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Beyond the Diffraction Limit:
Instrumentation for Near-field Subwavelength Optical Characterization and Fabrication
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This article describes a new breed of instruments that use the advantages of imaging with
electromagnetic radiation but are not limited by the resolution criterta that restrict all lens based optical
instruments presently in use today. Boldly stated the ultimate goal is the development of an area of optics that
would have the potential for spectrally imaging and manipulating single molecules with fight
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L INTRODUCTION

This emerging ficld of near-field optics, unlike its far-field cousin (which governs the behavior of all
presently available lens-based optical instruments), is based in its simplest form on transmitting light through a
subwavelength hole (see Figure 1) which is scanned above a surface at a distance of 4 few hundred Angstroms.
Ths distance corresponds to what is known as the optical near-field in which the light emitted by the aperture does
not have a chance to spread out to its far-field diffracted dimensions. The present review hughlights both the
advantages and the drawbacks of near-field optics. It reviews the exciting results that have already been obtained
in this imporiant and exponentially growing field of research. 1t indicates the variety of applications that could

result from these novel advances in optics and it paints to future directions in this innovative field of aptical
physics and ¢ngineering.

Since the discovery of the lens all optical instruments used for imaging have had stringent resolution
criteria that are fundamentally tied to the wavelength of the clectromagnetic radiation employed in the imaging,
This resolution limitation 15 ultimately defined by several factors. One of these is the finite dimension of lenses
results in a physical aperture that rejects rays of light from the object and causes a loss of information. In essence,
the physical aperture restricts the acceptance angle of light mys from the object. This acceptance angle of the lens
together with the index of refraction of the medium in which the lens is operating defines the numerical aperture
(N.A) of the lens in quest:on. With such a definition of N A. the minimum separation between two poinss in the
abject that can be resolved was given by Lord Raleigh as

(0 Lo = &/ 234 {N.A)

Thus, for green light, which has a wavelength 3 = 0.5)L, fop = 0.146p for an oil immersion objective with the best
N.A. of 1.4 that is readily available today In the visible region of the spectrum this is close (o the 0.2y resolution
being achieved by the best lens based optical techniques and instrumentation in use 10day.

A standard method t0 achieve higher resolution within this fundamental limitation of wavelength has
been to preserve the lens and ta use shorter and shorter wavelengths of radiation. In principie s the wavelength
decreases the resolution increases provided that the quality of the lenses used remain constant. Unfortunately, as
the wavelength decreases the optical quality of the lenses significantly deteriorates and this approach has generally
had limited applicability in achieving super-resoiution.

As noted above, near-field optics in its simplest form breaks this wavelength dependent nesolution barrier
imposed by geometrical optics by replacing the iens in either the illumination or the collection path by a
subwavelength hole in the near-field. Such a replacement is not instituted without considerable thought. Lenses
are optical elements that work in parallel. In other words all the points in the object plane are transferred to the
image plane in parallel. To replace a lens with a wavelength independent optical clement generally means 1o give

up the luxury of parallel imaging and 10 develop an image serially by scanning either the sample or the optical
element.

With a lensless optical approach optics has the potential to regain some of the ground last in recent years
to imaging techniques not based on visible light. In essence when magnifications >1000 times are required
electron microscopes have been the instrument of choice, Now with the advent of near-field optics all the
interactions between light and matser. which have been so exhaustively studied for over the past centuries remain

applicable 1n a resolution segime that has up untit now been the exclusive domain of destructive beams of electrons
which can image only in vacuum envirorutients.

‘ The concept of near-field optics has been reinvented at least five times in the past 65 years without the
inventors knowing about the previous work in this field. The first known efforls in this field were uncovered
recently in a delightful historical review of the field by McMulten [' | In this article we learn that Edward Synge
had a lively correspondence with Einstein on the subject and even published a paper in 1928 in this field which we

now call near-field optics. The next known ¢ffort was by an astrophysicist John O'keefe who was in the Goddard
Space Center [2]. He, without knowledge of Synge. published a short note in 1956, which is the most succinct
description of the essential basis of near-field optical imaging. His efforts were unknown to any of us in this area
until £987 when O'Keefe read a short account of the work of Lewis and wrote him a letter (see Figure 2 in which
he described his work in the field.

The ideas of near-field optics were then once more forgotten until in 1972 Ash and Nichols {*] published
an experiment on near-field imaging with microwave radiation. These workers were able to achieve with such
radiation /60 resolution by passing 3 cm waves through a 0.5mm hole and scanning the hoie over a surface to
achieve 0.5 mm resolution. Efforts in near-field microscopy in the optical regime began in the early 19805 with the
independent efforts of D. W, Pohl at the [BM Research Laboratories in Zurich [*] and by Aaron Lewis at Cornell
University [*.°]. This was the beginning of experimental near-field scanning optical micrescopy (NSOM).

Since the initial papers of the Lewis and Pohl groups about a decade ago there has been a growing interest
in this exciting new ficld of optics which defics a dogma that was accepted for at least 100 years. Today there are
dozens of groups working actively in the field and daily new groups ar¢ entering the area. There is a rush of
theoretical and experimental work and this portends important fundamental and applied developments that depend
on this new field. In essence from biology to microelectrenics a wall of resobution is being approached when
conventional optical imaging is applied and near-field optics gives significant hope that this barricr of resolution is
overcomable. This is seen in Figure 3 which places near-field optics and its resolving power within the
constellation of microscopic techniques that are available today. The resolution of near-field oplics clearly bndges
the gap between classical lens-based optical methods and the super-reolytion capabilities of electron optics and
lensless scanned probe technigues,

Besides the present review there have been at least three previous reviews on the subject|” *.*|. In this
paper we altempt to give as thorough and as up te date an account on near-field optics and its applications as is
possible in this rapidly expanding field. We hope that we have accurately represented all the contributors to the
field and we apologize if some workers have not been appropriately cited. it should be noted that throughout this
review the acronym NSOM is used but the acronym SNOM (scanning near-field optical microscopy) has also been
used for aperture based imaging. The acronyms emphasize different aspects of the technique with NSOM that was
devised in our laboratory emphasizing the importance of the near-field while SNOM emphasizes the similarity to
the other scanned probe techniques that based upon scanning a probe and started with the invention of scanning
tunneling microscopy (STM). For the aperturcless based near-field optical techniques based on frusirated internal

reflection that will be described below PSTM (photon scanning tunneling microscopy) is the mast commonly used
term.



IL, THE OPTICAL NEAR-FIELD - THEORY
A APERTURE BASED NEAR-FIELD IMAGING

What is of peactical interest in defining the constraints of near-field optics is 1o understand the
distribution and intensity of the radiation within the near-fieid region of a subwavelength light probe ¢.g. an
aperture. Unfortunately, a rigorous mathematical description of optical near-field radiation panterns has not been
achieved. What is known is that the radiation emitted frot such a probe consists of beth propagating terms which
extend into the far-field and non-propagating, evanescent lerms which combine to determine the structure of the
distribution of radiation in the near-field. These terms are a direct result of Maxwell's equations for a propagating
electromagnetic field when the boundary conditions for an appropriate discontinuity in the permitivity are inseried
into the equations. For example in the case of an aperture the derivalive of the permitivity, which is the second
term in the expanded version of the Maxwell equation:

(2 AfeE) = AE + A =0

is non-zero in the plane of the aperture which gives nse to 1he non-propagating near-field terms. In addition, the
shape of the probe, the optical properties of the intervening media and the nature of the sample with which the
radiation is inleracting ¢an alsa strongly influence the structure of the radiation in the near-field.

b tipn Thigu wavelength A re n nfinitely Conducting Screen

In order to deal with the problem of the near-field one first has to consider the type of probe (hat is 1o be
used 10 investigate the subwavelength optical properties of a surface. As noted above, in its simplest
implementation a tiny aperture is used to create a spot of light that is less than the dimensions of optical
wavelengths Several workers have considered the functional dependence of the radiating field emanating from
such a subwavelength aperture in a conducting medium. The first to consider these questions was by Bethe
in1944{'® ] whose concern was mainly in the microwave regime in which the surrounding metal screen acts 2s an
infinitely conducting medium. Bethe found that the power transmitted through a subwavelength hole in such a
thin screen decreases as /1! where a is the aperture radius and X is the wavelength of the radiation being used.
These calculations set the stage for many other studies that have been completed in the past few years. The most
prominent features of the calculations of Bouwkamp (1950) ['' ] and more recenily Leviatan (1986) [lZ] and others
{'*,"*] is that there are no propagating electromagnetic modes within the confines of a subwavelength aperture in a
conducting screen of finite thickness. These non-propagating, evanescent modes have a ficld deasity which decays
exponentially in the axial direction as they penctrate such an aperture. This can be understood by considering the

electromagnetic wave vector as it enters such a subwavelength region. The solutions to the wave equation are
plane waves of the form

2
bk, s, @
E=¢ ' kvk +k =—r

c

If the aperture dimension is less than A/2 (A=2nc/m), then the transverse width of the field is kess than A/2 at that
paint, requiring that: kf=m2fcz-k,2-k,:<0 Hence k, is an imaginary number and the field component vanishes
¢xponentially as it proparates in the z disection. The energy is ¢ither absorbed and/or reflected by the screen and

this introduces a cardinal oroblem in near-field imaging which is the significant decrease in the intensity of an
electromagnetic wave as it passes through a subwavelength hole.

The coupling between the two sides of a circular hole in a thick, perfectly conducting screen was

investigated by Mcdonald ['* | with the microwave regime in mind. The least attenuated mode was found to be the
TE); for which the energy decays at a rate of.

E=Fe""

where d is the screen thickness and a is the aperture radius. Tt is possible that as the TE,, mode decays additional
higher order modes are generated which also decay exponentially but this has not been fully invesugated
theoretically. it should be noted that the finite conductivity of metallic screens at opucal frequencies results in
weaker attenuation of all the modes. [n essence when radiation is propagating in such a cylindrical wavegwde and
reaches a region of the waveguide which is less than the dimension of the wavelength of the light these is an
exponenrial decrease in the intensity of the light as described above. Such a phenomenon is well-known in optical
fibers and is referred (0 as the cutoff frequency below which the radiation is not confined in the fiber.

3 1 il Limid Size in NSOM

The evanescence of the fields below cutoff, as calculated by McDonald [] sets a lower Jimit on the useful
aperture size in a metal screen ['° ]. This anises from the finite conductivity of the screen in the optical regime that
has been noted above and thus some of the energy will penctrate into the metal itself at a rate given by E = E¢**
where 5 is the extinction length of the metal. When the attenuation due te the waveguide effect of the aperture
exceeds the attenuation into the metal itself the contrast berween the aperture and the surrounding media is Jost.
Any further reduction in aperture size will simply result in a decreased throughput withoul improvement in the
effective spot size. The metal with the shonest skin depth in the visible regime is aluminum with 5=63A which
results in a minimum effective aperture size of 50nm. These initial calculations took into account the finite
conductivity of the metallic screen in 1erms of the penetration of the optical wave but treated the evanescence of the
fietd as if the metallic waveguide was infinitely conducting. Recent suggestions by Betzig et al " taking into
accouni this effect of the finite conductivity on the attenuation through the hole {eq. 1) indicates that minimum
spot sizes of approximately half this value may be attainable.

jon Fi -figl

The first numerical calculations of the near-field behavior of radiation emanating from a region of
subwarelength confinement was completed by Betzig et al. [‘6], These workers considered a plane wave passing
through a subwavelength infinite slit in a screen of finite thickness and were able to obtain the funclional
dependence of the radiation as it expanded from such a slit. The calculations demonstraled that the radiation
remained confined 1o the dimension of the slit for a region from the screen approximately equal to the shik width,
and that the narrower the slit width, the more rapid the subsequent divergence. Such a configuration is not directly
applicable 10 NSOM since there is always at least one propagating mode regardless of the slit width.  Nonetheless
these calculations provided the first indication that the field does remain collimated to a subwavelength dimension
for a finite distance from the screen containing the subwavelength slit.

The radiation field that is emitted by a subwavelength circular aperture was first calculated by Leviatan
i'?) and is seen in Figure 4. These calculations which were carried out for a thin screen show the normalized
Poynting's vector in a region immediately below (he aperture. The result in this case, similar to the slit examned
by Betzig, shows that the field atso remains collimated up to a distance approximately equal to the aperture
diameter. This field can be broken up into three distinct zones. First there is a very near-field region, which has
been called by Pohl and coworkers the proximity zone I}}. This region extends 1o a dimension r from the aperture
which is <<A where dipole approximations are lotally inadequate since the magnetic components arc unchanging
because of quadrupole contributions. Second, there is an intermediate regime where the fields could be
approximated by the near-field zone of a dipole which is the useful region for near-field optics. The emission of a
point dipole anienna was a problem that was first considered by Sommerfield in 1926 1'*]. Such calculations of a
radiating dipole show that the intensity of the field decreases exponentially. Finally, a far-field regime is reached
whick exhibits the classical 1/r dependence.

Although the calculations of Leviatan are more realistic for near-field imaging they give no indication of
the ccupling losses that are incurred when a light wave is transmitted (hrough an aperture in 4 screen of finite
thickaess. These losses are included in the calculations of Roberts *'*] who considered both Lhe problemns of a
thick screen and a circular geometry. The approach of Roberts used 2 modal analysis in which an infinite



superposition of modes was considered. These calculations were completed both for a circular aperture in a thick
screen and for a conically shaped aperture which is the most realistic geometry that has been theoretically
investigated. The results that Roberts obtained for the region eyond the screen are very similar to those obtained
by Leviatan. This is understandable since the functional dependence of the region bevond the screen would not be
expected 10 be affected by the thickness of the screen, What would be affected by a thick screen would be the
power transmitted and thus was calculated by Robents for particular geometries as a function of final aperture radius
and cone angle. The calculations verify what is observed experimentally that larger cone angles increase
throughput.

Recent calculaticns by Novotny et. al. ['*] have used a Multiple Multipole (MMP) analysis to model a two
dimensional tapered slit aperture. These workers modeled the ficlds in and around a metal coated glass wedge
both in free space and when perturbed by a small particle. Figure 5 shows the energy coupled out of the probe into
a second diclectric medium for s and p polarizations. Since in the slit geometry that was investigated the p
polarization has a propagating mode large intensities couple into the medium for this polarization. More
interesting are the calculations shown in Figure 6 which show the near field energy distribution around a small,
perfectly conducting cylinder that is placed on the surface of the second medium. For the 5 polarization the s
polarization is pushed away since the boundary conditions require that the electric field vanish at the object
surface. For p polarization the near-field is less disturbed and is actually attracted by the object.

The effects of varying the dielectric constant of the cylinder an the intensity of the radiation in the near-
field is seen in Figure 7. In this figure one sees that as the dielectric constant is altered a point is reached at which
a large enthancement of the field accurs when a plasmon resonance is reached. Since the real and the imaginary
compaonents of the diefectric constant affect the intensity and distribution of the field the near-field can be sensitive
both to phase and amplitude modulations. Thus both absorption and refractive index changes in the sample
contribute to the contrast that is observed and this is different 1o conventional microsopy.

These investigators also calculated the far-field distribution of the transmitted radiation from the slit when
perturbed by the cylinder. An interesting feature of these calculations is that, for p polarization, a significant
portion of the energy is scattered at relatively large angles from the axis of the aperture (se¢ Figure 8). More
importantly, calculations of the far field patterns for scaitering objects of various dielectric constants show that
significant changes in the radiated intensity occur only at these large angles. This would indicate that better
contrast should be obtained if the far field light is only collected over these solid angles. We have actually
observed similar effects experimentally, whereby changing the numerical aperture of the collection optics results in
not only a change in the signal intensity but also a change in the image contrast. Again, one must be careful in
extracting too much information from the various stit geometries that have been studied since these models are

fundamentally different from the circular geometry that is actually employed in NSOM in that there is always a
propagating mode regardless of the slit width

5. Ramifications [ , Field I

Several important conclusions can be drawn from these attempts 1o theoretically model subwavelength
apertures and the near-field intensity distribution that emanates from these apertures.
[

There is an exponential decrease in the radiation as it passes through a subwavelength aperture.

From the aperture surface there is a region called the near-field which typically extends a few tens of
nanomelers.

Within the near-field zone the energy density decreases exponentially.

¢ Any surface brought within this zone will be illuminated by a subwavelength spot of light whose size depends
on the distance from the aperture.

¢ The dimensionality and the dielectric constant of the illuminated sample has strong and complex influence on
the structure of the field.

Two problems that resuit from these conclusions have to be addressed. The first problem is the considerable
reduction in the intensity of light 4 it passes through such an aperture and the second is the accuracy of placement
of the aperture relative to the surface which the exponentially decreasing nature of the near-field zone demands. In
te-mns of numerical simulations of this near-field zone it would appear that the aperture has to be placed relative 1o
th= surface with an accuracy of better than Inm in order to maintain a constant spot size and intensity. This has
been one of the experimental challenges of near-field optics especially when one considers real surfaces which in
general have considerable surface roughness. As will be seen below both these experimental problems that arise
from the theoretical basis of near-field optics have indeed been solved.

B. NON-APERTURE BASED NEAR-FIELD IMAGING

Alternate approaches to near-field optics, that do not use a subwavelength aperture, involve the use of
dizlectric and metallic tips that probe the near-field optical characteristics of a surface. In these approaches instead
of generating the near-field from the probe one uses the probe interaction with the surface to sense the variations of
th= surface near-field. Thesc variations arise from focal evanescent fields, surface plastnons or other phenomena
connected with the microscopic surface structure interacting with the probing tip. These interactions have been
treated in great detail theoretically by several workers including Girard, Courjon and coworkers [©," 2 1.
Reddick et al [**], Wessel {**] and Specht and cowarkers [¥].

1. Extended Evanescent Surface Waves

This approach involves the launching of an evanescent field on a surface and probing alterations in this
field by inscrting an uncoated diclectric probe such as a tapered glass rod or fiber into the evanescent
el=ctromagnetic field, For these measurements the probe is eiched or pulled to a subwavelength point. In essence
the surface of the dielectric probe samples the evanescent field on the surface and changes in this field due to the
surface topography arc monitored. An evanescent ficld is produced when light passes from an optically dense
medium 10 one which is less dense at an angle which is greater than the critical angle, 8. This can be
accomplished with an arrangement as shown in Figure 9. In this figure light that enters the prism is totatly
reflected by the interface on which the sample is placed. The extent of the propagation of the evanescent field as
given in Equation 5 is determined by the wavelength, the angle of incidence and the difference in the dielectric
censtant (which is related to the index of refraction, n) between the priss and the air [7].

D) T~ exp(-2kz [ sin 28 - (n,/n2]1/2)

The extent of the evanescent field q;ically ranges from one tenth of a wavelength for grazing incidence to several
wavelengths for angles close to 8, [ . Placing a dielectric probe into this region frustrates the internal reflection
ard allews some light, in proportion to the strength of the field at the location of the probe, to propagate from the
surface. This technique, is referred to by several names such as photon scanning tunneling microscopy (PSTM),
scanning tunneling optical microscopy (STOM) ang Evanescent scanning optical microscopy (ESOM). These
nzmes have generaliy been chosen for the functional analogy of this technique to electron tunneling

There have been several attempis to characterize theoretically these evanescent ficlds which closely follow
small (subwavelength) variations in the surface height and the sensitivity of the measurement to changes in
dizlectric constant and topography. These variations, which are too small to produce propagating fields, change
the structure of the evanescent field in a very complex fashion. The phenomena that affect this field requires a
drtailed understanding of the local interactions of the microscopic variations with the polarization of the light.



The theoretical approach of Girard, Courjon and coworkers (2.2 2 7] is based on a microscopic
approach in which one considers multipolar interactions berween each atom of Lhe tip and the object studied. This
technigue is in contrast to solving the macroscopic Maxwell equations with \he appropriate boundary conditiens.
In essence, in this microscopic treatment a coupling matrx berween the tip and the surface is introduced and this
matrix includes all correlations between cach volume element in the tip and the surface. An advantage of this
approach is the ability (o simulate tips of arbitrary geometry without introducing boundary conditions at the surface
of the probe. These calculations have been used 1o simulate various PSTM images by considering the interaction
of objects with a variery of polarizations. For example, as is seen in Figure 10, the PSTM images under different
polarizations vary significanily. This is an indication of the complexity of image interpretation in PSTM.

Localiged Plasmon Interact

An electromagnetic field can be locally enhanced by several orders of magnitude by the introduction into
ihe field of 2 metallic particle in which the propagation of free clectron waves in the metallic surface can be
induced by light. The energy of thesc free electron states are determined by the size of the metallic particle with
maximum enhancement determined by a balance between radiative damping in larger particles and the electron
mean frec path for the siialler particles.  Such plasmens can be excited either in the tip of a probe or on a surface.
These free electron waves can be modulated by the presence of a tip in proximity to a surface or of a surface in
proximity to a tip and this results in a change in an optical signal that is present when the tip and the surface are in
the vicinity of one ano:her

Plasmons at the tip of the probe

The first investigator o consider this approach was John Wessel [*]. He was concerned with the problem
of plasmons located in a metallic tp sitting on a probe. He based his calculations on thosc that were previousiy
completed to understand a phenomernion known as surface enhanced Raman scattering (SERS) in which a mobecule
is ptaced on a roughened silver surface. The intensity of the Raman scaticring observed can be enhanced from 5 to
7 orders of magnifude depending on a variety of conditions including the size of the metallic particles on the
roughened silver surface [#®]. Since it is expected that non-linear optical phenomena, which depend on higher
powers of the electromagnetic field, would be enthanced to a greater degree than a spectral phenomenon such as
incoherent Raman scattering, which has a linear dependence on the electric field, Wesse} focused on such
non-linear optical phenomena and considered both the enhancement and the particle size that would maximize
such an interaction.

The work of Denk and Pohl [°] extended the results of Wessel. They obtained an exact solution of
Laplace's squations which basically calculates the potential and field energy distributions for various tip/sample
interfaces. These workers have calculated the relative ability of various materials affect field enhancements
within the small volume at the lp of the probe. For suitable interfaces (c.g. silver tip/silver sample) field
enhancements of approximately three orders of magnitude arc predicted (seeFigure 11). A table of differcnt
material combinations is also provided by thess authers to guide furure experimental work.

Plasmons on the surface

The optical interaction between a metallic tip and a propagating surface plasmon has been examined ina
paper by Hansch and coworkers 15]. These investigators considered theoretically and demonstrated experimentally
that if a surface plasmon is launched using an cvanescent field then the presence of a metallic tip could damp the
propagation of the surface plasmon. This damping can be appropriately monitored as described below. These
workers consider the metal lip as a classical oscillating dipole, the oscillating field of the surface plasmon and the
non-radiative coupting of the rwo in the near-field. The two main effects that are seen in this case, both
theoretically and ¢xperimentally, are the alterations in the plasmon field dug lo scattering of the surface plasmons
by the presence of the metallic tip and damping by radiationless energy transfer to the tip. The scattering term is
found to have an exponential distance dependence with significant effects extending out to approximatety 200 nm
At distances below 10 nm non-radiative energy transfer between the tip and surface becomes dominant and

dampens the surface plasmons. Ttus sirong distance dependence provides a very high lateral resofution as will be
described in the experimental section below.

Plasmon resonances can also be excited in small metallic particles by near-field illumination through an
aperture. The calculations of Novouny et. al. "] indicate that almost no energy is radiated in the forward
direction when the conditions for a plasmon resonance exist. This effect can manifest itself as very large apparent
contrast variations when imaging a samplc containing metallic surface features on the order of several tens of
nanometers.

3._Surface [nduced Luminescence

Besides the usc of freely propagating and evanescent photons 1o induce surface luminescence there have
been two distinct alternate suggestions for inducing localized surface luminescence.

Tip/surface excitons

An approach that has been suggested that is quite similar to the technique described by Hansch and
coworkers is the proposal by Licberman et al [ 1. These workers describe an approach in which a lip containing a
molecular crystal in which excitons are produced is brought into close proximity to a surface. At an appropriale
distance between the tip and the surface molecular energy wransfer occurs and this leads to damping of the exciton
by either quenching or non-radiative energy (ransfer to an appropriaie molecular acceptor in the surface.

When excitons transfer from one molecule to another they do so via a direct energy transfer process rather
than a photon emission-reabsorption process. This is 2 dipole-dipole interaction between the donor and the
acceplor molecules and at sufficiently small distances is highly efficient. According to the theory developed by
Fsrste: ['1] the rate of energy \ransfer k, and the efficiency E are given by:
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where o, the distance at which the energy wransfer is 50%, is:
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The geometric variables are r, the distance between the center of the chromophores. and K©, the orientation factor
for the dipole-dipolc interaction. The spectral variables are J, the spectral overlap integral; n, the refractive index
of the medium between the donor and accepter; kg the rate constant for fluorescent emission by the donor, and Qp
the quantum yiekd of the fluorescence of the energy donor in the absence of an acceptor. For a singlet exciton the
distance t, (known as the Frster Radius) typically extends on the order of 5-8 nm, with measurable effects
extending beyond 10 nm [,**]. Triplet excitons, on the other hand, have a smaller radius of interaction typically
on the order of 1nm.

This efficient energy transfer has significant ramifications for highly sensitive excitation and detection
1™, In order to optically excite with certainty a single fluorophore, a minimum flux on the order of 10° photons
per second must pass within half a wavelength of the molecule. This is because the optical absorption cross section
depends on both the fluorophore concentration and the optical pathlength. Thus, for a single molecule, even for a
high'y efficient absorber such as rhodamine which has a quantum efficiency near unity, the probability of
excitation per photon is very low. A single exciton, however, brought to within the Fyrster radivs will have a 50%
probability of transferring to the acceptor fluorophore and exciting it. Thus, a few excitons can have the same
effect as 10° photons. The question remains, however, how many photons does it take to create the required few
excitons? Theoretically [ it will take only 10* 10 10° photons with a single crystal. Furthermore, if the crystal
surface is covered with appropriate excifon rraps that can act as donors for the fluorophore, the host crystal will
serve as an antenna. This effective antenna could easily consist of 10° 10 10" molecules. Thus, only about 10°
photons would be required in this case. This results in a five to six orders of magnitude increase in sensitivity over



ordinary opticnl excitation. Such a reduced photon flux will also significantly reduce linear and non-linear effects
on the sample and will reduce local heating, chemical decomposition and Raman scattering. Furthcrmorf:‘ not only
will the flucrophore be located non~destructively, its position will be established 1o within the F¥rster radius,

Tunneling induced luminescence

An alternate approach to ¢liciting luminescence from a surface is based on the injection of electrons by the
tip of a scanning tunneling microscope into the surface [*¥]. The recombination of these electrons in
semiconductors produces a near-field emission whose characteristics is determined by the local structure of the
sample. The scanning runneting microscope has also been applied to induce luminescence in molecules on a metal
surface [']. One suggestion for these emissions is that the up and the metal surface form a cavity and this cavity
dramatically affects the molecular photon emission.

IIL SUBWAVELENGTH OPTICAL ELEMENTS

The theory section abave describes a variety of approaches that have evolved to obtain optical information
af surfaces with nanometer resolution. [n each case the geometry of the experiment involves o tip interacting with
a surface and this interaction is the otigin of the highly localized, near-field optical signal that is being monitored.

I this section we consider the type of near field optical clements that have emerged as suitable probes for
nanometer dimension optical resolution. :

A SUBWAVELENGTH APERTURES

The first demonstration that light could be transmitted eﬁectjvelgr through well-defined holes that were
significantly smatler than the wavelength was presented by Lewis et al. [%]. These workers produced well-
characterized (15 nm - 240 nm) holes using electron beam lithography on a silicon chip, imaged the heles with
electron microscopy and then detected visible light even through J0nm apertures. A subsequent investigation | )
also was able to prodwce subwavelength apertures in a flat metal plate using a considerably simpler technique. In
this method a solution of latex spheres was dispersed, dried on a glass slide and subsequently coated with metal.
The resulting combination was sonicated in metai chloride 1o remove some of the balls and using this method
apertures between 90 um to 1000 am could be produced. In spite of these advances such apertures in flat plates

were not effective subwavelength optical elements because of the difficulty of bringing a hele in a flat plate within
the near-field of a surface that was rough.

A solution to this problem was actually suggested by Syuge in the first known paper on near-field optics in
1928 [**]. In this paper Synge proposed that a subwavelength aperrure could be produced at the tip of quanz rod
As he wrote in 1928 "A better method would be if one could construct 2 little cone or pyramid of quartz glass
having its point brought to a sharpness of the order of 10% ¢m, One could then coat the sides and point with
suitable metal (¢.g. in a vacuum tube) and then remove the metal from the point until it was just exposed. 1 do not
think that such a thing would be beyond the capabilities of a clever experimentalist.” In fact this is exactly what
Drieter Poh! and coworkers accomplished in their first paper on the subject [*]. The idea of producing such a
subwavelength tip was independently arrived at by Pohl since no one was aware of the suggestions of Synge until a
historical perspective writien by Dennis McMullan in 1990 [']. In this implementation, 2 quartz rod was eiched to
4 point with hydrogen fluoride (HF). The rod was subsequently, coated with metal and then crushed at the lip to
form a small aperture. Such a method produced apertures whose subwavelength nawre could only be inferred.

1. Micropipette Apertures

The first weil-defined apertures at a point were preduced by Harootunian et. al, [‘”]. These workers
intreduced techniques that were standard in electrophysiology to pull glass capillaries to tips that were in the range
of 0.1p. These microtipped capillaries were then coated with metal along the wall and at the tip to meke them
opaque to light thus producing 2 highly reproducible subwavelength optical aperture at the tip of a lapered glass
structure. The apertare at the tip was illuminated with a optical fiber that was introduced into the back of the
pipette as close to the subwavelength aperture as possible (see Figure 12). Within the last two years tl:2 capillary
pulling technology, that was introduced to pear-field optics in our laboratory, has been extended to quactz
capillaries by the use of a carbon dioxide laser rathet than a resistance wire as a heating element. This procedure
is capable of producing capillaries with apentures at the tip of <10am [*'], An example of such a capillary tip is
shown in Figure 13A. It is known that an aperture exists at the tip of such a pipette since water introduced at the
large end eventually exits the nanometer hole in the tapered end of the capillary. If larger structures are any
indication the hole is <5 nm in diameter in such quartz capillaries. Such tips are not only smaller than anything
that has been obtained with borosilicate or aluminum silicate capillaries but also are achieved with a tapering that
rapidly approaches thes¢ small dimensions from the 0.5 mm starting diameter of the capullaries. In addition these
microtips are much more resisiant (0 breakage.

A recent discovery (see section IV A 2 below) that is particularly relevant to the use of these tapered glass
structures in NSOM is the observation that such near-field optical elements are sensitive force sensors as will be
discussed in the sectign on mechanisms that allow tracking the tip in close proximity to the surface.



2. Optical Fiber Apentures

More recently. with the availability of CO- laser pullers the technology we introduced for pulling pipette
apertures has been extended to pulling single mode optical fibers '], These probes overcome the problem of
bringing the illuminating fiber as close 10 the subwavelength aperture as possible and eliminate the coupling loss
when the illuminating fiber is surrounded by air. Such probes have higher throughput since they efficiently couple
all the inputted light directly into the region where the evanescent losses occur. Therefore, they have recently
come into wide spread use as an efficient subwavelength aperture for NSOM applications. Unlike pipettes, that
are coated both on the sides walls and on the front surface, the fiber apertures are produced by coating only the
sides of the evanescent region of the fiber tip leaving the front surface exposed (see Figure 13B).

Tt should be roted that alternate techniques had been prcviousl‘v developed 1o produce tapered fibers that
were based on etching of fiber tips. Such probes were used for PSTM []. For (his technique one requires a fiber
with a point without the need for the defined aperture that was essential in the original approach of near-field
imaging. The etching procedure is capable of producing a much more rapid taper than the fiber produced with the
pipette puller and this decreases the evanescent portion of the tip. Nonetheless, it not appropriate for NSOM since

etching unlike pulling does not produce the cleaved, flat surface needed for a well-defined aperture. Rather, it
generates rounded tips that are suitable for PSTM.

Tr: addition an interesting new approach is the use of stlective etching of the core and cladding of an
aptical fiber [, ** ] 10 produce the structure shown in Figure 13C. The tip of this structure has unique bending
force constants that are very important for lateral force sensing.

3, Microfabrisated Aperturey

Subwavelength apertures may also be produced by the clever use of conventional microfabrication
techniques. An example of this is the recent work of Tartenese et al [** "], These workers have shown that such
a subwavelength, protruding, conical tip can be produced in a thin silicon nitride membrane (see Figure 13D). The
membrane in which this conical tip sits flexes with interactions of the tip with the surface and this leads to a direct
method of force feedback to be described below. Presently such interesting applications of microfabrication
technology do not compete with dimensionalities and characteristics of pipette and fiber probes but they do offer
the significant advantage of the possibility of mass production.

A most interesting structure that should give significant transmission of light through a subwavelength
aperture is the analogue of an electrical coax in the optical regime. Such a structure would require 2 metallic core
surrounded by a dielectric medium which is coated with another metal layer. An optical coax of this type acts just
like the infinite subwavelength slit which was studied theoretically by Betzig et. al. [']. It, like the infinite
subwavelength shit, always contains al least one propagating mode regardless of the diameter of the tip and this
should vastly increase the transmission through a subwavelength aperture. Fischer [ ] performed preliminary
experiments to define the characteristics of such probes for visible light transmission.  The use of such a
technique has been demonstrated for far infrared light by Keilman et al [‘9,’“].

In these experimants a conically tapered, machined metal waveguide with the structure of the tip of pipette
was used as an aperture (see Figure 13E). Since this structure was for use in the far infrared regime the dimension
of the tip was on the order of tens of microns. By inserting a thin metal wire inside the waveguide an increase in
throughput of over three orders of magnitude was recorded (see Figure t4). This structure is very useful for the far
infra-red and microwave regions of the electromagnetic spectrum where the almost perfect conductivity of most
metals provides an essentially zero skin depth in the waveguide medium. In such a cas¢ the reflection of the
propagating radiation inside the waveguide is basically negligible at any dimension. This should be compared to
the severe, radius®/.* ., coupling loss for a simple apertured structure, Thus, these structures allow for significant

intensities 1o be transmitted through apertures that would not otherwise emit any radiotion whatsoever. Whether
this technique can produce a significant transmission gain in the optical regime, where the finite conductivity
produces a skin depth on the order of the final aperture diameser, remains to be seen.

Recentiy we have been able to pull a thin platinum wire to the tip of the micropipette using a CO- based
laser puller. The walls of the micropipette were coated with metal and the resuiting structure is seen tn the SEM
photograph reproduced in Figure 13F. The experiments to define the transmission increase that this probe can
give are presently underway.

B. SUBWAVELENGTH LIGHT SOURCES

The ultimate NSOM probe that should be able to carry near-field imaging to the single nanometer regime
and beyond would be a point source of light of dimensions that could approach a single molecule or atom. The
micropipette forms an ideal basis for achieving such nanometer dimension light sources. Such sources which
confine the light beam can be several orders of magnitude smaller than semiconductor technologies can achieve
and, with the appropriate materials deposited in the tip of a pipette, have the fiexibility of producing wavelengths
that can extend decp into the ultraviclet. Such wavelengths are only a dream for present day diode lasers. In
addition what is particularly relevant t¢ NSOM is the fact that the micropipette structure on whick: all of the
sources below are based is also a very sensitive sensor of surface forces and this will be elaborated below.

1. Optical Excitati
Fluorescent probes

The approach of producing a point source of light at the tip of a pipette was first described by Licberman
etal [!]. These workers demonstrated this approach by growing a highly fluorescent microcrystal in the tip of a
micropipette {see Figure 15 A). Once such a fluorescent material was placed in the tip of the metal coated
micropipette, a light source could be produced by simply illuminating the tip with an external beam of light
incident on the front surface of the pi?cuc. As will be seen below such a geometry could be readily integrated into
a scheme for near-field microscopy [5 |. The exciting aspect of such micratips of light is that the intensity
reduction as a function of tip size is not exponential as is the case with transmission of light through a
subwavelength aperture but rather depends solely on the change in area. We have obtained intensities of 40
nanowatts in dimensionalities approaching 100 nm which is approximately an otder of magnitude greater than the
best aperture based techniques. In addition, these intensities can be obtained without regard to the shape of the lip
which is critical in the use of such probes as apertures and without the intendent difficulties of heating of the tip of
the probe which is a limiting problem in fiber based aperture probes.

One of the initial subwavelength light sources investigated was 3 microcrystal of anthracene which was
highly sensitive to photooxidation and bleaching. To overcome this problem highly stable organic plastics have
been produced in the pipette tip [2]. These microplastics are readily formed in the smallest pipeties by using
polymethylmethacrylate (PMMA} dissolved in chloroform with the appropriate organic dye mixed in the solution.
This mixture is then inserted into the large end of a pipette that contains an internal filament and this filament
draws the liquid into the very tip. Capillary action prevents the solution from escaping and contaminating the
surface of the tip. As the chioroform evaporates a tiny fluorsscent plug is formed inside the tip of the micropipetie
(see Figure 15 B and C). We have found thal the most stable dys that can be usad for these nano sources of light is
a form of pyrelene that can be commercially obtained from BASF (for example BASF #384). These dyes which
were designed for solar collectors [ ] have a very high quantum efficiency and are extremely stable especially in
encapsulating plastics in which photochemical destruction is minimized. Thus these plastic tipped pipettes are
ideal for application as the smallest probes in NSOM microscopy.

Alteration of photon wavelength

Materials at the tip of the pipette can add several advantages and allow ynique approaches to increasing
the intensity of a fight beam transmitted through a subwavelength apermure. One such advantage is when the
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material in the pipette tip has a high index of refraction. In the region of the pipette which has a dimension larger
than the wavelength the high index material acts to effectively guide the light wave to the subwavelength tip. In
addition when the light reaches the tip because the effective wavelength of the light is shortened due to the high
refractive index of the material the evanescence in the transmission will be reduced. Working near the absorption
cdge of a dye molecule can give a refractive index increase of at least 30 uimes which should reduce the effective
wavelength to one that is not evanescent even in the smallest tips. The gain that this provides should be
significantly larger than any small losses that may result from the light being passed through a few microns of
absorbing material. Furthermore, it shouid be noted that if it can be arranged 5o that the sample has an index of
refraction that matches the probe then the subwavelength light wave emanating from the probe would maintain its
dimensionality as it penetrates the sample. Under such specialized conditions the super-resolution characteristics
of near-field microscopy which are limited to regions in close proximity of the aperture may be extended to regions
beiow the surface. This is an interesting result of a technigue that would generally allow increasing the light
transmitted through subwavelength holes and tubes. To our knowledge no experiments along these lines have been
as yet completed.

Exciten enhanced transmission

In addition to the index of refraction effects, a crystal such as anthracene that allows the effective
propagation of excitens in a subwavelength tip has been shown 1o be useful in enhancing the optical throughput of
such a subwavelength tip [']. This is accomplished by having the ¢rystal span the region in which freely
propagating photons have difficulfy existing. The exciton can be generated in a region of the pipetie with a
diameter larger than the photon wavelength and diffuse through the subwavelength regime where photons cannot
propagate. This effect may also result in an extension of the exciton lifetime since in such a subwavelength region
radiative transitions should be prohibited. The incorporation of excitonic materials in the tip o f micropipette can
be used to enable the reduction of the dimensions of the light source dowt to the level where the surrounding
metal film will result in a quenching of the exciton. Quenching only occurs with a fall-off of r° and thersfore, this
direct quenching of the metal should not be apparent until the dimension of the Light source is reduced to about $
nm (see discussion below of exciton microscopy). Presently, experiments are underway 0 test this hypothesis by
examining the exciton lifetime as a function of the diameter of the pipette.

In experimental tests of this phenomenon Licberman et al [} studied throughput experiments with and
without crystals of anthracene in the tip of the micropipetic. The results showed gain in the throughput when the
crystal had been grown in the pipette tip. Anthracenc was chosen for these experiments because of the considerable
information available on the properties of excitons in these crystals. However, anthracence was not an ideal choice
for the experiments since this material bleaches upon light excitation. In fact, in these experiments there was a
burst of photens upon initial excitation of the anthracene crystal with the laser and then a subsequent reduction in
the intensity of the emitted light due to beaching. Thus, the gain by a factor of three in the transmission with the
crystal was certainly only a lower estimate. This whole problem has considerable fundamental interest since the
crystal can act as a bridge between a region where the photon can propagate freely and the tip of the piperte.

In terms of the two effects discussed above both the wavelength modification and energy transfer

capabilities of material tipped pipettes can work in unison 1o aid in increasing the throughput of light through
subwavelength regimes

Nen-linear probes

The subwavetength tip of a micropipette can also be used as a vesse! for containing non-linear optical
materials. Such materials can introduce a new set of properties to the tip of the micropipette, Two general classes
of non-linear optical matenals have been investigated. The first class of these materials is based on the
;onsidcmblc data that has been accumulating on two photon dyes. A particular interesting material in this regard
is the electroluminescent polymer p-phenylene vinylene (PPVY [**]. Studies have indicated that this polymer has a
twa photon emission [**]. tn our laboratory, Nily Kuck Ben-Ami has formed these polymers in the tip of the
micropipette and has investigated the two photon emussion that emanates from these tips. Data indicate that under
femptosecond itlumination. a | micron resolution pixe! excited with two photon excitation elicits enough two

i3

photon fluorescence in a psec fram a 100 micro molar concentration of dye in the pixel to generate exceptional
images with conventional two photon microscopy [%]. These intensitics should be more than sufficient for
fluorescence excitation in a sample by a twe photon tipped micropipette. This should be important for certain
1llumination schemes that have been used in NSOM and wil{ be discussed below.

A second material that has been introduced into the micropipetie tip is the non-linear optical crystal beta
barium borate (BBO). In Figure 15 D is an example of a second harmonic generation (SHG) micropipene tip filled
with BBO. This SHG was excited with a mode-locked titanium-sapphire laser emitting 120 fsec Pulses at 720nm.
Such tips have the potential for being used as subwavelength cross correlators of femtosecond pulses in
femptosecond spectroscopic applications [*'].

Field Fiber Laser Prot

An improvement in the signal detected from a near-field optical fiber probe has been demonstrated by
Betzig et al [*} by converting the passive fiber into an active lasing media. This was accomplished by pulling an
Nd* doped single mode optical fiber and coating the tip as in the standard near-field fiber probe. The reflection
from the tapered region acts as a mirror at one end of the cavity while the cleaved back end of the fiber acts as the
other. The fiber was then pumped at the cleaved end with 753 nm light from a Kr* laser resulting in a 1060nm
laser emission from the fiber. When such a probe is brought into the near-field of a surface changes in the
boundary conditions can change the effective reflectivity of the tip of the probe. Small changes in thic reflectivity
are amplified throughout the gain medium and can resuit in significant changes in the intensity emitted out the
back end of the laser. This effect is amplified further by operating the laser near the lasing threshold.

While the total signal emitted from the tip of the probe remains the same as in the fiber probe discussed
above such a system allows one to observe changes in the sample reflectivity on an optical signal 3 to 4 orders of
magnitude greater than the typical NSOM signal. This reduces the detection requirements and can potentially
increase the imaging bandwidth in situations where shot noise in the detected signal is the limiting factor.

3. Siand Alone Subwavelengih Light Sources
Chemiluminescent sources

The ideal near-field probe would be a microlight source without the need for any exciting laser beam
We have demonstrated such a source using chemilaminescent materials. To obtain such a light source a Cynalun
light stick was bought from an auto parts store. These light sticks made by the American Cyanamid Compary are
obtainable in many colors and are used as 12 hour flares. They consist of two liquids that are held in separate
compartments in the light stick until the stick is required to be lit. These two liquids can be exiracted individually
and then inserted together into the pipette. The liquid is sucked to the tip of the pipette by capillary action and the
combination glows for several hours. The number of photons emitted by a 0. 5p pipette is only ~2,000 photons/sec
and the stability of the light source is bess than desirable because of the limited material present in the confined
space of the pipette [']. Such sources thus do not appear at the present time Lo be useful as a near-ficld optical
probe.

Electroluminescent sources

In view of the considerable interest in electroluminescence for display technology this seems like an ideal
method for generating a subwavelength source of ight. This is especially true when one considers the structure of
the pipette which allows for a material to be encased in a diclectric with an electrode inserted into the pipette and
in comtact with the electroluminescent material deposited in the tip. The pipette can then be covered with 2 metal
from the outside such that it makes contact at another point with the material in the tip. The application of an
¢lectric voliage across the electroluminescent material in ither an AC or DC fashion is sufficient to generale
electroluminescence Such a subwavelength, ZnS:Mn based green light source is presently working in our
laboratories in Jerusalem [**] (see Figure 15 E). The limiting factor in the size of our light source is due to the
grain size of the Zn particles which was 0.3 microns.



In 1990 a group of researchers in Cambridge announced the discovery of electro-luminescence in
conjugated semiconducting polymers [¥]. The initial results with poly(p-phenylenevinylene (PPV) [6l ) produced
internal efficiencies (photons emitied per electron injected) of 0.001%, Significant improvements in efficiency (in
excess of 1%; have been realized recently. Thus. to overcome the problems of particle size of inorganic
electroluminescent materials discussed abave we initiated a collaborative effort of our group with the laboratories
in Cambridge and have shown that the sulfonium precursor to the electroluminescent polymer poly(p-
phenylenevinylene (PPV} and the solvent processible polymer MEH-PPV can be grown in the tip of a pipette. In
the past one difficulty in using these interesting polymer systems has been the requirement for the introduction into
the pipette of a low work function electrode to inject electrons into the polymer. This has recently been overcome
by the development of polymer systems that can work with electrodes such as aluminum [2]. In view of this
development and the increase in efficiencies in these polvmers that have beert realized, we are confident that with
some additional developments bright, long-lived electroluminescent polymer light sources with efficiencies of >10
% and dimensions of a few nanometers will be achievabla.

C. RELATIVE BRIGHTNESS OF APERTURES AND LIGHT SOURCES

The important question for the various applications of near-field techniques (which include both imaging
and patterning operavions) is the brightness of the subwavelength sources of light that can be produced by the
diverse methods that have been devised. Such a crucial question will determine the speed and the contrast that an
imaging or patterning operation will require for the highest resolution points of light. In terms of the simple
question of how muc. light can be passed through a subwavelength aperture at the tip of a hollow pipette or a
single mode fiber the unswer is clear cut. Experiments have demonstrated that for equal tip diameters the single
mode fiber transmits approximately three orders of magnitude more photons. Absolute powers of nanowatts have
becn extracted by Bewzig etal ['1] for an 80nm aperture using 15 mW input power. The losses observed in the
pipette and the fiber can be analyzed in terms of cvanescence, area and coupling losses and maximum practically
allowable input powers. For the single mode fiber the total observed seven orders of magnitude attenuation can be
divided into a 4 orders of magnitude area loss and 3 additional orders of magnitude that can be attributed to the
evanescent loss. if one compares this result with a multimode 50 micron fiber inserted into a micropipette with 2 5
micron single mode fiber there is immediately a difference of two orders of magnitude in area loss in favor of the
single mode fiber. In addition we have found that in the pipente there is an additiona] two orders of magnitude
coupling foss in the micropipette which is not found in the single mode fiber. Nevertheless, a pipetie can have
considerably more power inputted into it and this reduces the différence between the pipette and the fiber by more
than one order of magnitude. Furthermore, if onie adds a suitable index matching liquid into the pipette one should
be able to minimize the coupling losses and bring the overall throughput of the pipette to within one order of
magnitude of the fiber. This is important because we have found in our efforts that the case of using micropipertes

coupled with advantages (hat the hoilow structure provides compensates for the somewhat lower throughput in the
aperture mode of use.

The absolute limit in the intensity of such transmission apertures is limited by the absorption of the light
by the aperture in the evanescent region. For exampie using input powers larger than 15 mW in the 80 nm
aperture experiments described above, would burn off the metal coating required at the tip of the fiber. Even at
lower powers there is significant heating of the tip and this may prove problematic in certain situations. Rapid
tapering to reduce the extent of the evanescent region may allow somewhat higher throughput but even for such

geometries, the large absorption in the evanescent region wltimately limits the throughput of transmission
apertures.

An important resolution of Lhis problem was the transformation of the pipette tip from an aperture into a
vessel for the deposition of a whale variety of materials that can create, modify and modulate light at the tip of the
pipetic. A pipetie light source with a dimension that is <100 nm can have an intensity of as much as 40 nanowatts.
This intensity can be readily understood by considering the BASF dye embedded plastic mentioned above which
has been used as a solid state dye laser medium and has a photodestruction threshold 4kWiem® [} This allows 2
very high power devel to be used to illuminate the fluorescent plastic pipette tip. This translates t¢ an excitation of
approximately 0.5 microwatts from a 0.1 micron light source. Given a quantum efficiency approaching unity, the

15

limited penetration depth into the pipette given evanescent losses and the known absorption cross section of the dye
permils an ¢mission of -0 nanowalts for a 0,1 u diameter tip. This is an order of magnitude larger than the best
aperture methods and thus such light sources can be reduced considerably in dimension since the intensity scales
linearly with the volume #f the fuorescent element at the tip of the pipette. A limit of ~5 nm will be reached only
when the metal coating begins to quench the metal emission. In this case the intensity that ¢ould be extracted
from such a structure shoald be on the order of nanowatts. These tip dimensionalitics are only obtainable with

long drawn pipettes or fiter structures which would transmit no light whatsoever in the aperturing mode because of
their extended region of evanescence. With non~svanescently excited pipette light sources this problem does not
cxust. Finaily, for such intensities there is no need to dissipate large amounts of evanescently absorbed light which
reduces the heating problems.

D. OTHER PROBES

In addition to the near-field optical apertures and light sources discussed above other potential clements
for sensing the near-field optical characteristics of surfaces can be envisioned,

L Meallic Probes

Sharp metal protes such as the tips commonly used for scanning tunneling MiCroscopy can also be used to
study a variety of near-6ic d surface optical phenomenon. These probes, which have atomically sharp tips can be
used 10 scatter surface plasmon fields [***) and locaily quench surface fluorophores [*]. In addition these tips
can be used to tunnel eleczrons into directly into excited surface staies 1o produce highly localized luminescent
emissions [*-”']. In addition to such effects of unneling induced luminescence metal tips can be used as point
scattering sources for nea~-field illumination with specialized detection schemes that will be described below.
Furthermore, if appropria:ely sized metal particles are placed strategically at the tip of a pipette, fiber or other
probe and these particles are chosen specifically for generating the plasmon resonances described above these
particles can be used for enhancing locally non-linear optical phenomena.

. Pari

An interesting near-field probe, based on an isolated dielectric particle suspended Just above a surface, has
been proposed by Matmquist and Hertz [*]. The electromagnetic field of an infrared bearn focused to a
diffraction limited spot hclds the particic in place just below the focus by the well known technique of optical
trapping [*, ®1. This pa-ticle, which can be a few tens of nanometers in dimension, can be used (o probe a
surface in a number of ways. One possibility is to use a second visible laser beam to interact with the particle in
cither a scatiering or fluomescence modality. A sscond possibility, which has been investigated ), is to usc a
particle that has strong nan-linear optical properties. [n this case the infrared trapping beam doubles as a source to
drive a second harmonic [F] or two photon emission [™ from the trapped particle, The visible light produced hy
such a point source could provide the necessary illumination for an appropriately positioned surface. These
interesting suggestions coald extend near-field optical imaging into the realm of three dimensions subwavelength
fluorescence imaging.

One of the nice features of such a technique is that the particle probe isn't necessarily destroyed by
crashing it into the sample. Excessive force applied to the probe by interacting with a surface simply pushes the
particle out of the trap. If the work is done in a solution containing multiple particles one simply has to wait for a
second particle to settle into the trap and work may continue. Similar techniques have also been applied to atomic
force microscopy [ ],

1. Subwirvelengih Detectors
In addition to the light sources discussed abave another method that has potential of relieving the problem
of light throughput through a subwavelength aperture is 10 use the probe as a detector. The pipette provides an

ideal structure for such an endeavor. At the Hebrew University of Jerusalem we have succeeded in growing a CdSe
crystal that is in contact tc 3 thin carbon fiber that has been inserted into the pipette [*]. The surrounding glass
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acts as a dielectric shield around this structure and from the outside the pipette is covered with a metal coating that
acts as the sccond electrode in this scheme that uses the CdS¢ as a detector of light. In spite of the fact that this
detector is several erders of magnitude less sensitive than currently available photomultipiiers this is compensated
by the possible circumvention with this method of the large losses in transmitting tight through a region below
cut-off where the light wave is evanescent. Nonetheless the current sensitivities that we obtained were insufficient
for effective near-field imaging.

4, Subw; jcally Exci

Recently, Kopelman ¢t al [* ] have extended the use of tapered optical fibers to create a probe capable of
opticatly measure the local concentration of protons in a medium. These workers used techniques of
photapolymerizing a pH sensor at the tip of fibers [ ] and extended this to the tapered structures that are used in
NSOM. The tip was immersed in the dissolved monomer solution and the light that was transmitted through the
fiber and exited from the tip polymerized the material onto the tip of the tapered fiber. The polvmer that was
formed replicated the mode structure of the light that was exiting the fiber tip. The sensing molecules changed
both their fluorescence intensity and their emission spectrum in response to the pH of the surrounding medium.
This elegant technique creates a sensing region which can be precisely the dimension of the near-field region of the
probe depending on the polymerization conditions. The molecules on the surface of this structure are then excited
by tight that is transmitted though the fiber and both the intensity and the spectrum of the emission can be
manitored 1o determine the concentration of protons,

Micropipettes are unique vesicles for such chemical sensors. We have shown that a sol gl glass can be
inserted into the tip of the pipette with apgropriately chosen dye molecuies encapsulated into the gel which is
porous and allows the diffusion of water [ s]. Dye molecules that are sensitive to proton and calcium concentration
can be embedded in thess sol gels and these molecules have been shown to respond (0 ionic concentrations. Such
structures allow both chemical sensing and conductivity measurement through the tip to be performed
simultancously. We have shown that it is possible to monitor the reduction in the flow of ions through such a sot
gel filled micropiperte tip as the tip approaches a surface 1. An additional advantages of this teshnique of
embedding sensor molecules in a sol gel media rather than photepolymerizing the material is the fact that the
sensor mokecuyle can be freely interchanged to create sensors for a wide vanety of specific ions. Since the sensor
motecules are encapsulated in the pares in the matrix and are not involved in the chemical formation of the sol gel,
switching the sensor does not involve reworking the chemistry of the sol gef growth.

These structures are also compatible with the epi-ilfumination ron-evanescent technology that we have
established. There is no need to transmit light through a fiber or through a pipette. The resolution that is achieved
by such ion sensors comes from the confinement in the pipette tip itself. Thus the large signal to noise that we get
from dye tipped pipettes for imaging is also applicable to these ion sensors. The response titne and the z resolution
of these sensors is also enhanced by the near-field cffects of epi-illumination. Since the excitation fields decay
rapidly upon entering the micropipette only the velume of material at the very tip of the probe will be excited and

its emission detected. Thus the sensing region is kept small despite the fact that the entire probe tip is filled with
the fluorescent sensor molecules.

n-Di in

The approach we have developed over the past decade for the controtled pulling of glass to produce
elements for near-field optics [*] can be directly applied to the production of singular X=1ay concentrators and
apertures. X-ray apertures are notoriously difficult to achieve since the production of small dimension apertures
have to be impressed in very thick metal screens in order to provide sufficient contrast between the x-rays emitted
by the aperture and the x-rays transmitted through the screen. Because of this it is difficult to produce small
apertures with sufficiently smooth walls 10 obiain well-defined x-ray beams of submicron dimensicns.

The tapered pipette stncture aiso forms the basis of x
r:he hollow structure of a tapered pipette provides for a medi
is larger than glass. This allows for total exiernal reflectio:

-ray concentrators. This is a result of the fact that
um such as air with a compiex index of refraction that
f to accur from the surface of the inner walls of the

tapered glass capillaries. This seems to be the most promising design available today which can in principle
achieve sub-micron beam size, a broad energy bandpass, and enhanced brightness (defined as photon flux/area),

The basic idea of x-ray concentrators, based on the pipette structure, is that the demagnification of the
beam size results from repeated total external reflection from the inner walls of a tapered glass capillary. This
idea, that was first suggested and theoretically investigated by Stemetal. (7], uses the demagnification of the
cross section of a divergent beam by consecutive Lotal external reflections from the internal walls of a tapered
capillary. A capillary having a lincar taper of angle P is shown in Figure 16. Unlike the other areas in which
such tapered glass structures have been used in our laboratory in which Maxwell's equations have to be soived with
the appropriate boundary conditions, in the x-ray regime, all the considerations are geometric. This arises both
from the short wavelength and the index of refraction characteristics presented by an air filled tapered glass
pipette. Assuming that  is the angle of incidence of the extreme ray of the divergent bearn and 8, is the critical
angle for total external reflection, it can be shawn l”] that the maximum demagnification of the beam's cTOsS
section from that at the entrance is given by

my={a+p)/8,

Assuming perfectly reflecting walls, this yields a theoretical maximal demagnification as Bgoeswolof m, =a
/0, and a consequent brightness increase of M = m,.,.. For example, for a typical undulator o = § X10° jrad
and a beam diameter of O Smm at the experimental station built around a synchrotron source, we obtain with a lead
glass capillary a critical angle of 5 mrad at a wavelength, ) = 1.5 _and a theoretical demagnification of the beam
cross section of 1000, 10 0.5 p. Since the total number of photons in the beam is conserved, the resultant
brightness increases by 10°. A smaller entrance capillary of say, 30 p with the same taper will yicld a beam size of
500 _ at the exit, In practice several mechanisms operate 10 reduce this theoretical gain and demagnification,
among which the most imporiant are shape imperfections and surface roughness. Theoretical studies [7] show
that by using piece-wisc lincar, and non-linear tapers much higher demagnification and brightness enhancement
are possible. The optimal shape, an elliptical taper, or a piecewise linear a’pproximdon thereto, could achieve spot
sizes of 100 _in diameter with intensity enhancement factors of order 10 ¥

These results are of great importance since previous methodologies to generate submicron X-ray beams
with sufficient intensities for practical applications have relied on complicated wavelength dependent solutions.
Unlike visible light no focusing elements like lenses and wide-angular range mirrors exist for x-rays. Hence, a
source of small size is often generated by illuminating a pinhole by a larger diameter beam . This in turn results in
@ great loss of intensity, as the size reduction is not accompanied by an increase in the brightness. More
saphisticated devices, which in principle allow beam focusing, and hence an increase in brightness, suffer in
practice from several shortcomings. Zone plates, for exampie, can only be used with monochromatic radiation,
and, due to the short wavelength and large absorption length require thin zone widths and a large plate thickness.
The resultant large aspect ratio, 100 ar more, render such plates extremely difficult te construct. Furthermore,
aberrations due to structural imperfections limit the focal spot size 10 >6-7 j in the best plates available today
Saitoh [™]. Aberrations also limit the focal 5pot size to similar dimensions in grazing-incidence x-ray mirrors as
well [*). Multiple-asymmetric-reflection perfect crystal monochromators are, again, narrow energy-bandpass
devices, allowing, in practice, spot sizes no smaller than mirrors I'o}.

On the other hand, tapered glass capillaries provide a method of x-ray concentration which is wavelength
independent and generates a beam of X-rays that can be highly directed over many hundreds of aperture diameters
under the appropriate conditions, Thus, they can be used for nanometer dimension, three dimensional
tomographic analysis. This is unlike the near-field optical probes discussed above which have a very small depth
of field corresponding to less than one aperture diameter, and therefore can only be a!?plied to detect surface optical
phenomena. So far structures have been produced with spot sizes as small as 0.1 p %' | and brightness
enhancement of 960 at & keV have been obtained []. Theoretical considerations indicate that spot sizes as small
as 100 . are feasible with gains as large as 10 . Furthermore, these capillaries are particularly well suited 10 low
emittance third generation synchrotron sources and insertion devices. The current status of the results
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dcmunstmu‘rig the potential of such glass structures as intense microfocus sources can be found in 2 number of
papers in the literature in addition to those mentioned above (334,85 36 B7.88

6. Solid tmmersion Leng

Mansfield and Kino (% | have investigaied the use of a lens formed of a high index of refraction material
1o increase the numerical aperture obtainable and decrease the focal spot obtainable with ordinary lenses by a factor
that is directly proportional to the change in the refractive index. This was accomplished by forming a hemisphere
of 2 high index of refraction material which is placed beneath a conventional objective. This is an important
extension of the standard oil immersion methodology of allowing for the use of objectives with numerical aperture
larger than | by the introduction of a high index of refraction liquid that fills the region between the lens and the
sample. This improvement in resolution is only capable of being used for imaging an object if the base of the lens
is close encugh to the object for evanescent coupling to occur.

IV, NEAR-FIELD INSTRUMENTATION DESIGN

A near-field optical systern has to incorporate microstability and micremovement capabilities as in all
scanned probe microscopes. In addition, near-field microscopes have to transparently incorporate a good far-field
optical microscope for collection of light and overlapping field of view. Such intcgration has not been readily
available in scanned probe microscope designs.  With regard to the stability and micromovement requiremcilts
the resolution of the system is defined by the nature of the near-field collimation. The experimental information

presently available on this collimation is at present minimal. Nonetheless there is total agreement that the near-
field distance is some fraction of the aperture or light source diameter.

In view of these critical factors in NSOM (his section focuses on two main topics. First, technologies of
feedback in which a near-field optical element can be maintained within the near-field. Second, the design
principles that are essential for imegrating the probes and the feedback techniques with the associated technology
of scanned probe microscopy on the one hand and far-field optical microscopy on the other,

A FEEDBACK

The rapidly diverging nature of the near-field means that having some form of feedback (o maintain the
tip/sample separation is of vital importance when scanning the near-field probe over a surface. Even a small
change in the distance to the sample will cause a large change in both the intensity and dimensionality of the
near-field light spot. Such variations can significantly degrade the performance of imaging and patterning systems
based on the near-field. The feedback is also necessary to prevent the probe tip from crashing into the sample
during the approach and scanning. An effective feedback mechanism must give reliable topographic information
about the sample and should be independent of the optical imaging parameters,

The proliferation of scanned probe microscopy techniques has produced a number of feedback
methadologies which are all being adapted in one ferm or another to suit the needs of near-field optical imaging.
These irclude electron tunneling (STM), optical tunneling (PSTM), ion conductance (SICM), both normal force
{AFM) and lateral force {LFM) sensing and capacitance measurements. Furthermore, there are specialized
methods that have been designed specificaily with NSOM in mind to achieve feedback using oplical means.

1. Electron Tunneling

The STM [m]. being the first of the scanned probe microscopy techniques, is an obvious choice for a
feedback sensor. There are two main drawbacks of this methodology, however, which have thus far restricted i1s
general acceptance. Finst is the requirement for a conducting sample which would not allow the examination of
biological material, and second is the very strong axial sensitivity of the STM which imposes consiraints on the
stability of the system and complicates the design. Furthermore, STM has extreme sensitivity to electrical
disturbances which requires extensive shiclding. Nonetheless, in situations where the sample is naturally
conducting, or when the sample can tolerate a thin, semi-transparent conducting overcoating such as gold or
plaunum-iridium, tunncling can provide an ideal form of distance regulation. In these cases, a small voltage is
applied to the metal coating swrrounding the near-field aperture and, when the tip is close encugh to the sample,
the current tunnels across the gap and into the sample where it is monitored and used to adjust the height of the
gap.

Tunneling was first used by Durig et al 9[:‘ ] to halt the approach of a probe as it came into the near-fietd.
Lieberman and Lewis [*? ] and Hartmann et al. [ ] have built instruments which arc stable enough to produce
STM images with a near-field probe while simultancously recording the near-field optical information, Details of
the construction of such instramentation are provided below. Tt should also be mentioned that tunneling has been
observed from dielectric materials placed on metal films. In on¢ such experiment microwave fields on the surface
induce tunneling carrents with the aid of microwave induced fieid harmonic generation [™* |. Nonetheless, non-
conducting materials are much better tracked by using force sensing methods.

1. Normal Egrce
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The most general purpose technique for regulating the distance between the near-field probe and the
samnple is 10 sense the attractive and/or repulsive forces that arise when the tip is brought into close proximity of
the sample [**]. This is done by scanning a sharp stylus at the tip of a tiny lever arm over the surface at distances
of up to several hundred ngstroms. Very fine cantilevers capable of sensing pico -Newton forces [ % are now
readily producible. The interaction between the tip and the surface (Van der Walls, coulombic, magnetic, eic.)
flexes the arm slightly. The tiny deflection that occurs in the cantilever as a result of these forces is detected and
used as a feedback to regulate the distance. This deflection is typically detected by reflecting a laser beam off the
cantilever and monitoring its deflection with a pesition sensitive detector. Optical interferometric techniques are
also used. The crucial requirerént for such a technique is that the spring constant of the lever be such that it will
flex in response to vanatiens in the surface forces (i.¢. changes in topography) and not break ot deform the surface
being scanned. With the probes available today, scanning force microscopes have been used to image almost any
conceivable surface.

The difficulty in applyin; force feedback to near-field optics lies in preparing a subwavelength aperture at
the tip of the microcantileve =d structure needed for force sensing. One example of a near-field optical probe
which is suitable for force distance regulation is the microfabricated siticon apertures produced by Tortense et al
[“}. These apertures are integrally fabricated onto tun, flexible silicon membranes which closely rescrble
commercial silicon force se1.;ing cantilevers . A spring constant of 34N/m allows the membrane to deflect without
damage to either the probe 0. sample as the aperture makes contact with the surface. Force imaging with such a
probe i3 also possible although the spring constant is too stiff 10 allow imaging of soft samples, Near-field imaging
in a PSTM meode with the tip of a silicon nitride force cantilever has been reported {7’ ]. This is based on the
transparency of the silicon nitride which picks up the evanescent field and allows it 1o propagate beyond the tip and
intoa dclggtor. [n addition, such cantilevers have recently been used as sources of scattered Light for near-field
imaging [ ].

We have shown that glass micropipettes can be bent near the tip to produce a cantilevered structure
provide an excellent atomic force imaging probe [ ]. For the initial experiments with position sensitive detection
of normal force (see Figure 19 A), the bending of the tip was accomplished with a microflame and a small mirror
was glued to the cantilever in order to allow the sensor to be inserted into conventional force microscopes. Ina
subsequent development ('™ |we replaced the microflame with a focused CO» laser which permits fine control of
the bending operation and allows quartz cantilevers, which are more resilient, 1o be bent. Such a cantilevered
Quartz pipette is shown in Figure 17. An additional development was the replacement of the glued mirror by an
integrafly polished reflecting surface (sec Figure 18). In terms of their force sensing capabilities micropipettes can
be tailored to Lhe imaging problem at hand. Specifically, they can be prepared with a wide range of force
constants, with tips that can be sharp or blunt depending on the degree of the perturbing force that the surface can
endure, with high aspect ratio tips for imaging tall structures and they have the capability of having materials
inserted into the hollow structures for a varicty of applications. One such application is NSOM in which a
fluorescent material can be deposited in the tip of the bent micropipetie for simultaneous force and NSOM
imaging and ion sensing. In additon the same technologics have been used 1o bend the tip of single mode optical
fibers. These fibers cffectively light 10 be transmitted around the bend while permitting the preferred imaging
mode of normal force sensing. The procedure for achieving such elements has recently been perfected and work is
underway to demonstrate the singular capabilities of such multifunctional imaging elements.

3. Lateral Force

A force technique which permits the use of straight micropipette and aptical fiber probes is the
measuremnent of the frictional forces that arise between the flexible tip of a straight probe and a surface. This is
done by laterally modulating the tip at or near its resonance frequency and measuring the damping in the vibration
as the lip approaches the surface. Two implementations of this technique have been independently developed and
demonstrated by Teledo-Crow et al ['™ | and Betzig et al. ['*] and more recently a simplified implementation of
monitoring lateral forces with a straight pipette has been demonstrated by Shchemelinin et at ['™]
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Vaiz-Iravani and coworkers use a sophisticated differential optical detection system to monitor the
vibration amplitude off the side of a pipette tip ['* ). In this scheme (Figure 19 B), a laser beam is divided by a
Woilaston prism whose axis is at 35 degrees with respect to the laser polarization into two orthogonally polarized
beams with a small angular separation. A micrescope objective is then used to focus the two beams onto the side of
the pipene with a linear separation of approximately 100 microns. The oscillation of the pipette tip introduces an
unequal phase shift 1o the two reflected beams.  When the reflected beams are then recombined by the Wollaston
ptism the phase shift will rotate the polarization of the reconstructed beam at the frequency of the pipette
oscillation. The magnitude of this rotation is measured by passing the beam through an analyzer and using a
lockin detection at the oscillation frequency. The detected signal can be made linearly proportional 10 the
amplitude of the medulation by adjusting the lateral position of the Wollaston prism across the beam.

In Betzig et al's scheme, shown in Figure 19 C, the light emanating from the near-fisld aperture is used to
both image and monitor the vibration of the tip ['*). A portion of the light is directed by a beam spliter through a
small pinhole and onto a phetomultiplier. The spatial modulation of the probe thus produces an intensity
modulation in the light passing through the pinhele whose amplitude is dependent on the spatial modulation
amplitude of the probe. The amplitude and phase of this modulation is monitored with a lock-in amplifier. When
the probe begins to encounter the frictional surface forces the amplirude of the modulation will be damped and a
phase shift will be observed. Either of these signals may be used to monitor the strength of the damping force on
the probe tip. The disadvantage of this technique is that the monitoring signal is detected through the sample,
limiting its application fo transmission NSOM schemes.

Rudman and Schmeztmellian (Figure 19 D) have developed a technique which works with a reflection
system and requires no complex alignment '®]. These workers simply focus 2 laser onto the tip of the probe with
4 low power objective and monitor the shift in the diffraction pattern with a position sensitive detector. The
detected light is actually reflected off the sample simplifying the alignment procedure. Sensitivities of several
angstroms wers obtained with this method.

Lateral force systems have the advantage that straight probes may be used, simplifying the fabrication and
transmission of the optical signal if aperture NSOM is to be emploved. Nonetheless if imaging of soft or rough
samples is to be accomplished effectively lateral force methods lateral forces have to be minintized in order not to
distort the images. Furthermore, the experimental implementation of such an imaging protocol requires lock-in
detection which slows down the imaging process. Finally, lateral force techniques do not work well in liguid
environments where the lateral vibration motion of the tip is strongly damped. Using a cantilevered structure to
monitor normal forces has the advantage of greater force sensitivity and some inherent protection of the tip since
even if the feedback system fails to accurately track over some feature the tip may flex upwards and not be
damaged. In addition, the recently introduced non-contact imaging modes that accurately image delicate samples
can be readily implemented with normal force sensors.

4. lon Conductance

Hansma and coworkers [10‘] have demonstrated an ion conductance imaging technique which may be
readily adapted for near-field optical feedback. An electrolyte is injected into the near-field aperture that also
bathes the sample. A voltage is applied to the probe generating a small current from the ions diffusing out of the
tip under the influence of the electric field. When the aperture is brought close 10 the surface the flow of ions into
and out of the aperture is restricted, reducing the current and increasing the effective resistance of the tip. The
resistance becomes significant as the tip/sample distance is reduced to less than the aperture diameter, which is
precisely the preferred distance for near-field optical imaging. This technique has been well-developed for patch
clamping and performing elecrophysiological measurements on biological membranes ['®| and is responsible for
stimulating the development of the glass micropipette electrodes that we have adapted for near-field optics. An ion
conductance feedback technique is particularly well suited for biclogical applications where it is often desirable to
keep the sample in an environment which is as close 10 ambient as possible. Hansma and coworkers have
produced topographic images with submicron resolution both with glass micropipettes ['™] and microfabricated
silicon ("] apertures.: Bent micropipetics are ideal for this form of scanned probe microscopy.
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The frustrated internal reflection technique described above (see Figure 9), in addition to being a
near-field imaging technique in its own right, may also be used to provide topographic feedback information so
tong as the sample has relatively vnuform dielectric properties. When a ncar-field aperture tip is placed within the
evanescent field present above the sample, a fraction of the light proportional to the field strength at that point will
couple into 3 propagating mode in the tip. So long as the corrugations in the surface are of subwavelength
dimension, maintaining a constant field strength should give a good approximation of the surface opography. A
second wavelength may be simultancously transmitied through, or collected by, the aperture to provide
spectroscopic near-field information independent of the sample topography.

The extent of the evanescent fickd and the height of the tip tracking can be adjusted by varying the angle
of incidence and wavelength as described above . Langer wavelengths, in addition to increasing the extent of the
field, are advantageous bec:use they can be far removed from the frequency of the imaging light, reducing
interference during image formation. These long wavelengths also afford protection against bleaching for any
contrast enhancing fluorescent dyes used in the sample.

6. Capacitance

Scanning capacitance microscopy has been demonstrated by Matey and Blanc ['®]. We have used such
capacitance signals as a feedback method for near-field lithography ['¥]. Capacitance imposes similar restrictions
to tunneling in that it requires a conducting sample and conducting probe but the interaction has a longer range
than tunneling making it easier to work with aithough less precise.

7, Reflection Interferometry

The light emitted from the tip of the near-field probe has been used by Bozhevolnyl et al ['® ] as a
mechanism for tracking the surface (sce Figure 19 E). These workers used cross polarized detection to monitor the
interference between the light reflected from inside the tip of an NSOM fiber probe and the light emitted from the
tip, reflected from the surface and coupled back into the fiber. The idea of using cross polarized detection is based
on the assumption that the polarization conversion is most efficient near the tip of the probe. This allows the weak
signal reflected from the sample to be detected while rejecting most of the light reflected from along the fiber
probe. Usin this technique, these workers were able 1o monitor interference fringes out to several microns from the
sample.

8. The Near-Ficld Dependence [sell

The exponential nature of the near-field of a subwavelength aperture can theoretically be used by itself to
regulate the distance between the aperture and a sample without the need for an independent sensing technique.
This method was investigated in Jerusalem by Lev Lubovsky ['™]. Applying a small (several nanometer) verticat
dither to the probe will produce a modulation in the strength of the near-field interaction of the probe/sample
interface. This interaction is strongly distance dependent and can be used as the basis for determining the distance
between the aperture and the sample. By dithering simultzneously at two different frequencies with different
amplitudes it may be possible to determine the exact distance independent of the absolute interaction strength.
Experiments to verify this hypothesis are currently underway in our laboratory.

9, Confocal

An optical method for tracking sample surface profiles and monitoring tip/sample separation has been
deveioped by Hrynevych et al. [''® ]. These werkers obtain very high axial sensitivity by using a variation of a
confocal microscope arrangement shown in Figure 19 F. In this setup, two confocal pinholes are used, one places
slightly abo_ve the image plane and the second slightly below it. As the sample height is varied the image, and
cprrcswndmg optical signal, will come into focus first at one plane and then at the other. By monitoring the
signal differential, height variations as small as Lnm can be detected with this technique. Both the sample surface
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and the near-field optical probe posiuon can be monitored while the probe is scanning in order 1o accurately track
the surface. This technique has a lateral optical resolution only as good as a classical optical system so the actual
recorded profile information represents an average of the surface over an approximately half micron wide region.
If there are no sudden, sharp surface height variation, however. this technique can provide a simple, non-intrusive
method for probe feedback.

10, Contact Mode Nsom Without Feedback

Initial NSOM results in our laboratory were in fact obtained by painfully bringing a micropipette tip into
contact with a surface watching, it flex and then monitoring Lhe light at each contact point {''']. With a airaight
probe this was next to impossible to accomplish since most of the tips in the operation rapidly were desuroyed.

With cantilevered micropipettes or fibers such an approach of contact mode NSOM is very feasible. In fact contact
mode AFM has been the technique of choice in AFM imaging. However, in AFM a feedback technique is required
not only t bring the tip to the surface but also to measure the deflections of the cantilever that mimics the
topography of the sample. As can be seen in Figure 17 a bent near-ficld optical element can be visually brought in
contact with the surface using a well-integrated optical microscope that is an ¢ssential component in NSOM but
has been given somewhat less emphasis in AFM. Once in contact, scanning the sample and monitoring changes in
the intensity of light due to index of refraction changes would readily give an NSOM image.

The three lateral force techniques described above, or variations of them, have achieved the widest
acceplance among teday's near-field optics researchers. This stems from the fact that lateral force detection is
relatively easy to implement because it works well with both the tapered optical fiber and micropipette probes that
are commonly used today. Nonetheless, in general for imaging [ateral forces have to be minimize as noted above
and thus, elements that are capable of feedback without lateral force distortions seem 1o us to be the future elements
of choice in NSOM.

B. THE INTEGRATION OF NEAR-FIELD, FAR-FIELD AND SCANNED PROBE MICROSCOPIES

1. General Design Prini

In this section we consider an overview of the constraints that must be addressed in order to construct an
effective near-ficld optical microscope system. Basically NSOM instruments can be designed 1o work either in
reflection or wransmission. In both of these modes the principle of reversibility allows for eithe: illuminating or
collecting through the near-field clement (see Figure 20).

Vibration Isolation

Vibration isolation is crucia! in any system designed for scanned probe microscopy since the probe up is
scanned in close proximity to the surface. This requires the instrument to be well-isolated from mechanical and
acoustical vibrations [''*]. These principles have been well-studied and the general conclusions are that the
microscope has to be as small and as rigid as possible in order to avoid the coupling of external disturbances.

Approach Mechanisms and x-y Scanning

A standard question that has to be addressed in the construction of any such microscope is the mechanism
used to bring the probe within the near-ficld. This requires a method that allows for travel over relatively large
distances with high resofution as the probe approaches the surface. One method that is gencrally employed is a
small stepper motor with a lever reduction system to increase sensitivity. In spite of the availability of such
methods for several years a particularly important development that we and others have incorporated into near-
field microscopes is the Burleigh inchworm ['']. This device allows for essentially unlimited translation of any tip
with 2nm steps. The advantage of this device is that it is hotlow shafted and this simplifies the insertion of such
elements as optical fibers for illumination and collection of light.
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The fine x.y and z scanning is done with cylindrical piezoceramic scan tubes that are now standard in alt
scanned probe microscopies. The scan ranges depend on the size of the tube and the applicd vul_lages, A standard
[ inch {2.5cm) tube gives a 10 p full-scale. xy deflection and 1 p axial extension with a 250 V bias. Tube scanners
are available with scan ranges of >100 i and such scanners can be readily attached to the hollow central core of the
inchworms that were originally designed for ultrahigh vacuum applications.

Overlapping flelds of view

In all scanned probe microscopies it is very beneficial to integrate a more conventional form of imaging
that allows for a view of Lhe probe tip with respect to the sample. In scanning tunneling microscopy attempts in
this direction wete initially centered on integrating this microscope into a scanning electron microscope where the
resolution generally is comparabic to the field of view of the STM. Similarly in near-field optical microscopy it is
incumbent to have the ability to place the subwavelength oplical clement at a point in the sample where one desires
the high resolution that this microscopy provides. The SEM solution is not practical for near-field Microscopy
since it completely undermines the unique fearures of NSOM to work under ambient conditions, without the
destructive effects of electron beams. Therefore a principal driving force in the instrument development has been
schemes that build a near-Ffield optical instrument within the overall constraints of a conventional light microscope.
One of the probiems in this integration is related to the constraints impesed by the usc of the tubular piezoelectric
scanners since these scanners reguire a long twbe in order to obtain a large scan range. This long axial extension
of the prezo tube makes it difficult to bring an objective lens close to the sample. One solution is to scan the tip
instead of the sample, although this causes a number of secondary problems which will be discussed below. Other
ingenicus appreaches involve placing the lens entirely inside the tube scanner ["*"*]. Another, option is to use a
tripod scanner [ |surrounding a microscope objective and this is described below

2T ission NSOM

An instrument that has been reproduced in an number of Laboratories is seen in Figure 21 lﬂ ). The
NSOM head sits above an ordinary (Zziss Axioven) inverted microscope. The sample stage of the microscope is
removed and in its place a vibration isolation system is built on cither side, straddling the microscope. The
instrument is built in a closed loop form to maximize its rigidity. The near-field optical probe is glued to a
threaded insert which is screwed into 2 mount on the piezo~clectric ceramic tube scanner. The piezo is glued
direculy to the axis of a hollow UHV Burleigh inchworm. The sample rests on 2 16mm diameter, 150y thick glass
cover slip. The cover slip is inserted into a Teflon sample mount between two thin o-rings and held tightly by a
threaded insert. The long working distance objective of the microscope is corrected 10 look through the thickness of
a cover slip and focuses on the top surface of the glass where the sample is placed. The sample mount rests in a
machined x-y stage with Zum travel for fine positioning of the sample with respect to the pipette. The whole
assembly opens for easy placement of the sample and replacement of the tips.

The optical signal for NSOM imaging is acquired through the conventional far-field inverted microscope.
For standard transmission NSOM light is fed into the pipettc tip from the rear by means of a thin optical fiber
inseried down into the very tip of the pipette as indicated in Figure 21A. Alternatively, an epi-excitation technigue
may be used 1o produce light from a fluorescent plug grown inside the tip of the micropipette as is seen in the
picture in Figure 21B. In addition to the intensity advantage this provides (see above), this method docs away with

the need to bring an external fiber into contact with the micrepipette probe and thus removes a potential source of
mechanical instability.

This system prevides a very flexible integration of a number of scanned tip microscopies in addition to
NSOM while allowing for the conventional optical microscope (o be used with all the flexibility that is availabie to
it. For example, this allows the positioning of the micropipette over a region of interest by viewing through the
conventional microscope while the pipette lip is scanned by the cylindrical piezoelectrical fine positioner. The
same system is capable of simultaneously obtaining NSOM images through the aperture at the tip of the
micropipette while generating tunneling images from a tip in the metal coating that surrounds the pipette 7).
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These results will be discussed below. Thus, the microscope can be used in far-field and near-ficld optical imaging
ang with tunneling not only as a feedback technique but also to generate simultaneous images.
The microscope has alsa been used with a system 1o measure ion conductance feedback, as described above.

The same microscope has also been used in an epi-illumination scheme with the subwavelength,
fluorescent, microplastic light sources described above. This approach 10 NSOM is schematically described in
Figure 22. A laser beam (dotted line) is reflected off the dichroic mirror in the far-field microscope and focused by
the microscope objective through the sample and onito the mictopipette tip. The emitted tight (solid line) passes
through the sample, is collected through the same objective and is transmitted through the dichroic mirror onto the
photomultiplier.

One disadvantage of the combination of the above instrument with the epi-illumination scheme is in the
mode of collection of the light emanating from the tip. The objective lens of the microscope collects over a large
field of view which includes the pipetic tip and the surrounding sample. Any autofluorescetice in the sample
contributes to the background and degrades the image. Further difficultics with the above instrument also include
image artifacts which arise due to the scanning motion of the pipette. With epi-excitation fluorescent tips the
problem lies in the difficulty in producing a perfectly uniform illumination spot. This is particularly troublesome
with coherent laser excitation where interference produces a speckle pattern. As a result of these variations in the
swrength of the excitation, the intensity of the light source varies from peint to point in the image. A similar
problem exists in standard transmission NSOM du to the non-stable coupling between the inserted fiber and the
pipetie tip. Small translations of the pipette during the scanning apparently result in the excitation of different
optical modes inside the pipente. This can result, under appropriate conditions, in significant changes in the
transmitted intensity.

The resolution of these problems is obviously 1o hold the probe fixed in space and translate the sample 1o
achicve the desired scanning. The disadvantages of this technique are the potential reduction in scanning rate due
to the increased mass of the sample and the difficulty in bringing the lens close to the surface as discussed above,
Halding the pipette still is aiso advantageous for epi-excitation fluorescent tips since there is now no need to
defocus the excitation to cover the entire scan range. Thus, low intensities of the incident laser ¢can be used since
the laser can be focused to a diffraction Limited spot on the tip of the pipette instead of defocussing to cover the
entire scan range. In addition, enly the sample region in the immediate vicinity of the tip will be exposed 10 the
excitation. This will reduce damage to the sampie and cut down significantly on the background fluorescence.

Further advantages of keeping the subwavelength point of light fixed is the ease of integrating such an
instrurment with methodologies of confocal microscopy [''7]. This will allow for better rejection of the out-of-focus
light since the near-Geld is only a surface effect and light from other optical planes degrades the image. However,
the major advantage in this design is the fact that only in such a scheme is force sensing easily integrated into the
IIH.CIDSCODC.

A design of a sample scanning near-field microscope head developed in our laboratory is seen in Figure
23. The microscope consists of three plates hinged at one end and separated at the other by two Burleigh
inchworms. The lower plate contains the microscope objective and resis in place of the microscope stage. The
middle plate contains the sample scan system which consists of 2 tripod piezo scanner positioned around the
microscope objective on which the sample rests. The scan system allows both fine scanning and coarse sample
positioning by using an inertial translation mechanism. The upper plaie contains a second piezo scan system,
concentric with the first, o hold and position the probe. The upper piate also houses the AFM optics (diode Laser
and position sensitive detector) for both shear force and normal force detection. The upper inchworm is used 1o
move the top plate with respect the middle on for the tip/sample approach while the lower inchworm translates the
upper two plates as a unit with respect to the lower plate allowing automated sample focusing. The fine vertical
positioning of the inchworm based system coupled with the sample scanning mechanism enabies confocal optical
sectioning of the sample simply by incorporating a pinhole at the focus of the microscope objective. A photograph
of the NSOM head in place above an inverted optical microscope is seen on Figure 23B.  Supplemental
microscope optics for reflection imaging has been placed above the head in this pictare,
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An abternate design thal is in the literature is by Betzig and coworkers. These workers insert one
cylindrical piezo into another larger cylindrical piezo (sce Figure 24). The tapered optical fiber is inserted into the
small piezo in order to dither the tip. The dithering of the tip 18 employed in the lateral force scheme developed by
these workers as described above. The sample is placed on the Yarger piczo and is scanned relative to the tip. An
approach mechanism that is not shown is used to bring the tip in close proximity to the sample. The advantage of
this design is its compactness. The disadvantage is that i is limited 10 employing the pinhole based shear force
scheme which is affected by the transmitiance of the sample.

3. Reflection NSOM

In order for the advantages of NSOM to be fully realized it is important to design NSOM instruments that
can incorporate the possibility of imaging in reflection. This is crucial for imaging opaque samples. Ideally one
would like 1o illuminate and collect through the same probe. This would be helpful in the design so that the
illuminating probe does not obscure the view of the collection optics or the collection optics does not obscure the
placement of the probe. In practice however this is not possible because of the strong back reflection of the light
from the subwavelenth region of the probe would swamp signal in this geometry. The exception to this is the fiber
laser probe discussed above

In place of this ideal geometry two approaches that have been used are to cither itluminate through the tip
and collect the light refiected and/or scattered to the side or to illuminate from the side and collect the light
through the probe place above the sample (see Figure 20). The difficulty of course is that the tip and the collection
optics both have to lie on the same side of the sample.

For such imaging there have been a variety of unique designs. The first reflection instrament was that of
Fischer who used an aperture that were produced in a metal coating deposited on a watch glass. Since Fischer used
a flat aperture he did not encounter the strong back reflection that is normally seen in a tapered probe and thus was

able to perform a reflection experiment by transmitting and collecting the light through the same aperture.
However such flat apertures have limited applicability.

An obvious method for collecting the reflected light off a sample that is illuminated with a near-ficld
optical probe is to place a long working distance objective at an angle relative to the surface. This was first
seported by Clime et al. ['™®] (see Figure 25).

An interesting approach to reflection NSOM involves the choice of a large, long working distance
objective lens for the conventional light micrescope in which a hole is bored for the near-field optical tip ks
Such an approach has been demonstrated by Swzuki et al ['2] who produced such an objective and inserted an
STM tip into the hole (see Figure 26). This allowed both the sample and the tip 10 be viewed from above.
Replacing the STM tip with a near-field optical probe would allow the light that is reflected and scattered off the

surface 1o be collected with a relatively high efficiency. The light that is lost by blocking the central part of the
objective is a small percentage of the area of the lens.

An aliernate technique is 10 place the entire near-ficld probe beneath the microscope objective. This is
readily accomplished with the cantilevered pipette or optical fiber probe whoge tip can be less that 50y in length.
Using an objective with a Smm or larger working distance also allows uncantilevered fiber probes to be inserted at
an angle. By mechanically bending the thin section of the fiber near the tip with a radius of curvature of several
millimeters the entire fiber may be inseried while still maintaining the characteristics of a straight probe. This
technique has been effectivrly implemented ['* ]. The difficulties in working so ¢lose to the objective can be
removed by replacing the conventional microscope objective with a large reflecting objective which can have

significant working distances. An example of an instrument using this technique will be presented in the
cryogenic section below

Wel 2l;aw: been able 1o collect reflected light for NSOM with sufficient cfficiency by using micro-lensed
fiber optic [*]. Such a fiber, held in a fixed position relative to the near-field probe, may collect light with a
numerical aperture as high as 0.5. 1t may be possible to place a number of fibers surrounding the tip from all sides
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to further increase the collection efficiency. Although this technique can give extremely good light collection
efficiency it Joes not provide an imaging capability and as noted above it is important to have the capability to
simultancously image the sample and NSOM tip.

Finally, an approach that allows illumination and reflection through the same probe is the fiber laser
probe descrined above. [n this case the back reflection does not swamp the signal but rather provides a carrier
signal which is modified by the changing boundary conditions at the tip and is amplified by the lasing mediom of
the fiber.

¢ Optical Deject

An important consideration in building a near-ficld optical system is the type of the optical detection
scheme that is employed. Obviously, based on the light signal that are available from subwavelength apertures or
light sources any detection scheme has to be capable of sensing individual photons and should have a high
quantum efficiency for detection of the light. There are three possible choices that fit into this criteria. These are
photomultiplier tubes (PMT), avalanche photodiodes (APD) and charge coupled device (CCD) camera. In
principle the serial imaging of NSOM does not require a CCD but when spectral imaging is involved a CCD
coupled with a monochromator is beneficial. Thus, the most common system in use today that can detect single
photons is the PMT and this detector coupled with photon counting detection systems is the most prevalent in
NSOM sysiems. APDs are gaining popularity for several reasons. They have considerably greater quantum
efficiencies, like CCDs, in the visible and near infrared (70 - 80% in comparison to <20% for PMTs) and they are
more compact and less susceptible 1o noise than PMTs. Their principle drawback however is in the size of their
detector area. This requires careful alignment so that the light probe is accurately imaged onto the active detector

area. For ultimate in speed and for spectral ranges that extend into the deep ultraviolet, the photomultiplier is the
detector of choice.

_Field Light Colleci | Effc

The total light collection efficiency both for transmission and reflection NSOM, while very important, is
not the only factor in determining the quality of the near-ficld image. Asa result of the directional sensitivity that
¢xists in the propagating far-ficld signal, using the largest numerical aperture available does not necessarily give
the most information. Calculations indicate that under some conditions the propagating light is directed from the
surface at large angles ['*] as was described above. Also the interaction with the near-ficld probe may redistnbute
the energy in the far-field while the total integrated intensity may not change significantly. Thus, collecting all the
emitted light with the highest numerical aperture objective may not gather all the available information. We have

scen this effect experimentally when the same image collected with a higher numerical aperture objective had
fower contrast.

6. PSTM Schemes

Instrumentation for imaging near-field frustration of the focal evanescent field produced above an
interface by total internal reflection has been developed in a number of laboratories ['3,1# 5 1% Typically the
light is ingroduced into a glass substrate on which the sample is placed by means of a prism. An ciched or pulled
optical fiber probe is used to frustrate the evanescent wave produced by internal reflection and converts it into a
propagating component which is guided by the fiber to a detector. In many of the experiments with this method
the approach was readily controlled by monitoring the onset of the frustration which has an exponential response.
The technique's requirements for micromavement and vibrational stability are identical (o conventional NSOM.

Two ingenious suggestions to experimentally achieve the principles of PSTM using standard silicon
nitride force cantilevers have been made by van Hulst et al ('7]. In the first of these suggestions (see Figure 27) an
evanescent wave is launched on a surface using the standard prism method discussed above and a force probe is
brought into the evanescent field and some of the energy in this field is coupled into the tip of the force probe.

This radiation which:is coupled into the force tip is then imaged with a lens onto either a photomuitiplier or a CcCD
as the force sensing method scans the topography of the surface. Simultaneous force and PSTM images have been
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generated with this method ['*]. A second approach suggesied by these workers is to generate an Svanescent wave
in the tip of a silicon nitride cantilever and then to frustrate this wave as the tip of the force sensor comes into
contact with surface features. van Hulst et al ['™ | have generated images with both these methods although the
lateral resolution that is governed by the geometrical and optical characteristics of the force tip have still not
reached that which can be oblained with conventional NSOM. This latter method does overcome one of the
difficutvies in PSTM which requires a transparent dielectric sampie in which an cvanescent wave can be effectively
propagated along the surface. :

2. Near-ficlg Plasmon Interactions

The experimenta! constraints of interacting a tip with a propagating surface plasmon wave is in many
respects similar to what is required in PSTM. In fact in a particularly exciting paper Hansch and coworkers have
described an instrument in which they measured localized quenching of surface plasmons using a tunneling tip
acting as a near-field optical probe. In this experiment a prism was coated with silver and a surface plasmon wave
was launched by total internal reflection of a using either a HeNe or a HeCd laser as shown in Figure 28. The
coupling to surface plasmons reduces the overall reflected intensity. Thus, when the tip approaches the surface and
scatters the plasmons the reflected intensity is increased and this is monitored by a photodiode. These workers were
able 10 obtain simultancous tunneling and surface plasmon near-field images of the surface and obtained a
resolution of several nancmeters.

8 Morlified Seanaing Tungeling M

Scanning unncling microscopes may be modified to allow optical interactions between the probe and the
surface by the insertion of a high numerical aperture lens placed in close proximity to the tunnel tip. This allows
one 1o direct light onto the runneling junction and monitor the loca] electrical effects ['Z, 1 or conversely, to
collect light created at the jurction by the tunneling electrans [*]. The instrumental requirements here are similar
to what is required in reflection NSOM but force feedback is not, of course, needed to control the z position of the
tip. In addition non-linear effects have also been investigated with these instrument. The effects include
rectification of Laser light by the nonlinear aspects of a tunnel junction ['™), In this instrament the voltage across
the tunne] junction generates difference frequencies in the microwave regime with infrared lasers impinging on the
junction. Other workers have also built similar instruments for investigating the generation of higher harmonics
when f fields are applied between a tunneling tip and a sample [ ]

0. ¢ i NSOM i

Scanning tunneling Ticroscopy at cryogenic temperatures is now a routine technique, however workers
are just beginning to develop near-field optical microscopes suitable for low temperature work. [maging at
CrYOgenic temperatures requires immersing the entire microscope into a liquid or gaseous nitrogen or helium
envitonment which greatly complicates the design. A recent publication by Grober et al ['*] describes a reflection
NSOM instrument developed specifically for work inside a dewer (soe Figure 29). The instrument uses the shear
force feedback techniqus developed by Shchemelinin et al [') described above, with a1 the feedback optics located
outside the dewer. The far-field collection optic is a Schwarzchild reflecting objective and is located inside the

dewer with all the rest of the optics and detection system positioned externally. The far field light is transmitted

sample is held on a cylindrical pie2o that is connected to a traaslation stage driven via a small stepper motor with a
fecdthrough into the dewar. The fiber is fixed in place above the objective and beneath the sample.
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V. NEAR-FIELD IMAGING RESULTS AND DISCUSSION

All the image contrast mechanisms that are familiar to conventionai optical microscopists are also
available in the near-ficld regime, This includes all of the single photon excitation methods, which are associated
with refractive index ['*'], polarization ['*], fluorescence ['™] and differemtia) and interference techniques [*7],
and many of the non-linear optical techniques such as two photon fluorescence ['*], second harmonic generation
['%} etc. Near-field optical imaging is also fully compatible with ail developed optical staining and sample
preparation techniques. A particularly exciting and unique aspect of these near-field achicvements is that it has
also been shown that optical ncar-field probes exist with the capability of simultancously imaging with multipte
channels of force, tunneling, conductance and even ion sensing. This simultaneous imaging capability is already
yielding exciting comparative results which is surely going to be crucial to future achievements in the applications
of near-field optics.

A EARLY NEAR-FIELD IMAGING
L The First Results

The first approaches in near-field oplics led to a seties of images obtained during the next decade which
were generated without feedback. This required a great deal of effort in the approach of the near-field aperture
without crashing the probe and destroying the aperture. Nonetheless super-resclution was certainly demonstrated
in these first pioneering attempis at near-field optics. These first attempts at NSOM could readily achieve 250 nm
resolution with visible light and on good days resolutions of betwoen 100 and [$0 nm could be obtained. All of
these images were obtained on extremely high contrast test structures byt they clearly showed the possibilities of
this newly emerging technique. To obtain a resolution that was close t0 0.25 p even on high contrast stnictures
with a lens instead of a subwavelength hole would require the most sophisticated lenses available which cost at
least over $1 K dollars. Nonetheless, at this stage in the NSOM development the field was only exciting to those
individuals cotamitted to the success of the technique. In a few short years that have elapsed since then, the field
has rapidly evolved and spread over many centers throughout the world with conferences held on the exciting new
results being obtained daily in laboratories that span physics, chemistry, biology and materials research.

Some of the first results that demonstrated the resolution of NSOM in comparison with standard
techniques that were avaitable at the time such as scanning ¢lectron microscopy and optical MiCToSCOpy were
performed by Harootunian et al. [¥). These comparative measurements used a knife edge test and examined the
samie edge with these microscopies, optical, NSOM and SEM. The edge was produced by depositing aluminum on
glass. Such a test of resolution is standard in all microscopies that are based on a linear response functions of the
imaging beam with the sample. The results are shown in Figure 30. The lower two traces in this figure are
respectively obtained with SEM and NSOM. Both traces ¢learly show the sharp edge with a similar response and
this was a very good indication of the resolution potential of NSOM. This data indicated that the edge was not
perfectly sharp and had a 60 nm slope which explains the breadth of the SEM Lline scan.

The NSOM trace in this case was generated using light that was apertured by a pipette tip and this
subwavelength point of light was placed in the near-field of a sample by detecting a tunneling current. The light
passing through the sampie was collected by the lens of a conventional optical microscope with a numerical
aperture of 0.5 and focused onto a detector. The next trace in this figure is a conventional far-field image of the
edge as it is scanned under the same microscape lens that collected the light using conventional illumination. For
comparison # calculation is displayed at the top of the figure which is the theoretical response of the system with a
1.4 numerical aperture and in this calculation the edge is barely detected,

Another worker who was active during this carly period of NSOM was Fischer 1) who was then at the
Max Plank Institute fur Biophysics at Goettingen. An interesting serics of images were obtained in Fischer's first
paper in which light that was propagating with s and P polarization through an aperture in a flat screen and onto a
glass hemisphere which reflected the light back through the aperture, Significantly greater contrast was detected
with p polarized light since this polarization induces a larger dipole in the aperture.
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A number of workers beginning in 1988 also began to oblain near-field images using frustrated internal
reflection schemes [*=3+1™1%] " This technique has the advantage that it provides essentially a topographic
rendition of the surface and thus tracks the surface as it images. Fi¥ure 31 A shows a gray scale contour map of
the surface of an indented sapphire sample taken by Pacsler et. al. {'* | with 2 PSTM. The indentation extends to
a depth of 250 nm below the surface and the resolution of surface features is agpmximtely 50 nm. Figure 31 B
shows a PSTM image of a 1 micron period $iN grating taken by Van Hulst '®). The exponential decay of the
evanescent field allows this image to be oblained with a vertical resolution of approximately one Angstrom and a
lateral resolution of 30 nm.

Care must be taken when interpreting PSTM images since, in addition to the evanescent surface waves,
the probe can also pick up radiated waves far from the surface. This radiation will be emitted from any surface
corrugations on the ordér of a wavelength that is present. For example Figure 32 ['®] shows PSTM line scans
above the same grating shown in Figure 31 B at increasing distances from the surface. Each line scan that form
the y axis of this figure is at a different height relative Lo the surface. As is evident from the image, the far field
radiation interferes to produce a repeating grating like structure at large distances from the surface. Scanning at
this distance can produce a PSTM-like image containing no near-field information.

Several years went by in which images were being obtained by dedicated aficionados. NSOM was in fact
the first scanned tip microscopy since research at Cornell began in late 1979. Nonetheless the world of scanned tip
microscopy experienced an explosion with the advent of the scanning tunneling microscopy. This development led
to a world wide effort to develop ever simpler methods of such scanning microtip microscopes and NSOM gained
quictly from these efforts without many in the scanned tip community realizing that it existed. As technologies
developed it became technically possible to solve many of the problems of NSOM. The fruition of this integration
has within the last two years resulted in the new probes discussed above and feedback methodologies discussed
above which have resulted in the daily flood of exciting results that flow from the many centers in the world that
have entered the ficld of near-field optics.

2. Imaging With Improved Probes

The next step in the development of near-field microscopy was the integration of new probes aimed at
overcoming the problem of the intensity of light that can be obtained from a subwavelength point. Two of the
important advances in this area are the use of the optical fiber instead of the pipette as a passive aperture and active
pipetie based light sources. These probes allowed workers to examine samples of more general interest.

A selection of images have been obtained with optical fibers is shown in Figure 33. In this Figure a SEM
image (A) is compared with a conventional far-ficld optical micrograph (B) and near-field micrographs (C and ).
The resolution that is apparent in the unprocessed near-field image (C) is approximately 50 nm. After Fourier
deconvolution higher spatial frequencies are present. This near-field image was obtained without feedback. This
is permitted by the relatively large signal that allows images to be acquired sequentially as the aperture approaches
the near-field.

Images have also been obtained with active pipette light sources again without feedback because of the
farge signal strengths that can be obtained from such sources. [n this image, seen in Figure 34, colloidal gold batls
with a diameter of 40 nm are visible. These balls are used as a standard contrast enhancing mechanism in
transmission electron microscopy of biolegical materials and this should be an important point of comparison in
future demonstrations of NSOM resolution as applied to biological samples.

An important aspect of imaging without feedback is that there is a dramatic increase in both the signal
and the resolution when the probing aperture enters the near-ficld. This is a characteristic of a subwavelength
aperture in which there is an exponential increase in the signal upen entering the near-figld.

B. NEAR-FIELD IMAGING WITH FEEDBACK
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In order to make effective use of near-field imaging it is incumbent to incorporate a feedback mechanism
10 rack the surface. This is necessary for two reasons. First, to maintain a constant probe intensity due 10 the
expenential variation in the near-field intensity in the vicinity of the probe. The second reason is to both allow a
rapid approach into the near-field and to protect the probe from crashing into the sample. An additional benefit of
the feedback is that it allows the generation of simultancous topographic imaging for a comparative study in order
to better understand the cffects of near-field contrast.

L. Tunpeling Feedback
Simultancous NSOM Imaging

Figure 35 shows an example of simultaneously acquired tunneling and optical image using a hollow, gold
coated micropipette as bath a near-field aperrure and a tunneling probe. The image is of a 3.6 y square region of a
chrome film with small defects. In the tunneling image (Figure 35 A) a number of defects can be seen scattered
over the surface.  The transmission through the sample as a function of pipette position (Figure 35 B) shows an
almost perfect correlation with the runneling image both with regard to the position of the defects and to their
shape. In addition, the presence of two imperfections in the lower right hand region of the image are clearty
indicated in the optical scaa even though they are barely apparent in the tunneling image. The reason these
imperfections are not clear in the STM scan is due to a convolution of the outer diameter of the pipette with the
rough grain structure of the sample which prevents the tip from tracking into these very small depressions.
Nevertheless, the difference in optical contrast shows up very clearly in the NSOM image. This highlights the
advantage of having simultaneous and complementary imaging techniques.

The tunneling and NSOM images in this example arc shifted laterally by approximately 0.2 u since the
tunneling image is generatad by a random protrusior of the gold coating lying somewhere on the circumference of
the pipette while the optical image is obviously centered with the aperture. The diameter of the pipette apenure,
which was approximately 02 y in this case, determines the resolution of the optical image. The actual response to
the pipette passing over the sharp weli- defined edge of one of the holes is shown in normalized, superimposed line
scans extracted from both the tunneling and optical images in Figure 36. The shift in the images in now clearly
evident. The rise in the optical signal {from 10% to 90%) occurs over approximately 60nm which is significantly
less than the pipetie aperture diameter. This occurs due to the convolution of the circular pipette geometry with the
sharp edges of the high contrast structure used as our test sample, In addition, it is probable that the energy
distribution in the exit pup:l that is the pipette aperture is not uniform. The STM images, coincidentally, also
show a similar response which is determined by the effective radius of curvature of the outer pipette diameter at the
tip and the actual protrusion from which the current tunnels, which limits the response to coarse surface features.

Simultaneous tunaeling and near-field optical imaging with an etched optical fiber probe has alse been
demonstrated by Hartmann et. al ["]. After coating the side of the fiber, these workers covered its front surface
with a thin, semitransparent PAC coating and imaged a test sample of coated salt crystals as shown in Figure 37.
Since the tunneling came from the front of the probe there is no lateral displacement between the two images.
Recently, similar results have also been obtained with a puled fiber that was gold coated ['®]. These workers
obtained simultaneous tunreling and collection NSOM of microfabricated gratings.

Simultaneous Plasmon Imaging

Figure 38 shows an image of simuitaneously acquired near-field plasmon interactions and tunneling data
as reported by Specht et. al [%]. In this experiment surface plasmons were launched on an evaporated silver layer
on the surface of a prism with an atienuated internal reflection scheme similar to PSTM. A tungsten tunneling tip
is then brought into contact with the silver surface, scattering the surface plasmon wave (see Figure 28). This
increases the inensity of the reflected wave and probes the local plasmon sirength. Figure 38A is a tunneling
image of the surface showing the silver grains and a small indentation in the film produced by pressing the
tungsten tip into the surface, Figure 38 B and C are the near-field optical scans of the plasmon scattering signal
taken at 3 constant height of 3 nm and 10 nm respectively. Figure 38 D is an image recorded in a hybrid
STM/plasmon mode 1aken by recording the optical signal while maintaining a constant tunneling current.
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Surface plasmon ficlds have also been studied with tunneling probes by other workers. The effect of the
optical plasmons on the tunneling current has been studied by Moller et. al. [Z] in a configuration similar to the
one later used bv Specht et al. The decay length of optically excited surface plasmons has also been studied by
Kroo et. al. ['*'] with an STM.

Recently, workers have employed the more conventional PSTM geometry described above 1o observe
direct evidence of the locaiization of surface plasmons in fractal geometries ['' ] . These workers detected regions
of high localized intensity of light corresponding to the dimensionalities and exhibiting the polarization
sensitivities that were calculated from established theories of such fractal colloid clusters (see Figure 39), This
experiment is one of the first applications of near-field optics in which the resolution of these techniques was
required to substantiate established theories on an important physical system .

Tunneling induced optical effects

Localized optical properties of semiconductor surfaces have also been studied by a number of workers
with the aid of tunneling induced luminescence {€].  This can be used, for example, to study the spectroscopic
properties of quantum well structures. An example is seen in Figure 40 in which a scanning tunneling microscope
has been used to tunne! electrons directly into excited sorface states while recording the localized visible
luminescence as describ d above. Figure 40A is a high resolution optical image of the luminescence cmitted when
scanning a tunneling tip across a multiple GaAs/GaAlAs quantum well structure. Interfaces between the layers are
imaged with a resolution better than two nanometers.

Molecular resolution has been obtained by Berndt ct al [,/ by applying a similar technique to
fullerenes. These resubts that were obtained at a temperature of 50 K. are seen in Figure 40B have reached that
highest resolution with light that has been reported. The diameter of the emission as defined by the transtation of
the probe is 4 . The results seen in Figure 40B show excellent between the location of the individual fullerenes in
the 3TM topography and the photon emission map. The emission appears to arise from inelastic tunneling
between the tip and the gold surface on which the C60 molecules sit. Possible molecular electronic states that may
be involved in this process are excitenic states or collective electronic excitations.

Other approaches which combine interactions between tunneling effects and electromagnetic radiation are
describe above in the instramental section (TV E8) above.

2. Force Feedback

An important advance in the past two years has been the independent introduction by several groups of
lateral and normal force methodologies that can be readily incorporated into near-fietd opical systems.

Lateral force methodologics has been incorporated into both micropipette and optical fiber probes
['"1%®) Betzig et. al. [} used a transmission fechnigue to obtain 20 nm resolution lateral forcs imaging of a
sample of latex balls. This is seen in Figure 41. Normal force sensing with cantilevered micropipettes as described
above, have been effectively used 1o image a variety of samples. The irnages shown in Figure 42 were obtained
using the standard method of measuning cantilever deflection with a position sensitive detector ['®]. The image
seen in Figure 42A is an image of red blood cells while in Figure 42B shows a scan of a millipore filter in which
hales of 0.2 p are clearly imaged with structure well below this resolution. Finally, in Figure 42 C and [ are
images of a compact disc surface stripped of its laminated layer and a calibration grid structure.

Simultaneous NSOM / Lateral-Force Imaging
NSOM imaging with micropipettes have been obtained by Toledo-Crow et. al. [B5] simultaneously with a

lateral force ?magc. These workers used their polarization based split beam interference technique to obtain the
images seen in Figure 43 A and B. In this image a human blood smear was imaged with both lateral and near-
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field optics. As in the simultaneous tunneling images described above variations and similarities are seen in
comparing the force and the NSOM images.

Another xample of such simultancous images has been obtained with an optical fiber [86]. In these
images (Figure 43 C and D) a PMMA film has been patterned with electron beam lithography 1o obtain a regular
pattern of 50 nm holes that are readily detected by both force and NSOM imaging.

Vaez-Iravani and Toledo-Crow have also shown that in NSOM all the conventional imaging methods
such phase contrast ['*] and polarization imaging["**). Until these results all the work concentrated on simply
recording the amplitude modulation and neglected the effects of phase and polarization on the near-fisld images
that were recorded. The technique which these workers have developed allow the extraction of either pure
amplitude or phase information rather than a composite. In order 10 achieve such imaging the NSOM was
configured into a Mach Zehnder interferometer in which a beam from a laser was spit into two compaonents. One
was sent through an optical fiber in which the phase of the light was modulated and this beam illuminated the
sample. The light collected from the sample was interfered with a reference beam from the same laser and the
resulting signal was analyzed using heterodyne detection techniques by feeding back the signal into the modulation
of the fiber thus allowing the extraction of pure phase information and generating an interference contrast image.
The results of such imaging is scen in Figure 44 in which Figure 44 A is the signal at the modulation frequency,
Figure 44 B is at the second harmonic of the modulation frequency and Figure 44 C is the pure amplitude
variations mathematically extracted from the first two images.

3, Feedback Induced Anifacts

The use of an independent feedback mechanism to track the surface is crucial to protect the tip and
maintain resolution while imaging in the near-field, Nevertheless, duc 1o the cxponentially decaying nature of the
near-field, tracking roughly corrugated surfaces while scanning can introduce artifacts into the image and
complicate the image interpretation. For example, as an aperture passes over a small protrusion in the sample, the
reduced distance between the tip and the sample may increase the coupling of the evanescent waves present at the
tip into propagating radiation. The sample may thus appear to contain optical density contrast where, in fact, only
topographic variations are present.

This phenomenon has been investigated with the aid of tunneling feedback and a micropipette whete it is
possible to decouple the STM and NSOM images from each other and the extent of the interaction can be
accurately determined (). This can be scen from the line scan across a hole shown in Figure 36 which seems to
indicate that the two images are essentially independent of each other. The optical peak corresponding 19 the hole
appears after the tunneling tip has finished tracking through the hole, and thus represents a true variation in
optical contrast. Close inspection of the small asymmetry in the optical response, however, reveals that some
interaction does take place. As the leading edge of the pipette dips sharply into the hole a small increase in the
optical signal can be obscrved. This is a result of the radiating aperture of the pipette being slightly closer to the
metal film that is the sample. The change in height is approximately 35 _ and the corresponding increase in the
optical signal is approximately 2% of the maximum transmission recorded when the pipette aperture was
positioned directly over the hole. Since this sample has a very high optical contrast, these small antifacts induced
by the coupling to the feedback do not interfere and are not even visible in the optical image shown in Figure 35 B,
This interaction does have (o be taken into account, however, and may well present a problem with lower contrast
samples.

Near-Field Paint Spread Funcd

Measuring the energy distribution in the near-field of a subwavelength aperture is of both theoretical and
practical importance. Caiculation of the electromagnetic propagation in the near-field of an aperture is very
complex and has oniy been rigorously calculated for the simple, isolated geornietries described above [Section I1].
The actual behavior of an aperture under the modified boundary conditions given by the proximity of a sample has
never been determined for the spherical apertures which are always employed in NSOM. Knowledge of this
distribution would allow precise constraints to be set on the accuracy that is needed for the placement of a probe
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during scanning in order to maintain & given resolution, Since the structure of the near-field is dependent on the
sample, and thus is not spatially invariant, it is not possibie to define a global modulation transfer function (MTF)
for a near-field microscope. Nevertheless, knowing the general distribution of the intensity under the conditions at
which the image was taken does allow for some mathematical deconvolution after acquisition to further enhance
the resolution.

Direct measurement of the point spread function of a near-ficld aperture have been obtained by scanning a
micropipette over a group of small holes of various diameters in a metal flm at increasing distances from the
surface ['*]. A sequence of images at approximately 100 am intervals is shown in Figure 45. Resolution is
maintained over several hundred nanometers and then deteriorates rapidly. The symmetry of the imaged holes
indicated that there is no internal structure in the energy distribution within the plane of the pipetie aperture.

It is difficult to define a rigorous expression for the spatial resclution of a near-field optical microscope.
This arises from both the non-linear transfer function and questions concerning what definition of resolution is
chosen. [n addition one has to wke care in distinguishing true optical contrast ¢ffects from topographic variations
as discussed above. The response when passing across a sharp edge is commonty used as a first approximation to
the probe's resolving capabilities. This response may not be retained, however, when passing over more
complicated structures. For example, we measured a 60nm response when passing a micropipetie over the edge of
a 200nm hole but when twa touching holes were imz1gcd with the same pipette they are just resobved by the dip
between them according to the Rayliegh criterien [**'].

The signal to noise ratios obtained with near-field imaging are currently ong of the limiting factors in
image quality. Due 1o the inherently low light fevels involved and the necessity of obtaining an image in a
reasonable amount of time, NSOM images are generally signal limited in performance by the shot naise at each
pixel. The exception 10 this rule occurs when using epi-illuminated fluorescent probes where the residual
fluorescence excited throughout the sample can produoe a background limited performance. By carefully
aperturing the coilection to only detect the tip emission, however, it is possible to obtain a signal limited
performance. How long one is willing 10 wail to obtain an image will generaily determine the image quality. This
will also affect the image resclution since there is a irade off berween the total number of pixels that can be
acquired and the integration time at each pixel. With bright probes, good transmission images can often be

obtained in a matter of seconds on high contrast samples, while fluorescent imaging, discussed in the next section,
can take over an hour for a single frame.

Due o the non linearity of the near-field response coupled with the relatively poor signal to noise ratio
when compared 1o other optical imaging techniques, great care must be taken when using Fourier dconvolution in

an attempt to improve NSOM resolution. Improper use of these techniques can introduce spurious spatial
frequencies and other artifacts.

It is important to nole that all the techniques and instramentation of near-field optical imaging described
in this paper have significant application cven where actual subwavelength resolution is unattainable or
unnecessary. There are many situations where physical constraints in the optical system prevent one from
approaching the diffraction limited resolutions thecretically obtainable with far-field optics. Exampies include
studies which take place in a vacuum or in cryogenic environments [as described above] where onc can not readily
approach with a high power, high quality objective. [n such circumstances even 0.5 or 1y resolution would
represent a considerable improvement over what is currently available. Such imaging may be easily implemented
by scanning a relatively large near-fieid probe and may be a simpler solution than attempting to integrate an entire
far-field optical microscope into the study. Other examples of the use of near-field like optical clements where
lenses could not operate is the application of the ArF excimer laser at 193 nm in the liquid envirenments of
ultramicrosurgery where the deep ultraviolet wavelengths cannot propagate 4 14 1% 151 152 }. This will be
discussed below in the section on excimer lassr near-feld lithography
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C. NEAR-FIELD SPECTROSCOPY
(taging Wigh FI .

Fluorescent staining has long been a standard contrast enhancing mechanism for conventional optical
microscopy. Many hundreds of Nluoropheres have been developed over the years which specifically bind o
Particular sites in biological samples. Near-field imaging can take direct advantage of this vast array of staining
methodologies. The price that is paid for such fluorescence imaging is the additional reduction in the already
limited NSOM signal. Nonetheless this [ack of signal can be somewhat compensated for by increasing the
integration time. One advantage as compared 10 conventional parallel fluorescence imaging is that serial
acquisition of the image only resulls in bleaching of the particular pixel being interrogated. This is an advantage
when 2 illuminating aperture is used for near-ficld imaging. This advantage is lost when techniques such as
PSTM, collection mode NSOM and epi-illumination methods based on linear spectroscopic phenomena are used
for image formation.

The golcnu'al importance of near-field fluorescence imaging was realized by our group in the early days of
NSOM ['®, ™1, In one of the first papers that was published on NSOM it was demonstrated that using an array
of apertures that was placed in contact with a film of perylene allowed for the detection of fluorescence through the
apertures that were as small as a few hundred Angstroms ['®]. These experiments were performed in epi-
iltumination. That is to say the laser was transmitted through the apertures and elicited fluorescence from the
perylene. The resulting fluorescence was detocted back through the same subwavelength aperture. A similar study
was performed by Fischer ['**]. n this study Fischer iftuminated a solution of thodamine through a
subwavelength aperture in a metai film and was also abie 1o detect significant fluorescent intensities. Based on our
results a calculation was performed that showed the feasibility of fluorescence near-field imaging. This calculation
indicated that given the expected exponential decay of the near-field the fluorescence excited from the zone next 1o
the aperture would be exponentially more intense than any fluorescence excited beyond this region. In essence,
one of the real advantages of near-field fluorescence microscopy is the lack of interference of out-of-focus light, a
feature that many conventional optical fluorescence microscopic techniques strive to achieve,

The next step in such fluorescent imaging was to scan a well-defined fluorescent object which could also
be imaged with another methodology. The object that was choscn was a fluorescent perylene grating produced by
contact printing of perylene through a mask produced by clectron beam lithography. On the resulting fluorescent
grating a thin coating of gold was deposited in order 10 allow for 3 SEM image and to permit control of the contact
between the pipette metal coating and the gold surface. Near-ficld fluorescence and scanning electron micToscopy
line scans of the grating are compared in Figure 45. The superb comparison [*] gave us confidence that NSOM
would eventually evolve into an superresolution method of fluorescence imaging,

Betzig et al using shear force feedback has presented fluorescent images on fixed cultured cells that were
stained with a dye complex selective 10 the celfular cytoskeleton ['*]. The cytoskeleton structure is an integral and
important part of most cell architectures. Images were obtained that seem to indicate single actin filaments. For
thesc images a fiber probe was employed together with Lateral force feedback. The experiments indicated that the
sensitivity of the method was approximately 30 fluorophore molecules for an aperture that was somewhat less than
0.1 p. The imaging under such conditions took closs to one hour. Examples of the images that werc obtained on
these fixed cells is seen in Figure 47. These cells, which are cailed fibroblasts, send out thin flat processes in the
processes of wound healing. In these processes are found actin flaments which were labeled with a mushroom
toxin calied phalloidon that was fluorescently labeled. The images seen in Figure 47 are of these actin filaments in
such a process. Figure 47A is a conventional optical image while Figure 47B is a confocal image. The shear force
and the NSOM images are seen in Figure 47C and D. The optical and confocal images appear 1o have similar
resolution although the confocal image has more sharply defined borders. The shear force image provides
essentially no information on the actin fiber while the NSOM image indicates clearly the actin fibers at a resolution
that is clearly higher than the confocal image.

Instead of integrating the fluorescence intensity as described above, a more powerful approach is to
examine the full spectrum at each point. A test of the potential of this method is a two color flucrescence
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experiment in which the emission at each point was detected through two filters with di.ﬂ'cr:pt mnﬂssion
properties. In this experiment ['*'] 2 68 nm latex spheres stained with different dyes were identified by
monitoring the fluorescence spectrum.

2. Low Temperature Fluorescence Imaging

In optical spectroscopy it is advantageous to perform low temperature measurements for several reascns.
First, materials at low temperatare have a considerably enhanced absorption coefficients. Thus if fluorescence
imaging is being employed the increased absorption leads W a corresponding increase in the fluorescence intesity.
Second, at lower temperatures there is a considerable reduction in the homogeneous line width of molecular
species which increases the resolution of the optical spectroscopic signal. Third, fluorescence intensities are
increased at low temperature because of the reduction in the non-radiative pathways which significantly increases
the gquantum yield of the emitiers. Finally, there are a large class of phenomena that can only be observed wity low
temperature measurements. These include many of the effects seen in quantum well devices and other mesoscopic
sysiems,

There is a groving interest in the development of scanned probe microscopes for cryogenic applications
since this combines the .Heliry to perform spectroscopy as a function of temperature alierations. There have been
cfforis made in integrating cryegenic technologies to other scanned probe microscopes for several years and tkere
is even a commercial version of a scanning tunneling microscope (STM} with millidegree Kelvin capabilities ['® ],
However, NSOM mieas.rements at low temperatures are only just beginning.

One of the first applications of low temperature NSOM is found in a paper by Keilmann and coworkers
[®]. In this work a far-infrared (A=300p) NSOM was constructed at 4°K. Basically & conventional aperture
scanning NSOM was used inside a liquid He dewar to monitor the effect of localized absorption on the cyclotson
resonance frequency of a two dimensional electron gas. This has provided information on defined optical
interactions in structures that give rise to the quantum Hall effect.

A subsequent study at low temperature has been a recent paper published by Grober et al ['*], Inths
investigation a GaAs/AlGaAs quantum wire was studied at 1.5°K. The quantum wire was located within an
environment of single and multiple quantum wells and the luminescence from each of these structures could be
differentiated by their wavelength. The entire region of the sample being investigated was illuminated with a
tunable titanium-sapphire laser and collection mede NSOM was employed with an optical fiber to map the
luminescence from various regions of the sample, “The instrument used in these experiments was described above.
The signal collected through a 0.25 micron probe was 10* photons/sec. These low signal strengths are a repeating
problem in fluorescence NSOM. It remains to be seen whether NSOM can achieve the resolution of methods such
as catholuminescence [ | in which an electron beam or a tunneling tip ' | is used to generate light in localized
region of a multiple quantum well/quantum wire structure. The advantage of NSOM in this regard if the
resolution problems can be overcome is the optical selectivity of the excitation.

More recently Hess et al [ ] took complete fluorescence spectra of the quantum constituents of a multiple
quantum well structure. The fluorescence signal was excited by a variety of optical fibers that ranged from 150 nm
to 250 nm. These workers found that the luminescence originated only from spatially and spectrally discrete s tes.
A comparison of the near-field, far-field and spatially averaged near-field spectra collected in these experimer ts
are shown in Figure 48. The temperature, magnetic and line-width measurements established that these centers
arose from excitons laterally located at interface fluctuations.

3. Chemical Sensing With F

Chemical sensing with polymer encapsulated fluorescence sensors at the tip of an opticat fiber has be=n
investigated over the tast decade [ XX]. Recently, Tan et al { ] have combined this technology with the
methodology of near-ficld optics for generating a straight tapered glass probe with submicron dimensionality. Ar
the tip of such a probe a pH sensor was photoplymerized as described above. These workers iluminated the sensor
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at the tip of the probe through the optical fiber and detected changes in the emission spectrum of the dye molecules
at the tip of the probe as the pH of the environment was changed (see Figure 49). Although no images were
generated in this study the probe was inserted into a developing fertilized egg in which pH changes were occurring
and the changes were detected.

Chemical sensing with sol gel filled micropipettc probes has been performed by Sammel et al [*]. In these
experiments the probe Lip was illuminated externally in epi-excitation and the fluorescent intensity was monitored
as a the pH of the environment was changed. Due to the minuscule volume of the sensing region, coupled with
the rapid diffusion of ions through the porous sol gel matrix the response time of the sensor was shorter than the
response time of the experimental arrangement employed. As noted abave such structures for measuring ion
concentration have the advantage of permitting conductance to be monitored. In addition, the technology that we
have developed of zpi-illumination together with the bending of such near-field optical elements will be important
for their application in the investigation of cell membranes in aqueous medis. These bent normal force probes are
also capable of being used for surface potential or charge density measurements [','** '] and thus, the
combination of subwavelength optical ion sensing, conduciance measurements, simultaneous normal force
measurements and investigations of the electrostatic characteristics of membranes portend this to be a very fruidful
application of near-field optics.

Lifetime Lmaei

An alternate and highly developed method for obtaining spectral information about a sample is to
examine the lifetime of the fluorescent emission rather than its spectrum ['%]. We have obtained such spatially
resolved, fluorescence lifetime, NSOM imaging with a micropipette acting as a light source '] A sample with
microdomains of two differsnt perylene based dyes was prepared. The region where the microdomains meet is
shown in a conventional fluorescent optical micrograph in Figure 50. The fluorescence spot excited by a pipette
placed just behind the sample and illuminating it in transmission is clearly visible in Figure 50 A. The ficld view
scanned by the pipette is seen in Figure 50 B in which the pipeti¢ is being scanned over the region of interest
within the overlapping field viewed of the far-field optical microscope. An NSOM image of the fluorescent
intensity is shown in Figure 50 C. The two dyes can be distinguished because of their different fluorescent
intensities when excited at a fixed wavelength (488nm),

The fluorescence lifetimes were measured by modulating the laser beam input to the pipette and using a
frequency domain phase fluorometry system ['¥ | in place of the standard photomultiplier/photon counting system
normally used for NSOM imaging. The phase and amplitude of the fluorescent lifetime signats were recorded
simultancously with the conventional fluorescent NSOM image. The phase signal is seen in Figure 50 D. The
actual lifetime of both dyes range between 3.5 10 $ nanoseconds and is dependent on the concentration of the dye.
The thickness of the dye layer also effects the lifietime since absorption and re-emission of the fluorescence will
extend the effective measured lifetime. The transition between the two dye regions can be seen mast clearly in the
phase data (Figure 50 D) as a change in the lifetime of the fluorcscence. The region where the dyes overlap is also
apparent in this data. The results of this test experiment demonstrate that the fluorescent lifetime technique can be
effectively coupled with near-field microscopy. Signal strengths are sufficient 1o probe the local fluorescent
characteristics although image acquisition takes many minutes.

Another investigation that has focused on fluorescence lifetime imaging has recently been published by
1. In this investigation fragments of photosynthetic membrane lacking the physiclogically active photosystems
but containing antenna pigments were imaged in fluorescence. In addition lifetimes of the fluarescence were
recorded using a time correlated single photon counting technique although lifetime images are not displayed. An
advantage of this method over the methodology used to generate our lifetime images is the fact that in such a time
correlated technique single photon sensitivity can be achicved.

[lﬂ

The problems related to signal strengths when acquiring fluorescent near-ficld imaging may be resoivable
by not relying on the interactions between freely propagating light and matter but rather through energy transfer
mechanisms which have a very high cruss section as will be discussed in the Future Directions section at the end of
this paper. .
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The problem of single molecule detection using flucrescence an be broken down, first. into the
microscopic imaging of single molecules and second, into the detcction. without imaging considerations, of the
presence of single molecule ina particular volume element. The second of these problems has been extensively
studied and is briefly summarized here in arder to highlight the unique applicability of NSOM to this problem.
The essence of the difficulties that are associated with single molecule detection is the problem of identifying
when a Ruorescent malecule is present in a particular volume clement and the difficulty of reducing the volume of
this element in order to minimize the background from Raleigh and Raman scattering and autofluorescence.

The resolution of thess problems have focused on either introducing innovations in detection or
modulating the system or manipulating the excitation. One of the innovative detection techniques is the use of
photon correlation methods which employ the principle that as a volume of a sample, which can be flowed passed a
probe laser beam, the Raman and Raleigh scmterin%is 4 constant for each volume clement while the presence of a
fluorescent molecule results in a burst of photons ('® 1. A second method of single molecule detection is 0
manipulate the sample so that the dimension of the illuminated sample is small and thus, the corresponding
constant background is reduced. This has been accomplished ¢ither by forming a microdroplet ['*' | or having a
flow method that produces a very thin stream of sample that is illuminated by a discrete laser beam ['7*]. Finally,
in terms of excitation the carliest approach was to use evanescent fields that limited the excitation of a sample
positioned over a prism on which the evanescent Feld was generated ['” ]. Subsequendy, an elegant approach that
was used for motecules with very narrow homogeneous linewidths was to introduce these molecules into a matrix
that caused inhomogeneous broadening and then applying a very narrow band tunable laser in the tail of the
inhomogeneously broadened line to select single molecules ™).

In terms of imaging singlc molecules the first studies were completed, over a decade ago, by Webb and
cowarkers||™]. These workers used standard far-field microscopic techniques 1o clearly detect the presence and
the motion of a single molecule in a ceil membrane. To accomplish this they focused on a molecule found in the
cell membrane called the low density lipoprotein (LDL) receptor. This receptor binds the infamous LDL molecule
that has been associated with heart disease. The LDL molecule is a string bag containing lipids which can be
teplaced by fluorescent anatogs of these lipids. The LDL molecule ysed in the Webb et al. experiments had as
many as 3% fluorescent lipid molecules. These studies have answered many questions abaut the motion of such
molecules in membranes.

In the vein of reducing the excited volume by manipulating the excitation NSOM is of course an
important new solution that can be applied to both imaging and non-imaging (c.g. flow) methods of single
molecule detection, This capability of illuminating subwavelength volume elements integrates well with the ideas
described of limiting the excitation spatially in order to reduce backgrounds that generally ptague single molecule
detection. The first applications of this idea have focused on the problem of detection rather than the mere
complicated question of how to achieve single molecule resolution with light. Recently several workers have
demonstrated that when a near-field optical element that is two orders of magnitude larger than 3 single molecule
illuminates a surface tiere is enough signal from such a near-field aperture to detect a single molecule
(176 )77 178 179 181 Eor these studies fluorescent molecules were spin coated onto a glass slide and imaged in
transmission. The molecules were deposited using an established procedure which has related the distance of the
molecules on the glass slide to the concentration of the depositing solution [®']. In the near-field investigation the
molecules were separated by hundreds or thousands of nanometers and thus single molecule detection was
accomplished without single molecule resolution. This was naturally also the case in the far-field measurements of
Webb et al described above.

In all these studies the proof that actually a single molecule was detected was the extinguishing of the
fluorescence instantancously after a recording lime that could extend for as much as 15 minutes. This usually
occurred when about T million pholens wers emitted and this agrees well with what has been suggested as the
viable number of excitations that a fluorescent molecule can undergo before typically photodestructing. In terms of
the spectrum of the fluorescence that has been observed for these molecules that were deposited on a surface it was
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noted that the spectra varied from molecule to malecule with the average agreeing with the inhemogencous
broadening found in bulk samples '%).

An additiona! quesiion addressed 1] was the variable intensity distribution of Lhe excited fluorescence
molecules in the field of view (sce Figure 51 A). Ths variation in the intensity distributions could be explained in
1erms of the dipole radiation pattern of the near-ficld aperture interacting with the specific orientation of the
individuat dipoles of the flucrescing molecules. The result of this analysis are seen in Figure 51 C for the electric
fieid components as a function of the ratio of the aperture diameter to its distance from the molecule. A stylized
representation of the orientation of the dipoles of the fluorescent molecules seen in Figure 51 A based on this
analysis is seen in Figure 51 B.

&, Summary

The above review of the present state of the an of near-field fluorescent imaging indicates that the signal
strengths available today are only marginally sufficient for forming images in reasonable times, This points Lo the
imporiance of continued probe developments 10 increase the signal strengths. Epi-illumination is one possibie
solution to this problem and new probes such as the non-linear emitting tips described in section 111 B and optically
trapped particles (sce section I1I D) have the potential to avercome some of the drawbacks of the application of epi-
illumination in subwavelength fluorescence imaging.

An interesting idea that could allow conventional lens based fluorescence imaging to cnier the realm of
resolution of near-field fluorescence microscopy is an approach that has been suggested by Hell ("% '8y In this
approach two lenscs illuminate the sample from opposite sides in 2 mutually coherent and confocal geometry
which increases the effective numerical aperture of the microscope.  This should increase the axial resolution of a
conventional microscope by thres to seven times. In addition, further improvements in the lateral resolution can be
obtained [#] by introducing a predetermined offset in the focal spots, labeling the sample with a non-linear
emitter and ensuring that each mutuaily coherent illuminating laser beam is below the threshold for exciling the
non-linear phenomenen in question. In the averlapping region of the focal spots the sample experiences an
intensity that is sufficient for phenomena such as two photon excitation.
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VL INTEGRATION OF SUBWAVELENGTH OPTICAL ELEMENTS INTO FABRICATION AND
SURFACE MODTFICATION SCHEMES

A. NANOFABRICATION

The nasrative above demonstrates that near-field optics can extend oplical imaging and sensing into the
nanometer regime. The same can be achieved for optical patterning and materials processing. The technical
solutions described above are just as applicable to the problems of near-field lithography. The near-field optical
¢lements used in imaging, i.c. micropipettes and optical fibers are also being used for nanopatterning.

Conventional optical lithography with standard resists often use near-ultraviolet light lo expose resists
which are subsequently developed with wet chemistry to generate the impressed pattern. Such optical patterning
employ sophisticated far-field optical systems in which a mask written at a much lower resolution is projected to
give a considerably finer resolution of the pattern on the resist. As with all optical systems the resclution achieved
in such patterning is wvelength dependent and diffraction limited. Even the most advanced masking techniques,
which use such method: as phase shifting of the light using constructive and destructive interference for improving
line definition, cannot achieve resolutions significantly berter than the wavelength of light.

Near-field lithography breaks the diffraction barrier in a wavelength independent fashion. it can draw
structures with a line wicth that is determined by the size of the aperture and since these apertures can be
nanometers in size near-field optical lithography can draw structures of dimensions that can be achicved today only
with clectron beam or x-ray lithography. This technology can readily be coupled with methods that use near-
ultraviolet exposure and wet developing methods to generate patterns in photoresists. In fact we have
demonstrated such a combination using 3 HeCd jaser transmitted through a subwavelength micropipette o exposs
in the near-field a Shipley photoresist which was subsequently developed (o generate the structures shown in
Figure 52 A. A combination of a resist that was considerably thicker than the extent of the near-field and a less
than controlled development produced a linewidth of 1 micron that was considerably larger than the aperture
diameter. The experiment demonstrates that the near-field patterning of photoresists using the standard approach,
employed in far-field lithography, of exposing and developing is definitely feasibie.

An exciting alternative to this more conventional integration of the near-field with optical lithography is
to combine the wavelength independence of the near-field apernure with the singuiar heatless material removal
charactenistics of deep ultraviolet radiation ['”]. This permits direct patterning of a wide variety of materials in a
single step with no associated wet developing. The 193 nm emission of an ArF excimer laser is an ideal source for
such heatless ablation. Nonetheless, this laser wavelength has provided an unmet challenge in the focusing of such
light because of the lack of suitable optical materials in this wavelength regime and the very complex mode
structure of the emission. In addition no optical fibers exist that can eflectively transmit such laser radiation and
this has prevented the potential of using this laser in submicron patterning. A straight hollow micropipette
provides a perfect solution (o all of these probiems.

In spite of the above there were technical challenges to be met before such a pulsed laser could be coupled
to a near-field optical system. Because excimer laser light is preferentially ransmitted through a straight pipette a
shear force trackitg system is required that will operale under the stringent conditions of the high peak power of
pulsed laser source. Specifically, such a source introduces a shock wave with each firing of the laser ang this
results in oscillations of the micropipette tip. This can result in crashing of the tip or a loss of the feedback signal
if not appropriately accounted for. The technique described above of Shchemelinin et al. ['] resobved all of these
problems while allowing for opaque sampies 1o be employed.

An example of near-field excimer laser ablation is shown in Figure 52 B and C. In this Figure, two 250
nm lines and a single 80 nm wide linc are shown. These lines were ablated in a standard polymer photoresists that
are used in conventional wavelergth limited resolution aptical lithography. However the super-resolution patterns
secn here were produced with simply direct ablation and without any subsequent development. An interesting
aspect of this result i the obscrvation that even while ablating through a thick layer of photoresist the near-field
resolution appears to be maintained. This is understandable in terms of the non-linear effect of the ablation
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process which requires a threshold fluence of the laser radiation in order for ablation to occur. Thus as the
radiation spreads out from the near-ficld only the center of the beam has enough fluence o result in ablation. This
also results in very sharp wail structures with extremely high aspect ratios.

An exciting aspect of this approach to lithography is the ability of such deep ultraviglet radiation to ablate
& variety of materials with considerably different thresholds of ablation, A short list of such materiais include
beside all sorts of polymers including biopolymers and proteins ['**], high temperature superconductors, diameond
films, metals, semiconductors. Of particular importance in this regard is the fact that the cold ablation process
docs not destray the characteristics of the material that remains next to the ablated region. For example, it has
been shown that electro-optically active proteins that have been patterned with this method retain their native
activity ["*]. We have also seen similar behavior when superconductors have been ablated with this method and
this is seen in Figure 53 which demonstrates that the transition temperature and the slope of the curve as the
transition temperature is approached remain unaffected by the panerning of an YBCO high temperature
superconductor on an MgO substrate.

Near-field optical lithography is limited by the fact that it is a serial technique. A limitation of all serial
methods is that it is impossible 0 achieve speeds that will compete with the throughput that can be achieved in
parailel lithographic methods. With this said it is constructive to compare the speeds achievable with near-field
optical lithography and electron beam methods. The nominal writing speed of electron beam writers is [ MHz.
However this does not take into account the time (hat is required in order 1o achieve sufficient exposure nor the
processing or the developing steps that further slow down the process. [n contrast a single pulse of the excimer
laser is sufficient to ablate many materials directly. The best excimer lasers today have a repetition rale of tens of
kHz. n addition, it is interesting to note recent developments with chopped ow argon ion lasers with extremely
efficient doubling to produce wavelengths in the deep ultraviolet that can produce ablation characteristics similar
to excirmer lasers but with repetition rates in the MHz regime [V},

In addition to the laser an aspect of the near-field lithography system that needs 1o be considered when
speed is discussed is the scanning limitations that may be connected with the design of the near-feld instrument.
The best designs for near-field optical systems currently have the optical element in a fixed xy position while the
stage 1s moved. The stages that are employed in scanned probe microscopies are not suitable for these applications
because of their limited scan ranges. Therefore standard nanometer resolution closed look Xy Stages with
millimeters to centimeters of travel have to be employed. These stages have limited scan speeds. Current
commercial stages of this type have speeds of 10 mmv/sec with 300 mm/sec speeds already on the horizon. Even for
a 19 mm/sec stage and a spot size of 100 am there would be 10° spots per second patterned at these speeds.

Ancther factor that effects writing speed is the limitation on the beam size of the electron b wn 1o a
maximum of ¢ne micron. This is certainly not the case with near-field lithography in which pipettes can be pulled
to dimensions of many tens of microns. Such large diameter pipettes can be used to pattern large areas while the
higher resolution patterning can be generated with pipette diameters that are comparable to the supe: -resolution
that is required. In regard fo this a characteristic of electron beam writing that is not faced in near-field decp
ultraviolet lithography is the problem of clectron beam scattering which limits the minimum spot size of the
electron beam.

There are many applications for this emerging technology of lithography. In fact commercial
instrimentation in this area is already available from Nanonics Ltd. ['™]. Such a technology can be used in any
case where high resotution is required. This includes such areas as prototyping with supercenductor, electronic,
optoelectronic and optical materials. With regard 1o aptical materials it is important to realize that this form of
near-field patterning has the capability of gray level patterning which could have considerable potential in the
fabrication of diffractive optical elements.

The instramentation can also be used for custom production of conventional semiconductor integrated
circuits. In addition, the technique is wel!-suited for the production of x-ray masks and mask repair with both
removal of unwanted:lines and the photochemicai addition of metallic lines is a distinet possibility. There is
additional uses for the method to affect highly localized photochemical alteration of surfaces to allow for controlled
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growth of materials on chemically modified substrates. Finally, the direct patterning and the highly localized, non-
{hermal, materiai remeval of the method is also of considerable potential value ina production mix and match
environment. For such applications a microelectronic circuit or other device is patterned by accepted high
throughput parailel methods and the device after these parterning steps could be deposited onto a stage with highly
accurate interferometrically controlled movements. Using such a stage and the pipette tip as & farce sensor
characteristic features can be extracted with subsequent, nanopipette based excimer laser ultrahigh resofution
patming in specific regions. :

This use of deep ultraviolet lasers and lensless optical elements highlights anather area besides resolution
that lenses fail 1o perform adequately. This is in the area of ultramicrosurgical applications. An imponant
characteristic of the 193 nm radiation, as noted above, is that it can remove material with uitralow ablation
thresholds and with minimal heat deposition. This is crucial in microsurgery. [n addition, because of strong
absorption in most materials, each pulse of this iaser can be controlled 1o remove as little as 0.1 p of the surface
that is being irradiated. Furthermore, in lerms of biological applications, mumerous studies have shown that with
the 193 nm radiation no mutagenic effects have been observed. Thus such a laser should be ideal for cellular and
tissue ultramicrosugical applications.

Nonetheless, until our application of near-ficld optical elements te the probiem, the argon flucride
excimer laser had never been used for ultramicrosurgical applications for a variety of reasons, First, diffraction-
limited optics is impossible 10 obtain in this region; second, even if such optics existed, the large divergence in the
beam of this laser makes it impassibie to obtain diffmaction limited resolution; third, there are no effective fibers for
this wavelength: and fourth, the large absorption cross section of most materials at these wavelengths extend to
biological fluid and make a lens-based delivery system which has to be placed at some focal distance from the
surface 1o be ablated impractical. The methodologics we have developed enable us to overcome any interference
from the surrounding biological medium and deliver the 193 nm laser wavelength directly to a spot in an organ
such as an eye.

This has permitted the ultimate in laser ultramicrosurgery available today (11810 Ap example
of this application of near-field optical clements is seen in Figure 54 in which a hole is produced in the zona
pellucida of a rat egg for improving sperm penctration and inducing early hatching of the fertilized ¢gg in in vifro
fertilization applications. In this application an ArF excimer laser is transmitted through a pressurize, air filled
micropipette. This prevents highly absorbing liquid from entering the hollow cavity of the pipette. The resulting
ablation of material is seen in both the optical micrograph and a scanning clectron micrograph of the ablated hole.
Notice that cven at the resolution of the electron microscope there is oo observable damage to the surrounding zona
pellucida demonstrating the heatless removal of material with this laser,

B. HIGH DENSITY DATA STORAGE

An important area in which the near-field can make a significant impact is the high density patterning of
materials for potential memory applications. In principle the resolutions that should be achicvable in writing bits
of information will provide orders of magnitude improvement in the density of writing and reading with light. For
example using 800 nm light, which is currently the standard in read only compact disks and read/write magneto
optical storage, densitics on the order of up 10 0.5 Ghits/in® can be achieved whereas using a 50 nm near-field spot
of light densities of 60 Gbits/in® can be realized. This is more than a two order of magnitude impravement indata
storage. Using even smaller spots of light in the near-field densities in excess of 100 Ghits/in? can be conceived of

The near-field optical writing and reading of data using a magneto optical storage medium has recently
been accomplished using a fiber optic near-field probe ['*]. The smallest bits achieved in this study was 60 nm
with a corresponding density of approximately 43 Ghit/in® (see Figure 55 A and B). In this study a bit was writien
as a result of a localized heating of the material to above the Curie temperature (300" C) and the resulting
formation of a magnetic domain which has a magnetization in a direction opposite to the unaltered surroundings.
The data is then subsequently read by a lower power lincarly polarized laser beam that is transmitted through the
subwavelength aperture of the coated tip of the fiber and is subsequently transmitied through the magneto optical
film that rotates the polarization by the Kerr effect. The dircction of the rotation is dependent on the orientation of
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the local maénctic field. The resulting elliptically polarized light is analyzed using a polarizer in front of
detectoe that sits in the far field relative to the film.

Another example of high density writing using near-ficld optics and a photochemical rather than a
thermal alteration of a film is seen in Figure $5 C. This figure is an electron micrograph of a pattern that was
writien in a photeresist using near-field photochemical ablation. This pattern was impressed using the near-field
optical lithography system described in the previous section.  The pattern is a series of paralle] pits. The width of
the track scen it this figure is 200 nm with the size of the pits considerably less than this dimension. This pattern
was obtained when the sample was scanned at a rate that was faster than the repetition rate of the pulsed laser.

An alternate method that is closely related o the technologies of near-field optics has recently been
reported by Hoen et al.['®]. These workers have used a metal coated optical fiber that has been pulled by the
methodologies developed by Harootunian et al { ] and have transmitted 2 pulse of Lascr tight through the fiber in
order W heat the tip of a fiber which is in contact with a substrate. The heated fiber tip then indents a pit in the
substrate surface representing a bit of information (sce Figure 55 D). The read out was then accomplished by the
same tapered fiber tip acting as a contact force sensor. The deflection of this sensor was monitored by a fiber
interferometer technique. Although pits of 50 x 74 nm® have been wrirten the sensitivity of the read out was
limited in these experiments to pit sizes of 130 x 300 nm® The method has overtones of the method of contact
NSOM that we have developed as described above. Such a method which does not depend on mechanical feedback
to position the probe and is thus rot limited by the mechanical resonances of the system. Therefore the reading
speed of 300 kHz is several orders of magnitude Fastcr than the near-ficld magneto optical investigation.

In order to read or write with high density using near-field optics the medium must be thinner than the
extent of the near-field. This is a generic problem when near-ficld optics, a surface effect, is used to view a bulk
phencmenon such as absorption, polarization etc. The limited thickness of the medium which reduces the
interaction length has significant impact on the signals that are achicvable. This is apparent in the near-field
magneto optical experiments where the weak interaction (2 1° rotation of the polarization) limits the read out
speed.

In order to effectively employ near-ficld optics for data storage it is important to affect surface phenomena
with the near-field optical probe. An example of such a combination is surface modification with light that
changes the reflectivity of a surface. An alternate example is based on the wark of Chen et al . These workers
demenstrated that a film of a photochromic material with a gigantic non-linear molecular hyperpolarizability could
be attered photochemically with visible light and read out non-gestructively with infrared light using surface
second harmonic generation. Such non-linear optical effects can also be readily enhanced by several orders of
magnitude by the use of appropriately constructed tips with protruding metal particles (*1. Nonetheless, the
uhtimate read out speed is going to be limited by the shot noise in the signal from a subwavelength spot of light as
discussed above.

If one could combine the speed of Hoen ¢t al 1'%], the erasability of Betzig et. al ['®), and our
photochemical alterations of surface effects 1'""} the appropriate combination of a competitive yltra-high density
near-ficld optical standard may be closer than is generaily realized. If the potential of near-field optics for serial
reading and writing of information is eventually achievable it will have 1o lead to a new standard in disc
technology. Presently, such optical discs place the active area in the far-field relatively to the optical element.

This active area is appropriatcly protected with coatings 1o prevent contamination and degradation of the surface.
Such a geometry will have to be altered for near-ficld optical memories with the attendant problems of surface wear
that could be a significant limiting factor. Finally, as parallel optical memorics are further developed stiff
competition should be expected as 10 the best pext generation method for high density information storage and
retricval.

An interesting alternative to conventional probe based near-field optics with considerable potential in
optical storage applications is the use of the solid immersion Jens described above in section IILD. As noted abave
the improvement in resolution with this lens is only capable of being used for imaging an object if the base of the
fens is close enough o the object for evanescent coupling to occur. This is a possible limitation since the
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technique could be limited to fairly flac samples. Nonetheless, in data storage applications, the surfaces are faitly
flat and this should not pose a problem. Recently Terrisetal. ['*] have demonstrated a system for such
magneto-optical storage using this solid immersion technology. Using a lens with an index of refraction of 1.83 a
spot size of 317 nm was achieved with 780 am light. Domains were written by heating in the presence of a
magnetic field with a pulsed laser and imaged with the same lens (see Figure 55 E). Although the resolution is
signilicantly less than what was obtained above with fiber probes this technique has a significant advantage tn that
it does not have the problems of scanned probe technology. Furthermore, it is possible to coat the sample with a
high refractive index protective layer and use the lens o write and image through this layer as is currently the
standard in all optical disk storage techniques. Finally, the speed of the solid immersion method is not limited by
the signal limitations of aperture based NSOM.
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VIL OTHEk OPTICAL NEAR-FIELD APPLICATIONS
A ULTRAFAST APPLICATIONS

Fundamental questions remain in understanding such interesting physical phenomena as quantum and
single electron transport in mesoscopic structures, ultrafast electric field and valtage wavefcont propagation at
metal-semiconductor interfaces and optical phenomena in quantum confined structures. In order 1o understand
these phenomena it is important to be able o probe the poorly understood local mechanisms that govern these
phenomena. Such a lack of understanding arises from the paucity of existing experimental techniques which have
not been able to combine the time and spatial resolution that is required for the measurements that are required.
The super-fine spatial resolution of near-field optics when combined with the ultrafast time resolution of
femtosecond laser spectroscopy is providing for the first ime new levels of investigation that were not achievable
in these area which require both spatial and time resolution.

To reinforce the lack of suitability of geometrical optical elements to the needs of ultrafast spectroscopy of
mesoscopic Systems the reader is referred to Figure 56. This figure is based on one that was prepared several years
aga by Fork et. al. ['™] and compares the history of the spatial resolution of microscopic measurements with light
and the temporal resolution of optical pulses that have reached their pinnacle with the discovery of metheds 10
generate femtosecond pulses of light. In this figure it can be seen that in 1990 the highest resolution that could be
achicved by diffraction limited optics was 0.5 u (0.5 x 10 ¢m) which is far from the spatial resolutions generally
required in order to observe interesting mesoscopic phenomena.

In fact the problem of resolution with femtosecond pulses of light is even worse than what is seen in
Figure 56. The difficulties that femtosecond pulses encounter with geometrical optical elements are two fold.
First, as an ultrashort pulse traverses, for example, a lens it experiences dispersive effects that broaden the pulse in
time. Second, ultrashort pulses exhibit uncertainty broadening (AE &t > h) and thus, their spectra are extremely
broad. Therefore, it is impossible to achieve even diffraction limited optical resolution,

These problems notwithstanding uitrafast investigations on mesoscopic structures often require ultrahigh
resolution. Consider, for example, the conservative notion that an alteration induced in a material by a
fermtosecond pulse spreads with the speed of light. At such a speed the area over which the particular phenomenon
will spread in a femtosecond is 0.3 p. In actuality many phenomena in such semiconductor structures spread at
considerably less than the speed of light. For example, the initial velocity of an excited electron in GaAs is =10
cm/sec which means that in a 6 fsec pulse (the shonest pulse that has been created to datc) the electron travels only
6. Thus, both in terms of the dimensionalities of the mesoscopic structures and the speed at which the effects
caused by the light matter interaction spread, a spatial resolution is required that cannat be achicved even in
systems in which diffraction limited optics is possible.

Using micropipettes we have compieted preliminary investigations on the simplest scheme of all that
could integrate near-ficld optics with femtosecond pulses and that is to pass a femtosecond laser puise through the
empty void of a glass micropipenie. From the point of view of illuminating or collecting femiosecond pulses of
light in highly localized regions in space the question is whether the subwavelength, conducting aperture at the tip
of the micropipetic would alter the characteristics of such light pulses. The question is significant not only in
terms of the practical applications of femtosecond near-field optics but also in terms of developing a fundamental
understanding of how light is transmitted in spaces which have dimensions below the cutoff frequency beyond
which light can only be transmitted with large evanescent losses.

An initial result 7] obtained is displayed in Figure 57. These results relate the observed energy spread of
a pulse of 60 fsec (estimated for a sech? pulse shape) from a colliding pulse mode dye laser emitting radiation at
610 nm as a function of the pipette diameter. In this Figure there are two curves, A heavy solid curve which is the
encrgy spread of the pulse without the presence of the pipette and a curve reproduced with a lighter line that
corresponds to the energy spread of the pulse afier it passes through the opening at the pipette tip. These resulis
indicate that transmission through subwavelength apertures of the dimension indicated in the figure do not reduce
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the energy spread. This indicates, that for such apertures even if further experimentation indicates that the pulse is
indeed longer afler it traverses the subwavelength pipette tip, it will be possible to apply a reverse chirp to the pulse
in order to obtain the desired time resolution. This methodology <an only be applied when the chirp affected by the
subwavelength optical element is linear.

These workers also investigated the problem theoretically and conciuded from their theoretical simulation
that the alteration in a 3 fsec pulse as it goes through an aperture that is one tenth the wavelength of the light
should spread the radiation in time by more than double the initial 3 fsec pulse width. Thus, the experimental
cbservation of minimal effects on the 65 fsec pulses that was transmitted through apertures that were at most 1/6
the wavelength of the laser wavelength are understandable.

A caveat on these deductions is the fact that modes that are reflected back from the direction of the taper
should be once again be reflected into the propagating direction by the next larger step but our theoretical model
did not consider the back reflection of these modes. Initial investigations on the effect of these reflected modes
indicated that they should make a noticeable contribution on the final sofution and our continuing studies are
aimed at refining the model in this direction. In addition, it should be noted that dispersion effects due to the
penetration of the pulse into the walls were not taken into account.

Future directions in this sequence of expeniments will employ the sensitivity of the character of these
pulses to external influznces in order 10 understand, using the synergistic interplay between the theory and the
experiments in this area. the mechanism by which light is transmitted through structures with subwavelength
dimensions in the mesnscopic domain in which there is an interesting mix of classical and quantum effects.

In addition te the above it has been suggested (7] that the micropipette tip could be ideat for cross
correlating femtosecond pulses with high spatial resolution. An example of a structure that could be used in this
vein is the P barium berate Lipped micropiperte described above (see section 11 B). In addition, initial steps have
also been taken to grow GaAs in the tip of the pipette [7]. This is an important development that will allow the
micropipetie tip to be converted into an ultrafast switch that would allow the transmission of a transitory electrical
pulse from the outer coating of the pipette to an inner electrode. This will also allow for cross correlating such
pulses. Finally, when these characteristics are combined with the force sensing capabilities of such pipettes there

will certainly be numerous problems requiring spatial and temporal reselution that could be tackled with such
probes.

B. APERTURE ARRAYS FOR STATISTICAL MICROSCOPY AND SINGLE PULSE LASER
PERMEABILIZATION

It is in general difficult to conceive of using aperture arrays in near-field imaging. Nonetheless, Palanker
and Lewis ["**] investigated theoretically a novel suggestion for oblaining subwavelength information by
employing an array of holes in a metal plate. The object of their approach was to use statistical methodologies in
order 1o determine the average dimension and the distribution of microdomains in surfaces such as membrancs.
They considered the statistical distribution of celis on an aperture array with millions of similar holes with each
cell or a region of each cell statistically placed aver each of the apertures in the array. By imaging the domains
through the holes onto a charge coupled device it would be possible to analyze statistically the distribution and the
siz¢ of the domains. These workers demonstrated that the resolution that could be achicved with such a statistical
method could be up to 30 times better than the diameter of the holes in the armay. The characteristic of CCD
cameras are ideal for such an experiments both in terms of the linearity and the reproducibility of the response.
Specificaily, regions in which there are imperfections in the plate can be readily removed from the data set.

This paper also introduced an improvement in the methodologies developed by Fisher [’] for producing
such arrays of submicron holes. In this improvement an excimer laser is used to ablate the metal coated latex
spheres on a quartz substrate by irradiating from below as seen in Figure 58 A. The ablation caused micro-
explosions which efficiently blasted off the metal coating in very well-defined regions around the latex balls. An
optical image of such a plate is scen Figure 58 B,
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Such arravs of apertures have also been used 1o permeabilize millions of cells with single pulses of an AsF
taser ['7]. In thus series of experiments plant and animal cells were placed in their growth media on this aperture
array and a single pulse of the excimer laser was transmitted through the holes and this permeabilized the cells.

An cxample is seen in Figure 5% in which asparagus cells were irmadiated. Subsequent to the irradiation aloquots
of the cells were removed and exposed to propidium iodide. The cells that were irradiated took up the propidium
iodide with greater permeability than the unirradiated cells. A particularly important aspect of these measurements
was the Eict that these irradiated cells resealed and the resealed cells continued to grow and exhibited
permeabilities that were similar to the unirradiated fractions. The resealed cells could be repeatedly permeabilized
indicating that the procedure had little effect on the viability of the cells.

The technique overcomes onc of the principle problems with laser permeabilization by permitting the
production of millions of microbeams to permeabilize millions of cells. In addition, the ability to permeabilize
plant cells is a very important attribute since plant celis are notoriously difficult to permeabilize. The next step
will be to use this technology to introduce genctic material into cells permeabilized by this methodology.

C. NEAR-FIELD OPTICAL METROLOGY

A particularly exciting challenge that near-field optics together with other scanned probe microscopics
can begin to attack is the practical probiem of resolving the linewidths that are required for microcircuits with a
growing density of features. This ficld is already facing the challenge of precision linewidth measurements of lines
which are <350 nm with an accuracy of 10 nm for the 64 MByte dynamic random access memory. This is
compounded by the fact that the walls of many of these structures have slopes of <3% Thus, the problem at hand, is
10 not only measure the linewidths but also 1o sense such steep walls and to detect surface features in valleys that
are bounded by such walls. This is already beyond the capabilities of conventional light microscopy and, electron
microscopy, even after destroying these chips in order (o inspect them cannot detect topography in the vatleys that
are a part of all microcircuits. It is estimated, that if an all optical technique is employed in the inspection process
and the destructive aspects of the electron imaging process is bypassed then millions of dollars would be saved in
microcircuit production lines.

Already attempts have been made to apply scanning force microscopy for such precision measurements.
Force probes are very fragile and are difficult to produce with the slopes that can probe the deepest recesses of such
aircuits. In addition the approach of a sharp wall can often confuse the probe in its ability to delineate surface
topography and may also result in the breaking of the probe. A combination of a micropipette force probe together
with near-ficld optical imaging has the potential of resolving these problems.

These difficulties are best illustrated in the diagram reproduced in Figure 60. 1n this Figure linewidths
and trench depths that are already being approached in near term designs of microcircuits are displayed in the top
half of this diagrammatic representation. In the bottom half of this schematic, a feature is drawn in the bottom and
close to one of the sharp side walls of the trench,  Such a feature would not be detected by present emulations of
sharp silicon AFM cantilevers and this is shown by the AFM response depicted in this diagram. in addition, the
probe could be broken due to its inability to sense such a sharp wall without some additional informatien.

One way to overcome the difficuities encountered by using force alone is to compare this signal with near-
field optical information from the tip of the pipetts. Since the near-field optical response exhibits an exponential
dependence, when the tip of the probe reaches the feature near the sharp wall, the near-field signal from the tip
would still be large. This is the case even though the wall provides an AFM signal that would indicate the need to
retract the tip. Thus, this synergism of near-field optics and force imaging should permit an interesting interplay
that will allow for the detection of features that would be impossible to accomplish with force alone. A preview of
such synergism has already been described above when tunneling and near-field optical images are compared. In
this comparison (se¢ Figure 36 and agsociated discussion) it is clear that the exponential nature of the near-field
intensity profile plays an important role in the analysis of comparative imaging.

D. IMAGING WITH PIPETTE CONCENTRATED AND APERTURED X-RAYS
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Initial experiments have demonstrated the feasibility of imaging with x-rays that arc concentrated or
apertured with glass pipettes. As noted above [*'] experimentally spot sizes of 0.1 y have already been achicved
with such devices. An experiment used to demonstrate such highly confined x-rays is shown in Figure 61. In this
result obtained at the Cornell High Energy Synchrotron Source (CHESS) by Steve Hoffman in collaboration with
Donald Bilderback, Daniel Thiel and Aaron Lewis the edge of a gold stripe on a silicon substrate was scanned
under the pipette. As the data in Figure 61 indicates, the resolution obtained was 1000 + 100 .. In addition, to
such tests of resolution Bilderback et al [*] have continued these experiments at CHESS to demonstrate imaging
with test structures of gold on silicon nitride. The images oblained by these workers are displayed in Figure 62.
As can clearly be seen the resolution of the scanning micropipette x-ray technique is similar to what can be
obtained with scanning electron microscopy.

Besides such imaging experiments, a radiation source of sub-micron size and highly enhanced brightness
can be used 10 advantage in numerous measurements. In fact , it will add exwremely high spatial resolution
capabilities to almost any type of existing x-ray experiment. For example, it will allow both transmission and
fluorescence spectroscopy like extended x-ray absorption of fine structure (EXAFS) to be carried out with a sub-
micron resolution over a sample. The same holds for microtomography and imaging experiments. Since the
emittance of the beam for linear taper capillaries is conserved, the smailer spot at the exit relative to the entrance
is achieved at the expense of a larger divergence. This divergence requires working close to the capillary tip to
minimize source magnification. For non-linear tapers, however, a longer focus away from the tip of the capillary
can be achieved. This will ailow, in principle, experiments where the samples are both small and positioned away
from the tip such as those used in three dimensional temography and high-pressure cells.

The larger divergence will require special measures in application to diffraction experiments. This may
require simply that the capillary be used as an effective pinhole. However, the transmission of a 100 diameter
pinhole centered on a 100 u diameter beam of 10'7 photons, typical to an undulator on a third generation
synchrotren source, will still yield 10° photons, 2 flux comparable to those available at a second generation
bending magnet source. In fact Bilderback et a].[n] have already attempted a diffraction experiment with pipette
focused x-rays. They achieved with gold foil a sample volume of § X 107 p? which is the smallest single crystal
volume studied by x-ray ditfraction.

E. OTHER OUTGROWTHS OF NSOM TECHNCLOGY

The techniques and the fundamental concepts of NSOM have spawned exciting new directions some of
which have been described above. The breadth of the penetration of these techniques is summarized in Figure 63.
These include methods for ultramicrosurgery, methods of single laser pulse perforation of cells, methods for
solving intractable problems of focusing x-ray radiation etc. In this section we describe one more extension of
NSOM technelogy that has the potential of developing a whole new area of scanned probe imaging. Specifically, a
considerable amount of effort has been expended in generating (apered glass structures in which there is a
continuous wire of metal from the large end of the pipette to the very tip. One application of this in NSOM is the
generation of optical coax structures by being able to pull metal to the very tip of a pipette coated on the exterior
with metal. This was described above in section Il A. 4. Such a potential structure was shown in Figure 12F.
This same techniology can be used 1o generate a very sensitive thermai probe ['™].

To achieve such a thermal sensor the metal filled pipette is coated such that the outer coating makes a
point contact at the very tip of the pipette structure. By using an appropriate combination of metals for the inner
wire and the outer coating a point thermecouple can be generated at the 1ip of the probe. The small mass of the
thermocouple gives it a miniscule heat capacity resulting in an wltra rapid response time. The response of such a
peint thermocouple is seen in Figure 64A. In (his Figure the thermal voltage response (o a pulse of 2 Nd:YAG
laser is shown. A response time of < | psec was obtained and this is orders of magnitude shorter than previous
microfabricated thermocouples ['95] whose time response have been measured.
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These thermal probes can alse be used for high resolution thermal imaging. In an earlier work, line scans
of therma! gradients were reported by Williams and Wickramasinghe [m} using a coated metal wire tip. An image
of the mode structure of the focal spot of a laser beam taken with the micropipette based thermocoupie is shown in
Figure 64B. This image was obtained by inserting the thermocouple probe into a near-field scanning optical
microscope, In this mocde the thermocouple was essentially used as an optical detector.

A recent paper describes an alternate approach to thermal sensing ['*). In this approach photothermal
spectroscopy was acomplished with femtojoule sensitivity using the micromechanical properties of a silicon nitride
cantilever on which was deposited molecules with particular absorption characteristics. By changing the
wavelength of the light beam that was incident on the molecules that were coating the cantilever and monitoning
the deflection of the cantilever using interferometry it was possible (o obtain an absorption spectrum of the
molecule in question with sensitivities that could approach the femtojoule level, The authors mention the
possibility of the application of such 2 sensor 10 near--field optical microscopy if the appropriate structure could be
found. The micropipette based sensor discussed above with its force sensing capabilities is an important step in
that direction.
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VIIL THE FUTURE - SINGLE MOLECULE RESOLUTION

The resolving of single molecules is a challenge that has uniil now not been addressed in the expeniments
completed with neat-field optics. The best resolutions obtained to date are well over an order of magnitude from
the dimensionalities required for single molecute resolution. To achieve this aim. which is a far more ambitions
project than simply detecting individual molecules as described above, it will be necessary (o make use of more
lacalized electromagnetic phenomenon such as molecular excitons, surface plasmens and other non-radiative
optical effects. The very short interaction length of these phenomenon can allow one ta excite, detect and
manipulate optical interactions with nanometer resolutions.

A. MOLECULAR EXCITON MICROSCOPY

The efficient, localized exciton generation which can be produced in the microcrystal probes described
above raises the possibility of the ultimate in near-field optical microscopy: namely, the possibility of resolving
single fluorescent molecules. Such melecular exciten microscopy (MEM) has been proposed ®and is
schematically depicted in Figure 65 A crystal, protruding from the tip of a coated micropipette and excited from
the tear by a laser, serves as a source of excitons. The sample to be imaged is tagged with appropriate acceptor
flusrophores whose excitation energy band overlaps the energy level of the donor excitons. The fip is then scanned
across the sample at a distance less than the Fyrster radius. Each time the crystal passes over an acceptor
flucrophore highly efficient energy transfer will occur (see section 1IB 1) and the subsequent emission from the
acceptor will be detected. Such energy transfer is more efficient by many orders of magnitude than phenomena
such as absorption.

The greater the Stokes shift in the acceptor molecule the easier it will be to differentiate the tail of the
donor flucrescence from the acceptor signal. The overlap in the emission spectra has the potential 10 completely
obscure the weak signal, particularly when dealing with the very broad emissions of organic molecules. A simple
calculation shows that even for a relatively small donor crystal with a volume of 0.1y, the large aumber of
emitting molecules within the bulk of the crystal can result in a residual overlap comparable to the expected signal
from the acceptor. Using materials with sharper emission lines such as complexes or terbium of europium could
relax these requirements. An ideal scenario would have a non-fluorescing donor exciton to gather the energy and
transfer it to a flucrescent acceptor, completely removing any background signal. This would be analogous 1o
photosynthesis, where a large coilection of non-fluorescing antenna molecules gather the light and transfer it to a
single reaction center,

B. LOCALIZED QUENCHING OF FLUORESCENCE

It has been known for many years since the classic experiments of Kuhn [*] that metals can quench the
emission of fluorescent molecules. Near-field optics allows this phenomenon to be exploited for imaging purposes.
‘The first experiments in this direction have been performed by a number of groups. In the experiments in which a
subwavelength aperture was used to bleach singie molecules ['7™] the effect of the metal coating of the fiber tip
was observed to quench the fluorescent emission and this affected the lifetime (sec Figure 66 A). In addition to
these experiments workers have also demonstrated that the emission from ruby crystals can be quenched using a
tunneling tip and evanescent excitation [54]..

Another propesed scheme for monitoring molecular scale interactions is to attach a few fluorophores to
the tip of a probe and monitor the reduction in their emission upon approaching a surface, such as a metal film,
which will quench the excitation. In order to realize such a scheme Lhe fluorsscent material af the tip of the probe
must be small enough so that a significant partion of the material can be brought to within the few nanometers of
ic metal surface. This is required so that enough of the material will be quenched to produce noticeable reduction
in l!_le fluotescent intensity. Such an experiment was undertaken by Licberman ['*] in collaboration with Thomas
Jovin and Aaron Lewis. In this experiment a metal coated plastic tipped pipette in which dye molecules was
embedded was repeatedly brought into tunneling contact with a partially transmitting gold film. During this cycle
of contact and withdrawal of the tip the molecules were excited with the epi-illumination geometry and the
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emission lifelime was monitored (see Figure 66 B). As can be seen when the tip was in tunneling contact the
emission lifetime was altered.

An alternative technique for monitoring single fluorophores, as proposed by Hansch et al ['® ], involves
plasmon quenching. When a metal tip is brought 1o within a few nanometers of the surface of the near-field
plasmon microscope described above there is a strong reduction in the reflected light due to nonradiative energy
transfer of the plasmon energy to the tip. These workers propose to place a singie fluorophore above a metai
surface at a distance of a few nanometers so the flucrophore will not be quenched directly by the metal. Scanning a
metal tip directly over the fluorophore will quench the oscillation of the fluorophore, reducing its scattering cross
section to the plasmon field, which should resuit in a change in the reflected intensity. Whether a single

fluorophore which is being resonantly excited by a plasmon field would remain stable long enough 10 be imaged
has not been determined.
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IX. SUMMARY

In this review we have surveyed a field that is experiencing exponential growth. At the start of this field
in1984 discipiines from biology to microelectronics were set to experience a critical need for increased resolution.
NSOM was introduced in the hape that near-field optics could alleviate these crucial problems of resolution
including the need to achieve nanometer dimension imaging in ambient environments.

The maturation of NSOM has involved resolving numercus technological challanges. These included the
discovery of a reproducible method for producing near-field optical elements that could probe highly invaginated
structures, developments 1o increase the signal strength of subwavelength points of light and the demonstration
that these structures make excellent force sensors with multifunctional capabilities. In addition, near-field
microscopes have advanced so that they are coming to the ideal of being transparently incorporated into
conventional optical systems. Futhermore it is becoming increasingly evident that these micrescopes also have
inherent confocal imaging capabilities. Such advances have resulted in a growing realization in the scientific
community at large of the great potential of this field. This has resulted in an exponential growth of the aumber of
groups that are entering this field of near-field imaging. This is seen in Figure 67 which plots the number of
papers published in refereed journals and excluding conference proceedings during the first decade of NSOM.

As NSOM has mainired the critical need of resolution has grown. A variety of fields are demaning the
resolution that NSOM can provide. This includes: [maging of single DNA molecules with resolutions that overlap
and extend conventional optical techniques; Optical characterization of microelectronic structures for the current
and future generation of me nories; High resolution patterning of new materials {eg: superconductors, linear and
non-linear optical and ¢lectr 'optical polymeric materials, diamond etc) which is becoming an increasingly
important activity both in terms of fundamental studies and practical appplications; Invesitgations of
microdomains of ion channels and ion pumps in cell membranes which is becoming an increasingly importang
challange in the forefront fields of biclogy such as reurobiology, and The increasing need for optical elements and
nanometer dimension nan-linear cross-correlators as femtosecond lasers are becoming a widely used
characterization tool. Furthermore, the multifunctional imaging of surfaces is going to be crucial in the
development of scanned probe microscopies and the optical elements of NSOM are unique in their capabilities in
this regard. Finally, the incursion of near-field like optical elements into such areas as x-ray imaging and x-ray
concentration and in areas such as the delivery of deep ultraviolet beams of light shows the vitality of the field in
transfering iis technology to other areas of optics that demand unique solutions to difficult probiems. Thus, there
is little doubt that near-field optics and its extensions have a very bright and synergistic future in imaging,
characterizing and fabricating structures where optics had few possibilities in the past.
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FIGURE CAPTIONS

Figure 1. Schematic of the near field of a subwavelength aperture. The beam remains collimated ouly up to a
d:stance on the order of the aperture dimension.

Figure 2. A letter from John O'Keefe, a pioneer in near-field microsoopy on hearing of the recent developments in
near-field optics in the Lewis laboratory.

Figare 3. A survey of microscopy as it exists today. The vertical boxes associated with each microscopic technique
correspond to the extent of resolutions that are generally cbtained with the particular microscopy in question.

Figure 4. Calculations by Leviatan of the spread of the near-ficld cnergy density after passing through a thin sub-
wavelength circular aperture. The exponentiat like evanescent decay of the signal strength charactenstic of all
near-field probes can be seen.

Figure 5. Field calculations inside a tapered slit for s and p polarizations  Significantly greater transmission is
observed for the p polarization,

Figure 6. Field calculations of the perturbation 5f a the near-field radiation emanating from a sub-wavelength slit
by a perfectly conducting cylinder of dimensionality that is on the order of the aperture diameter.

Figure 7. Calculations of the enhancement of the near-field intensity as function of the dielectric constant of a
perturbating cylinder in the near-field.

F:gure 8. Calculations of the far-field radiation pattern as a function of the dielectric constant.

Figure 9. PSTM cvanescent ficld set up. The sample rests on a prism on which an evanescent surface wave is
created by total internal reflection. The sharp dielectric probe locally frustrates the internal reflection an allows
some portion of the incident light to propagate onwards.

Figure 10. PSTM calculation of an image of the letter "E” under different polarizations of the incident light The
strong dependence on the incident field complicates image interpretation.

Figure 11. Theoretical calculation by Denk and Poht of the electromagnetic field enhancement in the vicinity of a
metallic probe.

Figure 12. Schematic of the basic micropipette structure. A metal film is evaporated along the outer walls and on
the front surface of the pipette to produce well defined apertures that can be < 10nm in diameter.

Figure 13, Near-field probes: (A) SEM photograph of a 100 nm micropipette tip coated along the sides and front
surface (B) SEM photograph of a 70 nm tapered optical fiber coated only along its sides. (C) Selectively eiched
fiber (D) Microfabricated tip (E) Coaxial waveguide strocture (F) Micropipette optical coax.

Fagure 14. Transmission of far infrared light (A ~ 200 p) through a subwavelength aperture with and without a
internal wire. Without the wire {open circles) the power drops o zero promptly after the cut-off diameter is
reached. On the other hand with the wire (filled circles) the power is maintained at a nsarly constant value even
below cutoff.

Figure 15. A. An optical micrograph of a subwavelength fluorescent anthracene filled pipette tip excited
externally with several milliwatis of UV light from an argon ion laser. B & C Two views of a fluorescent dye
embedded in a plastic that Klls the tip of a micropipette under ordinary (B) and fluorescent (C) illumination. D.
Second harmonic generation at the tip of a micropipette. E. Electroluminescing micropipette tip. F.
Photopolymerized pH sensing dye at the tip of an optical fiber.
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Figure 16. A. A schematic of the tapered capillary structure used to collimate x-rays by total external reflection.
B. Optical micrograph of an x-ray collimating tapered capillary.

Figure 17, A. A nanopipeie to sense surface forces bent at the tip with a focusgd mrbor! dioxide laser. B, Abent
micropipette touching a surface and visibly flexing the cantilever without breaking the up.

Figure 18. Electron micrograph of the integral reflecting surface polished into the arm of the micropipette
cantilever just above the bend.

Figure 19. Feedback methodologics currently emplayed for NSOM. A. Normal force feedback B. Interferometric
\ateral force detection with pelarization sensitive optics C. Lateral force detection by observing transmitted light
through a pinhole D. Diffraction detected lateral force with a position sensitive detector E. Confocal profilotmietry.
Figure 20. Modes of operation for NSOM. Transmission imaging: (A} illuminating through the probe, (B}
illumination through the sample. Reflection imaging: (C) illuminating through the probe, collecting externally, (D)
illuminating externally, coilecting through the probe and (E) iltuminating and collecting through the probe.

Figure 21 A. Schematic of a tip scanning NSOM head which is positioned in place of the sample stage ofa
conventional far-fietd inverted microscope. The stack of plates straddling the microscope provides for vibration
isolation for the head. B. Picture of the NSOM head in place above the inveried micrescope. A dot of light is
visible from a broken tip that is in place.

Figure 22. Schematic diagiam of the method used 10 incorporate the externally illuminated fluorescent 1ip into the
near-field optical microscope

Figure 23, A. Schematic of a stage scanning near-field microscope with confocal microscapic capabilities. B. A
photograph of the NSOM head integrated into an inverted and upright optical microscope.

Figure 24. Schematic of a concentric piezo design NSOM.

Figure 25. Set up for performing reflection NSOM with an obliquely placed objective.

Figure 26. Picture of an STM tip inserted into a hole bored through a long working distance microscope objective.
Figure 27. Schematic for integrated force feedback and PSTM with a silicon nitride cantilever.

Figure 28. PSTM set up for exciting surface plasmons

Figure 29. A reflection NSOM head designed for insertion inte liquid helium dewar,

Figure 30. A comparison of line scans of a metallic edge on glass obtained with 2 SEM, NSOM, with the lens of

an optical microscope compared to a theoretical calculation of the predicted response of a microscope with an oil
immersion N.A 14 objective,

Figure 31. A Tepographic image of an indentation in a sapphire surface generated by monitoring modulations in
the evanescent wave on a surface using an optical fiber etched to 0.1 1 B. PSTM image of a grating.

Figure 32. PSTM line scans as function of sample tip separation above a dielectric grating demonstrating the
radiated ficlds.

Figure 33. Images of microfabricated letters A. SEM B Far-field optical C. NSOM using a optical fiber probe
D. As in C but with image processing.
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Figure 34. NSOM image of 40 nim colloidal gold particles using a fluorescent dye Filled micropipette and the epi-
illumination technique.

Figure 35. Simultaneous STM (A) and NSOM (B) Imaging of ~0. 1 defects in a chrome film using a gold coated
micropipette.

Figure 36. Normalized STM and NSOM line scans extracted from the images in Figure 35 across one of the
imperfections in the chrome film showing the displacement between the images.

Figure 37, Simultaneous STM and NSOM with a PtC coated etched optical fiber probe.

Figure 38. A. STM image taken of a 600 nm squarc area on a silver surface. B. Scanning plasmon image of the
same area.with a tip spacing of 3 nm C. Same as B with a tip spacing of 10 nm D. A surface plasmon image
taken while the tunneling feedback was engaged.

Figure 39. PSTM images of local fields in fractal sitver colloid aggregates irradiated by light of various
wavelengths and polarizations. (A & B} A = 438 nm with s and p polarizations respectively; (C & D) p polarization
for A = 488 nm and 514 nm respectively.

Figure 40 A Tunneling induced luminescence in multiple quantum well structures. Scan size 78 X 78 nm®. B,
Simultanecus and photon emission in fullerenes on a gold surface. Scan size 6.3 am’.

Figure 41, Shear force imaging using a straight optical fiber of polystyrene spheres with mean diameters of 230
am {A) and 19 nm (B).

Figure 42. A gallery of AFM images obtained with cantilevered micropipetic force probes on commercial scanning
force microscopes. A. 50 y scan of human red blood celis; scale bar = 10p. B. 0.2 p heles in a Millipore
membrane; scale bar = 2 y: inset scale bar = 500 nm. C. Pits in a compact disk surface; scale bar = [0p. D. 10
field of a calibration grid. Images A, B & C were collected with a Digital Instruments Nanoscope 11l and image D
was obtained on a Topometrix TMIX 2010

Figure 43. Simultaneous shear force and near-field optical images with a straight pipette of a human blood smear
(A, B) and a straight fiber of pits in polymethylmethacrylate (C. D).

Figure 44. Heterodyne interference NSOM image at (A) the fundamental modulation frequency, (B) the second
harmonic {C) mathematicaily extracted image from a and b of the pure amplitude variations.

Figure 45. A sequence of image frames demonstrating the spread of the near-ficld taken at increasing distances
from the sample, starting from contact and extending beyond one micron.

Figure 46. Comparisons of line scans of a grating with 800 nm periodicity obtained using (A} fluorescence NSOM
and (B) scanning clectron microscopy.

Figure 47. A comparison of a conventionat optical image (A) with a confocal image (B), a shear force image (C)
and an NSOM image (D) of actin based stress fibers labeled with the mushroom toxin phalloidon complexed to
rhodamine,

Figure 48. Near-field, far-field and spatiaily averaged near-field photoluminescence spectra from a 23 _single
quantutt well structure at 696 nm excitation at 2%,

Figure 49. Fluorescent emission spectra of an optical fiber sensor (A) Excitation at 442 am and (B) at 488 nm.
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Figure 50. A. A far-ficld microscopic view of the region of contact between two microdomains of fluorescent
pyrelene dyes showing the microscopic illumination of a pipette near-field clement. B, A far-field microscopic
view of the scanning micropipetie. The scan range is approximately 9 p. C. A fluorescent NSOM image of the
region scanned by the micrepipette. D. A flucrescent lifetime image of the same region as in C.

Figure 51. A. Near-field image of single molecules of cyamine spread on a surface. B. A stylized represemation of
the inferred dipole onentation of the molecules. C. The theoretical strength of the electric field compoenents as a
function of normalized distance from the aperture.

Figure 52. A_ A pattern obtained on a Shipley photoresist using near-field exposure of a HeCd laser. B. 2 250 nm
lines patterned by direct ablation on a photoresist. C. A single 80 nm wide line patterned by direct ablation on a
photoresist.

Figure 53. Measurements of the transition temperature of a high Tc superconducting film after near-fieid ablative
patterning demonstrating that the properties of the film are unaffected by the patterning.

Figure 54. A. An oplical micrograph of the ablation in liquid medium of the zona peilucida of a rat cocyte by an
ArF excimer laser transmitted through an air filled micropipette. B. A scanning electron micrograph of the
resulting hole.

Figure 5. A. Domain size versus write power for near-field magneto optic storage. B. A 20 X 20 array of
domains with a 120 nm periodicity corresponding to a storage density of 45 Giga bits per in’. C. Photochemicaly
altered domains of 200 am written with near-field ablation. D. Domains physically depressed in a plastic with the
up of a heated near-field probe. E. Domains wtitten and read with a solid immersion lens.

Figure 56. Historical development of spatial and temporal resolution,

Figure 57. Comparison of the spectra of a 65 a fsec pulsc of light that was passed though a 100 nm micropipette
with the spectrum of the original pulse. No change was observed in: the spectrum.

Figurc $8. A. A schematic representation of the method used to produce a mask with wniform holes of submicron
dimension. B. A light micrograph of ene of the plates produced by this method.

Figure 59. Light micrographs of a cell suspension of Asparagus officinafis. A. Intact cells before irradiation and
B. After irradiation. Notice that afier the irradiation the cells have taken up a flyorescent stain.

Figure 60. Schematic representation of the problems encountered in metrology of linewidths of microelectronic
CITcuits.

Figure 61, A line scan of the edge of a gold stripe on a silicon substrate obtained by scanning the sample under a
100 nm x-ray pipene aperture.

Fi_gun: 62. Image of a gold structure on silicon nitride obtained with A. Scanning clectron microscopy. B. Optical
microscopry using a 0.9 numerical aperture lens. C. The unprocessed x-ray image with the same pipette used in
Figure 61 and step sizes of 50 nm. D. X-ray image afler processing.

Figure 63. A schematic representation of the growth of NSOM and the penetration of its tchnology and
fundarnental principles in various areas,

Figure 64. A Response of 2 micropipetie thermocouple to direct laser heating. Dashed-dotted line, the signal
from a pin-phhotodiode; dotied and solid lines, the signal from a thermocouple immersad in air and water
respectively. The photodiede output follows the temporal nature of the laser pulse. B. Thermal image of an argon
ion laser beam focused to a spot in an inverted microscope and imaged with a micropipette thermal probe.
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Figure 65. A. Representation of the pipette tip and sample configuration proposed for molecular excifon
microscopy. B. Schematic of the set up used for quenching of tip fluorescence by a metal film.

Figure 66. A. Quenching of the fluorescence of a single molecule by the metal coating of an optical fiber near-
field probe. B. Quenching of the fluorescence of dyc tipped micropipette by a metat fiim.

Figure 67. A graph showing the exponential growth of near-field optics since the first publications in 1984. Based
on papers published in refereed journals.
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Code 681 June 14, 1988

Dr. Aaron Lewis

Cornell University

Applied and Engineering Physics
159 Clark Hall

Ithaca, NY 14853

Dear Dr. Lewis:

The New Sci=ntist for 19 May 1988 carried an article on your optical
microscope. A friend brought it to my attention, noting that I had
described something of the same kind (though without any experimental
verification) in JOSA long ago. 1 enclose the reprint, and would appre-
ciate receiving a reprint of your paper. My address is:

Code 681
NASA Goddard
Greenbelt, MD 20771,

The occultation of a star by the moon yields a somewhat analogous situa-
tion. A study of the light variation with time during the occultation
allows a fellow with a small telescope to measure one component of the
separation of a double-star pair which cannot be resolved with the big-
gest optical telescope. Occultation by an asteroid gives another large
factor in resolution; that is how the rings of Uranus were discovered.

Sincerely yours,

Jebue A Oidefe

John A, Q'Keefe
Lakboratory fir Astronemy and Solar Physics
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