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2.0 INTRODUCTION

The four techniques included in this chapter all have microscopy in their names.
Their role (but certainly not only their only one) is to provide a magnified image.
The objective, at its simplest, is to observe features that are beyond the resolution of
the human eye (about 100 um). Since the eye uses visible wavelength light, only a
Light Microscope can do this directly. Reflected or transmitted light from the sam-
ple enters the eye after passing through a magnification column. All other micros-
copy imaging techniques use some other interaction probe and response signal
(usually electrons) to provide the contrast that produces an image. The response sig-
nal image, or map, is then processed in some way to provide an optical equivalent
“picture” for us to see. We usually think of images as three dimensional, with the
object as “solid.” The microscopies have different capabilities, not only in terms of
magnification and lateral resolution, but also in their ability to represent depth. In
the light microscope, topological contrast is provided largely by shadowing in
reflection. In Scanning Electron Microscopy, SEM, the topological contrast is there
because the efficiency of generating secondary electrons (the signal), which origi-
nate from the several top tens of nanometers of material, strongly depends on the
angle at which the probe beam strikes the surface. In Scanning Tunneling
Microscopy/Scanning Force Microscopy, STM/SEM, the surface is directly pro-
filed by scanning a tip, capable of following topology at atomic-scale resolution,
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across the surface. In Transmission Electron Microscopy, TEM, which can also
achieve atomic-scale lateral resolution, no depth information is obtained because
the technique works by having the probe electron beam transmitted through a sam-
ple that is up to 200 nm thick.

If one wants only to better identify regions for further examination by other
techniques, the Light Microscope is likely to be the first imaging instrument used.
Around for over 150 years, it is capable of handling every type of sample (though
different types of microscope are better suited to differing applications), and can
easily provide magnification up to 1400x, the useful limit for visible wavelengths.
By utilizing polarizers, many other properties, in addition to size and shape,
become accessible (e. g., refractive index, crystal system, melting point, etc.). There
are enormous collections of data (atlases) to help the observer identify what he or
she is seeing and to interpret it. Light microscopes are also the cheapest “modern”
instrument and take up the least physical space.

The next instrument likely to be used is the SEM where magnified images of up
to 300k x are obtainable, the wavelength of electrons not being nearly so limiting as
that of visible light, and lateral features down to a few nm become resolvable. Sam-
ple requirements are more stringent, however. They must be vacuum compatible,
and must be either conducting or coated with a thin conducting layer. A variety of
contrast mechanisms exist, in addition to the topological, enabling the production
of maps distinguishing high- and low-Z elements, defects, magnetic domains, and
even electrically charged regions in semiconductors. The depth from which all this
information comes varies from nanometers to micrometers, depending on the pri-
mary beam energy used and the particular physical process providing the contrast.
Likewise, the lateral resolution in these analytical modes also varies and is always
poorer than the topological contrast mode. The cost and size range are about a fac-
tor of 5 to 10 greater than for light microscopes.

STMs and SFMs are a new breed of instrument invented in 1981 and 1985,
respectively. Their enormous lateral resolution capability (atomic for STM; a liede
lower for SEM) and vertical resolution capability (0.01 A for STM, 0.1 A for SEM)
come about because the interactions involved between the scanning tip and the sur-
face are such as to be limited to a few atoms on the tip (down to one) and a few
atoms on the surface. Though famous for their use in imaging single atoms or mol-
ecules, and moving them under control on clean surfaces in pristine UHV condi-
tions, their practical uses in ambient atmosphere, including liquids, to profile large
areas at reduced resolution have gained rapid acceptance in applied science and
engineering. Features on the nanometer scale, sometimes not easily seen in SEM,
can be observed in STM / SEM. There are however no ancillary analytical modes,
such as in SEM. Costs are in the same range as SEMs. Space requirements are
reduced.

The final technique in this chapter, TEM, has been a mainstay of materials sci-
ence for 30 years. It has become ever more powerful, specialized, and expensive. A
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well-equipped TEM laboratory today has 2 or 3 TEMs with widely different capa-
bilities and the highest resolution / highest electron energy TEMs probably cost
over $1 million. Sample preparation in TEM is critical, since the sample sizes
accepted are usually less than 3 mm in diameter and 200 nm in thickness (so that
the electron beam can pass through the sample). This distinguishes TEM from the
other techniques for which very little preparation is needed. It is quite common for
excellent TEMs to stand idle or fail in their tasks because of inadequacy in the ancil-
lary sample preparation equipment or the lack of qualified manpower there. A com-
plex variety of operation modes exist in TEM, all either variations or combinations
of imaging and diffraction methods. Switching from one mode to another in mod-
ern instruments is trivial, but interpretation is not trivial for the nonspecialist. The
combination of imaging (with lateral magnification up to 1Mx) with a variety of
contrast modes, plus an atomic resolution mode for crystalline material (phase
contrast in HREM), together with small and large area diffraction modes, provide a
wealth of characterization information for the expert. This is always summed
through a column of atoms (maybe 100), however, with 7o depth information
included. Clearly then, TEM is a thin-film technique rather than a surface or inter-
face technique, unless interfaces are viewed in cross section.
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2.1 Light Microscopy
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Introduction

The practice of light microscopy goes back about 300 years. The light microscope is
a deceptively simple instrument, being essentially an extension of our own eyes. It
magnifies small objects, enabling us to directly view structures that are below the
resolving power of the human eye (0.1 mm). There is as much difference between
materials at the microscopic level as there is at the macroscopic level, and the prac-
tice of microscopy involves learning the microscopic characteristics of materials.
These direct visual methods were applied first to plants and animals, and then, in
the mid 1800s, to inorganic forms, such as thin sections of rocks and minerals, and
polished metal specimens. Since then, the light microscope has been used to view
virtually all materials, regardless of nature or origin.

Basic Principles

In the biomedical fields, the ability of the microscopist is limited only by his or her
capacity to remember the thousands of distinguishing characteristics of various tis-
sues; as an aid, atlases of tissue structures have been prepared over the years. Like-
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wise, in materials characterization, atlases and textbooks have been prepared to aid
the analytical microscopist. In addition, the analytical microscopist typically has a
collection of reference standards for direct comparison to the sample under study.
Atases may be specific to a narrow subfield, or may be quite general and universal.
There are microscopical atlases for the identification of metals and alloys,! rocks
and ores,? paper fibers, animal feeds, pollens, foods, woods, animal hairs, synthetic
fibers, vegetable drugs, and insect fragments, as well as universal atlases that include
everything, regardless of nature or origin,3' 4 and, finally, atlases of the latest com-
posites.

The familiar light microscope used by biomedical scientists is not suitable for the
study of materials. Biomedical workers rely almost solely on morphological charac-
teristics of cells and tissues. In the materials sciences, too many things look alike;
however, their structures may be quite different internally and, if crystalline, quite
specific. Ordinary white light cannot be used to study such materials principally
because the light vibrates in all directions and consists of a range of wavelengths,
resulting in a composite of information—which is analytically useless. The instru-
ment of choice for the study of materials is the polarized light microscope. By plac-
ing a polarizer in the light’s path before the sample, light is made to vibrate in one
direction only, which enables the microscopist to isolate specific properties of mate-
rials in specific orientations. For example, with ordinary white light, one can deter-
mine only morphology (shape) and size; if a polarizer is added, the additional
properties of pleochroism (change in color or hue relative to orientation of polar-
ized light) and refractive indices may be determined. By the addition of a second
polarizer above the specimen, still other properties may be determined; namely,
birefringence (the numerical difference between the principal refractive indices),
the sign of elongation (location of the high and low refractive indices in an elon-
gated specimen), and the extinction angle (the angle between the vibration direc-
tion of light inside the specimen and some prominent crystal face). Some of these
may be determined by simply adding polarizers to an ordinary microscope, but
true, quantitative polarized light microscopy and conoscopy (observations and
measurements made at the objective back focal plane) can be performed only by
using polarizing microscopes with their many graduated adjustments.

Some of the characteristics of materials that may be determined with the polar-
ized light microscope include

* Morphology
¢ Size

* Transparency or opacity

Color (reflected and transmitted)

Refractve indices

Dispersion of refractive indices
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* Pleochroism

* Dispersion staining colors
* Crystal system

* Birefringence

* Sign of elongation

* Optic sign

* Extinction angle

® Fluorescence (ultraviole, visible, and infrared)
* Melting point

* Polymorphism

* Eutectics

* Degree of crystallinity

* Microhardness.

The modern light microscope is constructed in modular form, and may be con-
figured in many ways depending on the kind of material that is being studied.
Transparent materials, whether wholly or partly so, are studied with transmitted
light; opaque specimens are studied with an episystem (reflected light; incident
light), in which the specimen is illuminated from above. Materials scientists who
study all kinds of materials use so-called “universal” microscopes, which may be
converted quickly from one kind to another.

Sample Preparation

Sample preparation methods vary widely. The very first procedure for characteriz-
ing any material simply is to look at it using a low-power stereomicroscope; often, a
material can be characterized or a problem solved at this stage. If examination at
this level does not produce an answer, it usually suggests what needs to be done
next: go to higher magnification; mount for FTIR, XRD, or EDS; section; isolate
contaminants; and so forth.

If the material is particulate, it needs to be mounted in a refractive index liquid
for determination of its optical properties. If the sample is a metal, or some other
hard material, it may need to be embedded in a polymer matrix and then sawn,
ground, polished, and etched’ before viewing. Polymers may be viewed directly,
but usually need to be sectioned. This may involve embedding the sample to sup-
port the material and prevent preparation artifacts. Sectioning may be done dry and
at room temperature using a hand, rotary, rocking, or sledge microtome (a large
bench microtome incorporating a knife that slides horizontally), or it may need to
be done at freezing temperatures with a cryomicrotome, which uses glass knives.

If elemental or compound data are required, the material needs to be mounted
for the appropriate analytical instrument. For example, if light microscopy shows a
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sample to be a metal it can be put into solution and its elemental composition
determined by classical microchemical tests; in well-equipped microscopy laborato-
ries, some sort of microprobe (for example, electron- or ion-microprobe) is usually
available, and as these are nondestructive by comparison, the sample is mounted for
them using the low-power stereomicroscope. Individual samples <1 pm are handled
freechand by experienced particle handlers under cleanroom conditions. A particle
may be mounted on a beryllium substrate for examination by an electron micro-
probe, using a minimal amount of flexible collodion as an adhesive, or it may be
mounted on an aluminum stub for SEM, on the end of a glass fiber for micro-
XRD, or on a thin cleavage fragment of sodium chloride (“salt plate”) for micro-
FTIR. The exact procedures for preparing the instruments and mounting particles
for various analyses have been described in detail 4

Detection Limits

Many kinds of materials, because of their color by transmitted light and their opti-
cal properties, can be detected even when present in sizes below the instrument’s
resolving power, but cannot be analyzed with confidence. Organized structures like
diatom fragments can be identified on sight, even when very small, but an unori-
ented polymer cannot be characterized by morphology alone. The numerical aper-
ture, which is engraved on each objective and condenser, is a measure of the light-
gathering ability of the objective, or light-providing ability of the condenser. Spe-
cifically, the numerical aperture NA is defined as

AA
NA = nsin (1)

where #is the refractive index of the medium between the cover glass and the objec-
tive front lens, and AA is the angular aperture of the objective. The maximum the-
oretical NA of a dry system is 1.0; the practical maximum is 0.95. Higher values of
NA can be obtained only by using oil-immersion objectives and condensers. The
oils used for this have a refractive index of 1.515; the practical maximum numerical
aperture achieved is 1.4. The significance of the numerical aperture lies in the dif-
fraction theory of microscopical image formation; details on the theoretical and
practical limits of the light microscope are readily available.®

The theoretical limit to an instrument’s resolving power is determined by the
wavelength of light used, and the numerical aperture of the system:

A
where 7 is the resolving power, A is the wavelength of light used, and NA is the
numerical aperture of the system. The wavelength is taken to be 0.55 um when
using white light. The use of ultraviolet microscopy effectively doubles the resolv-
ing power, but the lenses must be made of quartz and photographic methods or
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image converter tubes must be used to image the specimen. The maximum theoret-
ical limit of resolving power is currently about 0.2 um, using white light and con-
ventional light microscopes. The practical limit to the maximum useful
magnification, MUM, is 1000 NA. In modern microscopes MUM = 1400x.
Although many instruments easily provide magnifications of 2000-5000%, this is
“empty” magnification; i.e., no more detail is revealed beyond that seen at 1400x.

Common Modes of Analysis

Particulate materials are usually analyzed with a polarizing microscope set up for
transmitted light. This allows one to determine the shape, size, color, pleochroism,
refractive indices, birefringence, sign of elongation, extinction angle, optic sign,
and crystal system, to name but a few characteristics. If the sample is colorless,
transparent, and isotropic, and is embedded in a matrix with similar properties, it
will not be seen, or will be seen only with difficulty, because our eyes are sensitive to
amplitude and wavelength differences, but not to phase differences. In this case, the
mode must be changed to phase contrast. This technique, introduced by Zernike in
the 1930s, converts phase differences into amplitude differences. Normarski differ-
ential interference contrast is another mode that may be set up. Both modes are
qualitative methods of increasing contrast. Quantitative methods are available via
interference microscopy.

Darkfield microscopy is one of the oldest modes of microscopy. Here, axial rays
from the condenser are prevented from entering the objective, through the use of
an opaque stop placed in the condenser, while peripheral light illuminates the spec-
imen. Thus, the specimen is seen lighted against a dark field.

For studying settled materials in liquids, or for very large opaque specimens, the
inverted microscope may be used.

For fluorescence microscopy the light source is changed from an incandescent
lamp to a high-pressure mercury vapor burner, which is rich in wavelengths below
the visible. Exciter filters placed in the light path isolate various parts of the spec-
trum. The 365-nm wavelength is commonly used in fluorescence microscopy to
characterize a material’s primary fluorescence, or to detect a tracer fluorochrome
through secondary fluorescence. The 400-nm wavelength region is another com-
monly used exciter.

Attachment of a hot or cold stage to the ordinary microscope stage allows the
specimen to be observed while the temperature is changed slowly, rapidly, or held
constant somewhere other than ambient. This technique is used to determine melt-
ing and freezing points, but is especially useful for the study of polymorphs, the
determination of eutectics, and the preparation of phase diagrams.

Spindle stages and universal stages allow a sample to be placed in any orientation
relative to the microscope’s optical axis.

Not every sample requires all modes for complete characterization; most samples
yield to a few procedures. Let us take as an example some particulate material—this
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may be a sample of lunar dust fines, a contaminant removed from a failed inte-
grated circuit, a new pharmaceutical or explosive, a corrosion product or wear par-
ticle, a fiber from a crime scene, or a pigment from an oil painting—the procedure
will be the same. A bit of the sample, or a single particle, is placed on a microscope
slide in a suitable mounting medium, and a cover slip is placed on top. The mount-
ing medium is selected from a series of refractive index liquid standards which range
from about 1.300 to 1.800—usually something around 1.660 is selected because it
provides good contrast with a wide variety of industrial materials. The sample is
then placed on the stage of the polarizing microscope and brought into focus. At
this point the microscope may be set up for plane-polarized light or slightly
uncrossed polarizers—the latter is more useful. Several characteristics will be imme-
diately apparent: the morphology, relative size, and isotropy or anisotropy. If the
sample cannot be seen at any orientation between fully crossed polarizers, it is iso-
tropig; it has only one refractive index, and is either amorphous or in the cubic crys-
tal system. If it can be seen, it will display one or more colors in the Newtonian
series; this indicates that it has more than one refractive index, or, if it is only spotty,
that it has some kind of strain birefringence or internal orientation.

The analyzer is removed and the color of the sample is observed in plane-polar-
ized light. If the sample is colored, the stage is rotated. Colored, anisotropic materi-
als may show pleochroism—a change in color or hue when the orientation with
respect to the vibration direction of the polarizer is changed. Any pleochroism
should be noted and recorded.

Introducing a monochromatic filter—usually 589 nm—and closing the aper-
ture diaphragm while using a high numerical aperture objective, the focus is
changed from best focus position to above best focus. The diffraction halo seen
around the particle (Becke line) will move into or away from the particle, thus indi-
cating the relative refractive index. By orienting the specimen and rotating the
stage, more than one refractive index may be noted.

With polarizers fully crossed and the specimen rotated to maximum brightness,
the sample thickness is determined with the aid of a calibrated eyepiece microme-
ter, and the polarization (retardation) color is noted. From these the birefringence
may be determined mathematically or graphically with the aid of a Michel-Lévy
chart.

If the sample is elongated, it is oriented 2 o’clock—8 o’clock, the retardation color
is noted, and a compensator is inserted in the slot above the specimen. The retarda-
tion colors will go upscale or downscale; i.e., they will be additive or subtractive.
This will indicate where the high and low refractive indices are located with respect
to the long axis of the sample. This is the sign of elongation, and is said to be posi-
tive if the sample is “length slow” (high refractive index parallel to length), or nega-
tive if the sample is “length fast” (low refractive index parallel to length).

The elongated sample is next rotated parallel to an eyepiece crosshair, and one
notes if the sample goes to extinction; if it does, it has parallel extinction (the vibra-
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Figure 1 Nikon Optiphot-2 polarizing microscope.

tional directions inside the sample are parallel to the vibrational directions of the
polarizer and analyzer). If the sample does not go to extinction, the stage reading is
noted and the sample is rotated to extinction (not greater than 45°); the stage read-
ing is again noted, and the difference between the readings is the extinction angle.

If necessary, each refractive index is determined specifically through successive
immersion in liquids of various refractive index until one is found where the sample
disappears—knowing the refractive index of the liquid, one then knows the refrac-
tive index in a particular orientation. There may be one, two, or three principal
refractive indices.

The Bertrand lens, an auxiliary lens that is focused on the objective back focal
plane, is inserted with the sample between fully crossed polarizers, and the sample is
oriented to show the lowest retardation colors. This will yield interference figures,
which immediately reveal whether the sample is uniaxial (hexagonal or tetragonal)
or biaxial (orthorhombic, monoclinic, or triclinic). Addition of the compensator
and proper orientation of the rotating stage will further reveal whether the sample is
optically positive or negative.

These operations are performed faster than it takes to describe them, and are
usually sufficient to characterize a material. The specific steps to perform each of
the above may be found in any textbook on optical crystallography.

Sample Requirements

There are no specific sample requirements; all samples are accommodated.
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Figure 2 Nikon Epithot inverted metallograph.

Artifacts

Artifacts may be introduced from the environment or through preparative tech-
niques. When assessing individual tiny particles of material, the risk of loss or con-
tamination is high, so that samples of this nature are handled and prepared for
examination in a clean bench or a cleanroom (class 100 or better).

Artifacts introduced through sample preparation are common materials; these
may be bits of facial tissue, wax, epithelial cells, hair, or dried stain, all inadvertently
introduced by the microscopist. Detergent residues on so-called “precleaned”
microscope slides and broken glass are common artifacts, as are knife marks and
chatter marks from sectioning with a faulty blade, or scratch marks from grinding
and polishing.

Quantification

For other quantification, specialized graticules are available, including point count-
ing, grids, concentric circles, and special scales. The latest methods of quantifica-
tion involve automatic image analysis.

Instrumentation

Figure 1 illustrates a typical, good quality, analytical polarizing microscope.
Polarizing microscopes are extraordinarily versatile instruments that enable the
trained microscopist to characterize materials rapidly and accurately.
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Figure 3 Nikon Microphot-FXA research microscope for materials science.

As an example of a more specific application, Figure 2 illustrates a merallo-
graph—a light microscope set up for the characterization of opaque samples.
Figure 3 illustrates a research-grade microscope made specifically for materials sci-
ence, i.e., for optically characterizing all transparent and translucent materials.

Conclusions

The classical polarizing light microscope as developed 150 years ago is still the most
versatile, least expensive analytical instrument in the hands of an experienced
microscopist. Its limitations in terms of resolving power, depth of field, and con-
trast have been reduced in the last decade, in which we have witnessed a revolution
in its evolution. Video microscopy has increased contrast electronically, and
thereby revealed structures never before seen. With computer enhancement,
unheard of resolutions are possible. There are daily developments in the X-ray,
holographic, acoustic, confocal laser scanning, and scanning tunneling micro-

SCOPCS.7' 8
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The general utility of the light microscope is also recognized by its incorporation
into so many other kinds of analytical instrumentation. Continued development of
new composites and materials, together with continued trends in microminiatur-
ization make the simple, classical polarized-light microscope the instrument of

choice for any initial analytical duty.

Related Articles in the Encyclopedia

None in this volume.
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2.2 SEM

Scanning Electron Microscopy
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Introduction

Traditionally, the first instrument that would come to mind for small scale materi-
als characterization would be the optical microscope. The optical microscope
offered the scientist a first look at most samples and could be used to routinely doc-
ument the progress of an investigation. As the sophistication of investigations
increased, the optical microscope often has been replaced by instrumentation hav-
ing superior spatial resolution or depth of focus. However, its use has continued
because of the ubiquitous availability of the tool.

For the purpose of a detailed materials characterization, the optical microscope
has been supplanted by two more potent instruments: the Transmission Electron
Microscope (TEM) and the Scanning Electron Microscope (SEM). Because of its
reasonable cost and the wide range of information that it provides in a timely man-
ner, the SEM often replaces the optical microscope as the preferred starting tool for
materials studies.

The SEM provides the investigator with a highly magnified image of the surface
of a material that is very similar to what one would expect if one could actually “see”
the surface visually. This tends to simplify image interpretations considerably, but

70 IMAGING TECHNIQUES Chapter 2



ELECTRON

SOURCE |
; DEFLECTION
; awpcirier 1|l
e-BEAM | CRT

DEFLECTION ;
COIL !
DETECTOR ‘

4 QSIGNAL SCREEN
—3
SAMPLE
Figure 1 Schematic describing the operation of an SEM.

reliance on intuitive reactions to SEM images can, on occasion, lead to erroneous
results. The resolution of the SEM can approach a few nm and it can operate at
magnifications that are easily adjusted from about 10x-300,000x.

Not only is topographical information produced in the SEM, but information
concerning the composition near surface regions of the material is provided as well.
There are also a number of important instruments closely related to the SEM, nota-
bly the electron microprobe (EMP) and the scanning Auger microprobe (SAM).
Both of these instruments, as well as the TEM, are described in detail elsewhere in
this volume.

Physical Basis of Operation

In the SEM, a source of electrons is focused (in vacuum) into a fine probe that is
rastered over the surface of the specimen, Figure 1. As the electrons penetrate the
surface, a number of interactions occur that can result in the emission of electrons
or photons from (or through) the surface. A reasonable fraction of the electrons
emitted can be collected by appropriate detectors, and the output can be used to
modulate the brightness of a cathode ray tube (CRT) whose x- and j-inputs are
driven in synchronism with the x—yvoltages rastering the electron beam. In this way
an image is produced on the CRT; every point that the beam strikes on the sample
is mapped directly onto a corresponding point on the screen. If the amplitude of
the saw-tooth voltage applied to the x- and y-deflection amplifiers in the SEM is
reduced by some factor while the CRT saw-tooth voltage is kept fixed at the level
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necessary to produce a full screen display, the magnification, as viewed on the
screen, will be increased by the same factor.

The principle images produced in the SEM are of three types: secondary electron
images, backscattered electron images, and elemental X-ray maps. Secondary and
backscattered electrons are conventionally separated according to their energies.
They are produced by different mechanisms. When a high-energy primary electron
interacts with an atom, it undergoes either inelastic scattering with atomic electrons
or elastic scattering with the atomic nucleus. In an inelastic collision with an elec-
tron, some amount of energy is transferred to the other electron. If the energy trans-
fer is very small, the emitted electron will probably not have enough energy to exit
the surface. If the energy transferred exceeds the work function of the material, the
emitted electron can exit the solid. When the energy of the emitted electron is less
than about 50 eV, by convention it is referred to as a secondary electron (SE), or
simply a secondary. Most of the emitted secondaries are produced within the first
few nm of the surface. Secondaries produced much deeper in the material suffer
additional inelastic collisions, which lower their energy and trap them in the inte-
rior of the solid.

Higher energy electrons are primary electrons that have been scattered without
loss of kinetic energy (i.e., elastically) by the nucleus of an atom, although these col-
lisions may occur after the primary electron has already lost some of its energy to
inelastic scattering. Backscattered electrons (BSEs) are considered to be the elec-
trons that exit the specimen with an energy greater then 50 eV, including Auger
electrons. However most BSEs have energies comparable to the energy of the pri-
mary beam. The higher the atomic number of a material; the more likely it is that
backscattering will occur. Thus as a beam passes from a low-Z (atomic number) to
a high-Z area, the signal due to backscattering, and consequently the image bright-
ness, will increase. There is a built in contrast caused by elemental differences.

One further breaks down the secondary electron contributions into three
groups: SEI, SEII and SEIII. SEIs result from the interaction of the incident beam
with the sample at the point of entry. SEIls are produced by BSE s on exiting the
sample. SEIIIs are produced by BSEs which have exited the surface of the sample
and further interact with components on the interior of the SEM usually not
related to the sample. SEIls and SEIIIs come from regions far outside that defined
by the incident probe and can cause serious degradation of the resolution of the
image.

It is usual to define the primary beam current %, the BSE current iggg, the SE
current igg, and the sample current transmitted through the specimen to ground
i5c» such that the Kirchoff current law holds:

iy = st gt isc (1)
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These signals can be used to form complementary images. As the beam current is
increased, each of these currents will also increase. The backscattered electron yield
7 and the secondary electron yield 8, which refer to the number of backscattered
and secondary electrons emitted per incident electron, respectively, are defined by
the relationships:

3sE
i

n = 2)

0

5= SE 3)

Yo

In most currently available SEMs, the energy of the primary electron beam can
range from a few hundred eV up to 30 keV. The values of 3 and n will change over
this range, however, yielding micrographs that may vary in appearance and infor-
mation content as the energy of the primary beam is changed. The value of the BSE
yield increases with atomic number Z, but its value for a fixed Z remains constant
for all beam energies above 5 keV. The SE yield 8 decreases slowly with increasing
beam energy after reaching a peak at some low voltage, usually around 1 keV. For
any fixed voltage, however, & shows very little variation over the full range of Z
Both the secondary and backscattered electron yields increase with decreasing
glancing angle of incidence because more scattering occurs closer to the surface.
This is one of the major reasons why the SEM provides excellent topographical
contrast in the SE mode; as the surface changes its slope, the number of secondary
electrons produced changes as well. With the BSEs this effect is not as prominent,
since to fully realize it the BSE detector would have to be repositioned to measure
forward scattering,

An additional electron interaction of major importance in the SEM occurs when
the primary electron collides with and ejects a core electron from an atom in the
solid. The excited atom will decay to its ground state by emitting either a character-
istic X-ray photon or an Auger electron (see the article on AES). The X-ray emis-
sion signal can be sorted by energy in an energy dispersive X-ray detector (see the
article on EDS) or by wavelength with a wavelength spectrometer (see the article on
EPMA). These distributions are characteristic of the elements that produced them
and the SEM can use these signals to produce elemental images that show the spa-
tial distribution of particular elements in the field of view. The primary electrons
can travel considerable distances into a solid before losing enough energy through
collisions to be no longer able to excite X-ray emission. This means that a large vol-
ume of the sample will produce X-ray emission for any position of the smaller pri-
mary beam, and consequently the spatial resolution of this type of image will rarely
be better than 0.5 um.
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Figure 2 Micrographs of the same region of a specimen in various imaging modes on a
high-resolution SEM: {a) and (b) SE micrographs taken at 25 and 5 keV,
respectively; (c) backscattered image taken at 25 keV; (d} EDS spectrum taken
from the Pb-rich phase of the Pb-Sn solder; (e) and (f) elemental maps of the
two elements taken by accepting only signals from the appropriate spectral
energy regions.

An illustration of this discussion can be seen in Figure 2, which is a collection of
SEM images taken from the surface of a Pb-Sn solder sample contaminated with a
low concentration of Cu. Figure 1a, a secondary electron image (SE) taken with a
primary energy of 25 keV, distinguishes the two Pb-Sn eutectic phases as brighter
regions (almost pure Pb) separated by darker bands corresponding to the Sn-rich
phase. The micrograph originally was taken at a magnification of 4000x but care
should be exercised when viewing published examples because of the likelihood of
photographic enlargement or reduction by the printer. Most SEMs produce a
marker directly on the photograph that defines the actual magnification. In the
present example, the series of dots at the bottom of the micrograph span a physical
distance of 7.5 um. This can be used as an internally consistent ruler for measure-
ment purposes.
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The micrograph also shows the presence of a scratch that goes diagonally across
the entire field of view. Note the appearance of depth to this scratch as a result of
the variation in secondary electron yield with the local slope of the surface. The spa-
tial resolution of the SEM due to SEIs usually improves with increasing energy of
the primary beam because the beam can be focused into a smaller spot. Conversely,
at higher energies the increased penetration of the electron beam into the sample
will increase the interaction volume, which may cause some degradation of the
image resolution due to SEIIs and SEIIIs. This is shown in Figure 2b, which is a SE
image taken at only 5 keV. In this case the reduced electron penetration brings out
more surface detail in the micrograph.

There are two ways to produce a backscattered electron image. One is to put a
grid between the sample and the SE detector with a =50-V bias applied to it. This
will repel the SEs since only the BSEs will have sufficient energy to penetrate the
electric field of the grid. This type of detector is not very effective for the detection
of BSEs because of its small solid angle of collection. A much larger solid angle of
collection is obtained by placing the detector immediately above the sample to col-
lect the BSE. Two types of detectors are commonly used here. One type uses par-
tially depleted n-type silicon diodes coated with a layer of gold, which convert the
incident BSEs into electron~hole pairs at the rate of 1 pair per 3.8 eV. Using a pair
of Si detectors makes it possible to separate atomic number contrast from topo-
graphical contrast. The other detector type, the so-called scintillator photo multi-
plier detector, uses a material that will fluoresce under the bombardment of the
high-energy BSEs to produce a light signal that can be further amplified. The pho-
tomultiplier detector was used to produce the BSE micrograph in Figure 2c. Since
no secondary electrons are present, the surface topography of the scratch is no
longer evident and only atomic number contrast appears.

Atomic number contrast can be used to estimate concentrations in binary alloys
because the actual BSE signal increases somewhat predictably with the concentra-
tion of the heavier element of the pair.

Both energy-dispersive and wavelength-dispersive X-ray detectors can be used
for elemental detection in the SEM. The detectors produce an output signal that is
proportional to the number of X-ray photons in the area under electron bombard-
ment. With an EDS the output is displayed as a histogram of counts versus X-ray
energy. Such a display is shown in Figure 2d. This spectrum was produced by
allowing the electron beam to dwell on one of the Pb-rich areas of the sample. The
spectrum shows the presence of peaks corresponding to Pb and a small amount of
Sn. Since this sample was slightly contaminated with Cu, the small Cu peak at
8 keV is expected. The detectors can be adjusted to pass only a range of pulses cor-
responding to a single X-ray spectral peak that is characteristic of a particular ele-
ment. This output can then be used to produce an elemental image or an X-ray
map; two X-ray maps using an EDS are shown in Figure 2¢ for Pb and in Figure 2f
for Sn. Note the complementary nature of these images, and how easy it is to iden-
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Figure 3 Photograph of a modern field emission SEM. (Courtesy of AMRAY Inc.,
Bedford, MA)

tify portions of the SE or BSE image having specific local compositions. The data
usually can be quantified through the use of appropriate elemental standards and
well-established computational algorithms.

Instrumentation

Figure 3 shows a photograph of a recent model SEM. The main features of the
instrument are the electron column containing the electron source (i.e., the gun),
the magnetic focusing lenses, the sample vacuum chamber and stage region (at the
bottom of the column) and the electronics console containing the control panel,
the electronic power supplies and the scanning modules. A solid state EDS X-ray
detector is usually attached to the column and protrudes into the arca immediately
above the stage; the electronics for the detector are in separate modules, but there
has been a recent trend toward integration into the SEM system architecture.

The overall function of the electron gun is to produce a source of electrons ema-
nating from as small a “spot” as possible. The lenses act to demagnify this spot and
focus it onto a sample. The gun itself produces electron emission from a small area
and then demagnifies it initially before presenting it to the lens stack. The actual
emission area might be a few pm in diameter and will be focused eventually into a
spot as small as 1 or 2 nm on the specimen.

There are three major types of electron sources: thermionic tungsten, LaB, and
hot and cold field emission. In the first case, a tungsten filament is heated to allow
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electrons to be emitted via thermionic emission. Temperatures as high as 3000° C
are required to produce a sufficiently bright source. These filaments are easy to
work with but have to be replaced frequently because of evaporation. The material
LaBg has a lower work function than tungsten and thus can be operated at lower
temperatures, and it yields a higher source brightness. However, LaB filaments
require a much better vacuum then tungsten to achieve good stability and a longer
lifetime. The brighter the source, the higher the current density in the spot, which
consequently permits more electrons to be focused onto the same area of a speci-
men. Recently, field emission electron sources have been produced. These tips are
very sharp; the strong electric field created at the tip extracts electrons from the
source even at low temperatures. Emission can be increased by thermal assistance
but the energy width of the emitted electrons may increase somewhat. The sharper
the energy profile, the less the effect of chromatic aberrations of the magnetic defo-
cusing lenses. Although they are more difficult to work with, require very high vac-
uum and occasional cleaning and sharpening via thermal flashing, the enhanced
resolution and low voltage applications of field emission tips are making them the
source of choice in newer instruments that have the high-vacuum capability neces-
sary to support them.

The beam is defocused by a series of magnetic lenses as shown in Figure 4. Each
lens has an associated defining aperture that limits the divergence of the electron
beam. The top lenses are called condenser lenses, and often are operated as if they
were a single lens. By increasing the current through the condenser lens, the focal
length is decreased and the divergence increases. The lens therefore passes less beam
current on to the next lens in the chain. Increasing the current through the first lens
reduces the size of the image produced (thus the term spot size for this control). It
also spreads out the beam resulting in beam current control as well. Smaller spot
sizes, often given higher dial numbers to correspond with the higher lens currents
required for better resolution, are attained with less current (signal) and a smaller
signal-to-noise ratio. Very high magnification images therefore are inherently
noisy.

The beam next arrives at the final lens—aperture combination. The final lens
does the ultimate focusing of the beam onto the surface of the sample. The sample
is attached to a specimen stage that provides x- and y-motion, as well as tilt with
respect to the beam axis and rotation about an axis normal to the specimen’s sur-
face. A final “z” motion allows for adjustment of the distance between the final lens
and the sample’s surface. This distance is called the working distance.

The working distance and the limiting aperture size determine the convergence
angle shown in the figure. Typically the convergence angle is a few mrad and it can
be decreased by using a smaller final aperture or by increasing the working distance.
The smaller the convergence angle, the more variation in the z-direction topogra-
phy that can be tolerated while still remaining in focus to some prescribed degree.
This large depth of focus contributes to the ease of observation of topographical
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Figure 4 Schematic of the electron optics constituting the SEM.

effects. The depth of focus in the SEM is compared in Figure 5 with that of an opti-
cal microscope operated at the same magnification for viewing the top of a com-
mon machine screw.

Sample Requirements

The use of the SEM requires very little in regard to sample preparation, provided
that the specimen is vacuum compatible. If the sample is conducting, the major
limitation is whether it will fit onto the stage or, for that matter, into the specimen
chamber. For special applications, very large stage—vacuum chamber combinations
have been fabricated into which large forensic samples (such as boots or weapons)
or 8-in diameter semiconductor wafers can be placed. For the latter case, special
final lenses having conical shapes have been developed to allow for observation of
large tilted samples at reasonably small working distances.

If the sample is an insulator there are still methods by which it can be studied in
the instrument. The simplest approach is to coat it with a thin (10-nm) conducting
film of carbon, gold, or some other metal. In following this approach, care must be
taken to avoid artifacts and distortions that could be produced by nonuniform
coatings or by agglomeration of the coating material. If an X-ray analysis is to be
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Figure 5 Micrographs of a machine screw illustrating the great depth of field of the
SEM: (a) optical micrograph of the very tip of the screw; (b) and (c) the same
area in the SEM and a second image taken at an angle (the latter shows the
depth of field quite clearly); (d) lower magnification image.

made on such a coated surface, care must be taken to exclude or correct for any
X-ray peaks generated in the deposited material.

Uncoated insulating samples also can be studied by using low primary beam
voltages (< 2.0 keV) if one is willing to compromise image resolution to some
extent. [f we define the total electron yield as 6 = § + 1, then when 6 < 1 we either
must supply or remove electrons from the specimen to avoid charge build-up. Con-
duction to ground automatically takes care of this problem for conducting samples,
but for insulators this does not occur. Consequently, one might expect it to be
impossible to study insulating samples in the SEM. The way around this difficulty
is suggested in Figure 6 which plots ¢ as a function of energy of the incident elec-
tron. The yield is seen to rise from 0 to some amount greater than 1 and then to
decrease back below 1 as the energy increases. The two energy crossovers E| and E,,
between which minimal charging occurs, are often quite low, typically less than

2.0 keV.
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Figure 6 Total electron yield as a function of the primary electron’s energy when it

arrives at the surface of the specimen.

The energy scale in the figure is actually meant to depict the energy of the elec-
tron as it arrives at the surface. Because of charging, the electron’s energy may be
greater or less than the accelerating voltage would suggest. Consider electrons strik-
ing the surface with an energy near E, as identified by point B in the figure. If the
energy is somewhat below that of the crossover point, the total electron yield will be
greater than 1 and the surface will be positively charged, thereby attracting incom-
ing electrons and increasing the effective energy of the primary beam. The elec-
tron’s energy will continue to increase until E, is reached. If it overshoots, the yield
will drop and some negative charging will begin until, again, a balance is reached at
point B. Point B is therefore a stable operating point for the insulator in question,
and operating around this point will allow excellent micrographs to be produced.
E; (point A) does not represent a stable operating condition.

If the sample is a metal that has been coated with a thin oxide layer, a higher
accelerating voltage might actually improve the image. The reason for this is that as
the high-energy beam passes through the oxide, it can create electron—hole pairs in
sufficient numbers to establish local conduction. This effect is often noted while
observing semiconductor devices that have been passivated with thin deposited
oxide films.

Applications

We have already discussed a number of applications of the SEM to materials char-
acterization: topographical (SE) imaging, Energy-Dispersive X-Ray analysis (EDS)
and the use of backscattering measurements to determine the composition of
binary alloy systems. We now shall briefly discuss applications that are, in part, spe-
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cific to certain industries or technologies. Although there is significant literature on
applications of the SEM to the biological sciences, such applications will not be
covered in this article.

At magnifications above a few thousand, the raster scanning of the beam is very
linear, resulting in a constant magnification over the entire image. This is not the
case at low magnifications, where significant nonlinearity may be present. Uniform
magnification allows the image to be used for very precise size measurements. The
SEM therefore can be a very accurate and precise metrology tool. This requires
careful calibration using special SEM metrology standards available from the
National Institute of Standards and Technology.

The fact that the SE coefficient varies in a known way with the angle that the pri-
mary beam makes with the surface allows the approximate determination of the
depth (z) variation of the surface morphology from the information collected in a
single image. By tilting the specimen slightly (5-8°), stereo pairs can be produced
that provide excellent quality three-dimensional images via stereoscopic viewers.
Software developments now allow these images to be calculated and displayed in
three-dimension-like patterns on a computer screen. Contour maps can be gener-
ated in this way. The computer—SEM combination has been very valuable for the
analysis of fracture surfaces and in studies of the topography of in-process inte-
grated circuits and devices.

Computers can be used both for image analysis and image processing. In the
former case, size distributions of particles or features, and their associated measure-
ment parameters (area, circumference, maximum or minimum diameters, etc.) can
be obtained easily because the image information is collected via digital scanning in
a way that is directly compatible with the architecture of image analysis computers.
In these systems an image is a stored array of 500 x 500 signal values. Larger arrays
are also possible with larger memory capacity computers.

Image processing refers to the manipulation of the images themselves. This
allows for mathematical smoothing, differentiation, and even image subtraction.
The contrast and brightness in an image can be adjusted in a linear or nonlinear
manner and algorithms exist to highlight edges of features or to completely sup-
press background variations. These methods allow the microscopist to extract the
maximum amount of information from a single micrograph. As high-speed PCs
and workstations continue to decrease in price while increasing in capacity, these
applications will become more commonplace.

Electronics has, in fact, been a very fertile area for SEM application. The energy
distribution of the SEs produced by a material in the SEM has been shown to shift
linearly with the local potential of the surface. This phenomenon allows the SEM
to be used in a noncontact way to measure voltages on the surfaces of semiconduc-
tor devices. This is accomplished using energy analysis of the SEs and by directly
measuring these energy shifts. The measurements can be made very rapidly so that
circuit waveforms at particular internal circuit nodes can be determined accurately.
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Very high frequency operation of circuits can be observed by using stroboscopic
techniques, blanking the primary beam at very high frequencies and by collecting
information only during small portions of the operating cycle. By sliding the view-
ing window over the entire cycle, a waveform can be extracted with surprising sen-
sitivity and temporal resolution. Recently, special SEM instruments have been
designed that can observe high-speed devices under nominal operating conditions.
The cost of these complex electron beam test systems can exceed $1,000,000.

Actually, any physical process that can be induced by the presence of an electron
beam and that can generate a measurable signal can be used to produce an image in
the SEM. For example, when a metal film is deposited on a clean semiconductor
surface, a region of the semiconductor next to the metal can be depleted of mobile
charge. This depletion region can develop a strong electric field. Imagine the metal
to be connected through a current meter to the back side of the semiconductor sur-
face. No current will flow, of course, but we can turn on an electron beam that pen-
etrates the metal and allows the impinging electrons to create electron-hole pairs.
The electric field will separate these carriers and sweep them out of the depletion
region, thereby generating a current. Among other things, the current will be deter-
mined by the perfection or the chemistry of the spot where the beam strikes. By
scanning the beam in the SEM mode, an image of the perfection (or chemistry) of
the surface can be generated. This is referred to as electron beam-induced conduc-
tivity, and it has been used extensively to identify the kinds of defects that can affect
semiconductor device operation.

The SEM can also be used to provide crystallographic information. Surfaces that
to exhibit grain structure (fracture surfaces, etched, or decorated surfaces) can obvi-
ously be characterized as to grain size and shape. Electrons also can be channeled
through a crystal lattice and when channeling occurs, fewer backscattered electrons
can exit the surface. The channeling patterns so generated can be used to determine
Jattice parameters and strain.

The X-rays generated when an electron beam strikes a crystal also can be dif-
fracted by the specimen in which they are produced. If a photograph is made of this
diffraction pattern (the Kossel pattern) using a special camera, localized crystallo-
graphic information can be gleaned.

Further applications abound. Local magnetic fields affect the trajectories of the
SEs as well as the BSEs, making the SEM a useful tool for observing the magnetic
domains of ferromagnetic materials, magnetic tapes, and disk surfaces. Pulsed elec-
tron beams generate both thermal and acoustic signals which can be imaged to pro-
vide mechanical property maps of materials. Some semiconductors and oxides
produce photons in the ultraviolet, visible, or infrared regions, and these cathod-
oluminescence signals provide valuable information about the electronic properties
of these materials. The application of this method to semiconductor lasers or LED
devices is probably self-evident. Even deep-level transient spectroscopy, a method
that is particularly difficult to interpret and that provides information about impu-
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rities having energy levels within the band gap of semiconductors, has been used to
produce images in the SEM.

Conclusions

Every month a new application for the SEM appears in the literature, and there is
no reason to assume that this growth will cease. The SEM is one of the more versa-
tile of analytical instruments and it is often the first expensive instrument that a
characterization laboratory will purchase.

As time goes on, the ultimate resolution of the SEM operated in these modes will
probably level out near 1 nm. The major growth of SEMs now seems to be in the
development of specialized instruments. An environmental SEM has been devel-
oped that uses differential pumping to permit the observation of specimens at
higher pressures. Photographs of the formation of ice crystals have been taken and
the instrument has particular application to samples that are not vacuum compati-
ble, such as biological samples.

Other instruments have been described that have application in the electronics
field. Special metallurgical hot and cold stages are being produced, and stages capa-
ble of large motions with sub-pm accuracy and reproducibility will become com-
mon.

Computers will be integrated more and more into commercial SEMs and there
is an enormous potential for the growth of computer supported applications. At the
same time, related instruments will be developed and extended, such as the scan-
ning ion microscope, which uses liquid-metal ion sources to produce finely focused
ion beams that can produce SEs and secondary ions for image generation. The con-
trast mechanisms that are exhibited in these instruments can provide new insights
into materials analysis.

Related Articles in the Encyclopedia
TEM, STEM, EDS, EPMA, Surface Roughness, AES, and CL
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Introduction

Scanning Tunneling Microscopy (STM) and its offspring, Scanning Force Micros-
copy (SFM), are real-space imaging techniques that can produce topographic
images of a surface with atomic resolution in all three dimensions. Almost any solid
surface can be studied with STM or SFM: insulators, semiconductors, and conduc-
tors, transparent as well as opaque materials. Surfaces can be studied in air, in lig-
uid, or in ultrahigh vacuum, with fields of view from atoms to greater than 250 x
250 pm. With this flexibility in both the operating environment and types of sam-
ples that can be studied, STM / SFM is a powerful imaging system.

The scanning tunneling microscope was invented at IBM, Zurich, by Gerd Bin-
nig and Heinrich Rohrer in 1981.! In ultrahigh vacuum, they were able to resolve
the atomic positions of atoms on the surface of Si (111) that had undergonea7 x7
reconstruction (Figure 1). With this historic image they solved the puzzle of the
atomic structure of this well studied surface, thereby establishing firmly the credi-
bility and importance of this form of microscopy. For the invention of STM, Bin-
nig and Rohrer earned the Nobel Prize for Physics in 1986.
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Figure 1 Ultrahigh-vacuum STM image of Si (111) showing 7 X 7 reconstruction.

Since then, STM has been established as an instcrument for forefront research in
surface physics. Atomic resolution work in ultrahigh vacuum includes studies of
metals, semimetals and semiconductors. In particular, ultrahigh-vacuum STM has
been used to elucidate the reconstructions that Si, as well as other semiconducting
and metallic surfaces undergo when a submonolayer to a few monolayers of metals
are adsorbed on the otherwise pristine surface.”

Because STM measures a quantum-mechanical tunneling current, the tip must
be within a few A of a conducting surface. Therefore any surface oxide or other con-
taminant will complicate operation under ambient conditions. Nevertheless, a
great deal of work has been done in air, liquid, or at low temperatures on inert sur-
faces. Studies of adsorbed molecules on these surfaces (for example, liquid crystals
on highly oriented, pyrolytic graphite®) have shown that STM is capable of even
atomic resolution on organic materials.

The inability of STM to study insulators was addressed in 1985 when Binnig,
Christoph Gerber and Calvin Quate invented a related instrument, the scanning
force microscope. Operation of SFM does not require a conducting surface; thus
insulators can be studied without applying a destructive coating. Furthermore,
studying surfaces in air is feasible, greatly simplifying sample preparation while
reducing the cost and complexity of the microscope.

STM and SFM belong to an expanding family of instruments commonly termed
Scanning Probe Microscopes (SPMs). Other common members include the mag-
netic force microscope, the scanning capacitance microscope, and the scanning
acoustic microscope.’
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Although the first six or seven years of scanning probe microscope history
involved mostly atomic imaging, SPMs have evolved into tools complementary to
Scanning and Transmission Electron Microscopes (SEMs and TEMEs), and optical
and stylus profilometers. The change was brought about chiefly by the introduc-
tion of the ambient SFM and by improvements in the range of the piezoelectric
scanners that move the tip across the sample. With lateral scan ranges on the order
of 250 um, and vertical ranges of about 15 pm, STM and SFM can be used to
address larger scale problems in surface science and engineering in addition to
atomic-scale research. STM and SFM are commercially available, with several hun-
dred units in place worldwide.

SPMs are simpler to operate than electron microscopes. Because the instruments
can operate under ambient conditions, the set-up time can be a matter of minutes.
Sample preparation is minimal. SFM does not require a conducting path, so sam-
ples can be mounted with double-stick tape. STM can use a sample holder with
conducting clips, similar to that used for SEM. An image can be acquired in less
than a minute; in fact, “movies” of ten frames per second have been demonstrated.®

The three-dimensional, quantitative nature of STM and SFM data permit in-
depth statistical analysis of the surface that can include contributions from features
10 nm across or smaller. By contrast, optical and stylus profilometers average over
areas a few hundred A across at best, and more typically a pm. Vertical resolution
for SFM/STM is sub-A, better than that of other profilometers. STM and SFM
are excellent high-resolution profilometers.

STM and SFM are free from many of the artifacts that afflict other kinds of pro-
filometers. Optical profilometers can experience complicated phase shifts when
materials with different optical properties are encountered. The SFM is sensitive to
topography only, independent of the optical properties of the surface. (STM may
be sensitive to the optical properties of the material inasmuch as optical properties
are related to electronic structure.) The tips of traditional stylus profilometers exert
forces that can damage the surfaces of soft materials, whereas the force on SFM tips
is many orders of magnitude lower. SFM can image even the tracks left by other sty-
lus profilometers.

In summary, scanning probe microscopes are research tools of increasing impor-
tance for atomic-imaging applications in surface science. In addition, SFM and
STM are now used in many applications as complementary techniques to SEM,
TEM, and optical and stylus profilometry. They meet or exceed the performance of
these instruments under most conditions, and have the advantage of operating in
an ambient environment with little or no sample preparation. The utility of scan-
ning probe microscopy to the magnetic disk, semiconductor, and the polymer
industries is gaining recognition rapidly. Further industrial applications include the
analysis of optical components, mechanical parts, biological samples, and other
areas where quality control of surfaces is important.

2.3 STM and SFM 87



Basic Principles

ST™M

Scanning tunneling microscopes use an atomically sharp tip, usually made of tung-
sten or Pt-Ir. When the tip is within a few A of the sample’s surface, and a bias volt-
age V; is applied between the sample and the tip, quantum-mechanical tunneling
takes place across the gap. This tunneling current J; depends exponentially on the
separation 4 between the tip and the sample, and linearly on the local density of
states. The exponential dep