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CHAPTER PREVIEW

We see phase contrast any time we have more than one beam contributing to the image. In fact, whenever we
say “fringes,” we are essentially referring to a phase-contrast phenomenon. Although we often distinguish
phase and diffraction contrast, this distinction is generally artificial. For example, as we saw in Chapters 23
and 24, even thickness fringes and stacking-fault fringes are phase-contrast images although we usually think
of them as two-beam diffraction-contrast images.

Phase-contrast imaging is often thought to be synonymous with high-resolution TEM. In fact, phase

contrast appears in most TEM images even at relatively low magnifications. We will draw your attention to its

D. B. Williams et al., Transmission Electron Microscopy
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role in the formation of moiré patterns and Fresnel contrast at defects. This Fresnel contrast has the same ori-
gin as that which we used in Chapter 9 to correct the astigmatism of the objective lens.

As with many of the topics we’'ve discussed, we can approach the problem at several different levels.
One danger is that you may be tempted to use one of the prepackaged simulation programs to predict phase-
contrast images, without considering the limitations of such packages. We will begin this chapter by discussing
some simple approaches to understanding phase-contrast effects as they relate to lattice-fringe imaging.
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R

27.1. INTRODUCTION

Contrast in TEM images can arise due to the differences in
the phase of the electron waves scattered through a thin spec-
imen. This contrast mechanism can be difficult to interpret
because it is very sensitive to many factors: the appearance of
the image varies with small changes in the thickness, orienta-
tion, or scattering factor of the specimen, and variations in
the focus or astigmatism of the objective lens. However, its
sensitivity is the reason phase contrast can be exploited to
image the atomic structure of thin specimens. Of course, this
also requires a TEM with sufficient resolution to detect con-
trast variations at atomic dimensions, and the proper control
of instrument parameters that affect the phases of the elec-
trons passing through the specimen and the lenses. If you
know what you are doing, the procedures can be straightfor-
ward; the level of operator skill necessary to obtain such im-
ages can be acquired with practice by most TEM users.

The most obvious distinction between phase-con-
trast imaging and other forms of TEM imaging is the num-
ber of beams collected by the objective aperture or an elec-
tron detector. As described in the previous chapters, a BF or
DF image requires that we select a single beam using the ob-
jective aperture. A phase-contrast image requires the selec-
tion of more than one beam. In general, the more beams col-
lected, the higher the resolution of the image. However, we
will see that there are reasons why some beams, which are
apparently admitted through the aperture, might not con-
tribute to the image. The details of this process depend on
the performance of the electron-optical system. We’ll first
examine the theory and then consider the practical aspects.

27.2. THE ORIGIN OF LATTICE FRINGES

We can understand the origin of lattice fringes by extend-
ing the analysis of Chapter 13 to allow the two beams, 0

and g, to interfere, i.e., use the objective aperture to select
only two beams. We begin by rewriting equation 13.5

v = @y (z) exp 2mi(k, - r) + ¢, (z) exp (2miky, - 1) [27.1]

where we know

’
kp=k +g+s,=k; +¢g [27.2]
We are thus using a two-beam approximation but allowing
s, to be nonzero. Now we will make some simple substitu-
tions, setting @,(z) = A and take ¢*™*.* out as a factor.
We will also represent the expression for ?, from equation
13.5as

0, = Bexpid [27.3]
where
_ TSI s,
B= £, T [27.4]
and
8= % — Ts [27.5]

The n/2 in the expression for 0 takes care of i in equation
13.5 and we’ll pretend that the specimen is so thin that we
can replace s, with s. Thus equation 27.1 becomes

v =exp (2nik, -r)[A + Bexpi(2ng -t +8)] [27.6]
The intensity can then be expressed as
I=A*+B’+ AB[exp i(2ng’ -1 + ) (27.7]

+exp—i(2ng’ -r+9d)]
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I=A"+B"+2AB cos 2mg -1 + 6) [27.8]
Now g’ is effectively perpendicular to the beam so we’ll set
it parallel to x and replace 9, giving

I=A>+B*-2ABsin (2ng'x - mst)  [27.9]
Therefore, the intensity is a sinusoidal oscillation normal
to g’, with a periodicity that depends on s and ¢ (just like
thickness fringes). (Note that g and s are not bold in equa-
tion 27.9 because they represent the magnitude of the vec-
tors, not the vectors themselves.) We can, with care, relate
these fringes to the spacing of the lattice planes normal to
g’. Although we have obtained this equation using a very
simple model, it gives us some useful insight, which will
also be helpful when we talk about many-beam images in
Chapter 28.

The intensity varies sinusoidally with different peri-
odicities for different values of g’.

This model will be equally valid even if the inci-
dent beam is tilted slightly off the optic axis.

27.3. SOME PRACTICAL ASPECTS OF
LATTICE FRINGES

27.3.A.I1fs=0

If we just have 0 and g in the objective aperture and we
then set s = 0 for reflection G (so g'= g), we will see fringes
in the image (Figure 27.1A) which have a periodicity in the
x direction of 1/g, i.e., the spacing of the planes which give
rise to g. This result holds wherever s = 0, no matter how 0
and g are located relative to the optic axis, even if the dif-
fracting planes are not parallel to the optic axis.

A B C

Figure 27.1. (A) Schematic tilted-beam 111 lattice fringes in Si
formed using the O and G beams symmetrically displaced relative to the
optic axis; g is normal to the fringes. (B) Ideal diffraction geometry to
produce tilted-beam fringes. (C) On-axis three-beam geometry.

il B IMAGING

Figure 27.1B shows the ideal geometry for produc-
ing images like Figure 27.1A. It is called the “tilted-beam
condition” and it means that the planes of interest lie paral-
lel to the optic axis. If we use the geometry shown in Fig-
ure 27.1B we have s = 0 and the planes are parallel to the
optic axis but not parallel to the incident beam. Therefore,
the fringes cannot correspond directly to the individual
planes. If we use the on-axis geometry shown in Figure
27.1C, the planes are viewed edge on, but s # O for reflec-
tion G; so we must also consider reflection —G.

27.3.B.Ifs =0

If the specimen is not exactly flat, then s will vary across
the image; even if you set s = 0 in the DP, it will not be zero
everywhere. If s is not zero, then the fringes will shift by an
amount which depends on both the magnitude of s and the
value of ¢, but the periodicity will not change noticeably.
We expect this s dependence to affect the image when the
foil bends slightly, as is often the case for thin specimens.
We also expect to see thickness variations in many-beam
images, since ideally s is not zero for any of the beams; s
may also vary from beam to beam.

27.4. ON-AXIS LATTICE-FRINGE
IMAGING

We’ve just seen that two beams can interfere to give an im-
age with a periodicity related to IAgl'. Since one beam is
the direct beam, IAgl! is just d, the interplanar spacing cor-
responding to g. If you align your beam parallel to a low-
index zone axis, then you’ll see fringes running in different
directions; these fringes in the image must correspond to
an array of spots in the DP. The spacings of the spots may
be inversely related to the lattice spacings, as shown in
Figure 27.2, which extends Figure 27.1 to the many-beam
case. In general, this array of spots bears no direct relation-
ship to the position of atoms in the crystal.

The trouble is that the fringes look so like atomic
planes that you can be easily misled into thinking
that they are atomic planes.

We’ll see more on this when we discuss image sim-
ulation in Chapter 29. In case you are in doubt, compare
the beautiful image shown in Figure 27.3A with the pro-
jected structure of Si in Figure 27.3B. The Si dumbbells
are a pair of atoms which are 1.4 A apart in this projection
of the structure. The aperture used to form the image in-
cluded 13 reflections, as shown in Figure 27.3C. The diffi-
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A B

Figure 27.2. (A) Schematic many-beam image showing crossing
lattice fringes and (B) the diffraction pattern.

culty is that, in the image, the spots in the dumbbell are re-
ally just 1.3 A apart but the point resolution of the TEM
was only ~2.5 A. You can see from the structure that the
real dumbbell spacing corresponds to the (004) plane spac-
ing, but the 004 reflection was not used to form the image.
The explanation was given by Krivanek and Rez (1980);
the dumbbells in the image are caused by the crossing
{113} fringes.

The lesson is: we only knew the image did not cor-
respond to the structure because we knew the structure!
Taking this example as your guide, consider the case where
a defect is present in an image where the perfect-crystal
spots are all in the “correct” position. Could you still be
certain that the details in the image close to the defect give
you a true picture of the location of the atoms close to the
defect? The answer is of course “no.”

So lattice fringes are not direct images of the struc-
ture, but just give you lattice spacing information.

On-axis lattice-fringe images are perhaps best used
as a measure of the local crystal structure and orientation.
The exception, as we’ll see in the next chapter, is when
these images can only be interpreted using extensive com-
puter simulation. Figure 27.4 illustrates some typical appli-
cations of the phase-contrast imaging mode, where we can
learn a lot about our material by intuitive interpretation
without the need for simulating their images.

Figure 27.4A shows interfaces between a spinel
particle and an olivine matrix; Figure 27.4B shows how we
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Figure 27.3. (A) On-axis image of a perfect Si crystal; (B) the pro-
jected structure; (C) the diffraction pattern showing the 13 spots used to
form the image inside the aperture (ring). The Si dumbbells do not corre-
spond to the closely spaced pairs of spots in the image.
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Illustrations of lattice images which contain easily interpreted information. (A) The spinel/olivine interface; (B) dislocations at a het-

erojunction between InAsSb and InAs; (C) a grain boundary in Ge faceting on an atomic scale; (D) a profile view of a faceted surface.

can locate dislocations at a heterojunction; Figure 27.4C
shows the atomic-scale faceting of a grain boundary in Ge,
and Figure 27.4D illustrates the faceting of a surface.

27.5. MOIRE PATTERNS

Moiré (pronounced “mwa-ray”) patterns can be formed by
interfering two sets of lines which have nearly common pe-
riodicities. We can demonstrate two fundamentally differ-
ent types of interference: the rotational moiré and the trans-
lational (often referred to as misfit) moiré. It’s easy to
understand moirés if you make three transparent sheets of
parallel lines (two with the same spacing and one slightly
different): you can generate such sets of lines readily using
any computer, choosing the line widths to be similar to the
gaps between them. Then try these three exercises:

B Take two misfit sets and align them exactly.
This gives you a set of moiré fringes which are
parallel to the lines forming them, as shown in
Figure 27.5A.

B Take two identical sets of lines and rotate them.
Now, you produce a set of moiré fringes which

is perpendicular to the average direction of the
initial lines (Figure 27.5B).

B Take the first two sets and rotate them so you
produce moiré fringes, as in Figure 27.5C; but
note that their alignment to your reference sets
is not obvious.

When the misfit or misorientation is small, the moiré-
fringe spacing is clearly much coarser than that of the

A

Figure 27.5.
fringes; (C) mixed moiré fringes; note the relationship between the
fringes and their constituent lattices.

(A) Translational moiré fringes; (B) rotational moiré

B
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lines themselves. In particular, if the sets of lines in Figure
27.5 are actually lattice planes in a crystal, the moiré
fringes may give information about the crystals even if
you cannot resolve the lattice planes. The simplest way to
analyze the spacings and orientation of the moiré fringes
is to consider the diffraction vectors from the two “lat-
tices.” Incidentally, the term “moiré” originated in the tex-
tile industry; it’s related to the French word for “mohair,”
the silky hair of the Angora goat; hence the watery or
wavy pattern seen in silk fabrics.

27.5.A. Translational Moiré Fringes

In this case, since the planes are parallel, the g-vectors will
also be parallel. If we write these as g, and g,, we produce a
new spacing g given by
Bn=8:~8 [27.10]
As shown in Figure 27.6A (which is from fcc Ni on fcc
NiO), we have assigned g, to the smaller “lattice” spacing
and tm indicates “translational moiré” fringes. The vector

g, corresponds to a set of fringes with spacing d_, as
shown by the following simple manipulation

1.1
d =L= 1 - gz gl
me g &-& 1 _ 1
& & [27.11]
_ dy, — d,
di-d,” | _d
d,
A g g
% =
Ag=g,-g
B g,
p J Ag=g,-8,
0
-_T;]o
Figure 27.6. (A) Relationship between g-vectors for translational

moiré fringes; (B) relationship for rotational moiré fringes.
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27.5.B. Rotational Moiré Fringes

We follow the same procedure as above, but now the two
g-vectors are identical in length and rotated through an an-
gle B so that the new g-vector, g_, has length 2¢ sin /2, as
shown in Figure 27.6B. The fringe spacing is then

d =1 -_1 _ d
™= &m  2gsinP,  2sinPh

[27.12]

27.5.C. General Moiré Fringes

If we use the same approach to locate gm (gm: “general
moiré”) we can readily show that, for small misorientation,
the spacing dgm of our fringes is given by

did,

dam = z [27.13]
(d1 -d, )2 +dd, BZ '

27.6. EXPERIMENTAL OBSERVATIONS
OF MOIRE FRINGES

Moiré fringes in TEM images were first reported early in
the history of the microscope. They were used by Minter
(1956) to identify a dislocation before lattice imaging was
possible. Later, they were regarded as an imaging artifact
which obscured the true dislocation structure in twist
boundaries. Most recently there has been renewed interest
due to the widespread development of thin films grown on
different substrates.

You must be wary of the limitation or pitfall of us-
ing moiré fringes to learn about interfaces and defects.
Moiré patterns result purely from the interference of two
“sets of planes.” Their appearance will be essentially the
same even if the two “crystals” are not in contact.

In TEM the moiré patterns correspond to interfer-
ence between a pair of beams, g and g,. If g, is generated
in the upper crystal and g, in the lower, then each reflection
g, in crystal 1 acts as an incident beam for the lower crystal
and produces a “crystal-2 pattern” around each g, reflec-
tion, as shown in Figure 27.7A. This process is another ex-
ample of double diffraction as discussed in Section 18.7.
Figure 27.7A is from a pair of perfectly aligned but misfit-
ting cubic crystals viewed along their common [001] zone
axis; the pattern is indexed in Figure 27.7B. When we have
many planes diffracting at a zone axis, as in this pattern,
we expect to see crossed moiré fringes.

In the following three sections we will discuss ex-
amples of the use of moiré fringes.
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Figure 27.7. (A) Experimental diffraction pattern from perfectly

aligned Ni and NiO. Brighter spots are from NiO, which has the larger lat-
tice parameter. (B) Schematic which explains translational moiré fringes.
Closed circles (g,) correspond to crystal 1, open circles (g,) to crystal 2
and X to double diffraction of g, beams by crystal 2. Only X reflections
close to g, and g, have appreciable intensity.

27.6.A. Translational Moiré Patterns

When a continuous film is grown on a thick substrate, one
question which is asked is: do the lattice parameters of the
thin film correspond to the values of the same material in
bulk form? For example, a thin film of a cubic material on a
(001) substrate may be tetragonally strained so that the a;
lattice parameter is smaller than a, ,, but the ¢, parameter
is larger. If the bulk material has its bulk lattice parameter,
then the measurement of dtm, the translational moiré spac-
ing, can give a very accurate value for a . Furthermore,
we can tilt the specimen 45° or 60° and deduce a value for
Csm YO €stimate the tetragonal distortion directly.

Il B IMAGING

rew i@y
[

50 nm

Figure 27.8.

(A) The appearance of moiré fringes depends on the
thickness of the specimen, as you can see where the edges of this island
are inclined relative to the surface of the substrate. (B) The particle is too
thick to show moiré fringes when edge on. (C) When this thick particle is
tilted over, moiré fringes are seen at both the top and bottom.

Tilting the specimen can also give us information
about misfitting islands, as illustrated in Figure 27.8. In
this case, we see a hexagonal array of fringes when the two
pseudo-hexagonal materials are viewed parallel to their
common c-axis. The variation in the contrast of the moiré
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fringes around the edge of the particle occurs because
the particle facets on inclined planes, as is confirmed when
we tilt the specimen. In this system, when the islands
are grown on different substrates, they may still grow as
platelets. In Figures 27.8B and C the platelet is thick in the
direction of the beam but, when tilted over, we again see
moiré fringes. In particular, we can see moiré fringes at
the fop of the platelet.

We know that this region is not in contact with the
substrate, which reminds us that these fringes do
not tell us about the interface structure!

27.6.B. Rotational Moiré Fringes

We often see rotational moiré fringes at twist boundaries,
as illustrated for Si in Figure 27.9. A complicating factor is
that the misfit may be accommodated by an array of dislo-
cations having a periodicity which is related to the moiré-
fringe spacing. The periodic strain field from the disloca-
tions is, of course, only present if the two materials are in
intimate contact.

27.6.C. Dislocations and Moiré Fringes

Since the moiré pattern can often be thought of as a magni-
fied view of the “structure” of the materials, such patterns
can be used to locate and give information on dislocations
which are present in one material but not the other. We can
form an image which contains information about the dislo-
cation if it is associated with a terminating lattice plane in
one material, but we don’t actually “see” the dislocation.

Figure 27.9. WBDF image of moiré fringes at a grain boundary show-
ing very different contrast than the region containing dislocations.

447

Figure 27.10. Moiré fringes reveal the presence of dislocations in a
thin film of CoGa grown on a GaAs substrate. The (001) interface lies
parallel to the specimen surface. Although the images contain much de-
tail, most of it cannot readily be related to the structure of the defects.

This effect is illustrated in Figure 27.10; the image appears
as a magnified view of the projection of the dislocation.
This result can be deceptive, as you can see in Figure
27.11, where we have rotated the perfect grain slightly and
changed its spacing.

The images can always be related directly to the
projected Burgers vector of the dislocation, but you
must know which planes give rise to the fringes. So
make some models and experiment.

This analysis even works if you have two or more
terminating fringes, but don’t put too much emphasis on
the actual location of the fringes. Remember, the disloca-
tion may not be parallel to the beam. Moiré fringes may be
related to a dislocation in the plane of the interface, since
these locally relax the misfit. One example of such an ap-
plication comes from the work of Vincent (1969), who
showed that as Sn islands grew on a thin film of SnTe, the
moiré-fringe spacing around the perimeter of the islands
gradually increased. Suddenly, the strain at the interface
was so large that a dislocation was nucleated to relax the
strain and the process began again. The analysis of the
changes in moiré-fringe spacing is shown in Figure 27.12.

Since the spacing of moiré fringes essentially gives
a magnified view of the misfit between aligned particles
and a substrate, we can use them to measure the strain in
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Figure 27.11. Schematic diagrams showing why moiré patterns from
regions containing dislocations cannot be readily interpreted: (A) a dislo-
cation image formed by interference between a regular lattice and one
containing an extra half plane. (B) In comparison with (A), small rotation
of the lattice of either grain can cause a large rotation of the dislocation
fringes. (C) A small spacing change of either lattice can cause the disloca-
tion image to reverse.
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Figure 27.12. Moiré-fringe spacings can be used to monitor the change
in lattice parameter as small islands of Sn grow in size on a thin film of
SnTe. This plot shows how the strain (measured from the moiré-fringe
spacing) can be related to the width of the misfitting island and then to the
number of dislocations in the interface.
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such particles. In its simplest form, in one dimension, the
strain is given by

a,— 4y

€= a,

[27.14]
where a, and q, are the lattice spacings of the particle and
substrate, respectively. You may need to modify this equa-
tion if the alignment is not simple cube-on-cube.

27.6.D. Complex Moiré Fringes

Since moiré fringes can occur whenever Ag is small
enough to be included in the objective aperture, we can
have a situation where the relative rotation is rather large
(45° or even 90°) so that g, and g, correspond to different
sets of planes. This is illustrated in Figure 27.13 for YBCO
grains rotated 45° on 2 MgO substrate (Norton and Carter
1995). You can see that, as a bonus, the moiré fringes allow
you to locate the 45° boundaries directly. Small rotations of
the diffracting planes cause small rotations of g but large
rotations of Ag.

Two overlapping lattices produce a pattern of inter-
ference fringes which is much coarser than the original pat-
tern and is very sensitive to differences in lattice spacing

Objective
aperture

Figure 27.13. Moir¢ fringes formed when grains of YBCO grown on a
single crystal of MgO are aligned to the substrate (B) or rotated through
45°(A); the spacing of the fringes is different so the position of the grain
boundary can be identified. The circle in the DP shows the spots that
cause the fringes. Small rotations of the fringes away from perfect align-
ment are exaggerated because the spots are close together.
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and relative orientations. We can use this sensitivity to pro-
vide an optical method for examining small rotations or
lattice-parameter differences in HRTEM images. Make
transparencies of the “distorted” image such as that shown
in Figure 27.14A and a reference lattice; the reference lat-
tice could be the perfect-crystal image or a template you
have created on the computer. Now overlay the two and ro-
tate/translate them relative to one another. You will have
created a new artificial moiré image similar to that shown
in Figure 27.14B, which was formed for a special grain
boundary in Al by Hetherington and Dahmen (1992). This
boundary is special, because one set of {111} planes in the
upper grain is nearly normal to one set in the lower grain.
How near is near? Hetherington and Dahmen overlapped
their experimental image with a template which was drawn
to have two sets of lines normal to one another. Overlaying
the two images gave moiré fringes which were not quite
perpendicular to one another. Careful measurements of the
rotation and fringe spacing showed that the fringes in the
experimental image were actually 89.3° apart, not 90°.

27.7. FRESNEL CONTRAST

We saw in Chapter 9 that we can use Fresnel-contrast im-
ages of holes in carbon films to correct the astigmatism of
the objective lens. We’ll now discuss how we can use this
same contrast mechanism to learn more about particular
features in the specimen. In the classical demonstration of
Fresnel contrast using visible light, bright fringes can ap-
pear in the geometric shadow of an opaque mask, or dark
fringes can appear in the illuminated region (e.g., Heavens
and Ditchburn 1991). The complication introduced in the
TEM version is that the “mask” is not opaque but simply
has a different inner potential. Therefore, in any situation
where the inner potential changes abruptly, we can produce
Fresnel fringes if we image that region out of focus. Since
we still focus on a plane which is close to the specimen, we
are in the near-field or Fresnel regime. Now we extend this
concept and say that

Whenever we observe contrast only because we
are forming an out-of-focus image, we are forming
a Fresnel image.

Since we often study lines, planes, or platelets by
this technique, we’ll often see Fresnel fringes.

27.7.A.The Fresnel Biprism

We can demonstrate a particularly simple interference phe-
nomenon by placing a wire at a position F on the optic axis,
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as shown in Figure 27.15A. Since the beam is narrow, the
wire should be less than 1 pm in diameter and can be made
of a drawn glass fiber coated with Cr or Au. If we apply
~10 V to the wire, it will bend the electron beam on either
side in opposite directions. The resulting interference
fringes can be recorded on a photographic film, as shown
in Figure 27.15B. The wire here is acting as a beam split-
ter; we’ll encounter it again when we discuss holography
in Chapter 31. The visible-light analog is the prism. Notice
how the wire acts to produce two virtual sources s, and s,,
which are D, apart. Horiuchi (1994) gives the following
equation to define a measure of the degree of spatial coher-
ence, Y, which, as we discussed in Section 5.2 and Figure
5.13, is a function of the source size. Horuchi shows that

IMax—IMin
Dy + D

[27.15]

where I, is the intensity of the central fringe and I, is
the intensity of the first minimum in Figure 27.15B.

Figure 27.15. (A) A Fresnel biprism formed using a charged wire
placed in the path of the beam; (B) the resulting interference fringes in the
image.
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27.7.B. Magnetic-Domain Walls

Although we’ll discuss imaging magnetic materials in
Chapter 31, it is appropriate here to consider briefly the
similarity of Lorentz microscopy of magnetic-domain
walls to other interference images. We know from our dis-
cussion of magnetic fields in the electron lens, in Chapter
6, that the Lorentz force on an electron with velocity v is
proportional to vxB. If the sign of B is opposite in two ad-
jacent domains, then the electrons will be deflected in op-
posite directions, as shown in Figure 27.16. The “converg-
ing” domain wall is remarkably similar to the electron
interferometer. We can indeed produce a series of interfer-
ence fringes. You should consult the original analysis of
Boersch et al. (1960), but the basics are given by Hirsch et
al. (1977) who show that the fringe spacing Ax is given by

AL +€)

S [27.16]

Ax =

where B is the angle of deflection of the beam, A is the
electron wavelength, ¢ is the “source”-to-specimen dis-
tance, and L is the specimen-to-“detector” distance. Quota-
tion marks are used to emphasize that these are “effective”
distances like the “camera length.” The value of Ax can be
~20 nm. You’ll only see such interference fringes if you
form the image using parallel illumination. We’ll return to
magnetic imaging in Chapter 31.

27.8. FRESNEL CONTRAST FROM VOIDS
OR GAS BUBBLES

You might think that it would be difficult to image voids or
small gas-filled cavities when there is no associated strain
field, because voids or cavities do not scatter electrons.
However, we can image holes which are fully enclosed in-
side the specimen by defocusing the image and observing
the special form of phase contrast termed Fresnel contrast,
which we introduced back in Sections 2.9 and 9.5. In prin-
ciple, we can apply this technique to holes which contain a
liquid or even a solid (i.e., a second phase). In the latter
case, however, the Fresnel contrast is likely to be hidden by
strain contrast in the specimen.

You can image small voids or gas bubbles in two
ways:

B By orienting the region of interest so that s = 0;
the cavity then reduces the “thickness” of mate-
rial locally.

B By using Fresnel contrast, as explained by
Wilkens (1975).
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Figure 27.16. (A) Deflection of the electron beam by magnetic-
domain walls; compare with Figure 27.15A. (B) Interference fringes from
one such wall; compare with Figure 27.15B.
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In the Fresnel technique, the image shows contrast when-
ever the objective lens is not focused on the bottom surface
of the specimen.

Fresnel-contrast images are always out of focus.

Wilkens expresses the wave function as

w(n ) =w(t)[1+A(r) +iA(r)]  [27.17]
Here, \po(t) is the wave function in the absence of the cav-
ity; A, and A, are real functions which depend on:

B The location and dimensions of the cavity.

B The extinction distance and absorption parame-
ter of the matrix (§_and ).

B The potential difference, AV, between the inner
potential of the matrix, V, and that of the cav-
ity, V_ (it could be filled or empty).

In the case of thick foils where z_, the size of the cavity in
the direction of the beam, is < O.IE_,g, the wave function can
be expressed as

vt ) =y(e)[1 +ia(r)] [27.18]
where A, (using w = s€) is given by
A=-(2g-L1—1 z(r')p(z)
e (14+w)" [27.19]

The difference in inner potential is included in €, which is
defined by the equation

AV
Fk [27.20]

€y=-—
Here, k is the magnitude of the wave vector and E is the en-
ergy of the electron beam. When the thickness dependence
is damped out (the foil is thick), the intensity can be ex-
pressed quite simply as

w(tr) =

wlo)[[1+4)

[27.21]
We can summarize some results from this study:

B When the image is in focus, the cavity is invisi-
ble so you have to view it out of focus to ob-
serve the Fresnel-fringe contrast.

W The contrast depends on the difference in the in-
ner potential of the matrix and the cavity; we
usually see the most contrast if the content of
the cavity is vacuum, because then g is greatest.
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Figure 27.17. Fresnel contrast from He bubbles in Au. (A) Overfocus
image. (B) Underfocus image.

B The contrast does depend on the wavelength of
the electrons through both & and E.

B Cavities as small as 1-2 nm in diameter can be
imaged using Af values of 0.5 to 1.0 pm.

B In the case where w = 0 and 2e,> & ' (so A is
< 0), if Af < 0, the image is a bright dot sur-
rounded by a dark fringe; if Af > 0, the dot is
dark and the fringe is bright.

W This is the same behavior as we saw in Figure
9.20, where we had a dark fringe at underfocus
and a bright fringe at overfocus.

The contrast is illustrated in Figure 27.17. You should note
that it is not the same as the black—white contrast from
small precipitates discussed in Chapter 25. You’ll find a
more detailed analysis in the article by Riihle and Wilkens
(1975).

27.9. FRESNEL CONTRAST FROM
LATTICE DEFECTS

This topic is one which is receiving more attention as the
computer and simulation programs become, respectively,
more powerful and more user-friendly. The reason for this
increased attention is clear, as Bursill et al. (1978) showed
in their pioneering studying of Fresnel fringes from edge-
on defects. They demonstrated that, if you take great care
in determining all the electron optical parameters (particu-
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larly what defocus steps you are using), you can obtain
new information on edge-on defects. The defect images are
very sensitive to the model used to simulate them, but you
will need other information for a full analysis. We’ll refer
you to their paper on the {100} platelets in diamond and
concentrate on two more widely applicable situations,
namely, end-on dislocations and edge-on grain boundaries;
in both cases we now have many techniques, such as
XEDS, EELS, and HRTEM, to complement the Fresnel-
fringe studies.

27.9.A. Grain Boundaries

We might expect almost any grain boundary to show a lo-
calized change in the inner potential. However, following
the original suggestion by Clarke (1979), Fresnel-contrast
imaging has been used most extensively to study those in-
terfaces which are thought to contain a thin layer of glass
(Clarke 1979, Ness et al. 1986, Rasmussen et al. 1989,
Rasmussen and Carter 1990). Part of the reason for this
emphasis is simply that other techniques tend to give am-
biguous results for such interfaces (Simpson er al. 1986).

When you use the Fresnel-fringe technique to study
grain boundaries or analyze intergranular films, you must
orient the boundary in the edge-on position so that you can
probe the potential at the boundary. Later, in Section 29.11,
we will consider the actual shape of this “potential well.”

In a real TEM specimen, the grain boundary is likely
to change in thickness even if only by a nanometer or so.
Since the specimen will be quite thin, this change can give an
appreciable contribution to the difference in the “effective in-
ner potential” seen by the electron beam. You can defocus the
image to see the Fresnel contrast shown in Figure 27.18.

The Fresnel-contrast technique can equally well be
applied to phase boundaries, with perhaps the most thor-
oughly studied example being the Si/SiO, interface (Taftg
et al. 1986, Ross and Stobbs 1991a). Since the details of
the contrast are sensitive to the abruptness of the change in
the inner potential, the technique can also produce infor-
mation on this aspect of the interface (Ross and Stobbs
1991b). Nevertheless, you must always look for associated
changes in the real geometry which can even occur when
you’re just forming Fresnel fringes from the edge of the
specimen (Fukushima ez al. 1974).

27.9.B. End-On Dislocations

We’ve just seen that we can detect Fresnel-fringe contrast
from edge-on high-angle grain boundaries. We might then
ask: is it possible to detect similar contrast from low-angle
grain boundaries, i.e., grain boundaries which consist of
arrays of distinct dislocations? It is indeed possible, as
shown in the series of images from a tilt boundary in NiO
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Figure 27.18. (A-D) A through-focus series of images from an edge-
on GB showing the changes in Fresnel contrast. The image in (D) shows
the boundary tilted over to reveal its periodic structure more clearly.

in Figure 27.19. Riihle and Sass (1984) analyzed this
through-focus series, and images of other grain bound-
aries, by assuming that there is a change in AV(r) in the
mean inner potential at the core of the dislocation. They
proposed two models for AV(r). In model 1, when r <r,

[27.22]

AV(r)= AVO{I e ro)}

Figure 27.19. Series of experimental images recorded at different val-
ues of Af for alow-angle grain boundary in NiO. Each white or black spot
corresponds to one end-on dislocation.
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Figure 27.20. The structure of the (112) lateral twin boundary in a thin-foil of spinel consists of triangular prisms with a density lower than the bulk
crystal. (A) Fresnel contrast is seen when these prism-like defects are imaged out of focus. (B-E) Simulated images; each column is a different model:
(B) no ions removed, (C) ion sites in the prisms half occupied, (D,E) all ions removed. The defocus in each row increases from the top (~10 nm, —70 nm,

—130 nm, —160 nm, —210 nm), and the thickness is 5.7 nm.

but when r > Ty

AV(r)=0 [27.23]
The constant a is ~ 0.1r,. In model 2
AV(r)= AVyexp ~773) [27.24]

In both cases, AV, is negative. As an example of the quanti-
ties involved in these equations, if the Burgers vector of the
dislocations is [1 IOJ, Riihle and Sass found that AV, =
0.09V, for r,= 3.2 A. They could not distinguish between
the two models for AV(r), but two clear points come out of
this study:

B You must know the inclination of your foil sur-
face. If the lower surface is inclined to the hori-
zontal, then thicker parts of the specimen can
be much closer to the objective lens than in the
thin area; you can do a quick calculation to
prove this point.

B The inner potential at a dislocation core is dif-
ferent than the bulk value. You should expect
the value of AV, to be influenced by a change in
stoichiometry or impurity segregation.

Before leaving this topic we should point out that the inner
potential at the grain boundary may not be uniform, per-
haps because the width of the interface varies or the inter-
face facets on a mesoscopic scale. Even then, you can still
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see Fresnel effects which relate to the periodicity in the
grain boundary even if this periodicity is not associated
with dislocations. A particularly clear example of such a
variation is shown in Figure 27.20, where a twin boundary
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in spinel is essentially constructed of parallel triangular
tubes; the inner potential inside the tube is much lower
than the matrix value and the tubes are only about 1.2 nm
high (Carter et al. 1987).

CHAPTER SUMMARY

Phase contrast will occur whenever we have more than one beam contributing to the image. The clue is: if you
see fringes of any sort, then you are almost certainly observing a phase-contrast image. This conclusion even
applies to stacking-fault fringes (Chapter 24) and thickness fringes (Chapter 23) in what are traditionally called
two-beam diffraction-contrast images.

Phase-contrast images are widely used in three forms:

B Images which relate directly to the structural periodicity of the crystalline specimen.

B Moiré-fringe images.
B Fresnel-contrast images.

It is even possible for an image to show all three effects at the same time. So you must remember that
phase-contrast effects don't just occur when you are forming high-resolution images. You will create Fresnel
contrast whenever your specimen is thick or you are working out of focus. You should note that it is difficult, but
not impossible, to be quantitative in your analysis of Fresnel fringes.

The usefulness of moiré fringes continues to surprise even experienced users of the TEM. However,
you still have to exercise caution when interpreting what they are telling you about defects in your material.

The appearance of the Fresnel image varies with small changes in the thickness, orientation, or scatter-
ing factor of your specimen, and variations in the focus or astigmatism of the objective lens.
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