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Abstract

Absorption spectroscopy is demonstrated to be feasible using a photon scanning
tunneling microscope (PSTM) combined with a spectroscobe. Methods of improving
the spatial resolution and spectroscopic capabilities are studied in order to determine
their potential practicability. Analysis of the photon scanning tunneling microscope
(PSTM) and modifications made to the microscope are A\included with experimental
results demonstrating certain image and spectral resolution capabilities. Results
showing both the PSTM absorption spectra of gold island films and their
independently acquired PSTM images are presented. An alternative scanning probe
method involving photons is additionally examined. The new method is demonstrated
to require specific improvements in order that it might provide a distinct improvement
in resolution. The new type of scanning probe microscope is one utilizing nonlinear
photonics: the nonlinear scanning tunneling microscope (NSTM). Basic results are
described and two-photon fluorescence measurements are presented to demonstrate
the principle of operation. In any scanned probe microscope or spectroscope,
resolution is strongly dependent upon the characteristics of the signal as a function of
distance to the sample and knowledge of these characteristics. The NSTM
functionality is most dependent upon the sample-probe gap, but the gap also
determines resolution in the PSTM. Hence measurements and calculations showing an
analysis of the characteristics of the separation between the probe and sample surface

are also presented.
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Chapter 1 Introduction

1.1  Background
1.1.1 Origins of Microscopy and Optical Microscopes

The field of modern microscopy began with the invention of the compound optical
microscope in 1595 by Zacharias Jansen." Prior to this simple lenses had been used as
magnifying glasses but their resolving power was insufficient to observe the truly
microscopic. In 1674 Antonie van Leeuwenhoek’ constructed small polished spheres
and conducted the first detailed microscopic studies and hence he is regarded as the
father of microscopy.

Early compound microscopes suffered from problems in lens design and
construction. However, the basic concept of using lenses to focus light that is reflected
from or transmitted through an object's surface remains in modern "classical"
microscopes. Since compound microscopes depend on far field optical effects their
resolution is limited by diffraction and is determined by A, where A is the wavelength |
of the light used for imaging. (This is referred to as the Abbe’ barrier or the diffraction
limit.) With diffraction being the limiting factor the resolution for optical microscopes
is defined by the condition in which the central diffraction peak of one point source
lies upon the first diffraction minimum of a second point source. This is the basis of
the Rayleigh criterion which states that for a circular aperture of diameter d, the least
resolvable separation is obtainable from the zero of a Bessel function and the angular

resolution is approximately 1.22A/d.*



1.1.2 Recent Forms of Classical Microscopy

In the historical development of "classical" optical microscopes many ideas,
technological advances, have been implemented in an effort to improve resolution. Oil
immersion microscopes, where the sample is placed in oil with a high index of
refraction, use the increased index of the oil to improve the resolution by effectively
reducing the wavelength. Shorter wavelengths of light may also be used. However,
there is a limit to the improvements possiblp due to the increasing cost of materials
and fabrication as the wavelength is reduced. Moreover, fluorescence, optical
absorption, source availability, and many other effects severely limit the ability to use
ever smaller wavelengths. Phase contrast microscopes and confocal microscopes are
another example of methods that allow a significant degree of improvement, and are
widely used today. )

Resolution continues to improve as alternative methods of imaging and
spectroscopy are developed through the use of newer technologies (described below).
These new technologies do not make confocal microscopy obsolete because recent
improvements have been made through the use of two-photon® and three-photon®
fluorescence which retain much of the operational advantages of classical microscopy.
Therefore, it is expected that newer technologies will continue to provide a more
diverse set of tools that supplement the older tools and provide for specialized work. A

good example lies in the discussion immediately below.
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1.1.3 Electron Microscopy

During it's lifetime the field of microscopy has undergone three major phases in its
development. The first phase, previously mentioned, is optical microscopy, the second
is electron microscopy (which includes scanning (SEM) and transmission electron
microscopy (TEM)), and the most recent phase is scanning probe microscopy (SPM).
Each phase adds to the available tools for microscopy.

In TEM electrons scatter through the sample while in SEM electrons scatter from
the surface of the sample. In both microscopes electrons are accelerated and focused
onto a sample surface where they backscatter and also produce secondary electrons. A
pattern reflecting the sample geometry is thereby created and focused onto an imaging
plate where the image is recorded. Using electrons instead of light improves the spatial
resolution of the microscope by reducing the wavelength, A=h/mv (the Debroglie |
relation for momentum p), used to image the sample. However, electron microscopes
are hampered in general by the need for extensive sample preparation methods such as
metal coatings, working in vacuum, and creating thin slices (for TEM). It has recently
become possible to use scanning electron microscopy to image samples at atmospheric
pressure, but the difficulties of charging effects and the need for more intense beams
are well known. Another drawback is that these microscopes are all diffraction

limited.



1.2 Scanning Probes

1.2.1 Origins

Scanning probe microscopy is‘revolutionary in the analysis and imaging of small
objects. This field started in 1982 with the development of the Scanning Tunneling
Mfcroscope (STM) by G. Binning Iand H. Rohrer’. SPMs step away from the
diffraction limited microscopes of the past. The method for scanning probe
microscopes were first developed in the early 20" century by E.H. Synge® but the
potential of the process was not realized. Also, the technical ability needed to
construct and operate SPMs efficiently was not possible until the advent of modern
piezoelectric positioning crystals and other factors, including computer controlled data
collection.

All forms of SPMs involve a probe being moved very close to a sample surface in a
predetermined linear scanning pattern, normally called a raster pattern, which covers
all of the area to be imaged. The probe is moved by a relatively hard piezoelectric
crystal that is controlled by a computer and feedback electronics. In feedback mode
the electronics maintain a constant current while a constant height mode keeps the
probe at a set separation from the surface. At each point along the scan path
measurements are taken, recorded and displayed on the computer screen. The
composite image of the measured values at different points represents a topographical
image map of the surface.

Computers opened the door for SPMs to flourish by allowing many measurements

made across the surface of a sample to be displayed as a digital composite picture in a



short period of time. Piezoelectric positioners with a resolution of a small fraction of a

Angstrom were also akey development.
The development of SPMs has greatly changed the imaging process, but will not
replace traditional microscopes because traditional microscopes are easy to use, have a

low cost of maintenance, and image large areas of objects simultaneously (in parallel).

1.2.2 Resolution

As mentioned above, typical resolution in an optical system is defined using far
field optics and is governed by diffraction effects. Resolution is determined by the
ability to separate the central peak in a diffracted image of two point sources.
Resolution must be redefined for Scanning Probe Microscopes because the diffraction
limitation concept is no longer valid. The limits of resolution for SPMs are governed
by different parameters such as the probe size, probe shape, sample preparation,
sample roughness, and sampling rate of the computer. All SPMs are limited by the
response time of the piezoelectric controllers and feedback mechanism that are used. If
the piezo does not react fast enough to changing conditions the probe tip can contact
the surface during a scan. Many times resolution in SPM papers is listed as a
wavelength fraction, but this is just a historical reference. The smallest discernable
feature in an image determines the resolution. In general, the resolution must be
defined in three dimensions--one normal to the surface and two lateral to the surface

where the normal resolution and lateral resolution are rarely identical.



1.2.3 Types of SPMs

Today there are many forms of SPMs that are briefly described in the next section.
In this work only those which use photons are discussed in detail. A major benefit of
the use of photons is the very high spectroscopic resolution attainable relative to that
of other SPMs and the fact that sample charging effects do not occur. Near-field
optical SPMs, that rely upon an apertured probe, are not discussed in detail in this
work due to the unknown qualities of the signal dependence upon the probe-to-sample
gap.

The STM is the most widely known and developed of these microscopes and it is
capable of subatomic-scale resolution in imaging conductive or semiconductive
samples. STMs can obtain subatomic resolution by using the process of electron
tunneling. A bias voltage between a sample and a metal tip is created, the tip is then
scanned across the surface, and the current that tunnels across the gap between the
sample and the surface is measured. This gives a high-resolution image of the
electronic distribution at the surface, or the surface electron cloud, because the current
density of electrons that tunnel across the gap is exponentially related to the distance
between the gap and the surface. The resolution is only limited by the size of the atom,
located at the end of the probe tip, to which tunneling occurs. The biggest
disadvantage o} the STM comes from difficulties with imaging insulators or rough
samples.

Another form of SPM is the Atomic Force Microscope (AFM) which consists of a

small cantilever that is rastered across the surface of the sample. This rastering may be



done while the cantilever is in constant contact, intermittent contact, or in close

proximity of the surface. As the cantilever is scanned across the surface it deflects
depending on the surface forces that are present. A laser reflected off the top of the
cantilever is used to determine the amount of deflection, which is then recorded and
displayed to give a representation of the surface topography. An AFM can also
measure temperature gradients and magnetic forces. AFM images routinely magnify to
varying degrees depending upon probe dimensions and sample roughness but only a
very limited spectroscopic resolution is possible.

The next SPM microscope is the Near Field Scanning Optical Microscope (NSOM)
which was theoretically proposed by Synge in 1928° and demonstrated experimentally
by Ash and Nicholles through the use of microwaves in 1972°. The NSOM did not
move to the visible region of the radiation spectrum until 1984'°. It was through the
work of D. Pohl and M. Isaacson that the NSOM has developed into a practical form
of SPM.

In NSOM a small aperture (much smaller than the wavelength of the illuminating
light) in the scanning probe is used to gather light from the surface of a sample. It may
also deliver the illumination and the sample then reradiates the light back to the
aperture. A shear force feedback mechanism'!, where the tip is vibrated above the
surface and the fundamental resonance of the fiber is observed and is proportional to
the distance from the surface, is used to conduct surface topography and to keep the

tip at a uniform distance from the surface. The diffraction limit can be broken because



the small aperture acts like a dipole antenna and converts the electric field in the near

zone to a radiation signal. The resolution is governed by the size of the aperture.
Limitations of the NSOM come from the feedback mechanism used, the difficulty
of making durable small apertures in the probe tips, and its difficulty in imaging
transparent samples. There is no reliable and definitive variation in signal strength
relative to the surface of the sample so that additional methods for determining the
probe distance must be employed. Typically a shear force method is used, but artifacts
of this method pose difficulties that make the technique unreliable in many cases.
PSTM microscopy is the form of scanning probe microscopy that will be the focus
of this thesis. It was developed by T.L. Ferrell, R.J. Warmack, and R. Reddick in
1989'*"*, The PSTM operates by locally frustrating the evanescent field of totally
internally reflected (TIR) light above the surface of a sample (engendering photon
tunneling) using a tapered probe. It is analogous to the STM, although the tunneling
signal arises from a beam of photons rather than from particles with a significant
momentum distribution. Additionally, of course, the photon wave function is a vector
wavefunction (having the orthogonal s and p polarization), and the equations for the’
transmission coefficient for an incident plane wave are identical for the two types of
particles only for the case of s-polarized photons and electron tunneling in which spin

is not important.



1.3 The PSTM Concept
1.3.1 Basic Operating Concept

Total internal reflection (TIR) and refraction have been observed for many years
and were studied by Isaac Newton in 1665'*. When light is incident upon a surface or
there is a change in dielectric constant it undergoes reflection, refraction, absorption,
and transmission, which can be described by the Fresnel relationships.

The angle of refraction of light from one medium to another is given by Snell's law,

ny sin 6, = n, sin 6, [1.3.1]
where 6, is the angle of incidence relative to the surface normal, 6, is the angle of
refraction relative to the normal, n, is the index of refraction of the incident medium
(the ratio of momentum of a propagating photon in vacuum to its momentum when
. freely propagating in the medium), and n, is the index of refraction of the second
medium. Snell's law is thus equivalent to conservation of the lateral component of
momentum.

When the angle of the incident light reaches a critical angle it undergoes total
internal reflection whereby the refracted beam lies in the refracting surface (8, = ©/2).
While studying TIR Newton noted that the reflected wave appears as if it penetrates
into the second medijum before being reflected'*. That is, the reflection vertex lies
beyond the boundary (now known to be at one wavelength). The associated wave is
called the evanescent wave and has an electric field that falls off as exp[-kz] where ¥
is a function of angle and relative index of refraction, and z is the distance from the

interface. The evanescent wave can be frustrated by moving a third medium very close



to the first medium so that the virtual photons of the evanescent wave are converted
into real photons by interaction with the third medium. This causes part of the
nominally TIR incident light to transmit into the third medium. Turner in 1947 called
this "frustrated" TIR", in modern terminology it is called “tunneling”.

The phenomenon of quantum mechanical tunneling occurs for both bosons and
fermions. Common to both is the Debroglie relation p = h/ A , where h is Planck’s
constant and p is momentum. At any boundary surface the quantum form of Snell’s
law results for both bosons and fermions as a result of conservation of the lateral
component of momentum. The index of refraction is thus generalized as described
above, but remains defined in terms of the ratio of momenta of free particles in the two
media. The Fresnel equations are modified in accordance with the value of the spin or
polarization, but are formally identical, for example, for electrons and photons
provided the electron spin has no role in the tunneling and provided the photons are
polarized perpendicular to the plane of incidence. This follows immediately from the
conservation of probability. The tunneling barrier is of different physical nature for
electrons and photons, but this is well known.

The PSTM microscope operates by frustrating the TIR light in a sample with a
scanned probe that is typically a sharpened optical fiber or pipette. The probe is
scanned across the surface of the sample éngendering tunneling locally at each point
and captures and transmits the tunneling photons within the optical fiber or pipette to a
photomultiplier tube where the photons are converted into an electrical signal.

Measurements of the current for each position on the sample's surface are recorded

10



and displayed as a graph on which the strength of the current is proportional to the
square of the electric field present at each point. The electric field strength depends on
the distance between the probe and the sample, the dielectric constant € or optical
index n (€ = n®) of the sample, and the wavelength of the incident light. The point of
initiation of the signal occurs at the sample surface and has nearly identical
characteristics to those of a flat surface so long as the mean square roughness height is
much less than the wavelength. The features are distinguished only because the signal
changes dramatically across a distance of one wavelength. The main difference
between a rough and flat surface is simple dipole scattering where the scattering signal
varies much more slowly with distance than the tunneling signal.

Scattering represents a relatively constant background that can be removed if it is
not overwhelmingly large (as can be the case in the vacuum ultraviolet). The
scattering can be delineated and used to garner additional information about the
sample. For example, one can use the scattered light for spectroscopic purposes or one
can measure near-zone scattering patternsl.~ By moving the beam to an angle just
slightly below the critical angle, all of the tunneling signal will vanish and the
scattering and real transmission are then sampled in the near zone.

The internally reflecting sample surface spawns the evanescent field at each point
and the sample is coupled to the prism by an optically continuous path provided by an
index matching gel. (Fig. 1.1) The distance between the tip and sample is thus
measured from the top surface of the sample at each point and not from the surface of

the prism. Negligible light is reflected by the prism surface because this surface is
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Figurel.1: Process of tunneling from an optically coupled surface. The point of
initiation of the signal occurs at the sample surface and has nearly identical
characteristics to those of a flat surface so long as the mean square roughness height is
much less than the wavelength.
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coupled with an index matching gel to the sample mount (typically a fused silica

slide). The characteristics of the reflection from the sample surface depend on the
surface features. If they are small compared to the size of the light being used, their
main effect in addition to the usual internal reflection is dipole scattering, or Rayleigh
scattering, as mentioned earlier. For larger particles or microstructures there is higher-
order scattering, however for thin samples or for samples that are transparent at the
wavelength of the photons used, the scattering is not so large. If the scattering signal
were large it would preclude observation of the tunneling signal that on average starts
at the effective surface plane (the plane of symmetry in the normal direction). In
essence, features small relative to the wavelength and which present negligible
scattering into the acceptance angle of the probe are not “seen” by the light as far as
leakage out of the TIR condition is concerned. By judicious choice of polarization the
scattering pattern can be controlled---more can be directed into the probe if desired by
using s-polarized light, while less is typically expected for p-polarized light. The
conditions are altered if the sample has different polarizabilities in different directions.
This work examines one particular type of sample that has different polarizabilities
along two directions. The sample consists of m‘etal island films (Section 1.3.3.1)
consisting of roughly oblate spheroidal particles with minor axis normal to the surface.
The polarizability for these particles is smaller in the normal direction than in the
lateral direction relative to the surface. S-polarized light scattering is associated with

the lateral dimension and starts to become significant relative to absorption at a size on
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the order of 120 nm for gold islands. Smaller lateral dimensions produce more
absorption and less scattering. The scattering pattern is that of a typical dipole and is
therefore a “doughnut” (square of cosine theta) that protrudes normal to the surface.
The scattering of p-polarized light is due to a combination of the lateral and normal
polarizabilities and the electric dipole induced is thus not parallel to the incident field.

Therefore, the pattern for p-polarization scatters less light into the probe.

1.3.2 PSTM Resolution

A PSTM is like all SPMs in that the smallest discernable feature in an image
determines the resolution. In general, the resolution is defined in three
dimensions—one normal to the surface and two lateral to the surface. Since the
normal resolution in the PSTM is essentially limited only by noise, it can be a very
small fraction of the wavelength. It is the lateral resolution that is to be compared with
that of traditional microscopies. In general, the resolution needs to be determined for
each sample examined and a standard is very helpful for accomplishing this task.
Assuming some knowledge of the order of magnitude of the mean square roughness
height of a sample, a reference object can be obtained with well-known dimensions
and imaged in like manner to the sample. The error in determining the reference
dimensions is then comparable to the error involved in imaging the sample. In the case
of samples with changes in optical index on the scale of these dimensions, it is
necessary to use multiple incident wavelengths in order to distinguish index changes
using prior measurements of dispersion in the sample. That is, the optical properties of

constituents must be known if the sample has strong variations in optical density.
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1.3.3 PSTM Spectroscopy

Spectroscopy has been an important part of scientific study for many years. It has
been widely used to study the chemical constitution of materials. Star structure, DNA
mapping, and hosts of other quantities are investigated spectroscopically. Recent
developments of tags for making biological samples and the importance of properties
of photoresists put on CHGD-silicon disks lead, for example, to a need for a method of
studying small systems spectroscopically. Previous research has focused on using the
PSTM to study a specialized case of photoluminescence from a sample. Fluorescence
from stress patterns in chromium-ion-implanted sapphire along with the shift in the
Cr+ doublet as a function of the stress pattern was studied'®. Measurements were also
made of Surface-Enhanced Raman Scattering (SERS) of cobalt phthalocyanine and

SERS studies of benzoic acid were also conducted".

1.3.4 Samples for the PSTM in the Present Work
1.3.4.1 Metal Island Films

In this experiment a thin film of small metal islands was used as a sample. Metal
island films have been studied for many years'*'? because they possess many
interesting optical properties and because they are easy to produce. Another
motivation for studying metal island films derives from computer chip production
where the limitation on how thin one can make wires, on the natural oxide that forms
on silicon, is very important. When copper is below a certain thickness islands are

formed.
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Typically islands can be produced by a slow evaporation of metal, less than a 100

nm thick, in a vacuum evaporator. The result is an electrically and physically
discontinuoué metal filrﬂ that self-anneals at room temperature”. When the metal film
is heated it allows the metal to migrate around the surface so that it pools into larger
particles around surface defects as oblate spheroids of nanometer scale depending
upon the evaporated thickness. The pooling occurs at temperatures well below the
melting point of the material. As the temperature of heating is increased the
distribution of particle shapes becomes more uniform and the particles become more
like spheres.

It is the shape of the particle that leads to the unique optical properties. Plasmon
oscillations along the axis of the particles govern absorption and scattering from the
particle. An excellent model of these oscillations was developed by Kennerly, et.al.”

and is discussed in more detail in the theory section.

1.3.4.2 Fluorophores

Fluorophores are molecules that undergo fluorescence and are commonly used as
probes in biological experiments. In biology fluorophores are used to stain or mark
specific parts of a cell (sample) or process so that they can be easily seen in optical
microscopy.

Fluorescence is a process in which a photon is absorbed and then excites an
electron from the ground state of a molecule to an excited state where the electron
remains temporally (~10-9 sec) ?! before returning to the ground state. When the

electron returns to the ground state a photon, corresponding to the energy difference
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(E=hv) between the states, is emitted. The emitted energy is normally less than the
energy of the absorbed photon because of energy lost due to vibration/rotation of the
molecule and to collisions with other molecules while in the excited state. This energy
loss is called the Stokes shift. The Stokes shift is advantageous in studying cells, or
other materials, which have been marked with fluorophores because the excitation and

fluorescence peaks do not overlap in the spectrometer.

1.4 The Nonlinear Tunneling Microscope (NSTM)

1.4.1 Motivation

The resolution of any SPM is improved if the rate of change of the signal is
stronger as a function of the distance z between the sample and the probe. Thus, for
example, the STM obtains subatomic resolution normal to the surface because the
electron-tunneling signal changes by an order of magnitude for each 0.1 nm change in
z. The difficulty encountered is that the probe must be placed within a few tenths of a
nanometer from the surface in order to acquire the signal. To gain an improvement in
resolution, over that attainable with a PSTM while retaining the use of photons, it is
clear that one must devise a method that provides a more rapidly changing signal and a
method of quantitatively situating the probe closer to the surface. The resolution
attained by STM is not likely to be reached by any photonic method, but a movement
toward atomic resolution is desirable. The use of photons is equally desirable due to
the fact that spectral resolution with photons far surpasses that which is possible with

electrons. A potential solution to this is offered below.
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1.4.2 Operational Principle of the Nonlinear Scanning Probe Microscope
(NSPM)

If a molecule is placed in a sufficiently intense uniform electric field E then the
induced dip_ole moment p is no longer simply proportional to E. Rather there is also a
quadratic dependence upon the electric field. The quadratic term coefficients are small
relative to the value of the coefficient of the linear term (linear polarizability). The
value of at least one component of E must therefore be sufficiently large so as to
compensate for the smallness of the quadratic coefficients. The electromagnetic
radiation emitted as a result of a significant nonlinear polarizability has a portion that
has twice the frequency of the incident field E. This occurs in classical terms because
of the influence of a quadratic upon the Fourier components of the field. In quantum
terms, two photons are absorbed in an electronic transition to produce emission of a
single photon of equal fotal energy upon de-excitation of the electron.

As mentioned in the discussion of confocal microscopy, two-photon processes are
already noted to be useful in microscopy. A fluorescent molecule can be induced to
fluoresce using photons of much lower frequency than ordinarily is required by using
a high intensity and thereby causing a nonlinear coupling. In the highest intensity
region of a beam, the intensity may be set so that only a very small beam cross section
produces the effect. In this manner the fluorophore can be located with high
resolution. The primary drawback is that a fluorophore will chemically decay
following emission of approximately one million photons and the image might not be
acquired before the decay. It would be desirable to stimulate the nonlinear process

only at the moment of signal acquisition.
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A metal-coated probe can be used to stimulate the hjgh field intensities needed for
generating second harmonic affects. It is well known that a sharpened metal probe
concentrates charges near the metallic tip, which is sometimes called "the lightning
rod effect”. This effect has been used by researches to conduct SERS experiments and
surface-plasmon-based field amplification®*, This enhancement has also recently
been demonstrated using a solid gold probe that was fixed very close to a sample's
surface”. Unfortunately, the investigation was carried out in the far zone and no
attempt was made to use the effect for an improved method of SPM. Nevertheless, the
effect was demonstrated to occur in line with an early work by Wetzel®.

As the metal coated probe tip moves across a sample surface only the sections of
the sample directly underneath the tip will experience field enhancement. The
increased strength will be highly localized. This means that fluorophores on the
surface of the sample will only be excited when the probe is directly overhead which
will decrease the effects of photo-bleaching. Ordinarily, the presence of a metal can at
least partially quench fluorescence as excitation produce energy delivered to the free
electrons of the metal. However, the frustrated TIR geometry offers the advantage of
circumventing the nonfluorescent energy transfer mechanism and instead enhances the
fluorescence. Therefore, the fluorophore need last for only as long as the signal is
engendered by the probe that simultaneously detects it. The fact that the fluorescent
signal is the most intense, or perhaps only present, when the probe is immediately

located to collect the signal improves the effectiveness of the device.

19



The enhancement effect only occurs to a significant degree within a few tens of

nanometers of the probe tip and increases with decreasing distance with the typical

dipole-dipole interaction distance dependence of distance to the inverse sixth power.

1.4.3 Introduction of Distance to Surface

One aspect of the field enhancement is that it is greatest very close to the apex of
the probe tip which means that the distance between the sample and the probe tip is
very important. A method of determining how close the probe is to the surface
becomes very important. It can also be useful in fluorescence and any other PSTM
research. The absolute distance to the surface would allow for more direct
comparisons of experimental results. Of particular note is that the absolute distance
need only be determined infrequently since the piezoelectric scanner has fractional
Angstrom resolution. By knowing the absolute distance, collisions with the surface
can often be avoided as the probe is approached in order to attain better resolution.
Additionally, the scattering pattern can be measured at known distances and
unfavorable effects can be delineated. An example of the latter might be effects due to
electrostatic charging in a dry atmosphere. These effects can cause the probe to
actually bend if the sample is similarly charged. A reliable method of distance
determination is also essential to the development of scanners that can more easily be
placed close to a rough surface without colliding laterally during a raster.

A method for determining the distance to the surface has been developed and is
presented in this work. An approximation based on the difference between tunneling

signals at different wavelengths and polarizations has been theoretically and
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experimentally tested. The basic idea of distance to the surface calculations is to

develop a quantitative model of signal strength versus distance.

1.5 Scope of Present Research

A Photon Scanning Tunneling Microscope (PSTM) was used to examine the
possibilities and difficulties associated with optical scanning probe analysis.
Improvements were made in the physical design of the microscope through the
addition of a rotating mirror assembly and a set up for performing spectroscopic work
was developed.

Incorporating absorption spectroscopy into the design is an improvement in the
capabilities of the PSTM microscope because all previous spectroscopic work dealt
with fluorescent samples”™. Results showing the absorption spectra of gold island films
are presented which demonstrate the ability of the PSTM to obtain localized
absorption spectroscopy data. Absorption studies open up a new area of research for
the PSTM by expanding the capabilities of the microscope to do spectroscopic work
on small sample areas while imaging the surface. Gold island absorption is important
to different types of sensor work. As physics pushes the boundaries of nano-
technology the ability to characterize localized surfaces area will play a much greater
role.

Images of gold island films are presented that demonstrate resolution possibilities.
These images highlight the ability of the microscope to measure and map the

electromagnetic topography of a sample.
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Another growing area of research and development is the NSPM. The NSPM is
used to study compounds that undergo two-photon fluorescence. Two-photon

compounds have recently been studied in many biological systems from cancer

research to DNA characterization™. The PSTM is ideally suited to help in this field of

study. This paper shows that the detection of the two-photon signal with the PSTM is

possible. An experiment is also presented which attempts to demonstrate that a metal

coated fiber probe could be used to enhance the field strength of the pumping laser.
The results do not conclusively demonstrate tip enhancement effects but do
demonstrate the ability to measure two-photon excitation with the coated probe.

One of the problems in determining if two-photon enhancement occurs is a lack of
accurate knowledge of the distance between the probe and the sample surface.
Enhancement effects are only expected to occur when the probe to sample separation
is very small. A theory is presented and tested that allows the absolute distance to
surface to be measured. Different wavelengths of light are used to determine the
absolute distance to the surface.

Finally, the complete work presents a better understanding of how the tip interacts
with the sample substrate for different wavelengths of incident light. This improves

the possibility for the effective and improved use of optical probe analysis.
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Chapter 2 Theory

In this chapter the theory of the PSTM is developed starting from the basics of light
reflecting and refracting at an interface and then is developed to a model for the probe
tip as a truncated, and then parabolic cone. The theoretical aspects of gold islands are
presented along with a discussion on the effects of scattering in the formation of an
image with the PSTM. This section is then followed by a discussion on two-photon
fluorescence. Finally, a calculation is presented which will allow the distance between

a probe tip and the surface to be determined.

2.1 Photon Scanning Tunneling Microscope (PSTM)

The PSTM operates by frustrating the evanescent field of TIR light above the
surface of a sample with a sharpened fiber probe. (Fig. 2.1) In modern language, the
probe induces tunneling of the photons, converting the virtual photons into real
photons. The amount of light that tunnels through the air gap, between the sample and
a sharpened fiber probe, is monitored as the probe tip is moved above the surface of
the sample. Measurements of the tunneling current, which is proportional to the
magnitude of the Poynting vector’ within the probe, are recorded for each position on
the sample's surface and are displayed as a graph. The electric field strength depends
strongly on the distance between the probe and the sample, the dielectric constant € or

optical index n (€ = n’) of the sample, and the wavelength of the incident light.

23




| |

Fiber Probe —»

Z ¥\ Evanescent Field
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Figure 2.1: Light under TIR is frustrated by the introduction of a fiber probe into the
evanescent field. The vertex of the reflection (evanescent field decay length) is on the
order of one wavelength, of the incident light, from the surface.
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2.1.1 Reflection and Transmission

When light is incident upon an interface or change in dielectric constant it

undergoes reflection, absorption, and refraction. Refraction of the transmitted light as
it passes from one medium (n,) to another (n,) is described by Snell's law* (Fig. 2.2)
which is produced from the conservation of the lateral component of momentum and
is rewritten here as

nysinGy=n,;sin 9, [2.1.1]

where n, and n, are the indices of refraction for the first and second medium while 6,
and 6, are the incident and refracted angles of light with respect to the normal of the
interface. When absorption is significant one can introduce complex angles in Snell’s
law or more physically use complex momenta.

When the angle of the incident light reaches a critical angle (8,) it undergoes total
internal reflection (Fig. 2.3) whereby the refracted beam lies in the refracting surface

(6, = m/2). The critical angle is defined by

o3)
sy — 1
2 [2.1.2]

n

o [\]

Once the critical angle is reached light no longer propagates through the second

medium but propagates along the interface between the two mediums and the total



Snell's Law

nosine o= sin® 1

Air n=1

n0>1

Figure 2.2: Refraction of light according to Snell's law.
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Air ni=1

Figure 2.3: Illustration of the critical angle in TIR.
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energy of the light is reflected back into the medium of incidence. As it propagates

along the interface it has an exponentially decaying field strength in the direction
normal to the interface (surface) called the evanescent wave. The electric field in the
second medium is given for angles less than the critical angle by

E =E e—imteile'HkuZ [2.1.3]

t 0

1

k, =2sing, k= [(‘”_2)[1 —n2(sin 9)2]]2 [2.1.4]
C

C

where  is the frequency of the incident light, 0 is the angle of incidence and n, is the
index of refraction of the substrate. When the critical angle is exceeded k,, becomes
imaginary and the electric field has a real, decreasing exponential dependence normal
to the surface. A plot of the intensity (|E[*) of the field for different angles of incidence
and a wavelength of 633 nm is given in Fig. 2.4. As the a,ngle of incidence, 0, is
increased the fall off (decay) in the intensity of the evanescent field as a function of
distance from the surface becomes more rapid. In Fig. 2.5 the field intensity for
different incident wavelengths (700, 600, 500, and 400 nm) of light, at the same angle
of incidence, are shoWn. In this case one can see that intensity, as a function of

distance from the surface, for different wavelengths of light decreases more rapidly for

shorter wavelengths.
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Decay for Different Angles of Incidence
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Figure 2.4: Evanescent field intensity as a function of distance to surface for different
angles of incidence (45° 50°, 60°, 70°). The wavelength of the light was 633 nm
incident on a quartz-air interface (ny,,, =1.457).
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Decay for Different Wavelengths
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Figure 2.5: The evanescent field intensity for as a function of distance to the to surface
for different wavelengths (400, 500, 600, and 700 nm). S-polarized light, incident at
an angle of 50° on a quartz-air-quartz interface, are plotted vs. the distance between
the probe and the surface. Here n = 1.452 for 700 nm light, n=1.457 for 600 nm light,
n = 1.462 for 500 nm light, and n = 1.470 for 400 nm light.
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To further develop the theory of reﬂection and transmission the Fresnel
relationships,33 that give the ratio of the reflected and transmitted electric field
amplitudes to the incident electric field amplitude, are presented. These relationships,
which are polarization dependent, can be derived from Maxwell's* equations by
meeting the boundary conditions at the interface.

Fresnel relationships for s-polarization (light polarized perpendicular to the plane

of incidence) are given by

n,sin®, —n,sin0,

n,cos6, +n, cosB,

[2.1.5]

s

‘= 2n,cos0,
* n,cosH, +n, cosh,

[2.1.6]

and for p-polarization (light polarized parallel to the plan of incidence) are given by

- cos0, —n,cosH,
P

[2.1.7]
n,cos6, +n, cos6,

(= 2n_cosf,

= 2.1.8].
’  n,cos,+n,cosB, [ ]

where 0, is the angle of incidence relative to the surface normal, 6, is the angle of
refraction relative to the normal, n, is the index of refraction of the incident medium
(the ratio of momentum of a propagating photon in vacuum to its momentum when
freely propagating in the medium), and n, is the index of refraction of the second

medium.
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Once the critical angle has been reached (TIR conditions) Snell's law indicates that

n,cos8, =iy/n sin?@, —n* forn>n,  [2.1.9].

Under TIR conditions the reflectivity,

R=r?, [2.1.10].
becomes 1 and the transmittance,
=% oo
n,cosB,

becomes imaginary which indicates that all of the incident light is reflected, assuming
a non-absorbing material. The reflectivity and transmittance are ratios of the

transmitted and reflected flux with respect to the incident flux on the interface.

2.1.2 Frustrated TIR

When a third medium is moved very close to the first medium the evanescent wave
becomes frustrated so that the virtual photons of the evanescent wave are converted
into real photons and propagate in the third medium as shown in Fig. 2.6.

The frustration of the signal modifies the transmission and reflection of the light
and can be represented by Fresnel coefficients that are modified for the three-layer

system (Quartz-Air-Quartz). If the third medium has the same index as the first
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Figure 2.6: Illustration of the transmission across an air gap for planer surfaces of two
identical materials.
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then the Fresnel transmission and reflection coefficients for s-polarization are given by

1—cosa

= 2.1.12
*  cosh2b-coso [ :
[ = cosh2b—1 [2.1.13]
" cosh2b—cos20
and p-polarization are given by
.2
— R TSR,
P cosh2b—cos2a
F = cosh2b-1 _ (2.1.15]
P cosh2b—cos2a
where
I
b= 2’;“ with s = (n,2sin®6, —1)? and (8, >6,)  [2.1.16]
2 2 .22
0sZ = C—Osge"_{_—zn" and coso = M [2.1.17]
2 l-n, cos 8, +n,s”

This is the solution for two planner interfaces. The transmission function for the
planar case is plotted as a function of the separation h for different angles of incidence
in Fig. 2.7 and for different wavelengths at a fixed angle in Fig. 2.8. These graphs
show a flattening of the transmission intensity, as the separation distance approaches
zero, that is different from the single interface effect shown previously. (Fig. 2.4, Fig.
2.5) The transmission differences caused by different wavelengths and angles of

incidence are still present in the figures. (Fig 2.7, Fig. 2.8)
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Transmission for Different Angles
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Figure 2.7: Transmission for a plane-air-plane interface for different angles of

incidence (45°, 50°, 60°, 70°). S-polarized 633 nm light is plotted vs probe sample

separation distance. The index of refraction was set to n = 1.457.

35



Transmission for Different Wavelengths
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Figure 2.8: Transmission in the plane-air-plane interface for different wavelengths
(400, 500, 600, and 700 nm) of light. The light has s-polarization and a 50° angle of
incidence. (n = 1.452 for 700 nm light, n=1.457 for 600 nm light, n = 1.462 for 500
nm light, n = 1.470 for 400 nm light)
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2.1.3 Truncated Cone Approximation

The planer solution for photonic tunneling is a good description of the tunneling
process but does not model the working conditions of the PSTM, which uses a
sharpened fiber probe instead of a plane. Therefore, a better approximation for the
PSTM models the probe as a truncated cone where the probe shape looks like a flat
stair surface as seen in Fig. 2.9. In this way the probe is modeled as a collection of
planar surfaces that step away from the interface. (A one nm step size is used for all of
the calculations in this paper.)

It is assumed that the transmission to each point along the probe's surface is
proportional to the transmission for a planar surface located at the same separation h.
The planar transmission for each step is multiplied by the area of the step, at that
separation from the surface, then the sum of the transmissions is calculated and
divided by the total surface area of the probe to give the transmission for a plane-air-

cone interface.

o _TA+TA +TA +..
“ A+A +A +..

[2.1.18]

In Fig. 2.10 the transmission intensities for 600 nm and 500 nm light in the planer-
air-truncated cone approximation are presented. The transmission intensities in this
figure differ from the plane-air-plane case (Fig. 2.8) in that the transmission intensity,

between wavelengths, remains different even when the probe is touching the
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Figure 2.9: Diagram of the steps and areas used to calculate transmission for the
truncated cone approximation. The distance between the probe surface area, A,, for
each step is shown as z,.
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Figure 2.10: Transmission vs. distance for the stepping approximation of a truncated
cone above a planner surface. The s-polarization case for 600 nm (solid line) and 500
nm (dashed line) light are shown for a fixed angle of incidence (50°). (n=1.457 for 600
nm, n=1.462 for 500 nm) The truncated section of the probe is 100 nm wide and the
1/2 angle of probe is 20°.
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surface. In the plane-air-plane case the intensities for different wavelengths go to unity
when the surfaces are touching. The difference in intensities develops because light
with a longer wavelength has higher tunneling intensities for any given probe sample
separation. Since the truncated cone approximation sums over areas of the probe at
different distances from the surface the longer wavelengths end up with larger
tunneling intensities than shorter wavelengths.

The difference in tunneling intensities can also be used to enhance the resolution of
the microscope. The resolution is enhanced due to an effective tip sharpening effect.
Since the evanescent field falls off exponentially the closest part of the probe collects
the dominant part of the tunneling signal. The effective tip radius calculated using the
truncated cone model is shown in Fig. 2.11, which plots the percent of signal
transmission as a function of the tip radius. This graph shows that 90 percent of the
signal comes from a tip with a radius of less than 205 nm for 600 nm light and 181 nm
for 500 nm light. Therefore, a shorter wavelength (which means faster intensity decay)
leads to a smaller sampling probe and a smaller sampling area on the surface of the
sample. Tip enhancement (or resolution improvements) is also affected by increasing
the angle of incidence. In Fig. 2.7, from section 2.1.2, the decay rate is shown to
increase as the angle of incidence increases which effectively sharpens the probe tip in

the same manner as decreasing the wavelength.
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Figure 2.11: Percent signal transmission as a function of the radius of the tip for the
plane-air-truncated cone approximation. The s-polarization case for 600 nm (solid
line) and 500 nm (dashed line) light at a fixed angle of incidence (50°). ( n=1.457 for
600 nm, n=1.462 for 500 nm) The flat section of the tip is 100 nm and 1/2 angle of tip
is 20°,
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2.2 Absorbance for Gold Islands

In this experiment a thin film of small metal islands is created and used as a
sample. Metal island films have been studied for many years because of their many
interesting optical properties. Production of metal island films involves a slow
deposition of metal in a vacuum evaporator to produce a thin layer, les's than 100 nm,
of discontinuous metal film'***®, After deposition the sample is heated, which allows
the metal to migrate around on the surface where it will pool around defects, causing
small particles to be formed. Pooling occurs at temperatures well below the melting
point of the material but higher heating or increased heating time leads to more

uniformly shaped particles on the surface.

2.2.1 Oblate Spheroid Theory

The theory that best describes the absorption and scattering of gold metal islands
uses oblate spheroidal coordinates and the excitation of surface plasmons along major

and minor axis of the spheroid as seen in Fig. 2.12. This theory of small metal

particles has been developed previously by many researchers®.

First, Laplace's equation V2V =0 is solved and the solution in oblate spheroidal

coordinates (1,0, ¢) is given by

.
|

o 1
Vo = 2 2, 3, Ay Qua (M Piy ()Y B0)  [221]

1=0 m=0p=:I

|
Vou =0 3, 3 By P (,)Q (i) Yy (B.0)  [22.2]

1=0 m=0p=z]
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The arrows in each particle indicate the direction of the electric field oscillations.

e | DOOO ([

Metal Island

P Polarized light
1=1 m=1 Horizontal Axis
I=1 m=0 Vertical Axis

Side View

P polarization causes a
mix of oscillations.

I=1 m=1 1=1 m=0

o O

Modes of Oscillation

Figure 2.12: Shape of gold islands on a substrate. The 1=1, m=1 case refers to the
oscillations along the horizontal axis while the modes corresponding to 1=1, m=0 case
are oscillations along the vertical axis.
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where Py, Q,, are Lengendre functions ,Y,,, are spherical harmonics and A,,,, By,
are coefficients determined from the boundary conditions.

In solving this problem it is assumed that the spheroid is much smaller than the
wavelength of the incident light. By making this as‘sumption‘a dipole approximation
can be used which means that the problem becomes a dielectric oblate spheroid in a
time varying but uniform electric field. This small size also means that non-retarded,
static electrodynamics can be used to solve the problem.

Next the boundary condition, inside and outside

V, =V, [2.2.3]

in,n-n, out,n._1,

g(w)ii- Vv, g, 0-VV

out |n=n“

[2.2.4]

by=n, =

the spheroid must be met, where 1 is the surface of the spheroid, €, is the dielectric
function around the spheroid, and €(®) is the dielectric function inside the spheroid.

Solving this equation and matching the boundary conditions leads to the dipole

resonance condition given by

Qi)
el m Pl m (ino) dn
N - [2.2.5]
8out Ql,m (IT]O) [dle (ln)]
dn n="n,
where
R
n, = > [2.2.6]
1-R

is the shape parameter and R is the ratio of the minor to major axis length.
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2
1+, ot m, -,

g,=¢,,( ) [2.2.7]

1

Tdendmern—pn 228

810 = £:“out(1

There are two resonance modes for the shape dependent dielectric function, which
correspond to excitations along the major and minor axes of the spheroid. In the dipole
approximation only the 1=0 and I=1 terms are important. The m=0 mode corresponds
to a dipole resonance along the minor axis while m=1 corresponds to a resonance
along the major axis and I=1 for both cases.

Peaks (resonance) in the absorption for a particle will be located where the real part
of the experimentally determined dielectric function® (for gold in this case) equals the

theoretical predictions.

Re g(w)=g;,(in,)  [2.2.9]

Resonance positions are displayed in Fig. 2.13 as a function of R, the ratio of the
minor to major axis length, versus wavelength. The real parts of the dielectric response
function are determined from bulk optical data®. The figure (Fig. 2.13) shows a
branch for the minor axis (I=1 m=0) and a branch for the major axis (]=1 m=1) that
converge as the ratio approaches one. This indicates that the absorption spectrum
should contain two absorption peaks that will converge as the particle's shape becomes

more spherical.
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Resonant Absorption for Gold Islands
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Figure 2.13: Absorption modes for gold particles along the minor and major axis. The
solid line plots the resonance condition for the I=1, m=1 mode and the dashed line is

for the 1=1, m=0 mode. The position for the peak absorbance for each shape is shown.
Dielectric function = 1, Angle of Incidence = 47°
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The dipole moments for the spheroids can also be found from the solution to

Laplace's equation and can be shown to be

. 2a°(1+ M)’ [e(w) - 1]
P = 3Q, () )le@) — &, (n,)]

E (0)=oE [2.2.10]

X

~ 2a3(1+1’](2))”2[8(0))_1] ~ _ _
' 3Qu(n,)le@) - g, (in,)] E,(@)=a,E, [2.2.11]

. —a’n [e(w)-1]

) B,(@)=0.E 2.2.12
> 3Q,,(in)[e(w) — &,,(in, )] L[®)=0a.E, [ ]

where a.,, o, 0, are the polarizabilites of the spheroid along the three different axes.

The total cross sections for p and s polarization are given by

MO e [2.2.13]
(o}

tot,s

Gy = 4”7“’1m(ocy cos’0+a,sin’0)  [2.2.14]

The scattering cross section is given by

4
5O P [22.15]
C

scatt,s 3

8nw*

c;sczm,p = 3C4

(o, [* cos®6+]a, | sin®6) [2.2.16]
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and the absorption cross section (G,) is defined as total cross section minus the
scattering cross section.
Light incident (I,) upon a spheroid can be transmitted (1), scattered (I,,), or

absorbed (1,). Therefore,

L=L+L,+L  [22.17]

which can be algebraically converted into

\ L, ! [2.2.18]

L () (L
IO IO

where this is related to the single spheroid cross sections by

%ﬂzNG 22 = No [2.2.19]

scatt,p I a,p
° o

where N is the number of spheroids per unit area. This leads to
2=——  [22.20]

Since absorption is defined as -log(I/1,), absorption as a function of the total cross

section and density of particle is given as

1
ABS=1lo . 2.2.21
g[l NG:I [ :
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These equations combined with the experimental bulk dielectric for gold can be

used to calculate the absorption peak for the islands. The Mathcad®*

Program was
used to produce plots for different shapes of particles and for different dielectrics.

An example of the scattering cross section for gold islands of different shapes is
given in Fig. 2.14. The p-polarization and the s-polarization are shown for both shapes
and the cross section for the s-polarization is always larger. This is expected because
the variation in the angle of incidence does not affect the effective size of the particle
observed by the s-polarized light. The effective size of the particles for p-polarized
light depends on the angle of incidence.

When the scattering cross section is compared to the absorption cross section one
finds that the scattering cross section is proportional to the volume of the particle
squared divided by the wavelength, of the incident light, to the fourth power while the
absorption is proportional to volume of the particle divided by the wavelength of the
incident light.”® For particles with a major axis of 100nm the absorption cross section _
is on the order of 100 times larger than the scattering cross section. This is important
to note because it indicates that the scattering signal from a sample's surface should be
much less than the tunneling signal.

In Fig. 2.15 the scattering cross-section for s-polarized light is given as a function
of the shape parameter, 1. As 1 goes to infinity the particle approaches that of a
sphere. The cross sections are for specific wavelengths of light. It is important to note

that the particle's major axis length does not change, therefore as the particle

approaches a sphere it's volume increases.
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Figure 2.14: The scattering cross sections (nm?) for two particles (shapes R=0.2 and
0.6 ) embedded in a dielectric (e= 1.0) with a major axis length of 30 nm for light
incident at an angle of 50°. The s-polarization scatter cross section (subscript s) is
larger than the p-polarization cross section (subscript p).

50



2.5%104 T T T T T T T T T

N
(]
*
—

R
]

Physical Cross Section

. 619nm (n*radiu52)=1963 nm2
1.5%104 4,/ - T i

1.0*104}

Total Scattering Cross Section (nmz)

1 A ek P

5000 |- ‘% \ / \ P L T .
885 nm X o \\,' 459 nm
t " ’_'
1963 | —t- _)_ AN . _[ _________
R e
0.—4/“-4:-?'\"“‘;%.“«'“\""‘\l--—-——L__,__L___.._J____w_]_____‘_l T e e sy
0 0.1 0.2 0.3 04 0.5 0.6 0.7 08 09 1
Shape Parameter (1)

Figure 2.15: The total cross section for different wavelength of s-polarized light is
given as a function of the shape parameter 1. As 1 goes to infinity the particle
approaches that of a sphere. The cross sections are for specific wavelengths of incident
light. One thing to note is that the particle's semi-major axis length does not change,
therefore as the particle approaches a sphere it's volume increases. Dielectric Constant
(e) = 1, Angle of Incidence (0) = 47°, Semi-major axis length = 50 nm
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2.2.2 Gaussian Distribution of Particles

It has been demonstrated through experimental imaging of gold islands and through
previous experiments*® that the particles created on the substrate have an
approximately "Gaussian" distribution of particle shapes that are centered on a
particular particle shape (R,). Thus far the theory only describes the absorption and
scattering for a single particle. This single particle theory needs to be modified to take
into account multiple scattering centers. To accomplish this modification the
absorption for all of the p4articl‘e shape parameters is calculated and applied to a

"Gaussian"” distribution that is centered on a particular particle shape (R,). Absorption

is given by
1
Abs = —ZIOglo[l —Nof(R)] [2.2.22]
R=0
R, —R)’
N f(R) exPH%)—]
where N=—"-= and f(R)= T s [2.2.23]
cosf 2 £(R)
R=0

N, is the number of particles per unit area at normal incidences to the surface while N
is the number of particles at a given angle of incidence. f(R) is a "Gaussian"
distribution of particle shapes centered at R,, with the distribution around R,
determined by R,. The absorption for a "Gaussian" distribution of gold particles with

different shapes is shown in Fig. 2.16.

52



Absorption for a Gaussian Distribution of Particle Shapes
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Figure 2.16: Absorption peak for a "Gaussian" distribution of gold island particles
embedded in a dielectric (€= 1.3). The major axis length of the particles is 30 nm and
the light is incident from an angle of 50°. (R,=0.4 and 0.15), R=0.1, N =10
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The substrate and dielectric around the particle will also affect the absorption peak
by causing a red shift in the surface-plasmon energy.* If the substrate causes a shift in
the absorption peak, then the presence of the tip should also distort the peak in the red
direction contributing to the approximate dielectric function around the island. Red
shifting from the presence of the tip is much smaller than the affect of the substrate.
The presence of the tip also distorts the electric field by causing tunneling to occur.

In the figures and calculations dielectric constants were chosen to take into account
the substrate affect. For simplicity, the dielectric used is assumed to be an average of

the dielectric constant of the substrate and air.

2.3 NSPM (Nonlinear Scanning Probe Microscope)

While a NSPM incorporates many of the same theoretical models as the PSTM it is
quite different due to the use of two-photon sensing in the near zone of a sample. In
NSPM the excitation light is incident upon the sample under TIR conditions and the
topographical imaging works via the tunneling process. The difference occurs in the
fluorescence excitation process. In NSPM a metal-coated fiber probe is used to
enhance the electric field of the incident field so that the fluorophore is excited by a
two-photon absorption. In this way a photon of energy much lower than the energy
level difference can be used to move an electron from the ground state of a

fluorophore molecule to an excited state.
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2.3.1 Interaction of Light with Molecules.

When a photon of light is incident upon a molecule it can be absorbed or scattered.
Scattering involves the photon being emitted from the molecule almost immediately
with little change to the incident beam. During absorption the photon energy is held in
the molecule for a period of time before it is released, if it is released. Light will only

be absorbed by a molecule if the energy of the photon corresponds to the energy

needed to change the electronic configuration of the molecule, the vibrational energy,

or the rotational energy. The vibrational energy is related to changes in the average
internuclear distances while rotational energy is a change in the way the molecule
rotates about its center of gravity. These energy states are normally activated by
energy levels in the infrared region of the spectrum and are much lower in energy than
the change in electron configuration. The change in electron configuration corresponds
to the transition of an electron from a ground state to an excited state. The electronic
energy levels are divided into many sub levels that correspond to vibrational and
rotational energy changes.

When energy is lost from absorption much of it is lost in the form of heat. Some of
it will be emitted through radiated energy. Luminescence is a general term used to
describe the loss of absorbed energy through, the emission of a photon. Fluorescence
and phosphorescence are two types of luminescence. The difference between them is .
the time the energy is stored. In fluorescence the transition back to the ground state
energy occurs after a nanosecond or a microsecond while phosphorescence has a delay

of 10™* to 10 seconds or longer is some cases.
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2.3.2 Fluorophores

As previously mentioned fluorophores are molecules that undergo ﬂu\orescence and
are commonly used as probes in biological experiments. Fluorescence is a process in
which a photon is absorbed and excites an electron from the ground state of a
molecule to a real excited state where the electron remains temporally (~10-9 sec)
before returning to the ground state. When the electron returns to the ground state a
photon is emitted with an energy corresponding to the energy difference (E=hv)
between the states. The emitted energy is normally less than the energy of the
absorbed photon because of energy lost to yibratioﬂrotatién of the molecule and
energy lost in collisions with other molecules while. in the excited state. This energy
loss is cal'led the Stokes shift. The Stokes shift is advantageous in studying cells, or
other materials, which have been marked with fluorophores because the excitation and

fluorescence peaks do not overlap in the spectrometer.

2.3.3 Two-Photon Excitation

The process of two-photon excitation is a type of nonlinear process in which the
electric field intensities of higher orders play a dominant role. Many applications are
starting to use nonlinear optical effects*. Spectroscopists use this effect to double the
frequency of lasers, biologist use it to look at tagged biological samples, and others
use it in developing medical applications®.

In this experiment the two-photon effect was used in the excitation of fluorophores.

A fluorescent molecule was induced to fluoresce using photons of much lower
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frequency than is ordinarily required by using a high intensity and thereby causing a
nonlinear coupling. One photon of the excitation light is not energetic enough to raise
a molecule from its ground state to an excited stafe. Two excitation photons must be
absorbed and the electron passes through a virtual state. (Fig. 2.17) The energy of the
two separate photons equals the energy of the difference between the energy states.
This only occurs in the highest intensity region of a beam.

Electromagnetic theory demonstrates that polarization is related to the electric field

P=¢ xE [2.3.1]

where €, is the dielectric constant and 7 is the dimensionless electric susceptibility.

If a molecule is placed in a sufficiently intense uniform electric field E then the
induced dipole moment P is no longer simply proportional to E. Rather, there is also a
quadratic dependence upon the electric field. This can be seen by expanding the

polarization in a series expansion.
P=g (YE+),E*+E'+) . [2.3.2]

The linear susceptibility (%) is much larger than the coefficients of the nonlinear
terms (X, X3 ---)- Only at higher electric field strength do the nonlinear terms come
into play. The value of at least one component of E must therefore be sufficiently

large so as to compensate for the smallness of the quadratic coefficients. The
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electromagnetic radiation emitted as a result of a significant nonlinear polarizability
has a portion that has twice the frequency of the incident field E.

Assume light takes the form of

E=E sinot [2.3.3]
Then the polarization takes the form
P=¢g yE sinot+ex,Esin’ ot +¢e x,Elsinwt +---  [2.3.4]

which can be rewritten as
P =g yE, sinot + %Ef(l — cos2ar) + 9’4&}23 Gsinet —sin3en)+-  [2.3.5]

The second term in this equation shows higher order frequencies--doubled light (2m).
This occurs in classic;al terms because of the influence of a quadratic upon the Fourier
_components of the field. In quantum terms, two photons are absorbed in an electronic
transition to produ;:e emission of a single photon of equal fofal energy upon de-
excitation of the electron. This term indicates that the charges in the substance are
being driven at twice the frequency and will reradiate at this frequency. This

reradiated, doubled light, is defined as Second Harmonic Generation (SHG).
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"In terms of the photon representation we can envision two identical photons
of energy hacoalescing within the medium to form a single photoﬁ of energy
h2@. Peter A Franken and several coworkers at the University of Michigan in
1961 were the first to observe SHG experimentally. They focused a 3-kW pulse
of red (694.3nm) rube laser light onto a quartz crystal. Just about one part in

10° of this incident wave was converted to the 347.15 nm ultraviolet second

harmonic."

. Pulsed light is more effective for generating SHG signals because the short pulse
length increases the intensity of the light delivered. Since power is energy divided by
time, as the time frame decreases the power level delivered increases.

A metal-coated probe can be used to stimulate the high field intensities needed for
generating SHG affects. SHG needs a threshold of incident intensity and a metal-
coated probe will help concentrate the electric field effectively. It is well known that a
sharpened metal probe concentrates charges near the metallic tip, which is sometimes
called " the lightning rod effect". A schematic of this effect is shown in Fig. 2.18.

By using this field enhancement effect fluorophores can be excited and located with
high resolution. The primary drawback is that a fluorophore will chemically decay
following emission of approximately one million photons and the image might not be
acquired before the decay. It would be desirable to stimulate the nonlinear process
only at the mor;lent of signal acquisition. The field enhancement effect will allow this

by only exciting the fluorophore directly beneath the probe tip.
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Metal Coated Fiber Probe

Enhanced Electric Field
due to the
"Lightning Rod Effect"
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Figure 2.18: Example of the field enhancement due to a sharpened metal probe tip.
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2.4 Distance to Surface Calculations
2.4.1 Calculation for General Function.

The ability to calculate the distance from the surface in optical probe miéroscopy is
very important. It is possible to determi.ne thié distance from a calculation that
involves the transmission functions of different wavelengths of light incident at the
same angle. In Fig. 2.10 the tunneling signal for different wavelengths of light is
shown to vary as a function of the sample to probe separation distance.

To calculate the distance to the surface one first assumes a general transmission

function that takes the form
T=T() where &= ZTRZ and A stands for wavelength.

The chain rule is used to calculate the derivative of the transmission function with

respect to wavelength (A) and then with respect to distance (z) from the surface.

dT _dTdE _ Q(_ 2"2) [2.4.1]

dv dEdn dE\ A2

dT_dTds_ d—T(z—“) [2.4.2]

dz dEdz dE\ A

The results of these derivatives can be combined to give

T
Q@ —% [2.4.3]
dz
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This can then be approximated as

Al Az
=t 244
AM AL [ ]

where A stands for differences in measurements and the intensity of light measured
and (I) replaces the transmission function. The above neglects the probe curvature

effects that cause an additional z dependence of the signal as one moves laterally.

2.4.2 Theoretical Predictions of Distance to Surface

Predictions of the distance to surface were calculated from theoretically generated
data sets based on the truncated cone approximation transmission data for different
wavelengths of light. The intensities were put into the delta I, delta lambda, delta z
positions of the distance to surface formula (Eq. [2.4.4]).

In Fig. 2.19 the distance calculations for theoretically generated data are shown for
the difference in intensity between a 633 nm beam and a 544 nm beam. The data set
uses A as 633 nm and A as 544 nm for the different calculations. The calculated
distance is not very accurate close to the surface because of the difference in
transmission to a cone for different wavelengths. These differences in transmission are
due to the shape of the tip and cause an offset in the distance calculation.

Fig. 2.20 shows the results of the same calculation after the intensities have been
normalized to the intensity closest to the surface for each waveléngth. The

normalization removes the differences in transmission that are cause by the shape of
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Figure 2.20: Distance to the surface calculation results that are based on normalized
theoretically generated data sets for 633 nm and 544 nm.
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the probe. The differences in transmission are now only due to the differences in the
tunneling signal as ;he probe is moved toward the surface. Under this approximation
the calculated values are a more accurate representation of the actual distance to the
surface very close to the surface and then start to diverge at larger distances. The
divergence at larger distances is probably due to the large A\ used in the
approximation, which causes the approximatior; to breakdown. When a smaller
wavelength differential is used the divergence becomes much smaller as seen in Fig.
2.2]1 where the wavelengths are 620 nm and 630 nm. A comparison of the percent
difference between the actual distance to the surface and the calculated distance for the
633 nm, 544 nm case and the 620 nm, 630 nm case are shown in Fig. 2.22. The high
percent differences near the surface are a result of the small values and in absolute
distance terms would not be very high.

The next case shown in Fig. 2.23 is that of data being normalized to a point (100
nm from the surface) that is not the maximum possible intensity. These are the same
conditions as for Fig. 2.20 except for a change in the normalization point. Changing
the normalization point shifts the distance calculations causing the distance to the
surface approximation to be smaller than the actual values. The position where the
calculated values cross zero is equal to the offset used for the normalization point.
InFig. 224 a c\'onstant term was added to the intensity values. This was done to

simulate a constant scattered light background that exists in real data sets. The data

was normalized to the highest intensity for each case and then the distance calculation
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Figure 2.21: Distance to the surface calculation results that are based on unnormalized
theoretically generated data sets for 630 nm and 620 nm.
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Figure 2.22: The percent difference between the actual distance from the surface and
the approximated value for the 633 nm and 544nm case and the 630nm and 620 nm
case.
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Figure 2.24: Distance to the surface calculation results that are based on data with a
constant scatter term added normalized for 633 nm and 544 nm. A constant scatter
term was added to the data. Then it was normalized to the highest intensity (at z =1)
and the distances were calculated. The scattering begins to dominate the results away

from the surface when the tunneling signal decreases.
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was preformed. The scattering term does not affect the results until the intensity of the
signal falls off. At this point the small intensity values are dominated by the constant
scattering term. This can be seen where the distance measurements curve downward
near 600 nm. When the normalization is not done to the point of greatest intensity the
distance to the surface is shifted, as before, and is shown in Fig. 2.25.

This theoretical model presents the possibilities and suggests possible limitations in
using this method to find the distance to the surface. The results indicate that a small
difference in Wavelengths is necessary to obtain accurate results. The results also
indicate that the uniform field of scattered light should not change the results close to
the surface. This theory still needs improvement and a parabolic model of the probe tip
will be presented in the next section.

One method for overcoming the normalization condition would be to apply the
theoretical intensity differences at the surface of the sample to experimental results to
compensate for differences that are due to wavelength collection efficiencies of the

probe tip.

2.4.3 Paraboloidal Probe Approximation

After analyzing the distance to the surface approximations one is lead to develop a
better approximation for the shape of the probe tip to over come problems with
normalization. The previous section demonstrated that the shift caused by
normalization limits the usefulness of the distance to surface theory and the cone

approximation. The breakdown occurs because of the difference in tunneling signals
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Figure 2.25: Distance to the surface calculation results that are based on data with a
constant scatter term added normalized at a point below the maximum for 633 nm and
544 nm. The scattering term was normalized to the intensity at 200 nm from the
surface which shifts the distance calculations.
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for different wavelengths as the probe touches the surface of the sample. To improve
upon the previous theory one can consider the case of a paraboloidal probe with the
Cartesian coordinate equation

R2

z =z, + — [24.5]
a

where R is the radius in the xy plane. This case was treated by Reddick*. The
transmission is approximated by averaging the planar surface transmission coefficient
over the probe cross section and dividing by the area A of the spot of the incident

light. Thus, for the planar transmission coefficient across an air gap separating two

quartz media, one has the standard result (for p-polarization)

2 sin’o

T(z) = —
[cosh( 2qz) — cos 20 ]

[2.4.6]

where qz is b, o is and

s> =n’sin® -1 [24.7]

The transmission is taken to be

T
T = (X ) J’ T(z) R(z) dR(z)  [2.4.8]

with the integration being from z = z, to infinity. For the paraboloid,
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RdR = (—) dz [2.4.9]

the integral can be done exactly. Substituting and solving for T gives

. (2na tan&) {(E) - tan™ [(CXP( 2qz9) - Cosza)]} [2.4.10]
gA 2 sin20

This equation demonstrates that dt / dA / dt / dz, is indeed ~z /A. The hyperbolic

cosine causes the decay of intensity with distance to be relatively slow near the surface
in the planar case, but the dependence is more complicated here. At z, = 0 the
transmission is not unity for this tip, but rather is proportional to wavelength. Note that

the second term above becomes just «:

T (at touching) = (%%) [(g) - &] [2.4.11]

One should also note that the transmission has no inflection point, but rather decreases

monotonically with increasing distance. The derivative of the transmission with

21a tan® o
A

[2 cosh( 2qz, ) + exp( -2qz, ) cos’ 20 - 2 cos 2&]

respect to distance is

[2.4.12]

which has no zero. The second derivative is zero at touching.
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2.5 Probe Measures the Electro-Magnetic Cross Section.

The evanescent field may be viewed as uniform across the small thickness of a
metal island. In this event, the dipole moment induced is given by Eq. [2.2.10] for s-
polarized light. The electric field of the resulting induced dipole in the near zone is

simply the gradient of the potential

d=pcosd/r’ [2.5.1]

The resulting energy density outside the oblate spheroidal island is the absolute squafe
of the sum of this field and the evanescent field. This can be referenced to the value of
the evanescent field at the substrate surface at a point well away from the island
laterally if there is a region that contains no other particles. In practice, this factor is
not critical to the present considerations. Hence, it is expected that the PSTM will
garner a flux from the energy density that contains a term proportional to the product
of the inverse cube of distance from the center of the particle and the exponential
spatial dependence of the evanescent field in this approximation, this term arising
from the product of Fhe fields when the energy density is calculated. The inverse sixth
power term is not easily observed due to its rapid falloff. As the probe retracts, the
inverse cube term also falls off, leaving only the evanescent field. A diagram of the

probe interacting with the dipole field is shown in Fig. 2.26.
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Figure 2.26: Schematic of the probe and a dipole field above a gold particle.

2.5.1 Summary of Theory

In summary this chapter presents the basic theory of reflection and refraction at an
interface. A theoretical interpretation (model) for how the probe interacts with the
sample surface and a method of distance to the surface is introduced. Also, the
concept of two-photon excitation and the scattering and absorption associated with

prolate spheroidal particles (gold islands) is described.
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Chapter 3 Experimental Description

All forms of SPMs involve a probe being moved very close to a sample surface in a
predetermined linear scanning pattern, normally called a raster pattern, which covers
all of the area to be imaged. The probe is moved by a relatively hard piezoelectric
crystal that is controlled by a computer and feedback electronics. In feedback mode
the electronics maintain a constant current while a constant height mode keeps the

probe at a set separation from the surface. At each point along the scan path

" measurements are taken, recorded and displayed on the computer screen. The

composite image of the measured values at different points represents a topographical
image map of the surface.

This chapter presents a description of the various pieces of equipment used during
the experimental process. The experimental setup for the PSTM and NSTM consists of
four major components:l probe positioning, mechanical structures, illumination, and
signal detection/analysis. A schematic of the positioning and signal detection
components of the system is shown in Fig. 3.1. The other major part of the

experimental work involves sample preparation and characterization.

3.1  Probe Positioning

The PSTM works by moving a sharpened fiber probe over the surface of a sample
so that the evanescent field can be locally frustrated at each point. For this to be
feasible a precision mechanism must be used to position the fiber probe close to the

surface of the sample. There are two main components involved in positioning the
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Figure 3.1: Data acquisition system for the PSTM.
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probe. Piezoelectric materials are used to move the probe small distances around the
surface with the piezoelectric crystal (usually in the form of a pipe) beiﬁg electrically
controlled by a Nanoscope IlIa® controller that provides the electronic amplification
and signals needed to make the fine adjustments.

"The word "piezo" is derived from the Greek word for pressure. In 1880, Jacques
and Pierre Curie discovered that pressure applied to a quartz crystal creates an
electrical charge in the crystal; they called this phenomena the piezoelectric effect.
Later they also verified that an electrical field applied to the crystal would lead to a
deformatiqn of the. material. This.effect is referred to as the inverse piezoelectric
effect. After the diécovery it took several decades to utilize the piezoelectric
phenomehon. The first commercial applications were ultrasonic submarine
detectors developed during World War I and iﬁ the 1940’s scientists discovered

that barium titanate ceramics could be made piezoelectric in an electric field."*

3.1.1 Piezoelectric Scanner Construction
Piezoelectric tubes used in this experiment are constructed of lead zirconium

titanate (PZT) by Staveley Sensors, Inc. They are #3 ceramic tubes with nickel plated

electrodes on the inside and outside. (0.5" OD x 0.02"W x 2.0"L) The tubes were

obtained with 90 quadrants cut (by sand blasting) through the outside surface of the
nickel electrode. The segmentation of the electrodes allows different sections of the
tube to be electrically isolated so that different electric fields can be placed across
different sections of the tube. Using this effect to bend a quadrant-divided tube for
positioning SPMs was first proposed by Binning et. al. in 1986°.

When a voltage is applied across a piezoelectric material it expands or contracts.

Over small lengths the strain can be approximated by s=dE where s is the strain, d is
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the strain constant or "d" coefficient [meter/volt], and E is the applied electric field
[volt/meter]. Scanners made of piezoelectric material do not have a linear movement
over large areas. Piezoelectric materials are used in many different devices like
microphones, lighters, etc. If a pressure is applied to the piezoelectric material a
voltage is created.

The piezoelectric material consists of crystals that contain dipole moments that are
the basis of the crystal's ability to move. When the material is first created all of the
dipoles are randomly oriented and must be aligned. To align the dipoles the material is

heated past a critical temperature (The tubes will lose their polarity if they are heated

above ~1909C) which frees the dipole moments. A DC voltage is applied across the
material that aligns the dipoles and then the system is cooled. Once the temperature
drops below the critical temperature the dipoles are fixed into place and are thus
aligned along the same axis. The group polarization allows the material to respond to
voltages placed across the material.

By applying voltages across different segments of the piezoelectric tube a pushing
and pulling affect (strain) on the tube is created and the tube bends. One side of the
tube is set up to extend and the segment on the other side is set up to contract causing
the tube to bend in the direction of the contracting side. (Fig. 3.2) The length of the
scanning tube, thickness of the scanner walls, and the strain coefficient of the scanner

material determines the maximum size of a scanner's range.
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Figure 3.2: Diagram of the x-y piezoelectric scan tube as it flexes.
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The PSTM scan tube was constructed from a segmented piezoelectric tube that
controls the x and y axis and an unsegmented tube that controls the z axis. The tubes
were connected together with a MACOR® fitting (MACOR® is machineable glass) and
glued together using Torr Seal® (a low-pressure resin). A diagram of the complete
piezo tube construction is shown in Fig. 3.3.

The inside and outside of the tubes are electrically isolated so that the resistance is
very large between different sections of the tubes. Contacts (metal pins) placed near
the top of the tube in the ring holder (made from MACOR®) were used for wire
connections. Wires were soldered to the contacts and each section of the electrodes of
the tube to deliver the electrical signals.

A nose cone was placed at the end of the tube and a thin metal tube (hypo-tubing),
used to guide the fiber through the scanner, was attached in the center of this cone.
The fiber probe was attached inside the hypo-tubing with hot wax. This holds the
probe fixed in place while the scanner was being used.

Excess_water was removed, as water destroys the electrical isolation, from the tube
through baking for ~30 mins at 100° C. After baking and while the tube is still warm it
was coated in a thin sheet of plastic to protect it against hydration. Detailed diagrams
of the parts for building a scanner are located in Appendix A.

Calibration of the scanner was done using a feeler gauge. The feelef gauge was set
to measure the deflection in the different directions as voltage is applied to each
section. A plot was made of deflection versus voltage and starting values for the tube

calibration were determined. Once these were found an image of a diffraction grating
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Figure 3.3: Diagram of the piezoelectric scanner.
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of known spacing was imaged and then minor adjustments were made to the voltage
versus distance calculations. The Nanoscope® has an algorithm that was used to make
up for the nonlinear behavior of the piezoelectric material and the response to applied
voltages can actually be determined down to the subatomic scale. For this research the

scale was simply checked using other samples with know sizes and spacing.

3.2 Microscope

3.2.1 Stand and Scan Head

Drawings for the stand construction are shown in Appendix B. The stand was
constructed of aluminum and consisted of a base and legs. The rotating mirror
assembly attaches to the base and the microscope head sat on the top of the base. The
base has dimples in the surface that were used to position the microscope head so that
it did not move. Pictures of the stand and scan head can be seen in Fig. 3.4 and Fig.

3.5.

3.2.2 Nanoscope Controller

The Nancoscope I11a® from Digital Instruments®, Inc. of Santa Barbara, CA (DI)
was used for image collection. The IIla consists of a computer, controller, and
software that are used to collect the data from the PSTM head. The DI software for
STM is used to‘ control the head. The controller digitizes the signal and sends
information to the head from the computer and vice versa. The software is able to do
many types of data manipulation. The controller also controls the feedback mechanism

that keeps the
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tip of the probe at the proper distance from the sample surface tb maintain a constant
current signal.

The Nanoscope® computer controller comes with a standard software package that
contains many programs for image analysis and controlling the SPM. Due to the many
features built into the Digital Instruments® software only the two types of imaging
modes used in this experiment, current mode and height mode, will be discussed.

Current mode is enabled if the probe tip is scanned across the sample at a constant
height z above the surface and the change in tunneling current is monitored and
displayed as an image of the sample. During height mode the probe tip is scanned
across the sample's surface sov'that the tunneling signal remains constant. To do this a
feedback system built into the controller modifies the voltages across the z piezo. The
voltages across the z piezoelectric tube walls are then recorded and displayed as a
image of the sample.

The exponential nature also allows for scattered light to be rgmoved from the
signal. The scattered light is uniform over small distances while the tunneling signal
falls off due to its exponential nature. By using the controller to look at just the
(exponentially) changing signal the uniform scattered light background effects are
minimized.

The probe tip was moved in a raster scan above the surface to collect data over the
complete area of the sample. A sample raster scan is shown in Fig. 3.6. During the line
scan in the fast scan direction a preset number (256 points for most images in this

work) of data points were recorded.
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3.3 Signal Detection/Analysis

3.3.1 Probe Creation

Corning® 50/125 fiber optic cable is a step index fiber that consists of an inner
index material that is 50 microns in diameter and an outer index that is 125 microns in
diameter which is covered by a protective plastic. The fiber was striped of this plastic
cover and then cleaned with alcohol before being put into the tip puller. The tip puller
then heats the fiber and stretches it into a sharp tip. The inner and outer parts of the
fiber both get stretched, as the fiber is pulled.

A P-2000 laser based micropipette puller (Fig. 3.7) was used to pull the fiber optic
tips. The device consists of a CO, laser that was used to heat the fiber while the fiber
was being pulled apart. By controlling the length, force, and heat used in the pull
different shapes of fiber tips were obtained. The tips were then checked with an optical
microscope to confirm that they had satisfactory shape. Fig. 3.8 shows an SEM image
of a gold and palladium coated fiber probe.

The parameters set to control the puller were

Heat-Heating induced by the CO, laser

Fil- Width of the area heated

Vel-Velocity of trigger set point for the start of the hard pull. As the fiber heats up
it starts to pull apart from the tension being placed on the fiber. When this velocity
hits a certain point a hard pull was initiated.

Del-Delay between the deactivation of the laser and the start of the pull.

Pull-Force applied to the fiber during the hard pull.
(Typical settings used: Heat-310 fil-0, vel-6, del-127, pul-242)
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Figure 3.6: An example of a typical raster scan pattern used in the imaging of the
surface of a sample with a SPM.
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3.3.2 Spectrometer

Spectroscopy data was recorded with a Princeton Instrument® intensified diode
array (700 diodes) attached to an ISA Jobin Yvon® CP 200 spectrometer or a ISA®
(Czerny-Turner) HR-640 monochromator. The CP 200 spectrometer was equipped
with a 200g/mm grating that had a spectral range from ~200 to 800 nm and a
resolution better than 3.5 nm. Fig. 3.9 shows the spectral efficiency for the grating
while Fig. 3.10 shows a schematic of the spectrometer. The HR-640 was equipped
with a 600g/mm grating that had a spectral range from 0 to 1500 nm and 0.2 A

resolution. A schematic of the HR-640 is shown in Fig. 3.11.

3.3.3 PMT and Diode Array

The intensified diode array was monitored by a computer and controller combination.
The controller "provides power, thermosetting, and timing signal to the detector head,
coordinates data gathering with the experiment, sets exposure time, digitizes and
averages data, and transmits it to the computer."* The controller was connected to a
computer through two 50-conductor shielded cables that connect, using a GPIB
(IEEE-488 protocol), to an interface board. The computer ran Princeton Instruments®
CSMA software version 2.1 to process and record the data.

The resolutions of the detectors were tested using a HG pen lamp and HeNe lasers.
Data of a HG pen lamp placed in front of the spectrometer showed that the resolution
of the detector was approximately the 3 nm expected value. A ThorLabs®> Inc.

ULTRsplice® connector was used for coupling the pulled fiber tip to the split fiber.

92



m grating groove density : 200 g/mm (P/N : 21 374 010))

. Non blazed
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Figure 3.9: Grating parameters for the Jobin Yvon® CP200. A 200g/mm grating with a
spectral range from O to 1500 nm and 0.4 A resolution.*
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Figure 3.10: Schematic of ISA Jobin Yvon® CP 200 Spectrometer™ used in gold island

spectroscopy experiment.
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Figure 3.11: Schematic of HR-640 monochromator™ used for the two-photon

experiment.
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The split fiber was created by Gould® fiber optics using Corning® 50/125 fiber. The
split fiber was designed for 50/50 transmission down each path. One end of the spilt
fiber was directed into a 1P28 PMT and the other end to a spectrometer. The ends of
the fibers were fitted with ST connectors that are attached to the PMT or the

spectrometer.

3.4 Illumination
3.4.1 Rotational Mirror Assembly

A diagram of the rotational mirror assembly that was used in some parts of the
experiment to deliver the laser light is shown in Fig. 3.12. This assembly attached to a
piezoelectric driven rotator arid allowed for the delivery of light from a continuous
range of angles without constant adjustments of the mirrors. It works by rotating about
the center of the plano convex lens so that the beam position does not move as the
mirror assembly is rotated. This is a new item to the PSTM and had not previously

been used in any experiments.

3.4.2 Lasers

Standard HeNe gas lasers were used to deliver light at 632.8 nm, 544 nm and 612
nm in this experiment. Also, a HeCd laser was used for some imaging. The NSPM
incorporates a HeNe laser and a Ti:Sapphire laser that is driven by an Argon ion laser.
The theory behind the operation of these lasers is well known and will not be
discussed in detail. List of laser used in this experiment: HeCd 440 nm, HeNe 632.8

nm, 544 nm, 612 nm, Ti:Sapphire set to 780 nm and pumped with an Ar+.
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Figure 3.12: Spectrum of HG pen lamp placed in front of the CP- 200 spectrometer.
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3.4.3 Standard Imaging Setup

The standard imaging setup used throughout the experiment is shown in Fig. 3.15.
It consisted of two ﬁeNe lasers that were directed to the plano coﬁvex lens through the
use of the rotating mirror assembly. The beams were directed so that they fell at the
same spot on the sample. A cubic beam splitter was used to combine the beam paths as
seen above.

The polarization rotator was used to adjust the polarization between s and p and
also to adjust for changes in the polarization as the mirror assemble was rotated.
(When light reflects off of the surface of a mirror it's linear polarization can be
changed. The amount of change depends on the orientation of the mirror relative to the
polarization. As the mirror assemble rotated the polarization of the light that is
incident upon the plano convex lens changed due to the changing angle of incidence
between the first mirror in the assembly and the polarization angle of the incident
light.)

Polarizers and lenses were also placed in the beam path when necessary. For
example when the 544 nm HeNe laser was used additional polarizers were placed into
the beam path to ensure the polarization of the light. The polarizers also assured that
the different laser sou?ces had the same polarization. Variable neutral density filters
were also used at times to reduce the incident power from a laser so that the power

from each laser was similar.
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Figure 3.15: Schematic of the light delivery system for standard imaging purposes.
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3.4.4 Two-Photon Light Delivery

The light delivery system for the two-photon experiment is displayed in Fig. 3.16.
It consisted of a HeNe laser, that was used for imaging and probe tip sample
separation, and a Ti:Sapphire laser for excitation of two-photon fluorescence. The two
beams were merged with a polarized beam splitter and then focused to a small spot
size (~0.5 mm) on the sample. The size of the spot can be varied to increase or

decrease the concentration of light by adjusting the position of the focusing lens.

3.4.4.1 Power Meter Conversion for Two-Photon System

When data was taken in all of the experiments the power read was conducted by
splitting the beam from the Ti:Sapphire laser into p and s polarization components
with a polarizing beam splitter. The power that was incident upon the sample was
adjusted by rotating the polarization of the beam before it entered the beam splitter. In
this way the laser was left under optimum working conditions and the beam intensity
could be varied. Because of this the beam incident upon the sample was proportional
to the power reading being displayed. A short experiment is shown to determine the
appropriate conversion for the power meter reading. In this experiment the power of
the s and p polarized beams that exited the beam splitter were measured and
compared. Fro;n the results a simple linear equation was determined with the slope
coming from this experimental data. I=-.96*(power reading) +(max power reading)

The power was measured using a Scientech® Laser Power meter model AC2500.

The results of the test are shown in Fig. 3.17 and the experimental setup in Fig. 3.16.
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Figure 3.16: Schematic of the light delivery system for two-photon excitation
purposes.
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Figure 3.17: A display of the p to s power readings of the Ti:Sapphire laser after

passing through the polarizing beam splitter.
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3.4.5 White Light Source and Delivery System

A 73 W quartz halogen light source was used for white light illumination. The light
was collected with lens and focused into a fiber bundle that transmitted the light to
another focusing lens located below the plano convex lens. The light was brought into
the plano convex lens and focused to a 5-mm spot so that TIR conditions existed for
all the wavelengths of the light source. The white light signal was used for
spectroscopic purposes and not for imaging as the signal was too noisy to produce
clean images. A laser delivered from the opposite side of the plano convex lens by the
rotating mirror assembly was used for imaging purposes. A schematic of the light

delivery system is shown in Fig. 3.18.

Microscope
Halogen Light
White Light Source

Probe

\T Light fpe l
[T 5

Laser
Light T
Focusin
Plano Convex Focusing Lens Lens s
Lens : System

Figure 3.18: Schematic of white light delivery system.
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3.5

Sample Preparation and Characterization

3.5.1 Sample Cleaning

Before a sample is prepared the substrate must be cleaned. This cleaning process

for mica and quartz are given below.

Sample cleaning for quartz:

1.

P NN A LN

Wash each slide with microwash (Microwash is an ammonia based detergent
that will remove finger prints and dust.)

Rinse the slide with hot tap water for 5 minutes to remove the microwash
Put in an acetone bath in the ultrasonic cleaner for 5 minutes

Rinse with acetone

Put in an isopropanol bath in the ultrasonic cleaner for 5 minutes

Rinse with isopropanol

Blow-dry with clean nitrogen gas

Put directly into the vacuum evaporator for coating

Sample cleaning for mica:

S kRN =

Rinse mica with acetone

Rinse mica with isopropanol

Blow-dry with clean Nitrogen gas

Attach scotch tap on one side of mica (This is used to cleave the mica)
Remove the tape (This removes a thin layer of mica and exposes a clean layer)

Put directly into the vacuum evaporator for coating
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3.5.2 Vacuum evaporation procesé

A cryopump based electron beam vacuum evaporation system was used to deposit
the gold onto the substrate. The evaporator was pumped down to 3x10 ¢ torr through a
series of steps of rough pumping, s'orption pumping and then cryopumping until the
system reached the desired pressure. Once the pressure was low enough an electron
beam was focused onto a sample of gold until it evaporated. The gold was then heated
through electron bombardment, a crystal thickness gauge monitored the thickness and
rate of evaporation during the process. Gold samples were then annealed to form gold
islands. During the heating process the gold moves around on the surface forming
small balls of material. The higher the heat the more spherical the balls of gold

became. A small tube oven was used for heating the samples.

3.5.3 Description of the Shimadzu® (model UV-250).

The Shimadzu® spectrophotometer was used for initial characterization of gold
island samples. The Shimadzu® is a double monochromator recording
spectrophotometer which was used to find the absorption or transmission plots of
materials. It uses a sample and a reference slide, a piece of clean substrate material, to
measure the absorption.

The absorption calculation, taking the negative log of the sample divided by the

reference for each wavelength, was done automatically.
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3.5.4 Spectrometer Set up for Fluorescent Measurements

A HR-640 spectrometer was set up with a computer controlled data acquisition
system. The data acquisition was done with an AD board and a visual basic program.
The voltage over a silicon photo diode was measured and correlated with the position
of the spectrometer. This equipment was used to characterize the fluorescence of the

yellow dye used in the NSPM experiments.
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Chapter 4 Results

In this chapter results are presented which cover many different aspects of the tip to
sample interaction process. The chapter begins by presenting comparative imaging
results for gold metal island films and then progresses to absorption spectroscopy of
these films. After showing these results data is presented which demonstrates the
microsopes ability to detect two-photon fluorescence as related to the NSPM. Finally,
preliminary results are presented to show the possibility of distance to the surface
measurement. The diversity of results is a consequence of attempts to improve the
versatility of the PéTM and to demonstrate the need for improvements enabling the tip

to be precisely placed close to the sample.

4.1 Imaging with the PSTM

The PSTM is an instrument used to image and characterize the electrodynamic
topography of samples. When imaging with the PSTM many different parameters
must be taken into consideration because one must be aware of what the PSTM
measures When it records an image. In general, for nonmetallic or transparent samples,
the PSTM measures the evanescent field decay associated with light that is nominally
totally internally reflected from the top of the sample. Far field scattering, in this case,
is not a problem as long as the size of the particle/structure to be measured is small
compared to the wavelength used for imaging. (An experiment examining far field
scattering intensity measurements was preformed and the results are given in

Appéndix C.) Small feature size relative to the illuminating wavelength is a standard
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condition, and limiting factor, for all samples imaged with the microscope. Larger
samples can be imaged if the tip can be prevented from colliding with the sample. For
example, human venous blood chromosomes of micron sizes have been imaged with
the PSTM™. (Appendix D gives example of images (Interference, Nuélepore filter,
crossed grating) obtained with the microscope. Images of gold islands obtained by
imaging with the surface plasmon field are found in Appendix E.)

A key difference is obtained when imaging metal samples. In this case the induced
electric dipole field on a local structure produces an external energy density that is
sampled by the PSTM in the near zone of the radiation field. As such, the flux
detected is a measure of the near-zone form of the electromagnetic cross section of the
local structure. The ability to measure the near-zone field is a distinct advantage since
the structure’s physical topography alone, as measured at a wavelength at which the
polarizability is small, is nearly identical with the electromagnetic topography if the
probe is within a few nanometers of the sample. That is, the electromagnetic
topography can be measured across a range of wavelengths starting with a range in
which the frequency-dependent polarizability is small and ending in any desired range
such as the range of the surface plasmon resonance. Unfortunately, present methods
for tip positioning and the available scanning mechanisms severely limit these
features. Nevertheless, it can be expected that improvements in scanning-probe
mechanics will continue and it is therefore important to explore positioning methods
for imaging ﬁnd spectroscopy, testing of metal samples, and alternative signal

collection methods.
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4.2 Imaging of Metal Island Films

When metal island films are measured new parameters must be understood when
viewing PSTM images. In images of metal island films the size of the particles appear
greater than their physical size because of an increase in signal due to the plasmon
(dipole) field present in and around each particle. This field will in effect smear out
the image of the physical topography of the particle. The smearing of the image can be
viewed as a direct measurement of the fotal optical cross section around each particle
in the near zone of the particle’s radiation field. In this zone the fields are electrostatic
in spatial nature and are simple dipole fields that are well understood.

Images of metal island films demonstrate that the electromagnetic topography of
the particles change when illuminated by different wavelengths of light. When a
wavelength of light corresponding to a plasmon resonance in the particle is used the
electr(;magnetic topography is of a much larger scale. When a wavelength is used that
is off of the resonance the. particles appear closer to their physical size.

When the resonance condition is met on a certain particle this plasmon field will
compete with and possibly overpower the evanescent field. Therefore, images will be
dominated by particles for which the resonance condition has been met and particles
that ére off resonance will be obscured if they are too close to the target particles. This
is demonstrated in images that are presented of the same sample area imaged with

different wavelengths of light.
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4.2.1 Gold Islands ---Experiments

For this experiment thin films of gold metal islands were produced by evaporating
gold onto mica substrates ,anq onto quartz substrates, which were then heated. The
heating allows the gold to migrate on the surface of the substrates and form small
metal particles (as discussea earlier). A low heatiﬁg température (~150° C) was used in
some cases in an attempt to minirﬁize the uniformity of the particle shape distribution
on the surface. Higher heating temperatures and longer heating times lead to rounder

particles with a smaller shape distribution®,

4.2.1.1 Gold Islands on Mica

The imaging capabilities on a sample of gold islands is shown in Fig. 4.1, Fig. 4.2,
Fig. 4.3, and Fig. 4.4. (For comparison an image of a clean mica substrate is give in
Fig. 4.5.) Each sample consists of 4.1 nm of gold evaporated onto a mica substrate and
then heat treated for 4 minutes at 200° C. A HeNe 632.8 nm laser with s-polarization
at a 50° incident angle was used for imaging. These images show resolution at
different scan sizes and show a consistency and scaling in the images. The labels "A"
and "B" mark similar structures in scans over the same area. The absorption
maximum, as determined from data taken with the Shimadzu® spectrophotometer, for
this sample is located at ~650 nm. Each scan line consists of 256 samples across the
scan range. Also, all of the island on mica images were obtained with the microscope

in height mode where the tunneling signal between the probe and the sample were
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4.2.1.2 Gold islands on Quartz

The imaging capabilities on a sample of gold islands on quartz are shown in
Fig.4.10 and Fig. 4.11. Each sample consists of 4.6 nm of gold evaporated onto a
quartz substrate and then heat treated for 6 minutes at 800° C. A HeNe 632.8 nm laser
with s-polarization at 50° incident angle was used for imaging. A Corning 125/50
multi-mode fiber, pulled to a point with a micropipet tip puller, was used as a probe.
These images show resolution at different scan sizes and show a consistency and
scaling in the images. The absorption maximum, as determined from data taken with
the Shimadzu spectrophotometer, for this sample i‘s iocated at ~600 nm. Each scan line
consists of 256 samples across the écan range.

The imaging capabilities on a sample of gold islands on mica are shown in Fig.
4.12 and Fig. 4.13. Similar areas in the images are marked with corresponding letters.
Each sample consists of 4.6 nm of gold evaporated onto a mica substrate and then heat
treated for 6 minutes at 600° C. A 544 nm HeNe laser and a 440 nm HeCd laser at a
46° incident angle and s-polarization were used for imaging. These images show
resolution at different scan sizes and show a consistency and scaling in the images.
There are also images taken over the same scan area with different wavelengths of
light which demonstrate differences. The particles imaged with the 544 nm light
appear larger than the particles imaged with the 440 nm light. This is due to the 544
nm light being closer to the resonance value of the islands and the resulting larger

electromagnetic cross section in this sample. The images taken with 440 nm light
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show smaller particle sizes as this wavelength is farther from the resonance.

Next Fig. 4.13 through Fig. 4.16 show images that are comparisons of current mode
to height mode. The current mode images show a better contrast because they plot the
intensity of the field as the probe is scanned across the surface. This results in sharper
field contrast than that obtained in height mode. In both images similar features are
visible with just a slight offset. The similar areas are mearked with corresponding
letters.

Fig. 4.17 shows an example of gold islands on quartz as imagedlwith a SEM and
Fig. 4.18 showé an fmage with an AFM. The particié siz€s (30 nm to 80 nm) in the
AFM images compare well with the PSTM image (82 nm to 155 nm) given in Fig.
4.15 and Fig. 4.16 which were obtained with the 440 nm HeCd laser. The images
indicate that the HeCd gives a different map of the electromagnetic field. The
difference in the images are a result of the 440 nm wavelength being further from the
resonance position of the islands on the surface. This demonstrates that the particles
total cross sectional area is smaller for 440 nm light.

The images of gold islands on quartz and mica demonstrate the imaging
capabilities and versatility of the PSTM. Consideration must be made of the sample
properties and the wavelength of the incident radiation used when imaging a sample.
These images ;einforce the fact that the PSTM produces an electromagnetic
topographical map of the surface of a sample. The microscope in fact produces a map
of the electromagnetic field strengths at any given point in the near zone whenever the

polarizability is sufficient.
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Figure 4.17: A SEM image at 30K magnification of gold islands on a quartz substrate
annealed for 4 minutes @ 800° C. The particle sizes range from 30 nm to 100 nm.
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4.3 Spectroscopy of Gold Islands

Results are presented which demonstrate the ability of the PSTM to capture
absorptive spectroscopic information. These results demonstrate the convenience of
using the PSTM for spectroscopy is far simpler than in other scanned-probe
measurement systems.
In Fig. 4.19 data taken with the Shimadzu® spectrophotometer (section 3.5.3) is
shown for a sample of gold islands (5.0 nm of gold heat-treated for 5 minutes @ 200°
C) on quartz and on mica. The results give an example of the absorption spectra ~
associated with each case. In Fig. 4.19 a shift between the absorption data on the
quartz sample and the mica sample can be observed which corresponds to the
difference in substrate dielectric between the media. (Quartz n*~2.13, Mica n*~2.49)

This shift is also observed between the spectroscopic cases studied with the PSTM.

4.3.1 Spectroscopy of Gold Islands on Mica

In this part of the experiment 4.6 nm of gold was evaporated onto mica which was
heat-treated for 4 minutes at 147° C. A 632.8 nm HeNe laser with s-polarization was
used for imaging and detection of the evanescent field. The white light source was a
73 Watt Quartz'Halogen bulb, with no specific (random) polarization, that was
focused to a small (~10 mm) spot on the surface of the sample. It was visibly under

TIR conditions over the range of the spot. A schematic of the setup was given in
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Figure 4.19: Absorption data for gold islands on Quartz and on Mica. A shift in the
absorption peak caused by the different dielectric functions of the substrates can be
seen. The index of refraction for Quartz is ~1.46, while the index of refraction for
Mica is ~1.59. Only the area of the graphs between 400 nm and 680 nm will be seen in

the PSTM spectroscopy images.
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In Fig. 3.18 spectroscopic data was acquired with the Princeton Instruments®
intensified diode array attached to the ISA Jobin Yvon® CP200 spectrometer shown in
Fig. 3.10. The data was acquired over 90 runs of 0:989 seconds for a total time of ~90
seconds. A Corning® 125/50 multi-mode fiber, pulled to a point with a micropipet tip
puller, was used as a probe.

First, the approximate position of the evanescent field was found by measuring the
intensity of the tunneling signal for a HeNe 632.8 nm laser, as a function of probe
movement along the z-axis, perpendicular to the surface. Once the évanescent signal
was observed the voltage across the piezo that controls the movement in the z
direction was recorded. The tip was rétracted, the Hf;N e was turned off, the white light
source turned on, and the tip was moved to the z voltage location that was previously
recorded. A search was then made for the evanescent signal from the white light
source. The intensity of the white light signal was less than the laser light but was

located at a similar distance from the surface.

4.3.1.1 Gold Islands on Mica Data Set "A"

The intensity versus distance plot for the Gold Islands on Mica data set "A" is
shown in Fig. 4.20. The figure shows the exponential decay of the signal which was
checked by confirming that the log with respect to distance was a straight line. The #3
data was taken at the same location as the #1 data but the tip was moved closer to the
surface and may have been broken. The'higher background signal is an indication of a

change in tip shape.
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Figure 4.20: Plot of the evanescent signal intensity (arbitrary units) vs. distance (1m)
for different locations of the sample. The higher background signal in #3 is an
indication of a change in tip shape.
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Once the signal due to evanescent field of the white light source was observed the
signal was used to control the separation between the probe tip and the surface. This
distance was maintained by keeping the measured tunneling signal constant. The
position of the tip was moved to different locations of the surface and data was taken
over a ~90 second time periqd.

To account for differences in signal intensity caused by the uncertain distance to
the surface the data was "normalized" to the 410 nm to 419 nm portion of the white
light reference spectrum. The 410 nm to 419 nm portion of the spectrum was chosen
because the absorption should be very low if not zero in this location. This
normalization was also needed because thé reference white light spectrum, which was
taken over a clean mica slide, was measured in a different experimental run and at a
different separation from the surface. The results of the normalization can be seen in
Fig. 4.21 where the intensity of the signal is plotted as a function of the wavelength.
The normalization removes information about the absolute absorption intensities but
allows for a comparison of absorption peak position. Data in the figure was smoothed
by summing over 8 data points (This corresponds to a 3.8 nm range in the detector
which is comparable to the spectrometers resolution.).

The absorption was calculated summing over 8 data points and the negative log of
the spectrum over gold islands divided by the spectrum over plain mica was calculated
to obtain the absorption. In Fig. 4.22 the absorption is given versus wavelength for
three different data sets and the data is overlaid with a 6-order polynomial fit. In Fig.

4.23 theoretical absorption peaks, calculated using the absorption calculation
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Figure 4.22: Absorptlon data for gold islands on mica data set "A". A 4.6 nm layer of
gold was evaporated onto mica which was heat-treated for 4 minutes at 147° C. The
absorption data has been smoothed and then fitted with a 6th order polynomial. Curve
#2 is from a different location on the sample than #1 and #3. Data sets #1 and #3 were
taken at the same position over the surface of the sample with the tip moved closer to
the surface for sample #3.
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Figure 4.23: Absorption results for the gold islands on mica data set "A" compared
with theoretical calculations. The theoretical absorption is for a "gaussian" distribution
of particles centered at R,=0.2 with a distribution AR= 0.1, surrounded by a dielectric
function €=1.7, and light incident at and angle of 47°. (Very low white light signal in
the 400 nm to 450 nm range so the theory and experiment do not match well in this
location. Also normalized in that area so information from that section would be

washed out.)
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presented in section 2.2, are shown with the data. The dielectric function was set to the
average value for mica and air to approximate the fact that the islands sit on the

interface.

41.1.2 Gold islands on Mica Data Set B

The following data sets, labeled "B1" and "B2", were prepared following the
same method used for data set "A". A sample of 4.6 nm of gold was evaporated onto
mica which was heat-treated for 4 minutes at 147° C. A 632.8 nm HeNe laser with s-
polarization was used for imaging and for detection of the evanescent field. The white
light source was a 73 Watt Quartz Halogen bulb, with no speciﬁg (random)
polarization, that was focused to a small (~10 mm) spot on the surface of the sample.
It was visibly under TIR conditions over the range of the spot.

In Fig. 4.24 the scaled intensities for the "B1" data set are presented and the
absorption spectrum is shown in Fig. 4.25. A difference between the shape of the
signals is seen in both figures. A plot of the absorption overlaid with theoretical
absorption plots is given in Fig. 4.26. The theoretical values were generated using the
theory presented in section 2.2. The relative heights of the theoretical absorption have

been modified by a multiplicative factor for scaling purposes.
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Figure 4.24: Scaled transmission intensity values for the "B1" data set of gold islands
on a mica substrate. A 4.6 nm layer of gold was evaporated onto mica which was heat
treated for 4 minutes at 147° C. The data sets were normalized to match over the 410
to 419 nm range of the spectrum.
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Figure 4.25: Absorption data for data set "B1" of a sample of gold islands on mica. A
4.6 nm layer of gold was evaporated onto mica which was heat-treated for 4 minutes
at 147° C. The absorption data has been smoothed.
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Figure 4.26: Absorption results for the "B1" data set compared with theoretical
calculations. The theoretical absorption is for a "gaussian" distribution of particles
centered at R,;=0.3 and 0.2 with a distribution AR= 0.2 and 0.1 respectively,
surrounded by a dielectric function €=1.7, and light incident at and angle of 47°.
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Figure 4.28: Scaled transmission intensity values for the "B2" data set of gold islands
on a mica substrate. A 4.6 nm layer of gold was evaporated onto mica which was heat
treated for 4 minutes at 147° C. The data sets were normalized to match over the 410

to 419 nm range of the spectrum because the absorption should be a minimum in this
location.
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Figure 4.29: Smoothed absorption curves for the "B2" data set for different location of
the sample of gold islands on mica. A 4.6 nm layer of gold was evaporated onto mica
which was heat-treated for 4 minutes at 147° C.
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Figure 4.30: Absorption results for the "B2" data set compared with theoretical
calculations. The theoretical absorption is for a "gaussian" distribution of particles
centered at R ,=0.25, and 0.2 with a distribution AR= 0.2, and 0.1 for both values of R,
surrounded by a dielectric function €=1.7, and light incident at and angle of 47°.
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4.1.2 Spectroscopy of Gold Islands on Quartz

The absorption spectrum peak for gold islands on quartz is located at 560 nm which
is shifted from the data on mica. This shift is due to the difference in the index of
refraction between mica (n ~1.59) and quartz (n ~ 1.46) The absorption peak in the
figures is sharper than with the mica data. This is because the sample used was heated
at a higher temperature (500° C) for a longer time (5 minutes), therefore the islands
that were formed are much rounder and have a smaller distribution of shapes.

The data was normalized to the 410 nm to 419 nm portion of the white light
spectrum. In this location the absorption should Be very low if not zero. The
normalized signal was then summed over 8 data points and the negative log of the
spectrum over gold islands divided by the spectrum over plain quartz was calculated to
obtain the absorption.

A clean fused silica cover slip placed onto the plano convex lens was used for the
white light sample. The gold island sample was produced on a fused silica cover slip
poated with 4.0 nm of gold. The gold sample was then baked for 5 minutes at 500° C
to create the islands.

The scaled intensity values for this data set are shown in Fig. 4.31 followed by the
absorption in Fig. 4.32. The peak absorption is located around 560 nm which is shifted
from the peak observed in the mica results (625 nm). The absorption is compared to
theoretical curves and the absorption obtained with the Shimadzu® Spectrometer in

Fig. 4.33. In this figure the theory and experimental results show good agreement.
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Figure 4.31: Tunneling intensity of the gold island over quartz data. The data sets were
normalized to the white light signal between 410 to 419 nm. It can be seen that the
shape of the scaled data matches up at both sides of the spectrum for the "A" and "B"
data.
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Figure 4.32: Absorption spectrum for 4.0 nm of gold heat-treated for 5 minutes at 500°
C on a quartz substrate. The "A" and "C" data were taken from the same position. The
difference between the scans was the set point used for each set of data. The tip was
closer to the sample during the "C" data collection period.
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Figure 4.33: Absorption spectrum with theoretical overlays for 4.0 nm of gold heat-
treated for 5 minutes at 500° C on a quartz substrate. The "A" and "C" data were taken
from the same position. Theoretical values were overlaid onto the experimental values.
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The measurement of absorption spectroscopy is a major improvement to the PSTM
analysis process. It demonstrates that the white light signal is strong enough to
conduct spectroscopy. It is still not strong enough and stable enough to provide
concurrent i;naging, but as this experiment demonstrated a secondary light source

could be used to collect topographic images.

4.4 Two-Photon Excitation Experiment

The goal of the two-photon experiment is to determine the feasibility of modifying
the PSTM into a new type of microscope called a NSPM. Measurements are presented
which demonstrate the ability to detect the nonlinearly excited signal with the fiber
probe. Results of metal coated and uncoated fiber probes are presented for varying
conditions.

The results given in the following pages are from different experiments that were
designed to test the ability of the PSTM to collect and.study the two-photon excitatidn

effect. All samples consist of yellow dye spun coated onto a quartz slide.

4.4.1 Characterization of Yellow Dye

Yellow dye was placed on a quartz slide and excited with a UV lamp whose
spectral distribution is shown in Fig. 4.36. The sample and source were placed in front
of a HR-640 monochromator and a silicon photo diode that was monitored with an AD
board connected to a computer for data storage recorded the fluorescence signal. The

fluorescence signal for the dye is given in Fig. 4.35. The recorded fluorescence signal
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shows that the. yellow dye has 2 large peaks at 525 nm and 736 nm and a much smaller
peak at 406 nm. It is the 524 nm (green) peak that will be measured in the experiment.

The absorption of the yellow dye was measured and is shown in Fig. 4.37. A xenon
arc lamp was used to illuminate the sample for the absorption measurement. The
absorbance curve (Abs=-log(I/Io)) is displayed as a function of wavelength. It can be
seen from this graph (Fig. 4.37) that the yellow dye readily absorbs light in the 400 nm
to 500 nm region of the spectrum. This is the region of the frequency doubled

wavelength (390 nm) of the Ti:Sapphire laser used in the experiments described.
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Figure 4.34: Fluorescence of the yellow dye when illuminated with a 366 nm light
source. The intensity is in arbitrary units and the values correspond to the voltage
readings on the silicon photo detector.
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Figure 4.35: Spectral distribution of the UV lamp used to excite the dye during initial
testing.
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Figure 4.36: Absorption of the yellow dye over the visible spectrum of light. This data
was taken with the HR-640, silicon detector and a xenon arc lamp source.
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4.4.2 Two-Photon Data Sets

In the two-photon measurements given below the Ti:Sapphire laser beam was focus
to a 1 mm spot on the surface of the sample. This focus for the beam was chosen so
that no green light (fluorescence) could be seen through a #8 colored glass filter with
the naked eye. This was determined to be the lower limit of two-photon excitation for
a 127. mW pump energy. The coated probes used were coated with 62.4 nm of gold
while being rotated.

The probe tip was held at a constant height very close to the surface and
measurements were taken as the pump laser's intensity was increased. The observed
intensity increase of the fluorescence signal Wﬁs plotted versus the pump intensity in
Fig. 4.37. The figure shows that the signal was very weak or zero up until 127 mW of
pump intensity. After this point was reached the fluorescent signal increased
considerably. This is also shown in Fig. 4.38 where the log of the intensity vs the log
of the pump power is plotted. Straight lines have been fitted to the section below 127
mW pump intensity and the section above. For a two-photon signal a log-log plot is
expected to have a slope of 2.

In Fig. 4.39 results for a coated probe at a fixed position above the sample surface
are presented. The probe was coated with 60 nm of gold while being rotated and was
held at a fixed position in the evanescent field of the HeNe 632.8 nm laser. The signal
was collected with the HR-640 centered on the 520 nm wavelength while the incident

pump intensity was varied.
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Figure 4.37: Plot of the intensity as a function pump intensity for a probe held at a
fixed distance from the surface of the sample. A two-photon signal is not detected
until the pump power reaches ~126mW.
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held at a fixed distance from the surface of the sample which has the data separated

into two sections. The last 10 data points occur above the point where the two-photon
effect should be observed with or without enhancement. A slope near 2 can be found

for this section.
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Figure 4.39: Log-log plot of two-photon fluorescence signal as a coated probe tip is
held at a fixed position above the sample surface.
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The results shown in Fig. 4.38 and Fig. 4.39 clearly indicate that the effectiveness
of the metal-coated probe in enhancing the local energy density of the evanescent field
is limited at the probe-to-sample distances explored. In order to see these effects,
which are of inverse sixth power in the distance superimposed upon the usual
exponential decay, the probe would need to be positioned within 1-2 nm of the sample
during the scan. As this becomes technologically feasible for the mechanisms of
scanned probe instruments in the probing of rough surfaces, it would permit a much
better resolution over conventional PSTM. In particular, it should be possible to locate
individual fluorophores placed as taggants on DNA base pairs or other sites on
biologically significant samples.

In Fig. 4.40 a graph of the fluorescent signal as a function of probe tip movement in
the z-direction is presented. A coated probe tip (60 nm) was moved towards the
sample surface (by adjusting the tunneling signal of the 632.8nm laser) while
monitoring the fluorescent signal. The pump laser power was set to 281 mW which
was just at the point of visible two-photon excitation. (The lens had been adjusted for
this experiment so the pump energy needed for fluorescence was higher than the 127
mW reported for the earlier results.) As the probe is moved toward the surface the
signal increases but it cannot be determined from this graph if any enhancement of the
signal by the metal-coated probe took place. This graph does show the ability to detect

the fluorescence signal through a coated fiber probe with the PSTM.
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Figure 4.40: Intensity of fluorescence as a function of piezo movement. The tip is
being lowered to the surface while the two-photon signal is being monitored. More
signal is observed close to the surface but it is not clear if this is due to enhancement
or just a closer proximity to the surface. The intensity was set near the point that two-
photons would be produced and was probably a little bit above the point so seeing
green signal does not have to indicate enhancement.
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The following graphs present an experiment that used coated and uncoated fiber
probes. The coated probes had a 60 nm layer of gold vacuum evaporated onto their
surface while they were rotated. A HeNe laser was used to maintain the distance
between the probe tip and the sample. The focus of the Ti:Sapphire laser was adjusted
so that fluorescence could be visibly observed at 127 mW pump energy.

The results for an uncoated fiber held at a fixed position in the far field and an
uncoated fiber at a fixed position in the near field are presented in Fig. 4.41. The near
field was determined by observing the exponential decay of the 632.8 nm l‘aser light.
The figure indicates a definite fluorescent signal detection in both cases. The log-log
of these results is shown in Fig. 4.42 and has a slope near 2.

The results of coated probeg held at various distance from the surface is presented
in Fig. 4.43. As the distance to the surface is reduced the observed signal intensity
increases. The log-log plot of two of these curves, one from the far field and one from
the near field, is presented in Fig. 4.44.

The results show the feasibility of detecting the two-photon fluorescent signal with
a coated and uncoated fiber and the last results may even indicate the possibility of
signal enhancement due to the metal-coated probe. The results are promising and
further research should be conducted once a smoother sample can be found. A
smoother sample shoﬁld allow for a better more consistent sample probe separation
distance. Also an absolute distance to the surface measurement would be necessary to
i(now if the tip is close enough to the surface. Finally, an image of the yellow dye on

the quartz substrate is presented in Fig.4.45.
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intensity. The two-photon cutoff should be around 126 mW pump intensity.
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Figure 4.42: Log-Log plots of the uncoated fiber data. Both lines have slopes near 2
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mW. This was set by adjusting the focusing lens.
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Figure 4.44: Log-Log plot of the Far field signal of a coated fiber and the near field
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signal. Both have similar slopes. Does the offset show enhancement or just the
difference in collection efficiency between a fiber close or far from the surface.
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4.5 Distance to Surface

This part of the experiment involved the use of a 632.8 HeNe laser and 544 nm
HeNe laser in the standard imaging setup over a clean quartz slide. A split fiber was
used to deliver the measured signals to a small spectrometer and a PMT which was
used with the Nanoscope I11a® for imaging and sample probe separation.

The truncated cone approximation was used to develop a theory that describes the
movement of the piezoelectric tube by monitoring changes in the tunneling light
intensities. However, the absolute distance was not obtained because the normalization
removes that information. Normalization was needed in order to adjust for the
intensity fluctuations in the light sources. In the case presented the intensity
measurements were normalized to their highest point to account for differences in the
tunneling signal intensity. Fig. 4.46 gives the distance to the surface as calculated from
the normalized data shown in Fig. 4.47

The results demonstrate the possibility of monitoring the movement of the probe
with the evanescent field. The absolute distance cannot be found yet because of
problems of a large difference in wavelengths. Improvement in the future will be made
through the use of a better probe tip model and through the use of wavelength that are
very close together.

All of the calculations were preformed with the 633 and 544 HeNe lasers and the
data was normalized to the highesi point of the data set where this point should be

very close to the surface
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Figure 4.46: Calculated distance to the surface from the distance data set. The solid

line is the distance the piezo moved.
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Chapter 5. Conclusions and Future Possibilities

5.1. Conclusions

The results presented show that it is possible to use the PSTM for absorption
spectroscopy of closely spaced absorbers and for imaging. Indications that slight
differences in absorption as a function of location were obtained but need verification
through the use of samples with narrower absorption spectra. The capabilities of the
microscope have thus been expanded to contain near-zone absorption spectroscopy.
Absorption studies open up a new area of research for the PSTM by expanding the
capabilities of the microscope to do spectroscopic work on small sample areas while
imaging the surface. Gold Island absorption is important to different types of sensor
work. As physics pushes the boundaries of nano-technology the ability to characterize
localized surfaces area will play a much greater role. Refinements related to
measurements of the distance to surface and changes in tip shape remain to be
addressed.

Results presented show that when imaging metal particles the PSTM can function
as an electromagnetic field probe to measure the superimposed evanescent and
induced dipole fields. These images presented highlight the ability of the microscope
to measure and map the electromagnetic topography of a sample and demonstrate
resolution possibilities. The dependence of the dipole moment upon frequency
determines the intensity of the dipole signal in the near-zone.

Two-photon excitation possibilities have also been demonstrated and results

indicate that the PSTM is ideally suited to help in this field of study. The results show
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that the detection of the two-photon fluorescence signal is possible in the PSTM with a

metal-coated fiber probe. Unfortunately the results do not conclusively demonstrate tip
enhancement effects but the ability to detect and monitor the excited fluorescence
signal has been demonstrated.

A theory is presented and tested that allows the absolute distance to surface to be
measured. Initial distance to the surface measurements are presented and demonstrate
the possibility of the method but more stable light sources are needed to improve the

accuracy of the measurement.

5.2. Future Possibilities

Future possibilities include the use of the PSTM to conduct absorption and
fluorescent spectroscopy on many different samples. A configuration is needed for the
PSTM that includes a spec;trometer combined with electronics and processing that
would allow for imaging to be conducted over a selectable area of the spectrum. In
this manner the signal intensity could be increased because the split fiber setup used in
this experiment could be replaced with a single fiber. This setup would provide the
ability to check the whole spectrum and feedback on a selectable area of the signal
while operating the microscope.

Improved lights sources and signal strength measurements would be useful in
obtaining intensity changes in white light signals. This would be aided by a more

precise ability to determine the distance of the probe to the surface.
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Polarization variations and changes in the angle of incidence of the light would also

be interesting to observe. Polarization microscopy is well known and there are

polarization preserving optical fibers that are suitable.

5.3. Discussion of Technologies

The solutions to the difficulties presented above and available or expected in the
future can be addressed based on the results. The intensity and the stability of the
signal can be increased by a new configuration. If a hemispherical lens is used in lieu
- of the plano-convex cylindrical lens, it is possible to use a large number of sources
placed circumferentially and aligned by an annular ring mount. If fhe intensity
fluctuations are random, the'n the use of N sources red‘uce‘:s the fluctuations by a factor
of the square root of N. An arrangement of 64 quartz-halogen sources would thus not
only produce 64 times greater intensity, but would also produce a signal that is eight
times more stable than a single source. The spectroscopic capabilities would be thus
improved. As sources are reduced in size and increased in efficiency it may be
possible to utilize even larger numbers. In an annular ring of radius 20 cm the
circumference is 125.6 cm and 251 sources separated by 0.5 cm could be reasonably
mounted resulting in almost a factor of 16 reduction in intensity fluctuations. This
configuration also presents a nearly isotropic input. The lowering cost of diode lasers
and the development of fluorophores with greatly increased two-photon cross sections
may soon permit second-harmonic generation with a considerable improvement in

‘economy relative to high-power lasers.
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Appendix: A.  Components of the Piezoelectric Scanning Tube

Center Connector
Scale 4:1
Material is Macor.

0.3125 in.

T
0.125 in.

0.125 in.

0.125 in.
I

)

N

- 0.3125 in. A

— 0.44 in. —»

4— 0.50 in. —»

Photometrics Group
Oak Ridge National Laboratory

182



" Nose Cone
Scale 4:1

Material is Macor

0.125 in.

0.125 in.
: |

0.03125 in.

4— 0.44 in. —®

<4—— 0.50 in. —»

Photometrics Group
Oak Ridge National Laboratory

183




Ring Holder
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Appendix: B. Mechanical structures
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Diagram of the base.
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Scattering on Quartz

Scattered light signal for S polarization. 544nm He Ne laser.
lp =0.47mW

=0.40mW
Is=5.3nW for the longest line and 0.36nW for the shortest.

Each line of the scattered sigral is proportional to the signal strength in that direction.
Scattered light was measured in 100 increments with a 0.8" lens 3.5" from the scattering center.

Scattered light signal for s-polarization of 544 nm light incident at an angle of 57° onto
a quartz air interface. The largest scattering signal is in the 20° direction and is equal
to 5.3 nW.
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