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PREFACE

Science and technology ever seek to build structures of progressively smaller size. This
effort at miniaturization has finally reached the point where structures and materials can
be built through “atom-by-atom” engineering. Typical chemical bonds separate atoms
by a fraction of a nanometer (10~° m), and the term nanotechnology has been coined
for this emerging area of development. By manipulating the arrangements and bonding
of atoms, materials can be designed with a far vaster range of physical, chemical and
biological properties than has been previously conceived. But how to characterize the
relationship between starting composition, which can be controlled, with the resulting
structure and properties of a nanoscale-designed material that has superior and unique
performance? Microscopy is essential to the development of nanotechnology, serving
as its eyes and hands.

The rationale for editing this Handbook now has never been more compelling.
Among many pioneers in the field of nanotechnology, Dr. Heinrich Rohrer and
Dr. Gerd Binnig, inventors of the scanning tunneling microscope, along with Professor
Ernst Ruska, inventor of the world’s first electron microscope, were awarded the Nobel
Prize in Physics in 1986, for their invaluable contribution to the field of microscopy.
Today, as the growth of nanotechnology is thriving around the world, microscopy will
continue to increase its importance as the most powerful engine for discovery and
fundamental understanding of nanoscale phenomena and structures.

This Handbook comprehensively covers the state-of-the-art in techniques to ob-
serve, characterize, measure and manipulate materials on the nanometer scale. Topics



xvi Preface

described range from confocal optical microscopy, scanning near-field optical mi-
croscopy, various scanning probe microscopies, ion and electron microscopy, electron
energy loss and X-ray spectroscopy, and electron beam lithography, etc. These are
tremendously important topics for students and researchers in the field of nanotech-
nology. Our aim is to provide the readers a practical running start, with only enough
theory to understand how best to use a particular technique and the situations in
which it is best applied. The emphasis is working knowledge on the full range of
modern techniques, their particular advantages, and the ways in which they fit into
the big picture of nanotechnology by each furthering the development of particular
nanotechnological materials.

Each topic has been authored by world-leading scientist(s), to whom we are grateful
for their contribution. Our deepest appreciation goes to Professor John M. Cowley,
who advised our graduate study. More than a great scientist, educator and pioneer in
electron microscopy, diffraction and crystallography, he was a humble and kind man
to whom we are very much indebted.

June 2004 Nan Yao
Princeton University
e-mail: nyao@Princeton.edu
http:/www.princeton.edu/~nyao/

Zhong Lin Wang

Georgia Institute of Technology

e-mail: zhong. wang@mse.gatech.edu
http:/www.nanoscience.gatech.edu/zlwang/
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I. OPTICAL MICROSCOPY, SCANNING PROBE MICROSCOPY, ION
MICROSCOPY AND NANOFABRICATION



1. CONFOCAL SCANNING OPTICAL MICROSCOPY AND
NANOTECHNOLOGY

PETER J. LU

1. INTRODUCTION

Microscopy is the characterization of objects smaller than what can be seen with
the naked human eye, and from its inception, optical microscopy has played a sem-
inal role in the development of science. In the 1660s, Robert Hooke first resolved
cork cells and thereby discovered the cellular nature of life [1]. Robert Brown’s 1827
observation of the seemingly random movement of pollen grains [2] led to the under-
standing of the motion that still bears his name, and ultimately to the formulation
of statistical mechanics. The contributions of optical microscopy continue into the
present, even as the systems of interest approach nanometer size. What makes optical
microscopy so useful is the relatively low energy of visible light: in general, it does
not irreversibly alter the electronic or atomic structure of the matter with which it
interacts, allowing observation of natural processes in situ. Moreover, light is cheap,
abundant, and can be manipulated with common and relatively inexpensive laboratory
hardware.

In an optical microscope, illuminating photons are sent into the sample. They interact
with atoms in the sample, and are re-emitted and captured by a detection system. The
detected light is then used to reconstruct a map of the sample. An ideal microscope
would detect each photon from the sample, and measure with infinite precision the
three-dimensional position from which it came, when it arrived, and all of its properties
(energy, polarization, phase). An exact three-dimensional map of the sample could then
be created with perfect fidelity. Unfortunately, these quantities can be known only to
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a certain finite precision, due to limitations in both engineering and fundamental
physics.

One common high-school application of optical microscopy is to look at small
objects, for example the underside of a geranium leaf. Micron-scale structure is easily
revealed in the top layer of plant cells. But structure much smaller than a micron (such
as individual macromolecules in the plant cell) cannot be seen, and looking deep into
the sample (e.g. tens of cell layers) leads only to a nearly featureless blur. Clearly this is
a far cry from the ideal microscope above.

Microscopes with improved resolution fall into two broad categories, near-field
and far-field. Near-field techniques rely on scanning a nanoscale optical probe only
nanometers above the surface of interest. Spatial resolution is then physically limited
only by the lateral size of the tip of the probe, and information can only be gathered
from the surface. This technique is the subject of another chapter in this text. In far-
field microscopy, a macroscopic lens (typically with mm-scale lens elements) collects
photons from a sample hundreds of microns away. Standard microscopes, like the one
used in high-school, are of this type. The light detected often comes from deep within
the sample, not just from the surface. Moreover, there are often enough photons to
allow collection times sufficiently brief to watch a sample change in real time, here
defined to be the video rate of about 25 full frames per second.

But all far-field techniques encounter the fundamental physical diffraction limit, a
restriction on the maximum spatial resolution. In the present parlance, the precision
with which the location of the volume generating a given detected photon (here
termed the illumination volume) can be determined is roughly the same size as the
wavelength of that photon [3]. Visible light has a wavelength of roughly a half micron,
an order of magnitude greater than the feature size of interest to nanotechnology.

At first blush, then, the idea that far-field optical microscopy can contribute much
to nanotechnology may appear absurd. However, a number of techniques have been
developed to improve the precision with which the spatial position of an illumination
volume can be determined. The most prevalent of these is confocal microscopy, the
main subject of this chapter, where the use of a pinhole can dramatically improve the
ability to see small objects. Other techniques have the potential for further improve-
ments, but none so far has been applied widely to systems relevant to nanotechnology.

Several terms are commonly used to describe improvements in “seeing” small
objects. Resolution, or resolving power, is the ability to characterize the distribu-
tion of sample inhomogeneities, for example distinguishing the internal structure of
cells in Hooke’s cork or the geranium leaf. Resolution is ultimately restricted by the
diffraction limit: no optical technique, including confocal, will ever permit resolution
of single atoms in a crystal lattice with angstrom-scale structure. On the hand, localiza-
tion is the determination of the spatial position of an object, and this is possible even
when the object is far smaller than the wavelength. Localization can be of an object
itself, if there is sufficient optical contrast with the surrounding area, or of a fluorescent
tag attached to the object. The former is generally more common in the investigation
of nanoscale materials, where in many instances (e.g. quantum dots) the nanomateri-
als are themselves fluorescent. The latter is common in biology, where the confocal
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microscope is often used to localize single-molecule fluorescent probes attached to
cellular substructures. But in many of these systems, the tags can be imaged without
confocality, such as in thin cells where three-dimensional sectioning is unneeded, or
when the tags are spaced out by microns or more.

Precise localization is of tremendous utility when the length scale relevant to the
question at hand is greater than the wavelength being used to probe the sample,
even if the sample itself has structure on a smaller length scale. For example, Brown
observed micron-scale movements of pollen grains to develop his ideas on motion,
while the nanoscale (i.e. molecular) structure of the pollen was entirely irrelevant to the
question he was asking. The pollen served as ideal zero-dimensional markers that he
could observe; their position as a function of time, not their structure, was ultimately
important. In many instances, the confocal plays a similar role, where fluorescent objects
serve as probes of other systems. By asking the right questions, the diffraction limit
only represents a barrier to imaging resolution, not a barrier to gathering information
and answering a properly formulated scientific question.

Ultimately, the confocal is not a fancy optical microscope that through special tricks
allows resolution of nanoscale objects. Rather, the confocal makes the greatest con-
tribution to nanotechnology with rapid, non-destructive three-dimensional nanoscale
localization of the sample area generating a given detected photon, and the analy-
sis (spectroscopy) of that photon. This localization property of the confocal allows
real-time spectroscopy of individual nanoscale objects, instead of ensemble averages. As
such, the confocal plays a singularly important role in the investigation of structure and
dynamics of systems relevant to nanotechnology, complementing the other techniques
described in this volume.

This review begins with a qualitative overview (no equations) of confocal micros-
copy, with a brief discussion of recent advances to improve resolution and localization.
Following that is a survey of recent applications of confocal microscopy to systems of
interest to nanotechnology.

2. THE CONFOCAL MICROSCOPE
2.1. Principles of Confocal Microscopy

Several texts comprehensively review the confocal microscope, how it works, and the
practical issues surrounding microscope construction and resolution limitations [4-7].
This section is a brief qualitative overview to confer a conceptual understanding of
what a confocal is, namely how it difters from a regular optical microscope, and why
those differences are important for gaining information from structures relevant to
nanotechnology. All of the applications of confocal microscopy described here rely
on fluorescence. That is, the incoming beam with photons of a given wavelength hits
the sample, and interactions between illumination photons and sample atoms generates
new photons of a lower wavelength, which are then detected. The difference in the two
wavelengths must be large enough to allow separation of illumination and detection
beams by mirrors, called dichroics, that reflect light of one color and pass that of
another. In practice, the separation is usually tens of nanometers or more.
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Objective
Lens

Optic z axis

Pinhole

Figure 1. Confocal schematic. Laser light (blue) is reflected by the dichroic, and illuminates the sample
at the focus of the objective. This excites fluorescence, and the sample then emits light at a lower
wavelength (red), which goes through the objective, passes through the dichroic, and is focused down
to a spot surrounded by a pinhole. Light from other locations in the sample goes through the objective
and dichroic, but is rejected by the pinhole (red dotted line). (See color plate 1.)

The noun “confocal” is shorthand for confocal scanning optical microscope. Parsing
in reverse, optical microscope indicates that visible radiation is used, and confocals are
often based on, or built directly as an attachment to, optical microscopes with existing
technology. Unlike traditional widefield optical microscopes, where the whole sample
is illuminated at the same time, in confocal a beam of laser light is scanned relative
to the sample, and the only light detected is emitted by the interaction between
the illuminating beam and a small sample illumination volume at the focus of the
microscope objective; due to the diffraction limit, the linear extent of this volume
is approximately the wavelength of light. In a confocal, light coming back from the
illumination volume is focused down to a another diffraction-limited spot, which is
surrounded by a narrow pinhole. The pinhole spatially filters out light originating
from parts of the sample not in the illumination volume. Because it is positioned at a
point conjugate to the focal point in the sample, the pinhole is said to be confocal to it,
and the pinhole allows only the light from the focused spot (that is, the illumination
volume) to reach the detector.

A schematic of a typical confocal is given in figure 1. Light from a laser beam is
reflected by a dichroic and focused onto a spot on the sample in the x-y plane by the
microscope objective. The optic axis is along the z direction. Light from the sample, at
a lower wavelength, comes back up from the illumination volume via the objective,
passes through the dichroic, and is focused onto a point, surrounded by a pinhole,
that is confocal with the objective’s focal point on the sample. The detected light then
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passes to the detector. The laser beam illuminates parts of the sample covering a range
of depths, which in an ordinary microscope contribute to the detected signal, and
blur the image out; this is the reason that, tens of cell layers deep, the image of the
geranium is blurry. In the confocal, however, the pinhole blocks all light originating
from points not at the focus of the microscope objective, so that only the light from
the illumination volume is detected; this effect is also known as optical sectioning.
Translating the sample relative to a fixed laser beam, or moving the laser beam relative
to a fixed sample, allows the point-by-point construction of the full three-dimensional
map of the sample itself, with resolution limited by the size of the excitation volume,
itself limited by the diffraction limit of the illuminating light.

2.2. Instrumentation

The different implementations of a confocal microscope differ primarily in how the
illumination volume is moved throughout the sample. The simplest method from an
optical standpoint is to keep the optics fixed, and translate the sample (figure 2a);
modern piezo stages give precision and repeatability of several nanometers. Ideal from
an image quality standpoint, as the optical path can be highly optimized and specific
aberrations and distortions removed, sample translation is also the slowest; moving the
piezo requires milliseconds, precluding the full-frame imaging at 25 frames/sec needed
to achieve real-time speeds.

For higher speeds, the beam itself must be moved. Two galvanometer-driven mirrors
can be used to scan the laser beam in x and y at up to a kilohertz, while maintaining
beam quality (figure 2b). While not quite fast enough to achieve real-time full-frame
imaging, commercial confocal microscopes based on galvanometers can reach about
ten full images a second, each with about a million pixels. Beam scanning is usually
accomplished much like that of a television, by first quickly scanning a line horizontally,
then shifting the beam (at the end of each horizontal scan) in the vertical direction,
scanning another horizontal line, and so on. Replacing the galvanometer mirror that
scans horizontally with an acousto-optical device (AOD) significantly increases speed
(the galvanometer is fast enough to keep up with the vertical motion). However, the
AOD severely degrades the quality of the beam, and image quality correspondingly
suffers. AOD-based confocals are primarily useful where gathering data at high speed
is more important than achieving high resolution, as is the case in dynamical situations
with relatively large (i.e. greater than micron-sized) objects.

Another major approach to increasing beam-scanning speed is to split the main laser
beam into thousands of smaller laser beams, parallelizing the illumination (figure 2c).
Each individual mini-beam then needs only to be moved a small amount in order for
the total collection of beams to image an entire frame. This typically involves a Nipkow
disk, where thousands of tiny microlenses are mounted in an otherwise opaque disk.
These focus down to thousands of points, surrounded by thousands of tiny pinholes
created in another disk. The laser light is thus split and focused, and then the multiple
tiny beams are focused onto the sample with a single objective lens. Light from the
multiple illumination volumes comes back up first via the objective and then through
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Figure 2. Confocal microscope instrumentation. (a) stage-scanning, in which the optical train remains
fixed and the stage is moved. (b) beam scanning, with two moveable mirrors that move the beam itself.
(c) Nipkow disk, where rotating disks of microlens and pinholes parallelize the illumination beam.
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the pinholes, then goes to the camera detector, where the thousands of mini-beams are
simultaneously imaged. By spinning the disk and arranging the holes in a spiral pattern,
full coverage of the frame can be achieved. The main advantage of this technique is
that image quality can remain high (no AOD, for instance), and speed can be increased
simply by spinning the disk faster. From an engineering standpoint, Nipkow disks
are durable and easy to fabricate with existing technology; their major drawback is
a total lack of flexibility: Nipkow disk systems are usually optimized for only one
magnification, and after fabrication, the size of the pinholes cannot be changed to
accommodate different conditions.

2.3. Techniques for Improving Imaging of Nanoscale Materials
2.3.1. 4-Pi Confocal

The biggest recent development in confocal microscopy has been the use of two
objectives, focused on the same point, to collect light. The name 4Pi microscopy has
been applied to this general technique, and is meant to evoke the idea that all of the
light is collected from a sample simultaneously (i.e. the 4 pi steradians of a complete
sphere); in reality, while most of the light is collected by the two objectives, they
cannot image the whole sphere [8]. A full discussion of the principles and advances in
4P1 confocal microscopy is beyond the scope of this article (see [7], [8]); only a brief
qualitative discussion to convey the underlying ideas behind the superior resolution of
4P1i confocal is included here.

A regular confocal rejects light coming from parts of the sample outside of the
illumination volume by means of spatial filtering through a pinhole, but even if it is
made arbitrarily small, the pinhole cannot localize the light coming from the sample
to better than within the typical size of this region (i.e. the wavelength) because of
diffraction. In addition, there is still a small contribution to the detected signal from
light outside of the focal point, though that contribution decreases with greater distance
from the focal point. Limitations to resolution therefore come from a combination of
the finite size of the excitation volume in the sample, and the imperfect discrimination
of the pinhole itself, both fundamental physical constraints inherent to the design of
a confocal microscope; they cannot be overcome simply with better implementation
of the same ideas. 4Pi confocal relies on coherent illumination or detection from both
objectives simultaneously, effectively doubling amount of light involved and creating
an interference pattern between the two beams. This allows a dramatic increase in axial
resolution, often around five-fold, though lateral resolution is unchanged.

From an instrumentation standpoint, there are three different types of 4Pi confocal
microscopes, A, B and C (figure 3). In type-A 4Pi confocal, illumination beams are sent
through both objectives and interfere in the sample; the light coming out of only one
objective is used for detection. This is the earliest, and simplest, system, and has thus
far been most widely used. In type-B, illumination occurs through just one objective,
but detection of interfering light from the sample comes through both objective lenses,
[9] and thus its theoretical optical properties are identical to that of type-A 4Pi [10]. In
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Figure 3. 4Pi Confocal configurations. (a) 4Pi-A configuration, with two illumination paths, but only
one detection path. (b) 4Pi-B configuration, with only one illumination path, but two detection paths.
(c) 4Pi-C configuration, with two illumination and two detection paths. (See color plate 2.)
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type-C, both illumination and detection are of interfering light in the sample volume,
through both objectives, [8] permitting even greater resolution [10].

Resolution is best understood in the context of the axial optical transfer function
(OTF), also called the z-response function. Qualitatively, the OTF shows the con-
tribution to the detected light from difterent depths in the sample (i.e. points along
the optical axis). An ideal microscope would have only light from a single point in
the focal plane contributing to the detected signal; in that case, the OTF would be
delta function at the focus of the microscope objective (figure 4a). In a regular con-
focal, instead of a single delta function, the effects of finite-sized illumination volume
and imperfect pinhole discrimination combine to smear out the delta function into
a nearly gaussian OTF (figure 4b); with 633-nm HeNe laser illumination, the OTF
of a regular confocal has a full-width at half~maximum (FWHM) of 500 nm (theory
and experiment) [10]. In 4Pi confocal microscopy, the counter propagating light waves
of the same frequency and intensity that illuminate the sample create an interference
pattern (a standing wave). Instead of a simply gaussian shape, the OTF now has one
central peak and several so-called “side-lobes” (figure 4c,d) The main advantage is that
this central peak has a far narrower FWHM, theoretically calculated to be 130 nm
for type-A (and thus for the optically equivalent type-B) and 95 nm for type-C, and
measured at 140 nm and 95 nm, respectively [10]. The width of the central peak is
independent of the relative phase between the two illuminating wavefronts (i.e. con-
structive or destructive interference are equivalent), [11] but nevertheless comes at the
cost of having prominent side-lobes. That is, there is now a greater contribution to the
light detected through the pinhole from some points farther away along the optic axis
from the focal point than from some points closer, which creates artifacts. Almost all
of the more recent technological developments in the 4Pi area have focused on optical
“tricks” to eliminate the effects of those side bands: spatially filtering illuminating light
beams with specifically-placed dark rings [12, 13] or illuminating with two photons
[14, 15] to cut off the light that contributes mainly to side lobes, and computational
modeling of an ideal microscope to reconstruct an “ideal” image from real data in
a process known as deconvolution [15—17]. Such techniques have yielded a confocal
with an effective point-spread function with a width as small as 127 nm for a type-A
4Pi confocal, with no significant contribution from the side lobes (figure 4e), [12]
allowing sub-10 nm distances between test objects to be measured with uncertainties
less than a single nanometer [18].

Such high resolution may finally allow direct imaging of nanoscale structures, and
Leica Microsystems has just introduced the first commercial 4Pi system, the TCS 4PI,
in April 2004 (figure 5). Nonetheless, there still remain some limitations to current 4Pi
technology. The number of optical elements to be aligned and controlled in a 4Pi setup
is at least twice that of a regular confocal, and since the stage is usually scanned in a 4Pi
setup, scanning speeds are much lower, requiring minutes to image a full frame. While
fast enough to image stationary samples like fixed cells, [19] or even slow-moving
live ones, [20] this is too slow to monitor most real-time dynamics at present, though
scanning speed can be improved by using multiple beam scanning techniques in setups
similar to the Nipkow disk, cutting imaging time down to seconds [21].
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Figure 4. Z-response functions for various types of microscopes. (a) ideal imaging system, with a
deltafunction at z=0. (b) typical confocal microscope, with a gaussian profile. (c) 4Pi-A microscope.
(d) 4Pi-C microscope. (e) 4Pi-A with Dark Ring to reduce side lobes. Reproduced from [8], [12]

2.3.2. Other Optical Techniques to Increase Resolution

Several other far-field optical techniques have achieved high resolution without spatial
filtering by means of a pinhole. As they are neither confocal techniques, nor have been
widely applied to systems relevant to nanotechnology, they will receive only brief
mention.

Removing the pinholes and illuminating with an incoherent (non-laser) source in
the 4Pi-A, 4Pi-B and 4-Pi-C geometries results in a setups known as M, I’M, and
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Figure 5. Leica TCS 4PI confocal microscope. (1) objective lenses, (2) sample holder, (3) mirrors,
(4) beam splitter. Courtesy of Leica Microsystems, Heidelberg GmbH.

I°M, respectively [22, 23]. Compared with 4Pi, these widefield techniques show an
equivalent increase in axial resolution, though the lateral resolution is not as great. The
main advantage is collection speed: light is collected from the entire imaging plane
at once, as there is no beam to be scanned. The major drawback is the requirement
for a large amount of computationally intense deconvolution to obtain images. Other
techniques have used different geometries, objectives, mirrors, or multiple photons for
illumination, but none thus far has achieved better resolution than 4Pi or I°M, and
have not been applied widely to systems of interest to nanotechnology; an excellent
survey comparing the techniques is given in [24].

A couple of non-traditional optical techniques have also increased resolution in novel
ways. Placing a solid hemispherical lens against the surface of the sample (figure 6a)
can improve resolution to a few times better than can be achieved with only a regu-
lar objective, with light collection efficiency improved five-fold. Interestingly, these
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Figure 6. Other components to increase resolution. (a) Solid immersion lens, placed up against the
sample. (b) 2x 1 optical coupler to interfere the light from the two fibers.

improvements still persist even if the lens is slightly tilted, or there is a small air gap
between the lens and the sample [25]. Also, common light detectors (PMT, APD, CCD)
collect only intensity information, and can not measure phase directly. Interfering two
beams, however, creates the a single output beam whose intensity is directly dependent
on the phase difference of the two interfering beams. In practice, light can collected
from two optical fibers (in place of the pinhole at the detector of the confocal), one
along the optic axis, and one slightly displaced in the lateral direction. The signals
from the two fibers are then interfered in a 2x1 optical fiber coupler (figure 6b),
which creates a single output beam whose intensity is measured. This interferometric
technique is sensitive to single nanometer displacements on millisecond timescales
[26]. Though not strictly an optical technique, another way to increase localization
precision is to use objects that emit several colors. By detecting the different colors
in separate channels, then combining the position data from difterent colors, the final
position of the objects can be determined to an accuracy of better than 10 nm; [27, 28]
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the technique has also been used in 4Pi confocal setups [29] to achieve localization
with single nanometer precision [30].

3. APPLICATIONS TO NANOTECHNOLOGY

As previously mentioned, the main contribution of confocal microscopy has not been
to image nanoscale objects with light, but rather to use the capability to analyze
the photons that have interacted with nanoscale structures, looking at their energies,
temporal distribution, polarization, etc. As a result, the confocal can play a unique
role in gathering information that can be obtained with no other technique. Many of
the advances have come from the confocal’s ability to characterize the properties of
individual nanoscale objects, where previously only bulk ensemble averages could be
measured. The discussion of how the confocal has been harnessed to gain information
from nanoscale systems is organized by dimensionality of the system, in decreasing
order.

3.1. Three-dimensional Systems
3.1.1. Nanoemulsions

An emulsion is a mixture of two immiscible liquids: small droplets of the first liquid are
dispersed in the second one, called the continuous phase. Such a mixture is intrinsically
unstable, and droplets will coalesce unless a surfactant is added to the continuous phase.
The surfactant helps to stabilize the interface between the two liquids by reducing the
surface tension between them. Except in the case of microemulsions, emulsions are
thermodynamically unstable [31]. Aging leads to a change in the size distribution of
the droplets, and occurs via two mechanisms: coalescence, where smaller droplets
combine to form larger ones, and Ostwald ripening, where larger droplets grow at the
expense of smaller ones via diffusion of molecules through the continuous phase.

Confocal observation of the changing fluorescence intensity of single nanodroplets
(as small as 50 nm) flowing through a capillary tube permitted investigation into the
fundamental process of emulsion coarsening in a way not accessible to bulk measure-
ment: the rate of drop growth could be measured for single nanoscale drops in the
confocal, not a statistical average for the emulsion as a whole. The work demon-
strated that Ostwald ripening and coalescence were occurring at different stages of
emulsion coarsening, [32] and dye diftusion was further studied by looking at fluores-
cence dynamics in mixtures of undyed and dyed emulsions [33]. Potential applications
as isolated containers make nanoemulsions particularly interesting: encapsulation of a
water-insoluble drug compound into the oil droplets of a nanoemulsion may allow
controlled delivery of a substance to a designated target area in the body. Confocal has
been used to monitor the uptake of dyed diblock copolymer nanoemulsions into cells,
[34] and the targeted delivery to cell organelles, each dyed a difterent color [35].

3.1.2. Nanocapsules

Nanocontainers can also be created by coating colloidal spheres, nanocrystals or other
templates, then dissolving out the core to leave a rigid hollow shell, contrasting the
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“soft” surface of an emulsion. The templates have designable properties and are typically
micron-sized; the term nanocapsule refers to the controllable organization of wall
layers: starting with a charged core, layers of alternating charged polyelectrolytes can
deposited with nanometer thicknesses in a technique known as layer-by-layer (LBL)
self~assembly. The chemistry of the polyelectrolytes can be varied significantly, and
they can also serve as hosts for a variety of other materials, particularly ones with
interesting photonic properties [36].

Confocal characterization has been used for real-time, three-dimensional imaging
of the growing nanocapsules and subsequent core dissolution in a number of systems:
single-walled containers templated around a cadmium carbonate core, [37] concentric
sphere-in-sphere nanocapsules more mechanically robust than their single-wall coun-
terparts, [38] nanocapsules with silver ions in the walls for designable catalysis, [39]
biocompatible nanocapsules labeled with luminescent CdTe nanocrystals, [40] and
nanocapsules constructed by LBL assembly of dendrimers, large branching macro-
molecules with fractal structure [41].

Nanocapsules can also provide a controllable local environment for investigating
nanoscale chemical reactions. LBL assembly and tuning the external environment
allow very fine control over the permeability of the capsule to small molecules and
ions, so that large enzyme molecules can be held inside nanocapsules whose walls are
permeable to a fluorescent substrate [42]. By monitoring the fluorescence changes in
real-time, the confocal gives a unique, quantitative, single-molecule view on enzyme
activity, [43] where previous techniques have only allowed bulk measurement of average
activity; without the confocality, there is no way to isolate a single nanocapsule for
study. Similarly, a pH gradient can be created between the inside and outside of a
nanocapsule, and the confocal has monitored selective pH-induced precipitation of
iron oxide nanocrystals inside single nanocapsules [44].

3.1.3. Other Three-dimensional Nanostructures

The confocal’s ability to spatially resolve spectral information in three dimensions has
been used to characterize the nanostructure of other heterogeneous materials. These
systems may be constructed of different phases, such as the low-temperature Shpol’skii
systems, where confocal spectroscopy was used to quantify preferential alignment of
individual aromatic hydrocarbons molecules in a host of alkanes [45]. The confocal can
also image the negative space in a porous material (e.g. nano-scale holes or pores) filled
with dye, such as the spaces between layers of hydrotalcite-like compounds, including
anionic clays and layered double hydroxides [46].

3.2. Two-dimensional Systems
3.2.1. Ferroelectric Thin Films

Even in the absence of an external electric field, ferroelectric materials exhibit an elec-
tric dipole below a certain transition temperature, and they are the electric-field analog
of a ferromagnet [47]. Above this transition temperature, the net electric dipole is no
longer present, but ferroelectric materials still have a nonlinear dielectric constant useful
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for creating elements (such as capacitors and phase shifters) in microwave integrated
circuits for insertion into wireless and satellite communications devices [48]. These
materials, often based on the barium/strontium titanate (BST) perovskite structure,
have difterent properties whether in bulk or in a thin film.

Here, the confocal microscope has not contributed as a light-based imaging device
in the traditional sense; rather, its capabilities to place a probing electric field precisely
have been leveraged in a unique way to probe the physics of ferroelectrics [49-51].
First, pumping a BST thin film with a micron-scale capacitor aligns the film’s molecular
dipoles with an external electric field. After a controllable delay time, during which
these dipoles begin to relax, the confocal microscope places a diffraction-limited spot of
light at a particular location on the surface of a thin film. The electric field component
of the illuminating laser beam serves as a sensitive probe, with emitted light having
a different polarization or intensity as a result of its interaction with the ferroelectric
material. Position and delay time are varied, with submicron and picosecond control.
Changes in the emitted light from BST films grown under different pressures of oxygen
suggest that reorientation of polarity on the nanoscale level is ultimately responsible
for changes in ferroelectric behavior [52].

3.2.2. Nanopores, Nanoholes and Nanomembranes

The confocal has also been used to characterize the spatial distribution of negative space
in two-dimensional systems, such as nanopores in titania thin film solar cell electrodes,
[53] luminescent conjugated polymers in nanoporous alumina, [54] and pieces of
fluorescently-labeled cell membrane stretched over nanoscale holes in silicon nitride
[55]. This last technique is favored for AFM and other scanning-probe investigations of
membranes, as isolated suspended membrane patches have improved stability and access
relative to whole cells, and nanoholes are easily created with standard photolithography
techniques. While SEM can characterize coverage of a cell membrane suspended over
a nanohole, it is a two-dimensional technique that cannot discriminate between a
suspended cell membrane and a pile of cell debris sitting on the silicon nitride surface.
The three-dimensional sectioning ability of the confocal plays a critical role here:
monitoring the height-dependence of fluorescence intensity yields a depth profile of
fluorescent cell material, quickly distinguishing freely suspended cell membranes as
small as 50 nm on a side [55].

3.3. One-dimensional Systems
3.3.1. Carbon Nanotubes

The bulk processes (e.g. carbon vapor deposition) that create carbon nanotubes typi-
cally yield a mixture of diameters, lengths, and structures, each with different physical
properties. A major goal of nanoengineering is narrowing the distribution of sizes
and structures to create materials with better-defined properties. Although the typical
nanotube diameter of a few nanometers is well below the threshold of optical visibil-
ity, differences in nanotube structure measurably change Raman spectral profiles. This
confers upon the confocal a singularly important role in nanotube characterization,
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as its combination of spatial and spectral resolving capacity allow it to characterize
individual nanotubes at speeds far greater than those accessible to other techniques.
Characterizable attributes include nanotube diameter, (n,m) chirality, [56, 57] and
electrical conductivity, [58] as well as distinguishing single-walled from multiple-
walled, [59] and free-standing from bundled nanotubes on insulating and conducting
surfaces [60]. Confocal studies have been combined with AFM to better character-
ize the diameter-dependence of Raman peaks, [58] and with HRTEM to precisely
correlate atomic structure with spectral properties of the same nanotubes [61]. The
confocal’s high-speed, single nanotube characterization ability has also been harnessed
as a screen in parallel microarray applications, including carbon vapor deposition on top
of a microarray of different liquid catalysts to optimize synthesis, [62] and a microarray
constructed by linking DNA covalently to nanotubes to test sequence-specific binding
interactions [63].

3.3.2. Nanowires

Confocal Raman spectroscopy has also characterized other one-dimensional systems.
Raman spectra of silicon nanowires (5—15 nm) collected at low laser power match those
of bulk silicon. But as power of the confocal’s illuminating laser was increased, the
Raman peaks shifted from those of bulk silicon in a way not consistent with quantum
confinement effects, but rather suggesting that the laser is heating the wire itself [64].

3.4. Zero-dimensional Systems
3.4.1. Luminescent Nanocrystals (Quantum Dots)

Nanocrystals are crystals ranging in size from nanometers to tens of nanometers, large
enough so that single atoms do not drive their dynamics, while still small enough for
their electronic and optical properties to be governed by quantum mechanical effects.
Under confocal microscopy, where their size precludes resolution of their features, they
effectively behave as zero-dimensional points. Of the common synonyms, including
‘nanoparticle’ and ‘quantum dot,” only nanocrystal will be used here. The confocal
has been used in two broad areas: spectrally characterizing individual nanocrystals,
where confocality is required to isolate individual particles, and localizing nanocrystals
as point tracers in other systems, utilizing the capability of three-dimensional, real-time
localization.

Recent examples of confocal characterization of the energy spectra of individual
nanocrystals include cryogenic (20 K) imaging of single 7-nm ZnS nanocrystals, [65]
and characterization of the optical extinction properties of nanocrystals created by
conventional nanosphere lithography [66]. Quantifying the temporal dynamics of the
intermittent fluorescence (blinking) typical of nanocrystals yields information on their
electronic structure, and the fast on-and-off fluorescence can be captured with high-
speed optical detectors, like the photomultiplier tube (PMT) or the avalanche photo-
diode (APD), attached to the confocal. Studies of individual CdSe nanocrystals over-
coated with ZnS have shown that several energy levels may drive the optical behavior,
[67, 68] with similar results found for InP nanocrystals [69]. Measuring energy spectra
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over time has quantified changes due to oxidation of nanocrystals in air (versus no
change in pure nitrogen), [70] and the size and surface-property dependence of the
behavior of silicon quantum dots, both porous [71] and crystalline stabilized with an
organic monolayer [72]. By splitting the light coming back from the sample, sending
half to an APD and the remainder through a prism onto a CCD, high resolution time
and spectral data can be collected simultaneously. This analysis, in combination with
TEM of the same individual nanocrystals to correlate optical properties with atomic
structure, has shown that a single crystalline domain is not required to achieve fluo-
rescence [73]. Finally, to characterize the heavy dependence of fluorescence behavior
on nearby conductors, confocal microscopy imaged a fluorescent dye attached to both
bulk gold and gold nanocrystals on the same substrate. While the dye attached to bulk
gold was quenched, since the energy absorbed by the fluorophore gets transferred to
the sea of electrons in the metal, dyes attached to nanocrystals remained bright, as there
is no bulk into which to transfer electrons [74].

The confocal has also been used to localize nanocrystals embedded in other systems.
This has aided synthesis of organic nanocrystals grown in inorganic sol-gel coatings,
with confocal characterization of their size and distribution allowing systematic explo-
ration of the phase space of the main synthesis parameters [75]. Embedding nanocrystals
within polyelectrolyte layers in LBL assembly allows nanometer control of thin-film
coatings that can be applied to three-dimensional objects of complex geometry, whose
luminescent properties are then determined by the nanocrystals. Three-dimensional
sectioning in the confocal has been crucial to characterizing these coatings, which have
been applied to cylindrical optical fibers[76] and spherical latex colloidal particles [77].
In addition, the confocal has been used to characterize the three-dimensional struc-
ture of micron-sized domains of nanocrystals, including silver nanocrystals embedded
between two layers in a thin film and coalesced by irradiation with a high-intensity
laser beam to create planar diffractive and refractive micro-optics, [78] and silicon
nanocrystals patterned onto surfaces by directing a stream of silicon atoms through a
mask for nanofabrication of light sources from all silicon with pre-existing tools from
the electronics industry [79].

In addition to these static applications, the real-time imaging capability of the
confocal is useful for monitoring nanocrystal dynamics at higher speeds. Confocal
microscopy has been combined with flow cytometry to image and count fluorescent
nanoparticles in a fluid flow, yielding real-time information on their concentration
[80]. Fluorescent colloidal nanospheres have been coated on one side with gold, yield-
ing an opaque hemispherical metal coating that appears dark, and floated on the surface
of aliquid. Light intensity levels of individual nanospheres can be correlated with angu-
lar orientation, allowing real-time imaging of Brownian rotational diffusion to study
molecular interactions, particularly the preferential attraction of fluid molecules toward
one hemisphere over the other [81]. Metal oxide nanocrystals and their halogen adducts
have been shown to kill bacteria, and a combination of confocal microscopy and elec-
trostatic measurements has demonstrated that the particles and bacteria attracted each
other on account of their electric charge, shedding light on nanoscale electrostatics
in solution [82]. Finally, the active transport of single nanocrystals by a dynein motor
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protein along microtubules in live cells has been imaged in real time with a Nipkow disk
confocal; interestingly, contrasting the blinking typical of nanocrystals in free solution,
these nanocrystals in live cells have nearly constant intensity [83].

3.4.2. Viruses

Far-field confocal microscopy has been combined with a near-field scanning ion
microscopy in water, with a micropipette carrying an ion current tens of nanometers
from an optically invisible cell membrane surface to map topography. This technique
has been used to image virus-like particles, nanospheres composed of a few hundred
viral proteins enclosing DNA, and their absorption into cells. The biological motiva-
tion is to understand how viruses infect living cells, but more generally, the investigation
demonstrates confocal three-dimensional, real-time localization of a nanoscale object
relative to an optically invisible surface [84].

By manipulating the genetic code of viruses, proteins on their surfaces can be mod-
ified to achieve desired properties in a technique called phage display, which early on
was used to optimize highly-specific binding of viruses to a variety of semiconductor
surfaces [85]. More recently, phage display has been used to control the morphology
of calcium carbonate crystals precipitated from solution in the presence of viruses that
template the crystals, in an effort to better understand biomineralization. While scan-
ning electron microscopy can image and characterize the inorganic calcium carbonate
after growth was stopped, confocal microscopy allowed three-dimensional localization
of the fluorescently-labeled viruses relative to the growing crystals [86].

3.4.3. Single Molecule Studies

Confocal studies of single molecules fall into two broad groups: spectral character-
ization of single molecules, and localization of fluorescent molecules as tags. Static
single molecule systems characterized include individual dye molecules over a range of
temperatures from liquid helium to room temperature, [87] and optimized mutations
of the fluorescent protein GFP in various three-dimensional substrates; [88] dynami-
cally, time-correlation spectroscopy in the confocal has been used to measure solution
concentrations down to 1071 M [89]. While confocality may not be strictly neces-
sary for these studies, increased resolution helps to isolate individual molecules. The
confocal has also been used for three-dimensional localization of single fluorescent dye
molecules attached as tags to another object of interest, such as single molecules inside
a living cell, [90] or correlating emission spectra of molecules on a mica substrate with
AFM data to develop a way measure topography optically [91].

4. SUMMARY AND FUTURE PERSPECTIVES

Confocal microscopy extends the characterization of ever smaller objects with optical
microscopy to the nanometer scale. By using a pinhole to restrict detected light to only
that coming from the focus of the microscope objective, the confocal allows three-
dimensional sectioning and localization, often at rapid rates with proper scanning
techniques. Spatially resolved spectroscopy has allowed investigation of a broad variety
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of systems of interest to nanotechnology, providing information accessible to no other
technique.

Further developments may be anticipated in several areas. 4Pi-C confocal has already
achieved resolution in the sub-100 nm range that defines “nanoscale;” it is possible that
novel optical techniques will improve this even further. Other evolutionary engineer-
ing improvements will surely increase speed, perhaps allowing real-time 4Pi imaging
comparable to regular confocal by using beam parallelization in the same spirit as the
Nipkow disk.

The capabilities of the confocal to answer new kinds of questions are also being
developed rapidly, in no small part due to the low cost and relative ease of construction
of off-the-shelf laboratory optical components used to build instrumentation ancillary
to the confocal. A large fraction of the applications described in this review utilized
some form of home-built hardware, a trend which will surely continue. Spectroscopy
will likely become faster, allowing the characterization of the changes in spectra on
shorter timescales, with the ultimate goal of studying changes in single molecules, a new
field with some early applications described. Better understanding of the behavior of
isolated nanoscale objects will use the confocal microscope’s three-dimensional, real-
time localization capability to study not only the dynamics of single particles, but
also the behavior of systems of thousands, or perhaps even millions, of particles with
controllable interactions. Clearly, the unique capabilities of the confocal microscope
will ensure its contribution to the development of nanotechnology for the foreseeable
future.
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1. SCANNING NEAR-FIELD OPTICAL MICROSCOPY AND NANOTECHNOLOGY

The skills of Swiss watchmakers a couple of centuries ago started a trend of minia-
turization aiming at controlling the material world on increasingly smaller scales.
This trend never stopped ever since. The emerging field of nanoscience is leading
to unprecedented understanding and control over the fundamental building blocks of
matter. What was a playpen for physicists, chemists, and biologists, is rapidly evolv-
ing to mature technology and engineering. The possibility of artificially synthesized
nanodevices that could become the basis for completely new technologies is the main
driving force of today’s investors. The way individual units organize into nanoscale pat-
terns determines important material functionalities, including electrical conductivity,
mechanical strength, chemical specificity, and optical properties. To map out the land-
scape of this nanoscale territory, new characterization tools have to be developed.
The family of scanning probe microscopes offered scientists to zoom in on previously
hidden nanoscale features. While the nanometric stylus of a scanning tunneling micro-
scope travels over a sample surface like a blind’s person stick, much could be learn if
this stick was equipped with a “nano-eye”, which optically look at the surface.
Extending optical perception to increasingly finer scales permitted early scientists to
discover natural laws otherwise invisible. Over nearly 4 centuries, the basic design of a
microscope did not really change conceptually. The legacy of Van Leeuwenhoek and
Hooke is still a prime scientific tool. With the improvement of lenses in the 18" and
19% centuries, especially the effort done to correct aberrations, microscopists rapidly
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pushed the optical microscope to its fundamental limit: the maximum resolving power
of a microscope is governed by diftraction of light. The image of a point source is not a
point! This limitation, imposed by the very nature of light, was predicted by E. Abbe [1].
Lord Rayleigh in the 19™ century expressed the resolution barrier in a very concise
form known as the Rayleigh criterion [2]. In a visionary idea, E. H. Synge predicted
in 1928 that the diffraction limit could be overcome by reducing the illuminating light
source to a volume smaller than the wavelength [3]. By raster scanning this source in
close proximity over a sample surface provides an image with lateral resolution better
than the one imposed by the diffraction limit. The experimental realization of the
forgotten idea was independently achieved in Switzerland [4] and in the U.S [5] in the
early eighties, soon after the discovery of the scanning tunneling microscope. Scanning
near-field optical microscopy (SNOM or NSOM) was born and adds its name to the
growing family of scanning probe microscopes.

Optics provides a wealth of information not accessible to other proximal techniques.
The photon, as an observable, can reveal the identity of molecules, their chemical,
material, and electronic specificity. Scanning near-field optical microscopy provides
the “nano-eye” in the form of a nanometric light source confined at the end of a
tip. An obvious advantage of the technique over many others is its versatility. The
method has been successfully used in various environmental conditions, including low
temperature, high vacuum, and in liquids depending on sample requirements. There
are no fundamental restrictions on the object under investigation either. The sample
can be transparent or opaque, flat or corrugated, organic or semiconductor. . .

Although technical issues rather than fundamental limits prevented near-field optics
to advance to arbitrary high resolution, recent advances in nanofabrication and a better
understanding of optical interactions on the nanoscale will potentially enable SNOM
to be a prime characterization tool, in the same way as optical microscopy in the past
centuries.

2. BASIC CONCEPTS

The angular representation of the field in a plane z = z) near an arbitrary object can
be written as:

Bx, y, 20) = //A(kx, k) exp i <kxx + kyy + 204/ (k] — k2 — k%)) dky dk,, (1)

where A(k,, k,) represents the complex amplitude of the field, and ky = w/c is the
vacuum wave vector. Equation (1) is basically the sum of plane waves and evanescent
waves propagating in different spatial directions. Wave vectors k, and k, smaller than kg
constitute homogenous plane waves that propagate in free space. Wave vectors satisfying
this condition have low spatial frequencies. Typically, a lens of a microscope collects
wave vectors that are confined to [0..k,, = nw sin@/c], where 0 is the semi-aperture
angle of the lens and # is the refractive index. In terms of resolution, the distance Ax
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between two point-like objects that can just be resolved with a conventional optical
microscope using coherent illumination is given by:

Ao
Ax =0.82———, ()
n sin 6

where X( is the illumination wavelength in vacuum. This equation, derived from
Abbe’s theory, represents the theoretical resolution given by the diftraction of light.
According to Eq. (2), the separation Ax can be decreased by using shorter illumination
wavelengths (UV microscopy), and/or by increasing the index of refraction (oil or water
immersion objectives, solid immersion lenses) and/or by increasing the collection
angle 6.

The integration in Eq. 1 runs also over k, and k,, values that are larger than @/c. Con-
sequently, the field components become evanescent. The electric field of evanescenet
waves propagates in the x, y plane but is exponentially attenuated in the z-direction.
These fields, associated with high spatial frequencies (fine details of an object), are
not detected by the objective of a classical microscope. In order to achieve superres-
olution, the variations of the field in the immediate vicinity of the object have to be
collected. The collection of evanescent waves is the basis of scanning near-field optical
microscopy.

Evanescent waves can be converted to propagating radiation by local scattering. The
smaller the scatterer is and the closer it is placed near the surface of an object, the better
the conversion will be. According to Babinet’s principle, local scattering is analogous
to local illumination. This means that the small details of an object can be accessed
by either scattering the evanescent fields created by the object with a small scattering
center or by illuminating the object with evanescent fields created by a local source.
The field produced by the local source is converted into farfield components by the
minute dimensions of the object. The combination of the reciprocity theorem and
Babinet’s principle is at the origin of numerous possible arrangements used in near-
field optical microscopy. Although they are phenomenologically different, they are
conceptually identical and lead to similar results. The choice of one arrangement over
another is mainly driven by the optical characteristics of the sample. A more detailed
description of common configurations will be described later.

3. INSTRUMENTATION

Scanning near-field optical microscopy belongs to the family of proximal probe
microscopy such as scanning tunneling (STM) and atomic force microscopy (AFM).
In these techniques, high resolution is achieved by minimizing the interaction volume
between a probe and an object. The probe takes form of a tip where only the very
apex is responsible for the interaction. Similarly, near-field optics uses a small probe to
confine an optical interaction between probe and sample. Control over probe manu-
facturing is a prerequisite for routine high-resolution imaging. Unlike the successful
batch microfabrication of AFM cantilevers, the fabrication of near-field probes is the
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Figure 1. Schematic of a near-field optical microscope. A near-field probe confines an optical interaction
to dimensions much smaller than the wavelength. A photodector collects the optical response for each
probe position. The signal is read by an acquisition module, which reconstructs a two-dimensional optical
image of the surface. A feedback system controls the distance between probe and sample surface to a few
nanometers. Finally, a scanning stage translates the sample (or the tip) in a lateral direction.

Achille’s heel of SNOM. A discussion of the role of nanotechnology in probe manu-
facturing will be reviewed in the next section.

The basic units forming a near-field microscope are very similar to an AFM or a
STM. As depicted in Figure 1, it consists of (i) a near-field probe confining an optical
interaction to dimensions smaller than the wavelength, (ii) a scanning stage permitting
to move the sample or the tip laterally, (iii) a photodetector to collect the response
of the optical probe-sample interactions, and finally (iv) an acquisition software to
reconstruct an optical image. SNOM specifications require that the tip sample dis-
tance should be controlled with sub-nanometer precision and shear-force regulation
[6] based on quartz tuning fork is extensively used [7]. The damping of a laterally oscil-
lating tip caused by the mechanical interactions with the surface (shear forces) depends
on the tip-sample separation. This damping signal is fed to a feedback mechanism
(v), which controls the distance between tip and sample via a piezoelectric actuator
(not shown).

3.1. Probe Fabrication

In order to retrieve the high spatial frequencies of an object, a probe is brought in
close proximity of the object’s surface. An image is reconstructed by scanning the
probe in the plane of the sample. The lateral resolution in a near-field optical image
is determined, to first approximation, by the size of the optical probe. However, the
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fabrication of optical probes with sub-wavelength dimensions is technically challeng-
ing, and nanotechnology plays an important role in the fabrication processes.

3.1.1. Optical Fiber Probes

Sharply pointed optical fibers are widely employed in scanning near-field optical
microscopy. These probes can be used as local scatterers or as nanosources. Optical
fibers have the advantage of low fabrication costs and low propagation losses. The
guiding properties of these waveguides fulfill the conditions needed for near-field
applications to a large extent. Polarization for instance, can be accurately controlled in
the fiber. It finds important applications for the interpretation of contrast [8]. Further-
more, the operation wavelength of fibers spans from the visible to telecom wavelengths,
which can be useful for recording spectroscopic information.

The central step in probe manufacturing is the formation of a taper region to form
a nanometric glass tip terminating one end of the fiber. Two methods are usually
employed. One approach, the so-called pulling technique, is adopted from microbi-
ology where it is used to produce micropipettes. A pulled fiber is obtained by locally
melting the glass with the help of a CO; laser or a hot coil. Springs attached to both
ends pull the fiber apart resulting in two tapered ends [9]. In elaborate commercially
available puller, parameters such as heating time, pulling force or delay time can be
adjusted to control the shape of the taper. The surface of the taper is usually very
smooth as a result of the local melting during the pulling process. The end of the fiber
is commonly terminated by a plateau, which can vary in size depending on the pulling
parameters. Alternatively, glass is a material that can be etched by chemicals such as
hydrofluoric acid (HF). A bare glass fiber (without the protective polymer jacket) is
dipped into a bath of HE The surface tension of the liquid forms a meniscus at the
interface between air, glass, and HE A taper is formed due to the variation of the
contact angle at the meniscus while the fiber is etched and its diameter decreases [10].
The surface tension can be modified by the addition of surface layer atop the HE As a
result, the cone angle of the taper can be slightly varied. This function is more difficult
to control with the pulling technique. A striking difference, as compared to a pulled
fiber is the surface roughness of the taper. The acid leads to irregular surfaces because
of inhomogeneities in the glass and because of the sensitivity of the technique to out-
side perturbations (temperature, vibrations . . .). Alternative etching techniques have
been developed to improve the surface roughness. Among them, is the tube-etching
technique [11, 12] or buftered HF solutions [13] that tend to reduce the influence
of external perturbations. A comparison between mechanically pulled and chemically
etched fibers is provided in Refs [14, 15]. Without going into details, pulled fibers have
small cone angles which are not favorable for high throughput [16] and have a flat end
face that somewhat limits the size of the tip. On the other hand, their smooth surface
benefits the deposition of homogeneous metal coatings as discussed later. Etched fibers
have a rough surface caused by the acid attack. Consequently, the quality of a deposited
metal coating is not as good. The main advantage of etching is that the cone angle of
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the taper can be varied and the transmission of metal-coated probes can be drastically
improved [16].

3.1.2. Aperture Formation

The guiding properties of an optical fiber are well understood [17]. In the taper region,
a propagating mode becomes increasingly delocalized, i.e., the field reaches out of the
fiber core [18, 19]. The consequence is that while the extremity of the fiber can be a
few tens of a nanometer, the spatial extension of the mode exceeds this dimension by
far. To confine the mode and to guide it to the very tip, a metal coating is deposited
on the outside surface of the fiber. The layer acts as a reflector and therefore prevents
the light to spread out of the fiber. Aluminum, silver and gold are the most commonly
used materials owing to their good optical properties at visible wavelengths (small skin
depth and high reflectivity). If the metal coating covers the entire taper region, the
fiber will be opaque and no light will be transmitted or collected. For the light to
escape, a sub-wavelength hole-or aperture-is needed at the very apex of the coated tip.
The fabrication of such an aperture with nanometer sized dimensions poses a variety
of technical difficulties. These are discussed in the next sections.

A) SQUEEZING TECHNIQUE In the early work of D. W. Pohl et al., a completely
metal-coated optical waveguide was squeezed towards a hard surface in order to press
the metal away from the foremost end. Applying an offset voltage on an extendable
piezoelectric tube can control the pressure on the tip. Cold deformation and abrasion
take place at the end of the tip eventually forming a tiny aperture [4]. Monitoring
the light throughput of the tip controls the formation of the aperture. The obtained
apertures are fairly small (~80 nm) and the end faces are flat. This technique provided
high-resolution images on individual fluorophores [20] and seems to regain some
attention recently.

B) SHADOWING TECHNIQUE The most widespread technique to produce a small
aperture uses the so-called shadowed evaporation scheme. In this approach, the aper-
tures are produced at the time of metallization in an evaporation chamber. A metal
coating is deposited such that the very apex of a fiber tip is left uncoated. This is
accomplished by evaporating the metal in a direction slightly inclined to the tip axis. A
homogeneous film thickness is deposited around the fiber by rotating the fiber during
the evaporation process. This method is well suited for the fabrication of apertures of
many tips at once. Unfortunately, the aperture shape and diameter are not reproducible
between successive evaporations or even between tips evaporated at the same time. The
main reason of the poor reproducibility is the number of parameters involved: tilt angle,
distance to the source, rotation speed, evaporation rate, base pressure and film thickness.
Furthermore, the intrinsic roughness of the metal surface also influences the quality of
the apertures. An example is shown in Figure 2(a) where an electron microscope was
used to image the end face of a tip. The aluminum layer is readily seen in the image.
It is surrounding a dark center representing the physical aperture. An aluminum grain
is obscuring part of the opening leading to an asymmetric aperture.
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Figure 2. Gallery of apertures produced with different approaches listed in the text. (a) Shadowing
technique. Courtesy of B. Hecht, University of Basel. (b) Electroerosion. (c) Focused ion beam milling.
Courtesy of Th. Huser, Lawrence Livermore National Laboratory. (d) Cantilever probe. Courtesy of
L. Aeschimann and G. Schiirmann, IMT Neuchatel.

C) ELECTRO-EROSION The properties of solid amorphous electrolytes such as
AgPO;:Agl compounds provide a unique capability of material transport through
a nanoscale area. It has been successfully demonstrated that the high ionic conduc-
tivity can be employed to remove the overcoating metal layer from the very apex of
fiber tips [21, 22]. In this approach, a tiny electrolytic contact is formed between a tip
that is entirely overcoated with metal and the surface of the electrolyte. A bias voltage
triggers the erosion of the metal layer. A feedback mechanism is used to keep the
ionic current constant, thereby controlling the metal removal rate from the tip. Similar
to the squezzing technique, aperture formation is monitored by collecting the light
transmitted through the tip. Near-field apertures with diameters below 50 nm can be
manufactured by electro-erosion (see Figure 2(b)).

D) FOCUSED ION BEAM MILLING Focused ion beam (FIB) milling is a technique
that uses a beam of accelerated ions to modify materials with nanometer precision. In
standard instruments, a Gallium source is ionized and the emitted ions are focused into
a spot of a few nanometers on the surface of the sample. The energy of the ions is suffi-
cient to ablate material from the sample surface. In the context of aperture formation,
the ion source is directed at the apex of a pre-coated tip at an angle of 90° to the tip axis.
The end of the tip is sliced away such that the slicing beam cuts through the metal coat-
ing as well as the fiber core [23, 24]. The aperture definition, the flatness of the tip end
face, the polarization behavior and the imaging capabilities of such processed probes
make them suitable for high resolution imaging as demonstrated by investigations of
single fluorescent molecules [24]. A scanning electron micrograph of the end face of a
FIB-fabricated aperture is shown in Figure 2(c). Although, this approach seems to over-
come most of the problems associated with aperture fabrication, the instrument cost is
considerable.

E) OTHERS METHODS A plethora of alternative techniques has been used with vary-
ing success. Among them is the so-called triangular probe or T-probe. The triangular
shape originates from a tetrahedral hollow waveguide coated with an aluminum layer
and squeezed against a hard surface to produce an aperture [25]. Another interest-
ing concept described by Fischer and Zapletal was introduced to potentially overcome
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some of the limitations of aperture-based near-field probes [26]. The authors suggested
the use of a coaxial tip as a SNOM probe. In theory, a coaxial waveguide is able to
focus electromagnetic fields down to a spot much smaller than the wavelength with-
out any cutoff of propagating modes. Despite the suitability of such optical properties,
technical difficulties are still limiting the fabrication of coaxial probes.

3.1.3. Cantilever Probes

Recently, a new probe concept was introduced that is based on a micro-machined tip.
It makes use of technology developed for atomic force microscopy (AFM), which is
well established in various fields of science. The interaction between probe and sample
is well understood, making AFM a rather easy to operate instrument even for non-
specialists. AFM probes are batch fabricated which reduces the cost of fabrication. In
order to be useful for optical applications, a cantilever has to be transparent for the
light to pass. Silicon nitride or quartz is usually the chosen material. While the tips can
be made using standard micromachining techniques, cantilever-based optical probes
face the same difficulties as those associated with optical fiber based probes. Two main
approaches are applied for the fabrication of AFM probe apertures: reactive ion etching
[27] and direct-write electron beam lithography [28]. Figure 2(d) shows a scanning
electron micrograph of a cantilever tip. Recently, a self~terminated corrosion process
of the aluminum film was applied to produce successtully sub-50 nm apertures [29].

3.1.4. Metal Tips

So far, we considered probes that act as optical waveguides, i.e. they guide light to
or from a nanoscale area. A second class of optical probes utilizes bare metal tips as
used in STM. The technique is referred to as apertureless scanning near-field optical
microscopy. A metal tip, usually tungsten, locally perturbs the electromagnetic field
surrounding the specimen. The locally scattered information is discriminated from the
unavoidable farfield scattered signal with lock-in and demodulation techniques. This
scattering approach demonstrated material specificity with outstanding resolution both
in the infrared and the visible region [30].

Alternatively, one can benefit from the strong enhancement of the electric field cre-
ated close to a sharply pointed metal tip under laser illumination. This phenomenon
originates from a combination of surface plasmon resonances and an electrostatic light-
ening rod effect [31]. The energy density close to the metal tip can be orders of
magnitude larger than the energy density of the illuminating laser light. This enhance-
ment effect is mainly used to increase the response of spectroscopic interactions such
as fluorescence or Raman scattering. Examples of such applications are discussed in
section 4. More recently, some experimental and theoretical research was directed
at the combination of fiber-based near-field probes with field enhancing metal tips
[32, 33]. Preliminary results showed lateral resolutions better than 30 nm. The main
advantage of this combination is the reduction of the excitation area as well as the
absence of alignment procedures between tip and laser beam.
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Figure 3. Schematic of the most common SNOM configurations. (a—d) aperture-based probes.

(a) Farfield illumination and local probing of the near-field. (b) Near-field illumination, and farfield
collection. (c) Local illumination and collection. (d) Dark field illumination. (e—f) Metal tips. (e) Farfield
illumination and local scattering at the tip. (f) Local field enhancement created by farfield illumination.

3.2. Flexibility of Near-Field Measurements

As discussed in the previous section, there is no fundamental difference between locally
illuminating an object and locally probing the field near it. The essence is that the con-
finement of the photon flux between probe and sample defines the optical resolution.
In turn, many experimental variations can be employed to locally create a confined
optical interaction and, for a non-specialist, the literature can be quite confusing.
Figure 3 depicts the most common configurations, emphasizing the flexibility of the
technique. Near-field instruments are usually separated into two categories depending
on the type of probe used: aperture-based (optical fiber, AFM cantilever) or metal-based
(scattering and field enhancement). Sketches (a—d) represent configurations where a
nano-aperture is used either as a nanocollector or as a local source. In Figure 3(a), an
object is illuminated from the farfield using standard optics. An aperture-based tip is
placed close to the surface to collect the near-field. Figure 3(b) depicts the opposite sit-
uation. The aperture now illuminates the specimen, and the response is collected with
conventional farfield optics. These two configurations are commonly used for thin
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transparent samples due to the fact that the signals are transmitted through the object.
However, alternative farfield illumination\collection systems can be implemented from
the side to overcome some of the sample restrictions. Figure 3(c) represents a combina-
tion of the two previous configurations. Illumination and collection are both performed
locally in the near-field of an object. The last configuration based on aperture probes
is shown in Figure 3(e). The design can be viewed as the near-field analogue of a
dark-field microscope. Illuminating the object with evanescent waves created by total
internal reflection (TIR) drastically reduces the background farfield light. The tech-
nique emphasizes the fact that a near-field probe frustrates the evanescent field [34]. This
configuration is widely used for the imaging of non-radiative electromagnetic fields.
Applications range from waveguide characterization to imaging of planar plasmonic
and photonic structures as discussed in the next section.

The second class of near-field microscope is depicted in Figure 3(e—f). Here, the
aperture is replaced by a metal tip, which performs two functions, scattering and/or
enhancing a near-field signal, depending on tip material and illumination conditions.
In the first example, Figure 3(e), a tip locally scatters the near-field of an object
that is illuminated by farfield means. The locally scattered signal is collected also by
conventional optics. The illumination, here performed from the bottom of the object,
can be implemented from the side of the tip. The choice between one illumination
scheme and another is mainly governed by sample requirements. Finally, Figure 3(f)
schematically represents a metal tip used as a signal enhancer. Favorable illumination of
the tip creates an enhanced field at the tip end that is used as a local light source. The
increased sample response is usually collected with the same optics used to illuminate
the tip.

4. APPLICATIONS IN NANOSCIENCE

The trend toward nanoscience and nanotechnology is mainly motivated by the fact
that the underlying physical laws change from macroscopic to microscopic. As we
move to smaller and smaller length scales, new characterization techniques have to
be developed to probe the properties of novel nanostructures. There is a continuing
demand for new measurement methods that will be positioned to meet emerging
measurement challenges.

4.1. Fluorescence Microscopy

Optical spectroscopy provides a wealth of information on structural and dynami-
cal characteristics of materials [35]. Combining optical spectroscopy with near-field
optical microscopy is especially desirable because spectral information can be spa-
tially resolved. The need for improved spatial resolution currently limits the ability of
industry to answer key questions regarding the chemical composition of surfaces and
interfaces.

The detection and manipulation of a single molecule represents the ultimate level of
sensitivity in the analysis and control of matter. Measurements made on an individual
molecule are inherently free from the statistical averaging associated with conventional
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Figure 4. Series of three successive SNOM fluorescence images of the same area (1.2 by 1.2 pm) of a
sample of DiICqg molecules embedded in a 10-nm thin film of PMMA. The excitation polarization (as
measured in the farfield) was rotated from one linear polarization direction (a) to another (b) and then
changed to circulat polarization (c). The fluorescence rate images of the molecules change accordingly.
The molecule inside the dotted circle as a dipole axis perpendicular to the sample plane. Scale bar:

300 nm. From Ref. [24].

ensemble experiments. Single molecule techniques have a diverse range of existing
applications in physics, chemistry, and biology [36]. Potential applications include
single photon sources for quantum computing and massively parallel DNA sequencing.
Furthermore, the local environment influences the molecular properties of species
and monitoring the behavior of the fluorescence provides a sensitive probe for the
molecule’s local environment.

The potential of scanning near-field optical microscopy for imaging molecular sys-
tems has been recognized by two groups in 1986 [37, 38]. However, the first obser-
vation of single molecules using optical near-field technique came 7 years later [39].
In this pioneering experiment, single carbocyanine DilCy; dye molecules were embed-
ded in a polymer matrix and dispersed on a glass substrate. A near-field probe made
from an aluminum-coated glass fiber optically excited the molecules. The probe was
raster scanned over the sample plane. The fluorescence of individual molecules was
collected by a large numerical aperture objective to ensure high collection efficiency.
In this remarkable paper, the authors could determine the orientation of the absorption
dipole moment of each molecule by recording the spatial variation of the fluorescence
as the aperture moved over the molecules. A molecule is excited only if a component
of the optical electric field is polarized along its transition dipole moment. Because of
the laterally and longitudinally polarized electric fields near the aperture of the probe,
randomly oriented molecules can be efficiently excited. Emission patterns of single
molecules turned out to be sensitive probes for the electromagnetic field distribution
near a near-field probe and be suitable for the determination of molecular orienta-
tions. Veerman et al. have published a systematic study of this effect [24]. Figure 4
represents a series of near-field images of individual emitters for three consecutive
excitation polarizations. Each pixel of the images represents the fluorescence rate for a
particular tip position. By changing the polarization state of the near-field excitation,
the orientation of the dipole moment can be fully determined.
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Figure 5. (a) and (b): Near-field fluorescence image of two different single DilC18 molecules embedded
in a 10 nm PMMA layer (370 by 370 nm). Dark pixels are due to temporal quantum jumps to the first
excited triplet state. From Ref. [44].

Because of the dependence of a molecule’s fluorescence on the local environment,
the molecule’s properties are influenced by the proximity of an aluminum-coated fiber
tip. The fluorescence lifetime was found to be dependent on the relative position
between a molecule and the near-field probe [40]. Furthermore, the radiation pattern
of a dipole can be modified by the presence of a near-field tip; much alike a dipole
radiation pattern is distorted by the presence of a nearby interface [41]. It was found
that the radiation pattern for in-plane oriented molecules are distorted in the direction
of the center of the near-field aperture while for out-of-plane oriented molecules the
distortion is in the direction of the metal coating covering the glass fiber tip [42].

Measurements on individual molecules on a nanometer scale give unique insight on
their complex dynamic behavior. Photobleaching of single emitters was observed for
the first time, revealing on and off state of the molecule before its final and irreversible
photochemical modification [43]. Time-resolved investigations attributed the dynam-
ics of the instable molecular emission to the occupation of the lowest excited triplet
state. As long as this state remains populated, the fluorescence is interrupted momen-
tarily leading to a photon-bunching effect as seen in Figure 5 [44]. The lifetime of
the triplet state is intimately linked to the environment of the molecule providing
thereby a local probe for the nanoenvironment. An interesting side note is that these
measurements satisfy the ergodic principle: the same triplet state lifetime distribution
is measured on a single molecule at different instants in time and for a set of molecules
at the same instant in time.

Near-field optical fluorescence microscopy is successfully used to investigate more
complex systems than single molecules. In particular, SNOM is a promising method
to study biological systems where resolution is an important parameter. An example
of such biological system is nuclear pore complexes (NPCs). Single NPCs cannot be
images with conventional microscopy due to the fact the nearest neighbor distance is
in the range of 120 nm. The high lateral optical resolution of SNOM can provide
detailed insight into the transport dynamics of a single NPC [45].

The lateral resolution obtained with optical near-field techniques is, to a good
approximation, given by the diameter of the sub-wavelength aperture. Fluorescence
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Figure 6. Simultaneous topographic image (a) and near-field two-photon excited fluorescence image
(b) of J-aggregates of PIC dye in a PVS film on a glass substrate. The topographic cross section along the
dashed line (A-B) has a particular feature of 35-nm FWHM (indicated by arrows) and a corresponding
30-nm FWHM in the fluorescence emission cross section. From Ref. [49].

images with 15 nm resolution have been reported [46]. However, there are two fun-
damental limits preventing higher resolutions. The first one is the penetration of light
into the metal coating surrounding the aperture. The skin depth defines the ultimate
excitation volume of an aperture, and aluminum is the best coating choice in the visi-
ble region. A second limitation is the throughput of a nanometer-sized aperture. The
farfield transmission of a sub-wavelength aperture inversely scales with the sixth power
of the radius [47]. For a small aperture, the signal-to-noise ratio becomes an impor-
tant factor in the contrast formation of an image and alternative techniques might
be necessary. One way to overcome the signal-to-noise limitation is to increase the
fluorescence yield of individual molecules through a local field enhancement effect.

Metal nanostructures are successfully used to enhance the response of particularly
small scattering and fluorescence cross-sections [48]. A metal tip can strongly enhance
the electric field at its apex through a combination of an electrostatic rod effect and sur-
face plasmon resonances [31]. If the tip is held over a fluorescent sample, the emission
yield can be enhanced manifold. This technique was successfully applied to photosyn-
thetic membranes and molecular aggregates, revealing spectroscopic information with
a spatial resolution less than 30 nm [49] as shown in Figure 6.

Another promising mechanism that could potentially increase the resolution of a
near-field microscope further is the so-called fluorescence resonance energy transfer
(FRET) technique. FRET occurs on intermolecular distances of 1 to 8 nm. The energy
from a donor molecule can be transferred nonradiatively to an acceptor molecule. The
transfer efficiency depends on the inverse sixth-power of the distance between donor
and acceptor and on their spectral overlap. This sensitivity can be used to further extend
the fluorescence imaging capability of SNOM. Single pair FRET was demonstrated
on DNA-linked donor-acceptor where the excitation of the donor was performed by
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a near-fileld probe [50]. Development towards true molecular resolution involves the
combination of a functionalized tip, where donor (or acceptor) molecules have been
attached, with an acceptor (or donor)-doped sample. The group of Dietler and Dunn
carried out first attempts simultaneously [51, 52]. To date, the marriage of SNOM and
FRET remains a technical challenge, mainly driven by the difficulties to functionalize
the probing tips.

4.2. Raman Microscopy

Combined with near-field techniques, Raman spectroscopy is a promising tool for
identifying and analyzing the molecular composition of complex materials. Vibrational
spectra directly reflect the chemical composition and molecular structure of a sample.
By raster scanning the sample and pointwise detection of the Raman spectra, chemical
maps with nanoscale resolution can be obtained. A main drawback of Raman methods
is the low scattering cross-section, typically 14 orders of magnitude smaller than those
of fluorescence. Furthermore, the high spatial resolution achieved in near-field optics
is linked to tiny detection volumes containing only a very limited number of Raman
scatterers. The weakness of Raman signals in combination with the limited transmission
of typical aperture probes [16] requires extended integration times even intermediate
aperture sizes of about 150 nm [53, 54, 55]. An essential improvement of the spatial
resolution below 50 nm with smaller apertures appears to be unfeasible.

A more promising approach makes use of the enhancement of the electric field in
the proximity of nanometer sized metal structures known as surface enhanced Raman
scattering (SERS). SERS is known since more than 20 years and enormous enhance-
ment factors of up to 14 orders of magnitude have been reported allowing even for
single molecule Raman measurements (see e.g. [48]). In these cases, a combination
of different enhancement mechanisms is discussed. The strongest contribution is the
electromagnetic enhancement caused by locally enhanced electric fields. An additional
contribution results from a chemical effect that requires direct contact between scatterer
and metal surface. By using a sharp metal tip, the enhancement effect can be confined
to a very small volume at the end of the tip. This localized enhancement allows to
selectively address different parts of the sample area and tip-enhanced spectroscopy of
nanoscale sample areas can be achieved.

Tip-enhanced Raman spectroscopy has been used on a variety of different systems
such as dyes and fullerene films, KTP crystals as well as single-walled carbon nanotubes
(SWNT) [56, 57, 58, 59, 60] for a recent review see [61]. In this section, we review
some of these studies to demonstrate the three key advantages of the method: high
spatial resolution, signal enhancement (enhanced sensitivity), and chemical specificity.

High-resolution near-field Raman imaging of SWNTs on glass is demonstrated in
Fig. 6. The Raman image (Fig. 6(a)) clearly shows the characteristic one-dimensional
features of SWNTSs, which are also seen in the simultaneously detected topographic
image (Fig.6 (b)). In the topographic image however, additional circular features are
present caused by water condensation. Importantly, these features are not observed in
the Raman image demonstrating the chemical specificity of the method. The chemical
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Figure 7. High spatial resolution near-field Raman image (a) and simultaneously detected topographic
image (b) of single walled carbon nanotubes (SWNT) on glass. Scan area 1 x 1 um?. The Raman
image is acquired by detecting the intensity of the G’ band upon laser excitation at 633 nm. No Raman
scattering is detected from humidity related circular features present in the topographic image indicating
excellent chemical specificity (see text). (c) Cross section taken along the indicated dashed line in the
Raman image. (d) Cross section taken along the indicated dashed line in the topographic image. The
height of individual tubes is 1.4 nm. Vertical units are photon counts per second for (c) and nanometers
for (d). From Ref [62].

specificity of the Raman scattering was also used to study local variations in the Raman
spectra at the end of a SWNT [62]. In [57], spatial fluctuations within a mixture of
dye molecules were investigated. In Fig. 6(c) and (d) cross-sections taken along the
dotted lines in Fig. 6(a) and (b) are presented. The signal width (FWHM) observed in
the Raman cross section (Fig. 6(c)) is about 23 nm, far below the diffraction limit of
light used in the experiment.

The signal enhancement achieved in tip-enhanced Raman spectroscopy can be
demonstrated by comparing the Raman spectra detected in presence and absence of
the enhancing metal tip. In Fig. 7(a) and (b) examples for different organic molecules
are shown. In order to determine the actual signal enhancement factors, the different
sample volumes probed in either case have to be considered. The farfield spectrum
detected without tip results from a diffraction limited area while the near-field spectrum
with tip originates from the much smaller near-field area only. For a quantitative
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Figure 8. Signal enhancement achieved by tip enhanced Raman spectroscopy for a film of (a) C60
molecules on glass and (b) dye molecules (Brilliant Cresyl Blue) on top of a smooth gold film. From
Ref. [56] [61].

discussion of the enhancement factors, these areas as well as the numbers of Raman
scatterers therein have to be known. While this is difficult for dye films, the number
of SWNTs can be determined based on their topography [62]. For the enhancement
factors achieved, values ranging from 40 to 40000 have been reported by different
groups. A listing can be found in [61].

An important question is whether the tip acts as a uniform amplifier of the complete
Raman spectrum or whether the tip-enhancement varies for different Raman bands.
Modifications of the relative strength of Raman lines could arise from different distri-
butions of the filed polarization components in the near-field and farfield [59, 53]. In
[63], new Raman signals are explained by significantly altered selection rules caused
by the large field-gradients close to metallized aperture probes. Additional effects can
also occur depending on the nature of the tip—sample distance control. In the case of
AFM tapping mode and direct contact between tip and scatterer, additionally observed
Raman bands have been attributed to chemical enhancement effects [56, 57]. For the
larger distances of 1-2 nm (used in shear-force mode), no chemical enhancement is
expected [62] while the possibility of sample material pick-up by the tip is reduced [61].

Raman methods are applicable to a large variety of systems since Raman scatter-
ing is an intrinsic property of all molecular structures. In contrast to fluorescence
microscopy, there is no need for highly fluorescent samples or labeling with additional
dye molecules. A further increase of the signal enhancement through optimization
of the tip shape, tip material [64] and illumination mode [32] will open up fasci-
nating insights into complex materials and might even enable for imaging of single
biomolecules such as individual membrane proteins.

4.3. Plasmonic and Photonic Nanostructures

Nanoscale processes are physical interactions at the elementary level and their
understanding is primordial for the design of nano-devices. The miniaturization of
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optoelectronic circuits, for instance, is justified if the operating time can be made
sufficiently short for fast computing. The combination of ultrafast and localized phe-
nomena is therefore of considerable interest. In this regard, surface plasmons are very
attractive: they can be well localized [65] and they exhibit ultrafast dynamics [66].

4.3.1. Sutface Plasmon Polaritons

At optical frequencies, the electromagnetic properties of metals are far from being
ideal. The concept of the electrons gas, however, is still valid and instrumental for the
understanding of plasmon phenomena, i.e., collective electron density oscillations. On
metal surfaces or nano-structures a surface plasmon causes a variety of optical eftects,
among them strong local field enhancement and confinement of charge fluctuations
at the interface [67]. Surface plasmons are a class of polaritons: a coupled matter-
electromagnetic mode in which electromagnetic energy is carried by electrons that
behave collectively. An interesting property of surface plasmons is that their mean free
path, in the visible frequency range, can extend to several tens of micrometers while
being strictly confined to the surface [68]. The non-radiative nature of surface plasmons
and their long propagation length open the possibility to design planar structures for a
variety of applications including biological sensors and miniaturized photonic circuits
[69]. On a flat metal surface, surface plasmons cannot be excited with direct radiation.
The momenta of surface plasmons are larger than the momentum of a free propagating
photon of the same energy. However, light traveling in a higher index medium (e.g.
glass) can transfer its energy to a surface wave and can be coupled to surface plasmon
[70, 71]. Another technique that can provide the missing momentum is scattering of
light by subwavelength structures [72] or holes [73] as discussed later.

Until recently, surface plasmons were detected by indirect means such as reflection
measurements. Because of the non-radiative nature of surface plasmons one cannot
rely on conventional imaging techniques to gain insights on their intrinsic proper-
ties. Fortunately, the development of optical near-field techniques and their capa-
bility to image evanescent fields triggered a rapid development of surface plasmon
understanding.

In most studies, surface plasmons are excited by a laser beam that is reflected at
a glass\metal\air interface (e.g. total internal reflection inside a prism). A dip in the
angular reflection measurement indicates that the photon energy is coupled to a
surface wave on the metal film. A near-field probe can be used to collect the near-field
intensity associated with the plasmon. A spatial intensity map can be constructed by
raster scanning the tip over the surface. An example is depicted in Figure 9. The
authors compared two near-field intensity distributions. Figure 9(a) represents the
near-field distribution created by a Gaussian beam that is totally reflected from a
prism surface. Figure 9(b) pictures a surface plasmon intensity distribution excited on
a thin silver film. The main difference resides in a tail in Figure 9(b) due to the surface
plasmon propagation [74]. The same method was applied to the influence of surface
corrugations on plasmon propagation [75]. It was shown that scattering by film imper-
fection causes non-negligible damping and thus a shortening of the plasmon mean free

path [76].
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Figure 9. (a) Image of evanescent field intensity of a total internally reflected beam on prism surface.
Scan range is 40 pum by 40 pm. (b) Image of the same field but with an additional 53 nm thick silver layer
deposited atop the prism surface. The exponentially decaying tail is due to surface plasmon propagation.
Inset: two-dimensional view of the image. From Ref. [74].

As already discussed above, the momentum mismatch between a free propagating
photon and a surface plasmon can be overcome by diffracting a light beam through a
subwavelength opening. The opening can take the form of holes in a thin silver film
[77] or can be a near-field aperture located at the end of an optical fiber [78]. The
field emitted by a sub-wavelength optical probe has a broad spatial spectrum. When
such a probe is placed in close vicinity of a thin metal film, the large wave vectors
(ky) fulfill the dispersion relation of surface plasmons and hence light can be coupled
to a collective electron oscillation on the metal surface. The obvious advantage of
this configuration is that surface plasmons are locally excited in a region of interest,
e.g. next to nanostructures on the film surface. In many experimental configurations
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Figure 10. Image of the field distribution above a chain of Au particles (100 nm by 100 nm by 40 nm)
acquired in collection mode. The field localization originated from particle-particle interactions. A
comparison with a numerical simulation (b) shows that the bright spots are not on top of the Au particles
(the surface projections of the particles correspond to the white squares). The intensity scale of
experimental data (a) is normalized to the one of the numerical calculation (b). From Ref. [81].

the radiative decay surface plasmons can be imaged at any point in time [78, 79].
This approach permitted the quantitative evaluation of basic surface plasmon optical
properties such as reflection and transmission coefticients [76, 80].

4.3.2. Plasmonic and Photonic Nanostructures

Surface plasmons are not only modes supported by thin metal films, but also by
small metal particles where the cause peculiar optical phenomenon. Optical responses
of individual particles are well understood and can be described accurately by Mie
theory. The properties of mutually interacting particles are, however, of great current
of interest, notably in the context of photonic crystals and biosensors. Photonic crystals
have the unique ability to inhibit light propagation at certain wavelengths, to bend light
without losses and to localize light in periodic, multidimensional arrangements. More
recently, non-radiative energy transfer between nanostructures attracted some interest
for the design of subwavelength optical devices. The mapping of the electromagnetic
field bound to such devices is important for the assessment of device functionality. As an
example, Figure 10 shows the field distribution surrounding a chain of gold nanopar-
ticles that was deposited atop a glass prism. The entire structure was illuminated in
total internal reflection. A glass fiber tip was used to locally probe the electromagnetic
field and to reveal that the field is localized near individual particles [81]. Further
investigations demonstrated propagation of light along heterogeneous optical nano-
waveguides for several microns as well as electromagnetic coupling between separated
telecommunications channels [82].
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Figure 11. Surface plasmon guiding along Au nanochannels formed by surface corrugation.

(a) Topographic image (30 pm by 30 pm) of the channels. (b—f) Surface plasmon intensity maps recorded
with a glass fiber probe, excitation wavelengths: 713 nm, 750 nm, 785 nm, 815 nm, and 855 nm,
respectively. From Ref. [83].

Near-field studies of metal structures supporting surface plasmons have shown that
the plasmon field can be confined along a well-defined path such as line defect. Fur-
thermore, the transmission of such a path can be influenced by varying the excitation
wavelength. Figure 11 demonstrates this wavelength dependence for a series of gold
channels [83]. In this experiment, a surface plasmon was excited by total internal reflec-
tion. By artificially corrugated the metal surface, plasmon propagation can be inhibited,
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Figure 12. Field distribution along dielectric heterowires as measured with a glass tip. (a) Heterowire
parameters do not allow the field to propagate. (b) The wire parameters have been changed and the
field is transmitted for more than 10 wm. The black arrow shows the location of the micro-channel
conducting the light to the heterowire. The white arrow represents the propagation direction. From
Ref. [84].

and by leaving individual stripes uncorrugated plasmon waveguides are created. The
surface plasmon wavelength was varied and its near-field intensity distribution was
mapped out for each value of the wavelength. The image reveals important variations
in the channel transmission as well as in the overall field distribution as the wavelength
increases. Studies of this kind allow one to asses the propagation properties of surface
plasmons for use as potential information lines between nanodevices.

Mesoscopic dielectric structures are another class of planar photonic crystals. An
otherwise transparent reference medium is rendered opaque over some frequency
range o by modulating its dielectric properties. Resonant optical tunneling can give
rise to enhanced optical transfer through the medium, and near-field microscopy is an
important tool for characterizing such enhanced transmission. An example is depicted
in Figure 12, where two different heterowires composed of nanoscopic dielectric
structures are excited in the same way. The wire in Fig. 12(a) does not support efti-
cient propagation along the wire, whereas the wire in Fig. 12(b) exhibits enhanced
transmission over 10 micrometers [84].
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4.4. Nanolithography

Reducing the dimensions of structures and devices is one of the major achievements
of nanotechnology. An example of the constant efforts in down-scaling is the famous
Moore’s law. In its 1965 prediction, G. Moore foresaw that the number of transistors on
a silicon chip would increase by a factor two every second year. After nearly 40 years,
Moore’s vision still holds true today. However, optical projection lithography used to
produce high-volume integrated circuits will soon reach its limit. It is anticipated that
this technology will still be the workhorse through the 100 nm generation of devices,
mainly influenced by the emergence of a new wavelength standard (193 nm). For
teatures with smaller dimensions, a new generation of lithography will be required
[85]. A variety of nanofabrication techniques have been investigated in the recent
years as alternatives to classical optical projection lithography. Among them are nano-
imprint lithography [86], micro-contact printing [87], electron beam [88], X-ray [89]
and deep UV lithographies [90], atom manipulation [91], and finally near-field optical
photolithography.

The pioneering work of Betzig and coworkers showed the feasibility of using local-
ized fields created by a near-field probe to pattern a photoresist with sub-wavelength
resolution [92]. The idea was further developed by Krausch [93] and Smolyaninov [94].
100 nm size patterns, mostly composed of adjacent lines, were created on photoresist
and subsequently transferred onto a substrate. It was pointed out that the light-sensitive
polymer can also serve as a fingerprint for the field distribution near a the near-field
probe. Davy et al. carried out a systematic study of this effect [95].

Most of near-field lithography studies use an optical fiber probe prepared as described
in section 3.1. A line from an excimer or Argon laser is coupled to one end of the fiber.
The fiber is held at a few nanometers from the photosensitive polymer surface to ensure
that the evanescent components of the field interact with the substrate. The exposure
time of the resist is usually controlled by an acousto-opto modulator. The resist is either
developed to transfer the written patterns onto the substrate or analyzed directly after
exposure. The analysis consists of measuring the physical photo-deformation of the
surface by means of atomic force microscopy or shear-force microscopy.

The pattern size written with metal-coated fiber probes is so far limited between
60 to 100 nm. Lateral dimensions are influenced by (i) the diameter of the near-field
probe plays and (ii) by the exposure time. The latter defines the aspect ratio of a given
structure and careful investigations of the exposure dosage are necessary. Near-field
optical lithography can be fully exploited only if the thickness of the resist is thin
enough (comparable to exponential decay length of the evanescent waves) [96]. In
turn, it seems that the aspect ratio of a feature is limited to 4:1. An example of a
~100 nm width photoimprinted pattern is depicted in Figure 13.

Near-field photolithography can also be accomplished by use of a metal tip that
locally enhances the electromagnetic field. Similar to some of experiments described
in the section on fluorescence and Raman microscopy, a suitably polarized laser beam
irradiates and excites electronic resonances that give rise to an enhanced field at the
extremity of the tip. Studies have shown that the confinement of the field can be
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Figure 13. Photodeformation of a sensitive polymer by the proximity of near-field probe. The line
widths are about 100 nm on the thinnest sections. From Ref. [95].

localized down to a few nanometers [97]. This confined field is then used to expose a
photosensitive resist [98, 99]. In a related approach consists the field enhancement at
a metal tip is combined with the nonlinear properties of photoresists. The probability
to create a two-photon absorption process in a material scales with the field intensity
squared. Therefore, by choosing appropriate pulse shape, energy, and duration, farfield
sub-diffraction patterning is possible [100]. The combination of local field enhance-
ment and nonlinear interactions is therefore very promising [101]. Preliminary results
showed features with size A/10 (see Figure 14.).

Near-field patterning has been employed in various kinds of materials and substrates.
The enhanced field near a metal tip can be employed to pattern thin aluminum films
or to ablate parts of it [102]. Laser-induced thermal oxidation through local heating
of the metal film by the tip extremity triggers the formation of an aluminum oxide.
This nano-oxidation procedure generates patterns that act as electrically insulating
domains and can be used to design two-dimensional electrode patterns [103]. Another
interesting class of material suitable for nanopatterning is self-assembled monolayers
(SAMs). SAMs find important applications in interface science, where they are used
for cellular or protein attachment. Photopatterning of SAMs opens the possibility to
fabricate biomolecular structures. Well-defined chemical patterns were obtained with
sizes as small as 25 nm indicating the potential use of near-field optics in nanoscale
photo-chemical processes [104]. Another example where near-field optics is used
to induce material modification is ferroelectric surfaces. Patterns that show 60 nm
linewidths were produced using metal-coated optical fibers [105].

4.5. Semiconductors

The steady miniaturization and optimization of communication and information pro-
cessing devices requires ever-smaller semiconductor structures. The more conventional
top down approach involves machining of macroscopic samples down to nanometer
sizes using, for example, electron beam lithography. In the bottom-up approach, nanos-
tructures such as quantum dots are assembled to form larger assemblies. In both cases,
the resulting properties of the semiconductor are dominated by quantum effects and
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Figure 14. AFM images of two-photon produced line structures in SU-8 photoresist that was exposed
by the enhanced field of metal coated silicon cantilever. The farfield peak intensities were (a) 0.9 TW/cm?
and (b) 0.45 TW/cm?. Panel (c) shows a cross sectional view (height profile) along the dark vertical line in
(b), suggesting that two-photon apertureless near-field lithography can produce 72 nm 410 nm features
using 790 nm light. The scale bars in (a) and (b) are 5 and 1 pum, respectively. From Ref. [101].

can be essentially different from those of the bulk material. For example, electronic
states of quantum dots are tuned through electron confinement. The development of
new devices can benefit from the high-spatial confinement of light achieved in nano-
optics. The method provides new insights into sample properties and can be used to
identify, distinguish and address single quantum systems and to study coupling effects
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of many quantum systems. The examples in this section illustrate the prospects and
versatility of nano-optical methods in the field of semiconductor research.

Photoluminescence is an important tool for the study electronic of devices because
it is nondestructive and nonintrusive. The optical and electronic properties of semi-
conductors are in fact intimately related: a quantum system exhibits quantized energy
states that are identified by discrete emission wavelength. Near-field photolumines-
cence spectra provide a wealth of information on the spatial distribution of quantized
features. In most investigations using near-field optics, charge carriers are photo-excited
by the proximity of a near-field probe. Owing to the versatility of the technique, a
probe is also able to locally detect sample luminescence. In the most advanced scheme,
excitation and detection of photoluminescence is performed with the same near-field
probe. This last scheme is usually employed for its relative simplicity of implementation
in a cryogenic environment.

Near-field studies of a semiconductor system involve typically two kinds of physical
measurements. In the first one, the excitation power is tuned to observe local band-
filling phenomena. Spectral lines acquired at low excitation energy are characteristic of
electron-hole recombinations of single exciton states whereas at higher powers biex-
citons or multiexcitons are excited [106]. The second type of measurement is aimed
at studying carrier diffusion by monitoring the spatial extent of the photolumines-
cence. This allows to assess the carrier confinement within a structure [107, 108].
An example of quasi one-dimensional excitons is depicted in Figure 15. The sample
consists of a GaAs quantum wire clad between two AlGaAs barriers. Each wire seg-
ment is terminated by a quantum dot, which is characterized by a red-shifted emission
from the quantum wire. The images represent a low-temperature photoluminescence
map of the structure for different detection energies corresponding to peaks measured
in farfield photoluminescence spectra. The spatial and spectral localization achieved
by near-field microscopy permitted the assignment the emission energy to particular
regions of the semiconductor structure.

The integration of devices made of different materials, i.e. heterostructures, is the
key to modern electronics and optoelectronic technologies. Characterization of such
structures is a major area of study in material science. Near-field techniques provide a
means to locally address the electro-optical properties of ordered regions, domains,
and dislocations [109, 110, 111, 112, 113]. Furthermore, the kinetic behavior of
the carriers can be determined by locally exciting photocurrent. The photocurrent
amplitude depends on the absorption length, the carrier diffusion constant, and carrier
lifetime, whereas the spatial dependence is mainly governed by the diffusion length of
the carriers [114, 115, 116].

Near-field techniques have also been successfully combined with time-resolved
measurements to determine the dynamics of diftferent photophysical processes. Time-
resolved optical spectroscopy provides a wealth of information on the dynamic processes
of free carriers and excitons. Real space transfer, trapping, dephasing, scattering and
relaxation phenomena are of interest from the viewpoint of fundamental physics
and device applications. The combination of femtosecond pump-probe spectroscopy
and near-field optics provides direct insight into the spatio-temporal dynamic of
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Figure 15. Low temperature (10 K) near-field images of the luminescence from a coupled quantum
wire-quantum dot sample recorded at three different detection energies in an illumination/collection
geometry. (a) quantum well emission, (b) quantum wire photoluminescence, and (c) quantum dot
emission. From Ref. [108].

optical excitations in semiconductor structures. In these experiments, the pump and
probe beam are usually provided by an ultrafast laser system. The carriers are photo-
excited either in the farfield by the pump, and the change in absorption is measured
locally [117, 118], or vise versa [119, 120]. Pump and probe can also be provided by
the same aperture [121]. Without going into the details of these experiments, non-
equilibrium carrier dynamics in low-dimension systems are investigated with good
spatial (~150 nm) and temporal resolution (~200 fs).

5. PERSPECTIVES

Since the first experiment demonstrating sub-wavelength optical resolution, scanning
near-field optical microscopy provided scientists with the possibility to access optical
properties that were previously invisible. This unique capability triggered a rapid devel-
opment of the technique and brought together scientists from various fields ranging
from materials science to biology. Unfortunately, technical challenges are prevent-
ing near-field microscopy to be a routine characterization technique, as for example,
atomic force microscopy. The main limiting factor remains the reliable fabrication of
near-field probes. 20 years after the first realization, simple experimental factors such as
the optimum tip geometry and tip material need still to be defined. Hopefully, recent
advances in nanofabrication together with a better understanding of nanoscale optical
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phenomena will permit to overcome this technical barrier. Despite its limitations,
SNOM is used in various fields of sciences owing to its unique versatility. Depending
on the specific configuration, a near-field signal can be sensitive to the local electric
field, magnetic field, permittivity, chemical properties, or topography. The technique
is at the origin of fascinating scientific discoveries in the emerging field of nanoscience.
The instrument permitted breakthrough studies of individual molecules with unprece-
dented details (absorption moment orientation, lifetime and dynamical properties . . . ),
and opened the possibility to perform vibrational spectroscopy and chemical imaging
with optical resolutions down to 10 nm. It also allowed for the first time a direct
observation of surface plasmons and triggered advances in plasmonic and photonic
devices. There is simply no other means to map an electromagnetic field distribution
with nanoscale resolution. However, interesting questions are yet to be answered. How
far can we push resolution? Are we already facing fundamental limits (material skin
depth . . .) preventing? How will a near-field probe look like in 5 years? These questions
will be answered in the coming years and the time ahead will generate new insight into
nanoscale properties. In turns, near-field microscopy will be pushed from exploratory
nanoscience to a commercial nanotechnology.
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3. SCANNING TUNNELING MICROSCOPY

JIN-FENG JIA, WEI-SHENG YANG, AND QI-KUN XUE

1. BASIC PRINCIPLES OF SCANNING TUNNELING MICROSCOPY

In spite of its conceptually simple operation principle, scanning tunneling microscope
(STM) can resolve local electronic structures on an atomic scale in real space on virtually
any kind of conducting solid surface under various environments, with little damage
or interference to the sample [1]. It has been invented for more than 20 years. Over the
years, the STM has been proved to be an extremely versatile and powerful technique
for many disciplines in condensed matter physics, chemistry, material science, and
biology. In addition, STM can be used as a nano-tool for nano-scale fabrication,
manipulation of individual atoms and molecules, and for building nanometer scale
devices one atom/molecule at a time.

STM was originally developed to image the topography of surfaces by Binnig and
Rohrer in 1982 [1]. For this great invention, they were awarded the Nobel Prize in
Physics in 1986. The principle of STM is very simple, in which electron tunneling is
used as the mechanism to probe a surface. In the following, in order to understand the
operation principle of STM, we first give a brief introduction to the electron tunneling
phenomenon.

1.1. Electronic Tunneling

Tunneling phenomena have been studied for long time and can be well understood
in terms of quantum theory. As shown in Fig. 1, considering an one-dimensional
vacuum barrier between two electrodes (the sample and the tip) and assuming their
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Sample Tip

Figure 1. A one dimensional barrier between two metal electrodes. A bias voltage of V is applied
between the electrodes.

work functions to be the same and thus the barrier height to be @, if a bias voltage of
V is applied between the two electrodes with a barrier width d, according to quantum
theory under first-order perturbation [2], the tunneling current is

_ 2me

="
fi

37 FEDN — f(Es + e VM 8(E, — E), (1)
v

where f(E) is the Fermi function, M,,, is the tunneling matrix element between states
¥, and ¥, of the respective electrodes, E,, and E, are the energies of ¥, and v,
respectively. Under assumptions of small voltage and low temperature, the above for-
mula can be simplified to

2
I= 7621/2 | M, |* 8(E, — Ep)8(E, — Ep). )

v

Bardeen [2] showed that under certain assumptions, the tunneling matrix element can
be expressed as

Pl o
My = > [dS - (V¥ = YV ), )
where the integral is over all the surfaces surrounding the barrier region. To estimate
the magnitude of M,,, the wave function of the sample ¥, can be expanded in the
generalized plane-wave form

Yo = Q77 Cacexp (k7 + [kal?)' 2] explikc - %), “)
G
where €, is the volume of the sample, k = ™' (2m¢)'/? is the decay rate, ¢ is the
work function, EG = Te” + é, E” is the surface component of Bloch vector, and Gis
the surface reciprocal vector.
To calculate the tunneling current, it is necessary to know the tip wave function.
Unfortunately, the actual atomic structure of the tip is unknown and, moreover, it is
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Tip

o

Sample

Figure 2. An ideal model for STM tip. The cusp of the tip is assumed to be a sphere with radius of R,
the distance from the sample is d, the position of the center of the sphere is 7y (From Ref. 3).

very difficult to calculate the tip wave function due to its very low symmetry. However,
for the tip we may adopt the reasonable model shown in Fig. 2, which was used by
Tersoft ef al. [3] to describe an ideal tip, and then the wave function of the tip is

Y = Q7 Pe kR R (k|7 — Fol) e T O, 5)

where €2, is the volume of the tip, ¢, is a constant determined by the sharpness of the
tip and its electronic structure. For simplicity, only the s-wave function of the tip is
used in the calculation. Because of

(kr)~le ™ = / &b (@) exp[~( + g3 12l | exp(i7 - ), (6)
b(g) = @m) "'k (14 g7/ k)7, )

substituting these wave functions to Eq. (3), we obtain

2

/i - "

My, = — 4k QPR R Ry, (7)), )
2m

where 7) is the position of the cusp center. Substitute Eq. (8) to Eq. (2), we obtain

=327 ? Ve Dy (Er) Rk Y ™ |y, (ro)|” 8(Ey — Ep), ©)
v

where D;(EF) is the density of states at the Fermi level for the tip. Substituting the
typical values for metals in Eq. (9), the tunneling current is obtained

I o VD((E)e**p(ro, Er), (10)
p(ro, Er) =Y [Y(ro) P8(Ey — Ep), (11)

Thus, the STM with an s-wave tip would simply measure p(r¢, Er), which is the
local density of states (DOS) at the Fermi level Er and at a position r(, the curvature
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Figure 3. Operation principle of the STM (not to scale). Piezodrives Px and Py scan the metal tip over

the surface. The control unit (CU) applies the necessary voltage Vp to piezodrive Pz to maintain constant
tunnel current J at bias voltage /7. The broken line indicates the z displacement in a scan over a surface
step (A) and a chemical inhomogeneity (B). (From Ref. 1)

center of the effective tip. Tersoff ef al. [3] also discussed the contribution of the tip
wave function components of higher angular momentum, and found that these just
made little difference for typical STM images. So, what the STM measures is only the
property of the surface.

Because |1, (0)]* o e ~2k(R4d) thus T oc e 2% This means that the tunneling cur-
rent depends on the tunneling gap distance d very sensitively. In the typical case, the
tunneling current would change one order while the gap distance changes only 1 A.
This accounts for extremely high vertical resolution of 0.1 A of STM.

1.2. Scanning Tunneling Microscope

In March 1981, Binnig, Rohrer, Gerber and Weibel at the IBM Ziirich Research
Laboratory successfully combined vacuum tunneling with scanning capability, and
developed the first STM in the world [1]. The basic idea behind STM is illustrated in
Fig. 3. A sharp metal tip is fixed on the top of a pizeodrive (Pz) to control the height
of the tip above a surface. When the tip is brought close enough to the sample surface,
electrons can tunnel through the vacuum barrier between tip and sample. Applying a
bias voltage on the sample, a tunneling current can be measured through the tip, which
is extremely sensitive to the distance between the tip and the surface as discussed above.
Another two pizeodrives (Px and Py) are used to scan the tip in two lateral dimensions.
A feedback controller is employed to adjust the height of the tip to keep the tunneling
current constant. During the tip scanning on the surface, the height of the tip (the
voltage supplied to Pz pizeodrive) is recorded as an STM image, which represents the
topograph of the surface. This operation mode of STM is called “constant current”
mode.
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Constant current mode is mostly used in STM topograph imaging. It is safe to use
the mode on rough surfaces since the distance between the tip and sample is adjusted
by the feedback circuit.

On a smooth surface, it is also possible to keep the tip height constant above the
surface, then, the variation of the tunneling current reflects the small atomic corruga-
tion of the surface. This “constant height” mode has no fundamental difference to the
“constant current” mode. However, the tip could be crashed if the surface corrugation
is big. On the other hand, the STM can scan very fast in this mode for research of
surface dynamic processes.

To achieve the atomic resolution, there are many requirements in STM design
and instrumentation, e.g., vibration isolation, scanning devices, positioning devices,
electronic controller system efc. The details about STM design and instrumentation
can be found in many review books [4—6] and will not be discussed here.

STM is so powerful that numerous researches have been done in various scientific
areas since its invention. In the following sections, some representative and important
applications of STM will be shown and discussed. According to the main functions of
STM, the applications can be classified into three parts, e.g., surface imaging, tunneling
spectroscopy, and tip manipulation. In the last part, the current development in STM
will also be introduced.

2. SURFACE STRUCTURE DETERMINATION BY SCANNING

TUNNELING MICROSCOPY

As a microscope, STM can provide very high resolution images in real-space. These
images can be used to investigate surface structures, and also surface or even subsurface
atomic dynamic processes.

Before the STM was invented, surface structures were very difficult to be determined
by conventional surface analysis techniques, such as low-energy electron diftraction
(LEED), reflected high-energy electron diftraction (RHEED) and X-ray diftraction
etc. Besides, these traditional techniques focus essentially only on average or collective
properties. The ability to reveal the local surface atomic structure in real space make the
STM very fruitful in the field of surface science, especially for structure determination.

2.1. Semiconductor Surfaces
2.1.1. Element Semiconductors

Silicon is the most important material in semiconductor industry. The 7 x 7
reconstruction of the Si(111) surface was first observed by Schlier and Farnsworth
[7] with LEED in 1959. After then, all surface sensitive techniques have been used to
determine its atomic structure, and a lot of models have been proposed to understand
this complicated surface. Due to its large unit cell (49 times of the bulk unit cell), to
determine its structure was a great challenge for traditional methods.

The first atomically resolved STM image of this surface was obtained by Binnig
et al. in 1982, which marks a breakthrough in the study of Si(111)7 x 7 and also in the
development of STM itself [1], because it was also the first atomically resolved image
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Figure 4. Atomically resolved STM images of the Si(111)7 x 7 surface. Bias voltage: 4+0.5 V (left),
—0.5 V (right). A unit cell is outlined in the images, the size of the unit cell is 2.7 nm X 2.7 nm.

provided by STM. From then, the surface has been extensively studied with STM. As
shown in Fig. 4, the STM images of Si(111)7 x 7 reveal 12 protrusions in each unit cell,
and the negative biased STM image clearly shows the inequivalence between the ada-
toms in the two halves of a unit cell. And also, there is a corner hole in each unit
cell. The information immediately helped to rule out many models proposed at that
time.

The structure was finally determined by Takayanagi et al. in 1985 [8] on the basis of
transmission electron diffraction data. The dimer-adatom-stacking-fault (DAS) model
proposed by Takayanagi ef al. is shown in Fig. 5. In the DAS model a 7 X 7 unit cell
consists of 12 adatoms, 9 dimers, 6 rest atoms, and a corner hole. The atomic layers
in the right triangle (or half) of the unit cell are stacked regularly and thus this half'is
called as unfaulted half unit cell (UFHUC), while the left half contains a stacking-fault
and thus is called as fault half unit cell (FHUC), see Fig. 5(b).

For the truncated Si(111)1 x 1 surface, each surface Si atom has a dangling bond,
which contribute significantly to the total surface energy. To reduce the total surface
energy, the surface reconstructs to 7 X 7 and the number of dangling bond decrease
from 49 to 19 per unit cell. In the DAS model, each adatom reduces 2 dangling
bonds by saturating 3 dangling bonds and leading to a single dangling bond due to the
fourfold coordination of Si atom. The other 7 dangling bonds are located on the 6 rest
atoms and the atom at the bottom of the corner hole. The DAS model can explain
the images very well. Since the dangling bonds on the adatom are partially filled,
each adatom is imaged as a bright protrusion at both positive and negative biases. The
inequivalence between the adatoms in two different triangles in the negatively biased
STM images can be explained by the slight electronic difference caused by the stacking-
fault.

In many cases, STM could not be used solely to determine surface structure since
it probes only the structural information of the topmost surface layer. Moreover, it
generally lacks chemical specificity. Below, we can see that the mixed topographic and
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Figure 5. Top (a) and side (b) views of the dimer-adatom-stacking-fault (DAS) model of the Si(111)7 x 7
surface. The large striped circles designate the adatoms, the large solid circles designate the rest atoms, the
large and small open circles the Si atoms in the 24 and 3™ bilayers, and the small solid circles the atoms in
4% and 5 bilayer, respectively. (Proposed by Takayanagi ef al.)

electronic features cause difficulties to determine atomic structures by STM. For this
purpose, it is very important to combine STM with other relative techniques.

2.1.2. Compound Semiconductors

GaAs is a very important compound semiconductor since many electronic and op-
toelectronic devices are made of it. Because of its zincblend crystal structure with a
tetrahedral coordination in the bulk, the polar GaAs(001) surface could be terminated
with either As or Ga atoms. As a function of growth temperature, As/Ga flux ratio
and preparation conditions, the (001) surface displays a number of reconstructions,
starting with the most As-rich phase which has a c¢(4 x 4) symmetry, through the
2x4/c(2 x8),2x6,4x 6, ending with the 4 x 2/¢(8 x 2) Ga-stabilized phase.
Among them, the As-rich 2 x 4 phases are the most important structures commonly
used in the technological applications. It is generally accepted that the top layer of the
As-rich 2 x 4 phase consists of As dimers [9]. Farrell and Palmstron analyzed their
experimental results for the 2 X 4 phase and classified them into three (¢, 8, and )
phases depending on the RHEED spot intensities [10]. According to different exper-
iments, many structure models were proposed for each phase [11, 12]. Four different
models are shown in Fig. 6. To solve the controversy, Hashizume et al. performed a
comprehensive study on the surface with STM and RHEED [13, 14]. The typical
STM images together with atomic resolved zoom-in images and line profiles along
[110] direction are shown in Fig. 7. From the atomic resolved STM images, they
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Figure 6. Four structure models proposed for the GaAs(001) 2 X 4 reconstruction. Filled (open) circles
denote As (Ga) atoms. (From Ref. 13)

il

Figure 7. Typical STM images (800 A x 800 A) of the (A) &, (B) B and (C) y phases together with the
zoom-in images and line profiles along [110] direction of the GaAs(001) 2 x 4 reconstruction. (From
Ref. 13)
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Figure 8. (a) Atomic resolution filled state STM image of the GaAs(001) 4 x 2 phase. (b) The
Ga-dimer-model for 4 x 2 phase. (c) The charge distributions of the local density of the states calculated
based on the Ga-model in (b) at 0.9 A above the first layer Ga-dimer position for the 76 (LUMO), 75th
(HOMO) and 71st bands. (From Ref. 15)

concluded that the outermost surface layer of the unit cell of the 2 x4 «, B, and
y phases all consists of two As dimers and that the o and f phases are different
in the atomic arrangements of the second and third layers exposed by the dimer
vacancy rows. The y phase is the less ordered 8 phase with “open areas” exposing
the underneath disordered c(4 x 4) phase. To fully understand the structures of the
o, B, and y phases, the RHEED spot intensities for the possible 2 x 4 models were
calculated using the dynamical theory. According to the calculations, they proposed a
unified model: the two As-dimer model by Chadi [11] (Fig. 6a) for the most stable
B phase, and the two As-dimer model incorporated with the relaxation of the second
layer Ga atoms proposed by Northrup and Froyen [12] (Fig. 6¢) for @ phase, while the
y phases is the locally ordered B phase with the disordered c(4 X 4) unit in the open
area [13].

For the GaAs(001) Ga-rich 4 x 2/¢(2 x 8) and 4 x 6 phases, Xue et al. performed
a systematical investigation with an MBE-STM system [15]. Fig. 8 shows the high-
resolution filled-state STM images of the 4 x 2 surface. The 4 X 2 unit cells are high-
lighted in the STM images. In the filled state image, a pair of rows separated by 5.1 A
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along the [—110] direction is observed, whereas the row itself is a chain of bright
protrusions separated by 4 A along the [110] direction. A new finding here is faintly
imaged features which are located in the outskirt of the paired row. The weak features
always couple together to form a pair-like structure in parallel to the bright rows. The
separation between the neighboring pair-like features along the [110] direction was
determined to be 8 A, resulting in the 4 x 2 symmetry. The out-of phase arrangement
of the 4 x 2 sub-unit gives rise to the c(8 x 2) symmetry.

Several models have been proposed for this phase, however, none of them can explain
the observed STM images straightforwardly since the overlapping first layer Ga and the
second layer As orbits are both accessible to the STM in the range of applied negative
bias voltage to the sample and the STM is probing the local density of states near the
Fermi level, not merely the surface geometry [15]. In order to resolve this discrepancy,
first-principles total energy calculations of the surface charge density distribution based
on the Ga-bilayer model (see Fig. 8(b)) have been performed. The calculated results
are shown in Fig. 8(c). Under the filled states STM imaging condition at —1.8 'V,
it is found that all local densities of the states between the 71st and the 76th bands
contribute to the tunneling current to form the STM image [Fig. 8(a)]. Because of the
smaller potential barrier height for tunneling from the 75th band, the 75th HOMO
makes the most significant contribution to the tunneling together with contributions
from the overlapping 74th, 73rd and 72nd bands with the decreasing contribution,
all of which are basically imaging of the second layer As atoms as individual brighter
protrusions. On the other hand, the contribution for the top layer Ga dimer becomes
only appreciable down at the 71st band at the middle of the Ga dimer. Thus, the
top layer Ga dimer 1s observed as single faint hump (instead of pair-like feature) even
though they are located in the top layer. Thus, the calculated results agree with the
STM observation well.

Very recently, this surface was studied by theory and other techniques. A different
model (called as ¢ (4 x 2)) was proposed by Lee, Moritz, and Scheffler, as shown in
Fig. 8(d) [16]. This model well explains the STM images, particularly the empty state
image. Later, more theories and experiments support this model [17]. But, regarding
to the significant rearrangement of the surface atoms, more evidences are needed to
justify the model.

The Ga-rich 4 x 6 phase can be obtained by a higher Ga flux ratio in migration
enhanced epitaxy or annealing the 2 x 6 phase for longer time (>15 mins) [15]. An
atomic resolved STM image of 4 X 6 reconstruction is shown in Fig. 9, which is
uniquely characterized by the array of large oval protrusions regularly located at each
corner of the unit cell. The oval features are ~0.1 A higher than the Ga dimers. By com-
pared the image with the Fig. 8, it was concluded that the pair of bright rows running in
the [110] direction in Fig. 9 is the first layer Ga-dimers, instead of second layer As atoms,
unlike in the case of 4 X 2 phase. The large bright oval features occupy the middle of
the As rows, by overlapping with them. In Fig. 9, every individual Ga dimer is clearly
resolved. Such high contrast imaging of the Ga dimers is likely due to charge transfer
from the oval protrusions to the Ga dimers. After careful analysis, Xue ef al. concluded
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Figure 8. (d) Top views (upper row) and side views (lower row) of the ¢ (4 x 2) structure of Ga-rich
GaAs(001)-4 x 2 surface. Solid spheres denote Ga atoms and open spheres As atoms. The sphere sizes re
flect the distance from the surface. Dimer bonds are marked by thicker lines. (From Ref. 16)

GaAs(001) 4% 6

Figure 9. Atomic resolved STM image of GaAs(001) 4 x 6 surface obtained with 1, = —1.8 V and
Iy = 40 pA. (From Ref. 15)
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Figure 10. Filled states STM images showing (a) 2 X 2 phase (at —3.0 V), (b) 4 x 4 phase (at —2.8 V).
The red arrow in (a) depicts a missing 2 X spot which transfers the 2 x 2 into the 4 x 4 structure. (From

Ref. 21)

that the Ga-rich 4 x 6 phase accommodates the periodic array of Ga clusters at the
4 x 6 unit corner on top of the 4 x 2 phase. Further theoretical study does not seem to
support the model, and thus the nature of the big oval protrusion keep unresolved
[17].

Wide band-gap III-V nitrides (Ga/In/Al/N) have attracted much interest because
of their enormous applications in short wavelength optoelectronic devices [18-21].
Absence of reversion symmetric center in hexagonal GaN crystal gives rise to a freedom
in its thin film polarity; the (0001) polar surface terminated with a Ga-N bilayer
known as the Ga polarity and the (0001) polar surface terminated with a N-Ga bilayer
known as the N polarity [20]. As the present device application depends on controlled
heteroepitaxy of the GalN thin film, which is essentially a surface process, complete
knowledge of the surface atomic structure is highly desirable. A study of its surface
reconstructions is also of great interest since GaN, a special case of the III-V compound
semiconductors, is made up of the species possessing large differences in atom radius,
electronegativity, and cohesive energy, and contains both covalent and ionic bonds.
GaN is also the only III-V that crystallizes in the hexagonal form [21].

The 2 x 2 and 4 x 4 reconstructions of the Ga-polar GaN(0001) surface have been
studied with STM first by Xue et al. [21] A typical filled state STM image of the
2 x 2 phase is shown in Fig. 10(a). The 2 X 2 symmetry is evident by a regular array of
bright spots separated by 6.4 A along both the close-packing directions. The Ga-adatom
model and the Ga-vacancy model are proposed for this reconstruction. However, the
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Figure 11. Surface charge density distribution calculated for (a) 2 x 2 Ga-vacancy, (b) 2 x 2 Ga-adatom,
and (c) 4 x 4 Ga-adatom models. The local density of states is integrated from the valence bands covering
about 2 eV below the highest occupied molecular orbital band, which is cut at 1.3 A above the outermost
surface layer. (From Ref. 21)

correct model cannot be established solely by the STM images. First-principles total-
energy calculations again are carried out to resolve this problem [21]. In the charge
density calculation, the charge is a sum of valence bands covering a range of about
2 eV below the highest occupied molecular orbital and is a reasonable approach to
the STM data (~3 eV). An excellent agreement is obtained for the Ga-adatom model
[Fig. 11(b)]. On the other hand, despite an expected coupling of the 2p orbits of three
threefold coordinated N atoms in the (0001) basal plane, the charge distributions of
the Ga-vacancy structure are split spatially [Fig. 11(a)], and do not agree with the
experiment.

As for the 4 x 4 phase [Fig. 10(b)], some individual 4 X 4 units are observed due to
missing spots from the 2 x 2 phase [as indicated by the arrow in Fig. 10(a)]. During
annealing from 200 to 300 °C, the 2 x 2 and 4 X 4 phases always coexist. The change
to the 4 x 4 phase with increasing temperature, which results in Ga atom/adatom loss,
suggests that the 4 X 4 forms by the Ga desorption from the 2 X 2 surface. A missing
adatom model is proposed for the 4 x 4 and investigated it theoretically [Fig. 11(c)].
The agreement between the experiment and theory is excellent [Figs. 10(b) and 11(¢)].
Despite this, a model for the 4 x 4 reconstruction containing three As adatoms and one
Ga adatom per 4 x 4 cell is present in [22]. Therefore, the correct model for Ga-polar
GaN(0001) 4 x 4 structure is still under dispute.

Reconstructions of 2 X 2, 5x 5, 6 x4 and pseudo-1 x 1 appeared on Ga-polar
GaN(0001) surface were reported by Smith et al. [23, 24]. It indicates that the
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Figure 12. Atomic resolution STM image of pseudo-1 x 1 reconstruction (at —0.25 V) (From Ref. 23)

morphology of GaN(0001) surface will vary with different Ga concentration and
substrate temperature. In previous study [23, 24], they showed from total energy cal-
culations that both 2 x 2 N-adatom in H3 site model and 2 x 2 Ga-adatom in T4 site
model are more stable where Ga and N adatoms are proposed to bond to three un-
derlying Ga atoms in the Ga terminated Ga-N bilayer. Since the 2 X 2 reconstruction
can be obtained by nitriding Ga-polar surface at about 600 °C, they proposed that this
reconstruction may be composed of N atoms. Later, they poined out that the 2 x 2
reconstruction results from unintentional contamination of As [25].

Under Ga-rich condition the most stable phase is pseudo-1 x 1 structure, which
shows sideband in RHEED pattern and satellite spots in LEED pattern. Pseudo-1 x 1
structure can be obtained either by terminating GaN growth and cooling under 350 °C,
or by depositing 2~ 3 ML Ga on the Ga-polar surface and annealing for a period of
time. A laterally contracted Ga bilayer model is proposed by Northrup et al. [26].
Due to the satellite spots in LEED pattern Ga atoms in pseudo-1 x 1 Ga-bilayer are
proposed to experience a rapid moving process. Therefore, the STM image of pseudo-
1 X 1 reconstruction is a time-average result which probably indicates the underlying
corrugation of GaN(0001) substrate (see Fig. 12).

The 5 x 5 reconstruction can be obtained by the following process: first anneal-
ing pseudo-1 X 1 phase at 750 °C, then depositing 1/2 ML Ga and reannealing at
700 °C. The 6 X 4 reconstruction is obtained by depositing 1/2 ML Ga on the 5 X 5
reconstruction and annealing at 700 °C. The 5 x 5 reconstruction and the row-like
6 X 4 reconstruction both depend on the bias voltage as seen in Fig. 13, which were
suggested to be semiconducting. For the 5 X 5 reconstruction a structure model that
contains Ga adatom in T4 site, N adatom in H3 site and Ga vacancies has been
proposed [24].
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Figure 13. Dual bias images of the 5 X 5 and 6 x 4 reconstructions. The average height difterence
between the two reconstructions is 0.3 A for empty states (+1.0 V sample voltage) shown in (a) and

0.4 A for filled states (—1.0 V sample voltage) shown in (b), with the 5 x 5 being higher in each case. In
both images, the total gray scale range is about 1.3 A. (From Ref. 24)

The adsorption behavior of Ga on Ga-polar GaN(0001) was studied by specu-
lar RHEED intensity analysis. It demonstrates that the Ga coverage on GalN(0001)
surface during homoepitaxial growth is a function of the Ga flux and the substrate
temperature. They divided Ga absorption process into three regions according to the
Ga coverage that is flux dependent. The Ga coverage is increased with Ga flux less than
0.20 ML/s. When Ga flux is between 0.20 ML/s and 0.72 Ml/s, the Ga coverage is
almost unchangeable. If Ga flux is larger than 0.72 ML/s, Ga droplets form and there
will be no finite equilibrium Ga coverage under higher Ga flux. Thus, the transition
fluxes vary exponentially with the substrate temperature [27, 28].

Reconstructions of the N-polar GaN(0001) were investigated by STM first by Smith
et al. [29]. They observed four reconstructions: 1 x 1, 3 x 3, 6 X 6, and c(6 x 12).
The 3 x 3, 6 X 6 and ¢(6 x 12) reconstructions can be obtained by depositing sub-
monolayer Ga atoms on the 1 X 1 structure. The STM images of these reconstructions
are shown in Fig. 14. The 1 X 1 reconstruction appears to be hexagonal which has the
same lattice to that of GaN. The 3 X 3 reconstruction also shows similar hexagonal
arrangement. The 6 X 6 reconstruction displays a ring-like structure. Each ring has
threefold symmetry with lobes from three neighboring rings coming close together,
which results in two different height “holes” around the rings. The row-like ¢(6 x 12)
reconstruction shows a bias-dependent characteristic, which is different from other
reconstructions.

They have proposed the structure models of 1 X 1 and 3 X 3 reconstructions as
shown in Fig. 15. The 1 X 1 reconstruction is suggested to contain 1ML Ga atoms
bonded to the top N atoms in the N-terminated GaN bilayer. For the 3 x 3 recon-
struction, the Ga adatoms are supposed to bond on top of the 1 x 1 Ga adlayer.
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Figure 14. STM images of the N-polar GaN(0001) surface displaying (a) mixed reconstructions, with
dislocation near center of image, (b) 1 X 1, (¢) 3 x 3, (d) 6 x 6, and () ¢(6 x 12) reconstructions. Sample
bias voltages are +1.0, —0.75, —0.1, +1.5, and 41.0 V, respectively. Tunnel currents are in the range
0.03—0.11 nA. Gray scale ranges are 4.2, 0.17, 0.88, 1.33, and 1.11 A, respectively. Unit cells are
indicated with edges along <1120> directions. (From Ref. 29)

2.1.3. Metal Adsorption on Semiconductors—In Nanoclusters

In the last decade, fabrication and understanding of nanoclusters have become one of
the most exciting areas of research. This is driven by their great potential applications in
technology and scientific importance to bridge our understanding between molecular
and condensed matter physics. Recently, Xue’s group explored a method of surface-
mediated magic clustering and successfully fabricated the artificial cluster crystals,
i.e., the periodical array of identical nanoclusters by using the ordered reconstructed
semiconductor surface-the Si(111)-7 X 7 as a template [30-32].

The STM image of periodical In nanocluster array on Si(111)7 x 7 is shown in
Fig. 16(a). All In nanoclusters are completely identical and also in a perfect ordering
since In clusters only occupy the FHUC of Si(111)-7 x 7. The atomic resolution STM
images of the In clusters at different sample biases (+0.5 V, 40.3 V and —0.3 V) are
shown in Fig. 16(b)—(d), respectively. In the empty state images, the In clusters appear
as hollow-centered six-spot equilateral triangles with a distance between the spots of
~5.0 £ 0.5 A, which is much larger than the surface lattice constant 3.84 A of the
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Figure 15. Schematic view of the structures for the (a) 1 X 1 Ga adlayer and (b) 3 x 3 adatom-on-

adlayer reconstructions of GaN(0001). For the 3 x 3 structure, the lateral (in-plane) displacement of the

adlayer atoms bonded to the Ga adatom is 0.51 A away from the adatom. All other lateral or vertical
displacements of the adlayer atoms are less than 0.1 A. (From Ref. 29)

Figure 16. (a) STM image of a periodical In nanocluster array. (b—d) Atomic resolved STM images of In

nanoclusters at different bias voltages, showing a pronounced bias voltage dependence of the observed
images. (From Ref. 30)
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Figure 17. (a) The DAS model of Si(111)-7 x 7 surface. The FHUC is to the upper-right corner. The
sites relevant to the discussion are indicated as R1-R3 for Si rest atoms and A1-A6 for Si adatoms. The
yellow balls are Si atoms in the substrate, the blue balls are Si adatoms, and the red balls are Si rest atoms.
(b) and (c) The STM images of the In clusters recorded at sample bias voltages of +0.6 V and —0.3 'V,
respectively. (d) Top view of the calculated atomic structure of the six-In cluster on Si(111)-7 x 7. The
dark blue balls are In atoms. The calculated STM images are shown in (e) (for positive bias +0.6 V) and
(f) (for negative bias at —0.3 V with respect to the Fermi energy) for the atomic structure in (d). The color
code indicates the height of the images: dark blue being low and red being high. At typical experimental
tip height of about 1 nm above the surface, only the most protruding features can be seen.

Si(111)-1 x 1 and the In-In nearest neighbor distance 3.25 A. The triangular pattern
is quite unusual in terms of normal close-packed structures observed previously. In the
filled state images, however, the six-spot equilateral triangles disappear completely and
the most protrusive features are the corner adatoms. The strong bias dependence of the
images makes it very difficult to deduce the atomic structure of In clusters although it
can be concluded that there are six In atoms in each cluster [30].

First-principles total energy calculations are employed to solve the problem. After
optimization, the model in Fig. 17(d) is obtained. In this model, the six threefold-
coordinated In atoms form a triangle [Fig. 17(d)]. For those In atoms at the corners
of the triangle, the bond lengths are 2.57 A, 2.64 A, and 2.64 A, whereas the bond
angles are 113°, 113°, and 88°, respectively. For those In atoms on the edges, the
bond lengths are 2.67 A, 2.60 A, and 2.60 A, whereas the bond angles are 113°, 116°
and 116°, respectively. Angles larger than the 109.5°-tetrahedral angle are preferential
as threefold In prefers planar 120° bond angles. Both the three Si adatoms [A1-A3
in Fig. 17(a)] and the three Si rest atoms [R1-R3 in Fig. 17(a)] become fourfold
coordinated. Noticeably, Si adatoms A1-A3 are displaced towards the triangle center
considerably, which strengthens their bonds with the substrate atoms by resuming the
109.5°-tetrahedral angles. Each Si adatom has two 80°, one 83°, and three close-to-
tetrahedral angles. Thus, by displacing Si adatoms not only can the perceived steric
strain be avoided, but also the displaced Si adatoms serve as the “missing” links between
the otherwise loosely packed In atoms. The calculation also shows that an In cluster
on the UFHUC is 0.1 eV/cluster higher in energy than that on the FHUC, which
also agrees with the experimental result that most In clusters occupy the FHUC of
Si(1110-7 x 7) preferentially.



3. Scanning Tunneling Microscopy 73

The calculated STM images in Fig. 17(e) and (f) are in remarkable qualitative
agreement with experiment [Fig. 17(b) and (c)]. Interestingly, in the empty state image
[Fig. 17(¢)], the three brightest spots are from the lowest In atoms, which are 0.6 A
lower than Si A1-A3 with an average bond angle of 105° (thus sp’-like). The three
second-brightest spots are from the other In atoms, which are 0.3 A lower than Si
A1-A3 with an average bond angle of 115° (thus sp>-like). Si adatoms A1-A3 are
almost invisible, as they do not involve any dangling bond. Another striking feature
in Fig. 17(c) is the disappearance of the six-In triangle spots under small reverse bias,
whereas the three Si corner adatom spots (A4—A6) become significantly brighter. The
calculation reveals that this change is not due to In diffusion but has an electronic
origin. The calculated density of states reveals a 0.33 eV band gap 0.2 eV below the
Fermi energy (Ef). States below the gap have mainly the Si/In bonding character.
States above the gap but below Ep have mainly the dangling-bond character and are
predominantly on Si A4-A6. The In dangling bond states are found to be above Eg
thus can only be seen in the empty state image.

This application also demonstrates that STM combined with first-principles total
energy calculations is a very powerful method to determine the atomic structure of
surfaces with/without adsorbates. The atomic structures of Al and Ga nanoclusters
have also been determined by this method [31, 32]. Some other metal (including alkali
metals) clusterss were also fabricated this way [33].

2.2. Metal Surfaces
2.2.1. Metal Surfaces

Metal surfaces had been studied for more than two decades before STM was invented.
In 1982, the Au(110)-2 x 1 surface was first imaged with STM by Binnig ef al. [34].
This work confirmed the missing-row model proposed for this surface although atomic
resolution was not achieved.

For non-reconstructed metal surfaces, the charge density corrugation amplitudes
are typically on the order of 0.1 A since STM usually probes the delocalized s- or
p-type states, while the corrugations for semiconductor surfaces are often of several A
due to the presence of dangling bonds. Metal corrugations are usually 50-100 times
smaller than those on the Si(111) 7 x 7 surface, and thus, it is much more difficult to
obtain atomic resolution on metal surfaces than on semiconductor surfaces. With the
development of STM instrumentation, more and more investigations on metal surfaces
were reported. In 1987, the first atomic resolution STM image was observed on the
Au(111) surface [35], which strongly impacts the STM investigation on metal surfaces.
Au(111) has been the most widely used metal substrate in STM studies because the
surface is inert and atomic resolution STM images can be obtained even in air.

Clean Au(111) surface reconstructs to (23 x +/3) reconstruction. The “herringbone
structure” reconstruction can be easily observed by STM, as shown in Fig. 18(a). An
atomically resolved image of a bending point is shown in Fig. 18(b) [36, 37]. This
structure is explained by the stacking-fault-domain model, which involve stacking
faults between fcc and hep orderings induced by surface strain.
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Figure 18. STM images of Au(111)-(23 x V/3) surface. (a) “herringbone structure”, image size:
54 nm x 54 nm. (b) atomic resolution image at the bending point (6.6 nm x 5.2 nm). (From Ref. 37)

Figure 19. STM (left) and simulated (right) images of Au(001). (From Ref. 38)

For the clean reconstructed Au(001) surface, by comparing the atomic resolution
STM images with simple simulations (see Fig. 19), it was found not only that the
topmost atomic layer is, qualitatively, quasi-hexagonal and incommensurate, but also
that it is, quantitatively, rotated by 0.1° relative to the substrate and contracted by 3.83%
and 4.42% compared to a perfect (111) layer of Au, in the vertical and horizontal
orientation, respectively [38].

STM has been applied to low-index surfaces of many other metals, e.g., Pt, Pd, Cu,
Ag, Al, efc. and atomic resolution has been achieved for all of them. In contrast to
semiconductor surfaces, the bias voltage dependence usually is not observed on clean
metal surfaces, which makes the interpretation of the STM images rather simple.

2.2.2. Adsorption on Metal Surfaces

Metal surfaces with adsorbates, especially with molecular adsorbates nowadays become
increasingly important, because of their application potential in nano- and bio-science
and technology [39]. Since amino acids are building blocks of proteins, adsorption
of amino acids on metal surfaces, as a biological model system, has been receiving
much attention [40]. Despite that in most cases each amino acid molecule can only
be imaged as one protrusion, many important results about the amino acid adsorbates
were obtained in a series of recent STM investigations by Zhao and coworkers, and
are summarized briefly as follows.
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Figure 20. Three different phases of glycine adsorbed on Cu(111): (a) the 2D gas phase; (b) the chain
phase; (c) the 2D solid phase. (From Ref. 41)

Side view

Figure 21. Schematic drawing of the chains formed by glycine molecules adsorbed on the Cu(111)
surface. (From Ref. 45)

(1) Through “cook-and-look” or “anneal-and-image”, it was able to determine the
desorption temperature and, in turn, the binding energy of the adsorbates, and then
to find if the adsorbates are chemisorbed or physisorbed on the surface. For instance,
glycine was found to be chemisorbed on Cu(001) [41], while to be physisorbed on
Au(110) [42].

(i1) Depending on the coverage and deposition rate, amino acid adsorbates on Cu
and Au surfaces may form three different phases, i.e., the 2D gas phase, the chain
phase, and the 2D solid phase (Fig. 20). Some amino acids are able to form all the
three phases on Cu(001), while some others can form only one or two of the three. In
the 2D gas phase the molecules are “standing” on the surface and can diffuse frequently
on the surface at room temperature. The activation energy barrier was determined to
be around 0.85 eV [41]. In the 2D solid phase the molecules are connected by H
bonds to form different ordered structures, depending on their side chain structure
[43, 44]. However, in the chain phase, different amino acids (i.e., with different side
chains) adsorbed on different substrates are connected by H bonds to form, surprisingly,
always the same kind of 1D chains (see Fig. 21 and Ref. 45).

(i11) Moreover, amino acid adsorbates were found to be able to modify the substrate
morphology significantly. For instance, adsorbates of the smallest amino acid, i.e.,
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Figure 22. (a, b) Adsorption of glycine, which is not chiral, on Cu(001) makes surface steps faceting to
all eight possible <310> directions and then bunching into all eight possible {3 1 17} facets [Zhao et al.,
Surface Science 424, L347 (1999)]. (c) Adsorption of L-lysine on Cu(001) surface, in contrast, makes steps
bunching only into the four {3 1 17} facets that have the same chirality. [From Zhao et al., Chinese
Physics 10 (supplement), (S84 2001).]

glycine, can make all steps on the Cu(001) surface faceted (or reoriented) into eight
equivalent <310> directions and then bunching into all eight equivalent {3 1 17}
facets.

However, adsorption of homochiral amino acids, such as L-lysine, on the same
Cu(001) surface makes the steps bunching into only the four of all eight {3 1 17}
facets that have the same chirality, which is determined by the chirality of the molecules
[46]. The possibility of using homochiral adsorbates to fabricate homochiral facets on
a substrate is of current interest because of its potential application in chiral separations.

2.3. Insulator Surfaces

In principle, insulators cannot be studied with STM since tunneling current cannot be
established between a conducting tip and an insulator. However, under some special
conditions, STM observation can be performed on insulating materials. For example,
BN thin film on Rh(111) surface have been investigated with STM [47]. The STM
images of 2ML BN grown on Rh(111) surface by high-temperature decomposition
of borazine are shown in Fig. 23. Ordered BN nanomesh is observed in the large scale
image [Fig. 23(a)]. In high resolution image [Fig. 23(b)], it is clearly seen that the
nanomesh consists of two layers of BN and they are offset in such a way as to expose
a minimum metal surface area. NaCl(111), ZnO(0001) and TiO; etc. have also been
reported to be studied with STM [48-50].

Recently, K. Bobrov et al. demonstrated that STM can be used in an unconventional
resonant electron injection mode to image insulating diamond surfaces and to probe
their electronic properties at the atomic scale [51]. The hydrogen-free diamond surface
is insulating, no tunneling current could be obtained at any bias voltages between —6 V
and +4 V. The STM tip crashed on the surface if trying to establish a tunnel current
in the range 0.05-1 nA. However, at very high sample bias (+5.9 V), i.e, above the
diamond work function (5.3 V), atomic resolution STM image can be obtained on
the diamond surface as shown in Fig. 24. In Fig. 24(a), terraces rotated by 90° are
clearly visible. The periodic structure of bright and dark lines is observed on every
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Figure 23. Constant-current STM images of the boron nitride nanomesh formed on a Rh(111) surface.
(a) Large-area image taken with a bias voltage of I/, = —1.0 V and a tunneling current of Iy = 2.5 nA.
The black features are defects in the mesh, one of which is shown with different contrast in the inset. (b)
High-resolution image (—2.0 V and 1.0 nA) clearly showing the presence of two layers of mesh that are
offset such as to cover most of the Rh(111) surface. The mesh unit cell is indicated (From Ref. 47).

;“"‘“ AZ = 0,025 nm s I_vl Yl
g 0.04 H I
%noa : AP e,
£ uu (LY ] ‘:—r;:nrnu Hﬁﬂ o 08 o
X () 4 b4 4
NN

Figure 24. Clean diamond C(100)-(2 x 1) surface. (a) The STM topography (10 nm x 10 nm) of the
clean diamond surface recorded in the near-field emission regime (Ub = 5.9 V, I = 1.1 nA). (b) Height
variation of the STM tip along the line A. (c) Topview of a monoatomic step on the two-domain (2 X 1)
reconstructed surface. The circles represent the carbon atoms belonging to the top four surface layers; the
biggest circles represent the carbon-carbon dimers. The domains labelled as I and II represent the upper
and lower terrace, respectively. The dimer rows are highlighted by shading. The dashed line shows
schematically the boundary between the domains. (From Ref. 51)
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Figure 25. Atomically resolved STM image of individual single-walled carbon nanotubes. The lattice on
the surface of the cylinders allows a clear identification of the tube chirality. Dashed arrows represent the
tube axis T and the solid arrows indicate the direction of nearest-neighbour hexagon rows H. From the
image, it can be determined that the tube has a chiral angle ¢ = 7° and a diameter d = 1.3 nm. (From
Ref. 53)

terrace. The periodicity of ~0.5 nm, as measured from the scan profile shown in
Fig. 24(b), agrees well with the distance (0.504 nm) between the C—-C dimer rows
of the (2 x 1) reconstructed diamond surface. This work suggests that STM can be
operated in the near-field emission regime and this method can be applied to investigate
other insulating materials.

2.4. Nanotubes and Nanowires

Carbon nanotubes have attracted much attention since their discovery in 1991 due
to their peculiar properties [52]. STM has been widely used to study the structure
and electronic properties of carbon nanotubes [53-55]. An atomically resolved STM
image of individual single-walled carbon nanotubes is shown in Fig. 25, from which,
the structure (chiral angel and diameter) can be easily determined. Combined with
scanning tunneling spectroscopy (STS, which will be introduced in the next section),
their local electronic properties can also be related to the local structures [53].

Shown in Fig. 26 is an STM image of an oxide-removed Si nanowire, another
kind of interesting nanowires [56]. The study also showed that the electronic energy
gaps of Si nanowires increase with decreasing Si nanowire diameter from 1.1 eV for
7 nanometers to 3.5 eV for 1.3 nanometers, in agreement with previous theoretical
predictions.

In these studies, highly ordered pyrolytic graphite (HOPG), Au(111) or Au film are
often used as substrates, whereas nanotubes and nanowires are usually deposited on the
surface from dilute solutions. The outmost structure of the nanotubes and nanowires
can be determined from atomically resolved STM images. In addition, STS is often used
to probe their electronic properties and the relationship between electronic properties
and structures. Such information is very difficult to obtain with other techniques.

2.5. Surface and Subsurface Dynamic Processes

So far, it has been shown that the atomic structure of many different surfaces can be
studied or even determined on the basis of high-resolution STM images. With atomic
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Figure 26. STM image of a Si nanowire with a Si(001) facet. The wire’s axis is along the [110] direction.
(From Ref. 56)

resolution STM images, it is also possible to study surface or even subsurface atomic
dynamic processes.

2.5.1. Sutface Diffusion

Although it is possible to study surface diffusion by checking the position of individual
atoms, to find out, among hundreds or more atoms, the few that diffused from one
image to another is nevertheless tedious. However, difference images obtained from
a set of sequential images can make the job much easier (see Fig. 27). It was thus
found that on the Ge(111) surface individual adatoms neighboring to some defects
are able to diffuse even at room temperature [57]. Moreover, it was also found that, if
the domains are not very large, adatoms forming a string or closed loop lying along
domain walls may diffuse one after another (see Fig. 27). In addition, the mean lifetime
of the diffusing adatoms can also be determined and from which the diffusion energy
barrier of the adatoms was deduced to be 0.83 & 0.02 eV, in good agreement with its
theoretical value.

2.5.2. Subsurface Migration

Despite that STM is a very surface sensitive technique, from the difference images
of a set of sequential images of the Ge(113) surface it was also able to find that the
subsurface self-interstitial atoms are migrating frequently even at room temperature,
making the local surface structure changing back and forth between (3 x 2) and (3 x 1)
Fig. 28(a) and (b). Interestingly, migration of a subsurface self-interstitial atom into
or out of a place results in a quite large and complicated feature around that place in
the difference image, as shown in Fig. 28(c). However, considering that each subsurface
atom is bound to several surface atoms this is actually quite reasonable. Furthermore,
the lifetime of the self-interstitials was determined to be 400 s at room temperature,
and their migration energy barrier was deduced accordingly to be 0.93 £ 0.02 eV [58].
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Figure 27. (a) STM image obtained from a Ge(111) surface (b) STM image obtained from the same place
as in (a) but 6 minutes later. (c) Portion of the difference image obtained by subtracting (b) from (a),
showing shifts of tens of the adatoms forming two closed loops. (d) Schematic drawing of (c), showing the
details relevant to the adatom shifts. (From Ref. 57)

2.5.3. Movement of Subsurface Dislocations

Another type of subsurface defects, subsurface dislocations, can be found with STM as
small regular bumps on many annealed metal surfaces, although argon ion bombard-
ment or STM tip touching can induce more of them. In the case of Au(001) where, as
mentioned above, the topmost atomic layer is incommensurate with the substrate and
thus Moiré fringes appears on the surface. It was shown that such Moiré fringes can
be used as “magnifier” to study the details of such subsurface dislocations, including
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Figure 28. (a, b) Two consecutive STM images (70 x 70 A?) obtained from a Ge(113) facet, with a
(3 x 1) and (3 x 2) unit cell outlined in (a). (c) The differential image obtained by subtracting (b) from
(a). The circled areas are those where a subsurface self-interstitial atom migrated in or out between or
during imagings. (From Ref. 58)

their extremely slow movement and the weak strain fields that push them to move.
Specifically, on the basis of STM and simulated images, a precision of better than 0.1 A
was achieved in determination of the lateral strain fields and a dislocation speed lower
than 1 A/min was measured [38]. As Moiré fringes exist in many surfaces and adsorbate
systems, the method is expected to have wide applications.

3. SCANNING TUNNELING SPECTROSCOPIES

As mentioned above, bias-dependence of STM images is often observed, particularly
for semiconductor surfaces, which makes it difficult to explain the STM images. How-
ever, very useful spectroscopic information can be extracted from the bias-dependence
of tunneling current. In fact, tunneling spectroscopy had been used with fixed tunnel-
ing junctions before STM was invented. More important information can be obtained
by measuring tunneling spectroscopy with an STM. The scanning ability of STM
makes it possible to probe local spectroscopic signals with atomic spatial resolution. By
changing the tip-sample distance, the potential barrier can also be investigated with

STM.

3.1. Scanning Tunneling Spectroscopy (STS)

From Eq. 10, tunneling current at a finite bias voltage V can be expressed as:

el
I x f ps(Ef —eV +e)pr(Ef + €)de, (12)
0

where, ps and pp are the DOS of sample and tip respectively. If pr is constant,
then:

dI (E V+e) (13)
— X —e g),

% Ps(Ef

i.e., the structure in dI/d1 as a function of I represents the structure in the DOS of
sample, which is called as scanning tunneling spectroscopy (STS).
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Figure 29. (a) Constant-distance I/ IV~ I/ spectra for the Si(111)-7 X 7 surface averaged over one unit
cell (solid line) and at selected locations in the unit cell (other symbols). (b) Spectra obtained with UPS
(solid line) and IPS (dashed line). (From Ref. 59)

The first spatial resolved tunneling spectroscopy was demonstrated by Hamers ef al.
on Si(111) 7 x 7 surface [59]. The site-selected conductance curves (I/ V'~ 1) within a
Si(111)-7 x 7 unit cell are shown in Fig. 29. The physical origin and the nature of the
surface states of Si(111)-7 x 7 surface, including the states due to dangling bonds on
twelve adatoms, the states localized on rest atoms, the states due to Si-Si backbonds, and
the states localized in the deep corner hole were directly identified. The I/ 1V~ Ispectra
averaged over one unit cell is comparable with the results of ultraviolet photoemission
spectroscopy (UPS) and inverse photoemission spectroscopy (IPS). Better agreement
between the spectrum averaged over an area encompassing many unit cells and the data
from UPS and IPS were achieved later [60]. These studies showed that the electronic
structure of the tip is relatively unimportant in STS measurements.

Current imaging tunneling spectroscopy (CITS) was also proposed, which allows
real-space imaging of surface electronic states. By measuring constant separation I-1~
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curves at each point during scanning, current images at sample voltages within a
range can be obtained simultaneously with STM topographic image. The resulting
real-space current images directly reflect the spatial distribution of the surface states
without interference from geometric structure contributions [59]. The atomic resolved
CITS images on Si(111)-7 x 7 surface are shown in Fig. 30, from which the atomic
origins of the various electronic states can be easily determined. The electronic states
near —0.35 eV are from the 12 adatoms, the states near —0.8 eV arise from the 6 rest
atoms, whereas the states near —1.7 eV are from backbond states.

The capability of identifying surface states in real-space with atomic resolution
greatly extends the utility of STM as a spectroscopic tool. STM combined with STS
has been widely used to study the structure, electronic properties and their relationship
of various materials.

3.2. Inelastic Tunneling Spectroscopy

By now, we only considered the elastic electron tunneling process, in which the elec-
trons keep conservation of energy during tunneling. In fact, inelastic tunneling can
also occur if the tunneling electrons couple to some excitation modes in the tunnel-
ing junction. In 1966 it was discovered that inelastic electron tunneling spectroscopy
(IETS) can be obtained from molecules adsorbed at the buried metal-oxide interface
of a metal-oxide-metal tunneling junction [61]. With the development of STM, it
was apparent that IETS might be performed on a single molecule in the junction of
a STM (STM-IETS) [62]. The metal-oxide-metal tunnel junction is replaced by the
STM tunnel junction: a sharp metal tip, a vacuum gap of several angstroms, and a
surface with the adsorbed molecules. The combination of atomic resolution and IETS
allows the creation of atomic-scale spatial images of the inelastic tunneling channel
for each excitation mode, in a2 manner similar to that used to map out the electronic
density of states with the STM [59]. Unfortunately, the conductance changes caused
by inelastic tunneling are less than 10% for the STM. Therefore, the extreme mechan-
ical stability is necessary to obtain reasonable IETS with the STM. In addition, low
temperature is required to keep thermal line-width broadening small compared with
the inelastic exciting energy.

Single-molecule vibrational spectroscopy was first obtained with STM-IETS by
Stipe et al. in 1998 [62]. To measure the IETS, a small ac modulation was added
to the dc sample bias voltage, the tunneling current was fed into a lock-in amplifier
to determine the first and second harmonics of the modulation frequency which
are proportional to dI/dV and d®I/dV?, respectively. These signals were recorded as
the sample bias voltage was swept from 0 to 500 mV. As shown in Fig. 31, obvious
difference was found in the STM-IETS for C;H; and C,D; although they could not
be identified in the atomic resolved STM topographic image. The C-H stretch at
358 mV for C,H, was observed to shift to 266 mV for C,D, (Fig. 31). These values
are in close agreement with the results obtained by EELS.

By doing IETS, it is possible to identify molecules with the STM, which permits
to implement chemically sensitive microscopy. Vibrational imaging of the adsorbed
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Figure 30. CITS images of occupied Si(111)-7 x 7 surface states. (a) adatom states at —0.35 'V,
(b) dangling-bond state from rest atoms at —0.8 V, (c) backbond state at —1.7 V. (From Ref. 59)



3. Scanning Tunneling Microscopy 85

T T T T T T

358
20 fl .
CzHz
oF \;vf\wmw 1 A
=20k

CzD2

M,J \\MMW 2

/\,A,M\ Wa-z

0 100 200 300 400 300
Voltage (mV)

d2/dV2 (nA/V2)

Figure 31. Background difference d>I/d1/? spectra for CoH, (1) and C,D5 (2), taken with the same
STM tip, show peaks at 358 mV and 266 mV, respectively. The difference spectrum (1-2) yields a more
complete background subtraction. (From Ref. 62)

molecule was obtained by recording dI/d1 and d*I/d1? at each data point with the
feedback off and the bias modulation on while scanning the tip in constant-current
mode. This procedure results in three images of the same area. In a constant-current
image, no contrast was observed for both acetylene isotopes [Fig. 32(A)]. When the
dc bias voltage was fixed at 358 mV, only one of the two molecules was revealed in
the image constructed from the d*I/d1? signal [Fig. 32(B)]. By changing the dc bias
voltage to 266 mV, the other molecule was imaged [Fig. 32(C)]. Two small identical
depressions observed at 311 mV [Fig. 32(D)] were attributed to the change in the
electronic density of states on the sites of the two molecules [62].

STM-IETS extends the vibrational spectroscopy to the single-molecule limit and
provides the STM with chemical sensitivity. Combination of the high spatial resolution
of STM and IETS permits to correlate variations in molecular spectra with changes in
the local environment on an atomic scale [63].

3.3. Local Work Function Measurement

The general definition of the work function, i.e., the minimum energy needed to
remove an electron from a metal to infinity, is clear but cannot be used to measure
the local work function. Wandelt, considering that surface dipole potentials reach
their saturation value already within ~2 A from the surface, defined the local work
function (LWF) as the local surface potential measured from the Fermi level Ep, which
allows us to measure LWF variations induced by surface dipole patches [64, 65]. In this
definition, the LWF probe can be put close to the surface compared to the dimensions
of the surface patch under study. Obviously, the closer the probe is to the surface the
smaller the surface patch of interest can be, provided that presence of the probe has no
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Figure 32. Spectroscopic spatial imaging of the inelastic channels for CoHy and C2D5. (A) Regular
(constant current) STM image of a C;Hj molecule (left) and a C,D; molecule (right). The imaged area is
48 A by 48 A. d?I/dV? images of the same area recorded at (B) 358 mV, (C) 266 mV, and (D) 311 mV. All
images were scanned at 1 nA dc tunneling current. (From Ref. 62)

influence on the local surface potential, and hence this LWF definition is suitable for
studying LWF variation with STM.

Work function is important in STM because it determines the height of the tun-
neling barrier. The tunneling current I depends exponentially on the tip-sample

distance s:

I o exp(—2«s), withk = i 2m¢)'/?, (14)

where ¢ is the effective local potential barrier height. From the above formula, we

have

¢[V]_h2_1 A1\ s (4T’ 5
A= 5 ds \aa))

Binnig and Rohrer have shown that, at least in the image force range, the s dependence
enters ¢ 4 in second order only, or ¢ 4 is nearly independent of the tip-sample separation.
Moreover, it has also been pointed out that for homogeneous surfaces ¢4 is work
function [66], while for patchy surfaces, ¢ 4 is equal to the LWF [65].

In an experiment, the height of the tunneling barrier or work function can be
obtained by measuring the response of the tunneling current when changing the gap
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Figure 33. Measured work function dependence on sample bias voltage for Cu(111) surface. (From
Ref. 69)

distance. Actually, at the beginning of the STM invention by Binnig and Rohrer,
they already pointed out the possibility of measuring the work function and tak-
ing its image [67]. Jia et al. have measured the LWF on metal surfaces quantitatively
[65, 68, 69]. In their experiments, the modulation frequency was set at 2.0 kHz,
higher than a cut-off frequency of the feedback loop of the STM system they used
(~1 kHz) but lower than the response frequency of the current amplifier of the
STM. The frequency dependence of the work function on the Cu(111) substrate
showed that the modulation frequency (2.0 kHz) is in a plateau range. The amount
of modulation in the gap distance is 0.23 A, much smaller than the gap distance,
55-6.0 A.

The LWF dependence on bias voltage measured using a Cu(111) surface is shown
in Fig. 33. From these measurements, it turns out that the work function drops slowly
with a ratio of ~0.2 eV /V as the bias voltage increases gradually up to —3.5 V. Variation
of work function with a bias voltage is quite reasonable because applying a bias voltage
lowers the barrier height in the STM gap. It is qualitatively consistent with the results
of previous experimental and one-dimensional numerical simulation. At a low bias
voltage limit, it reaches around 4.8 eV, close to an average value of work function of
Cu(111) and W(111), which is used for the probing tip. Image potential does not seem
to contribute so much to the work function [69].

By measuring LWF at each point during scanning, a LWF image can be obtained
simultaneously with a STM image. Figure 34(b) is the LWF image taken simultaneously
with the STM image in Fig. 34(a). From the STM image alone it is rather difficult
to distinguish the Au-covered areas from those uncovered, although from the former
one can vaguely see the quasi-periodic triangular features. As the Au terraces have a



88 1. Optical Microscopy, Scanning Probe Microscopy, Ion Microscopy and Nanofabrication

Figure 34. (a) STM images of a Au/Cu(111) surface (580 A x 580 A). (b) Simultaneously obtained work
function image. The mean value of the work function on the Au overlayer (bright area) is 7% higher than
that on the Cu(111) substrate (dark area). The dark lines correspond to a low work function zone at step
edges. (From Ref. 68)

higher WF than that of the Cu terraces we identify the brighter areas in the WF image
as covered by a Au layer, while the darker areas as being nude.

Similar measurements have been carried out using a Pd/Cu(111) surface [68]. An
STM image obtained from the surface is given in Fig. 35(a), and the corresponding
work function image [Fig. 35(b)] shows that work function measured on Pd overlayers
is larger than that of the Cu substrate. The conclusion of the statistical analysis is that the
first Pd layer has a larger work function than Cu(111) by 19 £ 5%. The dark contrast
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Figure 35. (a) STM and (b) work function images obtained on a Pd/Cu(111) surface. The applied
sample bias voltage is —2.0 V, and the tunneling current is 0.1 nA. The size of the observed area

is ~570 A x 570 A. The coverage of Pd is ~1.0 ML. It shows that the Pd layer has a higher work
function than the Cu substrate and that the second Pd layer has a higher work function than the first Pd
layer. (From Ref. 68)

along step edges is observed in the work function images taken on the Pd/Cu(111)
surface as well.

Different from the results on Au/Cu(111) surface, the second layer of Pd shows
a higher work function than the first layer of Pd. In this image, islands of the first
Pd layer are observed on a wide terrace of the Cu substrate, and several small islands
of the second Pd layer are observed on them. In the corresponding work function
image [Fig. 35(b)], islands of the second layer look brighter than those of the first layer,
indicating a higher work function on the second Pd layer than on the first Pd layer.
According to their statistical analysis, the work function of the second layer Pd is larger
than the first layer Pd by 6 £ 5%.

Quantitative analysis shows that the work function measured for the first Pd layer
is already larger than that of bulk Pd(111), and it further increases with increasing
thickness of Pd. This kind of overshooting of LWF measured for Pd film could be
the quantum size effect on the work function since film thickness of the overlayers is
smaller than the Fermi wavelength of the metals [68].

In the LWF images obtained from both the Au/Cu(111) surface [Fig. 34(b)] and
Pd/Cu(111) surface [Fig. 35(b)] dark valleys along steps can be observed, indicating
that the LWF at steps is much lower than that on terraces. This agrees with the fact
that the work function decreases with increasing step density [70]. To show more
details, a line scan crossing a step that separates two Au terraces is shown with a solid
line in Fig. 36(a). According to the statistic based on more than 100 WF images like
Fig. 34(b), the mean full width at half maximum and depth of the LWF wvalley for
Au-Au monatomic steps are 6.5 = 1 A and 0.9 £ 0.3 eV, respectively, while for
Cu-Cu monatomic steps are 10 & 1 A and 1.9 £ 0.3 eV, respectively.

Dipoles induced by Smoluchowski smoothing effect [71] at steps are very likely
responsible for the formation of such LWF valleys. A simple simulation has thus been
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Figure 36. (a) Comparison of the experimental local work-function profile crossing an Au-Au
monatomic step (solid line) with its simulated counterpart (dashed-dotted line). The reduction induced by
the step dipoles alone is also shown (dashed line). (b) STM line scan (top) obtained simultaneously with
the solid line in (a), and the schematic step profile showing the location of the step. (From Ref. 65)

made accordingly, where an infinite row of equal dipoles is used to simulate a step. If
a right-hand coordinate system is set such that the axis of the dipole row lays long the
y-coordinate axis with the positive end of the dipoles pointing to the outside of the
surface, 1.e., the 4z direction, then the local surface potential at a point (x, z) induced
by the dipole row is given by:

Q ) (z41/2)* +°
In ,
4 e (z—1/2)% 4+ x?

$p(x, 2) = < (16)

where Q is the linear density of charge, [ is the distance between the positive and
negative charges. Let d be the spacing of the step atoms; then the induced dipole
moment can be calculated as © = Qd! per step atom. Since it is the constant-current
rather than the constant height mode that was used in the experiment, to simulate
the LWF line scan shown in Fig. 36(a) with Eq. 16, what they have to calculate is
not ¢p(x, zp) but ¢p[x, z(x)], where z(x) is the real STM line scan [the top curve in
Fig. 36(b)], along which the LWF is probed. Note that the line scan is quite different
from the schematic step profile, which is expected to be more like the profile of the
real step. The reason for this is twofold: Smoluchowski smoothing [71] as mentioned
above, and obviously, convolution with the tip. However, as pointed out by Binnig and
Rohrer [72], the step topography has one more effect on the measured values of LWF
because what is measured, as mentioned above, is the response d(In I) to the modulation
of the gap distance ds, which ought to be in the normal direction of the surface. If at a
point the normal of the surface is not in the z direction but tilted away by an angle 6



3. Scanning Tunneling Microscopy 91

Figure 37. Atomic resolved STM (a) and work function (b) images on S/Pt (111) surface. The scanning
area is 120 A x 120 A, containing both 2 x 2 and +/3 x +/3 reconstruction. It is demonstrated that the
V/3 x /3 structure has larger work function than 2 x 2 structure. (From Ref. 73)

then the real ds is reduced by a factor of cos 6 even if the modulation of the tip height
dz is constant. As a result, the measured local work function of that point is reduced
by a factor of cos? . So, after taking this into account in the simulation, the LWF
variation around a step is then calculated as

AP(x) = par — [par — Pplx, D] cos’ 6, 17)

where ¢ 471 is the measured LWF of the terraces that are separated by the step, and
@p(x, 2) is the potential of the dipole row along the step and hence is given by Eq. 16.
In the calculation the value of 6 at each point was determined from the real STM line
scan and the distance between the positive and negative charges [ was set to be the
step height (/ has almost no effect on the final results). By optimizing the gap distance
and the linear density of dipole moment, a good agreement between the calculated
and experimental curves has been achieved. The calculated A¢(x) and ¢p(x, 2) are
shown in Fig. 36(a) as the dotted-dashed and dashed lines, respectively, along with
the experimental curve (solid line) for comparison. The tip height is 4.9 A, and the
dipole moment is £ = 0.16 £ 0.05 D/step atom, in agreement with the value of
0.2-0.27 D/step atom derived by Besoke ef al. from a stepped Au(111) surface [70].
A similar simulation has also been carried out for Cu-Cu monatomic steps, and the
result is w = 0.5 £ 0.15 D/step atom, which is about twice as large as that of Au-Au
steps [65].

Atomic resolution can also be achieved with LWF measurement. As shown in Fig. 37,
atomic resolved STM and LWF images were obtained on S/Pt(111) surface. At this
coverage, 2 x 2 and +/3 X /3 reconstructions coexist on the surface [Fig. 37(a)], the
LWF image [Fig. 37(b)] shows that the /3 X /3 structure has a larger work function
than 2 x 2 structure [73].
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Figure 38. A schematic illustration of the process for sliding an atom across a surface. The atom is located
and the tip is placed directly over it (a). The tip is lowered to position (b), where the tip-atom attractive
force is sufficient to keep the atom located beneath the tip when the tip is subsequently moved across the
surface (c) to the desired destination (d). Finally, the tip is withdrawn to a position (e) where the tip-atom
interaction is negligible, leaving the atom bound to the surface at a new location. (From Ref. 74)

It has been shown that STM is indeed a powerful technique for measurement of
LWE and that measuring LWF with STM is very useful for elemental identification
on metal surfaces. This technique provides unique information on how the atomic
structure of a surfaces is related to the work function and thus is very useful for
elucidating processes on solid surfaces.

4. STM-BASED ATOMIC MANIPULATION

As discussed above, STM is very powerful in studying atomic structure and electronic
properties of various surfaces. In these studies, the tip-sample interaction is usually
kept as small as possible so that the investigations are non-destructive. However, if
one adjusts the parameters to increase the tip-sample interaction in a controlled way,
STM can also be used to fabricate nano-structures down to the atomic level. Various
nano-structures can be constructed by different methods, including manipulation
of single atoms [74], scratching [75], oxidation [76], tip-induced chemical reactions
[77-78], heating [79] and efc. [4]. Below, we will introduce some of them.

4.1. Manipulation of Single Atoms

Eigler and colleagues at IBM succeeded in writing “IBM” with xenon atoms in 1990
and pioneered the new field of manipulation of single atoms [74]. Toggling a single
atom and pulling/pushing it on a surface were first demonstrated on the Xe adsorbed
Ni(110) surface using a low-temperature UHV STM. The process to move an adsorbed
Xe atom is shown in Fig. 38. The STM scanning is first stopped and the tip is placed
directly above the atom (a). Then lower the tip toward the atom to increase the
tip-atom interaction (b); this is achieved by changing tunneling current to a higher
value (typically ~30 nA). This step is critical, the tip-atom interaction has to be strong
enough to allow the atom to overcome the energy barrier to slide to neighboring place
on the substrate. On the other hand, the tip-atom interaction has to be smaller than
the interaction between atom and substrate so that the atom cannot be transfer from
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Figure 39. “Quantum corral” built with 48 Fe atoms on Cu(111) surface. (From Ref. 80)

substrate to tip. The tip (dragging the atom together) is then moved under closed-loop
conditions to the desired destination slowly (c) and stops there (d). Finally, the tip is
withdrawn by reducing the tunneling current to the value used for imaging (~1 nA)
and leaving the atom at the destination.

By repeating this procedure to position other adsorbed atoms, structures of ones own
design can be fabricated atom by atom. Using this method, “quantum corrals” was
built with 48 Fe atoms on Cu(111) surface [80]. As shown in Fig. 39, the interference
effects of electron waves can be clearly observed in the corral. From the dependence
of periodicity of the wave on bias voltage, they could determine the effective mass of
electrons in Cu(111) surface states to be about 0.37 m, (m,, the mass of a free electron),
which is in good agreement with the value obtained by other techniques [80].

Recent, the “quantum mirage” effect was demonstrated using an elliptical corral
built with Co atoms on Cu(111) surface [81]. Conventional image projection relies on
classical wave mechanics and the use of natural or engineered structures such as lenses
or resonant cavities. This work demonstrates that the electronic structure surrounding
a magnetic Co atom can be projected to a remote location on the Cu(111) surface;
electron partial waves scattered from the real Co atoms are coherently refocused to
form a spectral image or “quantum mirage”. The focusing device is an elliptical quan-
tum corral, assembled on the Cu surface. The corral acts as a quantum mechanical
resonator, while the two-dimensional Cu surface state electrons form the projection
medium. When placed on the surface, Co atoms display a distinctive spectroscopic
signature, known as the many-particle Kondo resonance, which arises from their mag-
netic moment. Fig. 40 shows that when a magnetic cobalt atom is placed at a focus
point of elliptical corrals (a, b), some of its properties also appear at the other focus
(c, d), where no atoms exists. When the interior Co atom is moved off focus, the mi-
rage vanishes. Over 20 elliptical resonators of varying size and eccentricity were made
to search for the formation of a quantum mirage. It was found that as a (the semima-
jor axis length) is increased monotonically while e (eccentricity) is fixed, the mirage
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Figure 40. Visualization of the quantum mirage. a, b, Topographs showing the ¢ = 1/2 (a) and ¢ = 0.786
(b) ellipse each with a Co atom at the left focus. ¢, d, Associated d1/d 1 difference maps showing the
Kondo eftect projected to the empty right focus, resulting in a Co atom mirage. (From Ref. 81)

is switched on and off. In each period of this switching, the classical path length 2a
changes by a half Fermi wavelength [81].

Because the quantum mirage effect projects information using the wave nature of
electrons rather than a wire, it has the potential to enable data transfer within future
nanometer scale electronic circuits so small that conventional wires do not work.

4.2. STM Induced Chemical Reaction at Tip

The finely focused electron beam from STM tip can also be used to induce local
chemical reaction, which provides another method to fabricate various pre-designed
nano-structures on the surface.

In 1992, Dujardin et al. demonstrated that individual B1gH4 molecule adsorbed
on Si(111)7 x 7 surface could be dissociated by electrons emitted from STM tip at a
bias voltage of 8 V [77]. In 1997, Stipe et al. dissociated single O, molecules on the
Pt(111) surface in the temperature range of 40 to 150 K using tunneling current from
an STM tip [82]. Fig. 41 shows that two O, molecules are dissociated by voltage pulses
of 0.3 V. The dissociation rate as a function of current was found to vary as I 0.8+0.2.
J18%02 and 129403 for sample biases of 0.4, 0.3, and 0.2 V, respectively. These rates are
explained using a general model for dissociation induced by intramolecular vibrational
excitations via resonant inelastic electron tunneling [82].
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Figure 41. (a) STM image of two adjacent pear shaped O2 molecules on fcc sites. (b) Current during a
0.3 V pulse over the molecule on the right showing the moment of dissociation (step at t~ 30 ms). (c)
After pulse image with a grid fit to the platinum lattice showing one oxygen atom on an fcc and one on an
hep site along with the unperturbed neighboring molecule on an fcc site. (d ) STM image taken after a
second pulse with the tip centered over the molecule showing two additional oxygen atoms on hcp sites.
Raw data images scanned at 25 mV sample bias and 5 nA tunneling current. (From Ref. 82)

Recently, it was demonstrated that with an STM in a controlled step-by-step manner
utilizing a variety of manipulation techniques, all elementary steps of a complex chem-
ical reaction can be induced on individual molecules and new individual molecules
can be synthesized [83]. The reaction steps involve the separation of iodine from
iodobenzene by using tunneling electrons, bringing together two resultant phenyls
mechanically by lateral manipulation and, finally, their chemical association to form
a biphenyl molecule mediated by excitation with tunneling electrons. The reaction
process is schematically illustrated in Fig. 42.

The first reaction step, iodine abstraction from iodobenzene [Figs. 42(a) and 1(b)],
was performed by positioning the STM tip right above the molecule at fixed height and
switching the sample bias to 1.5 V for several seconds. From the linear dependence
of the dissociation rate on the tunneling current, they concluded that the energy
transfer from a single electron causes the breaking of the C-I bond [83]. As shown in
Fig. 43, after dissociation (a—b), the iodine and phenyl are spaced closely (c). So,
the iodine atoms were pulled by the tip to further separate them from the phenyls
(d). To clear the manipulation path (e), the iodine atom located between the two
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Figure 42. Schematic illustration of the STM tip-induced synthesis steps of a biphenyl molecule. (a),
(b) Electron-induced selective abstraction of iodine from iodobenzene. (c) Removal of the iodine atom
to a terrace site by lateral manipulation. (d) Bringing together two phenyls by lateral manipulation.

(e) Electroninduced chemical association of the phenyl couple to biphenyl. (f) Pulling the synthesized
molecule by its front end with the STM tip to confirm the association. (From Ref. 83)

phenyls is removed onto the lower terrace. Lateral manipulation was continued until
two phenyls were located close to each other (f). The shortest achievable distance
between the centers of two phenyls is 3.9 4 0.1 A, as determined from the STM
images. Even though the two phenyls are brought together spatially they do not join at
the temperature of 20 K unless further measures are taken. To induce the last reaction
step, association, molecular excitation by inelastic tunneling was used. The STM tip
was stopped right above the center of the phenyl couple and the bias was raised to
500 mV for 10 s. Then the voltage was reduced to its original value of 100 mV and
the STM tip continued scanning. The distance between the phenyl centers changes
upon association with 4.4 £ 0.05 A, which is consistent with the distance of 4.3 A
between the two centers of the p rings in gas-phase biphenyl [83].

This work opens up new fascinating routes to the individual assembly of novel man-
designed molecules or construction of nanoscale molecular-electronic and molecular-
mechanical devices from a variety of building blocks which might also be prepared
in situ.

More recently, Moresco ef al. showed that STM tip could be used to rotate single
legs of a single Cu-tetra-3,5 di-terbutyl-phenyl porphyrin (Cu-TBPP) molecule in and
out of the porphyrin plane in a reversible way on a stepped Cu(211) surface [84] and
they found the internal configuration modification drastically changed the tunneling
current passing through the molecule. This work demonstrated that the controlled
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Figure 43. STM images showing the initial steps of the tip-induced Ullmann synthesis. (a) Two
iodobenzene molecules are adsorbed at a Cu(111) step edge. (b),(c) Iodine is abstracted from both
molecules using a voltage pulse. (d) Iodine atoms (small protrusions) and phenyl molecules (large) are
further separated by lateral manipulation. (¢) The iodine atom located between the two phenyls is removed
onto the lower terrace to clear the path between the two phenyls. (f) The phenyl molecule at the left side
is moved by the STM tip close to the right phenyl to prepare for their association. (Image parameters:
4100 mV, 0.53 nA; 70 x 30 A%) (From Ref. 83)
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rotation of the legs induced by the STM tip realizes the principle of a conformational
molecular switch [84].

5. RECENT DEVELOPMENTS

In traditional surface analysis techniques, the sample is probed by means of electrons,
photons, ions, and other particles with a spatial resolution determined by the spatial
extent of the probe beams. Therefore, atomic resolution is very difficult to achieve with
the conventional techniques. In contrast, with atomic-resolution, STM is based on a
totally different principle, in which a local probe (very sharp tip), precise scanning,
and an electronic feedback are combined subtly. To achieve the atomic resolution,
the tip is brought very close to the sample, in near-field regime, and is controlled
precisely by monitoring the tunneling current. Following the basic idea of STM,
many novel scanning probe microscopes have emerged based on the piezoelectric
scanning, feedback control and various interactions between probe tip and sample.
Some important techniques have been summarized in Table I by Wickramasinghe [5].
Below, some current developments will be reviewed.

5.1. Spin-Polarized STM (SPSTM)

In the STM/STS discussed above, the spin of the tunneling electrons has not been
considered. If a magnetic tip is used, the tunneling current will be spin-dependent.
This means that the STM tip is sensitive to the spin of the tunneling electrons and can
be used to investigate the magnetism structure of a sample with high spatial resolution.
This idea was first proposed by Pierce in 1988 [85] and it eventually led to the invention
of the spin-polarized STM (SPSTM).

For SPSTM, a magnetic tip is required to provide a highly efficient source or
detector for spin-polarized (SP) electrons. The ideal tip for SPSTM must meet sev-
eral conditions: First of all, the apex atom must exhibit a high spin polarization in
order to achieve a good signal-to-noise ratio. Second, dipolar interaction between
tip and sample due to the stray fields should be as low as possible because it may
modify or destroy the intrinsic domain structure of the sample. Third, in order to
separate magnetic from topographic and electronic contributions to the tunnel cur-
rent it should be possible to reverse the quantization axis periodically. Finally, in order
to be able to image the domain structure of any sample-no matter whether its easy
axis is in-plane or out-of-plane, one should be able to control the orientation of the
quantization axis of the tip parallel or perpendicular to the sample surface [86]. Several
possible tip materials have been discussed in Ref. 4. The details on how to prepare an
SPSTM tip can be found in Ref. 86. In the following, some applications of SPSTM are
reviewed.

Using CrO; tip and a Cr(001) sample, Weisendanger et al. observed the vacuum
tunneling of SP electrons in SPSTM for the first time in 1990 [87]. The topological
antiferromagnetism of the Cr(001) surface with terraces alternately magnetized in
opposite directions and separated by monatomic steps provides an ideal test structure
for SPSTM experiments. With a normal nonmagnetic W tip, the monatomic step
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Table I. SXM Techniques and Capabilities (From Ref. 5)

1.

10.

11.

12.

13.

14.

15.

16.

17.

Scanning Tunneling Microscope (1981)
—G. Binnig, H. Rohrer
—Atomic resolution images of conducting surfaces

. Scanning Near-Field Optical Microscope (1982)

—D. W. Pohl
—50 nm (lateral resolution) optical images

. Scanning Capacitance Microscope (1984)

—J. R. Matey, J. Blanc
—500 nm (lat. res.) images of capacitance variation

. Scanning Thermal Microscope (1985)

—C. C. Williams, H. K. Wickramasinghe
—50 nm (lat. res.) thermal images

. Atomic Force Microscope (1986)

—G. Binning, C. E Quate, Ch. Gerber
—Atomic resolution on conducting/nonconducting surfaces

. Scanning Attractive Force Microscope (1987)

—Y. Martin, C. C. Williams, H. K. Wickramasinghe
—5 nm (lat. res.) non-contact images of surfaces

. Magnetic Force Microscope (1987)

—Y. Martin, H. K. Wickramasinghe
—100 nm (lat. res.) images of magnetic bits/heads

. “Frictional” Force Microscope (1987)

—C. M. Mate, G. M. McClelland, S. Chiang
—Atomic-scale images of lateral (“frictional”) forces

. Electrostatic Force Microscope (1987)

—Y. Martin, D. W. Abraham, H. K. Wickramasinghe
—Detection of charge as small as single electron
Inelastic Tunneling Spectroscopy STM (1987)
—D. P E. Smith, D. Kirk, C. E Quate
—Phonon spectra of molecules in STM
Laser Driven STM (1987)
—L. Arnold, W. Krieger, H. Walther
—Imaging by non linear mixing of optical waves in STM
Ballistic Electron Emission Microscope (1988)
—W. J. Kaiser (1988)
—Probing of Schottky barriers on nm scale
Inverse Photoemission Force Microscope (1988)
—J. H. Coombs, J. K. Gimzewski, b. Reihl, J. K. Sass, R. R. Schlittler
—Luminescence spectra on nm scale
Near Field Acoustic Microscope (1989)
—K. Takata, T. Hasegawa, S. Hosaka, S. Hosoki, T. Komoda
—Low frequency acoustic measurements on 10 nm scale
Scanning Noise Microscope (1989)
—R. Moiler, A. Esslinger, B. Koslowski
—Tunneling microscopy with zero tip-sample bias
Scanning Spin-precession Microscope (1989)
—Y. Manassen, R. Hamers, J. Demuth, A. Castellano
—1 nm (lat. res.) images of paramagnetic spins
Scanning Ion-Conductance Microscope (1989)
—P. Hansma, B. Drake, O. Marti, S. Gould, C. Prater
—500 nm (lat. res.) images in electrolyte
(continued)
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Table I. (continued)

18. Scanning Electrochemical Microscope (1989)
—O. E. Husser, D. H. Craston, A. J. Bare
19. Absorption Microscope/Spectroscope (1989)
—J. Weaver, H. K. Wickramasinghe
—1 nm (lat. res.) absorption images/spectroscopy
20. Phonon Absorption Microscope (1989)
—H. K. Wickramasinghe, J. M. R. Weaver, C. C. Williams
—Phonon absorption images with nm resolution
21. Scanning Chemical Potential Microscope (1990)
—C. C. Williams, H. K. Wickramasinghe
— Atomic scale images of chemical potential variation
22. Photovoltage STM (1990)
—R. J. Hamers, K. Markert
—Photovoltage images on nm scale
23. Kelvin Probe Force Microscope (1991)
—M. Nonnenmacher, M. P. O’Boyle, H. K. Wickramasinghe
—Contact potential measurements on 10 nm scale

Figure 44. Schematic drawing of a ferromagnetic tip scanning over alternately magnetized terraces
separated by monatiomic steps of height h. An additional contribution from SP tunneling leads to
alternating step heights iy = h+ As; 4+ Asy and hy = h— Asy — Asp. (From Ref. 87)

height of Cr(001) was determined to be 1.49 4 0.08 A from STM topographic images,
which is in good agreement with 1.44 A for bee Cr(001). The CrO, tip was prepared
in such a way that the preferred magnetization direction of the tip is perpendicular to
the sample surface [87]. After replacing the W tip by a CrO tip, a periodic alternation
of the measured monatomic step heights between larger and smaller values compared
to the mean single step height value of 1.44 A is observed. The deviation from the
single step height value determined with a CrO; tip can be as large as +15% which
is much larger than the experimental error with a nonmagnetic W tip. An additional
contribution from SP tunneling was employed to explain the periodic alternation of
the monatomic step height values. As sketched in Fig. 44, assuming that the CrO; tip
is first scanning over a terrace with the same direction of magnetization as the CrO;
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tip, the tunneling current I44 will then be increased due to a contribution from SP
tunneling: Ity = Iy(1 + P), where I is the tunneling current without this contribution
and P is the effective spin polarization of the tunneling junction. Since the STM is
operated at constant current, an additional contribution to the tunneling current leads
to a corresponding increase As; of the mean distance sy between the tip and the
sample surface. If the CrO; tip is scanning over a terrace with the opposite direction
of magnetization, the tunneling current I will be decreased: I = Iy(1—P), leading
to a corresponding decrease As, of the tip-sample distance. The measured single step
height values therefore alternate between hy = h+ As; + Asyand hy = h — Asy — Aso,
where h is the topographic monatomic step height.
The effective polarization of the tunneling junction is given by [Ref. 87]:

P= Ly — Ity _ exp(AV/PAsi) — exp(— AP Asy) _ exp(Av/PAs) — 1 (18)

Iyt Ly exp(AV@As)) + exp(— AVPAsy)  exp(AJPAs) + 1

where A~1.025 eV~ /2A~' ¢ is the average local tunneling barrier height,
As = As; + As,. According to the experimental results, As= 0.2 & 0.1 A, taking
¢ =4.0 £ 0.5 eV, the effective polarization of the tunneling junction P was derived
to be (20 £ 10)%.

The first SPSTM studies of the Cr(001) surface were performed on a nanometer
scale. The CrO tips were too blunt to achieve atomic resolution. The first atomic
resolution SPSTM experiment was done on Fe3;O04(001) surface. The different spin
configurations of 3d>'3d} for Fe?t and 3d°" for Fe®t were identified by using a sharp
Fe tip prepared in situ [88, 89].

R eal-space imaging of two-dimensional antiferromagnetism with the atomic reso-
lution was achieved also by Wiesendanger’s group in 2000 [90]. The experiment was
done on Mn/W (110) surface with an SPSTM at 16 K. A monolayer Mn grows pseu-
domorphically on W(110) surface. An STM image with W tip is shown in Fig. 45(A).
First-principles calculations shows that the so-called ¢(2 x 2) antiferromagnetic state
is energetically favourable and that the magnetocrystalline anisotropy energy favours
an in-plane spin orientation. In SPSTM experiments, Fe-coated probe tips was used
to fulfill the condition that the experiment required a magnetic tip with a magne-
tization axis in the plane of the surface. Figure 45(B) shows an STM image taken
with such a tip. Periodic parallel stripes along the [001] direction of the surface can
be recognized. The periodicity along the [110] direction amounts to 4.5 & 0.1 A,
which corresponds well to the size of the magnetic ¢(2 X 2) unit cell. The inset
in Fig. 45(B) shows the calculated STM image for the magnetic ground state, i.c.,
the ¢(2 x 2)-AFM configuration. The theory and experiment are in a very good
agreement [86, 90].

These stuties demonstrate that SPSTM is a powerful technique for understanding of
complicated magnetic configurations of nanomagnets and thin films engineered from
ferromagnetic and antiferromagnetic materials used for magnetoelectronics.

Recently, it was demonstrated that SPSTM images can be observed with an anti-
ferromagnetic probe tip. The advantage of its vanishing dipole field is most apparent
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Figure 45. Comparison of experimental and theoretical STM images of a Mn ML on W(110) with

(A) a nonmagnetic W tip and (B) a magnetic Fe tip. The unit cell of the calculated magnetic ground-state
configuration is shown in (A) and (B) for comparison. Tunneling parameters for both images are

It = 40 nA and U = 23 mV. The image size is 2.7 nm by 2.2 nm. (From Ref. 90)

in external magnetic fields. This new approach resolves the problem of the disturbing
influence of a ferromagnetic tip in the investigation of soft magnetic materials and
superparamagnetic particles [91].

In order to overcome the difficulties of separating topographic, electronic, and mag-
netic information one may measure the local differential conductivity dI/dV with a
magnetic tip [86]. In Fig. 46, the dI/dV spectra measured on Gd(0001) at a sample
temperature T'= 170 K is compared with (inverse) photoemission spectroscopy (IPES)
data on a similar sample at the same temperature. It is known from previous experi-
ments that the Gd(0001) surface state is exchange-split into a filled majority and an
empty minority spin contribution. While the occupied majority spin part (1) appears
as a peak in the PES data the unoccupied minority spin part ({) is observed in IPES
measurements. Indeed, tunneling dI/d} spectra exhibit a peak at a sample bias value
of V= 4430 mV and a shoulder at V' = —200 mV (Fig. 46, top panel), being in
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Figure 46. PE (left) and IPE (right) spectra of the spin-split Gd(0001) surface state measured at 170 K
(bottom panel). The occupied part of the surface state appears in the PES while the empty part is weakly
visible in the IPES (bottom and inset). In contrast, tunnelling spectroscopy allows the measurement of
occupied and empty electronic states within a single experiment (top). The peak position derived with
both experimental techniques correspond well. (From Ref. 86)

good agreement with the binding energies for the empty and the occupied parts of
the surface state as determined by PES and IPES (see Fig. 46, bottom panel).

dI/dV mapping with nanometer resolution can be also performed with a magnetic
tip. Fig. 47 shows the STM topographic image and spatially resolved dI/dV images
measured at T'= 70 K with a W tip coated with 5-10 ML Fe on a sample prepared
by depositing 10 ML of Gd on the W(110) substrate held at 530 K. This preparation
procedure leads to partially coalesced Gd islands (01, &~ 20 ML) with a single Gd
wetting layer on the W(110) substrate as shown in the STM image of Fig. 47(a).
Fig. 47(b) and (c) show dI/dV images at V= —0.2 V and 40.45 V, i.e. sample biases
which correspond to filled and empty parts of the surface state, respectively, measured
within the box of Fig. 47(a). Both images show a domain wall crossing the island
from top to bottom [86, 92]. This work demonstrates that the domain structure of
Gd(0001) islands with a resolution below 20 nm can be imaged by dI/d1” mapping
with a magnetic tip.

Recently, Wulthekel and Kirschner showed that magnetic contrast could be obtained
in a similar way of measuring the tunnel magnetoresistance (MR) of planar junctions
[93]. By applying an alternating current of frequency f through a small coil wound
around the magnetic tip, the longitudinal magnetization of the tip was switched period-
ically. The tip material, a metallic glass, was chosen to have a low coercivity, vanishing
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Figure 47. (a) Topographic image of 10 ML Gd(0001)/W(110). dI/dU maps measured on the island
indicated by the box in (a) at (b) U= —0.2 V and (¢c) U= 40.45 V, i.e. the peak position of the majority
and minority parts of the surface state, respectively. In (b) the left part of the island appears brighter (high
conductivity) than the right part (low conductivity). In (c) the contrast is reversed. (From Ref. 86)

magnetostriction, low saturation magnetization, and low magnetization losses. These
parameters allow a rapid switching of the magnetization of the tip without mechanical
vibrations of the tip due to magnetostriction or magnetization losses. Furthermore,
they minimize the influence of the field of the coil on the sample magnetization. The
frequency fwas chosen far away from any mechanical resonances of the STM and well
above the cutoff frequency of the feedback loop. Variations of the tunnel probability
due to the magnetotunnel effect, i.e., maximal probability for parallel and minimal
for antiparallel orientation between tip and sample magnetization, result in variations
of the tunnel current with the frequency f. These variations were detected with a
lock-in amplifier. Since the tip is magnetized along its axis and perpendicular to the
sample surface, sensitivity for the perpendicular magnetic component of the sample
was obtained [93]. In contrast to the previously described spectroscopy of the differ-
ential conductivity dI/dV, which requires that different domains are simultaneously
visible in a single image this dI/dmt method allows the identification of a magnetic
contrast even if the sample is in a single-domain state. Since the local MR method
allows a rather direct detection of the sample’s domain structure a detailed knowledge
of the spin-averaged electronic structure of the surface under investigation is no longer
required [86, 93].

The high spatial resolution and surface magnetic sensitivity of SPSTM allow it be a
powerful tool to study the unsolved basic magnetic problems. There is no doubt that
SPSTM will play a major role in the field of magnetic microscopy in the following years.

5.2. Ultra-Low Temperature (ULT)-STM

Ultra-low temperature STM (ULTSTM) is an important direction in the development
of scanning tunneling microscopes. STM working in the millikelvin temperature range
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allows the study of physical phenomena that only occur at very low temperatures,
for example, superconducting phase transitions in heavy fermion materials. Very low
temperatures can also dramatically improve the energy resolution in the STM mea-
surements. In, 1999, Pan et al. succeeded in building an ULTSTM for operation in a
magnetic field with very high spatial and spectroscopic resolution [94].

Although low temperatures bring the benefits of low thermal drift and low thermal
noise, which are required for high-resolution measurements, ultra-low temperature
refrigeration techniques often hamper the efforts to achieve high-resolution measure-
ments due to the introduction of mechanical vibrations, e.g. vibrations due to evap-
oration of the liquid, and from pumps. Furthermore, the physical space within the
cryostat, especially when a high magnetic field is required, is often too limited to al-
low an effective cryogenic vibration-isolation stage. Therefore, to design an ULTSTM
which can achieve atomic resolution is challenging. These challenges were overcome
by the efforts in the following three elements: (1) a very rigid STM head that is less
susceptible to vibration, (2) a refrigeration scheme that has very low intrinsic vibra-
tional noise, and (3) a good external vibration-isolation system to reduce transmission
of vibrations from the external environment to the STM cryostat. Finally, they demon-
strated that the *He refrigerator based very low temperature STM they constructed
can reliably operate at temperatures down to 250 mK and in magnetic fields of up to
7 T with high spatial and spectroscopic resolution.

Recently, a dilution-refrigerator-based STM with sample temperatures of 20 mK
was achieved [95]. The unconventional superconductor, Sr;Ti,Ru;_,O4 with x =
0.00125, was studied with this ULTSTM. Fig. 48(a) shows an atomic resolution to-
pographic image of the SrO plane of Ti-doped Sr,RuQOy with the square lattice of
Sr atoms clearly visible. The four dark spots correspond to the Ti atoms replacing
the Ru atoms one layer below the surface. A complicated gap-like structure in local
density of states was measured at all locations on the surface, with some modifications
caused by the Ti atoms. The superconducting gap was not clearly visible, possibly
due to surface termination effects, but other gap-like structures were found at ~5
and ~50 meV [95].

5.3. Dual-tip STM

Dual-tip STM (DTSTM) was first suggested by Niu et al. [96] in 1995. Normal single-
tip STM can only probe static properties of electronic system, the transport properties
are out of its capability. A DTSTM can solve this problem easily. Niu ef al. also
proposed that a DTSTM can be applied to: (1) deduce useful information about the
band structure of surface states; (2) measure scattering phase shifts of surface defects; (3)
observe transition from ballistic to diffusion transport to localization; and (4) measure
inelastic mean free paths [96].

Actually, Tsukamoto ef al. had built a twin-tip STM in 1991. However, the two tips
were fixed together and could not scan independently [97]. In 2001, Watanabe et al.
reported that they had constructed a DTSTM using multiwall carbon nanotubes (NT)
as STM probes. They also developed an active damper system for DTSTM to reduce
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Figure 48. Topographic image of Srp TixRuj_O4 where x = 0.00125. The white lattice is the StO
plane, and the black cross-like objects are the Ti atoms located one layer below the surface. (a) 120 A x
120 A image, (b) enlarged (35 A square) view of single impurity. (Images taken at 0.1 nA and —100 mV).
(From Ref. 95)

mechanical vibration, which is dominated by the characteristic vibration of the two-
probe system. The DTSTM allows to elucidate the electric property of a sample with
a spatial resolution of ~1 nm. Using this system, the current—voltage curves of a single
NT ring have been measured. The electrode configuration is shown in Fig. 49(a).
Fig. 49(b) shows a DTSTM constant current image of the N'T ring and the first probe.
The -V curves for various Vg (0, 1, 2, 3, 4, and 5 V, respectively) measured by
DTSTM at room temperature in dry-N, atmosphere are shown in Fig. 49(c). These
results show that the small NT ring on the Si substrate is a field-effect transistor having
sharp switching behavior and the possibility of nanometer-scale electronic circuits
composed of NT devices [98].

Also in 2001, an ultra-high vacuum DTSTM with two mechanically and electrically
independent probes was built by Boland’s group [99].

Meanwhile, an ultrahigh vacuum compatible cryogenic DTSTM was constructed
by Chen’s group [100]. The microscope is attached at the bottom of a low-loss liquid
helium Dewar and can be operated down to 4.2 K. The two tips can be manipu-
lated independently and positioned as close as one desires limited only by their radius
of curvature. The coarse positioning system consists of five linear steppers driven by
piezo-tubes. The displacement of each stepper can be monitored by its own embedded
capacitive position sensor with a submicron resolution, thus allowing accurate control
of the tip navigation process. An alignment procedure, using a specimen made of three
mutually nonparallel planes, is introduced to bring the two tips into overlapped scan
ranges without the help of an additional guiding device such as an electron micro-
scope. The overall system exhibits good mechanical rigidity and atomic resolution
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Figure 49. (a) Electrode configuration: two NT probes were connected with a NT ring on the
poly-Si(~3.5 nm, n-type)/SiO2 (~2 nm)/Si(100)/Au substrate, where the Au layer acted as a gate
electrode. (b) The DTSTM constant current image of the NT ring and the first probe (scale bar, 10 nm).
The image was recorded by scanning the second probe. (c) I-V curves for various I/ measured by
DTSTM at room temperature in dry-Nj atmosphere. VG from left to right are 0, 1, 2, 3, 4, and 5V,
respectively. (From Ref. 98)

has been achieved with either tip. This instrument is well suited for investigating low
temperature quantum properties of atomically clean nanostructures in a three-terminal
configuration [100].

‘We have reason to believe that, with the fast development of DTSTMs, they will play
more important roles in the research of surface science, nano-materials, nano-devices
and efc.

5.4. Variable Temperature Fast-Scanning STM

STM has been proved to be very successful in studies of the static structural or elec-
tronic properties of surfaces. However, it is often desirable to investigate dynamic
processes, i.e., surface diffusion, chemical reactions, nucleation and growth, or phase
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Figure 50. Six STM images (56 x 31 A?) extracted from a typical STM movie. Shown is the
development of a normal Pt adatom into a bright Pt-H intermediate complex, and then back to a normal
Pt adatom again. All STM images were obtained in the constant-current mode with tunnel resistances
above 100 MQ in which case the influence of the tip was found to be negligible. The Pt adatom of
interest is marked by a white circle. (From Ref. 110)

transformations. Therefore, high-speed STM is needed for these applications. Since
temperature influences the rate of such kinetic processes strongly, control of the sample
temperature may allow one to adjust the rate for the processes to the accessible time
scale of the STM. Thus, a variable temperature fast-scanning STM is a unique tool to
observe dynamic processes. Many variable temperature fast-scanning STMs have been
developed in various groups [101-108] with the scanning speed up to 20 frames/s
[103], and temperature range from 25 K to 900 K (each instrument can only change
temperature in a different smaller range). To achieve the high scanning speed, constant-
height scanning mode is often used [103].

A lot of successtul applications have been performed with variable temperature
fast-scanning STMs.

The one-dimensional diffusion of Pt adatoms in the missing row troughs of the
reconstructed Pt(110)(1 x 2) surface is monitored directly from atomically resolved
fast-scanning STM images by Besenbacher’s group [109]. It is found that not only
jumps between nearest neighbor sites but also long jumps, i.e., jumps between next
nearest neighbor sites, take place. The hopping rate for these long jumps is found to
follow an Arrhenius dependence on temperature. The activation barriers for single and
double jumps are determined to be E;; = —0.81 ¢V and E;» = —0.89 eV, respectively.
This energy difference may be interpreted as a measure of the energy dissipation of
the Pt adatoms on the Pt(110)-(1 x 2) surface [109].

Later, they also found that surface self-diffusion of Pt adatoms can be enhanced
by adsorbed hydrogen and observed the formation of Pt-H complex which has a
diftusivity enhanced by a factor of 500 at room temperature, relative to the other Pt
adatoms [110]. As shown in Fig. 50, the formation of intermediate Pt-H complexes
has been directly imaged by a fast-scanning STM at 303 K and a hydrogen pressure
of 7 x 1077 mbar. These Pt-H complexes show up in the STM images as brighter Pt
adatoms (increase in apparent height ~0.4 A). After some time, the brighter adatom
reverts to a normal brightness. The density functional calculations indicated that the
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Pt-H complex consists of a hydrogen atom trapped on top of a platinum atom, and
that the bound hydrogen atom decreases the diffusion barrier.

The catalytic oxidation of carbon monoxide (CO) on a platinum (111) surface
was studied by Ertl’s group with a variable temperature fast-scanning STM [111].
The adsorbed oxygen atoms and CO molecules were imaged with atomic resolution,
and their reactions to carbon dioxide (CO;) were monitored as functions of time.
From temperature dependent measurements, they obtained the kinetic parameters,
which agree well with the data from macroscopic measurements. In this way, kinetic
description of a chemical reaction was achieved that is based solely on the statistics of
the underlying atomic processes observed by STM.

Traveling reaction fronts in the oxidation of hydrogen on a Pt(111) surface were
also investigated by them [112-113]. These fronts were observed during dosing of
the oxygen-covered surface with hydrogen at temperatures below 170 K. The fronts
represented 10 to 100 nm wide OH-covered regions, separating unreacted O atoms
from the reaction product H,O. O atoms were transformed into H,O by the motion
of the OH zone. Their investigations revealed the velocity and the width of the fronts
as a function of temperature. A simple reaction—diffusion model has been constructed,
which contains two reaction steps and the surface diffusion of water molecules, and
qualitatively reproduces the experimental observations.
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4. VISUALIZATION OF NANOSTRUCTURES WITH ATOMIC FORCE
MICROSCOPY

SERGEI N. MAGONOV AND NATALYA A. YERINA

INTRODUCTORY REMARKS

Scanning tunneling microscopy (STM) and Atomic Force Microscopy (AFM) were
introduced about 20 years ago [1, 2]. Since this time these techniques have revo-
lutionized surface analysis by providing high-resolution visualization of structures at
the atomic- and nanometer-scales. The remarkable feature of STM and AFM instru-
ments is their ability to examine samples not only in an ultrahigh vacuum but also
at ambient conditions and even in liquids. In both methods, the localized interac-
tion between a sharp probe and a sample is employed for surface imaging. STM is
based on detection of tunneling current between a sharp metallic tip and a conduct-
ing surface. This circumstance limits STM applications, and it is applied mostly to
studies of atomic structures and atomic-scale processes on difterent conducting and
semiconducting samples, primarily in UHV conditions. Therefore, the use of STM
is confined to research laboratories at Universities and Government Institutions deal-
ing with fundamental problems of surfaces, whereas industrial laboratories are using
AFM exclusively which can be applied for characterization of materials of any kind.
This functionality is inherent to AFM, which is based on detection of more universal
tip-sample mechanical forces.

The scope of AFM applications includes high-resolution examination of surface
topography, compositional mapping of heterogeneous samples and studies of local
mechanical, electric, magnetic and thermal properties. These measurements can be per-
formed on scales from hundreds of microns down to nanometers, and the importance
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of AFM, as characterization technique, is further increasing with recent developments
in nanoscience and nanotechnology. In studies of surface roughness, AFM comple-
ments optical and stylus profilometers by extending a measurement range towards the
sub-100 nm scale and to forces below nanoNewton. These measurements are valuable
in several industries such as semiconductors, data storage, coatings, etc. AFM together
with scanning electron microscopy of critical dimensions is applied for examination of
deep trenches and under-cut profiles with tens and hundreds of nanometers dimen-
sions, which are important technological profiles of semiconductor manufacturing.
AFM capability of compositional imaging of heterogeneous polymer systems (blends,
block copolymers, composites, filled rubbers) attracts the attention of researchers work-
ing in industries, which are dealing with synthesis, design and formulation of plastic
materials as well as their applications. In this function, AFM assists other microscopic
and diffraction techniques (light, X-ray, and neutron scattering). Nanoscale objects
such as mineral and organic filler particles, carbon nanotubes or individual macro-
molecules of biological and synthetic origin are distinguished in AFM images. Studies
of these objects and their self-assemblies on different substrates are addressing important
problems of intermolecular interactions in confined geometries. Better understanding
of these interactions and the ways they might be controlled are needed for a preparation
of functional surfaces, nano-scale patterning and manipulation of nanoscale objects.

Local probing of mechanical properties is another important function of AFM that
offers unique capabilities for studies of structure-property relationships at the nanome-
ter scale. A recording of force curves and performing nanoindentation at surface loca-
tions of tens of nanometers in size are routinely employed for such measurements.
At present, this is only a comparative analysis of mechanical responses of different
samples or different sample components. In addition to mechanical properties, exami-
nation of local electric properties at the sub-micron scales will be welcomed by many
applications. Electric force microscopy, which is most known AFM technique for map-
ping of conducting regions of various samples, is based on measurements of electric field
gradients acting between a metal-coated probe and conducting sample regions. Detec-
tion of local electric properties such as current-voltage characteristics of the nanoscale
objects is a more challenging task and requires substantial instrumental improvements
to became a routine procedure.

At present AFM became a mature characterization technique that is in perma-
nent development. Intensive efforts are underway in AFM instrumentation and its
applications. The design of novel probes with various geometries and unique dynamic
properties has already enhanced the technique’s dynamic capabilities, mechanical mea-
surements and image resolution. The use of piezoceramic actuators as scanners in
AFM instruments has such drawbacks as non-linearity and creep, which are related
to polycrystalline nature of these materials. An introduction of high-precision scan-
ners based on closed-loop positioning systems is addressing this problem. The rec-
ognized AFM limitation is its low efficiency due to slow scanning. The develop-
ment of new approaches to fast scanning will enable high throughput capabilities
of imaging and screening for combinatorial approaches in material science and
technology. Nanomechanical measurements become crucial for characterization of
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nanomaterials, which offer the promise of breakthrough longstanding limits of material
performance. Most importantly, the proper characterization of these materials and their
performance is impossible without quantitative studies of nanomechanical properties.
Therefore, there are strong incentives for development of reliable approaches toward
quantitative nanomechanical analysis. The AFM-based techniques (nanoindentation,
scratching, etc.) have intrinsic advantages for overcoming fundamental difficulties of
indenters, which are routinely used for micro-mechanical testing, and which are not
suitable at scales below a half of micron and for operation at low forces. Various
attempts are on the way to make nanomechanical measurements with AFM more
quantitative, with unique spatial resolution and also to provide such measurements in
broad frequency range.

This chapter presents a short review of contemporary AFM and main issues
related to its instrumentation and practical imaging at the nanometer scale. AFM appli-
cations will be illustrated by examples taken from studies of single macromolecules and
their self-assemblies on different surfaces and compositional mapping of semicrystalline
polymers, block copolymers, polymer blends and composites. The choice of practical
examples reflects the fact that AFM studies of polymers are the field most familiar to
the authors.

BASICS OF ATOMIC FORCE MICROSCOPY
Main Principle and Components of Atomic Force Microscope

In AFM, mechanical force interactions acting between a sharp probe and a sample
are used for surface imaging. The probe, which represents a micromachined cantilever
with a sharp tip at one end, is brought into interaction with the sample surface. The
interaction level between the tip apex and the sample is determined through precise
measurements of the cantilever displacements. Initial attempts to apply STM for gaug-
ing the cantilever deflection had little success. An optical level detection, which had
been originally suggested for gravimeters [3], appeared invaluable for precise measure-
ments of the cantilever deflection in most commercial atomic force microscopes [4].
In this procedure, a laser beam, which is deflected from the backside of the cantilever,
is directed to a 4-segment positional photodetector, which is divided into segments for
measurements of normal and lateral deflections of the cantilever. At present, the optical
level detection is the most reliable way to measure the tip-sample force interactions,
Figures 1a—b. This approach does not completely free of problems related with the use
of light, such as parasitic interference at the cantilever-sample confinement, heating of
a cantilever and a sample by the laser beam. Therefore, the microscope designers are
looking for alternative approaches. Among them is the AFM based on a microfabri-
cated piezocantilever, in which the cantilever itself provides not only the deflection
sensing but also the actuation [5].

The surface imaging is realized by detecting the tip-sample force in different loca-
tions while the probe is rastering the sample surface with the help of a piezoelectric
actuator. A feedback control applied during imaging ensures that the tip-sample force
is preserved at a constant level. The error signal, which is used for feedback control,
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Figure 1. (a) Sketch demonstrating main components of atomic force microscope working in the contact
mode in which the tip is permanently engaged into the sample. A cantilever deflection responding to
tip-sample forces is measured with the optical lever scheme. (b) Sketch illustrating phase detection and
phase imaging in tapping mode. Phase of the probe oscillation changes when an AFM probe comes into
interaction with the sample. Phase can be different when the probe interacts with different components of
a heterogeneous sample.

is amplified to generate height images, which reflect surface corrugations. The height
image, in which brighter contrast is assigned to elevated surface locations, represent
the vertical translations of the piezo-scanner needed to eliminate the error signal when
the probe is moved from one sample location to the other. The error signal images,
which, might be considered as maps of derivatives of height corrugations, emphasize
fine surface features that are poor resolved in the height images.

From a brief description of the method it becomes clear that the main components
of atomic force microscope are probes, optical detection system, piezo-scanners and
electronics for a management of scanning procedures and data acquisition, Figures 1a—b.
In the microscope, these components are assembled into a microscope stage, which
must satisfy the requirements of minimum vibrational, acoustic and electronic noise as
well as small thermal drift. Basic information about these components could be useful
for better understanding the performance of AFM instruments, their unique features
and limitations.

Scanners, which are applied for 3D movement of the sample or probe in AFM,
are made of piezoelectric materials, which provide the precise positioning and ability
to transport the objects in the micron range with sub-angstrom precision. Yet due to
polycrystalline nature of these materials, the motion of real scanners deviates from linear
dependence on applied voltage, especially at voltages generating large translations. In
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addition, the motion along the different axes is not completely independent. Therefore,
a careful design, precise construction and calibration are important objectives that
should be addressed during manufacturing of the scanners and their use. These efforts
will allow the real scanners to approach a desirable performance, yet an additional
electronic control is still needed. In an open-loop scanner, the controller drives the
scanner using a non-linear voltage profile that produces a linear motion. This profile
is taught during the calibration procedure on surface gratings with the known pitch in
lateral dimensions and height steps in vertical direction, Figures 2a—b. Such calibration
has limited precision because the scanner response to a particular voltage depends on
the material history. Minimal distortions are expected when scanning is performed at
the small range near the scanner rest point and the distortions will increase substantially
when high voltages are applied for large-scale scanning. The situation is worse when
the scanner is applied for small scans far away from the rest point immediately after its
use for large scans.

To address the open-loop control problems, the scanner can be fitted with inde-
pendent position sensors. In this case of a closed-loop system, the controller reads the
sensor outputs and adjusts the drive voltage in order to achieve the desired motion.
The microscopes with the closed-loop control of the scanners became popular recently
to address problems of object manipulation, surface lithography and patterning in the
micron and sub-micron scales. It is worth noting that despite the improved preci-
sion of the probe or sample translation the performance of the closed-loop systems is
subjected to influence of thermal drift and additional noise that hurts quality of high-
resolution imaging. Scan accuracy of both systems (open-loop and close-loop) depends
on their calibration using appropriate standards. Man-made standards are available for
the lateral scales of hundreds of nanometers and larger, Figures 2a—b. For calibration at
the nanometer and atomic scale, one can apply periodical patterns of natural materials
such as alkanes and the lattice spacing of crystalline surfaces of mica and highly-ordered
pyrolitic graphite, Figures 2¢c—d.

AFM has been introduced for visualization of structures at the atomic-scale. How-
ever, with development of its applications the technique became useful for many
other purposes and the size of the samples and structures to be examined has varied
tremendously. This need led to the development of AFM instruments that can be
used for studies of large objects (e.g. 12-inch Si wafers) with the instrument operation
fully automated. In the automated microscopes, in addition to piezoscanners, different
translation XY stages are applied. In addition to motorized stages, flexure stages are
also used in AFM instruments. The flexure stages are closer to the performance of
piezo-scanners and offer some additional capabilities. The close-loop flexure stages are
also developed for commercial microscopes.

An introduction of microfabricated SizNy4 and Si probes, which consists of the
cantilevers with a sharp tip at one end that can be prepared in batch processes, was
one of the key events that led to the broad use of AFM instruments. Major param-
eters of the AFM probes are the cantilever shape and stiftness, oscillatory parameters
(resonance frequency, Q-factor), tip geometry (a shape and size of its apex), and specific
functionality.



118 I. Optical Microscopy, Scanning Probe Microscopy, Ion Microscopy and Nanofabrication

(b)
(d)

\l., )
3 Q
S -




4. Visualization of Nanostructures with Atomic Force Microscopy 119

Most of the probes have rectangular or triangular cantilevers and a sharp pyramidal
tip at the end. Practically, it is more feasible to make thinner and softer cantilevers
out of S3Ny. Therefore these probes, which are traditionally made with triangular
cantilevers, are applied for studies of soft biological samples and are used primarily for
contact mode measurements in air and under water. Stiffness of Si3N, probes depends
on dimensions of the triangular cantilevers and varies in the 0.01 N/m—0.6 N/m
range. Si probes usually have rectangular cantilevers and the range of stiffness is much
broader: from 0.1 N/m to 400 N/m. The softest probes can be used for the contact
mode measurements whereas tapping mode [6] imaging requires stiffer probes because
one should be able to retract the probe from a sample in every cycle of its oscillation.
This can be achieved only with probes whose stiffness overcomes adhesive interactions
with the sample.

Before an experiment it might be quite difficult to determine what minimal stiffness
of the probe is needed for successful measurements of a particular sample. For studies
of soft materials (polymers and biological objects), a broad range of probes can be
used. On one hand, softer probes will facilitate gentle imaging of these materials. On
another hand, visualization of the composition of the heterogeneous samples with high
contrast requires the probe with optimal stiffness. Therefore, the probes, whose stiffness
varies in the range from 0.1 N/m to 400 N/m, can be employed for compositional
mapping. This is related to the fact that stiffness of polymeric materials differs in
a broad range and matching the probe stiftness to that of a polymer sample or its
different components helps to visualize individual components of multicomponent
materials. The probe choice also depends on the operation mode and environmental
conditions. For imaging in air, Si probes with stiffness of 3-5 N/m are most useful,
especially when high-resolution and low-force imaging is required. For compositional
imaging, which is commonly conducted at elevated tip-forces, Si probes with stiffness
30—-40 N/m will be a good choice. Imaging under liquids can be done with soft Si
probes (0.3—1 N/m). The resonant frequency and Q-factor of the probes are essential
dynamic parameters that influence the scanning rate of imaging in oscillatory modes
and soft probes with high-resonance frequency are ideal for fast scanning of biological
objects.

Tip geometry is the crucial parameter for many AFM applications such as mea-
surements of narrow trenches and rectangular surface steps, profiling of single lying
objects, as well as visualization of atomic-scale features on crystalline surfaces. The
overall shape of SizNy tip is a square pyramid with the half-angles of its faces ~35°.
The nominal radius of curvature at the tip is <20 nm. Si probes are etched in the
shape of an irregular pyramid with the nominal apex radius <10 nm. Near the apex
the shank is triangular with the half angles of 17° (sides), 25° (front), and 10° (rear),

Figure 2. (a)—(b) Height images of the calibration standards for lateral (X, Y) and vertical (Z) directions,
respectively. (c) STM image of highly ordered pyrolitic graphite. (d) Phase image of normal alkane
CeoHi22 layer on graphite. The insert in the top left corner shows the power spectral density plot and a
value of the most pronounced peak, which corresponds to the length of the alkane molecules in the
extended all-trans conformation.
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where the “front” is closest to the end of the cantilever. For critical measurements of
surface features one should consider the absolute orientation of the sample surface and
tip to avoid an incorrect judgment. The quality of commercial AFM probes might
vary, therefore, for reliable imaging one can preliminary check the probes by imaging
test samples such as Au colloid spheres on a smooth substrate, ridged structures of
the SrTiO3 (305) surface, edges of the TiO, surface, and sharp pyramids. Special care
should be exercised during such measurements to avoid undesirable tip damage.

The described probes are most common in routine AFM applications, and the tip
apex size of Si probe is one of the factors determining the imaging resolution in
tapping mode. Therefore, there are ongoing efforts of design and manufacturing of
novel probes with sharp extremities. Two kinds of new probes [7, 8], which might
be useful for high-resolution imaging, are shown in Figures 3a—b. The first one was
prepared by plasma-assisted deposition of carbon materials on the apex of Si tip. The
probe of the second type has a diamond tip with a mechanically sharpened apex.
The radius of the curvature at the end of these probes is approaching 1 nm. Recent
results demonstrated that tapping mode imaging with true molecular resolution could
be achieved with the spiky probes [7]. Unfortunately, multiple spikes, which grow
at the Si apex, limit the ease-of-use of these probes. The diamond tip does not have
this drawback, however the cost of these probes is significantly higher than the probes
with spikes that are produced in batch process. Carbon nanotubes with nanometer-
scale diameter were also suggested for use as AFM probes, and their fabrication has
advanced from a manual assembling to the catalytic growth of nanotubes at the apex
of AFM probes [9, 10]. Yet the images obtained with CNT probes so far do not show
the resolution improvement. They also show mechanical instabilities that limit the use
of the CNT probes.

Probes with specific functionality can be prepared by coating the cantilever or tip
with different materials. Metallic coatings are deposited on the cantilevers in order to
increase their optical reflectivity and electric conductivity. The probes with ferromag-
netic coatings are applied for magnetic force microscopy. Unfortunately, the coating
can make the tip apex less sharp. It is worth noting that the AFM probes with piezo-
electric coatings might offer exceptional capabilities for this technique in the near
future. A possible application of such cantilevers for self-actuation and detection of the
tip-sample interactions might eliminate the optical detection and its related restric-
tions for some AFM applications. The dynamic characteristics of the piezoelectric
cantilevers are superior to those of the regular cantilevers, which are driven externally.
This circumstance has been utilized in the development of fast scanning mode, which
is essential for high efficiency of AFM and high throughput measurements. So far,
due to some instrumental and practical hurdles, this approach has not been broadly
accepted. Instead it is possible to make use of these cantilevers for dynamic mechanical
measurements of polymer samples. The preliminary results show that this approach
allows extending the mechanical studies to high frequencies (up to 100 kHz), which
are not accessible to conventional dynamic mechanical analysis [11].

For many years, the probes with chemically modified tips were employed for selective
detection of surface locations with different chemical properties. Typical chemical
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(a) (b)

Figure 3. Electron microscopy micrograph of the tips of novel AFM probes. (a) The probe with the
carbon spikes (the picture — courtesy of D. Klinov, Institute of Biorganic Chemistry, Moscow, Russia).

(b) The diamond probe with a mechanically sharpened apex (the picture — courtesy of B. Mesa, MicroStar
Technology, Inc., Huntsville, TX, USA).

modification includes a coating of the tip with a gold layer followed by adsorption
of alkylthiols with various functional groups. The use of these modified probes is
quite a challenging task. An adequate control of the coating integrity, which might be
damaged by tip-sample forces, as well as statistical approaches for data collection and
analysis are required for getting reliable results with these probes. Alternatively, AFM
probes with difterent chemical nature can be microfabricated of polymeric materials.
Such probes, which are prepared by either etching of photoresist [12] or by extrusion,
offer a desirable diversity of the tip material. They also are much softer than the Si and
SizNy probes that facilitate measurements with lower forces.

Concluding the short description of AFM instrumentation it is worthwhile to note
the importance of the overall mechanical design of the microscopes, which substantially
influence the quality of images. Visualization of the nanoscale structures, particularly
in the sub-100 nm scale, essentially depends on the thermal drift of the microscope.
Thermal drift harms imaging because the rate of AFM scanning is limited by the
physics of tip-sample force interactions and dynamics of the probes, especially, when
oscillatory modes are applied. Fast scanning approaches, so far, require an increase of
tip-sample interactions that might not be useful for imaging of soft samples. There-
fore, special care should be taken to minimize thermal drift by a proper microscope
design and rational choice of construction materials for instrument components and
enclosures, which are required for acoustic noise isolations. Note that the close-loop
scanners are also suffering from thermal drift that limits the value of this approach. An
example of imaging with low thermal drift microscope Dimension 5000, in which
room temperature drift is as small as 0.5 nm per minute, given in Figures 4a—d. These
four images of an array of single macromolecules (polyphenylacetylene with mini-
dendritic groups) on graphite were collected in sequential scans of the same area,
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Figure 4a—d. Sequential height images of a stack of single chains of polyphenylacetylene with
mini-dendritic groups on graphite.

when the probe was rastering the surface in alternative directions (up to down, down to
up, etc.).

Operational Modes, Optimization of the Experiment and Image Resolution

There are two main operation modes in AFM: contact mode and tapping or inter-
mittent contact mode. In the contact mode, which was introduced in practice first,
the probe comes into a permanent contact with a sample surface. A product of the
cantilever stiffness on its deflection determines the tip-sample force. For many samples,
this mode should be applied with caution and the cantilevers with low spring con-
stants are needed for gentle profiling of soft surfaces. Imaging with high-resolution was
demonstrated with the contact mode AFM on many crystalline surfaces [13]. Besides
surface imaging, AFM in its force modulation mode [14] has been eftectively used
for evaluation of sample mechanical properties by modulating the tip-force with an
additional actuator. Lateral tip-sample forces accompany scanning of surfaces with the
tip being in contact, and these forces can be recorded for evaluation of surface friction.
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Unfortunately, lateral forces applied to soft samples might induce a strong shearing
deformation and sample damage. This limits the contact mode applicability to studies
of polymers and biological objects.

In AFM, local tip-sample forces can be measured using deflection-versus-distance
curves [15]. These measurements are also helpful for choosing appropriate set-point
deflections for surface imaging with different forces. By immersing the sample and
the probe in liquid, one can eliminate capillary forces applied to the tip by a liquid
contamination layer, which presents on surfaces in air. Therefore, imaging in liquids
can be performed at small forces below 1 nN. For biological samples, aqueous media
is essential and most of AFM studies of these objects are done underwater. For other
materials, imaging in liquids is only an optional, not a routine operation.

This situation changed drastically with the introduction of the AFM oscillatory
mode known as the tapping mode [6]. Tapping is performed by the probe, which is
driven into oscillatory motion at its resonant frequency by an additional piezoactuator,
Figure 1b. A drop of the cantilever amplitude when the tip comes into interaction
with a sample is used as a measure of these interactions, and the amplitude drop is
kept at a pre-set level during scanning. In tapping mode, permanent shearing forces
are almost eliminated and the intermittent tip contact with the sample surface occurs
at a high frequency (tens and hundreds of kHz) that also restrict material damage.
Such operation is gentler than the contact mode, despite the fact that stiffer probes
are used in tapping mode. This mode has revolutionized AFM applications because a
broad range of samples and materials of industrial importance has become accessible
for studies at ambient conditions. For example, the contact mode measurements of Si
wafers caused a surface damage that can be avoided by using tapping mode.

The advantages offered by tapping mode for imaging of soft materials are balanced
by the complexity of dynamic tip-sample force interactions that in some cases makes
the analysis and interpretation of tapping mode images quite challenging. The main
problem is that a change of amplitude of an oscillating cantilever while it interacts
with a sample does not solely determine tip sample forces. Alterations of the resonant
frequency and phase of the cantilever are more sensitive for this purpose. Corrugated
surface features as well as contamination traces make the sensitive phase and frequency
measurements less applicable for feedback than the amplitude changes. Therefore the
amplitude is used for feedback and the vertical adjustments of the piezoscanner needed
for keeping the amplitude drop constant are reflected in the height image. The phase
changes of the interacting probe during imaging are presented in the phase image,
Figure 1b. Usually in the tapping mode, the height and phase images are recorded
simultaneously. Phase imaging is most valuable for compositional analysis of hetero-
geneous samples [16]. Difterences in adhesive and mechanical properties of difterent
components are responsible for various phase contrast observed on these samples dur-
ing imaging. The tapping mode with phase or frequency detection also made possible
broad applications of electric force microscopy and magnetic force microscopy.

Qualitative differences of mechanical, adhesive, electric, magnetic and other prop-
erties are sufficient for compositional mapping, yet the demand of local quantitative
measurements of these properties is increasing with developments of nanoscience and
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nanotechnology. The local measurements have been a challenge since the introduction
of AFM, and there are a number of relevant problems. They include preparation of spe-
cialized probes, optimization of instrumentation, and a lack of appropriate theoretical
analysis of the tip-sample forces at the nanometer scale.

At present, tapping mode is the most common AFM mode. In its applications,
researchers are always facing a problem in getting the most valuable information, which
can be rationally understood. The crucial issue is a correct choice of instrumental
parameters for high-resolution surface imaging and compositional mapping of hetero-
geneous samples, which are usually quite different to achieve these goals. The principal
issue of AFM is tip-sample forces and their control. Minimization of the tip-force allows
avoiding surface damage and reducing the tip-sample contact area that facilitates high-
resolution imaging. Compositional mapping will benefit from an increase of tip-forces
because diftferences between mechanical properties will be better manifested in this case.

High-resolution imaging is the unique feature of STM and AFM. STM observations
of atomic defects on semiconductor and metallic surfaces have proved true atomic-scale
resolution with this technique. Image resolution in AFM is a complicated issue. In the
contact AFM mode, images of crystal surfaces show atomic-scale patterns identical
to the crystallographic lattices [13]. The absence of atom-size defects in such images
suggests that the tip contact area in this mode is larger than the atomic size. This does not
exclude a possibility of lattice imaging based on periodic variations of the normal and
lateral forces, which are exercised by a tip when it is moving along a periodical surface
[17]. The imaging resolution of tapping mode and of another oscillatory mode—
frequency modulation, used for AFM in UHV has different issues. It is clear that
contact area of the tip should be comparable with a size of features to be resolved.
In general, the contact area is determined by mechanical characteristics of the tip and
sample as well as by the apex radius and the tip-force. In UHV conditions of clean
sample surface and high quality factor of the oscillating probe, a fine tip-force control
is realized by detection of small frequency shifts. Such measurements in frequency
modulation mode can be performed with true atomic resolution as confirmed by
images of atomic-scale defects [18]. In air, the precise force control is limited, and the
best image resolution achieved in tapping mode applications with etched Si probes
(apex radius ~10 nm) is around 1 nm. Recent experiments with the sharper probes —
carbon spikes grown at the end of a commercial Si probes, have been successtul, and
true molecular scale resolution was obtained in imaging of surface of polydiacetylene
crystal [7]. The tapping mode image of 20 nm on side (Figure 5a) revealed a well-
defined pattern with almost vertical rows and a few molecular-size defects of 3—5
angstroms in size. This observation confirms true molecular resolution of the image.
Bright spots along the rows are assigned to individual side groups of the polymer
chain forming the crystal. In general, the regular molecular order is consistent with
the dimensions of the crystallographic surface lattice (b = 0.491 nm, ¢ = 1.410 nm,
o = 89.5°, Figure 5b) and with the pattern observed in the contact mode images
of the same surface, Figure 5¢. The use of the probes with carbon spikes that allow
imaging with true molecular resolution requires definite precautions such as a gentle
engagement and the low-force operation to avoid a fracture of sharp spikes. Imaging
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Figure 5. (a) Height AFM images, which were recorded in tapping mode with the novel carbon probe
on the be-plane of the polydiacetylene crystal. (b) Molecular arrangement at the be-plane of the crystals

of polydiacetylene [2,4-hexadienylenebis(p-fluorobenzenesulfonate)]. Most elevated E H and C atoms at
the be-surface are shown as the unfilled circles and other atoms of the side groups, which are slightly lower,
are shown as the gray circles. (c) Contact mode image of the be-plane of the polydiacetylene crystal.

(d) Tapping mode image of the be-plane of the polydiacetylene. The 2D FFT filtering (only the most
pronounced reflexes of the 2D power spectra were applied for a reconstruction of the surface lattice) led
to the periodical patterns in (c) and (d), which were obtained from the images in Ref. S. N. Magonov,

G. Bar, H.-J. Cantow, H.-D. Bauer, I. Miiller and M. Schwoerer, Polym. Bull. 26 (1991) 223 and

in (a).

of corrugated surfaces with these tips is rather challenging due to possible interference
of several spikes, which grow at the same apex.

Two other successful examples of high-resolution imaging with the spikes are shown
in Figures 6a—f. In these figures, the images of Si wafer surface and low-K polymer
coating [19], which were obtained with these probes, are compared with the images of
the same samples recorded with regular etched Si probes. It is obvious that nanoscale
roughness of Si surface is much higher in the image obtained with the sharper probe,
Figures 6a—b. This is even better seen in the cross-sectional height profiles seen in
Figures 6¢—d. There are also evident differences of the size of dimples and grains in the
images of the nanoporous low K coating. Again the application of the shaper probe
provides the height image with much finer surface structure than the use of the regular
probe.

An example, which illustrates compositional mapping, is given in Figures 7a—d,
where one sees height and phase images of a layer of ultra long alkane Cs99Hys, which
were obtained at low-force (light tapping) and high-force (hard tapping) imaging. In
light tapping, the height image, Figure 7a, shows a number of linear elevations, which
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Figure 6. (a)—(b) Height images of Si wafer obtained with the probe with carbon spikes and with regular
etched Si probe, respectively. (c)—(d) Cross-section height profiles taken across the images in (a) and (b),
respectively. (e)—(f) Height images of a nanoporous low K material obtained with the probe with carbon
spikes and with regular etched Si probe, respectively.

are running from left to right. The corresponding phase image (Figure 7b) exhibits
only minor contrast at the elevations similar to one expected from the error image.
In ideal case of light tapping, the probe should track a samples surface lightly enough
that the phase response is not different from the phase of the non-interacting probe.
This condition can be achieved when the set-point amplitude, Ay, is close to the
amplitude of a non-interacting probe, Ay, in immediate vicinity of the sample surface.
The tip-sample force increases with decrease of Ay, and hard tapping conditions is
usually correspond to Ay, = 0.4-0.5 Ag. Height and phase images of the alkane layer
in Figures 7c—d, which were recorded at hard tapping, are different from those in
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Figure 7. (a)—(b) Height and phase images of ultra long alkane C399H7g> layer, which were obtained at
light tapping. (c)—(d) Height and phase images of the same area as in (a)—(b), which were obtained at hard

tapping.

Figures 7a—b, and these changes were reversible. The most pronounced variations
are in the contrast of linear features, which are either brighter or darker compared
with the rest of the area. The fact that the repeat distance across the stripped pattern
(~48 nm) is close to the length of the extended chain of CsggH7g, alkane, suggests
that the linear features present the chain ends. On one hand, the end -CHj; groups of
the alkane are more bulky than —CH,- of the alkane chain and they also are mobile
being the chain ends. Therefore, these locations are seen as elevated in height image
obtained in light tapping. On other hand, the mobile chain ends do not resist the
probe penetration through the alkane layer close to the substrate when hard tapping
conditions are applied. This is consistent with the contrast change at these locations
from bright to dark in the height image and also with the appeared dark contrast in the
phase image. Note that the width of the linear features assigned to the chain ends is
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larger than the size of two individual -CHj groups which come to this interface from
the neighboring lamellae. We could not exclude that, in addition to —CH3 groups,
a few neighboring —CH,- groups may contribute to the pattern changing in the
AFM images. The finding that the width of the interlamellar interfaces seen in AFM
images is increasing as temperature raises supports this suggestion. Molecular dynamic
simulations of alkanes on substrates predicted similar eftect [20]. The assignment of
the dark strips seen in the height and phase images Figures 7c—d to the interlamellar
interfaces led to another important result. The dark strips in these images are not always
continuous, and one can see one linear dislocation and few locations where short dark
strips are shifted a half lamellar size with respect to the main strip. The latter defects
are most likely associated with bridging molecules or their blocks in which chains are
shifted along their main direction with respect to the other molecules in the same
lamellae. These and other defects, which are resolved in AFM of various alkanes at
different temperatures will be discussed elsewhere [21]. Here we state that imaging
at various tip-forces is useful procedure that provided valuable data about structural
organization of alkane layers on graphite.

Our experience shows that on transition from light to hard tapping, the well-defined
changes in height and phase images, similar to those seen in Figures 7a—d, are quite
rare. Usually, they occur when differences in mechanical properties of surface locations
or sample components are large. In many other cases, imaging in hard tapping leads to
pronounced contrast variations in phase images whereas height images might change
insubstantially. The high sensitivity of the phase images to sample heterogeneities made
phase imaging an invaluable constituent of AFM.

A simple protocol can be applied for variable force imaging in the tapping mode. In
the beginning of the experiment, the resonant frequency of the probe is determined
in immediate vicinity of a sample surface, and the driving frequency is usually cho-
sen at the resonant frequency. By changing the voltage applied to the piezoactuator,
an operator chooses Aj, which typically varies in the 1-150 nm range. An engage-
ment of the probe to a sample surface is important procedure especially when very
sharp probes such as those with the spikes are applied. A sewing engagement proce-
dure common for MultiMode and Dimension types of microscopes is best suited for
the gentle engagement. After this, scanning of the probe over the sample surface can
s> Which is typically is in the 0.9-0.2 Ay range. The mag-
nitude of A also influences the level of the tip-sample force interactions and larger

be performed at different A,

amplitudes provide high-force operation. In some cases, alterations of Ay, and Ag are
not sufficient for compositional mapping of heterogeneous samples and one should
apply probes with different stiffness to reach this goal. The stiffer probes are needed
when a layer of rubbery material covers a sample surface and a tip penetration through
this layer is required to reach underlying structures.

Imaging in Various Environments and at Different Temperatures

For over 10 years, AFM measurements have been typically performed at ambient
conditions. An exception is the investigation of biological systems, where samples
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should be examined in their natural environment, i.e. in water. Obviously by extending
AFM studies to different environments and temperatures the value of this technique
will increase enormously and we should expect the progress and interesting discoveries
in this field in near future.

Contact AFM mode imaging in water has an advantage due to the removal of a
surface capillary layer that increases tip-sample forces. Tapping mode operation in liquid
faces a substantial lowering of the cantilever resonant frequency and its quality factor.
This is evident from a comparison of the amplitude-versus-frequency curves shown
in Figures 8a—b. After immersion in water, the resonant frequency of the cantilever
with a spring constant of ~0.4 N/m, which we often applied for imaging of polymers
under liquid, has dropped more than a factor of two and Q-factor changed from 130
to 4. These effects should be taken into account while imaging in liquids, and related
adjustments of imaging parameters e.g. an increase of feedback gains will help avoid
an unnecessary tip-force increase.

One can make use of imaging in liquid in different ways. For example, a selec-
tive swelling or etching of individual components of heterogencous materials assists in
revealing the microphase separation in such systems. This is especially valuable if the
material components have similar mechanical properties that making their recognition
in phase images obtained by hard tapping difficult. Such capability is illustrated by
the images shown in Figures 8c—d. A microphase pattern in thin film of polystyrene-
block-polyvinylpyridine, PS-b-PVP, block copolymer, which has been subjected to
a long-term annealing at high temperature, is barely seen in the height and phase
images recorded at ambient conditions. Immersion of this sample into acidic water
(pH = 2.2) 1s followed by a slow development of bright spheres, which reflect the
swelling of PVP blocks. With time, the number of spheres has increased and their
hexagonal order becomes evident. These observations confirm the build up of this
morphology during temperature-induced microphase separation. Selective swelling
combined with in situ AFM observations can be also applied visualization of morphol-
ogy development during crosslinking of rubber materials.

The possibilities of AFM imaging in liquid for industrial research are enormous
because they provide access to materials behavior in real life cases. Studies of biomate-
rials such as implants, contact lenses, drug release systems, etc. will benefit from such
applications. Placing a sample in liquid might lead to its excessive softening; therefore,
imaging in vapors of different solvents might be a practical and useful alternative. Both
studies in vapor and in liquid can be also combined with temperature variations that
further expand the range of AFM applications.

AFM measurements at different temperatures have advanced in last 5 years but
they still far from routine. The main reason is instrumental difficulties in performing
experiments at high and low temperatures. The hurdles associated with temperature
control of a sample and of the microscope components surrounding have been only
partially solved. The extra functions are usually needed for variable temperature AFM
imaging include cooling of the piezoscanner, dual heating of the sample location
using sample and probe heaters, monitoring of the surface temperature with 1°C
accuracy by using the temperature dependence of the Si probe resonant frequency,
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Figure 8. (2)—(b) Amplitude-versus-frequency curves of tapping mode in air and in liquid, respectively. (c)—(d) Height images of polystyrene-block-polyvinylpyridine
block copolymer, obtained in acidic water 10 and 40 minutes after immersion.
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and environmental control of the sample by purging with inert gases, such Ny, Ar, He
[22]. The inert atmosphere is required for high-temperature imaging of some polymer
samples to avoid their oxidation. This achieved by purging with He gas, whose presence
is easy monitored by increase of the cantilever resonant frequency and quality factor.

At present, researchers are performing AFM experiments at elevated temperatures
up to 250°C-300°C and capability of imaging at sub-zero (°C) temperatures is under
development. Temperature measurements can be also conducted in vacuum although
the AFM studies in vacuum are much less common than those in air. Imaging at
elevated temperatures is usually aimed at monitoring structural changes in materials
related to different thermal transitions such as melting, crystallization, recrystallization,
glass transition, etc. Measurements at elevated temperatures are not much different from
those at room temperature yet when approaching melting temperature one might use
larger oscillation amplitudes of the probe in order to overcome increasing adhesive
tip-sample interactions.

Imaging of polymer samples at elevated temperatures provides some new and unex-
pected data helping to address important questions concerning polymer structures
and their behavior. For example, in the AFM study of structural organization of
liquid crystalline carbosilane dendrimers, heating and cooling of thick dendrimer films
led to the counterintuitive discoveries of shrinkage and expansion of some ordered
domains [22]. This behavior has been explained by anisotropic thermal expansion
of these liquid crystalline systems. Visualization of structural changes, which accom-
pany heating of an ultra thin film of low-density polyethylene (PE), has revealed a
recrystallization process [23] that was not obvious from differential scanning calorime-
try (DSC) data. Spherulitic morphology of the LDPE film had disappeared when
the temperature of the sample reaches 80°C and immediately after that large lamellar
platelets start to grow. A continued raise of the sample temperature leads to com-
plete melting at 115°C, expected from DSC data. In situ AFM monitoring of melt
crystallization of poly(ethylene terephthalate), PET, showed that stacking of polymer
lamellae governs this process [24]. Visualization of the lamellar stacking is crucial for
understanding of the X-ray diffraction studies of this polymer, which require reliable
models for a rational interpretation of the reciprocal space data. AFM observations
of morphology of semicrystalline polymers and, particularly, their nanometer-scale
granular structure, which was found on polymer surfaces and in bulk, were among
the factors that revitalized strong interest in the studies of polymer crystallization. Two
examples of visualization of the grain structure of polymer surfaces are presented in
Figures 9a—e. The images of syndiotactic polystyrene at 170°C and 240°C are shown in
Figures 9a—b. The lamellar morphology, which is distinctively seen in the first image,
characterizes the B-phase of this polymer. At temperatures close to the melting point,
grainy structures appeared as is evident from the second image. Similar changes from
lamellar to grainy morphology were also observed in samples of melt-crystallized PET,
shown in Figures 9c—e. This transformation had occurred when the sample tempera-
ture was lowered below Tg of this polymer. These observations suggest that granular
morphology could arise either due to a disintegration of polymer lamellae into smaller
blocks near its melting or from a solidification of the amorphous material surrounding
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Figure 9. (a)—(b) Phase images of S-syndiotactic polystyrene obtained at 170°C and 240°C, respectively.
(c)—(e) Phase images of melt-crystallized PET at 230°C, 150°C and 60°C, respectively.

the lamellar core. In the second case, an AFM probe penetrates through the top-
most amorphous material when it is in rubbery state and reaches the ordered lamellar
core.

To date, AFM studies at low temperatures are less common than those at elevated
temperatures. Crystallization of polydiethylsiloxane from mesomorphic phase proceeds
at temperatures around 0°C and it is accompanied by morphological changes shown
in Figures 10a—c [25]. An array of mesomorphic lamellar aggregates, which is seen in
Figure 10a, underwent gradual crystallization as the temperature of the samples was
dropped to =5°C and kept at this level. The crystallized material is characterized by
lamellae with sharper edges, which also exhibit a brighter contrast in the phase images.
Phase images (Figures 10b—c) demonstrate that the crystallization front has moved from
the top to the bottom of the scanning area.

There is another expectation, which is related with AFM studies at low temperature.
Small objects such as single macromolecules deposited on different substrates can be
seen in AFM images only if they adhere to the surface strongly enough to resist the
tip-force they experience during imaging. This statement has been confirmed by the
finding that single polymer chains, which are observed at room temperature, are not
seen in AFM images at elevated temperatures. They are most likely detached from
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Figure 10a—c. Phase images of polydiethylsiloxane, which were taken at room temperature (a) and after
cooling to —=5°C (b)—(c).
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Figure 11. (a)—(b) High-resolution height images of single chains of polyphenyleneacetylene with
mini-dendritic groups at 25°C and at —10°C, respectively.

the substrate due to their increased mobility. The molecules return to the substrate
when the sample temperature is lowered back to room temperature. Consequently, at
room temperature we might also see only part of the surface material deposited on a
substrate. Therefore, observations at low temperatures can assist us in visualizing more
surface species not seen at room temperature. With this in mind, we performed imaging
of polymer chain molecules with mini-dendritic groups, and some of the results are
shown in Figures 11a—b. Figure 11a shows an aggregate of several macromolecules,
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some of which exhibit straight segments, grains, which are surrounded by periodical
structures. The latter structures are not rare but not well-understood guests in images
of single polymer macromolecules deposited on different substrates from very dilute
solutions. The second image (Figure 11b) obtained at the sub-zero temperature, shows
differences in the shape of the macromolecules most likely related to conformational
rearrangements induced by the temperature decline. Although in this case, we noticed
only alterations of the molecules seen at room temperature, forthcoming studies will
help us observe additional surface species.

Researchers, who are regularly using AFM, are aware of different factors that
affect image reproducibility. Not only is calibration of piezoscanners and checking
tip sharpness necessary, additional steps are needed to improve image quality. Specific
topographic features and surface roughness can cause undesirable image distortion.
Sharpness and symmetry of the tip apex are the main source of image distortion when
surfaces have features comparable in size and shape with the probe extremities. There-
fore, use of several different probes might help avoid misinterpretation. Probe shape
changes might happen during scanning either as the result of a mechanical damage of
a tip shape during imaging of a hard surface or due to tip contamination by surface
material if a sample is sticky. Operation at low forces is useful to get away from the
first problem and might also help avoid the second.

Studies of homogeneous surfaces are less subject to image variations compared
to studies of heterogeneous surfaces with locations of different stiffness and adhe-
sion. In addition to the image variations caused by geometric factors, alterations of
images of heterogeneous materials are also related to different responses of individ-
ual components to the tip-force. Therefore, some images changes could be related
to force variations. Images with a pronounced contrast of individual components
are usually obtained in operation imaging with elevated forces. For rational imaging
of heterogeneous materials, a researcher should find a set of experimental param-
eters (Ayp, Ao, the probe stiffness, etc) most suitable for compositional mapping of
a particular family of materials. In this respect it useful to examine model samples
which are prepared by varying a composition of a particular blend or multicomponent
material.

IMAGING OF MACROMOLECULES AND THEIR SELF-ASSEMBLIES
Visualization of Single Polymer Chains

AFM provides the unique capability to visualize single macromolecules and their size,
conformation, surface interactions and other phenomena can be studied by analysis
of the image. Preparation of samples for such observations is straightforward; the only
challenge being fixation of individual molecules to the surface. AFM images of DNA
are the best known and three are presented in Figures 12a—c. The large-scale image
shows numerous DNA strands spread on a mica substrate. A close look at a few of
them in the height images, which were obtained in light and hard tapping, revealed
variations of the shape and width of the curved structures representing the macro-
molecules, Figures 12b—c. These changes are reversible and can be assigned tentatively
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Figure 12. Height images of DNA molecules on mica, which were recorded in air. The images in
(a) and (b) were obtained in light tapping, the image in (c) — in hard tapping.

to a soft “jacket” existing around the DNA core on mica, which can be depressed by
the tip.

Since the first AFM studies of nano-scale objects, which also include single polymer
macromolecules lying on substrates [26, 27], one of basic questions is how relevant
is their height and width measured in the images compared to their real dimensions.
One can foresee at least two reasons why AFM images of single macromolecules
on surfaces might give the dimensions different from those in bulk or in solution,
which are measured by other methods. The first reason is related to a possible relax-
ation of macromolecules on substrates that lead, for example, to their flattened shape.
The second reason is due to peculiarities of AFM. Convolution of the tip-shape
with real macromolecule dimensions is responsible for their widening in the AFM
images. Also, one should not exclude tip-force induced deformation of the macro-
molecules that causes a height reduction. In contrast to the macromolecules’ width, a
contour length of extended macromolecules can be measured more precisely. For
a number of polymers, whose chain molecules adopt an extended conformation
on a substrate, the contour length can be considered as a measure of its molecu-
lar weight. The histograms, which reflect a distribution of contour length for large
number of single macromolecules as measured from AFM images, have been com-
pared with molecular weight distribution estimated from GPC and light scattering
data [28].
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Figure 13. Height image (a) and phase image (b) of a sample of polyphenylacetylene with
mini-dendritic groups representing the molecular order in bulk. The inserts in top left corner of these
images show a chemical structure of the polymer and a sketch of the polymer conformation in bulk
estimated from the X-ray data, respectively. The height histogram in (c) shows an average thickness of the
top layer in (a). The power spectral density plot in (d) reveals the spacing of the molecular order in (b).
Height and phase Images of the same polymer deposited on mica from dilute solution are shown in (e) —
height image and in (f) — phase image. The insert at the bottom of the image in (e) shows a height profile
across the polymer domain in the direction indicated with the arrows. The arrows in the image in (f)
define the combined width of 4 polymer chains, which equals to 18 nm.

Issues related to size of polymer macromolecules in bulk and on surfaces as well
as possible tip-force induced deformation have been explored in study of polypheny-
lacetylene with mini-dendritic groups. To prepare the sample surface, a polymer layer
in melt was squeezed between two flat substrates and cooled. This sandwich was
then split through the ordered material and examined with AFM. The image in
Figure 13a shows a layered structure of this material in bulk. A regular packing of
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Figure 14. Height image of an aggregate of single chains of polyphenylacetylene with mini-dendritic
groups, which were deposited on graphite from dilute solution. The number at the top of the image show
the average width of the chains in the stacks indicated with the arrows.

extended linear structures is seen in the high-resolution image in Figure 13b. The
power spectral density plot, which is presented below this image, revealed 4.7 nm
spacing between these structures. This dimension is close to the 5-nm size of individ-
ual polymer chains in the hexagonal columnar arrangement of these molecules in bulk
as revealed by X-ray analysis.

The chain molecules of the same polymer were observed on mica and graphite
in samples prepared by spin casting of the dilute polymer solution. A domain of the
macromolecules on mica is shown in Figure 13c. Its height, 2.9 nm, is slightly less than
one expected based on the size of the individual polymer chains. A high-magnification
image, Figure 13d, shows that the domain is formed of linear features whose estimated
width is ~4.5 nm. Therefore, the size of the polymer chains on mica is close to their
size in bulk. A partially reduced height of the chains on mica might be due to slight
height depression by the tip. Estimates of the polymer chain dimensions on graphite
from the AFM image in Figure 14 indicate that the macromolecules’ height is much
smaller and their width is larger than those of the chains on mica. This finding suggests
substantial spreading of the single polymers on graphite.
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Figure 15. (a)—(c) Height images of single macromolecules of polymethylmethacrylate with
mini-dendritic groups, which were deposited on mica, graphite and WSe;, respectively.

Remarkably, the macromolecules on graphite are seen in the shape of individual
straight or bent rods whose orientation reflects their epitaxy on the substrate. As a
result of this epitaxy, the molecules are unraveled along surface lattice directions of
the graphite. This phenomenon is common for alkanes and polyethylene, and the fact
that the 0.25 nm spacing of the graphite lattice. The repeat distance along the alkyl
chain in all-trans conformation is close to 0.25 nm, and this is believed to be the
reason for the epitaxy. The multiple examples show that a presence of alkyls at the
terminals of mini-dendritic side group of polymers also leads to the same arrangement
[29]. Single macromolecules of polymethylmethacrylate (PMMA) with mini-dendritic
groups, which were deposited on mica, graphite and WSe,, are shown in Figures 15a—c.
WSe, is the inorganic layered material with an atomically flat surface made of Se atoms
in the closed hexagonal packing with the inter-atomic distance of 0.32 nm. Mica is also
an atomically flat substrate, the surface atoms of which are arranged in a hexagonal
order with an inter-atomic spacing of 0.52 nm. The arrangement of the chains on
WSe; is similar to graphite, whereas on mica, the individual macromolecules are less
extended and do not epitaxially orient on the substrate. This finding suggests that the
epitaxy on graphite and WSe; is governed more by the overall symmetry than by the
matching of the atomic-scale spacings of the substrate. The hydrophilic nature of mica
has imposes restrictions on the unfolding of these macromolecules.

Height-temperature AFM measurements of PMMA chains with mini-dendritic
groups on the above mentioned substrates as well as the experiments on the tip-
force assisted transport of these objects on the substrates help understanding the
individual macromolecules’ adhesion [30]. Thermal motion of the unfolded chains
was observed on graphite and WSe; as soon as the sample temperature was raised
10-20 degrees above room temperature. With further temperature increase, the macro-
molecules were not seen in the images because their adhesion to the substrate was too
poor to resist a tip-force. Mostly likely, the chains were floating in the liquid contami-
nation layer, which present on surfaces in air. The situation was quite difterent on mica,



4. Visualization of Nanostructures with Atomic Force Microscopy 139

where the chains and their aggregates were observed without any positional changes
even at temperatures above 200°C when partial thermal degradation has started. Strong
adhesion of these polymer chains to mica is confirmed by the unsuccessful attempts
to move the macromolecules across the substrate. These attempts led to cutting of
the chains into pieces [30]. The tip-assisted transfer of the same macromolecules on
graphite and WSe, was successful, and the macromolecules have been moved along
the tip trajectories.

Alkanes, Polyethylene and Fluoroalkanes

To demonstrate the capabilities of AFM for studies of self~assembly and order in ultra
thin layers we will consider several results obtained on alkanes of different length and
single crystals of polyethylene (PE), one of the most important industrial polymers.
When alkanes are deposited on graphite by spin casting of their diluted solutions, they
form layers with the well-defined epitaxial order as shown in the images of C3sH74,
Figures 16a—b. The domains with differently oriented striped structures are seen in
the larger-scale image. The other image shows the alternating bright and dark strips
whose order is characterized by a spacing of 4.7 nm corresponding to the length of the
extended alkane molecule. By analogy to the layers of C3goH7gz, the darker regions
can be assigned to the interlamellar interfaces where mobile ~CHj groups and few
their ~CHj- neighbors are located. With the increase of a concentration of alkane
solution, nanocrystals were formed on the top of the layers as it was observed in study
of the alkanes with longer chain, CqoHjzs [31]. In the CqoHjyzp samples, the nanocrys-
tals melted around 95°C, while the epitaxial layers were observed at temperatures up
to 140°C. In the measurements above the bulk melting point T, of alkane crystals
(T, = 95°C for CgoHjinz), an AFM probe penetrates through a melt polymer and
reaches an ordered layer lying immediately on graphite. The lamellar order of this
layer, which exhibits an additional thermal stability due to specific interactions with
the substrate, has been observed at temperatures up to 50 degrees above T,,. This
has been found for C60H122, C122H246, C242H43() and C390H732 [21, 32] The hlgh—
temperature images of CzgoH7g, layer in Figures 16c—d demonstrate its lamellar order
at two different locations. The image at 100°C, which is the temperature below
T (T, = 128°C for Cs90H7gz), shows multiple defects reflecting a relative shift of the
chain molecules along its main direction. The lateral extent of these defects is different
at various locations, and they heal as the sample temperature approaches 130°C. At the
left part of the image in Figure 16¢, the remnants of the second layer are seen as single
bright strips of the lamellar width. They also disappeared after heating to 130°C. The
morphology of the Cs99H7g layer at 140°C, Figure 16d, has distinctive differences
compared to the previous one. First of all, the T-type defects, in which two lamellae
are merged into one, are the only defects seen at 140°C. Second, a width of brighter
strips became smaller than that of the darker strips. This suggests that larger parts of
the macromolecules are mobile as temperature was raised from 100°C to 140°C.

PE molecules are essentially extra long alkanes but the main difference is that poly-
merization leads to variations of the chain length of individual molecules that influence
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Figure 16. Height images of the layers of C3¢H74 alkane (a)—(b) and ultra long alkane CzgoHy7g2 (c)—(d).
Images in (a)—(b) were obtained at room temperature and images in (c) and (d) at 100°C and 140°C,
respectively. The insert at the left top corner of the image in (d) shows the power spectral density plot with
a value of most pronounced peak.

many properties of these materials. Ultra long alkanes due to their monodisperse nature
are the best know models of PE, and these alkanes have been intensively examined
during last 20 years [33]. The common feature of ultra long alkanes (starting with
alkane with carbon atoms above 150) and PE is that their crystallization in dilute
solutions proceeds by multiple folding of individual chains into thin lamellae folded
chain structures which have the lozenge shape. The chain folding is the kinetically
driven process, and thermal annealing of these crystals promotes a partial unfolding of
polymer chains toward the more energetically favorable extended chain conformation.
Morphology changes accompanying annealing of single crystals of PE have been of
interest for many years [34]. Recent AFM studies of the annealing-induced structural
transformations have revealed new details concerning these pathways, which depend
on a sample preparation history and nature of the substrate.
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Figure 17. (a)—(b) Height images of dried single crystal of PE on Si substrate before and after annealing
at 115°C, respectively. The height histogram in the top right corner in (a) define the crystal thickness.

In (a), white arrows indicate different crystallographic directions. (c)—(d) Phase images of wet single crystal
of PE on graphite after annealing at 75°C and 140°C, respectively.

Main structural changes, which are observed during annealing of single crystals of
PE, are shown in Figures 17a—d. The crystals, which are grown in dilute solution, have
a tent-like shape. After deposition on a flat substrate, such crystals collapse and adopt a
shape of flat lozenge. A slightly truncated lozenge of PE crystal with a number of spiral
overgrowths and a central pleat aligned in the [010] direction is shown in Figure 17a.
The polymer chains are oriented in the [001] direction, i.e. almost perpendicular to a
substrate. The crystal thickness (11.6 nm) corresponds to the chain stem length, and the
top and bottom surfaces are formed of the chain folds. Several tiny wrinkles oriented
along the [010] direction define two small (100) sectors and a slightly truncated shape
of the crystal. It was found that during annealing of the PE crystals on Si and mica
substrates, which were dried under vacuum before the annealing, the polymer chains
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unfold without a chain reorientation. This leads to a local thickening and development
of the holes, Figure 17b.

Annealing of wet PE crystals (which were stored in air but not dried under vacuum)
on the same substrates initiated a formation of lamellar ribbons (edge-on lamellae) in
which the polymer chains reoriented parallel to the lamellar surface. The same trans-
formation was found for single crystals of PE on graphite independent from the sample
preparation history, Figures 17c—d [35]. In addition, the annealing of the crystals on
graphite was accompanied by a substantial outflow of the polymer material from the
crystal to the substrate. The image of the crystal after annealing at 75°C shows the
outflow of the polymer in the [110] and [100] directions, Figure 17c. The outflow
material most likely consists of mobile polymer chains, which were not properly incor-
porated into the crystal. Annealing at temperatures below 100°C was not accom-
panied by noticeable changes of the lozenge. The major evolution has initiated
above 100°C, and it led to the formation of lamellar ribbons. The ribbons ori-
ented along the [110] and [100] directions completely filled out the crystal sectors
of the lozenge, Figure 17d. In situ monitoring of the initial steps of this transformation
allowed us to suggest that the PE recrystallization and chain reorientation are facili-
tated by traces of solvent trapped underneath these objects during their collapse on
a flat substrate. Analogous chain unfolding pathways were found for single crystals of
Cs90Hy7s2 [32].

The structural transformations of the single crystals of PE, which are discussed
above, were observed during their step-like annealing at different temperatures. When
heating of the crystal deposited on mica to 140°C proceeded fast, it caused a com-
plete melting of the crystal as seen by a formation of a large droplet of melt,
Figure 18a—b. Quenching of this material to room temperature has been accompanied
by recrystallization. The patch of recrystallized material, which remained within
the frame of the initial lozenge, is illustrated by the height and phase images in
Figures 18c—d, respectively. High-magnification images revealed its fibrilar and gran-
ular structures, Figures 18e—f. The fibrilar structures represent the edge-on lamellae
whereas the isolated grainy structures can be assigned to the predominantly amor-
phous material, Figure 18e. The surface of the recrystallized material exhibits grainy
morphology similar to one, which was observed on the surface of melt-crystallized
low-density PE [36]. AFM investigations of the crystallization and melting processes
in a droplet of semicrystalline polymer with known amount of the polymer might be
a good model system to study these processes in the confined geometry.

Fluorinated materials have a number of important properties such as low surface
energy that ensure their technological value. Semifluorinated alkanes with the structure
F(CF2)m—(CHy),H, F,H,, are forming micelles in solution and monolayers at the
air-water interfaces [37]. Structural organization of these materials has been examined
for a while yet many issues remain controversial. We have applied AFM to study
self-assembly of perfluoroalkyl alkane, F14H20, and several results, which illustrate
specifics of structural organization of this material, are presented below. In the extended
conformation, the fluorinated part of the F14H20 due to large size of F atoms and
related steric hindrance adopts a helical conformation with 1.64 nm in length and the
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Figure 18. Height images of single crystal of PE on Si substrate at room temperature—(a), after fast
heating to 140°C — (b) and after cooling to room temperature — (c). Phase images in (d)—(e) and height
image in (f) show structural details of the semicrystalline PE patch formed after cooling from 140°C to
room temperature.

hydrogenated part is characterized by the all-trans zigzag conformation with 2.55 nm
in length. A width of these parts is also different: 0.60 nm for —CF,- sequences
and 0.48 nm for —CH,— sequences. In earlier work, monodisperse surface micelles
of F8H16, which were transterred from the water subface of Langmuir trough on Si
substrate, were observed in AFM images [38]. The micelles have a round shape with
a diameter of 30 nm and height of 2 nm in height. A hole in the center makes them
look like donuts. These nanoscale 2D objects decorated the substrate being packed
almost hexagonally.

When the F14H20 films were prepared by spin casting from dilute solution on
different substrates, including a water subface in Langmuir trough, we have observed
several types of structures, which depend on solvent and substrate nature. When the
material was deposited on graphite from hydrogenated solvents such as decalin and
octane, the extended ribbons of 30 nm in width and ~2 nm in height have been seen
in AFM images, Figures 19a—b. The ribbons are aligned along three main directions
of the substrate that assumes their epitaxial arrangement. Besides these ribbons, several
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Figure 19. (a) Sketch of semifluorinated alkane F14H20 and its molecular dimensions in fully extended
conformation. (b)—(c) Height images of F14H20 nanostructures deposited on graphite from decalin and
octane, respectively.

donut-like clusters are seen. In general, the donuts are twice higher than the ribbons.
Some of the donuts have a defective structure with a missing quarter of the donut, as
seen in the left bottom of Figure 19b. This observation, as well as the fact that the
external contour of many donuts exhibits a hexagonal contour, hints that the donuts
and ribbons are formed of similar molecular assemblies. Clusters of different shape
were formed in fluorinated solvents and deposited on water, mica and graphite as seen
from AFM images in Figures 20a—c. Most likely, the circular twisting of the ribbons
formed these monodisperse structures with an average diameter of 80 nm, Figure 20a.
On mica surface, these clusters were packed in a hexagonal order. The power spectra
of 2D FFT, which is shown in the insert in the right top corner of the image in
Figure 20a, exhibit two sets of the hexagonal patterns corresponding to the cluster
order and to the cluster shape. The clusters on graphite are quite alike yet they exhibit
the more pronounced hexagonal shape in Figure 20b as compared to the clusters on
mica. There are distinctive differences of the nanoscale morphology of the adsorbates,
which were deposited from the hot and cold solutions on graphite. The clusters cast
from the cold solution exhibit a fine substructure consisting of sets of linear strips
with a 7 nm spacing. Akin linear strips are seen at the substrate locations in between
the clusters, which were put on graphite from the hot solution. In both cases, linear
structures are oriented in correspondence to the substrate symmetry.
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Figure 20. (a) Height image of F14H20 nanostructures deposited on mica from hexafluoroxylene.
The insert in the right top corner shows the 2D FFT power spectral density pattern. (b)—(c) Phase images
of F14H20 nanostructures deposited on graphite from cold and hot hexafluoroxylene, respectively.

The F14C20 adsorbates, which were deposited on graphite from octane, were
examined at temperatures close and above their isotropization temperature of 95°C,
Figures 21a-b. In the image recorded at 80°C, the domains with the linear strips similar
to those seen in Figure 20c occupy most of the surface area. There are few straight
ribbons, which did not melt yet. At higher temperature, the ribbons disappeared, and
the domains have transformed into a continuous layer. As in the case of alkane layers on
graphite, the F14H20 layer retains its order at temperatures above T),. The molecular
order of this layer is characterized by two spacings: 7.2 nm and 9 nm. The first one
describes the linear strips, whereas the second one — the micellar arrangement, which
is distinctively seen at the right edge of the image in Figure 21b.

AFM studies of the F14H20 adsorbates provide new information concerning the
molecular order in these systems. The fact that the molecular arrangement on graphite
shows a hexagonal symmetry implies that alkyl groups are interacting with the substrate.
The spacing of the molecular order (~7 nm) is smaller that the double length of
the F14H20 molecule. This suggests that either the molecules are tilted within these
structures or there is a partial interdigitation of the molecules forming double layer.

AFM provides several important findings concerning self-assemblies of the semiflu-
orinated alkane although these data alone are not enough for complete understanding
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Figure 21. (a)—(b) Height images of F14H20 nanostructures deposited on graphite from octane solution,
which were obtained at 80°C and 110°C, respectively. The inserts in the left bottom corner show 2D
power spectral density plot and values of the most pronounced peaks.

of their molecular organization. Further interplay of AFM, X-ray diffraction and spec-
troscopic measurements is needed for accomplish this goal.

STUDIES OF HETEROGENEOUS SYSTEMS
Semicrystalline Polymers

In the following, we will consider AFM studies of heterogeneous polymer systems,
which are the most common objects of industrial research. Multicomponent polymer
systems present an important class of commercial materials that addresses variety of
practical applications. The way these materials are prepared substantially influences their
technological properties. Therefore, examination of morphology and composition of
multicomponent polymer systems provides key evidence for optimization of their
formulation and properties. Strictly saying, heterogeneous materials are those, which
consist of components with different chemical components: copolymers, polymer
blends, composites, etc., semicrystalline materials can be also assigned to such materials.

In electron microscopy, visualization of lamellar structures of semicrystalline poly-
mers is usually performed on samples, which were etched or stained. These procedures
are not necessary for AFM studies because the crystalline and amorphous components
are differentiated due to differences of their mechanical properties that are reflected in
the probe response. Practically, compositional mapping is achieved with hard tapping
when the images demonstrate the distribution of individual components on the sample
surface. For many polymer systems, especially those with rubbery-like components,
imaging at elevated forces might result in the AFM probe penetration through top
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rubbery layer. In this way, more rigid subsurface structures can be seen in the images
at the depths up to hundreds of nanometers.

Bulk morphology of polymer samples can be of primary interest and the application
of an ultramicrotome is needed to access the bulk polymer structure with AFM. This
preparation tool became the important accessory for AFM analysis of heterogeneous
polymer samples. It is worth noting that polymer blocks with a smoothly cut surface,
which is best prepared with a diamond knife, are usually employed for AFM imag-
ing. Thus an elaborate and time-consuming preparation of ultrathin slices of polymer
material, which is required for TEM, is eliminated. It is worth noting that quanti-
tative estimates of the sample composition, in the analysis of AFM images, are more
accurately reflect this important characteristics than the data obtained with TEM. The
reason is that TEM micrographs present 2D view of a thin but still 3D material section.

First two examples are dealing with morphology of PE films. AFM images of indus-
trial linear low-density PE film, whose surface and near-surface morphology can be
examined without any sample preparation, are shown in Figures 22a—b. The height
image presents the large-scale surface morphology with corrugated structures formed
by micron-size bumps. At higher magnification, lamellar structures are resolved in
the phase image. The lamellar edges are seen as individual bright strips or as their
clusters at locations where lamellar stacks are present. In addition to the image con-
trast, individual components of heterogeneous materials can be also identified due to
their specific shape. The corresponding example is presented in AFM images of com-
mercial low-density PE, Figures 22¢—d. The large-scale surface morphology of this
material is different from that in Figure 22a. An orientation pattern is recognized by
surface features, which extend from the top left corner to the right bottom corner in
Figure 22¢.This is a consequence of mechanical stresses during manufacturing of the
film. The platelets of a mineral filler are clear seen in the phase image in Figure 22d.
Such fillers are added to polymers in order to modify their properties, e.g. adhesion,
mechanical strength, flammability, etc.

Block Copolymers

Block copolymers are important components of engineering plastics. In recent years,
the interest to these materials is growing because of unique capabilities of tuning their
nanoscale architecture through microphase separation. Among new applications areas
are nanolithography and the templating of inorganic structures such as nanowires and
magnetic dots. Extended ordered structures, which are needed for these applications,
are developed during annealing process above glass transition temperatures (Tg) of
the blocks. Visualization of microphase separation patterns of block copolymers with
AFM is trivial when hard tapping imaging is performed at temperature where one
componentis in glassy state, another — in rubbery-like. These both issues: annealing and
visualization are illustrated by AFM images in Figures 23a—b. The phase images were
obtained on a film triblock copolymer of polystyrene-block-polybutadiene-block-
polystyrene (SBS) immediately after spin-casting and after intensive annealing. The
differences of morphology of the samples are evident. The alternative lamellar structures
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Figure 22. (a)—(b) Height and phase images of surface of linear low-density PE film. (c)—(d) Height and
phase images of surface of low-density PE film.

belong to glassy polystyrene (PS) blocks, which have a bright contrast, and to rubbery
polybutadiene (PB) blocks, which are recognized by darker contrast. Actually, the
contrast between the components is strong at temperatures of around 100°C where
softening of PS block occurs. Therefore, for some block copolymers, high-contrast
imaging can be achieved at temperatures above the glass transition of one component
but below the glass transition of another one [39].

An example of AFM characterization of bulk morphology of block copolymers is
given in Figures 23c—d. These images were obtained on two cross-sections, which
were made perpendicular and parallel to the main direction of a SBS rod, respectively.
The rod was initially prepared with a viscosimeter and subjected to an extremely long
term annealing. A well-ordered hexagonal pattern was detected in the AFM image
of the perpendicular cross-section (Figure 23c) and the extended linear structures are
seen in the image of the parallel cross-section (Figure 23d). These results unambigu-
ously indicate that the perfect packing of polystyrene and polybutadiene cylinders was
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Figure 23. (a)—(b) Phase images of polystyrene-block-polybutadiene-block-polystyrene (SBS) film just
after spin casting and after high-temperature annealing, respectively. (c)—(d) Phase image of cross-sections
of an annealed SBS rod, which were made perpendicular and parallel to the rod main direction.

achieved in this material. As in the case of the SBS film, the dark spots in the image
in Figure 23c correspond to PB cylinders and the bright spots — to PS [40].

Polymer Blends and Nanocomposites

Multicomponent rubber-like materials are often explored with AFM to tackle various
problems of morphology of elastomer blends, partially cross-linked materials and visu-
alization of filler [carbon black (CB), silica, clay particles, oil, etc] distribution, [41, 42].
Oil is usually incorporated in high viscous elastomers matrix to improve the material
rheology and decreases the cost as well. Here we present the results of the ongoing
study of morphology alterations of ethylene-propylene-diene rubber (EPDM) loaded
with oil, which is caused by cross-linking process. The phase image of uncured EPDM
filled with oil exhibits the complex morphology of this material, Figure 24a. Dark loca-
tions are related to oil component and they are distributed through the sample either
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(a)

(c)

Figure 24. Phase images of EPDM rubber loaded with oil in an uncured state (a) and after curing with
different amount of sulfur: S = 0.5 phr — (b), S = 1.0 phr — (¢) and S = 1.5 phr — (d).

as homogeneously spread nanoscale inclusions or as larger clusters of various size and
shape. Bright domains, which appear in the images of the samples after curing, rep-
resent the cross-linked rubber material. With the increase of concentration of curing
agent (sulfur) from 0.5 phr to 1.0 phr the size of these domains enlarges from 52 to 82
nm, Figures 24b—c. As sulfur content increased further (S = 1.5 phr), the cross-linked
material is seen as aggregates of 100—200 nm in size, and they occupied 28% of the
image area, Figure 24d. This is twice more than the 13% area coverage by the cured
rubber at S = 0.5 phr. that is twice large than in Figure 24b.

New engineering materials—thermoplastic vulcanizates (TPV) are more easily pro-
cessed than traditional cross-linked rubbers but exhibit similar performance. They are
essentially blends of rubber components with plastics, which are loaded with difterent
fillers. Therefore, analysis of morphology of such TPV is helpful for optimization of
their performance. Electrically conducting TPV, which are filled by CB particles, are
can be used as sensors, switches, and electromagnetic shields. A percolation threshold
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Figure 25. (a)—(b) Height and phase images of thermoplastic vulcanizate made by mixing EPDM,
isotactic polypropylene and carbon black.

in these materials could be reached at small CB loading because of selective localization
of these conducting particles in one of the components or at the interfaces. Electric
force microscopy (EFM) in also attracted for imaging of CB particles [43]. Height
and phase images in Figures 25a—b show morphology of the material made of isotac-
tic polypropylene (iPP), EPDM and CB. The distribution of individual components
is well distinguished in the phase image. The bright patches are allocated to EPDM
domains in which the contrast variations point to locations with different cross-linking
density. There are no indications of the presence of CB particles in the rubber domains.
The darker regions with 40-50 nm bright particles represent iPP domains filled by
CB. The described morphology has been the result of the optimization of mixing
conditions and allows achieving low specific resistance (2.5 Ohm X cm) with minimal
CB loading.

Composite materials with filler particles of tens and hundreds of nanometers in size
are known and utilized for a long time. Recent attention to such composite mate-
rials has been motivated by research efforts to design nanocomposites with improved
mechanical, adhesion, thermal and other properties. Polymers filled with mineral lay-
ered materials, such as different clays, graphite, etc. are of special interest. One of the
possible developments in these systems is based on exfoliation of clay clusters into
individual sheets of molecular thickness. Success of these efforts will give considerable
increase of the filler surface that will impact properties, which depend on polymer-filler
interfacial interactions. The intercalation and exfoliation processes can be monitored
with high-resolution TEM and AFM that offer visualization of the clay particles and
their individual sheets. Two AFM images of the polymer nanocomposite are presented
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Figure 26. (a)—(b) Phase images of nanocomposite prepared of polypropylene and clay particles.

in Figures 26a—b. The images were obtained on a microtomed surface and the first
of them shows a clay particle with multilayer morphology. The sample location with
individual clay sheets, which are seen as edge-on structures of 40-50 nm in width,
is presented in the second image. This morphology hints on successful exfoliation of
the clay particles. There are several issues of sample preparation and optimization of
imaging of extremely thin filler layers that should be considered in interplay between
AFM and TEM.

Biomaterials are one of the fast growing areas where AFM role for material charac-
terization will increase substantially. Obviously, dealing with materials, which perfor-
mance includes interactions with living tissue and circulating blood in physiological
conditions, will be more challenging for characterization. Therefore, there are a lot of
hurdles to overcome, and we are just at the beginning. First steps are already made and
AFM imaging of biological objects is quite established field, and there is also knowl-
edge in studies of polymer materials, which are often used as biomaterials. Example
of AFM studies of biomaterial is give by images in Figures 27a—b. These images were
obtained on surface of felt matrix, which is prepared by mixing collagen and hyaluronic
acid (HyA). The felt is employed for connective tissues repair and cosmetic purposes
[44]. The large-scale morphology in Figure 27a shows an extended collagen aggregate
incorporated into HyA. The later is recognized by dendritic morphology, which is
formed of fibrilar strands. The phase image in Figure 27b demonstrates the details
of the collagen aggregates, which is built of individual collagen. Collagen is a triple
helix object with 300 x 1.5 nm dimensions, which consists of three extended pro-
tein chains that wrap around one another [45, 46]. The collagen molecules are also
exhibit 60 nm pitch. The fact that similar pitch is observed in the extended aggregate



4. Visualization of Nanostructures with Atomic Force Microscopy 153

+———  30um > 3um —————*

Figure 27. (a)—(b) Height and phase images of a surface of felt matrix prepared by mixing collagen and
hyaluronic acid.

(Figure 26b) implies the ordered stacking of individual collagen molecules forming
this structure. In addition, one sees a large number of thin strands unwinding from
the aggregate into the nearby surface regions. This architecture helps of the collagen
incorporation into the HyA matrix.

CONCLUDING REMARKS

Atomic force microscopy is the leading scanning probe technique and has become
important in characterization of materials at the sub-micron scale. A principle AFM
application is making high-resolution 3-dimensional images of surface topography.
The examination of roughness of manufactured surfaces and accurate control of
microscopic patterns are two important areas of industrial AFM applications. The
unbeatable force sensitivity and nm-scale resolution of AFM is likely to make it prac-
tically the exclusive method for evaluation of sub-100-nm structures that will be the
essence of nanotechnology. Ongoing development of softer and shaper probes will
empower this technique further. This progress will enhance image resolution and
will improve control over tip-sample forces at lower force level thus allow imag-
ing of extremely soft materials impossible to date. In addition to high-resolution
imaging, compositional mapping is recognized as the key feature for the majority of
applications in studies of soft materials such as polymers and biological objects. The
examples collected in this chapter support this conclusion. Further expansion of AFM
experimental data is expected with a broader use of temperature and environmental
accessories.
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Progress is also expected in local measurements of mechanical properties. There
are a number of different approaches (force modulation, oscillatory shearing, nanoin-
dentation, etc.), which are applied for this purpose. These techniques provide semi-
quantitative data in a relatively narrow frequency range, mostly around resonant fre-
quencies of the piezoactuators or probes. Although such measurements are extremely
important they should be extended to a broader frequency range over several decades
of frequencies where molecular motion and relaxation of macromolecules take place.
Such studies of polymer viscoelastic behavior have become important not only for
macroscopic samples but also for functional plastic and rubbery-like structures and
elements with dimensions in the millimeter and micron range. Measurements at those
scales should be performed with AFM-related techniques. The demand for such studies
will further increase with development of nanotechnology.

The probing of materials with AFM is basically realized through mechanical interac-
tions. Therefore, only indirect correlation between these measurements and chemical
nature of a sample or its constituents can be derived from such studies. This does
not fulfill the need of compositional analysis with chemical identification. The latest
achievements in this field are primarily related with soft X-ray microscopy, which
provide chemically sensitive mapping with resolution of tens nanometers [65]. Yet
this technique requires the use of synchrotron radiation sources. Conventional meth-
ods like FTIR -microscopy provides chemical mapping only with resolution of several
microns. Recently, a combination of AFM and infrared spectrometry has been success-
fully applied to collecting IR spectra of polymers from the tip-sample junction [66].
In perspective, such a combination might become an extremely powerful mapping
technique with lateral resolution in the tens of nanometers range.
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5. SCANNING PROBE MICROSCOPY FOR NANOSCALE MANIPULATION
AND PATTERNING

SEUNGHUN HONG, JIWOON IM, MINBAEK LEE AND NARAE CHO

1. INTRODUCTION
1.1. Nanoscale Toolbox for Nanotechnologists

In everyday life, we utilize various fools such as pens, knives, needles etc. From the
beginning of human history, “tools”” have been one of the key aspects that differentiate
ourselves from wild animals and define our civilizations. For this reason, we are called
“Homo Faber,” and human history is often divided into several ages based on the tools
used at that time period: stone age, bronze age, and iron age etc.

The age of modern nanotechnology began with the inventions of nanoscale precision
imaging tools such as scanning probe microscopes (SPM). SPM utilizes a nanometer-
size needle-shape probe (or simply called, “tip”) to image surfaces in a close proximity
somewhat like blind people use a stick to find out the road conditions [1]. In scanning
probe lithography (SPL) processes, the same probes for SPM are utilized to modify
substrates in various manners such as scratching, writing, burning etc. Various SPL
methods and their functionalities are summarized in Table 1. As a matter of fact,
SPL provides quite versatile functionalities similar, but with nanometer scale precision,
to many macroscale tools. And it became a key component of modern “nanoscale
toolbox.” This review provides a brief overview about states-of-the-art SPL processes
and their applications.

The major components of SPM systems are 1) nanoscale proximal probes that
directly interact with samples and 2) piezoelectric actuator that drives the probe with
nanoscale precision. Three typical probes used in SPM systems are shown in Figure 1: 1)



Table 1. List of Scanning Probe Lithography Methods and Their Capabilities.

Patterning Possible
SPL Method Instruments Environment Key Mechanism Typical Resolution  Materials Applications
Nanoscale Pen Dip-Pen Nano- AFM Ambient Thermal Diffusion ~ ~10 nm SAM, Biochip,
Writing lithography of Soft Solid Biomolecules, Nanodevice,
Sol-Gel, Metal Mask Repair
etc. etc.
Nanoscale NSOM Ambient Liquid Flow ~100 nm Etching Solution, ~ Mask Repair etc.
Printing of Liquid
Liquid Ink
Nanoscale Nanoscale AFM Ambient Mechanical Force ~10 nm Solid Mask Repair etc.
Scratching Indentation
Nanografting AFM Liquid Cell Mechanical Force ~10 nm SAM Biochip etc.
Nanoscale Melting AFM Ambient Mechanical Force ~10 nm Low Melting Memory etc.
and Heat Point Materials
Nanoscale Atomic and STM Ultrahigh Vacuum  Van der Waals or ~0.1 nm Metals, Organic Molecular
Manipulation Molecular (Often Low Electrostatic Molecules etc. Electronics etc.
Manipulation Temperature) Forces
Manipulation of AFM Ambient Van der Waals or ~10 nm Nanostructure, Mask Repair,
Nanostructures Electrostatic Biomolecules Nanodevices
Forces etc.
Nanoscale Possibly AFM  Ambient Van der Waals or ~100 nm Nanostructures Electrical
Tweezers Mechanical Measure. etc.
Force
Nanoscale Nanoscale STM or AFM  Humid Air Electrochemical ~10 nm Si, Ti etc. Nanodevice etc.
Chemistry Oxidation Reaction in a
Water Meniscus
Nanoscale STM or AFM  Humid Air Electrochemical ~10 nm SAM Nanodevices etc.
Desoprtion of Reaction in a
SAM Water Meniscus
Nanoscale STM Ultrahigh Vacuum  Nanoscale ~10 nm Fe, W, etc. Magnetic Array
Chemical Vapor with Precursor Chemical Vapor etc.
Deposition Gas Deposition
Nanoscale Light ~ Nanoscale Light NSOM Ambient Photoreaction ~100 nm Photosensitive Nanodevices etc.
Exposure Exposure Materials
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Figure 1. (A)—(C) Schematic diagram depicting three difterent scanning probes. (A) Scanning tunneling
microscopy. (B) Atomic force microscope. (C) Near-field scanning optical microscope. (D) Schematic
diagram depicting a water meniscus formed at a probe under ambient conditions.

scanning tunneling microscopy (STM) probe, 2) atomic force microscopy (AFM)
probe, and 3) near field scanning optical microscope (NSOM) probe.

A STM probe is a nanoscale, often atomic scale, sharp metallic needle (Figure 1A).
When the tip is near the surface, usually in a few nanometer, with a voltage bias,
tunneling currents flow between tip and surface. At a small bias voltage V, the tunneling
current I can be approximated by

_ g,
I x Ve 7

where d is the distance between STM tip and sample and ¢ is the work function of
the tip [2]. For a typical work function of 4 eV, the tunneling current decreases about
one order of magnitude when the gap increases only by 0.1 nm. For this reason, the
tunneling current is confined usually at the very end, often at one atom, of the tip
(Figure 1A), which allows one to inject the current only in a nanometer scale region.
Also, the current change indicates the gap distance changes. In a constant-height STM



160 I. Optical Microscopy, Scanning Probe Microscopy, Ion Microscopy and Nanofabrication

imaging mode, the tunneling current signal is monitored by the feedback circuit to
maintain a constant gap distance between tip and surface.

An AFM probe is a sharp conducting or non-conducting needle with a flexible
cantilever (Figure 1B). In common AFM operations, an AFM probe is either in a
direct contact with sample (contact mode), or it oscillate near the surface (non-contact
mode). In a contact mode, the repulsive force between tip and surface causes the bending
of the cantilever. The bending can be measured by measuring the reflected laser beam
path utilizing a quadrapole photodetector. This force detection system combined with
piezoelectric actuator allows one to precisely control the contact force between tip
and surface.

In a non-contact mode operation, the AFM probe oscillates near the sample surface
and the oscillation amplitude of the cantilever is measured by measuring that of the
reflected laser beam path via a photodetector. When the tip is near the surface, the
attractive force between tip and surface cause the resonance frequency change and result
in the change of the oscillation frequency.

A NSOM probe is optical fiber or a hollow micropipette that can transmit light in
it (Figure 1C). Unlike other regular optical fibers, a NSOM probe is tapered at one
end so that transmitted light comes out only from a few tens of nanometer area at the
end. A NSOM probe allows us to shine light to a specific region of the sample surface.

In SPL processes, these probes are located at a desired location on the sample via
piezoelectric actuator and the nanoscale region is modified in various means (e.g.
tunneling current, force, light etc.). The results of SPL often strongly depend on
environmental conditions. One important example is a water meniscus between tip
and surface under ambient conditions (Figure 1D). When a SPM probe is in a close
proximity with the surface, water from the air condenses between tip and surface.
Based on Kevin Equation, the shape of water meniscus can be approximated by

(1 N 1)1 B yv
roor RT log(p/ps)

where r, ¥, V, and p/ps are the radius of the water meniscus, a surface tension,
molar volume, and relative vapor pressure, respectively [3]. As matter of fact, it is a
fair statement that, under ambient conditions, scanning probes actually interact with
sample through the water meniscus. A water meniscus causes many parasitic effects
such as capillary forces and affects the result of SPL.

1.2. Motivations

Two major motivations for the development of SPL techniques can be: 1) the resolution
limit of microfabrication techniques and 2) needs for versatile lithographic method for
new materials including biomaterials.

The major lithography technique for modern microelectronics is the microscale-
resolution photographic patterning method called, “photolithography.” In this process,
solid surfaces are first coated with a photosensitive polymer resist layer, and only spe-
cific regions on the resist layer are exposed to the UV light through a photographic
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mask. The exposure of light breaks (or strengthens) the molecular bonding in the
polymer resist layer. The exposed (or unexposed) resist layer is specifically removed by
immersing the substrate into certain solvents, and the polymer resist patterns were left
on the specific area of the substrate. The polymer resist pattern can be used as a resist
of subsequent etching or other processing steps. By repeating these processes, many
complicated microelectronic components can be created on a single substrate, which
enables integrated computer chips and, eventually, modern information technology.

During the last four decades, semiconductor industry has been extensively working
on improving the resolution of photolithography method so that more components
can be integrated in a single chip. This size reduction and higher degree of integration
are crucial to improve the performance and power efficiency of the integrated circuits,
which can effectively reduce the manufacturing cost. Currently, microelectronic chips
with a feature size as small as 90 nm are commercially available.

Due to the diffraction of light, one of the major parameters determining the ultimate
resolution of photolithography is the wavelength of light. According to the Rayleigh
Equation [4], the resolution of the photolithography method is,

R=kA/NA

where A is the wavelength of the light used, NA is the numerical aperture of the
lens system, and k; is a constant that depends on the photoresist. It is usually believed
that resolution of the photolithography is approximately A/2. Extensive efforts have
been given to use shorter wavelength light to improve the resolution. Ultra violet light
with a wavelength of ~160 nm has been employed to fabricate ~90 nm commer-
cial chips. However, it is becoming increasingly difficult to find transparent optical
components for shorter waverlength light. Various techniques have been studied as
a next-generation lithography method. These include scanning probe-based lithog-
raphy, extreme ultraviolet lithography based on reflection optics, X-ray lithography,
e-beam projection system and stamping methods [5]. Many new methods successfully
demonstrated the lithographic capabilities down to 10 nm size features. However, it is
not yet clear which method will eventually replace the photolithography technique.
SPL process also has been extensively studied as a possible candidate to overcome the
resolution limit of microfabrication.

On the other hand, another crucial applications for SPL is patterning soft mate-
rials including biomaterials. Recent dramatic development of nanotechnology and
biological science provides us new nanometer scale building blocks for functional devices
such as nanoparticles, nanowires, biomolecules, organic molecules etc. By combining
these new materials with conventional solid-state devices, one should be able to build a
generation of new functional devices. These include biological sensors [6—10] to detect
harmful virus and protein motor-based nanomechanical systems [11, 12]. These new
generation devices are often termed as hybrid devices because they are comprised of
organic materials as well as solid-state nanostructures. However, these new materials
are not compatible with conventional photolithography process. For example, pho-
tolithography processes often heat samples up to 100°C, while many biomolecules
lose their functionalities above the body temperature. Since SPL processes can be done
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under ambient conditions or even in liquid environments, they are suitable for pat-
terning soft materials. For these reasons, SPL have been extensively utilized to pattern
chemical and biological molecules on solid substrates in a nanometer-scale resolution.

In the following, we will discuss the basic mechanisms and applications of individual
SPL methods.

2. NANOSCALE PEN WRITING
2.1. Dip-Pen Nanolithography

The dip-pen nanolithography (DPIN) process is a direct deposition technique [13—-16].
It utilizes an AFM tip as a nanoscale quill pen, molecular substance as ink, and solid sub-
strates as paper. Figure 2A shows the basic mechanism of DPN as well as approximate
dimensions of commonly used pen and ink molecules. When the molecule-coated tip
is in contact with the substrate, ink molecules thermally diffuse out onto the substrate
and form molecular patterns. Under ambient conditions, water condenses at the AFM
tip-substrate junction and affects the molecular diftusion. Like macroscale quill pens,
the molecular ink coating on the tip surface works as an ink reservoir. A number of
variables including relative humidity, temperature, and the tip speed, can be adjusted
to control the ink transport rate, feature size, and linewidth. The relative humidity
changes the size of water meniscus between tip and surface, which affects the diffu-
sion rate of hydrophilic molecular species. Precise control of the relative humidity is
required to achieve nanoscale precision. Even with its short history, the DPN method
demonstrated unprecedented ~10 nm patterning resolution [14]. Considering the
resolution of current commercial ink-jet printers ~20 pm, the resolution of DPN is
revolutionary.

Various types of organic molecules have been used for DPN experiments. The most
common molecule ink is self-assembled monolayer (SAM) molecules (Figure 2B) [5].
These molecules are usually comprised of three different parts: 1) chemisorbing group,
2) end group, and 3) chemically inert spacer. When these molecules are deposited onto
a proper substrate, they chemically anchor to the substrate and form a stable crystalline
monolayer film. Specific binding groups can be chosen depending on the substrate. By
depositing these molecules, one can completely change the chemical properties of the
surface to that of end groups. Various end groups can be used for specific applications.
For example, one can even use specific sequence DNA or proteins as end groups.

The best characterized systems of SAMs are alkanethiols R(CH,),,SH adsorbed on
gold surfaces. Here, R can be any end groups and thiol (-SH) is chemisorbing groups.
Alkanethiols are chemisorbed spontaneously on a gold surface and form alkanethiolates.
This process is assumed to occur with the loss of dihydrogen by the cleavage of the S-H
bond. Sulfur atoms bonded to the gold surface bring the alkyl chains into close contact:
these contacts freeze out configurational entropy and lead to an ordered structure. For
alkyl chains of up to approximately 20 carbon atoms, the degree of interaction in a
SAM increases with the density of molecules on the surface and the length of the
alkyl backbones. This assembly is a very quick process that may occur in a couple of
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Figure 2. (A) Schematic diagram depicting dip-pen nanolithography. Adapted with permission from [13]
Science 283 (1999) 661. (B) Schematic diagram showing the basic structure of example self-assembled
monolayer (SAM) molecules. SAM molecules chemically anchor to the substrate utilizing the
chemisorbing groups and expose the end groups. As a result, the surface properties are converted to the
end group. (C) Schematic diagram depicting the method for generating aligned soft nanostructures.

(a) The first pattern is generated with 16-mercaptohexadecanoic acid (MHA) (denoted by white lines),
along with microscopic alignment marks (cross-hairs), by DPN. The actual lines are not imaged to
preserve the pristine nature of the nanostructure. (b) The second set of parallel lines is generated with
1-octadecanethiol (ODT) molecules, on the basis of coordinates calculated from the positions of the
alignment marks in (a). (c) Lateral force microscope image of the interdigitated 50-nm-wide lines
separated by 70 nm. (D) SAMs in the shapes of polygons drawn by DPN with MHA on an amorphous Au
surface. An ODT SAM has been overwritten around the polygons Adapted with permission from [14]
Science 286, 523 (1999).

seconds. This ability to form ordered structures rapidly might be one of the factors
that ultimately determine the success of the DPN technique.

Even though the DPN technique shares remarkable similarities with macroscale
quill pens or ink-jet printers, they also have a significant difference.

Unlike conventional pens, bulk ink coating on the pen in the DPN process remains
soft solid because DPN writing is usually performed below the melting temperature
of molecular ink (However, the readers should be cautioned. At this stage, the exact
phase at the tipsubstrate junction is not yet clearly understood. Because of the water
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meniscus and nanoscale dimension of the junction, the phase of molecules at the
junction might be quite difterent from that on the tip surface). Thus, the behavior of
molecular ink in the DPN process can be described by individual molecular diffusion
rather than capillary flow of liquid ink. In case of macroscale pen that is based on the
capillary flow of liquid ink, the ultimate resolution of pen writing is determined by
the properties of ink solvent. It is often very difficult to control the liquid flow in
nanoscale resolution due to unpredictable behaviors of liquid such as viscosity change,
ink meniscus etc. However, in most DPN processes, ink molecules behave like non-
interacting 2-dimensional gas whose behavior can be described by Fickian diffusion
model [17]. Molecular diffusion based on random walk is usually easier to predict and
control than the capillary flow of liquid. The nanometer scale precision of DPN can
be partly attributed to this different phase of molecular ink and writing mechanism.

It 1s also worth mentioning several practically important characteristics of DPN.
One aspect is a stable ink deposition rate. When the DPN process is stabilized, the
deposition rate of molecules from the tip to the substrate remains almost constant. The
stable writing speed can be attributed to small contact point between AFM tip and
substrate. As a result, the amount of ink molecules deposited through the contact point
is relatively small compared with the amount of molecular ink (ink reservoir) on the
AFM tip surface. From a practical point of view, this stability is a very important in
designing practical lithography machine.

Secondly, DPN technique, like other SPL methods, utilizes the same probe for both
patterning and imaging, which allows one to image the surface structures with the
probe and deposit molecular substances onto specific regions of the substrate. DPN
can be used to generate and align nanostructures with pre-existing patterns on the
substrate with ultrahigh registration (Figure 2C, D) [14].

Finally, it is relatively easy to develop multiple-probe patterning systems based on
the DPN process (Figure 3A). Since DPN is relying on molecular diffusion for writ-
ing, its patterning speed does not depend on the contact force between probes and
surfaces. It implies that one can easily generate multiple patterns simply by attaching
multiple probes to a single AFM system and writing patterns simultaneously with-
out worrying about the contact forces between individual probes and surfaces. Hong
and Mirkin demonstrated patterning with 8 probes based on this concept [16]. Liu
et al. demonstrated fabrication of multiple solid nanostructures utilizing a 32-probe
system [18].

Patterned SAM can be utilized as an etching resist for wet chemical etching process.
Weinberger et al. demonstrated etching of Au utilizing 1-octadecanethiol as an etching
resist layer [19]. Then, the etched Au patterns are used as an etching resist for the silicon
etching process. Significantly, since the thickness of SAM is ~2 nm, it can be an ideal
etching resist layer. Also, the resolution of DPN is not limited by optical wavelength.

Specific assembly steps inspired by DPN-generated molecular patterns can be uti-
lized to place nanoscale functional elements at the specific position. Here, surface
regions are coated by SAMs with specific functional groups which can attract desired
nanostructures (e.g. nanoparticles, carbon nanotubes etc). When the functionalized
substrate is place in the solution of nanostructures, the functional groups attract the
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Figure 3. (A) Scanning electron micrograph of a 32-DPN-probe array. The insert shows an enlarged
view of a single tip at the end of a beam. Adapted with permission from [18] Nanotechnology 13 (2002)
212. (B) Direct DPN transfer of DNA onto SiO» substrates. Epifluorescence micrograph of
fluorophore-labeled DNA (Oregon Green 488-X) hybridized to a DPN-generated pattern of
complementary oligonucleotides on an SiO; surface. The scale bar represents 12 pm. Adapted with
permission from [20] Science 296, (2002) 1836.

nanostructures and induce the assembly onto specific locations. Various interactions
can be utilized to specifically assembly nanostructures onto desired surface area. These
include covalent bonding, electrostatic interactions, and biomolecular interactions.
Especially, biomolecular interaction is quite intriguing because of its variety and speci-
ficity. Mirkin ef al. demonstrated surface functionalization with single strand DNA
(ssDNA) molecules via DPN (Figure 3B) [20]. When the functionalized substrate is
immersed in the solution of DNA-functionalized nanoparticles, only nanoparticles
with specific complementary sequence of ssDINAs can assemble to the desired surface
area. Hong ef al. demonstrated directed assembly of carbon nanotubes onto specific
location and built carbon nanotube-based electronic devices [21].

Bio-molecular patterning via DPN is of huge practical importance. DPN allows one
to directly deposit general biological molecules onto solid surfaces with a nanometer
scale resolution. This new capability allows one to envision new biomolecular func-
tional devices such as ultrahigh density gene chips or nanoscale biosensors. Wilson et
al. demonstrated direct patterning of ~100 nm size thiol-modified collagen molecules
on Au surface [22]. In this experiment, thiol groups bind to Au surface and form
stable structures. However, they also observed that the contact mode writing is not
suitable for patterning large bio-molecules because direct contact of AFM tip to the
molecules can destroy the bio-molecular structures on the surface. Tapping mode
patterning is first applied to generate the organic molecular patterns on the surface.
In the tapping mode, the AFM tip gently taps the surface without a direct contact,
which can minimize the interaction between AFM tip and surface nanostructures. It
allows one to create stable bio-molecular structures with less damage. By this method,
Wilson et al. created a collagen patterns with 30 nm line width. Mirkin et al. demon-
strated direct deposition of thiol-modified DNA molecules onto Au surfaces [20]. To
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Figure 4. (A) Schematic diagram depicting nanoscale fountain pen system. A cantilevered micropipette is
attached to the AFM and delivered etching solution to the substrate. (B) Frames from a video that show
the progress of the controlled etching of a chrome film. The linewidth of the etched lines in these far-field
images are ~1.45 pm. Adapted with permission from [24] Appl. Phys. Lett. 75, 2689 (1999).

enhance the ink loading on the AFM tip, the surface of the AFM tip is first modified
by 3’-aminopropyltrimethoxysilane, which promotes reliable adhesion of the DNA
ink to the tip surface. They also demonstrated the direct deposition of DNA onto the
SiO; surface. Before the DPN writing, the surface of thermally oxidized Si wafer was
activated with 3’-mercaptopropyltrimethoxysilane (MPTMS). Then, DNA molecules
with acrylamide groups are deposited via DPN, and they form stable nanostructures
on the surface (Figure 3B).

2.2. Nanoscale Printing of Liquid Ink

A common macroscale direct deposition method is ink-jet printing where liquid ink
is driven to the substrate via a pressure and capillary flow. The most common ink-jet
systems are office ink-jet printers that deposit dyes onto paper. However, the same
strategy has been applied to deposit various materials such as metal, photoresist, DNA
etc [23]. Parameters aftecting the resolutions of ink-jet type printing include 1) the
diameter of dispensing holes, 2) the precision of positioning system, and 3) the capillary
effect of liquid inks. Common office ink-jet printers have the resolution of ~20 pm.

Lewis et al. utilized a micropipette attached to the AFM system to deposit Cr
etching solution onto Cr substrate (Figure 4) [24]. By this way, they could etch the
Cr substrate in a submicrometer scale resolution. Micropipettes are hollow glass tubes
with the opening diameter often smaller than 100 nm at one end. They are usually
used for NSOM systems to transmit light from or to the substrate. Lewis ef al. bent
the micropipettes to form a cantilever so that they can be used to measure forces in
AFM system, which allow one to avoid unwanted scratch on the substrate during the
deposition due to the excessive contact force. Due to the surface tension of the liquid
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solution, a relatively high pressure (~3 ATM) has been applied to dispense the ink
onto the substrate.

This is a general strategy that can be used for many different species of liquid ink.
However several considerations should be given to achieve a high resolution.

First, the diameter (<100 nm) of the opening of the micropipettes is usually much
smaller than the sizes (~500 nm) of common dust particles or defects in ink. Extensive
purity control over the substrate and solution is required to avoid any clogging.

Secondly, the dispensed liquid ink can form a meniscus at the end of the
micropipette. The size of the ink meniscus, often combined with water meniscus
from the air, is hard to predict, and it can be as large as the outer diameter (~1000 nm)
of the micropipettes. In this case, the resolution can be limited by the outer diameter
of the tube even though the hole size can be smaller than 100 nm (Figure 4B). It is
crucial to understand the capillary behaviors of ink to achieve a high resolution. In
fact, controlling extremely small amount of liquid is an important, though still very
difficult, issue for many important applications such as bio-MEMS. Until now, the
resolution of the nanopen writing with liquid ink is limited to a sub-micrometer range
though one can routinely make micropipettes with sub-100 nm-diameter openings.
However, its resolution is expected to improve as we have better understandings about
the capillary behavior of nanoscale liquid droplets.

3. NANOSCALE SCRATCHING
3.1. Nanoscale Indentation(1)

A simplest and most common SPL technique is “nanoindentation” which utilizes a
mechanically strong AFM tip to physically scratch off relatively soft substrates. In this
process, an AFM tip is in a direct contact with the substrate and applies a strong contact
force, often larger than 100 nN, to the substrate. For comparison, a common force for
AFM contact mode imaging is about 1nN. Strong AFM tips such as diamond-coated
tips are used for nanoindentation.

Kim and Lieber utilized silicon nitride AFM tip with a contact force >50 nN to
scratch 10 nm-wide line-shape grooves on MoQOs thin film on the MoS; substrate
(Figure 5A—F) [25]. The experiment has been done in the nitrogen-filled glove box
to minimize the effect from a water meniscus. In Figure 5B and C, specific portion
of two nanocrystals are cut by nanoindentation method. Figure 5D, E, and F show
manipulation of nanocrystals using the AFM tip.

The nanoindentation is also utilized to directly machine other materials by plastic
deformation [26—28]. In this way a single resist layer or the top layer of a semiconduc-
tor heterostructure [29-37] has been patterned and subsequently used as etch mask.
Patterning of the top layer of a bilayer [38] or trilayer resist system [39] has been
demonstrated as compatible to the lift-oft technique.

Important issues for nanoindentation processes are: 1) capillary forces via water
meniscus and 2) wearing of the tip.

When the AFM tip is in contact with the substrate under ambient conditions, water
from the air condenses, and water meniscus is formed between AFM tip and surface
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Figure 5. (A)—(F) AFM images of selected steps in the fabrication of a nanostructures (containing three
interlocking pieces) by AFM lithography and manipulation. (A) Initial positions of two MoO3
nanocrystals, crystal 1 and crystal 2 (preferred sliding directions are indicating by two-headed arrows). (B)
A 52-nm notch was defined in crystal 2 by nanomachining. (C) A 58-nm free rectangle (latch) was
machined in crystal 1, and crystal 2 was translated toward crystal 1. (D) Crystal 2 was translated to align the
notch of crystal 2. (F) The latch was broken after a force of 41nN was applied to the latch axis. Adapted
with permission from [25] Kim and Lieber, Science 272 (1996) 1158. (H) Schematic diagram depicting two
different forces between SPM probe and surface. In addition to repulsive contact force, adhesive capillary
due to water meniscus is applied to the surface.

(Figure 5G). The size of water meniscus often goes over submicrometer. Due to the
surface tension of the water, attractive capillary forces are applied to both AFM tip
and substrate. As shown in the Figure 5G, inside the direct contact region, the strong
repulsive contact force presses down the surface, while the capillary force pulls up the
substrate inside the meniscus region. When the AFM tip sweeps along the substrate
under ambient conditions, both forces are applied onto the substrate. Under ambient
conditions with common relative humidity (~30%), the magnitude of capillary force
often goes over 100 nIN, which is strong enough to destroy various materials. As a
result, the indented pattern size under ambient conditions is often determined by the
size of the water meniscus rather than that of the direct contact area. A low-humidity
condition is preferred for a smaller feature size.

Considering common tip-sample contact area ~100 nm? and indentation forces
over 100 nN, the pressure on the tip during nanoindentation can be over 1 GPa. For
example, AFM tip is often made with silicon nitride whose tensile strength is about
0.3 GPa. An AFM tip coated with polycrystalline diamond (tensile strength of ~ 1 GPa)
is often used to minimize the wearing of the AFM tip during the nanoindentation
process. Since the depth of indentation depends on the pressure, the wearing of the
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Figure 6. (A) Schematic diagrams depicting the nanoscale shaving method. SAM layer is removed using
the AFM tip in solution. (B) Schematic diagrams depicting the nanografting method. SAM layer is
removed in the solution of other SAM molecules so that the molecules in the solution can backfill the
region where the existing SAM. (C) The result of nanoshaving. 160 x 160 nm? topographic images of
C15S/Au(111) with the thiols shaved away from the central 50 x 50 nm? square. (D) Fabrication of two
C15S nanoislands (3 x 5 and 50 x 50 nm?) in the matrix of a C1¢S monolayer using nanografting.
Adapted with permission from [40] Acc. Chem. Res. 33 (2000) 457.

AFM tip may change the contact area and eventually result in unpredictable indenta-
tion results. The tip wearing has been a major problem especially in nanoindentation
processes on relatively hard metal and semiconductor substrates. Recent development
of extremely strong nanostructures such as carbon nanotubes (tensile strength ~100
GPa) is expected to partially solve this problem.

3.2. Nanografting

Nanografting process utilizes an AFM tip to mechanically scratch relatively soft self-
assembly monolayer (SAM) under solution environments (Figure 6A) [40]. If the solu-
tion contains other SAM molecules, they fill up the scratched regions (Figure 6B). Since
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SAM is a soft material, moderate force (5~ 10 nNN) is usually enough for scratching.
One important advantage 1s that since the experiment is done under solution
environments without any water meniscus, one does not have to worry about capillary
forces, and final scratching result is mainly determined by the diameter of the AFM
tip. It is relatively easy to achieve a high resolution. Also, wearing of AFM tip is usually
much less than other nanoindentation processes due to the relatively weak indentation
force.

Figure 6C shows topographic images of C1gS/Au(111) with the thiols shaved away
from the central 50 x 50 nm? square. When the solution contains other SAM
molecules, the final structures depend on the two SAM molecules used in the process.
Figure 6D shows C;gS nano-island in the matrix of a C;S monolayer using nanograft-
ing. Since CygS is longer than CyyS molecules, it appears as a higher structure. The
C13S nanoislands not only have an order and closed packed (3'/? x 3'/2) R30° lat-
tice but also have fewer defects such as pinholes or uncovered areas [41-43]. Using
the same procedure, thiols with various chain lengths from 2 to 37 carbons (C,SH,
C¢SH, C4SH, C»SH, and C130C9SH) have been successfully patterned [42, 43].
The observed heights and high-resolution images of these nanopatterns indicate that
the thiols are close-packed within the patterns. In addition, nanopatterns terminated
with various functional groups such as —-OH, -COOH, -NH,, and —CHO have also
been produced [42—44].

One important issue in the nanographting process is replacement reaction between
two SAM molecules. Since one SAM layer is kept in the solution of other SAM
molecules during the process, the molecules in the solution may replace those on
the surface. A special consideration should be given to avoid unwanted replace
reactions.

3.3. Nanoscale Melting

In addition to mechanical forces, thermal heating can be used to speed up the inden-
tation process. Binning ef al. built an array of AFM tips that can be heated individually
(Figure 7) [45, 46]. When the tip locally heated the PMMA resist layer up to 400°C
over its glass transition temperature, an indentation mark is formed with a very weak
force. The indentation mark can be used as a mean to record information. Here,
each indentation mark corresponds to 1 bit information. The same tip can be used
to quickly read out the indented marks. For reading, the tip is heated up to 300°C
that is below the glass transition temperature and its is swept on the surface that is
kept at room temperature. Since the tip-sample effect contact area is different when
the tip is in the indentation mark or flat surface, the heat transfer rates are different
and eventually result in different tip temperature. The tip temperature is measured by
measuring the resistance of the heater line on each tip. Currently, read/write rate of a
few kilobit/sec has been achieved. Theoretically, it can be as high as 1~2 Mbits/sec.
Here, the resolution of the indentation process is determined by the size of the AFM
tip and the thickness of the polymer layer. Utilizing a thin PMMA layer, the density
as high as 400 Gbit/inch? can be expected (Figure 7B).
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Figure 7. (A) Schematic diagram depicting the basic mechanism of nanomelting. The indentations on
PMMA layer are created by the pressure from the heated AFM tip. Adapted with permission from [45]
Appl. Phys. Lett. 74 (1999) 1329. (B) Nanoscale marks on PMMA created by the nanomelting method.
Adapted with permission from [46] IBM J. Res. Develop. 44 (2000) 323.

4. NANOSCALE MANIPULATION
4.1. Atomic and Molecular Manipulation (1)

In 1990, the atomic letters written with individual Zenon atoms make the world
understands the power of SPM lithography. In this process, an STM tip was utilized
to pick up and release individual atoms on the solid substrate under a low temper-
ature (~4K) environment [47]. Two basic manipulation mechanisms are depicted in
Figure 8A [48]. Here, the tip can be approached to the atom and slide so that the
atom are attracted to the tip and follow its lateral motion. On the other hand, when
the tip is very close to the atom, it can pick up individual atoms via Van der Waals or
electrostatic forces.

This technique can be utilized for fundamental research such as imaging elec-
tron density under the confined environment (Figure 8B) [49—51]. When atoms are
arranged in a circular form, electrons are confined inside the circle and it shows
a ripple of electron density (Figure 8B). In this experiment, Fe atoms are picked
up and moved utilizing STM tip on the Mo surface. This experiment has been
done under ultrahigh vacuum at low temperature to avoid thermal motion and
oxidation.

On chemical stable surfaces, atomic manipulation can be demonstrated under ambi-
ent conditions. In 1992, Garcia et al. utilized a voltage pulse on the STM tip and suc-
cessfully removed three Se atoms from the WSe, (001) surface [52]. The STM based
atomic manipulation technique has been applied to manipulate various materials such
as silicon, HOPG, Au, Pt etc [53, 54].

Recently, Ho ef al. utilized a STM tip to manipulate and even change the chem-
ical composition of individual molecules under low temperature environments. The
chemical entities of the newly created molecules are characterized by inelastic tunnel-
ing spectroscopy method [55].
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Figure 8. (A) Schematic diagram depicting two basic mechanisms of atomic manipulation via STM.
The STM tip either slide (top) or pick up (bottom) individual atoms. Adapted with permission from [48]
Single Mol. 1 (2000) 79. (B) Formation of “atomic corral.” Fe atoms are placed on a circular formation so
that electrons are confined in the “corral.” Adapted with permission from [49] Science 262, 218 (1993).

Lyding et al. took advantage of the fact that Si surfaces become unreactive when the
Si dangling bonds are saturated by hydrogen to generate chemical inert Si(100) surface
[56]. STM tip is utilized to desorb the hydrogen from selected areas of the surface
and thus restore locally the chemical reactivity of the Si atoms. Exposure of such a
selectively depassivated surface to various gases led to reaction in only the depassivated
areas.

4.2. Manipulation of Nanostructures

Atomic force microscope also can be utilized to manipulate nanostructures. The advan-
tage is it can be used on non-conducting surfaces, while the disadvantage is it is very
difficult to obtain atomic resolution. Juno ef al. [57] and Schaefer et al. [58] utilized
an AFM to push nanometer-sized particles over surfaces. In these experiments, the
sample 1s imaged with non-contact mode to minimize the lateral force acting on the
sample, and nanoparticles are pushed with AFM probes with the force feedback off.
The problem is that normal force cannot be controlled during the manipulation as the
feedback is switched oft. This might result either in damaged tips due to too much
normal force or insufficient force to keep the tip on surface.

Hansen et al. applied a scheme where they imaged nanoparticles in tapping mode
and pushed the particles over a surface in contact mode, both while the feedback was
switched on [59]. Lieber et al. used AFM to test nanobeam mechanics by bending
them during contact mode imaging [60]. Biological molecules such as DNA [61-63]
and chromosomes [64] have also been manipulated with an AFM.

Superfine ef al. combined AFM with virtual reality vision and haptic controller to
build a convenient nano-manipulator (Figure 9) [65-66]. The virtual reality vision
provides 3D images of the surface to help users. The haptic and force feedback system
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Figure 9. (A) Nanomanipulator utilizing AFM. Virtual reality controller is combined with AFM for
user-friendly process. (B) Sliding carbon nanotube. a, The tube lies in its original position. Grid lines are
overlain so that one of the grid axes corresponds to the original orientation of the tube axis. The absolute
position of the grid relative the fiducial feature indicated by the arrow was adjusted to be consistent with
that in b so that the point of rotation could be determined. b, The tube’s orientation after AFM
manipulation. The pivot point and push point are indicated by the bottom and top arrows, respectively.
The white dashes to the right of the push point are markers indicating the trajectory of the AFM tip during
manipulation. Inset shows the lateral force trace during a sliding manipulation. ¢, Diagram of the pushing
process. Measuring from the bottom of the tube, x1 is the push point, and xj is the point of rotation (or
pivot point). d, The relation between the push point and the pivot point for several pushing trials is
compared with theory (plotted as a solid curve). Adapted with permission from [65] Nature 397 (1999).

allows one to feel the contact and lateral forces on the AFM tip with their hands.
The system has been utilized to manipulate various nanostructures such as carbon
nanotubes. It is also possible to manipulate biomolecules such as Fibrin, Adnovirus,
TMYV, and DNA [67].

4.3. Nanoscale Tweezers

The development of new tools for manipulating and probing matter at nanometer
length scales is critical to advances in nanoscale science and technology. However,
the single probe tips used in SPMs limit these tools’ ability to manipulate objects and
measure physical properties; for example one tip cannot grab an object, and electrical
measurements cannot be made without a second contact to structures. Two probes in
the form of tweezers could overcome these limitations of single-probe manipulation
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Figure 10. (A) Schematic illustrating the deposition of two independent metal electrodes and the
subsequent attachment of carbon nanotubes to these electrodes. (B)—(C) Darkfield optical micrographs
showing the sequential process of nanotweezer manipulation of polystyrene nanoclusters containing
fluorescent dye molecules. (B) Approach of the nanotweezers to nanoclusters. (C) Alignment of the
tweezer arms on a small cluster. A voltage was applied to nanotweezer arms on the nanocluster, and then
the nanotweezers and cluster were moved away from the sample support. The fluorescent polystyrene
nanoclusters and nanotube arms are both readily observed in the dark-field image. The SiC sample, which
was deposited from a water-based suspension, consisted primarily of clusters of individual 310-nm
polystyrene beads. We focused on grabbing the smallest clusters, ~500 nm in diameter, in our
experiments. SEM analysis of these clusters showed that they consisted of several 310-nm nanoclusters.
Scale bars, 2 um. Adapted with permission from [68] Science 286 (1999) 2148.

and thus might enable new types of fabrication and easy electrical measurements on
nanostructures.

Kim and Lieber utilized nanometer diameter multi-walled carbon nanotubes to
create nanotweezers that can be utilized for nanoscale manipulation and measurement
(Figure 10) [68]. For fabrication of nanotube nanotweezers, free-standing electrically
independent electrodes were deposited onto tapered glass micropipettes, which can be
routinely made with end diameter of 100 nm. Then carbon nanotubes were attached to
the independent Au electrodes using an approach similar to that used for the fabrication
of single-nanotube SPM tips. They utilized this nanotweezer to grab and measure the
electrical properties of GaAs and SiC nanoparticles. Even though nanotweezers have
not yet been attached to scanning probe systems, it provides a mean to overcome the
limitation of single-probe manipulation systems.

5. NANOSCALE CHEMISTRY
5.1. Nanoscale Oxidation

Figure 11A shows an example process of nano-oxidation. When the tip is in contact
with surfaces under ambient conditions, they are connected through a water meniscus.
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Figure 11. (A) Schematic diagram depicting nano-oxidation process on hydrogen-terminated silicon
surfaces. The water meniscus works as a nanoscale reaction chamber. (B) An array of cantilevers with
integrated actuators and sensors. The cantilevers are spaced by 200 pm. Adapted with permission from
[85] Appl. Phys. Lett. 72 (1998) 2340. (C) 50 x 1 parallel AFM lithography over 1cm?. The lithography
was accomplished by electric field enhanced oxidation of silicon at 15 V, and at a scan speed of 1pum/s.
The lithographed oxide pattern was transferred into the silicon using KOH. The picture was formed from
24 optical photographs taken with 5X Nomarski microscope. Adapted with permission from [86] Appl.
Phys. Lett. 73 (1998) 1742.

When a positive bias is applied to surface (anode) relative to the tip (cathode), the
water meniscus works as a small anodization chamber. Anodization and/or oxygen
evolution proceed on the sample surface at the point beneath the tip. Surface (anode)
reactions are:

M + xH,O — MO, + 2xH' 4 2xe™
2H,0 — O, + 4H" + 4¢~

where M is the surface material (e.g. Si, Ti etc) and x is an oxidation number. For
silicon surfaces, M is Si and x is 2.
Tip (cathode) reaction:

ZHzo + 2" — H2 + 20H"

A faradaic current flows through the tip-sample junction as a result of these elec-
trochemical reactions. Since the nano-oxidation process utilizes a water meniscus, the
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process strongly depends on the amount of adsorbed water and, therefore, the atmo-
spheric humidity.

Nano-oxidation process utilizing STM was realized shortly after its original devel-
opment as a tool for atomic-scale microscopy. A STM operated was used to perform
tip-induced oxidation of local regions of a H-passivated Si (111) surface for use as an
etch mask [69] (Figure 11A). In this process, Si surface is first passivated by hydrogen.
When local current is applied through the conducting probe in the water meniscus,
hydrogen is removed, and water reacts with silicon to form silicon oxide. Recently,
a STM in ultrahigh vacuum (UHV) was used to form Si oxide lines as narrow as
1 nm wide [70]. On the other hand, the AFM has become an attractive option for
performing similar work because among, other reasons, it allows independent control
over the oxidation mechanism that is done by a contact force. In STMs, a voltage bias
is required for both the oxidation and feedback control of the imaging so the imaging
of an oxidized pattern must be done carefully in order to not oxidize the surface any
further. Most recently, AFM tip-induced oxide lines have been used as etch masks to
demonstrate a Si metal-oxide-semiconductor field-effect transistor (MOSFET) [71]
and side-gated FET [72]. On a thin Ti film, Matsumoto ef al. have successfully fabri-
cated a room temperature operable single electron transistor (SET) with 15 nm features
[73]. One important aspect that has made their work particularly unique was that AFM-
generated oxides were used as integral parts of the SET device, and not just as a step
in the fabrication process.

In order to optimally use the SPM tip-induced oxidation process for the fabrication
of nanoscale electronic devices, it is necessary to understand the mechanisms and
kinetics of the process so that we can reliably control the featured characteristics. The
mechanisms of the AFM tip-induced oxidation process have been studied by several
authors in the case of Si [74-79], GaAs [80, 81] and other related semiconductors.
Diebold et al. demonstrated local oxidation of TiO; surfaces [82]. Lemeshko et al.
studied the oxidation mechanism of Ti film [83]. Blum et al. demonstrated the tip-
induced oxidation of PbS surfaces [84]. Quate ef al. built individually-addressable
multiple AFM probes and generate multiple silicon oxide lines simultaneously in a
parallel manner (Figure 11B, C). By this way, they can improve the throughput of the
process [85, 86].

5.2. Nanoscale Desorption of Self-Assembled Monolayers

The resolution of the patterning method is usually determined by two major factors: the
size of the proximal probe and the thickness of patterning materials. Thus, the highest
resolution can be achieved by patterning monolayer materials such as self~assembled
monolayer. Figure 12A shows the basic mechanism of SAM patterning process under
ambient conditions via conducting SPM probes. At high humidity (Figure 12 A (b)),
SAM layer is stripped oft by the electrochemical reaction in water meniscus, while
it remains without a water meniscus at low humidity (Figure 12 A (a)). Here, the
water meniscus also plays a role as an electrochemical reaction chamber like nano-
oxidation processes while in a little bit different manner. Crooks ef al. proposed that
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Figure 12. (A) Schematic diagram depicting nanoscale desorption process of SAM (a) with and (b)
without water meniscus. With a water meniscus, the electrochemical reaction causes the removal of the
SAM layer. However, the reaction does not occur without a water meniscus at low humidity. (B) The SAM
in the square region is removed utilizing a STM probe. The experiment is performed in air with 75%
relative humidity and 3 V tip bias. Adapted with permission from [87] J . Phys. Chem. 100 (1996) 11086.

the current flow in the water meniscus induce the oxidation process and remove the
SAM molecules from the surface [87, 88]. Example reaction for alkanethiol SAMs on
Au is:

CH3(CH3),S — Au + 2H,O — Au + CH;3(CH,),SO,H + 3¢~ + 3H™

Since a water meniscus works as a reaction chamber, the patterning speed strongly
depends on the relative humidity. Figure 12B shows the result after stripping off the
SAM in a nanoscale square region. The stripped part can be later chemically etched
to transfer the pattern to the substrate.

Different self-assembled monolayers have been patterned using a conducting SPM
probes on various surfaces such as Au, GaAs, Si, SiO; etc [89-95].

5.3. Nanoscale Chemical Vapor Deposition

In STM, a-few-volt bias is applied in a nanometer-size gap between tip and surface,
which results in a very large electric field in the gap region. When the organometallic
gas is supplied in the gap, the high field and field-emitted electrons in the gap can
decompose the gas molecules resulting in metal deposition on the surface. Common
organicmetallic compounds are metal carbonyl (M(CO),,, M=Cd, W, Fe etc) com-
pounds. Using this method, one can create various metallic nanoscale dots and line
patterns on conducting substrates.

Ehrichs ef al. placed a STM system in an ultrahigh vacuum chamber (base pressure
~107® Torr) and provided dimethylcadmium (DMCd) gas in the chamber. DMCd
has relatively low dissociation energy of 3.14 eV [96]. The pressure of DMCd in the
chamber is held constant at ~200 mTorr. Nanoscale deposition of Cd on the surface
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Figure 13. (A) Schematic diagram depicting nanoscale light exposure to photoresist films via NSOM. (B)
Developed negative photoresist patterns created by NSOM. Adapted with permission from [102] Appl.
Phys. Lett. 67 (1995) 3859.

near the STM tip occurred with V; = 11.8 V and I = 500 nA. By this method, they
can deposit sub-100-nm size Cd lines and dots on the substrate.

McCord et al. deposited tungsten and gold onto gold substrates utilizing tungsten-
hexacarbonyl and dimethyl-gold-trifluoro-acetylacetonate, respectively (I't>15 V,
I ~ 100 nA) [97]. McCord and Awschalom deposited magnetic iron nanostruc-
tures onto SQUID device pick coils utilizing iron pentacarbonyl (V't>27 V, I =
100 ~ 500 pA) [98]. The magnetic properties of the deposited nanoparticle array were
studied via the SQUID devices.

Later, Kent ef al. deposited array of iron nanoparticles on a gold-coated Hall magen-
tometer and studied the magnetic properties [99]. In this process, Iron particles are
formed by using a STM under UHV conditions (base pressure ~2 x 107'%) to decom-
pose iron pentacarbonyl gas. To initiate the growth the substrate-tip bias is raised to
15 V and a current of 50 pA maintained in the presence of 30 pTorr of iron pentacar-
bonyl. The STM feedback loop is active and maintains a constant current and thus
constant height between tip and growing deposit. When the deposit has reached the
desired height above the surface the tip is retracted to stop the growth.

6. NANOSCALE LIGHT EXPOSURE

Since NSOM probes can transmit light to the nanometer scale regions on the surface,
they can be used to pattern various photosensitive materials (Figure 13).

NSOM technique has been utilized as a tool for photolithography [100-102]. A
major limitation of photolithography is the diffraction of light. One way to overcome
this limitation is shining a light through a small aperture or holes like NSOM probes.



5. Scanning Probe Microscopy for Nanoscale Manipulation and Patterning 179

Here, the light exposure induces the local polymerization (or breakage of polymer
links in negative photoresist), and it allows one to selectively dissolve the resist layer
with a developing solution. Using this technique, a feature size typically as small as 1/6
of the wavelength can be achieved.

Madsen et al. utilized NSOM to oxidize the hydrogen passivated silicon surface [103].
The 457.9 nm line from an argon ion laser was used as the illumination wavelength.
This wavelength matches approximately the Si-H binding energy of ~3eV. In the light-
exposed area, Si-H binding is broken and silicon is oxidized to form silicon oxide. In
the potassium hydroxide solution, silicon oxide works as an etching resist and only Si-H
regions are etched, which allows one to transfer optically written patterns.
Directly written optically induced patterns down to 110 nm in width have been
demonstrated.

NSOM also have been utilized to locally modify other photosensitive materials such
as photosensitive polymers [104] and ferroelectric films [105].

7. FUTURE PERSPECTIVES

Various scanning probe lithography methods have been utilized to manipulate and
modify materials in a nanometer scale resolution. Since SPL does not use light for
lithography, it is not limited by the diffraction limit, and its resolution can be as
small as individual atoms. Another important advantage is that it can be used under
quite versatile environments including ambient, liquid and vacuum (Table 1). For this
reason, SPL method has been applied for patterning soft and biological materials that
are very sensitive to environmental conditions. In addition, since many SPL processes
can be done under ambient conditions, SPL does not require extensive instruments
for environmental control and its instrumentation cost is much lower than those for
other lithography techniques (e.g. e-beam lithography, focused-ion beam etc).

One major bottleneck applying SPL methods for industrial application is its through-
put. Since SPL is a serial patterning process in nature, it is usually slower than parallel
patterning processes such as photolithography. One obvious solution is having mul-
tiple probes patterning simultaneously. Parallel patterning systems have been realized
for some SPL processes such as dip-pen nanolithography, nanomelting, and nanoox-
idation. As the parallel SPM technology advances, the throughput is expected to
improve.

SPL is expected to have immediate applications for high-resolution rapid prototyp-
ing and custom manufacturing area (Figure 14). These include fabrication of prototype
nano-devices, photomask repair, mask-less lithography, etc. In SPL processes, the pat-
terns designed in the computer can be directed printed to the substrates without
extensive preparation steps. It makes SPL strategy an ideal method for custom-design
high precision manufacturing tools like e-beam lithography does for microelectronics
industry. However, SPL strategy has several advantages over other custom manufac-
turing tools: 1) high resolution down to single atomic level, 2) versatile lithography
environments friendly to soft and biological materials, and 3) low instrumentation
cost.
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V. Process Testing
Pattern Design Surface Patterning 4

via PC-based Software via SPL

AFM Tip

Re-designing

Figure 14. Schematic diagram depicting rapid-prototyping of nanodevices via SPL strategy. Designed
patterns are directly printed onto the substrate without any intermediate steps. The fabricated devices are
tested and the test result can be used to redesign device patterns.

Now, SPL strategy provides quite a versatile tool set for nanotechnologists, and it has
become an essential tool kit for research and development in the age of nanotechnology.
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6. SCANNING THERMAL AND THERMOELECTRIC MICROSCOPY

LI SHI

1. INTRODUCTION

Thermal and thermoelectric transport in nanometer scale devices and structures has
become one of the foci of current efforts in nanotechnology, due to the increasing
importance of nanoscale thermal and thermoelectric transport phenomena in many
applications ranging from computing to energy conversion. One important example
is heat dissipation in the metal-oxide field effect transistors (MOSFETS), which have
been the driving force of the semiconductor industry for the past two decades. The
gate length of the MOSFET has been continuously reduced in order to achieve higher
switching speed and lower manufacturing cost. This critical length has been shrunk to
85-90 nm by year 2002 and will approach 20—22 nm in year 2013 [1]. The length scale
is comparable to the scattering mean free paths of electrons and phonons. As a result,
nanotransistors exhibit unique electron and phonon transport phenomena that have not
been observed in micron-scale devices. For example, the effective thermal conductivity
of the structure is drastically reduced due to increased phonon-boundary scattering.
Additionally, as nanotransistors are miniaturized, the power density is increased. These
two effects combine to cause localized self heating and elevated operating temperatures
that can reduce device speed and time to failure.

Besides nanotransistors, a variety of other nanoscale devices and structures are being
actively developed for electronic, optoelectronic, thermoelectric, electromechanical,
and sensing applications. Examples include nanoelectronic devices based on carbon
nanotubes [2], nanolasers based on ZnO, nanowire arrays [3], thermoelectric coolers
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Figure 1. Schematic diagram of the scanning thermal profiler.

based on superlattices [4] and nanowires [5], nanosensors based on carbon nanotubes
[6], Si nanowires [7], and metal oxide nanobelts [8]. The characteristic size of these
low dimensional structures is in the range of 1-100 nm. The short length scale gives
rise to unique thermal transport properties that cannot be observed using conventional
experimental methods developed for bulk materials.

Scanning probe microscopy (SPM) techniques have enabled the direct observation
of physical phenomena with high spatial resolution. A variety of novel SPM-based
measurement techniques have been developed to investigate electronic, optical, ther-
mal, mechanical, chemical, and acoustic properties in the nanoscale. Two of such
techniques are the Scanning Thermal Microscopy (SThM) and Scanning Thermo-
electric Microscopy (SThEM). The SThM and SThEM can measure temperature,
thermal properties, thermopower, electronic band structure, carrier/dopant concen-
tration with nanoscale spatial resolution. The ability of thermally probing nanoscale
phenomena has made the SThM and SThEM a powerful tool for studying fundamental
thermophysics and for characterizing micro-nano scale devices and materials. These
two techniques have demonstrated applications in materials, microelectronic, energy,
and pharmaceutical research and development.

A variety of SThM and SThEM methods have been explored since the invention of
the scanning tunneling microscope (STM) and the atomic force microscope (AFM).
This chapter introduces various SThM and SThEM instruments, and the theory and
applications of these two techniques.

2. INSTRUMENTATION OF SCANNING THERMAL AND THERMOELECTRIC
MICROSCOPY

2.1. Instrumentation of Scanning Thermal Microscopy

In 1986, Williams and Wickramasinghe pioneered a so-called scanning thermal profiler
technique employing a STM probe with a thermocouple fabricated at the probe tip
[9], as illustrated in Fig. 1. A thermocouple sensor was produced at the end of a
STM probe tip by the junction of two dissimilar inner and outer conductors. An
insulator separated the two conductors in all areas remote from the tip. The size
of the thermocouple junction could be made to have dimensions on the order of
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Figure 2. Schematic diagram of the wire thermocouple AFM probe.

100 nm. When a temperature difference exists between the thermocouple junction
and the end of the lead wires, a voltage could be measured at the end of the lead wires
with a minimum detectable tip temperature change less than 1 mK.

Although the main purpose of the scanning thermal profiler was not for mapping
temperature distribution of a surface but for regulating the tip-sample distance, it
stimulated intense efforts to develop a SPM technique for thermal microscopy. Because
the STM requires the sample surface to be conducting, a SThM method developed in
the configuration of a STM cannot be applied readily to a dielectric sample. In many
applications such as mapping the temperature distribution of a microelectronic device,
the sample surface is often covered by a dielectric film. Therefore, it is desirable to
develop a general SThM method that can be applied to both conducting and non-
conducting samples. In 1993, Majumdar et al. [10] introduced a wire thermocouple
AFM probe, as depicted in Fig. 2. In an AFM, the tip-sample spacing is regulated by
the force acting on the probe tip. As such, the AFM can map the topography of both
conducting and non-conducting samples. While a thermocouple is fabricated on the
probe, heat transfer between the tip and the sample changes the temperature of the
probe tip during tip scanning. This allows for simultaneous mapping of topography
and temperature.

The heart of the SThM is the thermal probe. A variety of thermal probes have
been developed following the pioneering work of Williams and Wickramasinghe and
that of Majumdar et al. A comment feature of these thermal probes is a thermal sensor
fabricated at the end of an AFM or STM tip. The thermal sensor can be a thermocouple,
aresistor thermometer, or a Schottky diode. A thermocouple measures the temperature
difference between the junction of its two constituent metals and the other (remote)
ends of the two metal wires. As such, there is no fundamental limitation to miniaturize
the junction in order to achieve a better spatial resolution. On the other hand, a
resistance thermometer can not be miniaturized readily, because the resistance of a
nanoscale resistor can be too small for sensitive electronic detection. Similar problems
exist for a temperature sensor based on a metal-semiconductor Schottky diode, as the
I-V characteristics of a Schottky diode is affected not only by temperature change at



186 I. Optical Microscopy, Scanning Probe Microscopy, Ion Microscopy and Nanofabrication

the metal-semiconductor junction, but also by that of the body of the semiconductor.
As a consequence, the Schottky diode sensor measures an average temperature of the
junction and the body, instead of the localized temperature at the junction.

Significant efforts have been devoted to fabricate thermal probes with a thermo-
couple junction at the end of an AFM probe. In some early works, high thermal
conductivity materials were used to make the probe. It was realized later that the
thermal probe needs to be made of low thermal conductivity materials in order to
thermally isolate the thermocouple junction at the end of the AFM tip. Otherwise, the
temperature rise at the junction can be very different from that of the sample because
of significant heat loss to the AFM cantilever. Based on a one-dimensional heat transfer
model, Shi ef al. addressed this issue by using low-thermal conductivity silicon dioxide
(S103) and silicon nitride (SiNy) as the tip and cantilever materials [11]. It was shown
by their modeling results that compared to silicon or metal probes with a similar shape,
this design can improve the thermal isolation of the sensor from ambient. In addi-
tion, the thermocouple was made of Pt-Cr, Cr-Ni, or Cr-Ir to achieve low thermal
conductivity and large thermopower. Furthermore, they attempted to minimize the
cantilever width, metal line width and thickness, and junction size, and increased the
tip height, for increasing thermal resistance of the cantilever and thermally isolating
the junction.

The fabrication process of these thermal probes consisted of only wafer-stage pro-
cessing steps as shown in Fig. 3, with more than 300 probes fabricated on one single
wafer. First, a 0.5-1 pm thick low pressure chemical vapor deposited (LPCVD) SiNy
film was grown on both sides of 100 mm diameter double-side polished silicon wafers
with (100) orientation, followed by the growth of a 8-pm-thick LPCVD silicon diox-
ide or low temperature oxide (LTO) film. The LTO film on the backside was stripped
in 5:1 buffered hydrofluoric acid (5:1 BHF) (Fig. 3(a)). The LTO on the front side of
the wafers was annealed at 1000°C for one hour. The SiNy film on the backside of
the wafer was then patterned for use as a mask in a subsequent bulk micro-machining
step.

The probe tips were fabricated out of the 8-pm-thick LTO film by reactive-ion-
etching (RIE) and wet etching. A chrome film was sputtered on the LTO, and patterned
by photoresist into squares (Fig. 3(b)). Masked by the photoresist and chrome squares,
the top 5 pm-thick LTO was etched in CF; and CHF; plasma. The photoresist plus
chrome masks were undercut and the precursor of a sharp-angle tip shape was defined
during this etching step. After the RIE etching, the remaining LTO film was etched
in BHF 5:1 until the masks were just etched free (Fig. 3(c)). Before that, the 8 um
thick LTO film at the unprotected region was etched away. The RIE plus wet etching
process could reproducibly yield oxide tips with a tip radus of about 20 nm and a half
angle of 10°-20°.

After the oxide tips were fabricated, a 50-100 nm-thick Pt film (or Cr film)
was sputter deposited and patterned on the front sides of the wafers (Fig. 3(d)). A
250-300 nm thick LTO was then deposited to cover the tip. Photoresist with appro-
priate viscosity was spun on the wafer. At a certain spinning speed, surface tension
prevents a sharp tip from being covered by a spin-coated photoresist, leaving the very
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Figure 3. Fabrication process of thermally-designed thermocouple AFM probes. (a) Deposit SiNy and
then SiO; by LPCVD, strip SiO; and pattern SiNy at the backside of the wafer, sputter Cr; (b) pattern Cr
into 10 um by 10 pm squares; (c) etch SiO, by RIE and BHF until the Cr and photoresist mask was
etched free, resulting in a SiO; tip; (d) sputter and pattern Pt on the wafer, grow SiO2 on Pt by LPCVD;
(e) spin photoresist on the tip, leaving the tip end uncovered, etch SiO; from the tip end; and (f) sputter

and pattern Cr on the wafer, pattern SiNy on the front side of the cantilever, release the cantilever in
TMAH.

ends of the tips uncovered (Fig. 3(e)). The exposed LTO film at the tip end was then
etched in BHF 5:1. The height of the etched region depends on the photoresist vis-
cosity and coating speed as well as etching time, and could be controlled in the range
of 100-500 nm.

After the Pt (or Cr) was exposed at the tip end, the photoresist was stripped and
50-100 nm thick Cr (or Ni) was sputter deposited and patterned to form Pt-Cr
(or Cr-Ni) junctions (Fig. 3(f)). After the thermocouples were made, the silicon nitride
film was patterned into cantilever shapes. Then 5% tetramethylammonium hydroxide
(TMAH) in water was used to etch grooves from the backside of the wafer until the
wafer was etched through and the cantilevers were released (Fig. 3(f)). Figure 4 shows
the cross section and scanning electron micrographs of a finished thermal probe.

The thermal time constant of the probe is an important parameter that determines
limits the scanning speed of the thermal probe. This parameter was measured using a
sample containing a 350 nm wide gold line. A sinusoidal current of a frequency f was
passed through the gold line, resulting in a modulated temperature of the gold line at
a frequency of 2f. The temperature oscillation led to a 2f oscillation in the four-probe
electrical resistance of the gold line, which was measured and used to calculate the
2f component in the temperature. The amplitude and phase of the 2f component of
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Figure 5. Dynamic temperature response of the junction as a function of heating frequency.

the temperature at the probe tip was measured by a lock-in amplifier while the probe
contacted the gold line. The result is shown in Fig. 5. The AC temeperature showed
a typical first order dynamic response of T,, = T /+/1 + (27fT)? and decreased to
about 1/+/2 at a heating frequency of fy = 18 kHz. The time constant 7, defined as
1/2mfy, was calculated to be 8.8 ps.

2.2. Instrumentation of Scanning Thermoelectric Microscopy

After the invention of the scanning thermal profiler, in early 1990s Williams
and Wickramasinghe reported a novel method called Scanning Chemical Potential
Microscopy (SCMP) for mapping the local chemical potential, essentially thermoelec-
tric power, of a MoS, and a graphite sample [12]. In their experiment conducted in
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air, an atomically sharp metal STM tip was scanned on the surface of the sample at
a constant height using a unique feedback control loop. In this feedback loop, the
voltage is applied to the tip through a large resistor (100 M€2) connected in series with
the tip-sample tunneling junction. In the STM mode, a constant voltage drop across
the tip-sample junction was maintained by adjusting the tip height using the feedback
loop. Because the sample was heated to about 30 K higher than the tip temperature
held at ambient, a temperature gradient localized near the tip-sample junction was
generated in the sample. This temperature difference creates a thermoelectric volt-
age corresponding to the local chemical potential of the sample. This thermoelectric
voltage was measured intermittently between two successive STM line scans: after
each STM line scan, the STM tip scanned the same line at a constant height with
the feedback loop interrupted and the applied voltage reduced to zero. The obtained
thermoelectric voltage map shows an atomic modulation.

In the following years, few efforts were reported on the development of thermoelec-
tric microscopy. One notable experiment was done by Poler et al. using a setup similar
to the SCMP for measuring the thermoelectric property of Guanine monolayers [13].
As they pointed out, the measured property by this technique is the thermopower
(or Seebeck coefficient) of the sample. Therefore, they renamed this method as Scan-
ning Thermopower Microscopy (STPM). Later on, Ghoshal ef al. proposed to use
the aforementioned thermocouple AFM probe to map the Seebeck coefficient of a
sample, and named this AFM-based method as Scanning Thermoelectric Microcopy
(SThEM) [14]. In this chapter, all these techniques aiming at probing surface thermo-
electric properties are collectively referred as SThEM.

Very recently, Shi and Shih have further investigated the use of a SThEM method
to profile Seebeck coefficient of semiconductor nanostructures including shallow
p-n junctions in MOSFET devices and individual quantum well and barrier layers
of superlattice thermoelectric devices [15]. Their measurement scheme is rather dif-
ferent from the SCPM in two aspects. First, their measurement is conducted in ultra
high vacuum (UHV) because in air, heat conduction through the air gap between the
STM tip and the sample dominates over that caused by electron and phonon coupling
between the tip and the sample. Consequently, the temperature gradient in the sam-
ple, which is created by the colder tip, spreads over to a distance comparable to the
mean free path of air molecules. This can severely limits the spatial resolution of the
thermoelectric microscopy method. Second, they allowed a nanoscale elastic contact
between the tip and the sample as this was found to be necessary for measuring a stable
thermoelectric voltage on a semiconductor sample.

In the UHV SThEM setup, a heater wire attached to the sample holder was used
to raise the sample temperature 10-30 K above ambient. The tip-sample contact was
realized in the following procedure. At each point, after a tip-sample gap of about 1 nm
was stabilized by feedback controlling a constant tunneling current, the control loop
was disconnected by a manually-triggered relay and the STM bias was reduced to zero,
as illustrated in Fig. 6. The tip and the sample were then connected to an electrometer
with input impedance larger than 10" . Subsequently, the piezo-tube of the STM was
used to drive the tip step by step at 0.5 A per step toward the sample. Large fluctuation
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Figure 6. (a) Schematic diagram of the SThEM setup. (b) Time profile of the measured voltage as the
tip approached the sample. Inset: histogram of the measured voltage.

in the measured tip-sample voltage was observed before the tip contacted the sample.
The fluctuation is thought to be caused by a large and fluctuating tunneling resistance
between the metal tip and the semiconductor sample. As the tip made a nano-contact
with the sample, the voltage signal was found to be very stable. Further progression
of the tip often caused crash. Therefore, the tip was slightly moved back and forth by
up to 1 A around the contact position to verify the stability of the measured voltage
as well as to maintain an elastic contact. After the voltage measurement was made at
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each point, the sample was scanned to obtain a STM height image, which showed
little change of image resolution. This measurement scheme is made feasible by the
low drift (~10 A/hour) and high vertical resolution (~0.1 A) of the UHV STM.

The voltage measured between the tip and the sample during the nano-contact is
caused by thermoelectric effects. As the tip contacts the sample, band bending occurs
due to the formation of a Schottky junction. This leads to a built-in contact potential.
Under an isothermal condition, however, the built-in potential does not contribute to
the voltage measured by the electrometer. On the other hand, the contact of a colder tip
and a hotter sample creates a temperature gradient in the sample concentrated near
the contact (see Fig. 6). Carriers were made to drift under the temperature graident.
This leads to a thermoelectric voltage proportional to the local S, a spatial average in
a hemispheric sample volume of a large temperature gradient, i.e.

Vix, y) = S(x, y)(T: = Th) M

where T, and T are the temperatures of the contact and the back side of the sample,
respectively. The thermoelectric power of the metal tip and lead wires is much smaller
than that of a semiconductor sample, and thus is ignored. This allows the SThEM to
obtain a map of thermopower variation on the sample surface.

3. THEORY OF SCANNING THERMAL AND THERMOELECTRIC MICROSCOPY
3.1. Theory of Scanning Thermal Microscopy

The sensitivity and spatial resolution of the SThM largely depend on the mechanisms
of heat transfer between the thermal probe and the sample. As shown in Fig. 7, heat
transfers between the probe and the sample via solid-solid conduction, conduction
through the air gap between the probe and the sample, radiation, and conduction
through a liquid meniscus at the tip-sample contact. Air conduction and radiation are
not localized at the tip-sample contact, and thus will cause poor spatial resolution.
Among these two heat transfer paths, the radiation contribution is usually negligible
unless the sample temperature is very high (>600 K). On the other hand, the influence
by air conduction has been found to be significant, as discussed in the following
paragraph.

The relative contribution of different heat transter mechanisms between the thermal
probe and the sample was examined and quantified by Shi and Majumdar [16]. They
used a thermally-designed and batch-fabricated thermal probe and several calibration
samples containing thin film metal lines with different width and length. The metal
lines were joule heated during the experiment and its temperature was determined by
measuring its temperature-dependant electrical resistance.

The temperature rise of the thermocouple junction was measured when the tip was
in contact with the joule-heated metal line. It was found that the junction temperature
rise was about 53%, 46%, and 5% of that of a 50 wm, 3 um, and 0.3 um wide line,
respectively, showing a trend of decreasing sensitivity with decreasing sample line width.
This suggests that the probe was heated more by air conduction between the tip and
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Figure 7. Schematic diagram of a thermal probe in contact with a sample. Also shown are the
tip-sample heat transfer mechanisms and a thermal circuit diagram of the system.

the larger hot area of the wider lines. This trend indicates that air conduction plays an
important role in tip-sample heat transfer.

A turther experiment was used to determine the relative contribution of various tip-
sample heat transfer mechanisms. In the experiment, the 350 nm wide line was joule
heated to 5.3 K above room temperature. The cantilever deflection and temperature
rise of the sensor were recorded simultaneously when the sample was raised toward and
then retracted from the batch-fabricated thermal probe. When the sample approached
the tip, the cantilever deflection signal remained approximately constant before the
sample contacted the tip, as shown in the deflection curve in Fig. 8. In this region,
the sensor temperature rise was mostly due to air conduction between the probe
and the sample, and it can be estimated that radiation contribution was negligi-
ble when both the sample and the tip were close to ambient temperature. As the
tip-sample distance was reduced, the sensor temperature rise due to air conduction
increased slowly. Before the sample made solid-solid contact to the tip, the adsorbed
liquid layers on the tip and the sample bridged each other. Initially, this liquid bridge
pulled the tip down by a van der Waals force, as being seen in the dip labeled as
“jump to contact” in the deflection curve. Coincidentally, there was a small jump
in the sensor temperature due to heat conduction through the liquid bridge. As the
sample was raised further, both the solid-soid contact force and the sensor temper-
ature increased gradually, until the cantilever was deflected for more than 100 nm.
After this point, the sensor temperature remained almost constant as the contact force
increased.

As the sample was retracted from the tip, the sensor temperature again remained
almost constant until at a cantilever deflection of 100 nm, the sensor temperature rise
reduced roughly linearly but at a smaller slope than that found in the approaching
cycle. As the sample was lowered further, the tip was pulled down together with the
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Figure 8. Cantilever deflection and temperature response of the probe as a function of sample vertical
position when a 350 nm wide line was raised toward and then retracted from the tip.

sample by surface tension of the liquid bridge until after a certain point, the restoring
spring force of the cantilever exceeded the surface tension and the tip “snapped out
of contact” with the sample. Associated with the breaking of the liquid bridge, there
was a small drop in the sensor temperature.

The above experiment shows several mechanisms. First, before the tip contacts
the sample, air conduction contributed to a sensor temperature rise up to 0.03 K
per K sample temperature rise, which was about 60 percent of the maximum sensor
temperature rise at large contact forces. Second, conduction through a liquid menis-
cus was responsible for the sudden jump and drop in sensor temperature when the
tip “jumped to contact” to and “snapped out of contact” from the sample, respec-
tively. Third, solid-solid conduction resulted in the almost linear relationship between
the sensor temperature rise and the contact force. This is a well understood feature
for macroscopic solid-solid contacts [17]. Since the sensor temperature decreased at
a slower slope during unloading (decreasing contact force), there must have been
plastic deformation during loading (increasing contact force). For plastic deforma-
tion, the contact area increased with load [18], resulting in the linear increase of
solid-solid contact conductance with contact force. However, since the conductance
was still a function of the load during unloading, elastic recovery must have been
significant.

One question remains as to why the sensor temperature saturated for cantilever
deflection larger than 100 nm. To clarify this, the contact force corresponding to
the 100 nm deflection need to be calculated. The spring constant of the composite
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Figure 9. Cantilever deflection and temperature response of the probe as a function of sample vertical
position when the 5.8 um wide line approached and then retracted from the tip.

cantilever beam was calculated using Roark’s formulas [19] to be 0.38 &= 0.11 N/m
Therefore, the 100 nm deflection corresponds to a contact force F = 38 & 11 nlN.

Assuming plastic deformation, this contact force resulted in a contact spot with a
diameter

4F
d. =4 —, 2

where H is the hardness of the tip or sample, whichever is softer. Among the tip and
sample materials, the hardness of Au is the lowest and is of the order of 1 GPa. This
leads to d, & 8 nm. The tip radius was about 50 nm. However, the details on the tip
end are not clearly shown in the SEM image due to the lack of resolution. The linear
increase in contact area was probably due to the roughness on the surfaces or on the
sample, since it is well known that in the junction of two random rough surfaces, the
contact area increases linearly with contact force [18]. As the contact force increased
to about 38 nN, the contact size approached the diameter of the asperity. At this point,
the contact area could not increase further with the contact force, until the asperity was
completely pressed into the sample by a contact force much larger than those used in
the experiment. As a result, the sensor temperature in Fig. 8 remained almost constant
for a deflection larger than 100 nm.

The point contact experiment was repeated for a 5.8 pm wide and 2000 pm long line
and the result is shown in Fig. 9. While the increase of normalized sensor temperature
due to solid and liquid conduction was similar in magnitude to those in Fig. 8, the
normalized sensor temperature rise due to air conduction was about 0.6 K per K
temperature rise on the sample, one order of magnitude higher than the corresponding
one (0.03 K per K temperature rise on the sample) in Fig. 8. Therefore, it is clear that
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for the 5.8-pum wide line, air conduction dominated tip-sample conduction and was
responsible for the large temperature rise.

These experiments reveal that the contribution of air conduction in tip-sample heat
transter depends on the size of the heat source on the sample. For large heat sources, air
conduction dominates tip-sample heat transfer. As the size of the heat source reduces,
the contribution of air conduction decreases and solid-solid conduction and liquid
conduction become important. For micro/nano- devices with localized submicron
heated features, such as carbon nanotube circuits, air conduction contribution can be
reduced to a level smaller than that from solid-solid and liquid film conduction.

To estimate the magnitude of solid-solid and liquid film conductance, Shi and
Majumdar [16] developed a one-dimensional head conduction model considering
various microscale heat transfer mechanisms. Using the model, they inferred from the
experimental data in Fig. 8 that the thermal conductance of the liquid meniscus was
Gy = 6.7 = 1.5 nW/K, and solid-solid conduction varies linearly with the contact
force with a contact conductance of 0.76 £ 0.38 W/K-N. For contact forces larger
than 38 4+ 11 nN, the solid-solid conductance saturated at G, ~ 30 nW/K, because
the contact size between the sample and an asperity on the tip end approached the
~10 nm diameter of the asperity. For this solid-solid contact with an effective contact
radius b & 5 nm, it can be shown that

2 1 1
G = mthyh; — = — + ——— 3
: ke ks + ki (tan 6)2 )

where k; and k;;, are the thermal conductivity of the sample and the tip, respectively,
and @ is the half angle of the tip. With § &~ 18", k, & 200 W/m-K for the thin film
gold metal line, ki, ~ 15 W/m-K for the Pt-Cr film at the tip end, and b ~ 5 nm, it
can be estimated that G, ~ 49 nW/K. This is approximately the saturation value of
30 nW/K estimated from the thermal model.

Due to the small contact thermal conductance at the nanoscale tip-sample contact,
the temperature rise of the thin film thermocouple probe was below 0.1 K per K
sample temperature rise when micro/nano- devices with submicron localized heat
source were imaged. In addition, due to the influence of air conduction, the measured
temperature profile by the SThM was found to deviate from the true one. This makes
it necessary to correct the SThM measurement results by careful thermal modeling.
Alternatively, the influence of air conduction can be eliminated by performing the
SThM in vacuum.

3.2. Theory of Scanning Thermoelectric Microscopy

The critical feature of the SThEM is to generate a localized temperature gradient
at the tip-sample contact. The spatial extent of this temperature gradient, which limits
the spatial resolution, not only depends on the contact size or tip radius, but is also
determined by the scattering length (I), within which local thermal equilibrium cannot
be obtained. Ignoring the latter microscale heat transfer effect, one can estimate the
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temperature in the sample at a distance r away from the contact point to be
a
Tr)y~ T ——~(Ti = 1) S

As ris a few times larger than a, T(r) approaches T and the temperature gradient
becomes negligible. This analysis holds only if ¥ 3> I. For r < I, local thermodynamic
equilibrium cannot be obtained within r, and the temperature gradient will have a
spatial extent on the order of I. For example, if | = 10 nm, and 4 = 1 nm, accord-
ing to eqn. 7, at r = 5a = 5 nm, T(r) should have been very close to T;. However,
because local thermodynamic equilibrium cannot be obtained within ¥ = 5 nm < |/,
it 1s impossible to achieve a large temperature difference between T, and T(r = 5 nm),
and the temperature approaches T; only when r> . Hence, eqn. (7) derived by ignor-
ing the microscale heat transfer effect breaks down for a length scale of the order
of I. At room temperature, [ is on the order of 1 nm for amorphous materials, and can
be up to hundreds of nanometers for semiconductors. In degenerately doped semicon-
ductors, the scattering length is found to scale with average inter-dopant distance to
be a few nanometers [15]. In degenerately doped superlattice structures, [ is expected
to be further reduced by scattering at the interfaces.

Another question in SThEM is regarding the actual temperature drop across the
sample. As shown in Fig. 6, the temperature T, at the tip-sample contact is between
Tp, the temperature of the tip holder, and Tj, the temperature at the backside of the
sample. T, is determined by the ratio of the thermal resistance (R;) of the tip to that
of the sample (Ry), i.e.,

T =T+ Li-% )
C RS
1+

R,

Assuming spherical symmetry in the sample and the tip and ignoring microscale heat
transfer effects, one can estimate R, and R, as

R, ~ (27tk,a) "' and R, ~ (2mk,a (1 — cos@))™" (6)

where k; and k, are the thermal conductivity of the tip and the sample, respectively,
and a is the contact radius. Typically the tungsten STM tip has much higher thermal
conductivity than a semiconductor sample. Hence, R;/R; is large and T, is close
to T().

The third important issue for the SThEM is the Schottky barrier formed due to the
contact of a metal tip and a semiconductor sample. As a result, carriers are depleted
from the contact point. Assuming spherical symmetry in the sample and w > a, where
w is the depletion width, one can estimate that

3 1/3
w%< aeeo|¢|> o
Ne

With a =1 nm, ¢ = 0.5V, N= 10" cm™>, ¢ = 16, one finds w = 5 nm. This
number is just slightly larger than the inter-dopant distance. In the derivation of
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Eqn. 7, a continuous distribution of dopants has been assumed. This continuum
assumption shall break down when w is shorter than the dopant-dopant distance.
Nevertheless, it can be expected the depletion width is in the range of 5-10 nm.
This depletion zone can have a different S from the bulk value, and affect the SThEM
measurement. However, it was found that the measured S values by SThEM were very
close to the bulk values [15]. This observation was attributed to a smaller radius (w) of
the depletion zone than the spatial extent (/) of the hemispheric region with a large
temperature gradient. As such, the bulk-like region where w < r < [ contributes to
most of the measured thermoelectric voltage of the SThEM.

4. APPLICATIONS OF SCANNING THERMAL AND THERMOELECTRIC
MICROSCOPY IN NANOTECHNOLOGY

4.1. Thermal Imaging of Carbon Nanotube Electronics

Carbon nanotubes (CNs) are made of graphitic cylinders. One distinguishes between
multi-wall carbon (MW) CNs consisting of a series of coaxial graphite cylinders, and
single-wall (SW) CNs that are one atom thick, usually with a small number (20-40)
of carbon atoms along the circumference and several micron long along the cylinder
axis.

At room temperatures, electrons near the Fermi level in a metallic SWCN can have a
long mean free path on the order of microns [20]. For a metallic SWCN a few microns
long, electron flows from one end of the tube to the other end without scattering with
phonons, electrons, defects, and boundary. This situation is referred as ballistic electron
transport. Semiconducting SWCNs have recently been observed to behave like ballistic
conductors [21], while both ballistic [22] and diftusive [23] transport behaviors have
been reported by MWCNs.

Experiments also found that metallic CNs can sustain high electric fields on the order
of 100 kV/cm and high current densities up to 10° A/em? [23, 24], two orders of
magnitude higher than a normal metal such as copper. This excellent current carrying
capacity of CNs may have potential applications for micro/nano electronics.

The potential electronic applications of CNs require a detail understanding of their
electrical as well as thermal transport properties. Despite of various studies on elec-
tron transport, there remain several unanswered questions regarding heat dissipation
in current carrying CNs. First, it is unclear whether heat dissipation occurs in the
bulk of the CNs or at the contacts. For a SWCN at low electric fields, for example,
heat dissipation is not expected to occur in the bulk. On the other hand, compared
to the low field transport property, the electron-phonon scattering mechanism can be
different at high fields for metallic SWCN. As shown by Yao et al. [24], for metallic
SWCNs current saturates at about 25 pA at applied voltage exceeding a few volts.
They proposed that the current saturation is due to electron scattering with optical
phonons at high electric field. For MW CNs and semiconducting SWCNs, heat dissi-
pation in the bulk is likely to occur if they are diffusive. However, there lack of direct
experimental evidences to justify these predictions.
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Figure 10. (a) Topographic image, (b) EFM image, (c) voltage profile, (d) thermal image, and
(e) temperature profile along a 7 nm diameter MWCN.

Shi et al. have used the SThM technique to measure temperature distribution
in current-carrying CNs and to investigate heat dissipation in the nanostructures
[25, 26]. They have observed temperature profiles supporting ballistic (diffusive) trans-
port in SWCNs and MWCNs. The measurement result on a MWCN is discussed
below.

Figure 10 shows the AFM topographic image of a sample containing a 7-nm diam-
eter MWCN on 1-pum-thick SiO; of a Si wafer. Four 30-nm-thick Au/Cr lines were
patterned on top of the MWCN by electron beam lithography and lift off technique.
Electrostatic force microscopy (EFM) was used to determine various electrical resis-
tances in the device. A 100 mV AC voltage was applied at contact 2 with contact 3
grounded and contacts 1 and 4 floating. The frequency of the voltage was set to the
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resonant frequency of the EFM cantilever probe, which is a conducting AFM probe.
Because of the electrostatic force between the sample and the probe, the cantilever
was made to oscillate at its resonant frequency and the oscillation amplitude is pro-
portional to the voltage of the sample in close proximity to the probe tip [22]. The
sample voltage can be measured from the oscillation amplitude. The obtained EFM
image was shown in Fig. 10(b). The voltage profile shown in Fig. 10(c) indicates that
voltage decayed almost linearly along the MWCN and there were large voltage drops
near the two contacts. The two terminal resistance measured with a bias of 100 mV
between contacts 2 and 3 was 52 K. From the EFM data, it was estimated that the
electrical resistance was about 26 K2 in the tube, and 16 and 10 K2 at contacts 2
and 3, respectively. The segment of the tube between contacts 2 and 3 was 2.6 um
long. Therefore, the resistance in the tube was about 10 K€2/um. The linear voltage
drop along the tube and the resistance value confirm the results from previous EFM
study [22] that MW CNs behave as a diftusive conductor with a well-defined resistance
about 10 K /um. In addition, for this device, the tube-contact interface were not
clean, resulting in the much larger contact resistance than that found in the MWCN
sample used in the previous EFM experiment.

SThM was further used to verify that the MWCN sample was diftusive and dissipa-
tive. A voltage of 0.7 V was applied at contact 4 with contact 1 grounded and contacts
2 and 3 floating. This resulted in a current of 9.3 HA between contacts 1 and 4. The
corresponding thermal image and temperature profile were shown in Figs. 10(d) and
10(e). It is clear that the temperature at the middle was higher than those close to
contacts 2 and 3 and the overall curvature of the profile is negative. This indicates that
heat indeed was dissipated in the bulk of the tube.

It should be noted that on top of the metal covering the tube, the probe measured
a much lower temperature than that when the probe was directly on top of the tube.
It is possible that the temperature on top of the 30 nm thick metal had decreased
significantly although the temperature could be high in the tube underneath the metal.

4.2. Thermal Imaging of ULSI Devices and Interconnects

SThM has been employed to map temperature distribution on top and cross sectional
surfaces of MOSFETs and ULSI interconnects. Kwon ef al. employed the batch-
fabricated SThM probes to map temperature distribution on the cross sectional surface
of an operating MOSFET with a gate length of 5 pm [27]. The thermal images clearly
show a hot spot near the drain side. This is believed to be caused by the pinch-off effect
near the drain, which results in a discontinuous channel and significant heat dissipa-
tion there. Efforts are currently underway to measure temperature distribution on the
cross sectional surface of nanotransistors with a gate length shorter than 100 nm. Shi
et al. have used the SThM to study localized heating in different VLSI submicrometer
W-plug via structures provided by Texas Instruments, Inc. The via samples consisted
of two levels of 0.6 um thick Al-Cu metallization that were separated by a layer of
0.9 pm thick SiO; and connected through one or more W-plug vias. There was a
0.1 pm TiN layer on the top and bottom of each metal line. The samples were coated
with a standard passivation layer of 1 pum thick SiO, followed by a capping layer of
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Figure 11. Topographic image (top left), thermal image (top right), and cross section of a via structure.
The values shown in the topograph image are the temperature rise in degree Kelvin at the Pt-Cr junction
during scanning.

0.3 wm thick Si3Ny, as shown in Fig. 11. The topography, cross section, and SThM-
measured temperature distribution of one via structure are also shown in Fig. 11 for
a current of 40.5 mA. For this sample, the two metal lines were 3 pm wide and
were connected by three 0.4 um diameter vias. The temperature rise in the vias was
determined from the change in electrical resistance using a temperature coefficient
of resistance (TCR) of 1.01 x 107 K~! obtained from an earlier work [28]. The via
temperature was measured by the resistive thermometry as a function of current. For
a current of 40.5 mA, the temperature rise in the via was 30 K. During scanning, the
maximum temperature rise in the junction was found to be 15 K when the probe was
directly on top of the vias. The high temperature region spread to the current flow
direction.

4.3. Shallow Junction Profiling

Homo- and hetero- junctions constitute the fundamental building blocks of electronic,
optoelectronic, and thermoelectric devices. Characterization of the dopant/carrier dis-
tribution and the electronic structures of semiconductor junctions is thus an important
task. For example, profiling shallow p-n junctions in MOSFETSs has been a promi-
nent characterization issue that has challenged the semiconductor industry for many
years. Simulation and characterization of dopant implantation, diffusion and activation
is currently one of the highest-priority tasks among the research needs for extending
CMOS, to its ultimate limit at or beyond the 22-nm node. In order to understand
how different processing parameters and device structures will affect the dopant/carrier
profiles and the electronic structures, accurate characterization data must be obtained
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Figure 12. (A) STM image of a GaAs p-n junction array (filled state with sample bias of —2 V). The
bright strips are p-doped with Be to 1.1 x 10! cm™>, and the dark strips are n-doped with Si to

9 x 10" cm™3. Scale bar: 100 nm. (B) Measured thermoelectric voltage (circles) and calculated S profile
(dash line) across the p-n junction as a function of distance (x) from the metallurgical junction. The two
measurement profiles (open and solid circles) were obtained at two different y locations with

T1—Ty = 20 K. The x position is obtained from STM images of a scan size of 30 X 30 nm.

using 2D dopant/carrier profiling tools with a 2 nm spatial resolution and 4% accuracy,
as specified by the 2001 International Technology Roadmap for Semiconductors. A
number of 2D dopant/carrier profiling methods have been investigated. However, the
roadmap requirements have not been satistied and 2D dopant/carrier profiling has
remained essentially unsolved [29].

Lyeo et al. have employed the SThEM method for measuring the local S at a
number of locations across GaAs p-n junctions. One set of measurement data are
shown in Fig. 12. One can observe an abrupt inversion of the polarity of the measured
thermoelectric voltage within a distance of 2 nm from the junction. The measured
thermoelectric voltage at each point of the p-n junction is due to the diffusion of local
carriers under a temperature gradient, and is coupled to the local carrier concentration.
For an n-type nondegenerate semiconductor, the local thermopower is [30]

S= (B = Ep+ k5T e (N 3) <o ®)
= . — — [ p— _ — <
—eT F ZB e nn 2




202 1. Optical Microscopy, Scanning Probe Microscopy, Ion Microscopy and Nanofabrication

For a p-type nondegenerate semiconductor,

S= L (Ep— Ep+ 2ksT ks m ) oo )
= — - - =—|ln—+-=-)>
eT g TR e p 2

where E¢(Ey) is the conduction (valence) band edge, Er is the Fermi level, n(p) is
the electron (hole) concentration, N,(NN,) is the effective density of states of electrons
(holes), kg is the Boltzman constant, e is the electron charge, and T is the tempera-
ture. These equations illustrate that the magnitude and sign of S depend on carrier
concentration and type, respectively. The dependence of S on the carrier type has
been routinely used for determining the dopant type using the hot probe method in
characterization laboratories. In fact, connecting a hot probe to a semiconductor and
measuring the sign of the generated thermoelectric voltage is a textbook example for
determining dopant types.

Using Eqns. 8 and 9 and those for degenerate semiconductors, Lyeo ef al. have cal-
culated the thermopower profile from the dopant profile obtained by SIMS. As shown
in Fig. 12, the calculated thermopower profile exhibits the same trend as the mea-
sured thermoelectric voltage profile. They have further calculated the band structure
and carrier profile from the STPM measurement results, as shown in Fig. 13. The
calculation procedure is as following. First, they calibrated the STPM measurement
using a sample with known dopant concentration and thermopower. The calibration
allows them to convert the measured thermoelectric voltage to thermopower. The
band structure and carrier concentration were then obtained using Eqns. 8 and 9 as
well as those for degenerate semiconductors.

As a comparison, they also calculated the band structure and carrier concentration
from the SIMS dopant profile. The band structure was obtained using the depletion
approximation, and was used to calculate the carrier profile according to the Fermi-
Dirac statistics. As shown in Figs. 13, the results from the SIMS and STPM exhibit good
agreements with each other, except at the edges of the depletion region. Lyeo et al. have
conducted a detailed study and concluded that the discrepancy shown in Fig. 13 was
due to the break down of a continuum assumption at a lenthg scale comparable to the
dopant-dopant distance (~5 nm) and the inaccuracy of the depletion approximation,
both invoked for the calculation based on the SIMS profiles.

Nevertheless, their work demonstrates that by nanoscale profiling of S, the SThEM
can be used to map out band structure and carrier concentration with nanometer spatial
resolution. Furthermore, the carrier concentration is a reasonable good measure of the
activated dopant density, when the dopant density varies over a scale comparable to
the Debye length (13 nm at a concentration of 107 cm™ and 0.4 nm at 10%° cm ™)
[31].

As a 2D dopant/carrier profiling tool, the SThEM technique has two distinct fea-
tures. First, for other dopant profiling techniques such as SCM and STM, the voltage
applied to the tip creates an electric field penetrating into the sample. This electric field
further causes band bending in the sample and shift the apparent junction location. It
has been observed that the electronic junction locations obtained by SCM and STM
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Figure 13. Carrier profile across the p-n junction shown in Fig. 12. Solid and dotted lines are electron
and hole concentrations, respectively, calculated based on the energy band diagram obtained from the
SIMS dopant profile using the depletion approximation. Solid and open circles are electron and hole
concentrations, respectively, calculated from the measured S profile. To convent the measured
thermoelectric voltage to the S profile, we calibrated the SThEM measurement using a sample with
known S. Inset: Energy diagram of the p-n junction (Lines: calculated from the SIMS dopant profile using
the depletion approximation. Circles: calculated from the measured S profile)

depend strongly on the tip voltage [32], and can shift 2-20 nm from that obtained
from the SThEM. In SThEM, no voltage is applied at the tip during thermopower
measurement. Thus, the unwanted effects of tip voltage-induced band bending and
junction shifting are absent in SThEM, allowing SThEM to locate the actual elec-
tronic junction. Furthermore, the abrupt inversion of thermoelectric power across the
electronic junction allows one to use SThEM to locate the electronic junction with a
precision and resolution better than 2 nm.

5. SUMMARY AND FUTURE ASPECTS

The Scanning Thermal and Thermoelectric Microscopy methods discussed in the
preceding sections have allowed the direct observations of thermal and thermoelectric
transport phenomena in the nanometer scale. Several applications including mapping
temperature distribution on nano and molecular electronics, and shallow junction pro-
filing have been demonstrated. A variety of other applications have also been demon-
strated using these techniques. For example, the SThM has the capability of mapping
thermal conductivity and diffusivity of a polymer sample with sub micron spatial



204 1. Optical Microscopy, Scanning Probe Microscopy, Ion Microscopy and Nanofabrication

resolution. This unique feature has been used to image polymer blends and found
applications in drug research and development [33-36]. The ability of SThEM in
mapping Seebeck coefticient with nanometer scale spatial resolution can be applied
to probe the superior thermoelectric properties of low dimensional thermoelectric
materials, including quantum well, wire, and dot superlattices that will potentially
revolutionize the energy conversion process.

Currently, new techniques are being invented for improving the spatial resolution or
accuracy of these two techniques. For example, recent developments in near filed opti-
cal techniques for nano-thermometry have stimulated much interest in this direction.
In addition, the possibility of using tunneling [39] or nano-contact thermometry to
improve [37-38] the spatial resolution of the SThM is being investigated. The success
of these new methods will allow the SThM and SThEM to become highly-powerful
microscopic tools for nanotechnology research and development.
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7. IMAGING SECONDARY ION MASS SPECTROMETRY

WILLIAM A. LAMBERTI

1. SECONDARY ION MASS SPECTROMETRY AND NANOTECHNOLOGY

Imaging secondary ion mass spectrometry (“SIMS”) is a technique that holds great
potential for use in the field of nanotechnology. In much the same way that focused
ion beam tools evolved to become a critical capability in the fabrication of many
nano-mechanical devices, SIMS is becoming a central characterization tool within the
nanotechnology community. For example within the semiconductor industry, SIMS
employed at low incident ion energy is now used routinely to obtain trace information
from extremely thin (1 nm) layered structures in depth, albeit in the non-imaging mode
of analysis [1, 2]. Imaging SIMS lateral resolution, when employing high sensitivity
primary ion species, has historically been limited to 1000 nm. This disparity in lateral
resolution versus depth resolution can lead to measurement difficulties when analyzing
fine structures in three dimensions. However, recent instrumental developments in ion
sources and SIMS 1on optics have dramatically improved lateral resolution to the regime
below 100 nm while maintaining high sensitivity [3]. Due to the higher primary
ion energies typically employed in these high lateral resolution instruments, depth
resolution is somewhat degraded, typically on the order of 10 nm. As a result, SIMS
image and depth resolutions have now converged to the point where the analyst can
now routinely obtain information from nanovolumes.

The application of Imaging SIMS to mainstream nanotechnology areas such as
nanosensors and micro-electromechanical systems (“MEMS”) has been scarce to
date. This can largely be attributed to a number of factors, including instrument
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availability, cost, and performance. There is also an inherent need for a highly skilled
SIMS analyst. However, many examples of SIMS applications exist that do indeed qual-
ify as examples of nano-analyses within fields as diverse as semiconductor technology,
biology, metallurgy, catalysis, and cosmochemistry [4].

Many novel, indirect, SIMS analyses have been possible that provide information
from regions that are smaller than the classical image resolution limit of SIMS (i.e.
1000 nm). The fundamental SIMS sputtering process, where a single primary ion
impacts a surface and produces secondary ions, is inherently highly-localized (<5 nm
radius) [5, 6]. Additionally, the probability that molecular ions are produced from a
single impact 1s directly related to the nearest-neighbor distribution of species at the
point of impact. Phenomena such as these can be used to obtain nano-scale information
from materials without actually determining the precise event position with a resolution
better than 1000 nm. Examples of methods utilizing this approach include coincidence
spectroscopy [7, 8] and dynamic SIMS molecular spectroscopy [9].

The advantage of modern imaging SIMS instruments is that one can now directly
probe sub 100 nanometer-scale features for compositional information, while main-
taining trace sensitivity (several ppm) in these nano-volumes. The inherent ability
of SIMS to detect any elemental species is a powerful capability for understanding
the overall chemistry of a given material. Isotopic speciation is also possible with the
high-resolution mass spectrometers incorporated into many SIMS instruments. Sta-
ble isotope tagging of reactant molecules permits the determination of reaction locales
with high spatial resolution via SIMS, and is finding application in fields such as biology,
medicine, and catalysis [10].

2. INTRODUCTION TO SECONDARY ION MASS SPECTROMETRY
2.1. Overview

The SIMS process is shown schematically below (figure 1). A beam of primary ions
is generated in a suitable ion source, and accelerated towards a sample surface under
vacuum. The interaction between the primary ion and the sample is complicated in
nature, with many secondary particles being ejected for each incident ion. This process
is referred to as “sputtering” [11, 12]. Electrons, neutral atoms, molecular fragments,
and ions are generated in the sputtering process. lonized mass fragments (monatomic
and polyatomic) are subsequently accelerated through a mass spectrometer, where
each fragment is separated according to its mass to charge ratio (“m/z”). Detection of
the mass fragments then occurs via electron multiplier, faraday cup, or other suitable
charged-particle detector. Mass spectra and ion images are among the types of data
then produced.

Ion images can be produced via raster of the primary beam and synchronous detec-
tion of the mass filtered secondary ion signal, analogous to the process employed in
scanning electron microscopy. This mode is referred to as the microprobe mode of ion
imaging. It is important to note that in microprobe mode, image resolution is largely
dependent upon primary ion probe diameter, with submicron lateral resolution now
routinely attainable.
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Figure 1. Schematic of the SIMS sputter process.

An alternative mode of image formation is available in some instruments known as
the microscope or direct mode of ion imaging. The microscope mode is non-raster based,
and utilizes electrostatic ion lenses in the secondary ion column. These lenses enable
the formation of image planes and crossover points in the ion optical path. For final
mass filtered image formation, the image planes are projected onto a position-sensitive
detector. Several types of position sensitive detectors are in use today. Most commonly,
a micro-channel plate coupled to a phosphor screen, with the resulting image captured
by use of a suitable high-sensitivity CCD. Alternatively, ion images can be captured
by use of a direct ion-imaging detector such as the resistive anode encoder (“RAE”).
In microscope mode imaging, the image resolution is essentially dependent upon the
ion optical lenses and their corresponding electric field strengths. In practice, image
resolution is limited to roughly 1000 nm.

The choice of primary ion species will determine the efficiency of generation of
specific secondary ion species, and subsequent experimental sensitivity. Primary ion
energy will determine the subsequent spatial resolution in a given analysis, with lower
energies favoring reduced surface mixing due to sputtering, thus improving depth
resolution. However, higher primary ion beam energy can result in improved lateral
resolution when in the microprobe mode.

Typical primary ion species include cesium (Cs™), oxygen (O™ or O7), and gallium
(Ga™) with incident energies in the range of a few hundred eV to several keV. Cesium
and oxygen primary beams provide significantly enhanced production of secondary
ions due to the chemical interaction of each primary species with the sample surface.
When used as a primary ion, oxygen enhances the production of positive secondary
ions. This results from the increased oxygen concentration in the near-surface region
as sputtering proceeds. This implanted oxygen tends to form metal-oxygen bonds,
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which when subsequently broken due to further sputtering, tend to leave the oxygen
(high electron affinity) with a net negative charge and the counter ion with a net
positive charge. Cesium favors the production of negative secondary ions, largely due
to a reduction in the workfunction of the surface species as cesium is implanted in
the sputtering process. This reduction in workfunction permits more electrons to exist
in excited states above the surface potential energy barrier. This increased availability
of excited electrons within the surface then favors the production of negative ions
[13, 14, 15].

The SIMS process itself remains only partly understood at the fundamental level.
Molecular simulations, coupled with experimental observations continue to provide
new insights into the mechanisms underlying sputtering, ionization, and subsequent
detection of secondary ions [16, 17]. As with many techniques, there are potential
pitfalls, artifacts and quantification difficulties with SIMS. However, it remains a very
powerful tool for the determination of nano-phase compositions in materials. A com-
plete, detailed discussion of the entire SIMS process is beyond the scope of this text.
However, the reader is referred to several excellent references in the field [18, 19, 20].

2.2. General SIMS Instruments

From the perspective of instrumentation, SIMS can be categorized into one of two
possible regimes: dynamic SIMS or static SIMS. The simplest distinction between
dynamic and static SIMS is based upon relative sputter rates. Dynamic SIMS involves
the use of high fluxes of incident primary ions, with relatively rapid removal of the
atomic layers in the sample being analyzed. Much molecular information is lost in the
dynamic SIMS process due to the high primary ion flux. The high ion flux can also
increase surface roughening and loss of interface resolution as the analysis proceeds in
depth. Nonetheless, many structures can be probed in-depth readily, albeit with only
limited molecular information preserved.

Static SIMS, on the other hand, refers to the sampling of only a fraction (less than
0.1%) of the topmost monolayer of a sample’s surface. Very few incident primary ions
impact the sample, so very few molecular bonds are broken. All information stems from
the near-surface region of the sample, with extensive molecular information possible
[21]. It is worth noting that recent developments in primary ion sources utilizing
multiply-charged or cluster ions have blurred some of the distinctions between these
regimes in specialized cases [22, 23, 24]. In practice, for the analysis of organics with
a need for molecular information, static SIMS 1is preferred, while dynamic SIMS
usually provides the ultimate in trace elemental detection sensitivity (ppb) and spatial
resolution.

Each of these regimes also tends to determine the choice of preferred mass spec-
trometer type. The lower secondary ion flux generated in Static SIMS molecular
studies require the use of a full-spectrum mass analysis (simultaneous detection and
no lost ions), and high transmission as provided by a time-of-flight (“TOF”) mass
spectrometer. In fact, the use of TOF spectrometers has become almost synony-
mous with static SIMS, which is often referred to as TOF-SIMS. High-performance,
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commercial versions of these instruments include the Ion-TOF 5 [25] and Phi-Trift
III [26]. The mass resolution (M /delta M) of a TOF spectrometer is dependent
upon the temporal resolution of the secondary ion burst coming from the sample.
This burst originates from a pulsed primary ion burst, so the temporal quality of
primary ion pulse (in a process known as “bunching”) defines the achievable mass
resolution in an analysis. Pulsing of the primary beam is done with a duty factor of
roughly 107>, and material removal is intentionally extremely slow. Unfortunately,
a compromise often must be reached between mass resolution, spatial resolution,
and compositional sensitivity. In some cases, TOF-SIMS lateral resolution can be
below 1000 nm and may be quite appropriate for the study of certain nanostructures.
This is especially true if organic molecular information is desired from such struc-
tures in the topmost surface layers. The choice of SIMS technique obviously depends
upon the scientific question at hand. Issues of spatial resolution, surface versus bulk,
detection sensitivity, and molecular versus elemental information must be carefully
considered.

Dynamic SIMS analysis can, in principle, also be carried out using a TOF spec-
trometer, but is more often performed using a magnetic sector mass spectrometer
with 100% duty cycle (Mattauch-Herzog configuration being common [27]), or a
quadrupole mass spectrometer. Quadrupole mass spectrometers suffer from relatively
poor mass resolution and transmission, but are generally less expensive and more com-
pact. Magnetic sector instruments can simultaneously possess very high mass resolution
and high transmission. The additional advantage of a non-TOF instrument, in the case
of microprobe imaging, is that mass resolution and transmission can be maintained
independently of image resolution. This result stems from the fact that the primary
beam need not be pulsed to provide mass resolution, thus avoiding defocusing effects on
the primary beam. The benefit of de-coupling these analytical parameters is significant
in practice, as one can now independently optimize each portion of the instrument to
serve its respective function. For example ion source design, primary ion species, and
primary ion probe size can all be optimized to produce the best possible combination of
sensitivity and image resolution for the analysis without impacting mass spectrometer
performance.

2.3. High Resolution Imaging SIMS Instruments

It may be inferred from the previous discussion that imaging SIMS instruments with
the highest spatial resolution and sensitivity tend to be magnetic sector based, dynamic
SIMS instruments. Early attempts at optimizing spatial resolution on such instruments
utilized highly focussed gallium (40 keV Ga+) primary ion beams [28]. Early com-
mercial focussed ion beam (“FIB”) instruments utilized gallium ion beams and added a
quadrupole mass spectrometer to the FIB in the hopes of producing a useful high res-
olution imaging SIMS [29]. In fact, the use of gallium as a primary ion species in these
instruments resulted in superb image resolution on the order of 10-20 nm. However,
gallium produces extremely poor secondary ion yields for most species, resulting in
poor SIMS sensitivity.
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Figure 2. Schematic of ion optics for Cameca NanoSims 50. Based upon first series of commercial
instruments. [reprinted with permission from E J. Stadermann, Washington University at St. Louis.
© E J. Stadermann] (See color plate 3.)

The next major development in high resolution imaging SIMS emerged as the
NanoSIMS 50 (“N507) a magnetic sector based, microprobe instrument utilizing
nano-focussed cesium and oxygen ion sources [30]. Conceived in the early 1990%,
the instrument design evolved over several years, with the first commercial instrument
being installed in 2001. The N50 is uniquely designed for high transmission, high mass
resolution, high sensitivity and high spatial resolution (50 nm), providing arguably the
best overall imaging SIMS performance to date. A schematic of the N50 ion optics is
provided in figure 2.

Several design features contribute to the high performance of this instrument. For
example, the primary ion beam strikes the sample at normal incidence, permitting
a very short distance between the sample and the probeforming lens. This geometry
results in greatly reduced probe aberrations, and improved lateral resolution. Addition-
ally, the sample is immersed in a very high electric field, facilitating efticient capture
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of secondary ions (i.e., a higher useful yield). The spectrometer design provides high
mass resolution (M / delta (M) = 3000 minimum) without the use of beam stops. With
beam stops used, mass resolution can readily exceed 10,000 while still maintaining high
transmission.

One of the drawbacks of a magnetic sector instrument compared to a TOF instru-
ment is serial mass species detection. This limitation is addressed in the N50 design
by the use of multiple, parallel ion detectors that can be independently positioned at
the exit of the mass spectrometer. The latest design employs seven ion detectors, along
with ion-induced secondary electron imaging (when in the negative ion collection
mode) [31, 32].

The ultimate spatial resolution of the N50 is typically better than 50 nm when using
the cesium primary beam, and 150 nm when using the oxygen primary beam. Each
primary ion species is chosen to maximize the sensitivity for detection of a particular
secondary ion. As a primary ion, cesium enhances the yield of electronegative species,
while oxygen tends to enhance the yield of electropositive species [33]. Thus these
two primary ion sources together effectively span the entire periodic table with ppm
to ppb detection limits.

3. EXPERIMENTAL ISSUES IN IMAGING SIMS

Many issues exist in SIMS analyses that can limit the ability to quantify a result in
absolute terms. In some cases, even qualitative analysis is not possible. Examples of
issues one may encounter include:

* Sputter rates can vary significantly for multi-phase or polycrystalline samples, from
one phase to the next, even under conditions of constant and uniform primary ion
beam flux.

* Matrix effects, due to diftferences in local chemical environment, can cause secondary
ion yields to vary dramatically (by several orders of magnitude).

* Surface roughening can occur as sputtering proceeds, resulting in loss of interface
resolution.

* For polycrystalline samples, grain orientation effects can lead to variable secondary
ion yields due to different amounts of primary ion channeling in each grain.

* Sample charging can make an analysis completely impossible in the worst cases, and
unpredictable in some others.

* Re-deposition of sputtered material onto the analysis area, during the sputter process,
can cause high background levels in some situations.

* Sample preparation and handling can have significant effects on a given SIMS mea-
surement.

Given these issues, many analyses are still, in fact, approachable. Many quantification
schemes have been developed for SIMS analysis. A summary of the major SIMS quan-
tification methods is given in Table 1. While not exhaustive, a few of the more typical
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Table 1. Summary of Major SIMS Quantification Schemes

Reported Error
Method Range (+/-) Benefits Drawbacks
Relative Sensitivity  10-50% Simple to employ on - Sample matrix must be constant
Factor (“RSF”) well-defined systems. and well-known.
[31] - Initial standards limit accuracy of
subsequent analyses.
Ion-Implanted 5-50% Can be used for any - Standards must be generated via
Internal Standard species. ion implantation for each analysis.
[32, 33, 34] Sample and standard are - Sample damage can occur during
always analyzed implantation.
together.
Matrix Isotope 3-50% Convenient to use on - Sample heterogeneity limits
Species Ratio homogenous samples. accuracy.
(“MISR™)
[38] - Calibration curves need to be
generated for each sample type.
- Only accounts for oxide matrix
effect.
CsM™ Cluster 10% (w/stds) Relatively insensitive to - Poor sensitivity due to low signals.
(“CsMT>) most matrix effects.
[46, 47, 48] 50% (w/o stds) - Difficult on insulators.
Infinite Velocity 10-300% No standards required. - Not useful on insulators.
(“IVM”)
[49, 50, 51] - High error range

methods are briefly introduced below. A more complete discussion of each method
can be found within the referenced sources.

As an example, often the analysis can be facilitated through the use of external
standards developed for the system of interest. Relative sensitivity factors (“RSF’s”)
are then determined for individual species in a given matrix. This is the approach
used within much of the semiconductor industry for depth profile interpretation in
well-known matrices [34].

Quantitative results can also be obtained with the use of an internal standard for
each analyzed area. This introduction of an internal reference can be accomplished
by a variety of methods, including ion implantation [35, 36, 37] or by physically
mounting a reference standard alongside the sample in each analysis area. The use
of a physically separate reference standard has been used with success, for example,
in the study of trace alloying elements in steels. Utilizing a reference alloy sample
to be used as a relative comparison to the sample being analyzed within each field
of view, imaging SIMS analysis was performed on both the reference and unknown
simultaneously. This approach resulted in a very precise (<5%) relative determination
of trace boron (1-10 ppm) since each analysis of reference versus unknown was done
under identical conditions of instrumental alignment and primary beam dose. Useful
relative compositional information can often be obtained using this method, with final
measurement accuracy limited largely by the accuracy of the internal standard [38].
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The method of standard additions can also be employed, via methods such as ion
implantation over a range of concentrations, to establish the analytical response for a
particular species within a given matrix or sample type. Implantation of minor isotopes
can be used to minimize interference from naturally occurring levels in the standards
[39].

The approach known as the matrix ion species ratio method (“MISR”) [40] also
utilizes external standards as a means to calibrate an instrument’s sensitivity for a given
species, in a given matrix. The MISR method attempts to account for local matrix
effects (due to variable amounts of oxygen in the sample matrix).

This is accomplished by measuring the secondary ion signal from a series of stan-
dards, as a function of partial pressure of oxygen near the sample surface. Oxygen
partial pressure is controlled via an imposed oxygen gas bleed. In the MISR approach,
one monitors the production of two matrix species signals as well as the species of
interest. In the case of a ferrous NBS-662 steel alloy [41] the authors monitored the
ratio "?Fe,* />*Fe™ as well as the species to be calibrated (°>Cr™). The ratio of the
molecular iron fragment to the monatomic fragment is very sensitive to oxygen pressure,
and thus provides a means to correlate the CrT sensitivity factor to the local oxygen
concentration at the sample surface. The 12Fe, ™ /3*Fe™ ratio in an “unknown” sample
thus is a direct means to determine the appropriate Cr" sensitivity factor. Here the
“unknown” still must be nominally of the same composition as the calibrant.

Another approach that can be useful when absolute standards are not possible to
obtain involves simply comparing samples on a relative basis. The analyst may make
very reproducible measurements within a series of samples for trends that correlate with
performance. For example, quantitative SIMS image analysis of heterogeneous catalysts
is possible using a statistical, image-based approach when analyzing large numbers of
catalyst particles [42, 43]. Here, many catalyst particles are analyzed via imaging SIMS
with subsequent multi-particle image analysis. Sufticient numbers of catalyst particles
are analyzed so that the mean of the SIMS ion intensity distribution approaches a
statistically valid estimate of the bulk concentration for each species. Bulk concentration
values can then be used to calculate an individual catalyst particle’s concentration for
a particular species.

An effective approach for obtaining relative quantitative information in biological
structures via SIMS involves the use of isotopically tagged molecules. While not directly
used for determining absolute concentrations, the distribution and quantity of isotopi-
cally tagged molecules can be determined by mapping the appropriate isotope ratio
(15 N/14 N, for example). This method works well even for samples with extreme
topography or sample charging due to the fact that all isotopes of a given species will
experience essentially the same eftects. In these experiments, the enhancement of a
minor isotope over its naturally occurring abundance has been used directly to identify,
for example, the uptake of a tagged molecule towards a particular biological structure in
living organisms. Any observed increase is then used to quantify the relative growth or
repair rate of that particular biological structure versus the surrounding tissue [44, 45].

In summary, many issues need to be considered in a given SIMS analysis to ensure
that meaningful results are obtained. However, extensive experience exists within the
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SIMS literature, so very often an answer exists to most of the problems encoun-
tered. Creativity and careful experimental design are often the key to a successful
analysis.

4. APPLICATIONS IN NANOTECHNOLOGY

As stated previously, the use of SIMS for the determination of nanophase information
is well established in classical SIMS application areas such as semiconductor technol-
ogy, catalysis, cosmochemistry, biology and materials science. These studies serve as
excellent examples of what may be possible for the study of modern nanotechnol-
ogy. In each of the examples that follow, it is clear that the direct determination of
compositional information on a scale below 1000 nm (and often below 100 nm) is
readily attainable using high resolution imaging SIMS. This capability sets the stage for
exciting possibilities in many areas of nanotechnology such as MEMS, nanosensors,
nanomedicine, and more.

4.1. Example—Precipitate Distributions in Metallurgy

The performance of metallurgical systems is often dependent on the microstructure
and microchemistry present in the material at hand. The relevant length scales of
these properties can range from a few angstroms to many millimeters. Very often, light
elements such as boron, nitrogen, oxygen, and carbon are added as critical alloying
elements to enhance strength, toughness, or corrosion resistance of steels. For example,
the unwanted segregation of certain species into precipitates or grain boundaries can
degrade the performance of an alloy. Imaging SIMS is uniquely qualified as a tool to
map these compositional distributions, for any element, including hydrogen. In instru-
ments such as the N50, these distributions can now be determined with resolutions
that permit meaningful comparisons with data obtained from transmission electron
microscopy thus permitting improved correlation of composition with microstruc-
ture. In some high resolution imaging SIMS instruments, it is also possible to generate
ion-induced secondary electron images simultaneously with secondary ion images.
The sputter process also provides grain or relief contrast that can be used to advantage
for the metallurgist, even in alloys that are difficult to relief etch using traditional wet
chemical metallurgical etches. In these cases, the secondary electron image can often
provide perfect positional correlation of microstructure with composition.

An example of SIMS compositional imaging with simultaneous secondary electron
imaging is given in figure 3(a—c). The sample is a welded steel alloy forging that was
examined using a Cameca N50 using a 16keV Cs™ primary beam, with negative
secondary ion detection. The sample was sectioned, mounted in a tin-bismuth, low
melting point eutectic alloy, and mechanically polished to provide a cross-sectional
view of the material [52].

The formation of numerous fine precipitates is seen. In this particular data set,
given the pixel density (125 nm/pixel) and probe size used (100 nm), precipitates as
small as 250 nm are readily revealed. Here, conservative sampling is employed, where
2 pixels/feature (in any one direction) are assumed to be the minimum sampling level
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Figure 3. (a) Ion-induced secondary electron image of steel forging in welded zone, showing useful
microstructural features. (Cameca N50, 16 keV Cs™ primary ions). (b) SIMS ion image of sulfur (32S7).
Extensive precipitate formation detected, with 250 nm phases readily revealed. Composition is directly
correlated with microstructure at left. (c) SIMS ion image of nitrogen (26CN™). Evidence suggests that
nitrogen is distributed both in solid solution and as precipitates. (d) SIMS ion image of oxygen (1607).
Oxygen also seems to be distributed both in solid solution and as precipitates. Grain orientation effects are
evident.
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Figure 4. (a) SIMS ion image of copper grains. 160~ image showing trace (bulk, ppm) distribution of
copper in mechanically deformed grains. (Cameca N50, 16 keV Cs™ primary ions). (b) Zoomed view
from 1607 ion image at left. Precipitate spacings well below 50 nm are clearly resolved, with precipitates
on the order of 40 nm detected.

required to define a given feature [53]. As in any analysis, the analyst must strike a
compromise between analyzed area, pixel density, dwell time, spatial resolution, and
analysis time.

An example of higher resolution data is shown in figure 4(a—=b). In this example, an
‘oxygen free’ copper alloy was being examined for trace oxide distributions. The sample
at hand was mechanically deformed copper powder. Physical deformation occurred
due to high-speed (supersonic) impact of the copper grains onto a substrate. The
extreme sensitivity of dynamic SIMS in the N50 proved critical here, as both electron
microprobe and TEM were unable to perform a successful analysis. Individual grains
are revealed, with original grain boundaries and extent of plastic deformation apparent.
Features below 50 nm are clearly resolved [54].

4.2. Example—Heterogeneous Catalyst Studies

Heterogeneous catalysis is a commercially important application area for the petro-
chemical industry where imaging SIMS has been applied. For example, extensive use
of imaging SIMS has been made in the area of fluid catalytic cracking (“FCC”) [55].
Modern FCC catalysts contain a complex mixture of submicron phases such as zeolites,
clay, bulk alumina and a silica or alumina binder. From the perspective of nanotech-
nology, FCC catalysts can be considered as highly engineered nanoscale ceramics.
From the perspective of SIMS, these systems are challenging due to their inherent
compositional complexity and electrical insulating properties.
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Figure 5. (2) Lower magnification aluminum SIMS ion image (27AIT) of FCC catalyst particles as viewed
in cross section. Submicron resolution is preserved. (Cameca N50, 16 keV O~ primary ions).

(b) Corresponding rare earth map (139La™) showing position of zeolite phases throughout each FCC
particle. Zeolites are intentionally doped with rare earth species to enhance hydrothermal stability.

As a first order approximation, the most important phase in FCC catalysis is the
zeolite, which can be rendered inactive in use due to the accumulation of trace poisons
such as nickel or vanadium, even at levels as low as a few ppm. The ability of imaging
SIMS to identify and quantify the levels of poisons and other species on zeolites
is obviously critical. Extending this capability to the complex mixture of nanoscale
phases is truly a powerful tool in studying these systems.

Imaging SIMS data obtained on a typical FCC catalyst is shown in figure 5(a—b) [56].
Silicon and aluminum are contained in all phases, although at different concentrations.
Silicon to aluminum difference images (or ratio images) can thus be used to effectively
discriminate between the major phases. In order of decreasing silicon to aluminum
ratio, we have the following typical progression: silica binder > zeolite > clay > bulk
alumina or alumina binder. Note that the binder is usually either a pure silica or
alumina. In addition to silicon to aluminum ratio, other trace species can often aid the
analyst in major phase identification. For example, zeolites often intentionally contain
rare earth species as stabilizers (i.e. lanthanum, cerium, etc). Similarly, clays are often
uniquely identified by species such as titanium, iron, or calcium.

In figure 5 above, the catalyst particles have been embedded into epoxy and polished
to reveal random cross sections. The particles are generally spherical, with diameters
ranging between 40—100 um. Aluminum (viewed here as 27AI") identifies the overall
particle location. The lanthanum image (139La%) gives a clear view of the zeolite
distribution throughout the particles.
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Using the oxygen primary beam, the N50 resolution is limited to approximately
150 nm. For higher resolution imaging, the cesium source is preferred (50 nm resolu-
tion attainable routinely) but can have some difficulty with charge compensation on
difficult insulators. As can be seen in figure 6(a—f) below, high resolution data can be
obtained on these catalyst samples, despite their electrical insulating properties. Features
as small as 50 nm are clearly resolved. Simple image arithmetic provides a convenient
tool for phase discrimination based upon appropriate compositional criteria such as
silicon to aluminum ratio [57]. Color overlays as shown in figure 6(f) enable the rapid,
qualitative determination of phase relationships.

Once the phases of interest have been discriminated, the use of binary masks enables
the subsequent image analysis of compositional and morphological trends for these
phases. For example, percent loading of zeolite within a catalyst can be readily calcu-
lated, as can the degree of poison pickup directly on to the zeolite phase versus other
phases. The reader is referred to the work of Leta, ef al. for details on the quantitative
approach employed in this system [58].

4.3. Example—Nanoscale Biological Structures

One exciting area of research utilizing high resolution imaging SIMS involves the
use of stable isotopic tracers to track biological activity within organisms [59]. Many
biological structures possess both mechanical and chemical properties that serve as
excellent analogues to the world of nanotechnology and are nano-scale in size [60].

One recent study of melanin granules within mammalian hair shafts demonstrates
the utility of high resolution elemental SIMS imaging in these systems [61]. Com-
positional information from sub-100 nm structures within the hair shaft was readily
obtained. Terrestrial isotope ratios for sulfur species were measured in the cuticle and
cortex, demonstrating the additional possibility for isotopic tagging studies with a
spatial resolution below 100 nm.

In a separate study, the distribution of iodo-benzamide melanoma markers within
the cell ultrastructure has been studied successfully via high resolution imaging SIMS
[62]. Here, the iodo-benzamide marker is used as a diagnostic tool for the detection of
cancerous cells. The iodine ion (12717) was detected only in the melanosomes, and not
in other structures within the cells (figure 7). This confirms the suspected preferential
uptake of this molecule as a marker for cancerous cells. This also demonstrates the
potential utility of imaging SIMS in the development of therapeutic agents to attack
specific cancerous structures.

5. SUMMARY AND FUTURE PERSPECTIVES

Recent improvements in instrumental performance have brought imaging SIMS well
into the nano-regime. The ability to map trace compositional information for struc-
tures below 100 nm is now routinely possible. In order to take full advantage of these
new technologies, it is important for the analyst to learn from the extensive traditional
SIMS knowledge base that already exists. This is especially important as one attempts
to determine optimal analytical protocols or quantify observations.
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Figure 6. (a) High resolution silicon SIMS ion image (28Si~) of FCC catalyst interior with 50 nm phases
revealed. (Cameca N50, 16 keV Cs™ primary ions). (b) High resolution aluminum SIMS ion image
(27A11607) of FCC catalyst interior. (c) Image processing methods can be used effectively to discriminate
phases. Here, a silicon minus aluminum image (from 6a & 6b) reveals a complex phase map. (d) Simple
binary map begins to define zeolite phases uniquely. Threshold function based upon silicon-aluminum
intensities from image at left. Subsequent analysis can now reveal vanadium pickup on zeolite versus other
phases. (e) Higher magnification image of 28Si~ demonstrates 50 nm phase identification. (f) Color
overlay of 28Si™ (red) and 27AI160~ (green) reveals fine scale phase relationships. (See color plate 4.)
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Figure 6. (continued)

Both dynamic SIMS and TOF SIMS instruments are highly developed from the
point of view of mass spectrometry. Still, improvements continue to emerge. For
example, the use of array detectors at the exit plane of a magnetic sector has the
potential for enabling full-spectrum imaging within a limited mass range [64, 65].
Ion source development is proving to be critical in both TOF and magnetic sec-
tor SIMS, pushing the limits of resolution and sensitivity, as new source designs are
explored [66].

The future of high resolution imaging SIMS is equally exciting as one looks towards
the wide array of applications in many fields of science. The field of nanotechnology is
starting to realize the utility of SIMS, as more instruments with high spatial resolution
become available. It is widely recognized that ion-beam based instruments such as FIB
tools are critical in the development of nanodevices. In a similar way, high resolution
imaging SIMS is poised for applications in nanotechnology where one needs to probe
the composition of fine structures, at trace levels, with isotopic specificity, and a spatial
resolution on the order of 50-1000 nm.
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8. ATOM PROBE TOMOGRAPHY

M. K. MILLER

1. ATOM PROBE TOMOGRAPHY AND NANOTECHNOLOGY

A general view of nanotechnology encompasses the design and fabrication of materi-
als whose properties are controlled or influenced by features on the nanometer scale.
Although nanotechnology often refers to semiconductors and other novel devices,
the properties of many conventional materials and alloys are also controlled by fea-
tures on the nanometer scale. In order to develop the full potential of these types of
materials and understand their properties, their nanostructures must be characterized.
A variety of state-of-the-art techniques are used to characterize different compo-
nents of the nanostructure. Atom probe tomography (APT) and atom probe field ion
microscopy (APFIM) have played important roles in the characterization of materials
on the nanometer scale for more than five decades [1, 2]. Historically, the atom probe
has been mainly applied to metals, alloys, and other high-conductivity specimens, but
advances in both specimen preparation techniques and atom probe design have made
the technique increasingly applicable to lower-conductivity specimens, with particular
implications for semiconductor-based structures.

In this chapter, a description of the technique of atom probe tomography is pre-
sented. The main application of atom probe tomography is the characterization of
the size, concentration and morphology of nanometer-scale solute fluctuations, such
as precipitates, clusters and the levels of solute segregation to interfaces. The tech-
nique is generally referred to as atom probe tomography, since three-dimensional
images of the internal structures of the specimen are generated from many slices, each
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containing a few atoms. An overview of the various types of atom probes and the field
ion microscope is given. The types of analyses that may be commonly performed with
these instruments are also described. Some examples of the capabilities of the atom
probe tomography technique are also presented.

2. INSTRUMENTATION OF ATOM PROBE TOMOGRAPHY

Atom probe tomography is a unique form of microstructural characterization that has
evolved from field ion microscopy and its precursor field electron emission microscopy.
The many different variants of atom probes that have been produced and have culmi-
nated in the state-of-the-art local electrode atom probe are described in this section.

2.1. Field Ion Microscope

The field ion microscope was introduced by Prof. E. W. Miiller in 1951 as a major
conceptual change from the field electron emission microscope [3]. In contrast to the
negative voltage used in the field emission microscope [4], the field ion microscope
used a positive voltage applied to the cryogenically cooled specimen in the presence of
an image gas. The field ion microscope required significantly sharper needle-shaped
specimens to enhance the field sufficiently for the electron tunneling process used to
field ionize the image gas atoms. This new instrument produced the first images of
individual atoms in a tungsten specimen.

The basic components of a field ion microscope are an ultrahigh vacuum system
in which a cryogenically-cooled needle-shaped specimen is positioned approximately
5 cm from a phosphor screen. A small quantity of image gas, typically ~1 x 107> mbar
of helium for the refractory elements and neon for most other materials, is introduced
into the vacuum system and then a high positive voltage is applied to the specimen.
Other image gases, such as hydrogen, argon and nitrogen, have also been used for a
few materials with low evaporation fields [2]. The image gas atoms close to the apex
of the specimen become polarized due to the high electric field. These gas atoms are
then attracted to the specimen where they become thermally accommodated to the
cryogenic temperature. If the field strength at the apex of the specimen is a few volts per
nanometer, these image gas atoms are ionized and the resulting positive ions are radially
repelled from the positively-charged specimen towards the phosphor screen. This field
ionization process occurs over the entire hemispherical apex region of the specimen
and produces the field ion image on the phosphor screen. An example of a field ion
image of an iridium specimen is shown in Fig. 1a. The concentric rings evident in this
specimen are due to the different sets of atomic terraces of the crystal lattice and the
hemispherical nature of the apex of the specimen. The arrangement of the centers of
the atomic terraces, i.e. the crystallographic poles, is close to a stereographic projection.
The bright and dark regions of contrast evident in the field ion micrograph of iridium
are known as zone decoration and their appearance is specific to the material. In
contrast, field ion images of amorphous materials exhibit a random distribution of
spots, as shown in Fig. 1b for a PdyNiygPsy bulk metallic glass. Crystallographic
features such as grain and twin boundaries are evident in the field ion micrograph
as abrupt disruptions in the pattern of the atomic terraces, as shown in Fig. 1c for a
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grain boundary in NiAl Dislocations that satisfy a visibility criterion and emerge near
crystallographic poles are evident as spirals in the atomic terraces, as shown in Fig. 1d.
Solute segregation to boundaries or dislocations can also be observed by the presence
of bright spots, as shown for boron segregation to a grain boundary in molybdenum
in Fig. le. However, the identity of the segregating species cannot be unequivocally
established directly from the field ion image and atom probe analysis is required.

The magnification of the image is a function of the specimen to phosphor screen
distance, d, and the end radius of the specimen, r, and is given by n = d /&r,, where
& is a projection parameter known as the image compression factor. Since the typical
end radius of the specimen is in the 10 to 50 nm range, magnifications are in the
millions. The radius of the specimen increases and consequently the magnification
decreases as atoms are destructively removed during the experiment. This process
requires the application of an increasing standing voltage to maintain the same field
strength for the field ionization process. The typical range of operation is voltages of up
to ~20 kV.

In modern field ion microscopes, a microchannel plate image intensifier is posi-
tioned immediately in front of the phosphor screen to increase the gain by a factor of
approximately 10° and also to use the more efficient output electrons to stimulate the
phosphor rather than the helium or neon image gas ions. This higher gain enables the
field ion images to be recorded on film or digital cameras.

Since the ionization rate is influenced by the ionization potentials, work function and
sublimation energy of the specimen, microstructural phases generally exhibit difterent
contrast in the field ion image. An example of nanometer scale precipitates in a nickel-
based superalloy Alloy 718 specimen is shown in Fig. 1f.

If the field on the specimen is raised further, the surface atoms of the specimen
may also be removed by field ionization. This process is termed field evaporation
to distinguish it from thermal evaporation as it is generally performed at cryogenic
temperatures. Field evaporation is used to smooth out any irregularities produced
during specimen preparation and to remove surface contamination. Field evaporation
is used to analyze the interior of the specimen by atomic scale serial sectioning thereby
revealing the morphology of features present in the microstructure. Field evaporation
is also used to remove atoms in the atom probe.

2.2. Types of Atom Probe

In 1967, Miiller, Panitz and McLane developed the atom probe in order to identify the
atoms that were imaged in the field ion microscope [5]. The original variant of the atom
probe used a small hole in the center of the microchannel plate and phosphor screen
assembly which served as the entrance aperture to a time-of-flight mass spectrometer,
as shown in Fig. 2. The atoms were removed from the specimen at a well-defined
time by the application of a short duration positive voltage pulse to the specimen. For
many years, mechanical mercury-wetted reed relay based systems were used to produce
these high voltage pulses at pulse repetition rates of between 50 and 200 Hz [1]. How-
ever, modern instruments now use solid-state devices that are capable of significantly
higher repetition rates. The positive polarity high voltage pulse can be capacitively
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Figure 1. Field ion micrographs of a) iridium, b) a Pd49NigoP2¢ bulk metallic glass, ¢) a grain boundary
in NiAl, d) a dislocation in B2-ordered NiAl, e) a boron-decorated grain boundary in the heat affected
zone of a molybdenum weldment and f) brightly-imaging y” and y’ precipitates in Alloy 718. The dark
circular region in the center of some of these images is dead region surrounding the entrance aperture of
the mass spectrometer in the classical atom probe.
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Figure 2. Schematic diagrams of the classical atom probe, the three-dimensional atom probe and the
local electrode atom probe. Some of the different types of detectors used on the three-dimensional atom
probe are illustrated.

coupled to the standing voltage on the specimen. Alternatively and equivalently, a
negative polarity pulse can be applied to a circular counter electrode a short distance
in front of the specimen. The magnitude of the pulse voltage and the specimen tem-
perature are selected to ensure that all the atoms present in the specimen are equally
likely to field evaporate on the application of the high voltage pulse. Typical conditions
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are a specimen temperature 50—60 K for a wide variety of materials and ~20 K for
aluminum alloys and a pulse voltage of 15 to 20% of the standing voltage. The cor-
rect parameters ensure that the more strongly bound elements are not retained on the
surface and the less strongly bound elements are not preferentially removed by the
standing voltage between the high voltage pulses thereby influencing the accuracy of
the compositional determination. Calibration experiments are used to establish the
correct conditions on new materials. A pulsed laser has also been used to momentarily
heat the apex of the specimen to induce field evaporation on the standing voltage [6].
This pulsed laser method has been primarily used for the analysis of semiconducting
specimens where the high voltage pulse would be attenuated before reaching the apex
region of the specimen.

The field evaporated ions are detected on a single atom sensitive detector at the
end of the mass spectrometer, as shown in Fig. 2. In the field evaporation process,
the potential energy of the atom on the surface, neE, just prior to field evaporation is
converted into kinetic energy, 1/2m1? when the atom leaves the surface. Therefore,
the mass-to-charge ratio, m/n, of each atom removed can be determined from

m C 2
; = ﬁ(r/dc + I/pulse)t s (l)

where d and f are the flight distance and flight time from the specimen to the detector,
Vae and Ve are the standing and pulse voltages on the specimen, and c is a constant
used to convert the mass into atomic mass units. Although contrary to Miiller’s original
concept of the operation of the atom probe, this process is generally conducted in
the absence of the image gas to reduce the background noise. In the original atom
probe, the flight time was manually measured from an oscilloscope trace. This method
has been superseded with computer controlled high-speed digital timing systems. A
typical sample in this type of atom probe is cylindrical volume with a diameter of up
to ~2 nm that is defined by the entrance aperture and that contains approximately
10,000 to 50,000 atoms. Nowadays, this type of atom probe is referred to as a classical,
conventional or one-dimensional atom probe.

The classical atom probe is very inefficient in the number of atoms collected from
the specimen due to the small effective size of the aperture. Therefore, several variants
have been developed to improve the collection efticiency. The 10 cm atom probe or
imaging atom probe (IAP), designed by Panitz, had a significantly larger field of view
[7, 8]. This variant used a pair of spherically curved channel plates and phosphor screen
so that the flight distance from the specimen to all points on the detector were identical.
The detector could be momentarily energized to record only the ions of a given mass-
to-charge ratio. Therefore, a two-dimensional map of the solute distribution could
be obtained. However, these data were difficult to quantify and alternative approaches
were developed.

These newer variants all feature an analysis chamber housing the field ion microscope
and mass spectrometer, a specimen storage or preparation chamber and a fast entry air
lock to load interchangeable specimens. The base pressure in the analysis chamber is
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achieved with either a turbomolecular, diffusion or ion pump supported with a tita-
nium sublimation pump (TSP) or non-evaporable getter (NEG) pump and is typically
less than 1 x 107" mbar. These designs differ primarily in the type of position-sensitive
single atom detector that is used, as shown in Fig. 2. All the detectors are based on a stack
of two (in a chevron configuration) or three (in a Z configuration) microchannel plates
providing a gain of more than 10° times. However, different types of position-sensing
elements are used. In these instruments, the active area of the detector together with
the flight distance defines the area of analysis on the specimen’s surface. Typical flight
distances are smaller than the 1 to 2.5 m used in the one-dimensional atom probe and
are typically between 0.45 and 0.62 m. These variants include the optical atom probe
(OAP) that uses a phosphor screen and a CCD camera [9-11], the position-sensitive
atom probe (PoSAP) that uses a three anode wedge-and-strip detector [12, 13], the
tomographic atom probe (TAP) that uses a 10 x 10 square array of anodes [14],
the optical position-sensitive atom probe that features a primary detector with a phos-
phor screen and a pair of secondary image-intensified detectors consisting of an 8 x 10
array of anodes and a phosphor screen and a CCD camera [15], and the optical tomo-
graphic atom probe (OTAP) that uses a combination of a linearly segmented anode
and a phosphor screen and a CCD camera [16]. These types of instruments are collec-
tively referred to as three-dimensional atom probes (3DAP). A typical sampled volume
in a three-dimensional atom probe has an area of ~10 x ~10 nm to ~20 x 20 nm
and contains approximately 10° to 10° atoms. The typical time required to collect
this number of atoms is of the order of 20 h. In both the classical atom probe and
the three-dimensional atom probe, field ion microscopy is almost always performed at
the start of the experiment. A region of the specimen is then selected for analysis by
rotating the specimen about its apex until the field ion image of the selected region
covers either the probe aperture or the single atom detector. The image gas is then
removed from the system and the specimen is field evaporated until a sufficient number
of atoms are collected or the specimen fails.

A new variant of three-dimensional atom probe known as a scanning atom probe
(SAP) or a local electrode atom probe (LEAP®) has been introduced recently [17-20].
This instrument uses a small aperture or local electrode positioned extremely close to
the apex of the specimen, as shown in Fig. 2c. A photograph of the local electrode atom
probe is shown in Fig. 3. Nishikawa’s original concept of the scanning atom probe
was that the local electrode could be scanned across the surface of a rough specimen
and a natural protrusion could be selected for analysis thereby extending the type of
specimen that could be studied. However, the analysis of natural protrusions is limited
to simple compositional analysis since the non-uniform end forms of these types of
protrusions do not permit reliable reconstructions of the positions of the atoms. In
addition, surface contamination and surface diffusion can have a serious influence on
the reliability of the analysis. It is also possible to analyze traditional needle-shaped
field ion specimens with this variant. In addition, in-situ analyses may be performed
on many individual microtips in two-dimensional arrays of microtips that are fabricated
from the surface of flat specimens by focused ion beam based techniques. An integral
part of this instrument is a nano-positioning piezoelectric stage to accurately align
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Figure 3. Photograph of the local electrode atom probe. Courtesy Imago Scientific Corporation.

the aperture in the local electrode with either the apex of a traditional needle-shaped
specimen or a protrusion. The alignment of the specimen with the local electrode is
performed while viewing the process with a pair of orthogonal high resolution video
cameras attached to long working distance microscopes.

The primary advantage of this local electrode configuration is that the voltage that
has to be applied to the specimen is significantly reduced from traditional atom probe
configurations. For example, only ~50% of the voltage is required for a 30 um aperture
positioned ~10 pm in front of the apex of the specimen compared to the 5-10 mm
diameter apertures placed 4-10 mm in front of the specimen in the conventional
three-dimensional atom probe. This lower voltage not only extends the range of the
instrument to blunter specimens but, more importantly, allows the instrument to be
operated at significantly faster repetition rates that are possible due to the correspond-
ingly lower pulse voltage. The repetition rate currently available commercially for
generating these high voltage pulses is 200 kHz and the limit is likely to be in excess
of 1 MHz. In order to take advantage of these high repetition rates, a different type
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of position-sensitive detector is used. Therefore, the local electrode atom probe uses
a chevron microchannel plate with a crossed delay line coupled to an ultrafast digital
timing system. Unlike other types of atom probe, the close proximity of the local
electrode with the specimen dictates that the design uses a vibration isolated cryo-
generator to minimize any change in the field due to small changes in the alignment
of specimen to the local electrode. This local electrode configuration also enables the
single atom detector to be positioned significantly closer to the specimen without
the normally associated degradation in mass resolution. As this configuration has a
wide field of view, the design and operation of the local electrode atom probe can
also be simplified by eliminating the goniometer that is normally used to rotate the
specimen to select the region of analysis. A typical sample volume in the local elec-
trode atom probe contains 10° to 3 x 107 atoms and datasets containing over 10® atoms
have been collected. Due to the faster high voltage pulser, detector and electronics,
the analysis time has been reduced by several orders of magnitude (~300X) compared
to the traditional three-dimensional atom probe. Typical collection rates in the local
electrode atom probe are 5 to 10 x 10° ions per hour. This high collection rate enables
many specimens to be characterized in a day.

Since a time-of-flight mass spectrometer is used in all of these instruments, the atom
probe is able to detect and has equal sensitivity for all elements. Unlike some other
techniques, no pre-selection of elemental species is required to perform an analysis. The
mass resolution of the atom probe is limited by small deficits in the energy of the ions.
These energy deficits arise due to the full magnitude of the pulse not being transferred
to the ion as it leaves the specimen. The initial method to improve the mass resolution
in the one-dimensional atom probe was the addition of a Poschenreider lens to the
mass spectrometer [2, 21]. This lens is a section of a toroid with matched length field
free regions. lons with different energies take slightly different length paths in the lens
and are isochronally focused on the single atom detector. One additional advantage
of the Poschenreider lens is that it can filter out any residual image gas and other
impurity ions that are field evaporated on the standing voltage before they strike the
detector thereby improving the background noise level in the analyses. Unfortunately,
the Poschenreider lens configuration cannot be used in the three-dimensional atom
probes due to their large acceptance angles. Therefore, reflectron lenses or energy
mirrors have been used in three-dimensional atom probes [2, 22]. In this type of lens,
the ions enter a region of increasing field and are reflected back to the detector. Ions
with lower energy do not travel as far into the lens as ions with the full energy and
are isochronally focused on the detector. However, the reflectron also reduces the
detection efficiency by ~10% due to a field defining mesh at the entrance/exit of
the lens. These energy-compensation devices improve the mass resolution so that the
individual isotopes of the elements can be resolved. Due to the close proximity of the
counter electrode, energy compensation is not required in the local electrode atom
probe to resolve the individual isotopes. However, further improvement in the mass
resolution can be achieved with a method based on post acceleration [23]. This post
acceleration method can also increase the field of view.
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2.3. Specimen Preparation

As with many techniques, the quality of the specimen is one of the most important
parameters in the success of an experiment. The aim of specimen preparation is to
produce a needle-shaped specimen with an end radius that is less than approximately
50 nm. In addition, the taper angle of the shank of the needle should be no larger than
10° as this parameter defines the maximum number of atoms that may be collected
from the specimen. Most atom probe specimens are produced by either electropolishing
or ion milling techniques depending on the material, original shape and the type of
specimen [1, 2].

In most metallic specimens, the bulk sample is reduced into square or cylindrical
shaped bars that are ~0.25 mm across by ~10 mm long usually with the use of a
diamond wire saw or diamond impregnated cutting wheel. Other starting forms of
material such as wires or whiskers are also suitable. The bar is generally crimped into
an annealed copper tube to facilitate handling in subsequent stages. Electropolishing
is generally performed in two stages. In the first stage, the specimen is suspended in
a 5 to 6-mm-thick layer of electrolyte floated on top of a dense inert liquid such as a
polyfluorinated polyether. The electropolishing cell is configured with the specimen
as the anode and a wire or circular cathode made of gold or platinum. Since only the
middle portion of the specimen is in the electrolyte, a necked region is formed in the
central region of the bar. For some materials, the electropolishing process is continued
until the necked region is too narrow to support the weight of the bottom half of
the bar and two atom probe specimens are made. However for many materials, the
process is normally terminated before this point is reached so that a second stage with
more controlled electropolishing conditions may be used. Since the necked region
has been formed in the first stage, the specimen may be transferred to a simpler cell
without the inert liquid and electropolishing continued until separation occurs. A list
of suitable electrolytes for a wide variety of materials may be found elsewhere [2].
The resulting needles are then carefully cleaned in a suitable solvent to remove any
traces of the electrolyte. Specimens are generally examined in an optical microscope
at magnifications of 100 to 200X to check the quality of the surface finish, taper angle
and the end radius before insertion into the atom probe.

Specimens that are either too blunt for further analysis or had fractured during
analysis may be resharpened. This micropolishing method may also be used on freshly
made or corroded specimens to remove any damaged regions or surface films. In this
method, the specimen (anode) is carefully positioned in a drop of electrolyte suspended
in a platinum loop (cathode). The electrolyte is held in place in the ~3-mm-diameter
loop by surface tension. A voltage is then applied to the cell to electropolish the region
of the specimen in the electrolyte. The position of the specimen in the electrolyte may
be adjusted with the use of a micromanipulator and is generally monitored under a
low power (~30X) microscope. A desired taper angle may be sculpted by adjusting
position and the time spent polishing in the electrolyte.

Thin film specimens such as surface, bi- or multi-layer films are generally fabricated
into the needle-shaped specimens with the use of a focused ion beam (FIB) miller.
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The aim of the fabrication process is to position the area of interest in the apex of the
needle. One common method is to use a silicon substrate that has been Bosch etched
into an array of ~5 X ~5 um square or rod posts [1, 24]. The resistivity of the silicon
should be less than 0.05 €2-cm to ensure that the pulse voltage is not attenuated in the
specimen and thereby rendered ineffective. Alternatively, posts may be cut with the use
of a dicing saw [25]. The multilayer film is then deposited on the surfaces of these posts.
A 2- to 3-pm-thick platinum cap is deposited on top of the region of interest, i.e. the
center of the post, to protect the underlying region from gallium implantation during
milling. In specimens without this cap, concentrations of up to 30% gallium has been
measured. The post is then ion milled with an annular 30 keV gallium ion beam where
the outer diameter is slightly larger than the extent of the post and the inner diameter
is ~2 pum. The inner diameter is progressively reduced to ~0.06 pm during milling
to produce the desired taper angle and end radius. Milling is terminated when the end
radius of the specimen is less than ~50 nm and the last remnant of the platinum cap is
removed. Examination or monitoring of the specimen should be performed with the
electron beam rather than the gallium ion beam to minimize gallium implantation,
and therefore instruments featuring ion and electron columns within a single system
are preferred.

In the case of the local electrode atom probe, this milling method may also be used
to fabricate specimens from a specific location on the surface of a specimen by placing
a platinum cap or marker at the desired location and then milling a wide moat around
that cap before preparing the microtip as described above. This milling method may
also be used to fabricate specimens of fine powders. For this starting form of material,
an individual powder particle is attached to the end of a relatively blunt needle with
either a conducting epoxy or a platinum bridge deposited in the FIB.

3. BASIC INFORMATION

The raw data from the instrument, i.e., the pixel coordinates in the case of the CCD
camera based detectors, the charges from the anodes, or the times measured at the ends
of the crossed delay lines, are first converted into true x and y distances on the detector.
These distances are then scaled by the magnification to obtain the atom coordinates in
the specimen. The accuracy of these positions is limited by small trajectory aberrations
due to interactions with the neighboring atoms as the atom leaves the surface of
the specimen. Consequently, the spatial resolution in this x-y plane is approximately
0.2 nm. The third or z coordinate is estimated from the position in the evaporation
sequence taking into account the detection efficiency of the mass spectrometer,
typically ~60%, and the atomic density of the material under analysis. The spatial
resolution in this direction is typically 0.05 nm. Additional corrections are required
to take into account the hemispherical nature of the specimen and the orientation
of the volume of analysis relative to the main axis of the needle-shaped specimen.
These resolutions only permit the reconstruction of atomic planes if their orientation
is close to a suitable direction and their lattice spacing is sufticiently large, and are not
sufficient to place the atoms on their atomic sites in the crystal structure.
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The elemental identity of each ion is interpreted from the mass-to-charge ratio.
Fortunately, the time-of-flight mass spectrometer has sufficient mass resolution to dis-
tinguish the individual isotopes of all the elements, generally produces only one or two
different charge states for each element, and produces a limited number of complex
molecular ions. Databases of these charge states and molecular ions have been compiled
for almost all elements [1]. Therefore, most peaks in the mass spectra can be readily
assigned to the correct element. In cases involving more than one possibility, tables of
natural isotope abundances may be used to distinguish the elements and deconvolute
overlapping peaks for concentration estimates.

The concentration, ¢, of a solute in a small volume is determined in atomic fraction
from the number of atoms of each type, n;, in the volume, i.e., ¢ = n;/n, where n
is the total number of atoms in the sample. The accuracy of the concentration and
the minimum detection level are therefore functions of the number of atoms in the
volume sampled. The standard error of the concentration measurement, o, is given

from counting statistics by o = /c (1 —¢)/n.

4. DATA INTERPRETATION AND VISUALIZATION

The initial data produced in the three-dimensional atom probe by the reconstruction
process described in the previous section are the x, y, and z coordinates and the mass-
to-charge ratio of each ion. These data may be investigated in a variety of methods
that involve either the examination of pairs of atoms, shells of atoms surrounding
an atom of interest, one-dimensional strings of atoms, and one-, two- and three-
dimensional arrays of blocks of atoms. The methods may be considered as being
naturally divided into two main categories: the visualization of solute inhomogenities,
such as precipitates and solute segregation, and the quantification of the magnitude of
the solute inhomogenities. These methods are generally applied after the experiment
is completed although some simplified versions of these methods can be performed as
the data is being acquired.

Due to the three-dimensional nature of the data, most visualizations are per-
formed interactively so that the data can be viewed rapidly from different perspec-
tives. When the first generations of three-dimensional atom probes were developed,
expensive graphically-oriented workstations were required to visualize the data. Nowa-
days, modern personal computers generally have sufficient processing and render-
ing power to perform these visualizations in real time on datasets containing many
million ions.

4.1. Visualization Methods

The basic and most intuitive method used to visualize the solute distribution is the
atom map. In this representation, a sphere or dot is used to indicate the position of
each type of solute atom, as shown in Fig. 4a for a distribution of ~3-nm-diameter
copper precipitates in a model pressure vessel steel. Different colors and sizes of spheres
may be used to visualize multiple types of solutes simultaneously. The atom map is
normally used to view the distribution of the solute atoms rather than the solvent
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b) Cu atoms within 0.6 nm

Figure 4. Atom maps of the copper atoms in a model iron-0.8% copper alloy that was annealed for
7,200 h at 290 °C to produce ultrafine copper precipitates. All the copper atoms are shown in a), whereas

only the copper atoms within 0.6 nm of another copper atom are shown in b). 60 ~3-nm-diameter
copper precipitates are detected in this volume. These ultrafine copper precipitates have been shown to

be one of the main features responsible for the embrittlement of the pressure vessel of nuclear reactors

during service.
atoms. This method is most effective in cases where there is a large difference in solute
concentration between the feature of interest and the surrounding matrix and the solute
level in the matrix is relatively low. Therefore, atom maps are frequently used to detect
small precipitates and segregation to interfaces, grain boundaries, dislocations, etc. The
significantly larger area of analysis and orders-of-magnitude larger number of atoms
in the sample in data from the local electrode atom probe imposes additional visibility
criterion and consideration of the longer rendering times. For higher concentration
solutes, displaying only a fraction of the solute atoms or subsampling the volume can
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Figure 5. Isoconcentration surfaces in a Pd4oNigoP2o bulk metallic glass. a) A fine-scale isotropic
interconnected network structure of two amorphous phases is evident after annealing for 80 min at 340 °C.

improve the visibility of features. Alternately, the background or matrix atoms can be
eliminated from the display through the use of the maximum separation method, as
shown in Fig. 4b. This method is based on the principle that the solute concentration
in a precipitate is significantly higher than in the surrounding matrix and therefore the
solute atoms are closer together. Therefore, a maximum separation distance between
solute atoms can be defined that will encompass all the solute atoms in the particle and
eliminate those in the surrounding matrix.

The morphology and size of features present may be visualized with the isocon-
centration surface. This method is the three-dimensional equivalent of a contour map.
In this representation, the compositions of a finely spaced (~0.5 to 1 nm), regular
three-dimensional array of volume elements are estimated. The composition array
may be smoothed with a moving average to minimize the influence of the statistical
fluctuations due to the relatively small sample size in each composition determination.
Then, a surface is constructed at a selected solute concentration generally with the
use of an applied marching cube algorithm [26]. The concentration level used for the
isoconcentration surface influences the volume fraction of the phases and may change
the degree of interconnectivity in complex structures. An example of a highly inter-
connected, percolated, network structure of amorphous phases in a Pd4oNigyP5y bulk
metallic glass that was isothermally aged at 340 °C are shown in Fig. 5.

Fine-scale concentration variations may be visualized with orthogonal or arbitrary
slices through the sample. As in the previous method, a three-dimensional composition
array is constructed from the data. Then, the concentrations of a two-dimensional
plane through these composition data are exhibited as different levels on a grey
or color scale, as shown in Fig. 6. This plane may be swept interactively through
the entire volume to highlight different composition regions and to examine their
morphologies.

The presence of small precipitates can also be visualized with the x-ray tracer rep-
resentation. As before, a composition array is constructed from the data. Then, one
of the primary axes—usually the x or y axis—is chosen. The maximum or mini-
mum concentrations of the columns of cells perpendicular to this selected direction
are exhibited on a two-dimensional intensity map, as shown in Fig. 7 for the copper
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Figure 6. Arbitrary slice through a Pd4oNiyoP20 bulk metallic glass showing regions of high and low
phosphorus corresponding to the crystalline phase and the matrix, respectively.

Figure 7. An x-ray tracer representation of the maximum copper concentration in a model iron-0.8%
copper alloy that was annealed for 7,200 h at 290 °C. The ~3-nm-diameter copper precipitates are
evident by the high contrast regions.
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precipitates in the model pressure vessel steel. This method is most effective in cases in
which the volume fraction of the features of interest is insufficient to produce image
overlap of those features along the chosen direction.

4.2. Quantification Methods

Atom probe tomography data may be analyzed to quantify the size, composition and
some topological parameters of the microstructure [1, 2]. In this section, some of the
more common methods are outlined.

Several methods have been developed to determine the size of nanometer-scale
features. In the previous section, the maximum separation method was applied to
visualize the atoms that belong to individual features. This method yields the position
of all the solute atoms in the features. Since the atom positions are known, the center of
mass and the radius of gyration and the related Guinier radius can be calculated directly
from standard formulae. In particles where there are multiple elements present, these
parameters may be estimated for each element individually. An alternative statistical
method to evaluate the size of feature is the autocorrelation function either in one
or three-dimensional forms [1, 2]. The size of small particles is estimated from the
position of the first minimum in the lags.

For spherical particles, radial concentration profiles may be constructed from the
centers of mass of each particle into the matrix. These radius concentration profiles
are constructed by calculating the compositions of thin spherical slices of increasing
radius centered at the center of mass. This information may be used to estimate the
extent of any interfacial segregation or solute inhomogeneities within the particles.

The number density of the features may be estimated from the number of features in
the analyzed volume. The volume of the analyzed region is generally estimated from
the number of atoms, detection efficiency of the mass spectrometer and the atomic
density of the sample.

The original method to determine the composition of features in the data was
the selected volume method. In this method, a small spherical or cuboidal volume
is defined to match the size of the feature of interest and the numbers of atoms of
each solute within the volume are determined. The composition of the feature is then
estimated, as described above from the number of atoms of each solute. In practice, this
method is extremely time consuming to perform for a high number density of small
particles and is usually only applied to coarse particles. Alternative automatic methods
are generally used for other cases.

One of the fastest methods to estimate the individual compositions of a high number
density of small particles is the envelope method [1]. This method uses the atom
positions defined by the maximum separation method to define the extent of each
particle by marking the cells in a fine three-dimensional grid. The typical grid spacing
is 0.1 to 0.2 nm. The composition of the particle is then determined from all the atoms
in these marked cells.

In materials where there is a high volume fraction of more than one phase, as
in the example of the bulk metallic glass shown in Fig. 5, the compositions of the
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coexisting phases can be estimated from the statistical analysis of concentration fre-
quency distributions. The frequency distribution is constructed from the concentra-
tions of equiaxed blocks of atoms typically containing 25 to 250 atoms. The frequency
distribution is the number of blocks with each solute concentration. Phase separation
is detected if the measured frequency distribution deviates statistically from a binomial
distribution with the average solute content. The extent of the phase separation and
the compositions of the coexisting phases can be estimated from the sinusoidal based
Pa method or the Gaussian based Langer-Bar-on-Miller (LBM) method [27-30].

The co- and anti-segregation behavior of the solutes in a volume containing different
phases may be examined with the use of contingency tables. The contingency table
for the two solutes of interest is created from the compositions and may be regarded
as a two-dimensional frequency distribution [31, 32]. The correlation between the
elements is determined by comparing the numbers of composition blocks containing
high or low concentrations of the two elements with those expected from a random
distribution.

The early stages of phase separation, clustering and chemical short range ordering
may be investigated with methods based on the analysis of Markov chains. For this
type of analysis, the three-dimensional data is converted into a one-dimensional string
or chain of atoms. The chain is usually taken along the z direction as it has the highest
spatial resolution and is typically the longest dimension in the data. In this type of
analysis, B refers to the solute of interest and A is any other type of atom. Two main
methods of examining the chains have been devised. The Johnson and Klotz method
is based on the examination of pairs of atoms, naa, #ap and npp, and comparing the
results to the numbers expected for a random solid solution [33]. If nap is higher
than expected in a random solid solution, then the data exhibit short range order.
Conversely, if npp is higher than expected in a random solid solution, then the data
exhibit solute clustering. The Tsong method compares the number of sequences of
AB"A atoms, where n is the number of consecutive B atoms [34]. If the number of
ABA (n = 1) chains experimentally observed is larger than expected, the data exhibit
solute clustering. If the number of ABBA, ABBBA, (i.e., n > 2) chains experimentally
observed is larger than expected, then the data exhibit solute clustering.

The amount of segregation at interfaces and grain boundaries may be quantified
directly from an analysis that contains an interface with the use of a method based on
the Gibbsian interfacial excess [35]. The Gibbsian interfacial excess of element i, i, is
definedas I'; = %*, where n; 1s the excess number of solute atoms associated with the
interface and A is the interfacial area over which the interfacial excess is determined
[35-37].

The three-dimensional data obtained in atom probe tomography can also be analyzed
for topological parameters. Topological analysis has been used to determine the degree
of interconnectivity of the microstructure. In order to quantify the interconnectivity,
the number of loops per unit volume or “handles” is determined. The handle density
may be regarded as a similar parameter to the number density of isolated precipitates.
One such measure is the Euler characteristic, E = n, — n. + ng, where, n, is the
number of nodes, n, is the number of edges and n¢ is the number of faces in a
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Isoconcentration

Figure 8. Niobium and titanium atom maps and isoconcentration surface from a sputter deposited
niobium (3.3 nm) -titanium (2.2 nm) multilayer film.

structure [38]. The data may also be examined to determine whether a continuous
path can be traced within the second phase from one surface of the volume to another
i.e., the microstructure is percolated. Other topological parameters such as the fractal
and fracton dimensions can also be determined [39].

5. SAMPLE ANALYSIS OF NANOMATERIALS: MULTILAYER FILMS

The characterization of the atomic chemical composition of nanostructured materials
is important in applications such as magnetic data storage and semiconductor thin film
devices. The performance-defining properties of these multilayer films and devices
are sensitive to the nature and quality of the inter-layer interfaces. Some atom probe
tomography results are presented from a multilayer film comprising of 40 layer pairs of
2.2 nm Ti/3.3 nm Nb that were sputter deposited under UHV conditions at ambient
temperature onto a n-doped Si [100] wafer (resistivity = 5 Q-cm) [40, 41]. The atom
probe specimens were prepared by the focused ion beam process described previously.
The niobium and titanium atom maps and the isoconcentration surface depicting the
interface between the niobium and titanium layers are shown in Fig. 8. The interface
between the niobium and titanium levels was relatively smooth. Niobium and titanium
concentration profiles oriented perpendicular to the plane of the interface, shown in
Fig. 9, indicate that significant solute interdiffusion of niobium had occurred in the
titanium layers. The niobium interdiffusion into the titanium layers has facilitated the
titanium phase to grow in a pseudomorphically body centered cubic form rather than
in its bulk equilibrium hexagonal closed packed form [40, 41].
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Figure 9. Niobium and titanium concentration profiles oriented perpendicular to the interfaces of the
multilayer film shown in Fig. 8. Some intermixing of the solutes is evident.
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6. SUMMARY AND FUTURE PERSPECTIVES

Atom probe tomography is a powerful tool for the characterization of the size, mor-
phology and composition of ultrafine features in a variety of materials. With the
development of new forms of specimen preparation especially with focused ion beam
milling systems, atom probe tomography should be extended to a wider variety of
applications in nanotechnology.

The local electrode atom probe is a major advance in atom probe design and has
greatly simplified the operation of the instrument. There is considerable scope for its
continued improvement through increases in the area of analysis, mass resolution and
overall data acquisition speed. New, more efficient and automated methods to analyze
the three-dimensional data should be also forthcoming as the user base for atom probe
tomography increases.
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9. FOCUSED ION BEAM SYSTEM—A MULTIFUNCTIONAL TOOL
FOR NANOTECHNOLOGY

NAN YAO

I. INTRODUCTION

‘With nanotechnology being at the forefront of modern day research and development,
new knowledge and successful application of increasingly small technologies is in high
demand. Having this in mind, it is clear that the advancement and production of new
high grade tools is a necessity if we are to see industrial progress. In particular materials
science, with its never ending push for smaller scale analysis, is constantly looking for
new tools that will help characterize materials and phenomena in addition to being
able to machine at micro and nano-scales.

One tool which is expected to continue having success in answering this plea is the
focused ion beam (FIB). The machine is relatively new, with great potential in nan-
otechnology and material science, and so naturally, there is much interest in exploring
its applications. It allows slim or even no disruption of a procedure in addition to having
tremendous micro and nano-machining capabilities. This interest has resulted in the
development of the two-beam FIB system, which has advanced hand in hand with the
complexity of new materials. Materials now being developed have more geometric
intricacies and smaller feature size than ever before. Such complexity is inherent in
most biomaterials and their synthetic analogues, as well as in nanotechnology. Beyond
the structural complexity, phenomena occurring on even smaller length scales often
adversely affect the performance and reliability of these materials. Foremost among
these is inter-diffusion among the layers, resulting in chemical and structural gradients
(figure 1). Understanding and improving on the performance and durability of these
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Figure 1. Schematic diagram of interlayer diffusion.

systems requires high-resolution structural, chemical and geometric analysis of cross
sections through the layers, a function which the two-beam FIB system excels at.

This chapter is intended as a review of the major literature on the two-beam system.
Since the FIB is an essential component of the two-beam, a survey of the FIB is
presented first, followed by a discussion of the new or improved features of the two-
beam system achieved by importing the scanning electron microscope (SEM). The
goal is to discuss the wide spectrum of possibilities resulting from FIB technology, so
as to serve as a reference guide for future work.

We begin by describing the fundamental differences between ions and electrons, and
then continue to explain how these properties affect the structure and functionality of
the FIB and SEM. After a brief explanation of the properties of interest and theory
behind the FIB, we discuss various techniques for which it is most useful. Milling, of
course, is a natural result of using relatively heavy ions in the beam. It allows precise
modification of sample surfaces, as well as creating well defined cross-sections. The
milling machine can easily be converted to a deposition system by using a gas deliv-
ery device to apply the desired chemical compound near the surface impact point of
the ion beam. In conjunction with its milling potential, the FIB’ deposition capa-
bilities allow the creation of almost any micro-structure (figure 2). In addition, ion
implantation, another technique available in the FIB system, is very useful in modi-
fying certain materials. Of course, we also study the imaging possibilities of the FIB,
where the large size of the ions can also provide advantages found in no other imag-
ing tool. Once we’ve covered these aspects of the FIB, we discuss how these and
other processes are improved by incorporating both the FIB and SEM into a single
machine, justly named the two-beam FIB system. We will observe that in combin-
ing the two, we obtain capabilities that exceed anything found in either the FIB or
SEM.

After discussing the advantages available from using the two-beam FIB system,
we focus on several major areas of FIB applicability, beginning with its vast milling
capabilities for surface modification of materials. Since the FIB machine is first and
foremost a micro scale milling machine, its applications for material alteration are
countless. We look into the ever advancing field of integrated circuits and discuss how
the FIB can be used for defect analysis as well as structure modification. We also consider
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Figure 2. Example of the FIB’s milling and deposition capabilities. (Courtesy of Fibics Incorporated)

the lithographic advantages of the FIB in addition to its brute physical capabilities of
cross sectioning and sharpening, and proceed to study the characterization of the
interaction between certain materials and focused ions.

In addition to milling, TEM sample preparation has been a widely studied and
familiar use for the FIB machine, and thus is worth noting. The FIB can perform
this function significantly faster than old methods, saving valuable time. For electron
transparent samples, the FIB machine is able to thin out a region of a bulk material
by digging trenches and subsequent shavings to make the samples as thin as possible.
We discuss the basic techniques of lift-out and micro-pillar sampling, issues such as
warping, and an environmental application of the FIB pertaining to TEM sample
preparation.

We also take a deep look into the many imaging applications of the FIB in the
two-beam system. Images can be obtained from a secondary electron detector using
either the SEM or the FIB by simply toggling between the two. Each has its advantages
depending on the specific needs. For example, using electrons to image, as in the SEM,
entails much less damage to the material, while providing a much better resolution.
On the other hand, ion beam imaging, found in the FIB, provides better sensitivity
to details such as crystal orientations and grain structure because of the depth of
penetration from channeling. The two-beam system is then an exceptionally practical
machine, as it combines the crisp non destructive images of the scanning electron
microscope with the milling capabilities of the focused ion beam. Additionally, we
explore a very useful method of obtaining three-dimensional data by shaving off thin
layers, and as a result, obtaining a series of two dimensional. With this data, available
only from the combining SEM and FIB applications, graphs and images can easily be
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interpolated with the two dimensional data. By then performing a secondary ion mass
spectrometry (SIMS) analysis to yield elemental composition, we can have a complete
set of data.

Finally, we comment on the sample damage that using the FIB can induce. Although
this can sometimes be a problem, we will discuss ways of using this as an advantage.
Even with this limiting quality, the FIB has tremendous breadth in its applicability, and
deserves all the attention it has received as an important new technology.

II. PRINCIPLES AND PRACTICE OF THE FOCUSED ION BEAM SYSTEM

A focused ion beam system is an effective combination of a scanning ion microscope
and a precision machining tool. The FIB was developed as a result of research by Krohn
in 1961 on liquid-metal ion sources (LMIS) for use in space [1]. Interested in developing
thrusters that used charged metal droplets, he first documented ion emission from a
liquid metal source [2]. The discovery of LMIS found novel applications in the areas
of semiconductors and materials science. Commercialization of the FIB was occurred
in the 1980%, mainly geared towards the growing semiconductor industry, but also
finding a niche in the materials sciences industry.

The modern focused ion beam system utilizes a LMIS at the top of its column
to produce ions, usually Gat. From here the ions are pulled out and focused into a
beam by an electric field and subsequently passed through apertures, then scanned over
the sample surface (figure 3). Upon impact, the ion-atom collision is either elastic or
inelastic in nature. Elastic collisions result in the excavation of surface atoms—a term
called sputtering—and are the primary cause of the actual modification of the material
surface (figure 4). Inelastic collisions occur when the ions transfer some of their energy
to either the surface atoms or electrons. This process produces secondary electrons
(electrons which become excited and are able to escape from their shell), along with
X rays (the energy released when an electron drops down into a lower shell). Secondary
ions are also produced through the collision, seemingly after secondary electrons have
been emitted.

Valuable information can be gathered from all emission, depending on the capabili-
ties of the machine. The signals from the ejected ions, once collected, can be amplified
and displayed to show the detailed structure of the sample surface. Beyond its imaging
capabilities, the FIB can be used as a deposition tool by injecting an organometallic
gas in the path of the ion beam, just above the sample surface. This technique proves
to be practical for certain material repair applications. In addition, by containing the
ion beam over a specific region of the sample for an extended length of time, the
continuous sputtering process will lead to noticeable removal of material, which is
useful for probing and milling applications.

The underlying factor in the physics behind the FIB is the fact that ions are sig-
nificantly more massive than electrons (table 1), a remarkably enhancing feature. The
collisions between the large primary ions and the substrate atoms cause surface alter-
ations at various levels depending on dosage, overlap, dwell time, and many other
variables, in a way that electrons cannot achieve [3].
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Figure 3. Schematic diagram of the FIB system.

The properties of the FIB system give it a unique ability to isolate a specific region
of the sample, so as to only make necessary modifications without undermining the
integrity of the entire sample. This has a wide range of applicability, from simple
techniques like making probe holes to more complicated techniques such as cutting a
precise three-dimensional cross-section of a sample. In addition, the FIB, having both
drilling and deposition capabilities, is ideal for failure analysis and repair.

2.1. Ion Beam Versus Electron Beam

Because of the analogous nature of ion beam and electron beam microscopy, a compar-
ison of the two can help provide a better understanding of the subject. The fundamental
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Table 1. Quantitative Comparison of FIB Ions and SEM Electrons.

Particle: FIB SEM Ratio
Type Gat ion Electron
Elementary charge +1 —1
Particle size 0.2 nm 0.00001 nm 20,000
Mass 1.2 x 1075 kg 9.1 x 1073 kg 130,000
Velocity at 30 kV 2.8 x 10> m/s 1.0 x 108 m/s 0.0028
Velocity at 2 kV 7.3 x 10* m/s 2.6 x 107 m/s 0.0028
Velocity at 1 kV 5.2 x 10* m/s 1.8 x 107 m/s 0.0028
Momentum at 30 kV 3.4 x 1072 kgm/s 9.1 x 10723 kgms 370
Momentum at 2 kV 8.8 x 107! kgm/s 2.4 x 1072 kgm/s 370
Momentum at 1 kV 6.2 x 107! kgm/s 1.6 x 1072 kgm/s 370
Beam:
Size nm range nm range
Energy up to 30 kV up to 30 kV ~
Current PA to nA range pA to HUA range ~
Penetration depth:
In polymer at 30 kV 60 nm 12000 nm 0.005
In polymer at 2kV 12 nm 100 nm 0.12
In iron at 30 kV 20 nm 1800 nm 0.11
In iron at 2 kV 4 nm 25 nm 0.16
Average signal per 100 particles at 20 kV:
Secondary electrons 100—200 50—75
Back-scattered electron 0 30-50 0
Substrate atom 500 0 infinite
Secondary ion 30 0 infinite
X-ray 0 0.7 0
@ Pnmary Atoms
Sputtered Atoms @ Impurity Atoms
@ Primary lons
&

Electrons

Figure 4. Schematic diagram of the ion beam sputtering process.
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difference between these two techniques lies in the use of different charged particles
for the primary incident beam; as their names suggest, the former utilizes ions while
the latter relies on electrons. Ions and electrons have three major differences. To begin
with, electrons are negatively charged while ions can be positively charged. This alone
does not have any significant consequence, but the other two differences—size and
mass—can appreciably alter the interactions between the beam and the sample. These
differences are shown quantitatively in table 1.

When a beam of energetic particles, be it ions or electrons, strikes a solid surface,
several processes get underway in the area of interaction. A fraction of the particles
are backscattered from the surface layers, while the others are slowed down within the
solid. Unlike electrons though, the relatively large ions have a difficult time penetrating
the sample by passing between individual atoms. Their size increases the probability of
interaction with atoms, causing a rapid loss of energy. As a result, ion-atom interaction
mainly involves the outer shell, resulting in atomic ionization and breaking of the
chemical bonds of the surface atoms. This is the source of secondary electrons and
the cause of changes in the chemical state of the material. Similarly, since the inner
electrons of the sample cannot be reached by the incoming ion beam, inner shell
excitation does not occur, and as a result, usable X-rays are not likely to be generated
as 1s the case when using an electron beam.

The total length the ion travels is known as its “penetration depth,” a term which
also applies to electrons, although they often pass much deeper into the sample (table 1).
The atomic collision has a statistical nature, and therefore, the penetration depth
adheres to a symmetric Gaussian distribution around the mean value. The moving
ion recoils one of the atoms in the sample, which then causes another constituent
atom to recoil. As a result, the ions create many atomic defects along their path. This
generation of defects plays an important role when using an ion beam for material
modifications.

As for the difference in mass, ions—being many times heavier—can carry about 370
times the momentum of electrons. Upon contact, this momentum can be transferred
to the atoms in the sample, causing enough motion to remove the atoms from their
aligned positions. This sputtering effect, not present when an electron beam is used,
has important milling applications which are discussed later. The key idea to remember
is that as a result of the ions’ large size and mass, an ion beam surpasses the functional
range of an electron beam by removing atoms from the sample surface in a precise,
controlled manner.

In particular, gallium (Ga™) ions are used in the FIB for several reasons. Firstly, its
low melting point makes gallium convenient in that it requires only limited heating,
and therefore is in the liquid phase during operation. Also, its mass is just about ideal, as
it is heavy enough to allow milling of the heavier elements, but not so heavy that it will
destroy a sample immediately. Finally, since some of the ions used in the beam will be
implanted into the sample, it is important to use an element that will not interfere with
the analysis of the sample. Gallium can easily be distinguished from other elements,
and therefore does not cause trouble in this regard. Although gallium is not the only
possible choice, it has become the popular ion for use in the FIB system.
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Unlike with electrons, the collision using a gallium ion beam induces secondary
processes such as recoil and sputtering of constituent atoms, defect formation, elec-
tron excitation and emission, and photon emission. Thermal and radiation-induced
diffusion contribute to various phenomena of interdiffusion of constituent elements,
phase transformation, amorphourization, crystallization, track formation, permanent
damage, and so on. Ion implantation and sputtering change the surface morphology;
craters, facets, grooves, ridges, pyramids, blistering, exfoliation, and a spongy surface
may develop. All of these are interrelated in a complicated way, so that a single phe-
nomenon cannot be understood without discussing several of these processes. There-
fore, it is necessary to quantitatively understand the experimental observations and to
have stringent design abilities for sophisticated applications of these versatile processes
in the field of nanotechnology. With that, we can aim at material modification, depo-
sition, implantation, erosion, nanofabrication, surface analysis, and a seemingly endless
list of other applications.

2.2. Focused Ion Beam Microscope Versus Scanning Electron Microscope

The differences between ions and electrons can be extended to their respective
machines, the FIB system and the scanning electron microscope (SEM). The two
are designed and work very similarly, but the FIB’s use of gallium ions from a field
emission liquid metal ion (FE-LMI) source rather than electrons provides functionality
and applicability different from that of the SEM. As discussed in the previous section,
this focused primary beam of gallium ions is rastered on the surface of the material to
be analyzed. As it hits the surface, a small amount of material is sputtered, or dislodged,
from the surface. The dislodged material may be in the form of secondary ions, atoms,
and secondary electrons. These are then collected and analyzed as signals to form an
image on a screen as the primary beam scans the surface. This image forming capability
allows high magnification microscopy in the FIB system.

In both the FIB and SEM machines, a source emits charged particles which are then
focused into a beam and scanned across small areas of the sample using deflection plates
or scan coils. In the SEM, the focusing is accomplished using magnetic lenses. Ions
though, are much heavier and therefore slower than electrons, so the corresponding
Lorenz force is lower. As a result, magnetic lenses are less affective on ions, so the
FIB system is equipped with electrostatic lenses which prove much more effective in
focusing the ions into a beam (figure 5).

Both instruments are used for high resolution imaging by collecting the secondary
electrons produced by the beam’s interaction with the sample surface. Contrast is
formed by the fact that raised areas of the sample (hills) produce more collectable
secondary electrons than depressed areas (valleys). A viewing monitor is synched to
the scan coils controlling the beam so that as the beam scans across the sample surface,
its image is reproduced on the screen. For the FIB, imaging resolution below 10 nm
is possible. This image will show both topographic information and materials con-
trast and often provides information complementary to that obtained from an SEM
image. Since the ion-solid interaction also depends on the crystal grain orientation,
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information concerning grain size and orientation can be obtained simply by collecting
an image of the surface using the FIB. Note that although ions move much slower
than electrons of the same energy, they are still fast compared to the image collection
mode; in practice this has only negligible consequences, taking into account an image
shift of a few pixels.

As for the sample itself, the FIB can accommodate wafer samples up to 8 inches
(200 mm) in diameter; there is no minimum sample size. The sample must be vacuum
compatible and conductive samples are preferred. Both individual and packaged parts
can be used. Unlike in the SEM though, the sample will be altered during examination
under the FIB, as the large, heavy ions will cause sputtering on the sample surface.
Also, when using ions the sample often develops a positive charge which can distort
the image. To combat this effect, an electron flood gun is used in the FIB to keep the
sample more neutral.

2.3. Milling

By far the most powerful and versatile capability of the FIB system is milling. It adds
a third dimension to microscopy, allowing us to modify the material surface, create
cross sections, and carve materials into any shape we desire. For example, this method
can provide electron-transparent, site-specific cross-sections of heterogeneous catalysts
(figure 6). Again, when the relatively heavy and high-momentum ions collide with
atoms on the sample surface, significant amounts of energy are transferred to the atoms,
causing them to break bonds and leave their place in the atom matrix. Unlike electrons,
which are hardly heavy enough to cause any atom movement in the sample (like trying
to move a soccer ball by throwing ping pong balls at it), the ions, acting like soccer
balls themselves, easily disrupt the placement and alignment of the atoms and create
a sputtering effect. So when using an ion beam to bombard a sample, milling is a
natural and continuous consequence. By controlling aspects the sputtering such as
rate, location, and depth, we can take advantage of the FIB system’s remarkable milling
abilities.

In general, the higher the primary beam current, the faster material is sputtered from
the surface. Therefore, if only high-magnification imaging is desired, a low-current
beam must be used. For milling applications though, high-current beam operation is
used to sputter or remove material from the surface initially, then a lower beam current
is used for fine polishing. The sputtering rate can be easily and accurately controlled
by altering the beam current or using smaller spot sizes. In addition, material sputter
rate selectivity can be achieved through a process known as gas assisted etching (GAE).
In this technique, one of several halogen gases is introduced to the work surface in
the immediate vicinity of the desired hole or cut. The material-specific absorbency
rates enhance the formation of volatile products under ion bombardment. This allows
oxides to be cleared without damage to conductors, and conductors to be cut without
damage to underlying insulators. Typical resolution for cutting is around 0.1 pm. The
holes and cuts can be very accurately placed (usually within 20 nm) [4] and can reach
buried layers provided that the depth to width aspect ratio is kept below 4:1. GAE,
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Figure 6. FIB sections from a heterogeneous catalyst. Arrow shows a thin sample slice that can be
extracted from an individual small crystal.

often using iodine or xenon difluoride, can increase the aspect ratio to 8:1 or better.
As a result, the milling efficiency is typically a few um?®/nC but varies in different
materials. The actual rate depends on the mass of the target atom, its binding energy
to the atom matrix, and its matrix orientation with respect to the incident direction
of the ion beam.

The GAE technique is more efficient in removing large volumes of material that
would be prohibitively time-consuming otherwise. It is important to keep in mind
that GAE is quite chemistry-specific, which gives us the ability to selectively etch one
material without affecting the others. For example, materials like Si, Al and GaAs can
have their removal rate increase 20 to 30 times through GAE, while oxides like SiO,
and Al,Oj3 are not affected [5]. Similarly, in the presence of water vapor, carbon based
materials show a highly enhanced removal rate whereas materials that oxidize, such as
Al metallization lines and silicon, will actually show dramatically reduced rates [6].

In addition to changing the rate of material removal, GAE can be “neater” than
ordinary ion milling, as redeposition of etched materials does not occur when using
the former. However, the GAE technique has its problems as well. It contaminates
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the sample deeper into the surface than simple ion milling [7]. Also, GAE does not
have the pinpoint precision that ion milling can achieve. Oftentimes, a combination of
initial GAE followed by ion milling is used when an operation requires bulk volumes
of material removal as well as high precision.

With the FIB system, we have both lateral and depth control over the beam. Of
course, if the beam is held over one area for a length of time, more material will be
removed from that area. This process can be used to expose buried lines for eventual
cutting or attaching to other circuit elements, depending on the desired modification
of the structure. Unfortunately, an ion beam will not etch through unlimited thick-
nesses of material. By injecting a reactive gas into the mill process, the aspect ratio
of the ion beam’s cutting depth can be dramatically altered, depending on such vari-
ables as sample composition, mill area, beam parameters, and whether an enhanced
etch process is used; this allows us to reach lower levels in the sample disturbing the
upper layer. Having this precision and control allows applications unique to the FIB
system.

2.4. Deposition

The FIB demonstrates its versatility by how easily it can be converted from a micro-
milling system to a deposition system. A simple adjustment allows the addition of
material instead of the usual sputtering and removal of material. To create this change
in function, a gas delivery system is added in order to supply a chemical compound
just above the sample and directly in the path of the ion beam. The gas, usually an
organometallic compound, is adsorbed onto the sample surface. This precursor is then
struck by the gallium ion beam (and additionally by some secondary emission products),
causing it to decompose as its bonds are broken. The volatile organic impurities are
released and removed by the FIB’s vacuum system. The desired metal, say platinum, is
heavy enough to remain deposited on the surface, creating a thin film that can act as
an electrical conductor (figure 7).

Although the chemical deposition just described is the predominant method of
deposition with the FIB, there are two others which in certain situations may be
advantageous. The first method, direct deposition, uses large diameter beams with
low energy to deposit thin films, usually of gold. Low energy microbeams need very
small currents and are very slow. The other alternate deposition method is nucleation
with chemical vapor deposition (CVD), usually used to deposit carbon, aluminum,
and iron. As an extension of chemical deposition, this technique uses the same gas
injection system to create nucleation on the substrate. Once that is done, CVD is used
to grow a thin film in the nucleation regions. The main advantage of this method is
that it produces a film of uniform height [8].

Once again, when an organometallic gas such as W(CO);, is introduced in the area
of the ion beam, the ion beam can be controlled to decompose the molecules which
adsorb onto the surface and form a metal layer. This metal conduction layer can function
as a probe pad or be used to make a new connection for nano-circuitry. Unfortunately,
the film is often impure, causing a high resistivity. Long wiring runs requiring lower
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Figure 7. Schematic diagram of the platinum deposition process.

resistivity can be achieved by combining FIB local connections with long laser CVD
deposited gold conductors. In this technique, a gold carrier gas is decomposed by a
scanning laser beam, leaving a 5-10 um wide gold line on the work surface with a
relatively low sheet resistance. In addition, just as it can deposit a conducting thin film,
the FIB can be used to deposit a high quality oxide insulator. A siloxane type gas and
oxygen are introduced into the path of the ion beam at the impact area. Decomposition
of the complex silicon bearing molecule in the presence of oxygen leads to absorption
into the surface and formation of a silicon dioxide insulator layer. With the aid of oxide
deposition, the re-insulation of cut IC wiring and FIB deposited conductors is now
possible, making complex multilevel wiring repair practical.

The FIB deposition system, although very useful, is not perfect. In general, the
cracking of the organometallic molecule is not complete, leaving some organic impu-
rities deposited in the thin film. In addition, some lingering gallium atoms can hurt
the insulating ability of a deposited layer. Still, although CVD deposits are often more
pure, the advantage of using the FIB system it its ability for precise, localized deposi-
tion, and its capacity for controlling the different heights of the depositions. Even so,
the use of ion beams may not always be ideal; research has shown that in certain cases,
electron nanofabrication has been able to match the work of the ion beam without
the impurities that come along with using the FIB [9].

Nevertheless, the FIB is unparalleled in its patterning capability. By adjusting param-
eters of time, gas flux, and ion current, it allows deposition of three-dimensional struc-
tures with complete control over size, position, and height. For example, Khizroev, et al.
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Figure 8. SE images of a two-beam FIB fabricated Pt nano-fin structure on Si surface, where (a) and
(b) are viewed from different directions (scale bar: 0.3 pum) [11].

have successfully deposited non-magnetic tungsten at the nanoscale range to aid in the
fabrication of nanomagnetic probes [10]. In addition, we have performed experiments
with ion-beam induced deposition of self-assembled nanostructures using a technique
that formed nanoscale hollow bulk structures. These nanofins were deposited per-
pendicular to the substrate (figure 8) [11]. Using deposition in combination with its
milling capabilities, the FIB can accurately build almost any nanostructure, a feature
which is invaluable in today’s research.

2.5. Implantation

Another critical feature of the FIB system is its ability to produce maskless ion implan-
tation, a technique fundamental in the fabrication of semiconductor devices. In tra-
ditional semiconductor fabrication, ions are allowed to bombard the entire wafer, and
regions which are not to be implanted are covered by a patterned film, or mask [3].
With the FIB, whose level of localized control and specificity has already been dis-
cussed, we now can discard the mask and simply aim the beam at the areas where
implantation is desired. This provides new abilities to control gradients in doping and
the control the depth of the implantation [3]. Like many of the other capabilities of
the FIB system, its use for ion implantation will minimize costs, both in time and
money.

Ion implantation has been used for materials modification as well. In general, defect
formation following ion implantation plays unpleasant roles when using the FIB system,
but occasionally it can have a positive effect. For example, recent experiments have
shown that implanted atoms can be induced to self-assemble into nanoclusters through
thermal annealing or radiation. To understand these properties, a Monte Carlo model
has been developed with the ability to simulate diffusion, precipitation and interaction
kinetics of implanted ions [12].

With all its advantages in accuracy and precision, an almost directly related disad-
vantage in using the FIB for ion implantation is its slow processing rate. Even so, there
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are situations where this rate is not an issue, and in these cases, the FIB becomes an
crucial tool.

2.6. Imaging

Although we have already discussed some aspects of FIB imaging, they are worth
repeating and expanding upon. Again, the method used in FIB imaging is similar to
that in the SEM, except that the incident particles are ions instead of electrons. When
the ion beam strikes the sample surface, one of the resulting processes is the emis-
sion of secondary particles, including low energy secondary electrons, neutral atoms,
secondary ions, and photons. In general, the most prevalent among these emissions is
secondary electrons, whose signal is usually used to obtain the image. In some cases
though, images can only be obtained from secondary ion signals [13].

As mentioned earlier, imaging resolution below 10 nm is possible with the FIB, but
what makes FIB images particularly useful is their ability to display detailed surface
topography. The key mechanism for displaying topographic contrast is the fact that
the emission rate of secondary particles (ions or electrons) will vary with the angle
between the incident beam and the normal to the surface of the sample. Since the FIB
has a shallow penetration depth relative to an electron beam, particles are generated
from only a limited portion of the sample, and therefore the FIB allows much higher
surface sensitivity, and in some cases is able to display a more detailed topographical
map [4, 13].

In addition to topographical contrast, another merit of FIB imaging is its ability
to contrast between grounded conductors and insulating areas or isolated conduc-
tors. The incident Ga™ ions will place a positive charge on the insulating or isolated
conducting surface areas, suppressing the yield of secondary electrons collected for
imaging from these regions. Insulators and isolated conductors will therefore appear
darker in the images, while grounded conductors will be bright. Although moderate
surface charging can enhance voltage contrast in ion beam images, too much charge
can severely depress secondary electron emission, and so with insulator surfaces, sec-
ondary ions are often used to obtain the image. In general, the voltage contrast imaging
technique is useful for locating failure sites in devices as well as detecting endpoints
when etching (figure 9), making the FIB an attractive tool in many integrated circuit
applications [14].

The FIB system is also proficient in providing materials contrast. This results from
the fact that different materials produce different yields of secondary particles because
of the complex way the ion beam energy is lost within the sample. Materials contrast
is frequently the dominating effect in FIB images. It is worth mentioning that the
yield of secondary ions from metallic surfaces in greatly increased by the presence of
oxides of carbides, making these regions much brighter. This property gives the FIB
applications in studies involving corrosion or grain boundary oxidation of metals [4].

The last type of contrasting we will mention is channeling, or crystallographic ori-
entation contrasting. Some of the incident ions are “channeled” down between the
lattice planes of the specimen, with the penetration depth depending on the beam
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Figure 9. Voltage contrast reveals open via positions in a contact chain structure. The cross-section image
at the position of the line (right) shows deep etching of the vias. (Courtesy of IMEC)

current, the relative angle between the ion beam and the lattice plane, and the inter-
planar spacing of the lattice. Channeled ions yield fewer secondary particles, causing
the channeling grains to appear darker in FIB images. This technique is often used in
monitoring the grain size distribution within Al-Cu films as well as in the study of
electromigration effects in metallization [13, 15].

In conjunction with the high resolution picture, the FIB can be equipped for
secondary ion mass spectrometry (SIMS), which allows detailed elemental analysis
(figure 10) [16]. With this and the various contrasting techniques discussed, the FIB
can produce an elemental map with a nearly complete set of vital data for almost any
microscopy application.

2.7. The Two-Beam System

So far, we have focused on the properties and capabilities of the FIB system, and cer-
tainly a plethora of applications can be derived from these capabilities alone. Still, by
combining the FIB’s imaging and sample interaction abilities with the SEM’s high reso-
lution, non-destructive imaging, new heights in microscopy research can be achieved.
The two-beam system accomplishes just that; by putting FIB and SEM technology
together in a single machine, the two work symbiotically, achieving tasks beyond the
limitations of either individual system.

In a two-beam system, the ion beam and electron beam are placed in fixed positions,
with the former coming in at an angle (figure 11). The two beams are co-focused at
what is called the “coincidence point,” typically with a 5 mm working distance; this
point is an optimized position for the majority of operations taking place within the
machine. For best performance, the ion beam is tilted 45°-52° from the electron
beam, allowing SEM imaging and FIB sample modification without having to move
the sample. In addition, the stage can be controlled to tilt, allowing changes in the
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Figure 10. Chemical map of a cross-sectioned face of an IC. (A) FIB secondary electron image.
(B) Mass 27 Al. (C) Mass 28 (Si). (D) Mass 48 (T1). The maps are 256 x 256 pixels. Primary beam current
= 40 pA [16].

sample-beam orientation. As with the FIB system, the two-beam can be controlled
using integrated software with a single user interface.

Within the two-beam system, the FIB and SEM complement each other perfectly,
providing new advantages which can simplify and improve microscopy research. For
example, FIB imaging is very useful because of its high contrasting abilities, but it
can cause damage to the sample. The SEM, on the other hand, has relatively lower
contrast, but its images have higher resolution, and its use will not damage the sample.
Depending on the specific needs of the user, the FIB, SEM, or a combination of
the two can be used to obtain whatever imaging data is required. For example, in a
study done at Portland State University, both the FIB and SEM were used to image
and characterize carbon nanotubes, each providing useful information [17]. Similarly,
reconstruction of 3D structure and chemistry of a sample will be simplified by the
use of the two-beam system, as this technique is achieved by interpolating the 2D
SEM/FIB images and ion-assisted SIMS chemical maps of successively exposed layers
milled by the ion beam [18].

In addition to the combined imaging benefits, the two-beam system allows precise
monitoring of FIB operation through the SEM. By using the slice-and-view technique
for observing the progress of an ion-beam cross section, the operator can precisely stop
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Figure 11. Schematic diagram of two-beam system.

the milling process at any point to obtain local information. Furthermore, state of the
art technology now allows us to use the ion beam and electron beam simultane-
ously without interference, eliminating the trouble of switching back and forth. In
the “CrossBeam” system, the sample can be imaged in real time with the SEM while
the FIB is being used, giving the operator complete control over the milling process.
This provides even higher levels of accuracy when creating cross-sections [19]. The
SEM’s damage-free monitoring is especially useful in the final phase of TEM sample
preparations. It solves the dilemma found when using the FIB system alone, where the
only way to observe the process is ion imaging, which can damage the sample. In a
successful physical localization of IC fails, Zimmermann et al presented a completely
in-situ two-beam technique that combines SEM monitored ion milling, XeF; staining
and SEM imaging [20].

When dealing with charge neutralization, the two-beam system once more
eliminates a problem encountered in the FIB. In general, when a sample is flooded
with positively charged ions, the surface becomes charged, hurting the resolution of
the image. With the availability of the electrons from the SEM, this problem is trivial.
Similarly, a negative surface charge could be combated using the positively charged
ions.

Another capability of the FIB machine, deposition of metal or insulating layers, can
also be improved using the two-beam system. In some cases, using the ion beam for
insulator deposition may lead to a material with poor insulating properties because
of the high amount of gallium incorporated into the layer; when this is a problem,
SEM induced deposition can be used, ensuring high insulating quality. In the case of



9. Focused Ion Beam System—a Multifunctional Tool for Nanotechnology 265

&

| 14 1

e,

e

-

- a2
-
e

-

Figure 12. EBIC “hot spot” signal superimposed on secondary electron image showing one leakage site
on this test structure [22].

SiOy pads deposited by the SEM, it has been found that the resistance of the layer
is two orders of magnitude higher than when using the ion beam [21]. In addition,
while attempting to localize IC fails, this time electrically, Zimmermann et al. used
the electron beam to deposit a highly insulating SiOy layer in-situ in the two-beam
system. A Pt probe pad was then deposited on the insulating SiOy layer with ion beam
assistance [22]. As before, the combination of FIB and SEM systems has proved both
practical and valuable.

Finally, the SEM brings with it to the two-beam system an electron beam induced
current (EBIC), a feature not present in the individual FIB system [23]. This is a useful
technique for locating defects in diodes, transistors, and capacitors. The SEM beam
generated a characteristic electron flow signal in the sample, which is then collected
and amplified, providing an EBIC “hot spot” image (figure 12). This is powerful in
pinpointing the bad site in a device that may contain as many as a few hundred thousand
structures. Since the FIB can be used to prepare the sample for EBIC characterization
and then to further analyze the located failure site through precision cross-sectioning,
the two-beam has an advantage above the SEM alone.

We have seen now that the two-beam FIB system is an excellent multifunctional
tool for sample imaging, modification and analysis. It offers high resolution 3D non-
destructive imaging with the electron beam, as well as useful contrast imaging and SIMS
chemical mapping with the ion beam. It can carry out precise, highly controlled an
automated sample modification including ion milling, lithography, micro-machining,
gas-assisted etching, and deposition. With all these and other capabilities, it is no
question that the two-beam system will have an even longer list of applications. The
remainder of this review is devoted to highlighting some of the most important of
these applications.
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III. APPLICATION OF FOCUSED ION BEAM INSTRUMENTATION

Thus far, we have discussed in depth the tremendous power of the FIB machine,
with its wide-ranging functions and capabilities. Yet the capabilities by themselves are
not the direct reason for the great industrial interest in FIB technology; instead, it
is the abundance of applications yielded by these capabilities that have given rise to
excitement. These applications seem to come with a promise of commercial success,
and will therefore be discussed in detail in this review. We will begin with applications
related to surface structure modifications, then look at the popular application of
TEM sample preparation, and finally go over the imaging applications found in the
FIB machine.

3.1. Surface Structure Modification

As discussed in earlier sections, the focused ion beam has the capabilities of a milling tool
at micro and nano scales, making it an attractive new technique for micro-machining
among other tasks. Three industrial fields particularly stand out as ideal candidates
for the application of this ability in the FIB system. It is an almost perfect fit for the
integrated circuit industry, and its need for more precise failure analysis and modifi-
cation of its products. The FIB provides engineers with a tool for defect location and
investigation, defect sample prep, circuit rewiring, and surface modification, all vital
in circuit design and fabrication. In addition, the FIB holds lithographic capabilities
that are becoming more and more effective. Critics have questioned the speed of the
FIB system for patterning and lithography because of its serial nature, but studies have
shown not only that FIB is up to par with lithographic standards, but also that FIB
lithography and patterning have proven eftective with numerous materials and specific
applications.

Of course, as with any new technology, it is important to study its limitations. With
the FIB, there is interest in knowing what surface modification at low ion dosage will
do. At the Oxford University Department of Materials, a recent study was done to
characterize low-dose ion beam surface manipulation. A Si wafer was bombarded with
Ga™ ions at different doses between 10" and 10" ions cm™2 (where the dose = (Iign *
texposure) / (Apattern * 1.602 E 715)). Rectangles with depths varying around 4 nm and
dimensions of 4 x 1 um were created and investigated, along with grids consisting
of lines 5 pm by 20 nm. Atomic force microscopy was then used to characterize the
topology of the altered surface. It was discovered that the results differed for varying
doses of ions. In almost all cases, edge protrusions were noted, ranging from 0 nm
(10" ions cm™2) to a maximum height of approximately 1 nm, when below a dosage of
10" ions cm ™ (figure 13). Edge effects were blamed mainly on Ga™ implantation from
stray ions that would unintentionally deposit in nearby regions, as well as redeposition
of secondary and backscattered material [24].

With the knowledge we have from this and other research, we can understand
the limitations of the FIB system and work within these limits to achieve successful
applications of this valuable technology.
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Figure 13. AFM image of features produced by low does Ga™ ions on Si. Note the protruding edge
effect on 10'° ions cm™2 dosage (top right) [23].

3.1.1. Integrated Circuit Analysis and Modification

The semiconductor industry has made tremendous use of the FIB machine for its
applications in defect analysis and modification of integrated circuits during the pro-
totype stages. The benefits of being able to both remove and deposit material can
be directly observed, as the ion beam is capable of milling away enough to cut a wire
while depositing conducting material in another area to connect two pieces of wire
(figure 14). All this is done with minimal damage to the wafer itself, allowing for
the test product of be continually improved. The FIB can easily be used to create
samples of the wafer for further analysis.

Unfortunately, when investigating integrated circuits for defects, it is often difticult
to find the specific area of interest because of the lack of visible signs on the surface
of the material. As good of a repair tool as the FIB may be, the failure cannot be
repaired if it cannot be found. This problem has been analyzed at FEI Europe, Ltd.
and a technique has been developed to effectively locate the area of concern utilizing
the FIB machine for the entire process. The group examined a transistor containing
a certain gate (approximately 1um?) under which a thin gate oxide layer had broken
down due to excessive voltage application (figure 15). The source and drain lay on
opposite ends of the gate, which sat on top of the gate oxide layer, all of which resided
on a silicon substrate. TEM samples of the failure site (<100 nm in diameter) were
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Figure 14. Image of rewired circuit. (Courtesy of Integrated Reliability)

(@)

(b)

Figure 15. (a) Transistor Structure (b) Image of defect, where the break is clearly visible [24].
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Figure 16. Combination SEM and FIB passive voltage contrast images. The FIB portion (at the right)
shows an area of memory cells after exposing the wings of the floating gates. One floating gate appears
bright, indicating that it is grounded and therefore the tunnel or gate oxide has failed [25].

desired for investigation on the mechanics behind the problem, but the area of failure
had to first be located. By starting on high beam currents, an outline and subsequent
trenches were dug around the region thought to be of focus. Removal of thin slices
together with fast imaging was performed until the structure became apparent. Once
achieved, low beam currents were used to uncover the region, noting that all focusing
and stigmation adjustment were done away from the region. It was found that these
basic steps succeeded in efficiently locating an area of defect [24]. Again, once the
defect is located, the FIB’ capabilities make it an ideal tool for use in integrated circuit
modification.

Other work, reported by Haythornthwaite et al., shows the versatility of the FIB
system and its wide range of circuitry applications. The group worked with electri-
cally erasable programmable read only memory, which after extensive use experiences
failures. The FIB machine proved useful in three stages of the failure analysis process.
Initially, using the FIB in passive voltage contrast mode helped confirm the occurrence
and location of the failures (figure 16). Then, as an added benefit, the FIB was able
to identify weak storage transistors on the memory device, which if not taken care of
could soon lead to other failures. Finally, TEM samples were created using the FIB
system, a process which will be discussed in depth in a later section [25].

3.1.2. Lithography and Patterning

Another application of the FIB machine related to surface modification involves its
lithographic capabilities in nanofabrication. It holds clear advantages over other meth-
ods in its ability for high resolution patterning and depth of focus, and therefore should
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Figure 17. AFM images of FIB patterning. On the left are the actual FIB cuts, and on the right are their
PDMS replicas [26].

be studied as a practical alternative. Unfortunately, because of the precision of the FIB
system and the detail of lithography, this application of the FIB has one major drawback;
although producing high quality results, the FIB machine appears unable to perform
high throughput production. This problem was studied in depth at the University of
Cambridge, where Li et al. replicated FIB created structures with nanocontact imprint-
ing. Silicon wafers were patterned (10 pm single pixel line and 20 nm diameter dots)
with a 30 kV Ga™ ion beam at currents of 1, 4, 11, and 70 pA. Analysis was done using
the AFM and replicas were made by pouring polydimethylsiloxane (PDMS) over the
print master, then peeling it off (figure 17). Dwell time, ion dosage, and beam current
were characterized, and satisfactory molds were created on almost all accounts [26].
As a result of its slow rate of progress, the FIB system, though proven capa-
ble of lithography, is still often criticized. With patterning rates generally around
0.1-1 um?®/nC incident ion current, its limited ability has been deemed as a restric-
tion in the applicability of FIB. However, Liu ef al. have reported the ability to rapidly
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Figure 18. AFM images of topography in PMMA following FIB exposure at (a) 1 pA beam current

and a total irradiation time of 20 ps/feature, (b) 11 pA beam current and a total irradiation time of

500 ps/feature. (c) TEM image (recorded at 200 kV, using mass—thickness contrast with an objective
aperture, including just the transmitted beam of an array of sputtered features created using an 11 pA
beam and a total irradiation time of 5 ms per feature). Samples were prepared by direct spinning of PMMA
films onto TEM grids coated with thin (5 nm) amorphous C films [27].

create features, at rates exceeding those of past methods. Patterns were created on
polymethylmethacrylate (PMMA) that was spun onto Si wafers, producing a 120 nm
thin film (figure 18). Using a Ga* ion beam with beam currents varying from 1-70 pA,
features were created with sizes ranging from 60-200 nm in diameter and 5-30 nm in
depth. At diameters of 60 nm and depth of 5 nm, the paper reports milling times at
20 ps per feature and a material removal rate of 1000 pwm?/nC. Other features were
also created at rates orders of magnitude faster than previously reported. One point
of particular interest was the fact that all sputtering yields were consistently unusually
high. The group proposed the possibility that this was the result of a depolymerization
of the polymer being etched that was aided by the ion beam, a phenomena generally
seen at higher temperatures [27]. This is only one of several cases of successful high
speed lithography using the FIB. Although this method may not be the best in all
situations, there are clearly cases when the FIB is the best tool, both in speed and
quality, for lithographic and micro-printing applications.

Recently, a group at the University of Limerick in Ireland developed a two step
negative resist image by dry etching (NERIME) process for lithography. The method
combines exposure to Ga' ions from the FIB machine with reactive ion etching
(RIE). By doing so, the group has further strengthened their abilities beyond those of’
conventional lithography, as the process eliminates some of the limitations of basic FIB
lithography, such as low penetration depth and sample damage [28].

3.1.3. Materials Characterization and Alteration

We have already discussed in depth the characteristics of the FIB system which make
it excel at material characterization and alteration. Again, its milling and deposition
abilities allow the creation of almost any three-dimensional microstructure (figure 19),
and its cross-sectioning capability proves to be very useful in the study and characteri-
zation of materials. As a result, there is a seemingly endless list of applications that can
be derived from the FIB system. We discuss here just some of the many studies done
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Figure 19. Creation of nanometer 3D structures. (Courtesy of FEI Company)

with the FIB into materials characterization and alteration. As with any new machine,
there is an interest in finding out new processes and techniques that improve the old
ones, as well as an interest in new information that can be gathered. This section serves
to highlight some of these studies.

Gallium Nitride (GaN) is a widely applicable semiconductor material that has a
high melting point and strong light sensitivity properties, which make it well suited for
both high temperature devices and light detecting or emitting devices [29, 30]. Unlike
traditional methods of etching, the FIB does not need an etch mask for manipulation
because of its local specificity and precision; this is a most valuable feature in semicon-
ductor fabrication. In a study done at the University of Bristol, FIB etching onto GaN
structures was studied with both AFM and SEM techniques. Using an FIB machine
with a gallium ion gun as well as a magnetic sector mass analyzer, a 20 nm Ga% ion
beam was used to etch square patterns of 49 um? onto a 1.2 pm thick GaN specimen at
doses of 500, 1000, 1500, and 2000 pC/um? (all done without an etch mask). Images
were obtained from the SEM using a secondary electron detector, as well as performing
a SIMS analysis. The etch depths and surface roughness were closely studied, and it
was found that the etch rate increased linearly with ion dose, which in turn resulted
in an increase in etch depth. The edge sections were found to have a roughness below
0.1 pm, a quite favorable number. All in all, it was found that although slower than
traditional methods, FIB etching on GaN proved to be more advantageous in its high
quality production and versatility [30].

In other experiments, it has been shown that ion bombardment on hydrogenated
silicon-carbon alloy films (a-SiC:H) creates optical contrast between crystal layers (dif-
ferentiating between those bombarded and those not) (figure 20). This is of great
interest because having a large optical contrast in a-SiC:H will result in a good mate-
rial for opto-electronic devices as well as for difficult environmental conditions. A
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Figure 20. Optical contrast pattern written into a GD a-Sig 85Co.15:H film deposited on Corning 7059
glass substrate. The transparent and opaque regions represent unimplanted and implanted parts of the film,
respectively. The patterning has been performed with the help of a program-controlled Ga™-focused ion
beam. The minimum feature size is 2.5 pm.

recent study compared Ga™ and Sn™ bombardment with previous experiments using
As™. Films were prepared with two methods, one being a glow discharge technique
(GD), and the other reactive magnetron sputtering (SP). Samples were bombarded at
50 keV (Ga™) and 60 keV (Sn™), with an ion-beam intensity of 2 pA/cm? and doses
between 10> and 10! ions cm™2. In both cases, huge increases in optical absorption
coefficients were noted as compared to previous experiments with As™, indicating that
the formation of optical contrast was much more prevalent. Although strong in both
cases, this effect was even greater in the GD films as compared to the SP films [31].

Furthermore, the extent of the FIB’s material altering capabilities, particularly when
part of an integrated two-beam system, was demonstrated in work done by Anzalone
et al. in creating complex 3D structures. They show that using the milling and depo-
sition techniques discussed earlier, it is possible to model structures based on software
defined inputs or bitmap files using a digital patterning generator. Computer Aided
Design (CAD) files were used in conjunction with ion beam assisted CVD to create
3D helical structures (figure 21) [32].

In addition to alteration, many experiments have shown that the FIB machine is
a great tool for the characterization of nanosized objects. For example, we expanded
the applicability of the FIB by using it in combination with high-resolution strain
mapping software. These two techniques, when used together, provide a new method
for in situ measurement of the residual stresses in thin films. First, the FIB system is
used to create narrow slots having precise location. These slots serve to relieve residual
stress, causing the surrounding film to displace. The strain mapping software is then
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Figure 21. SEM images of an electron beam deposited Pt helical feature obtained with the use of the
digital patterning generator [32].

used to measure these displacements and relate them to the residual stress (figure 22)
[33]. Clearly, the FIB system is not only a useful stand-alone machine, but that it also
complements other techniques, making them more efficient and of a higher quality.

In a different experiment, we studied the lubricated wear of steel couples coated
with W-DLC. Among the methods used to characterize the samples, the two-beam
FIB system was used to reveal the sub-surface condition of the coating and substrate.
The ion beam was used to make small sections at specific locations, which were then
observed using the electron beam (figure 23) [34]. Similarly, the FIB was used to
characterize sub-surface damage in a study of foreign object damage (FOD) in a
thermal barrier system. The conditions were set to simulate those of a turbine engine,
and the FIB observations indicated damage in the thermal barrier coating (figure 24).
The study demonstrated that these changes were caused by particle impact, confirming
the presence of FOD [35]

These are, of course, only a few examples of the tremendous applicability of the
FIB system for the alteration and characterization of materials. With all its uses, the
FIB has become an invaluable tool for nanotechnology research.

3.2. TEM Sample Preparation for Imaging and Analysis

Perhaps the most studied and commonly used application of the FIB is for transmission
electron microscopy (TEM), specifically in sample preparation, where the FIB provides
revolutionary methods of creating electron transparent samples [36—41]. The TEM
is very useful for finding information on the atomic structure and composition of
solid materials. As its name suggests, the TEM collects its data from electrons that
are transmitted (or diftracted) through the sample. Therefore, TEM samples must be
extremely thin, with optimal samples less than 50 nm thick and an maximum near
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Figure 22. (a) A schematic of a FIB slot introduced into a film, defining the coordinates. (b) SE images
of a region of a diamond-like carbon film before and after the introduction of the FIB slot [33].

200 nm. In addition, it is quite necessary to have a sample which has been cleanly
extracted from the bulk specimen because of the fact that defect analysis (a major use
of TEM) is so location specific. In the past tedious time consuming techniques for
producing samples such as grinding and polishing were constantly a limiting factor in
the progression of research. In recent years however, the focused ion beam machine
has shown vast improvement in the time and quality of sample preparation.

The FIB holds a number of advantages over previous methods for TEM sampling.
For example, since the sample can be rotated and oriented without ever having to
take it out of the chamber, much time is saved while digging or etching the sample.
The defective area can be found by thinning away at different areas until the defect
is located, and then the milling process can begin. Also, samples can be much more
precise in there overall shape and size due to the exactness of the FIB. Lastly, the
FIB lets the user watch as he or she is sectioning a sample, allowing for much better
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Figure 23. (a) SE image of surface morphology of damaged area. (b—d) SE images of FIB cross-section
of W-DLC coating at ‘A,” ‘B,” and ‘C,” respectively. The arrows identify regions where the retained
W-DLC coating segments have either translated or rotated [34].

Sy

Figure 24. SE image of FIB cross-section showing the kink band beneath the impact site. The cracks,
magnified in (b) and (c), extend along the kink band from the densified zone to the TGO layer [35].
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decision making. This feature is greatly enhanced with a two-beam FIB system, where
the SEM can be used for high-resolution imaging. In general, the FIB’ capabilities of
precise cutting and polishing give it a unique ability to quickly create excellent TEM
samples, a process which once needed numerous machines to take care of. Cairney,
et al. have taken advantage of this, using the FIB to create sample of “large, uniformly
areas with relative ease” for their TEM work studying TiN and TiAIN thin films
[37]. Similarly, Volkert et al. used the FIB to prepare TEM samples for their work on
synthetic fluorapatite-gelatine composite particles. They report that the FIB-prepared
samples make “high-quality, crack-free specimens with no apparent ion beam-induced
damage” [38].

The most practical method for sample creation is the so called lift-out technique,
where the focused ion beam, with its massive density, is able to perform site specific
milling on bulk samples. The samples are generally coated ahead of time with some
conducting metal so as to eliminate charging, and are then placed in the FIB machine
for alteration. Once secured in the chamber, the region of investigation is found and a
trench is dug around the area in a step-like fashion. It should be noted that the X and
Y dimensions of the rectangular trenches must be at a ratio of 2:1 respectively so that
one is able to image the entire trench. When the sample is thin enough, it is basically
cut along the attached edges and lifted out with a glass rod, then placed in the TEM
grid for analysis (figure 25). The lift-out technique was used by Wang et al. to prepare
CMOS cross-sectional specimens starting with integrated circuit wafers. They report
success in producing a “large and uniform sectional specimen in a very short time.”
On the other hand, they mention a disadvantage of the lift-out technique, namely that
a finished specimen cannot be refabricated if it is too thick; newer techniques using
the FIB have been able to overcome this problem [39, 40].

Another significant problem which has been observed to occur during thinning in
the lift-out method is a warping effect in the sample. As thinning occurs (to roughly less
than 200 nm), stressed samples fall into a bent shape to alleviate the pressure (figure 26).
Stress can be caused by the bulk sample because of poor mounting or can be the result
of the internal structure of the material. In either case, a study done at FEI Europe
Ltd. found that cutting either one or both of the edges (depending of the seriousness
of the warping) of the near fully thinned sample would alleviate the stress by giving
it room for relaxation. This technique has proved to solve almost all cases of warping
problems [41].

An alternative to the lift-out method of TEM sample preparation is called micro-
pillar sampling. This technique is particularly useful in preparing specimens in situ
for the scanning transmission electron microscope (STEM). The FIB micro-sampling
method is used to extract a pillar shaped sample from the specimen, which is then
mounted on top of a conical stage developed specifically for this method. The sample
is then transferred to the STEM, where various imaging techniques are used [40].

In addition to material science, the FIB machine’s success in TEM sample preparation
has been used for environmental science applications. Copper run off from the roofs of
many buildings is becoming a serious environmental concern, and strategies to reduce
infiltration are being explored. One such idea has been to place filter systems in major
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Figure 25. (a) Schematic of FIB cutting for TEM sample prep [39]. (b) SE image of sample directly
before actual lift out. (Courtesy of FEI Company)
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Figure 26. Image of warping effect. Cuts will be made around two endpoints to decrease warping.

runoff areas, the focus of a study done by the Swiss Federal Institute for Environmental
Study and Technology. Iron hydroxide was found to be the most eftective Cu filter.
Testing focused on Cu adsorption on suspended specimens in the water as well in the
iron hydroxide. TEM was used with iron hydroxide samples prepared using the FIB
lift out technique, and it was found that indeed the iron hydroxide was effective in
decreasing the copper runoff [43].

‘With TEM sample preparation, as with most other FIB applications, the two-beam
system can provide certain advantages beyond those already discussed. Sivel et al. have
studied two cases in which the two-beam FIB system has succeeded where other
methods have failed. In the first, the two-beam was used to make samples for TEM
imaging of an interface in a metal/organic coating sample (figure 27). The samples were
composed of an 80 pm thick epoxy coating applied onto a 1 mm thick aluminum
alloy. Sample preparation of interfaces is generally difficult because of the different
mechanical properties of the two layers, but while conventional ion milling damaged
the sample, preparation using the two-beam was successful. Similary, the two-beam
was needed to successfully prepare a TEM sample of a grain boundary in a CuzAu
alloy [44].

The TEM itself has a wide-range of uses, which can all now be added to the list
of applications for which the FIB system is helpful. Undoubtedly, using the FIB has
made improvements in both speed and quality of TEM sample production, and is a
most important tool to have available.
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Figure 27. (a) Bright-field TEM image of the aluminum-epoxy interface of sample 1. No interface
layer is visible. (b) TEM image of sample 2. A regular 30-nm-thick hydroxide layer is visible at the
interface. () TEM image of the interface of sample 3. A 150-nm-thick pseudoboehmite layer can be
seen. The epoxy coating has fully penetrated the rough pseudoboehmite layer [44].

Figure 28. High grain boundary definition in Nickel Polycrystals ion beam image [45].

3.3. Sample Imaging—Defining the Third Dimension

As discussed earlier, the FIB machine has the capability to image a surface, and the
two-beam system in particular can obtain images using either an electron beam or
and ion beam. Using the ion beam is advantageous for obtaining images that illustrate
high grain boundary definition, as compared to the electron beam which gives crisp
resolute surface images. This feature of ion beam images can be observed in work
done on modeling the plasticity in LIGA nickel MEMS structures (figure 28) [45].
Though there have been marked advancements in FIB imaging such as adding oxides
or carbides for enhancement, one must be aware that using the focused ion beam to
image a surface will damage the surface to some extent. This is where the advantages
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Figure 29. Schematic of cross sectioning for grain shape determination.

of the two-beam system come into play by allowing the user to switch back and forth
between etching with the FIB and imaging with the SEM [7, 18, 46].

‘What is so unique about the FIB machine is its ability to uncover the third dimension
of'a material for imaging. Revealing the internal structure is of the utmost importance
to many researchers because it yields valuable information regarding the properties of
the material and predictable behavior under certain conditions. In particular, studying
the grain structure or grain boundary of a material can provide good insight. In this
respect, the two-beam FIB machine can be of great aid. Three-dimensional images are
put together using a group of two dimensional images, obtained by shearing off sections
of a sample using the FIB, then imaging with the SEM (figure 29). Interpolation of the
graphs gives a three-dimensional representation, and important data about the grain
structure and other features can then be attained. Internal elemental distribution can
also be obtained using SIMS [18, 46]. Dunn and Hull recently demonstrated this ability
of the FIB to create three-dimensional volume reconstructions. Their method used
FIB serial sectioning and linear interpolation, and was able to produce well defined
images of the sample’s 3d structure (figure 30) [47].

Cross-sectioning with data analysis using the FIB machine has also been shown
to be useful in investigating the effect of additive exposure. A study done at the
University of Tokyo used the FIB machine to create cross sections in non-woven
fibers with additives for spatial and distribution analysis. Researchers took non-woven
polyester fiber samples and added Chimassorb 944, an additive known to improve the
functionality of the fiber. Elemental distribution was of particular interest, and a new
method of gathering this data was performed using FIB/SIMS technology. Samples
of altered fiber were cross sectioned throughout the interior and surface in 3 different
manners: perpendicular to the fibers, at a 45° angle, and parallel to the length of the
fibers. SIMS mapping was then performed on the cross sections yielding the desired
chemical distribution. Signals for C~, O3, AIO™, Nat, KT, Ca™, CaO™, and C" ions
were detected, analyzed and mapped for three-dimensional spatial analysis. Voids were
found in the material where the additive seemed to concentrate, but most importantly
a method of three-dimensional analysis using FIB/SIMS/SEM technology was proven
successful (figure 31) [48].
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Figure 30. An array of vias reconstructed from a series of secondary electron images collected as a
function of depth [47]

Figure 31. Focused lon beam-induced secondary electron images. The cross-section is approximately
perpendicular (a), parallel (b) and 45°. (c) to the longitudinal of the fiber, respectively, as shown in the
diagram [48].

As usual, these are just a minute sample of the ways the FIB has been applied to 3D
imaging purposes. Nonetheless, they demonstrate the great success and practicality of
the FIB system, characteristics that make it an ideal tool.

3.4. Damage to the Sample Induced by the FIB

Having discussed many of the advantages of using the FIB system, this review would
not be complete without a warning of the possibility of causing damage to the sample.
Typically, the focused ion beam has several detrimental effects which result from its
use. Firstly, bombardment with Ga™ ions will likely result in some level of gallium
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Figure 32. The structure of (a) the side-wall and (b) bottom-wall of the trench milled using a 10 keV
beam energy and a 250 pA ion beam current [49].

implantation into the surface layers of the sample. Additionally, this bombardment can
cause the formation of an amorphous layer, as atoms are knocked out of place and
vacancies are created. Finally, some heterogeneity in thickness can occur by means of
preferential sputtering or redeposition. It is very important that we gain an under-
standing of the nature and cause of this sample damage, so that we are both able to
recognize it and develop techniques to minimize its occurrence.

Many studies of FIB-induced damage have been undertaken. For example, Rubanov
et al. looked at cross-sections of trenches milled using the FIB to observe the types
and range of damage incurred. They discovered that side-wall damage layers were
amorphous, a direct result of using the gallium beam. As for the bottom-wall damage,
the group found that there was a layer of material rich in gallium, and that local
recrystalization had occurred (figure 32). They experimented with different beam
energies, and noted that a reduction from 30 keV to 10 keV cut the thickness of the
damage layer in half. In more complex milling patterns, redeposition often occurred
[49].

Of course, these limitations of the FIB should not discourage the use of the FIB
machine for research. It is the very ability to cause damage to the sample that gives the
FIB its remarkable range of capabilities and applications. In addition, several methods
to reduce the damaging effect are being developed, each of which has both benefits
and weaknesses. Sutton ef al. looked at the affect of the sample tilt, and noted that the
depth of damage could be decreased by tilting the specimen by angles between 4 and
8 degrees at the end of the thinning process. The downside of this technique is its
inability to create parallel sidewalls for chemical analysis [50]. Alternatively, using the
GAE techniques discussed earlier has been shown to not only increase the etching rate,
but also reduce the rate of re-deposition and gallium implantation [51]. The optimal
method depends on the needs of the specific user and experiment, but in almost all
cases, the FIB is considered as a versatile tool that combines both nanofabrication and
microscopy capabilities for nanotechnology research.
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1. ELECTRON BEAM LITHOGRAPHY AND NANOTECHNOLOGY

The field of nanotechnology covers nanoscale science, engineering, and technology
that create functional materials, devices, and systems with novel properties and func-
tions that are achieved through the control of matter, atom by atom, molecule by
molecule or at the macromolecular level. The domain of nanoscale structures, typ-
ically less than 100 nm in size, lies dimensionally between that of ordinary, macro-
scopic or mesoscale products and microdevices on the one hand, and single atoms
or molecules on the other. There are two approaches to making building block arti-
facts such as quantum dots, nanotubes and nanofibers, ultrathin films and nanocrystals,
nanodevices: bottom-up synthesis and top-down miniaturization.

The bottom-up approach ingeniously controls the building of nanoscale structures.
This approach shapes the vital functional structures by building atom by atom and
molecule by molecule. Researchers are working to find the mechanism of “self-
assembly”. “Self-assembly” involves the most basic ingredients of a human body self-
reproducing the most basic structures. “Self-assembly” covers the creation of the func-
tional unit by building things using atoms and molecules, growing crystals and creating
nanotubes.

“Top down” is an approach that downsizes things from large-scale structures into
small-scale structures. For example, vacuum tubes yielded to transistors before giving
way to ICs (integrated circuits) and eventually LSIs (large scale integrated circuits).
This method of creating things by downsizing from centimeter size to micrometer size
is called “microelectronics”.
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It is a well-known fact that microelectronics has advanced at exponential rates dur-
ing the past four decades. Due to its rich functionality in applications, low energy
consumption in operations, and low cost in fabrication, microelectronics has entered
into almost all aspects of our lives through the invention of novel small electronic
devices. The most important advancement is the extension of microelectronics and
its fabrication methodology into many non-electronic areas such as micro-actuators,
micro-jet, micro-sensors, and micro DNA probes.

As this technology continues to advance, it has been extended from micrometer
to nanometer scale, hence the existence of “nanotechnology” or “nanofabrication”.
Using nanotechnology, the narrowest line pattern on massive produced semiconduc-
tor devices is now approaching the 50-nanometer level. In research labs, horizontal
dimensions of the device feature sizes have been further scaled down from 130 nanome-
ters to 6 nanometers [1] and its vertical dimensions have been reduced to less than
1.5 nanometers or a couple of atoms [2]. These nanoscale devices known as
“nanodevices” are obtained through the top-down miniaturization approach.

The heart of the top-down approach of miniaturization processing is the nanolithog-
raphy technique, such as Electron Beam Lithography (EBL), Nanoimprint Lithogra-
phy (NIL), X-ray Lithography (XRL), and Extreme Ultraviolet Lithography (EUVL).
Among the four techniques of nanolithography, the EBL approach is the front-runner
in the quest for ultimate nanostructure due to its ability to precisely focus and control
electron beams onto various substrates. It has been demonstrated that electron beams
can be focused down to less than 1 nm. This will extend the resolution of EBL to the
sub-nanometer region provided that appropriate resistant material is available.

Electron Beam Lithography is a method of fabricating sub-micron and nanoscale
features by exposing electrically sensitive surfaces to an electron beam. It utilizes the
fact that certain chemicals change their properties when irradiated with electrons just
as photographic film changes its properties when irradiated with light. With computer
control of the position of the electron beam it is possible to write arbitrary structures
onto a surface, thereby allowing the original digital image to be transferred directly
to the substrate of interest. EBL followed soon after the development of the scanning
electron microscope [3]. Almost from the very beginning, sub-100 nm resolution was
reported. As early as 1964, Broers [4] reported 50 nm lines ion milled into metal
films using a contamination resist patterned with a 10 nm wide electron beam. Later
in 1976, with improved electron optics, 8 nm lines in Au-Pd were reported using a
0.5 nm probe [5]. In 1984, a functioning Aharonov-Bohm interference device was
fabricated with EBL [6]. Muray et al. [7] reported 1 to 2 nm features in metal halide
resists. Until recently, EBL was used almost exclusively for fabricating research and
prototype nanoelectronic devices. Currently, its precision and nanolithographic capa-
bilities make it the tool of choice for making masks for other advanced lithography
methods.

In EBL nanofabrication, working conditions at which electron scattering causes
minimal resist exposure is required. To achieve this goal, either very high energy or
very low energy [8] electrons are used. In high-energy case, the beam broadening in
the resist through elastic scattering is minimal [5] and the beam penetrates deeply into
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Figure 1. Electron beam lithography instrument. Electrons are generated and accelerated by the electron
gun, and guided through the column by the electromagnetic lenses and the deflection scan coil. Both the
scanning system and the X-Y-Z stage are used to define the working point on the workpiece.

the substrate. Low energy electron approaches are effective because the electrons have

too low an energy to scatter over large distances in the resist.

To implement electronic beam nanolithography into a manufacturing process, speed

and precision are required as well as control and yield in the nanofabrication processes.

At nanoscale, the fundamental limits of e-beam resist interactions are also important

issues, which concern electron scattering and the sensitivity of particular classes of resists

to low-voltage in elastically scattered electrons. The issues of throughput, precision,

and yield are relevant to instrument design, resist speed, and process control.

2. INSTRUMENTATION OF ELECTRON BEAM LITHOGRAPHY

2.1. Principle

An EBL instrument is a result of working a scanning electron microscope (SEM) in

reverse, that is, using it for writing instead of reading. Its view field and throughput
are, therefore, limited by the nature of this working principle. Similar as in the SEM,

an EBL instrument consists of three essential parts: an electron gun, a vacuum system,

and a control system. Figure 1 shows the diagram of an EBL instrument.
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An electron gun is a device that generates, accelerates, focuses, and projects a beam of
electrons onto a substrate. Electrons are first produced by cathodes or electron emitters.
They are then accelerated by electrostatic fields to obtain higher kinetic energy and
shaped into an energetic beam. Finally, the guidance system, consisting of the electric
and magnetic focusing lenses and deflecting system, transmits the beam to a work point
on the substrate.

The electron beam can only be properly generated and unrestrictedly propagated to
the substrate in high vacuums. Depending on the material used for the electron gun
and the application of the electron beam processing, the vacuum level requirement
can usually range from 1073 to 10~ mm Hg. Therefore, the vacuum system, which
creates a vacuum environment in the electron gun column and the working cham-
ber, is considered one of the most important parts in the electron beam processing
instrument.

The control system provides the manipulation capability for the electron beam
generation, propagation, and timing. It also provides control over substrate translation
and other functions. The coordination between translating substrates and blinking the
electron beam on and off makes it possible to transfer the AutoCAD design onto a
thin layer of electron beam resist.

There are two ways to generate actual patterns using an EBL instrument: raster-
scanning and vector-scanning. A raster-scanning system patterns a substrate by scanning
the exposing beam in one direction at a fixed rate while the substrate is moved under
the beam by a controlled stage. In order to compose a designed pattern the electron
beam is blanked on and off thousands of times during each scan. It is much like the raster
scanning of a television. The vector-scanning scheme attempts to improve throughput
by deflecting the exposure beam only to those regions of the substrate that require
exposure. In this way, significant time can be saved since the beam skips over the areas
that have no pattern.

2.2. Electron Optics

The theory of electron beam lithography can be understood through the electron
motion in electric and magnetic fields and the basic Electron Optical Elements. Gen-
erally speaking, the electron motion in electric and magnetic fields can be described
by Maxwell’s equations. However, it is very difficult to solve the practical design prob-
lem of an electron beam system by simply applying the boundary conditions to the
Maxwell’s equations. Therefore, only the basic electron dynamics will be given in this
section.

2.2.1. Basic Electron Dynamics

Assuming the velocity of the electrons during the processing is very small compared
to the speed of light, assuming the applied electric and magnetic fields are static or
varying slowly so that they can be treated as constants, and assuming electrode shapes,
potentials, and magnetic field configuration are known, the general equation of motion
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for an electron in electric and magnetic fields can be written as:

d%r _

12 (E4+v x B) (1)

2 =

where ¢ is the charge of the electron, m the mass of the electrons, and r a position
vector locating the electron with respect to any origin. E and B denote electric and
magnetic field, respectively. v is the velocity of the electron moving in the fields.

ELECTRIC LENS  Considering an axially symmetric field system of the electron beam
generating column, the electron beam passes through a common point near the axis
can be made to pass through another common point by a relatively limited region
of the field variation. In analogy to the light optics, it is appropriate to call the first
common point the object, the second the image, and the region of the fields the
electric lens. Properties and parameters of the electric lens can be derived from the
following paraxial ray equation:

d27+dr v LT 0”_0 2
d2  dz\215) 41

where I is the potential on the axis. For examples, since the derivatives 1} and1}" are
normalized with respect to I9, it is understandable that the field distribution rather than
the intensity of the potential will determine the electron trajectories. The equation
is unchanged in form even if a scale factor is applied to the location r. This indicates
that all trajectories parallel to the axis will have the same focus regardless of their initial
radius. It should be noticed that the electron charge g and electron mass m are absent
from the ray equation. This implies that the equation is also applicable to other particles
such as ions. Using the ray diagram in Figure 2, two focal lengths of a thin electric
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lens can be obtained from equation (2) as

2
Loy [
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dz i=1,2 3)

and the relationship between two focal lengths is similar to that in optics
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where /17 is equivalent to the optical index of refraction, N;.
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Magnetic lens As in the electric case, an axially symmetric magnetic field also
has lens characteristics and is called a magnetic lens. The paraxial ray equation for a
magnetic lens is written as:

q 2
d% ;r B

28y

®)

where B, is the magnetic field on the axis. Clearly, the magnetic lens effect will depend
on the charge and mass of the electrons involved. The magnetic lens is symmetrical
because the equation is unchanged if B, is reversed in sign. The spatial invariance
of the magnetic lens ensures that electronic imaging can be performed without dis-
tortion near the axis. Similar to the case of the electric lens, the focal lengths are

given as
4 =2
1 m 2
—=—— | Bjdz (6)
12 8V

1

and

fi=—fa ™)

The symmetry in equation (5) has been applied to obtain the equation (7). Since
electrons have a negative charge ofq, the back focal length of f, is always positive.
Therefore, the magnetic lens is always convex.

Bipole element Electron beam deflection could be achieved by using electrostatic
and magnetic bipole elements. An electrostatic field will bend the passing electron beam
towards the positive pole, while a magnetic field deflects the beam to the direction
perpendicularly to the direction of the field. A pure magnetic field will change the
direction of the electron’s motion, but not the speed. The relationship between the



10. Electron Beam Lithography 293

magnetic field and the curvature of the electron path can be written as

muv
=—— (®)
qBsin6
where Ris the instantaneous center of curvature and 0 is the angle between the magnetic
field and the velocity vectors.
Equations (1)—(8) describe the focusing imaging, and deflection of the electron beam
and provide the basic electron dynamics needed in simple electron beam system design.

2.2.2. Electron Optical Elements

Compared with other lithography instrument, the use of electron guns is the core
characteristic of the electron beam lithography technique. The principles of electron
guns can be understood through the way of optical pass to rays of light. The electron
optical elements are simply their optical counterparts. Therefore, this section will be
mainly focused on the electron guns, including source generation, beam shaping, and
the beam guiding system.

Based on the physical laws of electron emission and the desired energy conversion
at the work point, almost all guns are of similar design, although they might differ
widely with respect to beam power, acceleration voltage, and electron current. In the
gun, free electrons are first generated from emitters, or cathodes, and are then shaped
into a well-defined beam, which is ultimately projected onto the work point. The
common concerns of the source generation and beam shaping systems are described
below.

Source generation

Emission There are two kinds of electron emission. The first kind, called
thermionic emission, happens when the emissive materials are heated up to a high
enough temperature. The second type is field emission, in which electrons are
produced due to an intense applied electric field. Since thermionic emission has
higher efficiency in producing electrons at lower cost, it is widely used in industry
and will be our primary concern here.

According to quantum dynamics, electrons are at rest in the ground state at 0°K
and their energy levels and bands are well defined. As the temperature of the mate-
rial increases, some electrons obtain more energy and jump to higher energy levels.
Therefore the width of the energy bands increases. When the temperature is high
enough, the electrons obtain sufficient energy to overcome the natural barrier, the work
function that prevents them from escaping. In particular, as the temperature increases,
the upper limit on the conduction band of metals smears and stretches out. Some of the
conduction electrons obtain enough energy to overcome the potential barrier at the
surface of the metal. These electrons may then be drawn off by the application of a
suitable field. If the field is sufficiently high to draw all the available electrons from a
cathode of work function @, the saturation current density | obtained at temperature T'
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Figure 3. Space-charge-limited emission and temperature-dependent emission. Most cathodes in
electron guns operate in the transition range between the space-charge and saturation regimes so that the
desired emission current density can be obtained at the lowest cathode temperature.

is given by the well-known Richardson-Dushman Law

J = AT’ ex (—B> ©)
- PUwr
where A is a constant determined by the material and k is the Boltzmann constant.
In practical electron gun design, less than the saturation current is usually drawn from
the gun. In this situation, the field is not strong enough to draw oft all the available free
electrons from the cathode. Therefore, the residual electrons are accumulated near the
surface of the cathode, forming an electron cloud layer. Such operation, termed space-
charge-limited emission, has the advantage that a smaller virtual cathode is formed
slightly in front of the cathode that has a stable charge density, essentially independent

of cathode temperature. The current that flows between parallel electrodes is given by
Child’s law [9]

4:/2¢, 173/2 17312
==

where 1 is the acceleration voltage and L is the distance between the cathode and
anode.

Figure 3 shows the current density in the range of space-charge-limited emission
and temperature-dependent emission. Most cathodes in electron guns operate in the
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transition range between the space-charge and saturation regimes so that the desired
emission current density can be obtained at the lowest cathode temperature.

Equations (9) and (10) give the conditions for obtaining the required emission from
a given cathode material. As long as the material is specified, the preliminary cathode
design can be completed.

Materials  Free electrons may be obtained from the cathodes of many kinds of
materials. However, the primary gun design requirements are that the cathode has a
low work function and good thermal efficiency, supplies an adequate emission current,
and is simple to construct. Among all the constraints, the vacuum condition of the
electron gun puts strong limits on the choice of cathode materials.

Atlow vacuum level (less than 1 x 10> mm Hg), materials with low work functions
and high bulk evaporation rates, such as barium, are frequently used. The material is
first contained within the body of another material which provides structure and shape
for the cathode, and then migrated to the surface by a diffusion process. This kind of
cathode is called a dispenser cathode. The dispenser cathode generates and maintains an
excess of barium metal at its surface and relies on that excess for its emission properties.
In this configuration, the evaporation of the materials can be slowed down and easily
controlled.

At vacuum levels higher than 1 x 107> mm Hg, the choice of cathode material is
restricted to the refractory metals, which have higher work functions and operate at
higher temperatures. The most attractive refractory metals are tungsten and tantalum
with work functions of 4.55 and 4.1 electron volts, respectively. The melting point of
tungsten is 3410°C, while that of tantalum is 2996°C. At temperatures below 2500°C,
tantalum will emit 10 times the current of tungsten. Tantalum is also easy to work
with and can be formed into a sheet to produce special cathode shapes.

If the vacuum is to be recycled to atmosphere but not operated above 5 x 107 mm
Hg, a cathode of lanthanum hexaboride (LaBg), with work function of 2.4 electron
volts, may be used [10]. This arises from the need for relatively high emission current
densities at lower emission temperatures. Among other activated cathodes, LaByg is
much less sensitive to problems such as cathode contamination and lifetime but its
long-time stability and thermal cycling stability are still unsolved problems.

Among all these cathode materials, tungsten may not be the best in most respects, but
for normal applications it is a cheap, robust, and reliable emissive source. As of today,
tungsten remains the most important cathode material in the field of electron beam
processing, even though tantalum, LaBg, as well as tungsten with emission-increasing
alloying elements are also widely used.

Beam shaping and guidance After the free electrons are emitted from the
cathode, they are first shaped into a well-defined beam with the desired beam diameter
and focal length and then guided to the work point on the workpiece. This is achieved
through different gun design and via focusing and deflection by using the principles
of electron optics.
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Figure 4. Three-electrode telefocus gun. Its long focal length is primarily due to the hollow shape and
negative bias of the Wehnelt electrode, which acts as a simple electrostatic lens.

Gun type A basic electron gun consists of a cathode, a focusing electrode, and an
anode. It is called a two-electrode gun if the focusing electrode has the same potential as
that of the cathode. A design with different potentials of the cathode and the focusing
electrode is called a three-electrode gun. Multielectrode guns have several focusing
electrodes or control electrodes at different potentials.

Analogous to the terminology in light optics, it is called an axial gun if the elements of
the beam-generating system, the electrostatic field, and the beam itself are rotationally
symmetrical. There are three basic axial gun types for general use: the Telefocus gun,
the Gradient gun and the Pierce gun.

The Telefocus gun is a three-electrode gun, see Figure 4. It is primarily designed to
produce a relatively long focal length. The long focus eftect is due to the hollow shape
and negative bias of the Wehnelt electrode, which acts as a simple electrostatic lens.
It operates as follows. First, the electrons near the cathode are pushed outwards along
the diverging electric field. Due to the special design, the equipotentials between the
Wehnelt electrode and the anode then become flat, and finally converge toward the
anode (shown as dotted lines). At this final step, the electron beam obtains a net radial
velocity inward. The magnitude of the net radial inward velocity is smaller than the
initial outward velocity because the electrons now have higher energy. Consequently
the electron beam converges quite slowly and has a long focal length. If the bias
on the Wehnelt electrode increases, the field curvature in the cathode region also
increases. Therefore, the focal length will be longer because the starting electron beam
is more divergent. The ray traces are shown in solid lines. Position P is the focal
point.

The Gradient gun [11] shown in Figure 5 is a post-acceleration gun. Similar to the
conventional triode, the relatively high voltages and large currents are controlled by a
small “grid” voltage V. Thus the total beam power may be varied over a wide range
with a small variation in spot size. In order to take full advantage of the gun’s capabilities,
the total accelerating voltage must be much larger than the controlling voltage V. Also,
V1 must be high enough to draw adequate emission from the cathode.

In many applications in semiconductor manufacturing, uniform high intensity elec-
tron beams are required. It was suggested by Pierce that such a uniform electron beam
could be obtained over a limited region if the region is considered a segment of exten-
sive beam flow, and the electrodes, including cathode and anode, are shaped to maintain
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Figure 5. Triode gradient gun. Similar to the conventional triode, the relatively high voltages and large
currents are controlled by a small “grid” voltage V. Thus the total beam power may be varied over a wide
range with a small variation in spot size.
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Figure 6. Two-electrode pierce gun. It is designed to produce, under the space-charge-limited emission,
a parallel or slightly divergent uniform high intensity electron beams.

the same voltage along the edge of the segment. The so-called Pierce gun is designed
to produce, under the space-charge-limited emission, a parallel or slightly divergent
beam, see Figure 6. In this design, a broad electron beam is emitted by a flat cathode
and propagates as a parallel laminar flow with a sharp planar or cylindrical surface. To
keep this beam propagating as a parallel beam, the shape of the electrodes outside the
beam must be carefully considered. The simplest solution is to have a 67.5° angle at
the cathode and the curved anode surface, which coincides with an equipotential.
A spherically curved cathode will converge the beam. However, the resultant focus
point will be relatively large due to the outward directed force of the space charge.
The Pierce gun is a two-electrode gun and is easy to design. The beam can be par-
allel, divergent or convergent. The efficiency of the gun can be as high as 99.9 % or
more.
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Figure 7. A double deflection system in which a focal point at the object plane is deflected by o degree
at the image plane.

Beam guidance  Shaped in the gun, the beam is characterized by the parameters of
the focal spot. The most important focal spot parameters are the diameter and location
of the focal spot on the axis, the current density and current density distribution on the
focal plan, and the aperture. The object of the beam guidance system is to transform
these parameters into parameters required by the particular application process on the
workpiece. Figure 7 shows a simple beam guiding system. In this system, a focal point
at the object plane is first deflected by a double deflection system, and then imaged
and refocused onto the image plane. For some applications, the beam diameter formed
inside the gun must be imaged either on an enlarged or reduced scale to obtain a beam
with a defined diameter, a particular current density, and a specified power density
on the workpiece. The beam current at the working point may be lower than the
beam current in the gun through aperture limiting. Other applications may require
that the beam be guided into the working chamber without any noticeable loss in
beam current.

Like all other electron beam applications, beam guidance for electron beam process-
ing is achieved via imaging, focusing and deflection under the principles of electron
optics. In general, rotationally symmetrical magnetic fields produced by magnetic-lens
systems are used for imaging and focusing; either plain or crossed magnetic bipole
elements are often used for beam deflection. In the case of turning the beam over wide
angles, magnetic sector fields may be added for additional deflection.

The magnetic lenses can be generated by permanent magnets. It can also be created
by electrical coils. The simplest magnetic lenses are iron-clad coils, as shown in Figure 8.
In this configuration, the magnetic induction is proportional to the excitation NI,
where N is the number of turns and I is the coil current. The magnetic field profile
and the electron optical features of the lens are totally dependent on the gap width, w,
and the bore diameter of the pole pieces, D. In practice, the aberration and astigmatism
should also be considered in lens design.

It can be seen from Equations (6) and (7) that all magnetic lenses are convex lenses.
These lenses can be used for either producing a magnified image of the object or
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Figure 8. A magnetic lens generated by iron-clad coils, which is a basic element of the electron beam
processing equipment to project an electron beam pattern to the workpiece.

focusing a parallel electron beam to a fine point. Assuming the front and back focal
lengths of the convex “thin” lens are same, Newton’s lens equation can be applied for
the electron beam formation:

to=— (11)

wy | —
v | =
~

where u is the distance between the object and the lens, v the distance from the lens
to the image, and f the focal length of the lens. It can be seen that to obtain a real
magnified image, both £ and ¢ should be greater than f. The magnification is defined
as:

M= (12)

g,
§
As in a well-designed optical imaging system, it is often necessary to change the
magnification while operating the electron beam system. The magnification of the
electron beam system is varied by changing the strength of its electric or magnetic
lens. This is totally different from the light beam system, in which the magnification
is changed by moving the optical lens or the objective back and forth.

Both electrostatic and magnetic bipole elements can be used for beam turning and
deflection. They are created by electrical fields between two plates or by magnetic
fields between the opposite poles of a permanent magnet and inside current-carrying
coils. In electron beam processing, the electrostatic bipole element is usually employed
for beam blanking or some other special purposes.
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There are many designs of magnetic bipole elements. In the simplest case, the field
between the poles of a permanent magnet is used for deflection. The pole-piece
spacing w and their width b are usually much larger than the electron beam diameter.
In most of cases, the magnetic fields for deflection elements are produced electro-
magnetically. The magnetic induction B is directly proportional to the excitation NI,
and indirectly proportional to the pole-piece spacing w. In order to obtain the highest
possible induction at a given excitation, the magnetic circuit must have fairly large
dimensions.

Figure 9(a) and (b) shows narrow and wide angle deflection in a uniform magnetic
field normal to the electron beam direction. Based on electron dynamics, the radius
of the electron trajectory is given by

B 2m 1/2 12 B » 12
R=|— B 3.37 x 10 B (13)
q

When the electron beam vertically enters a limited magnetic field [12], the beam
deflection over a narrow angle is expressed as:

LB
o 5
sinf = 2.97 x 10 i

(14)

where L is the field length. In a magnetic sector field, the deflection angle can be
found through the following equation:

9=O(—ﬂ]+ﬁ2 (15)

Clearly, the deflection angle can be enlarged by increasing the sector angle c.

3. ELECTRON-SOLID INTERACTIONS
3.1. Electron Scattering in Solid

As the electrons penetrate the solid materials, such as the electron beam resist, the inter-
action can be characterized by scatterings. There are two kinds of scatterings during
the electron-solid interaction: small angle scattering (forward scattering), which tends
to broaden the initial beam diameter, and the large angle scattering (backscattering),
which causes the proximity eftect [13], where the dose that a pattern feature receives is
affected by electrons scattering from other nearby features. The backscattering happens
as the electrons penetrate through the resist into the substrate.

During the interaction, the primary electrons slow down, producing a cascade of
electrons called secondary electrons with energies from 2 to 50 eV. These are responsible
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Figure 9. Electron beam deflection in a homogeneous magnetic field: (a) deflection in a limited field; (b)
bending in a sector field. The sector field produces larger deflection angle.
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Figure 10. Monte Carlo simulation of electron scattering in resist on a silicon substrate at a) 10 kV and
b) 20 kV (Kyser and Viswanathan, 1975).

for the bulk of the actual resist exposure process. Since their range in resist is only a few
nanometers, they contribute little to the proximity effect. However, a small fraction
of secondary electrons may have significant energies, on the order of 1 keV. These
so—called “fast electrons” can contribute to the proximity effect in the range of a few
tenths of a micron.

Figure 10 shows a computer simulation of electron scattering in typical samples [14].
The combination of forward and backscattered electrons results in an energy deposition
profile in the resist that is typically modeled as a sum of two Gaussian distributions.

3.2. Proximity Effect

The result of the electron scattering is that the dose delivered by the EBL system is not
confined to the shapes that the system writes. This results in pattern specific linewidth
variations known as the proximity effect. Due to the proximity effect, a narrow line
between two large exposed areas may receive so many scattered electrons that it can
actually be developed away in positive resist.

Higher beam voltages, from 50 kV to 100 kV, are used to minimize both forward
and backward scatterings when writing on very thin membranes such as those used
for x-ray masks [15]. On the other hand, by using very low beam energies, where
the electron range is smaller than the minimum feature size, the proximity effect can
also be eliminated [8]. In this case, the thickness of a single layer resist must also be
less than the minimum feature size so that the electrons can expose the entire film
thickness.
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3.3. Electron Beam Resists

EBL is classified as a reactive processing in terms of Electron Beam Processing. In
this process, ionization and excitation of constituent molecules of the material occur
during the scattering of the incident electrons. Some excited molecules lose their
energy by collisions with other molecules and change into radicals. All these ions,
excited molecules, radicals, and the secondary electrons are called active species that
induce chemical reactions inside the material. Electron beam resists are used as the
recording and transfer media for EBL process. The electron beam exposure alters the
nature of the resist, through the breaking of chemical bonds, with the result that a
subsequent immersion of the sample in a chemical solution removes the exposed parts,
or the unexposed parts, of the resist film.

Therefore, the selected resist must be sensitive to the active species, which means
that it must be altered by the beam in such a way that, after development, the portions
exposed to the beam are removed (positive resist), or remain (negative resist). These
materials are usually polymeric solutions that are applied to the surface of the substrate
by a spin coater and dried by baking to form a uniform thin layer. To reduce proximity
effects, positive resist is usually exposed and/or developed lightly while still adequately
clearing the resist down to the substrate for all features.

In the EBL process, it is possible to make resist structures with very high aspect
ratios (>5:1). But, when the aspect ratio exceeds about 5:1, the tall features may fall
over during development, due primarily to surface tension in the rinse portion of the
development sequence. For typical applications, the resist thickness should not exceed
the minimum feature size required.

When exposing resist on insulating substrates, substrate charging causes considerable
distortion [16]. A simple solution for exposure at higher energies (>10 kV) is to
evaporate a thin (10 nm) layer of gold or chrome on top of the resist. Electrons travel
through the metal with minimal scatter, exposing the resist. The metal film should be
removed before developing the resist [17-18].

3.3.1. PMMA Electron Beam Resists

Polymethyl methacrylate (PMMA) is the standard high-resolution polymeric electron
beam resist. PMMA at lower doses is a positive-acting resist and at higher doses is a
negative-acting resist. For line doses the sensitivity difference between the positive resist
and the negative resist is a factor of 20-30X. The best resolution obtained in PMMA
was 10-nm lines in its positive mode. In negative mode, the resolution is about 50 nm.
It was suggested [19] that the limitation was due to secondary electrons generated in
the resist, although the effect of molecule size and development could also play a role.
By exposing PMMA on a thin membrane, the exposure due to secondary electrons
can be greatly reduced and the process latitude thereby increased.

The sensitivity of PMMA is roughly proportional with electron acceleration volt-
age, with the critical dose at 50 kV being roughly twice that of exposures at 25 kV.
When using 50 kV electrons and 1:3 MIBK:IPA developer, the critical dose is
around 350 wC/cm?. PMMA has poor selectivity in plasma etching, compared to
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novolac-based photoresists. It has an approximately 1:1 etch selectivity for silicon
nitride [20] and silicon dioxide [21]. PMMA makes a very effective mask for chemically
assisted ion beam etching of GaAs and AlGaAs [22].

3.3.2. Positive Resists

In positive resists, electron beam breaks polymer backbone bonds and transfer the
exposed polymer into fragments of lower molecular weight. A solvent developer selec-
tively washes away the lower molecular weight fragments and leaves the unexposed
portion of the resist film intact. Three most commonly used positive resists are described
below.

EBR-9 EBR-9 is an acrylate-based resist, poly(2, 2, 2-trifluoroethyl-chloro-
acrylate) [23]. It is 10 times faster than PMMA. But, its resolution is more than
10 times worse than that of PMMA. EBR-9 is perfect for mask-writing applications,
not because of its speed but because of its long shelf life, lack of swelling in developer,
and large process latitude.

PBS Poly(butene-1-sulfone) (PBS) is a common high-speed positive resist used
for mask making due to its very high sensitivity (~1 to 2 pC/cm?). However, the
processing of PBS is difficult: masks must be spray developed at a tightly controlled
temperature and humidity [24]. For small to medium scale mask production, the time
required for mask processing can make PBS slower than some photoresists [25].

ZEP ZEP-520 from Nippon Zeon Co. [26] is a relative new resist for EBL. It
consists of a copolymer of -chloromethacrylate and -methylstyrene, with sensitivity
of an order of magnitude faster than PMMA and similar to the speed of EBR-9.
Comparing with EBR-9, the resolution of ZEP is very high and close to that of
PMMA. ZEP has about the same contrast as PMMA. The etch resistance of ZEP in
CF4 RIE is around 2.5 times better than that of PMMA but is still less than that of
novolac-based photoresists.

3.3.3. Negative Resists

In negative resists, electron beam cross-links the polymer chains together so that they
are less soluble in the developer. Negative resists have less bias (the difference between
a hole in the resist and the actual electron beam size) than positive resists. However,
they tend to have the problems of insoluble residue in exposed areas, swelling during
development, and bridging between features. Two commercially available negative
electron beam resist are follows.

COP COP is an epoxy copolymer of glycidyl methacrylate and ethyl acry-
late, P(GMA-co-EA). The speed of this resist is very high: 0.3 pC/cm? at 10 kV.
But the resolution is only about 1 um [27]. The plasma etch resistance of COP
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is relatively poor. The resist requires spray development to avoid swelling. Because
cross-linking occurs by cationic initiation and chain reaction, the cross-linking con-
tinues after exposure. Therefore, the size of the features depends on the time
between exposure and development. COP is commonly used for making mask plates
[28-29].

SAL The popular SAL resist [30] consists of three components: a base polymer,
an acid generator, and a crosslinking agent. After exposure, a baking cycle enhances
reaction and diftusion of the acid catalyst, leading to resist hardening by cross-linking.
Common alkaline photoresist developers will dissolve the unexposed regions. The acid
reaction and diffusion processes are important factors in determining the resolution
[31], and a tightly controlled postexposure baking process is required. The extent of the
cross-linking reaction is therefore affected by the thermal conductivity of the sample
and by the cooling rate after the bake. The sensitivity of SAL is about 7 to 9 pC/cm? at
either 20 or 40 kV, and is therefore suitable for mask making. A resolution of 30 nm has
been demonstrated at very low voltage [32], and 50 nm wide lines have been fabricated
using high voltage [33]. This novolac base polymer has etching properties similar to
those of positive photoresists. It is interesting to note that, unlike PMMA, the critical
dose of SAL does not scale proportionately with accelerating voltage. Although it is
not as sensitive as other negative resists, such as COP, SAL has far better process latitude
and resolution.

3.3.4. Multilayer Systems

Multilayer resist systems are needed in the following cases: when an enhanced undercut
is needed for lifting off metal, when rough surface structure requires planarization, and
when a thin imaging (top) layer is needed for high resolution.

Bilayer systems The simplest bilayer technique is to spin a high molecular weight
PMMA on top of a low molecular weight PMMA. The low weight PMMA is more
sensitive than the top layer, so the resist develops with an enhanced undercut. The
two-layer PMMA technique was patented in 1976 by Moreau and Ting [34] and was
later improved by Mackie and Beaumont [35] by the use of a weak solvent (xylene)
for the top layer of PMMA.

Trilayer systems Virtually any two polymers can be combined in a trilayer resist
if a barrier such as Ti, SiO, aluminum, or germanium separates them [36—37]. This
trilayer system has been applied for fabricating dense and high aspect ratio resist profiles
as described below. First, the top layer is exposed and developed and the pattern is
transferred to the interlayer by RIE in CF4 (or by Cl; in the case of aluminum).
Then, using the interlayer which serves as an excellent mask, the straight etch profile
is obtained by oxygen RIE. Such high aspect ratio of resist profiles can then be used
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Figure 11. (a) Resist cross-section (PMMA on P(MMA-MAA) on PMMA) for the lift-off of a “T”
shaped gate. (b) Metal gate lifted off on GaAs (R. C. Tiberio ef al., 1989).

for liftoff or for further etching into the substrate. Figure 11 shows two gate structures
obtained by using the multiplayer system [38].

4. PATTERN TRANSFER PROCESS

After the resist is patterned by EBL, it is necessary to transfer the pattern onto the
underlying substrate. There are two basic pattern transfer methods: additive process or
subtractive process.

4.1. Additive Processes

Lift-Off and Plating are two basic additive processes as shown in Figure 12 and
Figure 14.

4.1.1. Lift-Off Process

The lift-off process is based on the following requirements: there is an undercut profile
in developed resist and the resist remains soluble after other material has been deposited
onto it. The undercut profile is used as a “stencil” during the additive deposition
process. Since the resist remains soluble after the deposition, soaking the substrate in a
good resist solvent lifts the unwanted material together with the resist while the desired
pattern structure remains on the substrate, hence the name “Lift-off 7, (see figure 12).
It was predicted and observed that undercut profiles can be obtained in PMMA resist
under a certain exposure dose and beam voltage [39-40]. Figure 13 shows that about
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Figure 13. An undercut profile in PMMA resist.
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100 pC/cm? at 15 kV produces a good undercut profiles in one micron thick PMMA
resist.

In order to apply lift-oft successfully, however, certain requirements must be met. 1).
The resist undercut profile angle to the surface normal must always be larger than the
deposition beam angle. 2). The temperature stability of the resist, which is determined
by the glass transition temperature, Tg, should not be exceeded during the material
deposition or substrate cleaning. Above Tg, the resist will flow and cause distortion
of developed image and loss of the undercut profile. For PMMA resist, it will flow
above 110°, therefore, care should be taken not to exceed 100°C temperature on the
substrate during deposition. 3). Care also should be taken to remove the resist and
clean the substrate after the material deposition. 4). The resist should remain soluble
in some solvent or liquid after deposition, otherwise, lift-off cannot be completed.
In some cases, ultrasonic agitation may be necessary in order to lift-off the unwanted
metal, although this should be used only as a last resort, since the deposited pattern on
the substrate may also be damaged especially if the material adhesion to the substrate
is not very good.

4.1.2. Plating Processes

The second additive technique, which has found uses in circuit board fabrication and
also in nanofabrication of such devices as zone plates for x-ray imaging, is plating of
the metal in the areas where the resist has been removed after development. More
recently this technique has also been used in the fabrication of x-ray masks where gold
is used as the absorber. The most commonly used method is electroplating and this
requires that a thin, electrically conducting layer is used as a plating base under the
resist that is continuous over the entire surface of the substrate so that electrical contact
can be made to it during electroplating. Figure 14 shows a schematic of the plating
process.

4.2. Subtractive Processes

Subtractive patterning processes comprise all processes in which the layer to be pat-
terned is deposited first, as a uniform layer, on the substrate followed by the resist,
Figure 15. After exposure and development, the parts of the underlayer not pro-
tected by the resist, are removed either by immersion in an acid or other liquid, (wet
etching), or by placement in a plasma reactor in which a chemically active gas has
been added, (dry etching). Although wet etching is very fast and inexpensive, this pro-
cess presents a major disadvantage that prohibits its use in high-resolution lithography.
The resolution limitation of wet etching is a direct result of undercutting or metal
etching under the resist mask due to the isotropic nature. Subtractive patterning in
micro and nanostructure fabrication became possible only after the development of
plasma or dry etching and specifically reactive ion etching, (RIE) in which the reac-
tive gas ions are accelerated on to the surface of the resist covered substrate striking it
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Figure 15. Subtractive pattern transfer process.

in a direction perpendicular to the substrate. This way, the etching is anisotropic or
only in the vertical direction thereby eliminating undercutting effects. This process
is used today, almost exclusively, for the patterning of most layers, including metals,
in memory and logic circuit production with a few exceptions where lift-off is still
used.
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It should be mentioned that for additive processes positive resists are generally used
because it is not possible to obtain the required undercut profiles from negative resists
due to electron beam scattering effects, as seen in Figure 13, which force negative resists
to develop sloping profiles, opposite to undercut. In subtractive processes, however,
any resist can be used. In most subtractive cases the resist profile is replicated on the
substrate after etching since the resist is also etched during substrate etching.

The etching of silicon, silicon oxides or silicon nitrides is done with gas mixtures that
contain fluorine as the active gas while metals such as aluminum or chromium require
chlorine gas for etching. Reactive ion etching systems use, in general, two parallel
plates with the top plate grounded and the bottom plate, on to which the samples or
silicon wafers to be etched are placed, connected to the RF power source, typically set
at 13.5 MHz. Since the resist is also etched during the process, the plasma parameters,
such as power, pressure, gas flow and gas composition, have to be optimized in order
to increase the etching selectivity between resist and other materials.

It has been found that acrylic-type polymers, such as PMMA or its copolymers, are
not very stable in the plasma and, therefore not very useful in RIE transfer processes,
while phenolic-type polymers of which most AZ-type photo-resists are made, are
much more stable and more widely used. For this reason and because phenolic resins
can resist higher temperatures than acrylic polymers, all new resists, including the new,
acid-catalyzed ones use as their base resin phenolic or aromatic polymers. Also, the
choice between positive or negative resists is independent of the RIE process, as long
as both types are made with aromatic polymers, and depends only on the density of
the circuit pattern. This is especially true with electron beam lithography where the
pattern polarity (and the resist) is chosen to minimize the beam writing time.

The resolution of the new, very sensitive acid-catalyzed resists does not approach
that of PMMA. At this moment, it can only resolve line widths in periodic patterns of
about 0.2 pm in 0.4-pm thick layers. While intensive investigation is been performed
in many labs, PMMA is still in use for sub-100 nm structures.

5. APPLICATIONS IN NANOTECHNOLOGY
5.1. Mask Making
5.1.1. IC Fabrication Mask

As microelectronics continues to advance, the field has been extended from micrometer
to nanometer scale, hence the development of nanotechnology and nanoelectronics.
However, nanoscale mask making remains the key technique in nanoelectronics tech-
nology, as it has been in microelectronics technology. Due to its inherently high spatial
resolution (less than 1 nm) and wide process margins, EBL is still the technological
choice for mask making.

The most popular and well-established mask making system is the MEBES [41]. The
MEBES uses a focused Gaussian spot to write a pattern in stripes while moving the
stage continuously. The beam deflection is primarily in one direction, perpendicular
to the motion of the stage. The MEBES is designed for high-throughput mask making,
with a minimum feature size of 0.25 m.
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Figure 16. (a) Imprint mold with 10 nm diameter pillars (b) 10 nm diameter holes imprinted in PMMA
(Stephen Y. Chou, Princeton).

The EBES4 mask making system [42] is another system using a Gaussian spot.
In this system the coarse/fine DAC beam placement is augmented with an extra
(third) deflection stage, and the mask plate is moved continuously, using the laser stage
controller to provide continuous correction to the stage position. The EBES4 mask
making system has a spot size of 0.12 um, uniformity to 50 nm (3), stitching error of
40 nm, and repeatability of 30 nm over a 6 in. reticle.

5.1.2. Nanoimprint Mask

Nanoimprint lithography [43] patterns a resist by deforming the resist shape through
embossing (with a mold), rather than by altering resist chemical structures through
radiation (with particle beams). After imprinting the resist, an anisotropic etching
is used to remove the residue resist in the compressed area to expose the substrate
underneath. It is a major breakthrough in nanotechnology because it can produce
sub-10 nm feature size over a large area with a high throughput and low cost.

One of the key elements for nanoimprint lithography is the mold, which relies
on EBL technology to be produced. Figures 16 shows an imprint mold with 10 nm
diameter pillars and the 10 nm diameter holes imprinted in PMMA material.

5.1.3. X-ray Lithography Mask

X-ray lithography’s (XRL) penetrative power and scatterings free of X-rays are two
primary reasons for its popularity in nanotechnology and nanofabrication. But, the
mask fabrication has been the most difficult challenge to XRL. The XRL mask consists
of a thin layer (200250 nm) of X-ray absorbent material (e.g. Au and W), supported
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Figure 17. An x-ray mask configuration suitable for a 10—dB attenuation at the wavelength of 1.32 nm
(Henry I. Smith and M. L. Schattenburg, MIT).

on a thin membrane (~1 pum) that is 20-30 mm in diameter. Figure 17 shows a mask
configuration suitable for a 10-dB attenuation at the 1.32 nm radiation. The primary
concern for the mask is distortion, which can be introduced by the following four
sources: the original mask patterning; the mask frames; radiation damage; or absorber
stress. To have a reasonable yield of the desired nanostructure, mask distortion at any
point in a pattern should not exceed 1/5 to 1/10 of the minimum feature size. For a
10 nm feature, the distortion should be no more than a couple of nanometers.

Many techniques, such as e-beam lithography, photolithography, holographic lithog-
raphy, X-ray lithography, and ion-beam lithography, have been developed to make
XRL masks. But, e-beam lithography is the most frequently used method. Either
additive or subtractive process has been used for pattern formation on the mask.

Examples of x-ray mask fabrication schemes for an Au additive process are shown in
Figure 18. The process involves plating x-ray absorber on the resist-patterned mem-
brane. It includes deposition of membrane film on a silicon wafer, back-etching the
silicon to the membrane film, glass frame attachment, deposition of chrome for plat-
ing base, resist coating, pattern formation by electron beam lithography, Au plating
(additive process), and finally resist removal. Figure 19 is an actual X-ray mask with
75 nm features fabricated by EBL.

5.2. Direct Writing
5.2.1. Self-Assembly

Carbon nanotubes (NTs) [44] have opened a promising path in nanotechnology. They
provide insulating, semiconducting or truly conducting nanoscale wires for electronic
applications. Devices such as a junction [45—47] and a field-effect transistor [48—51]
have been demonstrated. But, up to now, all the demonstrated NT electrical devices
have been fabricated either by randomly depositing NTs on a multi-electrode array or
by patterning contacts onto randomly deposited NTs, after their observation.

K. H. Choi et al. [52] demonstrated a method for achieving controlled fabrication
with the help of the EBL. This method is based on the electrostatic anchoring of
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Figure 18. A gold additive process for x-ray mask fabrication.

Figure 19. 75 nm features of plated gold absorber on an X-ray membrane.

surfactant covered N'T's onto amino-silane functionalized surfaces [53]: first, a reactive
amino-silane template is prepared using chemical vapour deposition of silane molecules
through a PMMA mask patterned by conventional electron-beam lithography. Surfac-
tant covered NT's are then selectively deposited onto the template. Finally, the PMMA
mask is lifted-oft, leaving the tubes on the template. Figure 20 shows AFM images
of NTs onto the patterned silane monolayer. The typical thickness of the NTs of (a)
(measured relative to the silane surface) is 1.6 £ 0.2 nm.
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Figure 20. NTs onto the patterned silane monolayer. The silane stripes appear brighter than the bare
silica surface. The NTs appear brighter than the silane stripes onto which they are adsorbed (K. H. Choi
et al., 2000).

Similarly, patterned amine-functionalized self-assembled monolayers have poten-
tial as a template for the deposition and patterning of a wide variety of materi-
als on silicon surfaces, including biomolecules. C. K. Harnett ef al. [54] obtained
results for low-energy electron-beam patterning of 2-aminopropyltriethoxysilane and
(aminoethylaminomethyl) phenethyltrimethoxysilane self-assembled monolayers on
silicon substrates. They demonstrated that, on the ultrathin (1-2 nm) monolayers,
lower electron beam energies (<5 keV) produce higher resolution patterns than high-
energy beams. At 1 keV, a dose of 40 pC/cm? is required to make the patterns
observable by lateral force microscopy. Features as small as 80 nm were exposed at
2 keV on these monolayers. After exposure, palladium colloids and aldehyde- and
protein-coated polystyrene fluorescent spheres adhered only to unexposed areas of the
monolayers.

5.2.2. Nanoscale Device Fabrication

The steps taken to produce a nanoscale device by EBL are shown in Figure 21: the
sample is covered with a thin layer of PMMA, then the desired structure or pattern is
exposed with a certain dose of electrons. The exposed PMMA changes its solubility
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Figure 21. EBL steps for fabricating nanoscale devices.

towards certain chemicals. This can be used to produce a trench in the thin layer. If
one wants to produce a metallic structure, a metal film is evaporated onto the sample
and after dissolving the unexposed PMMA with its cover (lift-off) the desired metallic
nanostructure remains on the substrate.

Until recently, the EBL system was used almost exclusively for fabricating research
and prototype nanoelectronic devices. It is still the only tool used for this kind of
device scale since a lithography system for mass production is not available for deep
nanometer features [55-57]. Devices fabricated by using EBL include quantum dots,
single electron transistors [58], nanotube transistors [59], and other nanoscale structures.

The following four examples of nanoscale structures are fabricated by using
EBL. Figure 22 is a pattern for “Binary position-modulated sub-wavelength grat-
ing (BPMSG)” [60] fabricated using a “lift-oft” process. BPMSG is a very important
building block for many micro scale optical instruments such as spectrometers and
multiplexors.

In Figure 23, the hexagon array was written with the beam making a single pass over
each line. First, the beam moved back and forth across the entire structure writing the
non-vertical lines. Then, each short vertical line was written to complete the pattern.
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Figure 22. EBL generated 150 nm chromium lines with variable spaces ranging from 150 nm to 300 nm
on a silicon substrate. The thickness of the lines is about 100 nm. [Zhou, 1993].

Figures 24-25 were fabricated at the Nanoscale Science Laboratory of the University
of Cambridge headed by Professor Mark Welland [61]. Figure 24 is a field-emitting
device fabricated on silicon. Its feature size is in the 100 nm regime. Source, drain and
gate are made from tungsten.

Figure 25 shows a line of 5 nm wide written into PMMA. This line has a homo-
geneous width over more than 100 nm and is an example of the smallest features that
can be produced with electron beam lithography.

5.2.3. Electron Beam Processing

Another 