolution corresponds to a value of A/60, which is more than 30 times better than the

best possible lens-based microscope resolution.

Comparisons between IR-SNOM topographic and spectroscopic images enabled a
quick and clear characterization and understanding of the BN structure. Even a
combination of several other research techniques could hardly give such an accurate

description of this kind of sample.

Cell imaging is probably the most exciting application of the IR-SNOM presented in
this thesis. It demonstrates that the technique is fully applicable to biological
samples. The resolution achieved has the same value as the resolution achieved when
imaging materials science samples. The images presented are unique. Recently,
several articles showed highly resolved IR spectroscopic images of cells [50, 64].
However, this high resolution never exceeded a value of several microns, which is
very far from the 100 nm resolution presented in this thesis. The cell images show
that it is possible to resolve inner cellular structures, such as the cell’s nucleus. This
is the first time that inner cellular structures have been imaged with IR illumination.
The lipid raft imaging demonstrates that the IR-SNOM can tackle some of the hottest
research topics today, and this, in a unique, non-invasive way, without the use of any
contrast agents or dyes that are known to have an effect on the structure and behavior

of the imaged constituents [70].

Presently, IR-SNOM is a mature tool, ready for applications both in materials

science and in bio-medical research. Yet, further developments of the apertureless
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SNOM and IR sources could soon transform it into a widely used and even more
potent instrument. The development of the apertureless SNOM technique could
further increase the resolution by more than an order of magnitude to achieve 10 nm-
scale imaging [68]. More closely related to the IR spectroscopic capabilities is the
development of table-top high-brightness IR sources that would cover the whole
mid-IR spectral range. Some OPA-type light sources already have these
characteristics [65]. Broad bandwidth sources are even more promising than the
tunable ones, because, with sufficient brightness, they would enable the acquisition
of the entire mid-IR spectra at each scan point. These developments are important as
the future of IR-SNOM is in combining a SNOM instrument that performs with a

nanometer resolution with a high-brightness (and affordable) mid-IR source.
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3 Fluorescence SNOM Imaging

A new scanning near-field microscopy instrument was built at EPFL. Now fully operational,
the instrument is used for experiments that are complementary to the aforementioned IR-
SNOM experiments. Specifically, the new SNOM is dedicated primarily to the study of
fluorescently marked structures. The main instrumental components of the SNOM are briefly
described, as well as the ongoing experiments, which show the high quality and experimental
possibilities of this SNOM system. Finally, SNOM images of fluorescently labeled cells and

carbon nanotubes are presented and analyzed.

3.1 Introduction

The fluorescence microscopy has become one of the most important research tools in
modern cell biology [1]. This has encouraged the development of an ever-growing
variety of sophisticated fluorescent probes that can be attached with high selectivity
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to the chemicals of interest [2]. Fluorescent microscopy thereby offers a highly
selective contrast. It is non-destructive and can be used to image living cells. The
advent of green fluorescent protein (GFP) technology has further revolutionized
fluorescent live cell imaging by allowing an auto-fluorescent protein to be
genetically encoded through a fusion of the GFP gene with the genes that encode the
cell structures of interest [3]. A wide range of detectors, such as avalanche
photodiodes, photomultiplier tubes, CCD cameras and photon counting devices, that
enable optical detection down to the single molecule level, are available for
fluorescent microscopy applications. All this ensures a prominent role for

fluorescence microscopy in the future.

Confocal microscopy dominates fluorescence imaging today. However, other
techniques, such as SNOM, multi-photon and total internal reflection fluorescence,
are gaining interest because of the increased resolution that they offer.

The illumination of fluorophores causes photo-bleaching. The light emitted through
an aperture whose diameter is much smaller than the wavelength is an evanescent
non-propagating light (Chapter 1, section 1.4.4). The aperture-based SNOM probe
thereby illuminates and excites fluorescence only in the layer that is less than 100 nm
from the aperture. This extremely small near-field excitation volume makes aperture-
based SNOM extremely interesting for fluorescence imaging. The small excitation
volume offers several benefits all at once: an increased fluorescence resolution,

greatly reduced photo-bleaching and no background fluorescence.

Since it combines topographical information, optical super-resolution and a
demonstrated single molecule detection sensitivity [4], SNOM is a unique tool for
biological applications. This has already led to a certain development of fluorescence
SNOM bio-imaging [4-9], as well as to the development of a fluorescence SNOM
setup at EPFL.
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Figure 3-1: Fluorescence SNOM experimental setup at EPFL

3.2 Experimental Setup

The experimental setup consists of a homemade SNOM scanning module mounted

on a conventional inverted microscope [10] (figure 3-1).

There are several reasons for combining a conventional microscope with a SNOM
instrument. The conventional microscope can be used to select the part of the sample
that is of interest, and to position it easily and quickly under the SNOM aperture
before initiating the scan. With a camera mounted onto the microscope, the image
can first be recorded with the conventional microscope, and than with SNOM; a
comparison of the two images is often critical for a better understanding of the
SNOM results. The high numerical aperture oil immersion objective of the
conventional microscope can be used for a highly efficient collection of the SNOM

fluorescence and for focusing the signal onto an avalanche photodiode.
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Figure 3-2: Fluorescence SNOM experimental scheme.

This instrumental setup is operated in the illumination mode (figure 3-2): the laser
[11] beam is coupled into the fiber and guided onto the sample surface. It illuminates
the sample through a sub-wavelength-sized aperture. If a fluorophore is less than
~100 nm from the aperture, its fluorescence emission is excited, collected by the

objective and detected by an avalanche photodiode detector [12].
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Figure 3-3: Fiber tips were fabricated using a heating-and-pulling method

Since the setup works with visible light, standard telecommunication silica optical
fibers with 8 um core diameters were used. Fiber tapering is one of the most critical
steps for successful SNOM imaging. A micropipette puller (Sutter Co. P2000) was
used to taper fiber tips: it simultaneously pulls and melts the optical fiber (figure 3-
3). The shape of the fiber tips can be modified by adjusting the pulling and the CO,

laser beam intensities.

In this setup, the SNOM fiber is attached to the scanner (figure 3-3). The maximal
scan range of the scanner [13] is 40 um x 40 um in the x-y plane and 8 um in the z
direction, with a nominal resolution of 0.07 nm in the x-y plane, and 0.01 nm along
the z axis. The electronics used in this setup are the same as the ones described in
section 2.3.5 of Chapter 2.

3.3 Imaging of Fluorescently Labeled Cells

Figure 3-4 shows SNOM images of a fibroblast cell (which belongs to the COS-9
cell line). Such cells were seeded on glass slides, and fixed in paraformaldehyde after
10 minutes of internalization of fluorescein-conjugated wheat germ agglutinin
(WGA-FITC).
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Figure 3-4: SNOM images of fibroblast cells (COS-9 cell line). Topography is shown
in red (a, c and e) and the corresponding fluorescence in green (b, d and f); ¢, d e and
f are zoom images of the area inside the square in a and b; e and f were acquired one
hour after c and d.
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Figure 3-5: (g) is a cross-section that corresponds to the line A-B of figure 3-4d, and (h) is a
cross-section that corresponds to the line A’-B’ of figure 3-4f.

WGA-FITC is a fluorophore that is excited by the 488 nm line of an argon ion laser,

while its fluorescence emission maximum is at 530 nm.

Topography and fluorescence images in figures 3-4a and b were acquired
simultaneously. These 40 um x 40 um images show a part of a fibroblast cell. The
topographically highest zone, which can be seen in the upper right corner of figure 3-
4a, corresponds to the cell nucleus. Figures 3-4c and d were acquired over the zone
that corresponds to the square drawn in both 3-4a and b. These are 20 pm x 20 pm
images that were acquired with 300 acquisition points per line. The scan was
completed in approximately 35 minutes. In order to test the stability of the setup and
the incidence of SNOM-induced photo-bleaching, an identical scan was performed
one hour later. The resulting images are shown in figures 3-4e and f. Figures 3-5¢g
and h show cross-sections corresponding to the lines A-B in figure 3-4d and A’-B’ in
figure 3-4f.

Images shown in figure 3-4 are results of the first series of tests that were conducted
with the fluorescence SNOM instrument. A comparison of figures 3-4c and 3-4e

demonstrates the good overall stability of the instrument. Acquired with a time
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interval of one hour, the two figures are essentially identical. Figures 3-4d and 3-4f
do not reveal any considerable differences either, and therefore indicate that any
SNOM-induced photo-bleaching can be neglected. Figures 3-5g and 3-5h show the
cross-sections that correspond to the same part of the fluorescence images 3-4d and
3-4f. They show the same overall shape, and therefore demonstrate once more the
good stability of the SNOM instrument and the absence of any contrast loss, an issue

that could be problematic in conventional or scanning confocal microscopy.

In all three fluorescence images (figures 3-4b, ¢ and d) tubular shapes can clearly be
identified; these correspond to enodosomes, which are cellular organelles that are
inside the cells, not in their membranes. The resolution can be assessed from the
cross-sections shown in figure 3-5: its value is of the order of 200 nm. Since the
stained endosomes are inside the cells, relatively far from the surface, this result
demonstrates that SNOM can also be used for sub-diffraction imaging of inner
cellular structures, and not only for the imaging of cell surface structures. The
resolution is somewhat lower when imaging surface structures (200 nm instead of

100 nm), but still superior to the resolution of conventional microscopes.

3.4 Carbon Nanotubes Fluorescence Imaging

3.4.1 Introduction

Promising applications of carbon nanotubes range from nanoscale devices and
materials [14] to field emission [15] and scanning probe microscopy [16]. However,
the difficulties encountered in the synthesis of high quality nanotubes are a serious
limiting factor. Carbon nanotubes are typically produced by an arc-discharge method
[17], with a wide distribution of lengths and diameters. Nanoparticles consisting of
graphitic layers of polyhedral shape make up to one half of the weight of the

nanomaterial deposit. A popular purification method uses a water/surfactant solution
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Figure 3-6: SNOM images of fluorescently labeled carbon nanotubes

to purify arc-discharge-produced nanotubes [18]. The surfactant most-commonly
used in this procedure is sodium dodecylsulfate (SDS). Surfactants constitute the
most important group of detergent components. Generally, these are water-soluble
surface-active agents that are comprised of a hydrophobic portion, usually a long
alkyl chain attached to hydrophilic or water solubility-enhancing functional groups.
Recently, electron microscopy images suggested that SDS might attach to the surface
of nanotubes’ [19] and stay bound there after the purification process. This could
have important consequences on nanotube conductivity, solubility and chemical
reactivity. Previous reported measurements of these nanotube properties would have
to be reanalyzed in order to verify whether the properties correspond to the
nanotubes or to the SDS attached to their surface.

3.4.2 Experiment

To verify if some of the SDS stay attached to the nanotubes after the purification
process, a fluorescent probe [20] that chemically mimics SDS was added to the
water/surfactant solution. The nanotubes’ post-purification solution composition
was: 100 ml of H,O, 5 mg of multi-walled, arc-discharge-produced nanotubes, 20 mg

of SDS and 2 mg of 5-dodecanoylaminofluorescein fluorophore. The 5-
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Figure 3-7: SNOM imaging of fluorescently labeled nanotubes. (a)
SNOM topography; (b) SNOM fluorescence image; (c) topographic
cross-section that corresponds to the line A-B in 3-7a

dodecanoylaminofluorescein fluorophore has a chemical structure that is very similar
to SDS, and is expected to undergo the same chemical reactions as the SDS when put
in the same conditions. In other words, if SDS really stays bonded to nanotubes after
the purification, 5-dodecanoylaminofluorescein should also remain bonded. Since
this molecule is fluorescent, it provides a strong contrast for SNOM imaging. A few
droplets of the nanotube solution were deposited on a glass slide and left to dry. The
glass slide was then put in the SNOM instrument and scanned. Figures 3-6 and 3-7
show the corresponding results. Figure 3-6 shows a 6 pm x 6 pm image. Two
nanotubes can be seen in both the topographic and fluorescence images.
Fluorescence images, although quite noisy, clearly indicate that there is a

fluorescence emission arising from the nanotubes.

This optical signal may at first seem to be a topography-induced artifact. However, it

is proven otherwise. The images shown here were scanned over the zones where the
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nanotubes are in close proximity of amorphous carbon heaps. In figure 3-6 such a
heap can be seen in the upper left corner of the topographic image. Yet, it does not
produce any contrast in the fluorescence image. If the fluorescence of the nanotubes
was a consequence of topographic artifacts, the amorphous carbon heap would have

produced the same kind of contrast, since it has the same topographic cross-section.

Figure 3-7a shows one nanotube and two amorphous carbon heaps in the lower right
and left corners. Again, there is no noticeable contrast arising from the heaps in the
fluorescence image. The height of the nanotube can be estimated from the cross-
section in figure 3-7c. According to the cross-section, the nanotubes’ FWHM is of
the order of 250 nm. However, this value most likely corresponds to the diameter of
the SNOM probe tip — with scanning probe microscopes, if the probe size is bigger
than the sample size, it is not the probe that images the sample, but the sample that
images the probe. We can still estimate the diameter of the nanotube from the height
given in the cross-section, which is around 100 nm. This is consistent with the
electron microscopy observations of the nanotubes: statistically, their diameters were

found to form a Gaussian distribution centered at around 80 nm.

3.5 Conclusion

The SNOM images that are shown in this chapter are the first results obtained with
the new SNOM setup at EPFL. The setup combines high quality conventional optics
with a standard aperture-based SNOM instrument. It also includes an Argon ion
laser, fluorescence filters, and a high sensitivity avalanche photo diode, which
together enable fluorescence measurements. In this thesis, two fluorescence SNOM
applications have been presented: the imaging of fluorescently labeled cells as well
as the imaging of carbon nanotubes. Cell experiments demonstrated the good
mechanical stability of the instrument and its suitability for fluorescence
measurements when photo-bleaching is problematic. Still in the experimental stage

of its development, the fluorescence SNOM instrument has already produced very
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interesting results with carbon nanotubes. These preliminary results show that there
Is an amount of SDS that remains attached to nanotubes as a result of the purification
procedure. The results demonstrate that SNOM can be used to image sub-100 nm-
sized objects. The most exciting development of fluorescence SNOM is the
possibility of studying soft and motile living cells in physiological conditions, where
innovative SNOM designs that operate in the tapping scanning mode have started

delivering promising results [9].
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Conclusion

The spectroscopic IR-SNOM combines the IR spectroscopy’s high chemical
specificity with the SNOM’s high optical and topographical resolutions. The IR-
SNOM experiments described in this thesis demonstrate that it is an extremely

powerful analytical technique.

Presented in this work are IR-SNOM images with a 100 nm resolution. This
resolution corresponds to a value of A/60 (where A is the illumination wavelength),
which is more than 30 times better than the best possible resolution that can be

achieved with lens-based microscopes.

Comparisons between IR-SNOM topographic and spectroscopic images enabled a
clear characterization and understanding of the structure of LCVD grown BN films.
Even a combination of several other research techniques could hardly give such an
accurate description of this kind of sample, which is both highly granular and
chemically heterogeneous.

It was demonstrated in this thesis that the IR-SNOM technique is applicable to
biological samples. Infrared spectroscopic cell imaging is probably the most exciting
SNOM application presented. The resolution achieved when imaging cells was the
same as the one achieved when imaging materials science samples. The images
presented are unique because of their high 100 nm resolution, but also because they
are the first IR images that show resolved inner cellular structures. The lipid raft
imaging demonstrates that the IR-SNOM can tackle the hottest research topics today.
Furthermore, IR-SNOM offers a unique, non-invasive way of imaging, where the
contrast agents and dyes that dominate bio-imaging today, and which are known to

modify the structure and behavior of the imaged constituents, are no longer required.
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The fluorescence SNOM images shown in this thesis are the first results obtained
with the newly built SNOM setup at EPFL. The setup combines high quality
conventional optics with a standard aperture-based SNOM instrument. Two
fluorescence SNOM experiments are presented: the imaging of fluorescently labeled
cells and the imaging of carbon nanotubes. The cell experiments demonstrate the
good mechanical stability of the instrument and its suitability for fluorescence
measurements of biological samples, particularly when photo-bleaching is a
problematic issue, which is often the case with conventional microscopy. The
fluorescence SNOM instrument has produced very interesting results with carbon
nanotubes. These results show that a widely used nanotube purification procedure
needs further improvement because some of the purification surfactant remains

attached to nanotubes.

Today, SNOM is a mature tool, ready for applications both in materials science and
in bio-medical research. Further developments of the apertureless SNOM and of the
IR sources could soon transform the IR-SNOM into a widely used and even more
potent instrument. The development of the apertureless SNOM technique could
further increase the resolution by more than an order of magnitude to achieve 10 nm
(or less)-scale imaging. More closely related to the IR spectroscopic capabilities is
the development of table-top high-brightness IR sources that would cover the whole
mid-IR spectral range, thus replacing more expensive free electron laser sources and
making IR-SNOM more widely available. As for the fluorescence SNOM, the most
exciting development is the possibility of studying soft and motile living cells in
physiological conditions, where innovative SNOM designs that operate in the

tapping scanning mode have started delivering promising results.
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