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Preface

This volume documents the proceedings of the 8 th International Symposium on 
Particles on Surfaces: Detection, Adhesion and Removal held under the auspices 
of MST Conferences in Providence, Rhode Island, June 24-26, 2002. This event 
represented a continuation of the series of symposia initiated in 1986 under the 
aegis of the Fine Particle Society. Since 1986 this topic has been covered on a 
regular biennial basis (except no symposium was held in 1994) and the proceed­
ings of these earlier symposia have been properly documented in six hard-bound 
books [1 - 6 ].

As mentioned in the Preface to the book Particles on Surfaces 7: Detection, 
Adhesion and Removal [6 ] the study of particles on surfaces is extremely crucial 
in a host of diverse technological areas, ranging from microelectronics to optics to 
biomedical. In a world of shrinking dimensions and with the tremendous interest 
in various nanotechnologies, the need to understand the physics of nanoparticles 
becomes quite patent. With the interest in and concern with nanoparticles comes 
the need for new and more sensitive metrological and analysis techniques to de­
tect, quantitate, analyze and characterize very small particles on a host of sub­
strates. Also even a cursory look at the literature will evince that currently there is 
a high tempo of activity in devising new ways or ameliorating the existing tech­
niques to remove real small particles.

The technical program for this symposium was comprised of 30 papers cover­
ing many different aspects of particles on surfaces. It should be mentioned that 
throughout the symposium there were lively and illuminating discussions and cer­
tain areas where an urgent and dire need was felt for intensified R&D efforts were 
highlighted.

Now coming to this volume, it contains a total of 21 papers covering many 
ramifications of particles on surfaces. Apropos, this volume also contains a paper 
which was presented in the earlier symposium but was not published at that time. 
It must be recorded that all manuscripts were rigorously peer-reviewed and all 
were revised (some twice or even thrice) and properly edited before inclusion in 
this volume. Concomitantly, this volume represents an archival publication of the 
highest standard. It should not be considered a proceedings volume in the usual 
sense, as many proceedings volumes are neither peer-reviewed nor adequately ed­
ited.

This volume is divided into two parts: Part 1 : Particle Analysis/Characteriza­
tion and General Cleaning-Related Topics; and Part 2: Particle Adhesion and Re­
moval. The topics covered include: nature and characterization of small particles;
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surface and micro-analytical methods for particle identification; haze as a new 
method to monitor nano-sized particles; particle transport and adhesion in ion- 
beam sputter deposition process; particle deposition during immersion rinsing; 
ice-air blast cleaning; rectangular jets for surface decontamination; factors impor­
tant in particle adhesion and removal; mechanics of nanoparticle adhesion; parti­
cle adhesion on nanoscale rough surfaces; various techniques for cleaning or re­
moval of particles from different substrates including wet cleaning, use of 
modified SC-1 solutions, use of surfactants, ozonated DI water, ultrasonic, 
megasonic, laser, energetic clusters; and post-CMP cleaning.

Yours truly sincerely hopes that this volume and its predecessors [1-6] would 
be of immense value to anyone interested in the world of particles on surfaces, 
and these volumes collectively would serve as a resource for information on con­
temporary R&D activity in this extremely technologically important area.

Acknowledgements

This section is always the pleasant part of writing a Preface. First, I am thankful 
to Dr. Robert H. Lacombe, a dear friend and colleague, for taking care of the or­
ganizational aspects of this symposium. Special thanks are due to the reviewers 
for their time and efforts in providing many valuable comments which are a pre­
requisite for a high standard publication. The authors must be thanked for their in­
terest, enthusiasm and contribution which were essential ingredients in making 
this volume a reality. Finally my sincere appreciation goes to the staff of VSP 
(publisher) for materializing this book.

K.L. Mittal 
P.O. Box 1280 

Hopewell Jet., NY 12533

1. K.L. Mittal (Ed.), Particles on Surfaces 1: Detection, Adhesion and Removal. Plenum Press,
New York (1988).

2. K.L. Mittal (Ed.), Particles on Surfaces 2: Detection, Adhesion and Removal. Plenum Press,
New York (1989).

3. K.L. Mittal (Ed.), Particles on Surfaces 3: Detection, Adhesion and Removal. Plenum Press,
New York (1991).

4. K.L. Mittal (Ed.), Particles on Surfaces: Detection, Adhesion and Removal. Marcel Dekker,
New York (1995). (Proceedings of the 4th Symposium.)

5. K.L. Mittal (Ed.), Particles on Surfaces 5&6: Detection, Adhesion and Removal. VSP, Utrecht 
(1999). (Proceedings of the 5th & 6th Symposia.)

6. K.L. Mittal (Ed.), Particles on Surfaces 7: Detection, Adhesion and Removal. VSP, Utrecht 
(2002).



Part 1
Particle Analysis / Characterization

and
General Cleaning-Related Topics



http://taylorandfrancis.com


Particles on Surfaces 8: Detection, Adhesion and Removal, pp. 3-28 
Ed. K.L. Mittal 
© VSP 2003

The nature and characterization of small particles

RAJIV KOHLI*
Maxtor Corporation, 2452 Clover Basin Drive, Longmont, CO 80503, USA

Abstract—Nanosize particles are of fundamental and practical interest for advanced materials and 
devices. As feature sizes shrink, nanoparticle contamination will also become increasingly impor­
tant and will present an ongoing challenge to achieve and maintain high product yields. In order to 
employ appropriate material and product development strategies, or preventive assembly and 
remediation strategies to control nanoparticle contamination, it is necessary to understand the na­
ture of nanosize particles and to characterize these particles. Particles in the size range 0.1 nm to 
100 nm present unique challenges and opportunities for their imaging and characterization. Critical 
information for this purpose is the number and size of the particles, their morphology, and their 
physical and chemical structure. A brief review of the nature of small particles is presented. 
Emerging techniques for characterizing particles, such as scanning near-field optical microscopy 
(SNOM), hot electron microcalorimetry, multiphoton microscopy and Raman chemical imaging, 
are briefly described.

Keywords: Small particles; characterization; innovative imaging techniques; SNOM; atom probe; 
HAADF-STEM; Raman microscopy; multiplexed multiphoton microscopy (MMM).

1. INTRODUCTION

Small particles in the submicrometer and subnanometer size range are of funda­
mental interest in a wide variety of industries. The development of advanced 
nanomaterials and nanodevices involves the efficient application of nanometer 
size particles. By contrast, nanometer size particles as contaminants are a leading 
cause of failure of components and end products in widely diverse industries, 
such as electronics, semiconductors and optics. For example, in the data storage 
industry, minimizing contaminant particles on hard disk drive components is 
critical to drive performance and high product yield. The current nominal flying 
height at which the head flies over the disk is 17 to 25 nm which will be even 
lower in future product designs. If a particle of similar dimensions is trapped be­
tween the head and the disk, it can cause a catastrophic failure of the drive [1 ].

^Present address: RKAssociates, 2450 Airport Road, #D-238, Longmont, CO 80503, 
Phone: (1-303) 682-3217, E-mail: kohlirkassoc@hotmail.com

mailto:kohlirkassoc@hotmail.com
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In order to continuously advance material developments, or to develop reme­
diation strategies to minimize or eliminate contaminant particles from the manu­
facturing process, it is necessary to understand the interactions of nanometer size 
particles. This, in turn, requires detailed characterization of these particles. As the 
particle size becomes smaller, high-resolution qualitative and quantitative meth­
ods are required to measure and physically and chemically characterize these par­
ticles. A number of methods have been developed for imaging and characterizing 
particles from micrometer size to the atomic scale [2-7]. These methods take ad­
vantage of the complete range of properties of the materials. Many of these meth­
ods are commercially available, while other methods have been successfully 
demonstrated. Here we discuss recent developments and applications of selected 
less-common methods that hold tremendous promise for imaging, physical char­
acterization and chemical analysis of nanometer and subnanometer-size particles.

2. NATURE OF SMALL PARTICLES

2.1. Sizes of small particles

In referring to small particles, the size of the particles can be discussed in terms of 
various physical phenomena. For example, the interactions of particles much lar­
ger than 1 \im in diameter are increasingly dominated by gravitational forces, 
while van der Waals and other forces tend to dominate their interactions below 
that size. Particles with diameters of 0.3 to 0.7 |im are of the same size as the 
wavelength of visible light, which is the limit of resolution (Abbe diffraction 
limit) in conventional optical microscopic observation of particles of that size. 
However, as we shall see in Section 3.3.4, scanning near-field optical microscopy 
makes it now possible to bypass the Abbe diffraction limit to resolve particles as 
small as 30 nm.

Particles in the size range 20 to 100 nm are referred to as ultrafine, while 
nanometer size particles have diameters smaller than 20 nm. Due to the need to 
understand aerosol behavior, two additional classes of particle sizes have been de­
fined. Very small particles refer to particles smaller than 5 nm, while molecular 
size defines particles with diameters smaller than 1 nm [8 ].

2.2. Particle interactions

The physical nature of very small particles (<20 nm) cannot be thought of in 
terms of classical surface or volume continua. Rather, the molecules statistically 
associated with the particle will tend to define their physical and chemical interac­
tions. As Table 1 shows, the number of molecules associated with a particle in­
creases with increasing particle size, but the fraction of the molecules at the sur­
face decreases with increasing particle size. For a particle of 20 nm diameter, the 
number of molecules at the surface is only about 1 2 %, but the number is nearly 
90% for a particle of 2 nm diameter. Consequently, the overall behavior of very
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small particles is governed by the surface and binding energies of the molecules 
in the particle. These particles are neither solid nor liquid, and do not behave like 
individual molecules. Such particles are regarded as a complex structure whose 
behavior depends on the positions of the individual molecules and the combined 
electronic charge distribution [9,10].

Table 1.
Characteristics of molecules associated with very small particles

Particle size 
(nm)

Cross-sectional 
area (10'18m2)

Mass
(10-25kg)

Number of 
molecules

% of molecules 
at the surface

0.5 0.2 0.65 1 -

1.0 0.8 5.2 8 100
2.0 3.2 42 64 90
5.0 20 650 1 x 103 50

10.0 80 5.2 x 103 8 x  103 25
20.0 320 4.2 x 104 6.4 x 104 12

Only simple interactions of very small particles are presently well understood. 
Due to the technological importance of very small particles in advanced materials 
and nanotechnology, advances in kinetic theory, solid state chemistry, quantum 
mechanics and aerosol dynamics are essential to better understanding of particle 
interactions. Combined with the very high spatial resolution and chemical compo­
sition capabilities of newer characterization techniques, it will be possible to pre­
dict the behavior of very small particles in complex systems in the future. In turn, 
these predictions will provide the basis for understanding the transport, adhesion 
and detachment of these particles in real systems, as well as making it possible to 
design materials with specific properties. One example is the recent synthesis of 
monodisperse Fe-Pt nanoparticles of controlled size (3-10 nm) and composition to 
yield chemically and mechanically robust ferromagnetic nanocrystal assemblies 
for very high areal density magnetic recording (terabits per unit area) [1 1 ].

2.3. Elucidating the fundamental interactions of very small particles

One major source of particles is chemically-induced transformation of gaseous 
matter into particles. These particles can subsequently grow by condensation and 
coagulation into larger particles at a growth rate that depends on factors such as 
particle size and concentration [12-14]. This gas-to-particle transformation is im­
portant for assembly processes in which gaseous precursors such as acid gases are 
present, or for products that employ volatilizable materials, such as motor bearing 
grease and lubricants. The understanding of gas phase reactions in the formation 
of particles has advanced considerably, but important chemical and physical 
mechanisms are still unresolved, particularly for particles smaller than 1 0  nm size.
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As noted earlier, such particles have to be considered as complex structures 
whose properties and interactions are determined by the number and position of 
the molecules on the surface. In fact, the interactions of these particles will be 
largely between the molecules at the surface, which are, in turn, determined by 
atomic, electronic and nuclear motions. These interactions typically occur on 
timescales of picoseconds (10 12 s) to subzeptoseconds (10'21 to 1022 s). For ex­
ample, subpicosecond X-rays or electrons [15, 16] or femtosecond pulsed lasers 
[17] can probe events such as creating and breaking of chemical bonds, while at- 
tosecond pulses [18-20] can be used to study the motions of electrons that bind 
atoms together. The motions of nuclei within the electrons happen on an even 
briefer timescale and the recently proposed source of zeptosecond laser pulses 
should help to illuminate strong nuclear interactions [2 1 ].

3. MEASUREMENT AND CHARACTERIZATION OF PARTICLES

3.1. Sizing and classification

Several techniques are available to count, size and classify single ultrafine parti­
cles as small as 2 nm in diameter [13, 14]. For example, the ultrafine condensa­
tion nucleus counter can detect particles down to 3 nm with a counting efficiency 
of >70%, while differential mobility size spectrometry can provide size distribu­
tion of particles in the <1 to 200 nm range [22-30]. Recently, the first condensa­
tion nucleus counter (CNC) capable of detecting individual ions has been devel­
oped [31]. However, many of these methods do not provide any information on 
the size distribution of individual particle types. To overcome these limitations, an 
on-line, semicontinuous double size spectrometry method has been developed to 
provide size and effective density of single particles in the range 3 to 50 nm [32]. 
In this method, particles in a narrow size range are selected by an electrical mobil­
ity size classifier and then resized by a hypersonic impactor [33, 34]. The first 
step selects the particles by their Stokes diameter, which is the geometric diameter 
of spherical particles. The second step sizes the singly-charged particles by their 
aerodynamic diameter, which is dependent on the particle mass as well as the 
Stokes diameter. The impactor flow is supersonic and the particle capture is 
measured by an electrometer. The collection efficiency of the impactor is better 
than 80% for particles down to 3 nm diameter.

Most differential mobility size spectrometry instruments are designed to oper­
ate at ambient pressure for probing aerosol particles in the atmosphere. By con­
trast, in semiconductor fabrication contamination from nanometer-sized particles 
formed at low pressures can lead to significant yield loss [35]. In response, differ­
ential mobility analyzer instruments have been developed for low-pressure opera­
tion [36, 37]. These instruments employ larger diameter and longer connecting 
tubes between the instrument and the vacuum pumps, together with mass flow 
controllers especially designed for low pressures. These features ensure a low
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pressure drop and a large evacuation capacity. The instrument has successfully 
demonstrated accurate mobility classification of particles in the size range 6 - 1 2  

nm at pressures as low as 200 Pa, approaching the operating pressures in semi­
conductor fabrication.

3.2. Particle analysis

The chemical composition of nanosize particles is important information needed 
to develop a complete understanding of the behavior of these particles. Tradition­
ally, the particles are collected by one or more of the available sampling methods 
on a filter, substrate or grid located in an impactor and analyzed using off-line 
techniques, such as electron microscopy and vibrational and mass spectroscopy 
[2, 30, 38, 39]. One method that is increasingly used for offline analysis of indi­
vidual particles is laser microprobe mass spectrometry (LMMS). The particles are 
irradiated with a high power pulsed laser and the fragments are analyzed by mass 
spectrometry [40, 41]. LMMS can detect trace metals, inorganic compounds, and 
organic compounds in individual particles [42-45]. However, because it is an off­
line technique that requires the particles to be exposed to a vacuum, the particle 
composition can be affected. In addition, there is a significant time delay in re­
turning data because the samples must be analyzed in a remote laboratory.

3.2.1. Single particle analysis
Recently, a number of instruments have been developed for on-line collection and 
analysis of single aerosol particles in real time [30, 46-48]. In these instruments, 
the particles are aerodynamically sized followed by chemical analysis by mass 
spectrometric methods to obtain information about molecules and not just ele­
ments. The particles are desorbed and ionized in the source region of the mass 
spectrometer. Ionization can be achieved by non-laser thermal vaporization 
[49-52] and analyzed by a magnetic sector mass spectrometer or by a quadrupole 
mass spectrometer [53], or an ion trap [54, 55]. Alternatively, particles can be ion­
ized chemically [56-58], by electron impact [39, 53], or by laser vaporization 
[59-65]. Aerosol time-of-flight mass spectrometry (ATOFMS) has been success­
fully demonstrated in a, field-transportable instrument for real time on-line analy­
sis of single aerosol particles down to 0 . 1  |im [59-62],

These real-time instruments have been successfully demonstrated to also pro­
vide information on multicomponent crystallization [6 6 ], compound speciation 
[67], surface coatings [6 8 ] and even the oxidation state of particles [69].

3.2.2. High-resolution X-ray spectroscopy
Semiconductor energy-dispersive spectrometers (EDS) and wavelength-dispersive 
spectrometers (WDS) are commonly employed as analytical tools for off-line 
chemical identification of particles, but these detectors cannot resolve closely- 
spaced or overlapping X-ray peaks in complicated spectra. For example, the se­
vere peak overlaps between the Si K„ and the W Ma X-ray lines prevent their 
identification by semiconductor EDS [70]. High-resolution X-ray detectors are
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required to meet the analysis requirements for small particles, particularly parti­
cles with a diameter <0 . 1  |im.

The leading techniques for developing high-resolution detectors are based on 
the use of semiconductor thermistors, superconducting edge transition detectors, 
superconducting tunneling junctions, and magnetic calorimeters [71-75]. With 
these methods it is possible to obtain an energy resolution of 3 to 13 eV full width 
at half maximum (FWHM) that is an order of magnitude better than the resolution 
obtainable with semiconductor EDS (~ 130 eV at FWHM) and is comparable to 
semiconductor WDS (~ 2 to 20 eV at FWHM).

Of the techniques mentioned above, the superconducting edge transition detec­
tor has been most often applied for particle analysis. In a typical configuration of 
such a detector system, also referred to as microcalorimeter EDS, there is a metal 
film to absorb the X-rays, a thermometer to measure the temperature of the elec­
trons in the absorber, and a coupling to a heat sink (Fig. 1).

When a particle or a photon interacts with the absorber, the incident energy is 
converted to heat. The corresponding temperature rise is measured by a supercon­
ductor tunnel junction that is cooled to well below the phase transition tempera­
ture. The amplitude of the current pulse through the junction is directly propor­
tional to the incident energy. The fundamental energy resolution limit of these 
detectors is of the order of 1-3 eV, depending on the absorber material. Present 
detector technology has achieved a resolution of 3-7 eV, which makes these de-

Figure 1. Schematic of a typical microcalorimeter EDS system.
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vices very well suited to high-resolution X-ray detection. For example, with a 0.3 
|L im  W particle on a Si substrate it was possible to resolve the M0, Mp, MY and the 

peaks for W using microcalorimeter EDS (Fig. 2). Similar results were ob­
tained on a TiN sample. The La peak, both Lp peaks and even the Lp peak for Ti 
was clearly resolved [70].

Microcalorimeter EDS offers one additional advantage. With its high-energy 
resolution, all peak shapes and integrated peak intensities are accessible, making 
it possible to measure chemical shifts in the X-ray spectra. This can provide 
chemical binding state information [70].

3.2.3. Laser-induced breakdown spectroscopy
Laser-induced breakdown spectroscopy (LIBS) is an atomic emission spectro­
scopic technique in which successive nanosecond laser pulses ablate a small 
amount of material from the surface [76-79]. The resulting microplasma emits 
fluorescence radiation from excited atoms and/or ions that is characteristic of the

Figure 2. Microcalorimeter EDS spectrum of a tungsten particle on a silicon substrate (courtesy of 
National Institute of Standards and Technology, Boulder, CO, USA).
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elements in the sample. If the same point is ablated successively, the LIBS spectra 
provide in situ cross-sectional analysis of the material. Raman microscopy can 
achieve very high spatial resolution (~ 1 |im), which gives spectra largely free of 
contamination from surrounding material. By combining these techniques, elemen­
tal analytical data and the chemical composition of the material of interest can be 
obtained in situ. The advantages of combining Raman microscopy with LIBS to 
identify and analyze pigment particles in artworks have been demonstrated re­
cently [80]. It was determined that the original white paint on a Byzantine icon was 
2PbC03 Pb(0 H)2, but that the subsequent restorative work used ZnO paint.

The LIBS technique can also yield information simultaneously on the size, 
number density, mass and composition of a wide range of particles, including 
metal hydrides, coal particles, halons, and elements (As, Be, Fe, Mn, Ni and oth­
ers). Particles as small as 175 nm have been successfully measured, correspond­
ing to an absolute detectable mass of the order of 10 15 g [77]. This shows the very 
high sensitivity of the LIBS technique for particle characterization.

By combining LIBS with scanning near-field optical microscopy (SNOM), it is 
possible to map and correlate elemental chemical composition of surfaces with 
the surface topography [81]. In this method, surface topography is first mapped 
by scanning the surface with the SNOM probe. The probe is then positioned over 
a feature of interest, such as a surface contaminant particle, which is vaporized by 
a laser pulse. Optical emissions from the resulting plasma plume are analyzed to 
obtain LIBS spectra.

3.3. Particle imaging techniques

3.3.1. Scanning transmission electron microscopy
High-resolution electron microscopic techniques have been developed in response 
to the need to understand the fundamental properties of nanosize particles. This 
includes chemical, structural and morphological information of particles.

A very attractive feature of recent scanning transmission electron microscopy 
(STEM) instruments is the ability to form an electron probe with diameters down 
to 0.3 A using aberration correction of the electron lenses [4, 82, 83]. This is
achieved with a field-emission gun that provides the signal strength to view and 
record images, spectra and electron diffraction patterns. In addition, there are a 
great variety of available detectors that have been developed to simultaneously 
collect imaging and analytical signals in dedicated STEM instruments (Fig. 3). 
This makes the STEM an exceptional nanoanalytical tool that can provide de­
tailed information on composition, electronic and crystal structure with atomic 
resolution and sensitivity [82].

By collecting high-angle annular dark-field (HAADF) images, information 
about structural variations across the sample can be obtained at the atomic level. 
Electron energy-loss spectroscopy (EELS) and X-ray energy dispersive spectros­
copy (XEDS) provide quantitative data on elemental composition, electronic
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structure or oxidation state of the sample. In fact, work has been recently reported 
on the distribution and unambiguous identification of individual gadolinium atoms 
inside a chain of endohedral Gd-metallofullerenes separated by 1 to 2 nm [83]. 
Surface topography or surface chemistry of nanoparticles can be obtained by sec­
ondary electron spectroscopy (SES) or Auger electron spectroscopy (AES). Nano- 
diffraction patterns can be acquired from individual nanoparticles to provide in­
formation on their crystallographic structure, as well as their structural relationship 
with the surrounding material, and perhaps also the morphology of the particles.

The resolution of STEM images is determined primarily by the incident probe 
size, the stability of the microscope, and the inherent properties of the signal gen­
eration process. Modem high-resolution microscopes can provide point resolution 
of 1 .3 - 1 .7 A, although recently lattice imaging has been demonstrated at 0.75-
0.89 A [84, 85] with aberration correction. This level of resolution can be ex­
ploited to obtain direct structural information on wide band gap materials at a 
monoatomic level, such as the 60° dislocation in Si-Ge/Si structures [8 6 ]. In addi­
tion, by using the microscope as a quantitative measuring instrument employing 
quantitative statistical experimental design, it is possible to measure atom posi­
tions with a precision of the order of 0 . 0 1  A [87], At this level of precision, highly
refined solid state theoretical calculations can be made and validated to predict 
from first principles the exact properties of materials and the interactions between 
materials.

3.3.2. High-angle annular dark-field (HAADF) STEM imaging 
For true quantitative 3D analysis, a single projection of 2D images will not be 
adequate for a complete description of the object being examined in a STEM. It is 
necessary to turn to tomography to reconstruct the 3D object from a tilt series of 
2D projections. The most common mode of electron tomography is conventional 
coherent bright field (BF) TEM. However, for crystalline particle imaging and 
analysis, diffraction (and Fresnel) contrast makes reconstruction of the structure 
from coherent signals problematic. Other (incoherent) signals must be used that 
are insensitive to diffraction contrast to reduce or eliminate such problems. High- 
angle annular dark-field (HAADF) imaging in the STEM does provide images of 
high compositional contrast, shows little or no diffraction effects, and in which 
the signal is approximately proportional to the square of the atomic number Z. 
This is the reason it is also known as ‘Z-Contrast’ imaging [82, 88-93].

HAADF images are formed by collecting high-angle (typically a few degrees 
or more) scattered electrons with an annular dark-field detector in dedicated 
STEM instruments. The images originate from interaction with atomic nuclei and 
are therefore sensitive to differences in atomic number. The contrast of HAADF 
images is
• strongly dependent on the average atomic number of the scatterer encountered

by the incident probe;
• not strongly affected by dynamical diffraction effects;
• not strongly affected by defocus; and
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• not strongly affected by sample thickness variations. Spatial resolution is lim­
ited by the size of the focused incident probe.

The spatial resolution and field of view of HAADF STEM imaging comple­
ment perfectly the ultra-high-resolution technique of atom probe tomography and 
the much lower resolution X-ray micro-tomography.

In commercial microscopes, the HAADF signal can be detected very simply by 
lowering the camera length to values of around 100 mm or less. Both BF (trans­
mitted beam) and dark field (diffracted beam) electrons then fall on the central 
BF-STEM detector, while the HAADF electrons fall on the annular dark-field de­
tector. Typical HAADF acceptance angles are 2.5 to 6  degrees. HAADF images 
can be obtained at the same resolution as STEM BF and DF images (atomic reso­
lution with a field emission gun). The specimen must be thin (<40 nm) for most 
high-resolution imaging applications.

The HAADF technique does have some limitations:
• HAADF imaging is only quasi-spectroscopic;
• the image resolution is not as high as that of HREM images;
• thick specimens cause beam broadening and degradation of the spatial resolu­

tion; and
• HAADF images have a much poorer signal-to-noise ratio compared to HREM 

images.
The HAADF technique shows great promise for very high-resolution analysis. 

For example, STEM images of a Pt catalyst on a Al20 3 -Ce2 0 3  support are shown 
in Fig. 4. The dark round features in the BF image can be either ceria or platinum 
grains. Only the HAADF image clearly shows the platinum crystals.

There are two potential sources of artefacts in the HAADF technique:
1. HAADF imaging is more strongly dependent on thickness of the specimen 

than back-scattered electron imaging. Specimens with strong thickness varia­
tions may show high intensity in thicker areas. In such specimens, the 
HAADF signal is not necessarily indicative of high atomic number.

2. Structures such as dislocations may show up strongly in HAADF images 
without any local concentration of high-atomic number material. Small 
changes in crystal tilt will normally lead to strong changes in dislocation con­
trast, similar to the effect seen in TEM BF and DF images.

3.3.3. Field-emission environmental SEM
The field-emission environmental scanning electron microscope (FE-ESEM) is an 
instrument with unique capabilities [94, 95]. In conventional scanning electron 
microscopy a relatively high vacuum in the specimen chamber is required to pre­
vent atmospheric interference with the primary or secondary electrons. By con­
trast, nonconductive and uncoated specimens can be examined in an FE-ESEM at 
high chamber pressure (10 Pa to 1.33 kPa) and temperatures up to 1273 K. Since 
the residual gas pressure range in the specimen chamber can exceed saturated wa-
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Figure 4. STEM images of an aged platinum catalyst on Al20 3 -Ce20 3  support, (a) BF image; (b) 
DF image; (c) HAADF image (courtesy of FEI Company, Portland, OR, USA).

ter vapor pressure, water-containing specimens can be imaged without drying out. 
In such “wet mode” imaging, the specimen chamber is isolated from the rest of 
the vacuum system.

When the electron beam (primary electrons) ejects secondary electrons from 
the surface of the sample, the secondary electrons collide with water molecules, 
which, in turn, function as a cascade amplifier, delivering the secondary electron 
signal to the positively biased gaseous secondary electron detector. The water 
molecules are positively ionized, and thus they are attracted toward the specimen, 
serving to neutralize the negative charge produced by the primary electron beam. 
The applied accelerating voltage can be matched to the required edge and penetra­
tion effects, while the gas pressure can be varied to remove all specimen charging. 
The field-emission gun produces a brighter filament image (primary electron 
beam) than either tungsten or lanthanum hexaboride (LaB6) sources, and the ac-
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eelerating voltage may be lowered significantly, permitting nondestructive imag­
ing of fragile specimens.

The key benefits of the FE-ESEM imaging technique are listed below:
• True secondary electron imaging at high chamber pressure (to 1330 Pa);
• no charging of non-conductive samples;
• low-Z materials can be observed;
• contaminated samples can be observed;
• porous material can be imaged;
• hydrated samples remain fully stable; and
• no coating interference.

There are two important benefits in X-ray analysis with the FE-ESEM of un­
coated specimens.
1. No X-ray lines from the coating interfere with the characteristic X-ray spec­

trum generated in the specimen. The absence of conductive coatings rids the 
potential absorption and interference artefacts.

2. X-ray analysis can be performed at high accelerating voltages. No charging 
artefacts are observed which allows the operator to choose any acceleration 
voltage for optimal X-ray analysis.

Figure 5. Image of a diesel exhaust particle at approximately 650 Pa chamber pressure in an FE- 
ESEM (courtesy of FEI Company, Portland, OR, USA).
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This combination of characteristics makes the FE-ESEM ideal for obtaining 
high magnification secondary electron images of low atomic number materials in 
their uncoated, natural and stable state (Fig. 5).

3.3.4. Scanning near-field optical microscopy (SNOM)
The key requirements for characterizing nanometer-scale objects are high sensi­
tivity and high spatial resolution. Although scanning tunneling microscopy (STM) 
and atomic force microscopy (AFM) provide exceptional spatial resolution of the 
order of 1 nm or less, neither technique provides chemical identification of sur­
face species. The reason for this is that in STM and AFM only the outer electrons 
of the surface atoms are involved in the interactions of the probe tip with the sur­
face. No spectroscopic information is obtained from the inner shell structure of 
the atom. Recently, an infrared AFM has been developed and successfully dem­
onstrated as described in Section 3.3.9.

Scanning near-field optical microscopy (SNOM) can meet both these require­
ments of high sensitivity and high spatial resolution [96-99]. Its unique advantage 
is the existence of a spatial dimension that makes it possible to perform chemical 
identification. From theoretical considerations, the fundamental optical diffraction 
limit of resolution is given by 0.61/l/ftsin#, where X is the wavelength of the em­
ployed light and n sin 6  is the numerical aperture [100]. This limits the resolution to 
approximately 250-400 nm for visible light. SNOM overcomes the Abbe diffrac­
tion limit in the optical regime by scanning a nanometer-sized aperture probe (50- 
100 nm) in close proximity (1-15 nm) to the sample surface. As a result, the light 
is concentrated as a subwavelength source that also acts in the optical near field.

A commercial SNOM system consists of one or more optical microscopes for 
reflection or transmission mode operation; the SNOM stage with the scanner and 
the SNOM sensor module with a shear force detector; the SNOM control unit 
with the laser and associated optics; and a software control system for fine posi­
tioning and automated operation. Most commonly, the SNOM probe tip is main­
tained at a constant distance from the sample surface by optical detection of the 
damping of an oscillating probe tip by shear force. Non-optical distance controls 
have also been implemented [96-99].

Tapered aperture probes with effective aperture sizes of 50-100 nm are rou­
tinely fabricated by adiabatic pulling of optical fibers during heating with a laser 
[101]. Alternatively, the probe tip can be fabricated by etching glass fibers at the 
tip [102], or by tube etching [103]. Tube etching produces very smooth probe tips 
with no pinholes and with optical transmission coefficients of 10'3 compared with 
10'5-10'6 for pulled fiber tips [104]. The probe is coated with a thin metallic film 
of aluminum to concentrate the light within the probe. The effective aperture size 
that can be achieved with aperture probes is 8-10 nm, which may be the practical 
limit of spatial resolution with these probes because of the finite skin depth of real 
metals, although a spatial resolution of ~ 5 nm has been reported [105]. One of 
the best optical metals is aluminum for which the penetration depth is -  8 nm for 
green light.
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Other methods for fabricating aperture probes include focused ion-beam mill­
ing [106] and microfabrication [107, 108], These methods would make it possible 
to fabricate inexpensive and highly reproducible probes. Using a microfabricated 
silicon cantilever probe with a quartz tip, a FWHM (full width at half maximum) 
resolution of 32 nm has been demonstrated [107].

A high resolution SNOM image of a sample of a polymer is shown in Fig. 6. 
The diameter and the depth of the pit are 100 nm and 5 nm, respectively. Judging 
from the width of the edge of the pit, the lateral resolution of the SNOM image is 
about 10 nm and the vertical resolution is about 1 nm (T. Kataoka, personal 
communication).

To overcome the limitations of aperture probes, an apertureless SNOM tech­
nique has been demonstrated in which a sharp vibrating tip is used to scatter the 
near field of the sample to achieve spatial resolution of 1 nm [109]. However, in 
this configuration the resolution is limited by the radius of curvature of the tip it­
self. By replacing the physical aperture with a nanoscopic active medium that acts 
as a light source, such as dye molecules, quantum dots, or diamond color centers, 
single-molecule resolution can be achieved [110].

Specific chemical information has been successfully obtained by combining 
SNOM with experimental methods such as cathodiluminescence [96], infrared 
spectroscopy [111-113], surface-enhanced Raman spectroscopy [99, 114, 115] 
and fluorescence imaging [99, 115, 116], SNOM has also been combined with la- 
ser-induced breakdown spectroscopy in a single instrument to achieve spatially-

Figure 6. The SNOM image of a pit in a polymer sample (courtesy of Osaka University, Osaka, Ja­
pan).
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resolved chemical imaging of surface particles [81]. Recently, nanoscale atmos­
pheric pressure laser ablation mass spectrometry has been demonstrated at a spa­
tial resolution of less than 200 nm [117].

Figure 7 shows SNOM images of bacteria bred to produce green fluorescence 
protein. In transmission mode, the location of the fluorescent protein is clearly 
distinguished. The origin of the fluorescent light is approximately 20 nm below 
the surface of the bacterium.

Recent information on SNOM and its wide range of applications for particle 
imaging and analysis can be found in several publications [96-99].

3.3.5. Three-dimensional atom probe imaging
The 3-dimensional atom probe (3DAP) is a quantitative technique that provides 
atomic scale 3-dimensional elemental maps of atoms within a volume 20 nm x 
20 nm x 100 nm of a conductive sample [118, 119]. As with the STM, a single 
atom and its neighbors can be imaged. However, 3DAP provides two major ad­
vantages over the STM:
• Elemental analysis in which each single atom is chemically identified by

time-of-flight; and
• position-sensitive detection, which makes the chemical map of the atoms

truly three dimensional.
In a typical 3DAP system, single atoms are field evaporated from a needle- 

shaped sample mounted on a cryogenically-cooled goniometer (Fig. 8). Atoms are 
ionized from the surface under a very high electric field and projected toward a 
position-sensitive detector placed at a distance of 250 to 650 mm from the sample. 
Ionization occurs from the surface of the specimen regularly, which makes it possi­
ble to ionize atoms by atomic layer, as well as by atomic order, thereby achieving 
atomic layer resolution. Atoms are chemically identified by time-of-flight mass 
spectrometry. The detector gives an accurate measurement of the ion impact posi­
tions and masses. The very high magnification of the instrument yields highly accu­
rate (0.2 nm) impact coordinates, from which the original positions of the atoms at 
the tip surface are derived. Modem 3DAP instruments are equipped with a reflec- 
tron energy compensator, and are able to achieve a mass resolution, m/Dm, larger 
than 300 [118]. With this performance, most of the alloying elements contained in 
complicated nanocrystalline alloys can be identified without any ambiguity.

An example of element and concentration mapping obtained by a 3DAP is 
shown in Fig. 9. In the elemental map of the omega phase precipitated in an aged A1 
alloy, individual Al, Cu, Mg and Ag atoms are shown [120]. By counting the num­
ber of atoms in each pixel, the elemental map can be converted to a concentration 
profile. 3DAP gives very accurate compositional information on the interface of 
nanosized particles embedded in a matrix phase. This type of analysis is impossible 
with an analytical transmission electron microscope because the typical thin foil 
thickness of TEM specimens is larger than 200 nm. If the particles embedded in the 
matrix are smaller than the thickness of the sample, the EDS spectra obtained from 
the nanosized particles will always be influenced by the surrounding matrix.
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Figure 8. Schematic diagram of a 3-dimensional atom probe.

Figure 9. 3DAP elemental map of the omega (£2) phase in an Al-l.9Cu-0.3Mg-0.2Ag alloy aged at 
180°C for 10 hours, (a) is the concentration map; (b) and (c) are the concentration profiles obtained 
from the marked regions (courtesy of the National Research Institute of Metals, Japan).
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3.3.6. Multifocal multiphoton microscopy
By producing an array of high aperture foci, multifocal multiphoton microscopy 
(MMM) provides real-time, light-efficient three-dimensional fluorescence imag­
ing at high resolution, but without the need for a detection pinhole. This technique 
uses focused light from an ultrafast laser to produce light pulses of high peak in­
tensity [121]. It creates and scans an array of focused spots, thereby reducing the 
scan time by a factor equal to the number of foci. The reduction of the distance 
between the foci increases not only the speed or image brightness but also the in­
terference between neighboring focal fields given by the lens point-spread func­
tion. To overcome the interference effects, the MMM includes two transparent 
glass masks mounted onto a microlens array, each with a different pattern of 
holes. The optical path length through each microlens differs by greater than the 
laser pulse length making it possible to move the foci as close as 3.5 (im. This 
method is referred to as time multiplexing (TMX). Eventually, the interfocal dis­
tance can be reduced to the point that lateral scanning will not be needed.

The superior axial resolution of a TMX-MMM is illustrated by the images of a 
spiky pollen grain (30 |im) in Fig. 10. Without TMX, the x-y image shows sig­
nificant haze (Fig. 10a). TMX removes the haze (Fig. 10b). The reconstructed 
three-dimensional images of the pollen grain also show similar improvement: the 
multiplexed image (Fig. 10c) exhibits much better definition than the 3-D image 
without multiplexing (Fig. lOd).

MMM (2- or 3-photon) has specific advantages compared to a confocal micro­
scope:
• The excitation wavelength is longer;
• resolution is comparable to a confocal microscope without the need for a con- 

focal pinhole, making optical alignment easier;
• more scattered light is collected which would be blocked by the pinhole in 

confocal microscopy;
• it scans up to 256 foci allowing much shorter acquisition times and increased 

image brightness; and
• foci can be aligned in a single line as close as 400 nm apart allowing x, z- 

scans or x, j-scans.
Potential applications of MMM relevant to particle imaging are listed below:

• Real-time 3D fluorescence microscopy on biological materials, including live 
cells;

• imaging kinetic phenomena involving metallic ions under different conditions;
• single particle tracking;
• biological cell manipulation;
• single molecule microscopy; and
• picosecond resolution microscopy and time-resolved imaging spectroscopy of 

particles.
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3.3.7. Magnetic resonance force microscopy imaging
Magnetic resonance force microscopy (MRFM) is a rather new technique, whose 
ultimate goal is to image single electron spins [122-126]. This will make it possi­
ble to produce 3-dimensional, non-destructive, in situ, atomic-resolution images 
of atoms, molecules, defects in solids, dopants in semiconductors, and binding 
sites in viruses.

The method makes use of the very small forces between the magnetic moments 
of nuclei or electrons and a magnet. In a typical setup, a thin silicon cantilever is 
poised above a tiny sample containing the particle to be imaged. A magnetic par­
ticle mounted on the cantilever interacts with tiny volumes of magnetic atoms in 
the sample. By applying a high magnetic field gradient, a thin sheet of the sample 
is selected in which the magnetic moments are in resonance with an external rf- 
field. The magnetic field and the rf-field are modulated to generate a force at the 
mechanical resonance frequency of the cantilever. The MRFM device is operated 
in ultra-high vacuum and at liquid helium temperatures. This microscope uses 
beam deflection to detect sensor oscillations instead of interferometry in order to 
suppress tip-fiber interactions.

Estimates of the magnetic force exerted by a single electron range from 1 to 10 
zN (1 zeptonewton (zN) = 10"21 N). Forces as small as 1.4 aN (1 attonewton (aN) 
= 10"18 N) have been detected to date [124],

3.3.8. Near-infrared Raman chemical imaging
A near-infrared Raman imaging microscope (NIRIM) has been recently devel­
oped to map chemical distribution on solid surfaces [127]. Since Raman spectros­
copy is an inelastic light scattering process, it is very well suited to characterizing 
the chemical species on the surface of composite and biological materials. The 
major advantage of Raman imaging over other mapping techniques, such as 
SEM-EDS or SEM-WDS and AES or XPS, is that it can be performed under am­
bient conditions without the need for a high energy excitation source. The unique 
feature of the NIRIM is that it collects the entire multi-wavelength Raman spectra 
from each point in the illuminated area. This is accomplished by employing fiber- 
bundle image compression in which 1 0 0  fibers are arranged in a 1 0  x 1 0  square 
array. The resolution of the microscope is determined by the magnification of the 
objective and can be as small as the wavelength of the laser light (X < 1 nm). The 
results from mapping of H 3 BO 3  on B4C and TiAIN on stainless steel showed good 
correlation with SEM-EDS analysis [128].

3.3.9. Near-field infrared atomic force microscopy
Scanning near-field microscopy has been extended into the infrared region of the 
spectrum [111-113] to obtain chemical information at 1 0 - 1 0 0  nm spatial resolu­
tion in nanomaterials and integrated circuits. In this method, the probe with a 
metallized AFM tip is operated in tapping mode, which extracts only the modu­
lated part of the infrared radiation, while suppressing background light detection. 
Simultaneously, an IR beam (wavelength 10 fim) is focused on the AFM tip from
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Figure 10. Effect of TMX on the 3D MMM image of a spiky pollen grain. Clockwise from top (a) 
x-y image shows significant haze; (b) TMX removes the haze; (c) reconstructed 3-D image with 
multiplexing; (d) reconstructed 3-D image without multiplexing (reprinted with permission from the 
Optical Society of America, cited in Ref. [121]).

Figure 11. Surface topography (left) and IR absorption images of PS (middle) and PMMA (right) 
(courtesy of Max Planck Institut, Martinsried, Germany).
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a tunable CO2 laser. The light scattered from the metallized AFM tip is collected 
by a concave mirror and focused onto a detector. The changes in IR absorption at 
different laser wavelengths are measured while scanning the tip over the sample. 
The contrast between the sample components changes according to their relative 
absorption. For example, thin (15 nm) Au islands on a Si substrate appear bright, 
with a material contrast of 20-30% and a spatial resolution of 30 nm [112]. Simi­
larly, the infrared contrast offered by vibrational resonance in a sample composed 
of two immiscible polymers (polystyrene (PS) embedded in a polymethyl 
methacrylate (PMMA) matrix) shows contrast reversal when the wavelength is 
changed from the absorption line of PS to the absorption line of PMMA (Fig. 11). 
The contrast is strongly enhanced in the near field of the Au probe tip, which is 
the first direct evidence of surface-enhanced infrared absorption.

4. SUMMARY

Recent developments in techniques for high-resolution imaging and characteriza­
tion of nanometer-scale particles have been discussed. Single particle chemical 
composition analysis can be performed down at the ionic level by precision sizing 
and ionization followed by mass spectrometry of the ionized species. High- 
resolution (<1 A) particle imaging techniques include scanning transmission elec­
tron microscopy with high angle annular dark field (HAADF) imaging. Atomic 
force and scanning tunneling microscopies have been successfully combined with 
analytical capabilities to provide chemical information at the nanoscale. Similar 
capability has been successfully demonstrated below 100 nm in scanning near­
field optical microscopy (SNOM) combined with Raman, fluorescence and mass 
spectroscopies. A hot electron microcalorimeter-based EDS detector has the po­
tential to provide significantly higher resolution X-ray analysis of particles than 
semiconductor energy-dispersive spectrometers.
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